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1 | INTRODUCTION
Microelements play a wide and variegate role in animals’
and humans' physiology and pathophysiology.

Similarly to A, D, E vitamins and the most abundant
iron, zinc is a divalent, nonredox active cation without
reducing or oxidizing properties in mammalians cells.'
Interestingly, the tiny zinc is an integral component of
almost 10% of the human “proteome” (e.g., several key
enzymes and transcription factors). Consequently, zinc is
an essential modulator of mammalians’ “epigenome.”

In human body, zinc is mainly present in bone and
skin. Extracellulary, zinc is predominantly bound to sev-
eral proteins (albumin, alpha-2-macroglobulin [A2M],
and transferrin).?

Intracellular zinc levels reflect in real time its
metabolism and functioning. Indeed, intracellular zinc
content is regulated via the modulation of the zinc-
sequestering proteins, namely “metallothioneins” (MT).
The latter are able to trigger cytokines secretion from
macrophages. This is the first hint of the multitasking
properties of zinc in our immune-system modulation.?
Further, there are also intracellular zinc transporter
proteins.>

Thus, zinc is a cofactor of several enzymes and strictly
interacts with gut microbiota (GM) that is a complex eco-
system that harbors the human GI tract: it includes over
100 trillion microbes, mainly bacteria,* divided into
phyla, classes, orders, families, genera, and species.5
Main gut microbial phyla are Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Fuso-bacteria, and Ver-
rucomicrobia. The entire genome of the gut microbiota is
called “microbiome,” about 150-fold bigger than that of
human cells.®

One-tenth of the total colonizing bacterial species
per individual constitutes a dynamic “microbial
fingerprint,” potentially modulated by aging, dietary
changes, and use of antibiotics, prebiotics, and pro-
biotics.” Indeed, there is an intestinal microbial “core”
that includes 66 species conserved in over 50% of the
general population.®

Gut microbiota is crucial for nutrients absorption and
fermentation, regulation of intestinal permeability (IP),
host metabolism (e.g., carbohydrates absorption and
processing, proteins putrefaction, bile acids formation,

Biofactors_ \WWLEY. 295

diseases treatment, and prevention. COVID-19 can be the booster for research
on future applications of zinc as perfect “postbiotic” in medicine.

COVID-19, gut health, gut microbiota, microelements, zinc

insulin sensitivity), and modulation of mucosal/systemic
immunity. The latter is crucial for maintenance of anti-
gen tolerance and helps containing pathogens
expansion.’

Intra- and extracellular zinc concentrations can affect
gut microbiota behavior and vice versa. This can contrib-
ute to alteration of qualitative and quantitative gut micro-
biota composition, namely “dysbiosis,” starting from
initial “eubiosis.”’® In the middle of the co-existence of
intra- and extracellular zinc content, diet, prebiotics, and
probiotics play a variegate role.

Thus, we aimed to review literature data on zinc bio-
chemistry, metabolism, and functions in health and main
GI diseases, with a special focus on its relationship with
GM at the time of SARS-CoV 2 pandemic.

2 | MATERIALS AND METHODS

We conducted a PubMed and Medline search for original
articles, reviews, meta-analyses, and case series using the
following keywords, their acronyms, and their associa-
tions: zinc, microelements, gut microbiota, gut health,
and COVID-19. When appropriate, preliminary evidences
from abstracts belonging to main national and interna-
tional gastroenterological meetings (e.g., United
European Gastroenterology Week, Digestive Disease
Week) were also included. The papers found from the
above-mentioned sources were reviewed by two of the
authors (E.S. and V.M.) according to PRISMA guide-
lines."! The last MEDLINE search was dated November
30, 2021.

3 | RESULTS
3.1 | Zinc sources, metabolism, and
functions in health

Beside iron, zinc is the second most abundant biometal
found in human body (e.g., tissues and fluids). It is esti-
mated a total amount of zinc in adults’ body of 1.4-
2.3 g.'? Interestingly, 85% of zinc is found in skeletal
muscle and bone, 11% in skin and liver, and the
remaining in all the other tissues, with high
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concentrations in prostate and eye.'> On the other hand,
plasma zinc represents about 0.1% of the total zinc
amount.'

Zinc is stored in cellular vesicles (namely,
“zincosomes”) and released in a controlled way."> Of
interest, zinc content is not regulated by a precise and
solid storage system like iron, which emphasizes the need
for a regular dietary supply.'® Dietary sources of zinc are
red meat and poultry, seafood (e.g., oysters, crab, lobster)
and, in smaller quantities, dairy products, beans, nuts,
whole grains, fortified breakfast cereals. Of relevance, the
presence of phytates in cereals, legumes, and grains is
able to bind zinc and inhibits its absorption versus those
derived from animal foods.”'®

Zinc absorption is mainly a process of the duodenum
and proximal jejunum. It is increased by citric acid and
decreased by iron, copper, calcium, fibers, and phytate.
Further, a portion of zinc is bound to MT and stored in
enterocytes (replacing GI loss due to mucosal shedding);
the rest enters the blood circle and is redistributed to tis-
sues. The excess amount of zinc is excreted by urine.?

Therefore, zinc homeostasis is regulated at a plas-
matic concentration cut-off value of 12-15 pmol/L."® The
latter is affected by intestinal absorption, gastrointesti-
nal/urinary excretion, and cellular retention.

In humans, recommended dietary allowance (RDA)
has been established at 8-11 mg/day. Requirements
increase in infants, children, pregnant, lactating women,
and, last but not least, elderly. The tolerable upper limit
of zinc intake to avoid toxicity is 40 mg/day.*

Zinc was recognized to be essential for human health
in 1963. Since 1978, it is mandatory to include zinc in the
total parenteral nutrition composition according to Food
and Drug Administration (FDA).*!

Zinc has several functions: It has a structural role in
proteins, nucleic acid, ribosomes, and cell membranes
composition®?; it has a “catalytic” function as a cofactor
of more than 300 enzymes (e.g., carbonic anhydrase,
alkaline phosphatase, alcohol dehydrogenase, superoxide
dismutase)*; and it has regulatory role in apoptosis, gene
transcription, neurotransmission,?* hormones release
(especially growth hormone [GH] secretion and insulin-
like growth factor 1 [IGF-1]).* Finally, zinc also regu-
lates directly and indirectly oxidative cascade and
immune system.'?

Clinically, zinc is crucial in wound healing pro-
cesses, immune response to pathogens, coagulation,
cognitive functions development and regulation, repro-
ductive male system development, pregnancy, and
infants growth."

According to World Health Organization (WHO),
nearly 2 billion subjects in the developing world can
present with zinc nutritional deficiency. The latter can

result from decreased intake (malnutrition, anorexia,
parenteral nutrition) or bioavailability (strict vegetarian
diets, iron, copper or calcium over-intake), decreased
absorption (celiac sprue, inflammatory bowel disease,
chronic pancreatic disease, portal hypertension),
increased losses (renal disease, diuretics use, burns,
hemodialysis, exudative skin disease, chronic blood loss
or gastrointestinal loss), increased requirement (preg-
nancy, lactation, neoplasia, chronic infections or inflam-
mation)?® (Table 1).

Interestingly, no single test reflects whole body zinc
status in humans. Plasma or serum zinc dosages are the
most widely used as they describe dietary supplementa-
tion in patients with low or moderate loss. Nevertheless,
these tests are affected by significant variability, namely
low sensitivity and specificity.'® In urinary zinc excretion
assessment, hair zinc dosage appears to describe zinc sup-
plementation with a limited use in case of suspected
deficiency.”’

Zinc deficiency is suspected in case of subjects suffer-
ing from anorexia, dysgeusia, and dysosmia; diarrhea can
occur and worsen zinc losses. Skin is affected by rash,
alopecia, nonhealing ulcers, and delayed wound healing.
Patients also show recurrent infections. Impaired cogni-
tive function, visual loss, poor growth, and hyp-
ogonadism have also been reported (Table 2).

TABLE 1 Main causes of zinc deficiency
Mechanism Individual causes
Reduced/ GI disease: Crohn's disease, jejunoileal
inadequate bypass, previous bariatric surgery, small
intake bowel resection, acrodermatitis
enteropathica, alcoholic pancreatitis,
cystic fibrosis
Reduced Low dietary zinc, inadequately
absorption supplemented nutrition, diet rich in

phytate, sodium polyphosphate or EDTA

Increased zinc
losses

Inflammatory bowel disease, diarrhea,
steatorrhea, enterostomy, fistula, chyle
leaks: skin burns; urine losses: burns,
trauma, sepsis, renal disease, alcoholism,
drugs (e.g., thiazides, penicillamine,
diethylenetriamine pentacetate,
valproate, angiotensin-converting
enzyme inhibitors, angiotensin receptor
blockers, EDTA-containing propofol and
chelating agents, cysteine, cisplatin,
estrogen, oral contraceptive pill,
corticosteroids), hemodialysis (namely,
hemofiltration)

Increased zinc
demand

Systemic illness: inflammatory response
(e.g., sepsis, ARDS, COVID-19);
pregnancy, lactation
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TABLE 2 Clinical manifestations of zinc deficiency
Organ/
System Clinical manifestation
Skin Skin rash, alopecia, nonhealing ulcers,
delayed wound healing
GI tract Dysgeusia, diarrhea, malabsorption,
infections development
CNS Impaired cognitive function, dysosmia
Immune Recurrent infections, cancer(s)
system
Bone(s) Poor growth
Reproductive Hypogonadism, low birth weight, congenital
system abnormalities

Abbreviations: CNS, central nervous system; GI, gastrointestinal.

3.2 | Zinc and gut microbiota: Animal
and human studies evidences

3.2.1 | Animal studies

In general, bacteria are able to store zinc via zinc-binding
proteins. They range from 5% to 6% of total proteins in
prokaryotic organisms.”® These proteins exert different
actions such as bacterial gene expression, metabolic, anti-
oxidant, and, last but not least, affect virulence.

On the other side of the wall, zinc contributes to the
regulation of immune system with protection against bac-
terial infections. This can be explained by its inhibition of
manganese import used by pathogenic bacteria.*

From an animal evidence-based point of view, zinc is
commonly used as nutraceutical in animal feeding to
reduce infections prevalence. In fact, zinc oxide (ZnO) is
commonly used in swine feeding at a dose that greatly
exceeds the dietary requirements (50-125 mg/kg of
feed)® to ameliorate diarrhea incidence in postweaning
phase. This results in a bigger swine growth and lower
gut proliferation of pathogens. From a mechanistic point
of view, zinc has mainly three effects: reduction of intesti-
nal damage, anti-inflammatory, and modulation of
mucosal integrity through gut microbiota composition
reshuffling. In particular, zinc decreases enterobacteria
and clostridial cluster XIV and increases acetate and
butyrate levels.*’ Zinc also reduces coliforms and
Escherichia coli (E. coli) concentrations within the
colon.** Functionally, zinc can inhibit E. coli pathogenic
strain influencing a reduced expression of alpha-
hemolysin,* with attenuated alpha-hemolysin-induced
barrier dysfunction and consequent “leaky gut.”**

The other side of the story tells that the observed
reduction of E. coli intestinal concentration is not neces-
sarily associated with increased abundance of beneficial
bacteria. Indeed, zinc is able to reduce lactobacilli and
bifidobacteria concentrations in swine gut. This would
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suppose that zinc has this pathogens lowering effects due
to alternative mechanisms than competition or through
different gut bugs upregulation. Perhaps, zinc regulates
directly the innate immune response and cytokine pro-
duction in man.*

The wall dividing different features of zinc influence
on gut microbiota has several wings as different sources
of the microelement can have different degrees of effects
in the animal systems. For example, coated ZnO
nanoparticles protect the intestinal mucosal barrier and
increase the expression of occludin and zonula occludens
in the small intestine, with improved gut permeability to
antigens and pathogens or their fragments.’® Moreover,
these nanoparticles can increase Ruminococcus
flavefaciens abundance versus uncoated ones. In another
report from the literature, hot-melt extruded ZnO
nanoparticles significantly decrease Clostridium spp. and
coliforms concentration with a consensual improved gut
integrity versus control group and pigs administered with
ZnO only.”’

At the opposite of the wall dividing zinc concentration
in animals' body, there is evidence that the excessive use
of zinc increases the expression of antibiotic-resistance
genes within bacteria in the pig gut.*® For example, zinc
usage is positively correlated with the isolation of
methicillin-resistant Staphylococcus aureus in pigs.*®

From a mechanistic point of view, zinc modulates
bacterial survival through several mechanisms: modulat-
ing host defense and the antioxidant response, gene
expression/inhibition (e.g., virulence factors, growth-
promoting factors).>> More in detail, zinc is required for
functioning of proteins crucial for cell survival such as
superoxide dismutase, proteases, DNA polymerases, and
ribosomal proteins.*® Thus, bacteria developed at least
two transport systems for zinc import: high-affinity zinc
uptake system proteins (ZnuABC) and zinc transport sys-
tems (AdcABC, YcdHI-YceA or YciABC). More interest-
ing, in E. coli, zinc transporters expression is dependent
on zinc uptake regulator.*' Furthermore, different species
and strains of Lactobacillus spp. show a variegate affinity
for zinc import from the environment. These evidences
suggest species- and strain-specific mechanisms for zinc
uptake among bacteria.*’

Finally, once zinc is uptaken by the bug, it is able to
guarantee its survival or disrupt key processes for survival
(e.g., cell stress response, carbon metabolism, motility,

pathogenicity factors such as toxin production*
(Figure 1).
3.2.2 | Human studies

A few evidences describe the at least bidirectional inter-
action between zinc and gut microbiota in humans.



SCARPELLINT ET AL.

&LW[ ]_Ey_ Biofactors

{ inflammation and
1 immune
surveillance and
tolerance
> metabolism
1 gut absorption
4 pathogens
infections
J gut permeability
- cancer(s)

L ‘moratlity
1+ growth ‘and
development

<:] Gut
eubiosis

FIGURE 1
to affect GM composition balance leading to “dysbiosis

LI

Diet, absorpitive function, major
consuption/demand, systemic
inflammation, drugs use, major losses

Gut microbiota
balance

25

Pinflammation (e.g.,
IBD)
immune tolerance
(e.g., allergies)

J gut malabsorption
- P pathogens
infections

........................

1 moratlity
J growth and
‘ development

| postbiotics

antibiotics

Zinc role in the interaction with the gut microbiota: Zinc variable concentration (namely, affected by several factors) is able
or maintaining

eubiosis.” This interaction is reciprocal. Other factors play a role

in maintaining this balance (e.g., diet, use of pre-, pro-, postbiotics, and antibiotics). GM dysbiosis is associated with several pathophysiologic
manifestations. GM eubiosis is essential to human health (e.g., maintaining immune system surveillance and tolerance function, regulating

metabolism, inflammation, cell proliferation)

Among the zinc transporters, Irt-related protein 4 is
crucial for the uptake of zinc from diet at the apical
membrane in enterocites. In fact, the SLC39A4 gene
mutation is associated with zinc deficiency and results in
a rare recessive disease, namely acrodermatitis enter-
opathica.** On the other hand, zinc extracellular efflux
from enterocytes is operated by ZnT1 transporter
(namely, SLC30A1).** According to these evidences, zinc
uptake from cells would be regulated by these trans-
porters and its dietary intake only. However, when an
insufficient zinc dietary intake happens, the gut micro-
biota is shown being able to affect zinc absorption.*
Interestingly, in vitro studies confirm the bioaccessibility
of zinc from vegetables being mainly influenced by
colonic microbiota.*® Indeed, the bioaccessibility of zinc
from vegetables seems to be more affected by small bowel
microbiota.***> Thus, lettuce seems to be the vegetable
with the highest zinc content and the best micro-mineral

bioavailability in the small intestine in man. However,
300 g of lettuce only meets 2.7% and 4.5% of zinc daily
demands by males and females, respectively.*> Subse-
quently, the unabsorbed zinc in the small bowel reaches
the colon and is available from both colonocytes and
commensal bacteria. The latter are likely to improve zinc
bioavailability for the host.*” This process can be largely
affected by inflammation, pathogenic bacteria, and other
food components. For example, 4 weeks of Arabic gum
consumption, a dried exudate of Acacia, a prebiotic fiber,
significantly increased the amount of Bifidobacteria and
Lactobacilli in human stool samples, with a likely consen-
sual increase of absorbed zinc.*®

In summary, a few in vitro and in vivo studies charac-
terize interactions between gut microbiota and zinc in
man: gut microflora is able to bind mineral particles;
pathogens (e.g., Salmonella, Shighella, and E. coli) com-
pete with commensals and enterocytes for zinc
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absorption; zinc can move the balance of pathogenic ver-
sus commensal strains development; modification of bac-
terial biochemical processes by zinc (e.g., metabolism of
nucleic acids and signal transduction); modification of
host's biochemical pathways both by microorganisms and
zinc; alterations of host's synthesis, secretion, and absorp-
tion of peptides, hormones, and cytokines; and modifica-
tions of disease intensity by microorganisms, in turn
affected by zinc uptake. Pathogens, probiotics, and prebi-
otics can affect this balance in a multidirectional way,
modulated by diet. Thus, such a small micro-element is
able to modulate several “axis” such as “gut-brain,” “-

liver,” “~endocrine,” and “-immune”***° (Figure 1).
3.3 | Zinc and GI diseases
3.3.1 | Zinc and gastrointestinal cancers

Zinc deficiency has been significantly associated with car-
cinogenesis increase in animal models. In fact,
intragastric administration of 2 mg/kg body weight of the
carcinogen methylbenzylnitrosamine leads to higher fre-
quency of esophageal tumor in zinc-deficient rats versus
controls.’® In addition, it has been observed that this is
not a phenomenon limited to squamous cell cancers.
Indeed, similarly to C vitamin and aspirin, zinc supple-
mentation results in a dramatic reduction of colon
tumors in rodents.’> From a pathophysiological point of
view, zinc deficiency allows a pro-carcinogenetic environ-
ment as it induces cell proliferation. Going deeper, micro-
element deficiency also alters gene expression. In detail,
Liu et al. identified 33 genes differentially expressed in a
model of hyperplastic esophagus with dietary associated
zinc deficiency.> Intriguingly, treating these rats with a
cyclo-oxygenase (COX)-2 inhibitor, there was only a
reduction in cell proliferation but not an anti-
carcinogenetic effect.>*

Deficit of zinc from diet and other co-factors
(e.g., p53 deficiency and cyclin D1 overexpression)
strongly up-regulate the progression toward cancer.>>°
On the other hand, zinc replenishment would be sup-
posed to contribute to cancer prevention. In fact, zinc
dietary reload is able to stimulate apoptosis through
increased expression of the proapoptotic Bax protein®’
with decreased cell proliferation.’® Consequently, this
results in the reverse of pre-cancerous phenotype condi-
tion. Altogether, these produce a reduced incidence of
tumors and tumor progression induced by both low and
high doses of chemical carcinogen in cancer animal
models.”® However, the value of zinc supplementation
in cancer chemo-prevention in humans has to be further
investigated.
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Mechanisms responsible for zinc-induced anti-
cancerogenic effect are: induction of cell proliferation,
selective switch-on/off of gene expression, and promotion
of inflammatory response with prevention of oxidative
stress that causes DNA damage® (Table 3).

3.3.2 | Zinc and gastrointestinal absorptive
function and dysfunction

Acute zinc deficiency can be found in case of diarrhea.
Acrodermatitis enteropathica is a perfect model of exam-
ple of systemic disease due to a hereditary disorder of
zinc metabolism. Infants with skin lesions presented with
diarrhea in the early 1970s.®' Later, a similar syndrome
was found in adults on total parenteral nutrition (TPN).
Typical symptoms were diarrhea, depression, and
dermatitis.®

Widening the view, very recent meta-analyses show
decreased diarrhea duration after zinc supplementa-
tion.®® This field of action involves also infectious diar-
rhea.®* This anti-diarrhoic effect of zinc administration
can be explained by enhancement of GI barrier function
of GI mucosa.” In fact, zinc deficiency is associated with
increased intestinal permeability (namely, “leaky gut™).®®
Rats with zinc deficiency show up-regulated expression
of intestinal uroguanylin (a peptide that stimulate Cl
secretion and consequent intestinal water secretion),®®
decreased absorption of triglycerides due to reduced chy-
lomicrons formation,®’ and protein-dispersion
entheropahy due to decreased enterocyte peptidase
activity.®®

On the contrary, chronic diarrhea can cause and per-
petuate zinc deficiency, especially in developing countries

TABLE 3 GI diseases associated with zinc homeostasis
demodulation
Experimental
GI disease model used References
GI tract cancer (s) Animal model: rodent 50-58
Malabsorption and ~ Animal and human 53,60-74
GI infections evidences
IBD Human: ex vivo, in vitro, 77
animal: porcine
Celiac sprue Human model 67,75-80
GERD Animal models 81-87
Alcoholic liver Human: in vitro; animal: ~ 88-90

disease mice, rats

Abbreviations: GERD, gastroesophageal reflux disease; GI, gastrointestinal;
IBD, inflammatory bowel disease(s).
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where children malnutrition is efficaciously treated with
microelement supplementation.®’

Infectious diarrhea is another example of detrimental
results of zinc deficiency on human health due to altered
water secretion in the bowel and depressed immune
function. For example, zinc deficiency can impair diar-
rhea caused by Vibrio cholera.”® V. cholera causes diar-
rhea through increased cyclic adenosine monophosphate
(cAMP) production, increasing intestinal secretion of
water and chloride, and through the inhibition of sodium
absorption.”" Interestingly, zinc supplementation signifi-
cantly counteracts chloride secretion regulated by cAMP
with reduction of cholera-induced diarrhea duration.
This effect can be explained by the re-modulatory zinc
action on basal-lateral membrane K+ channels.”* At the
genetic level, zinc supplementation down-regulates the
expression of genes involved in the detrimental inflam-
matory reaction to enterotoxigenic E. coli (ETEC). In
detail, zinc down-regulates MUC4 expression, function-
ing as an ETEC K88 receptor.”” From a clinical point of
view, way of zinc delivery significantly affects the success
of diarrhea treatment.”* In addition, zinc shows also a
direct antimicrobial effect on other intestinal pathogens
in vitro (namely, E. coli, Shigella, and several strains of
Salmonella)®® (Table 3).

3.3.3 |
diseases

Zinc and inflammatory bowel

Crohn's disease

Deficiency of zinc is a consolidated data in Crohn's dis-
ease (CD) and is due to its poor absorption in the small
intestine and lower intake because of food intolerances.”
It has been estimated that the prevalence of low serum
microelement levels is of about 29% in Crohn's patients
and it is also present in the remission phase.”® Interest-
ingly, CD patients on total parenteral nutrition can easily
develop zinc deficiency and present with acrodermatitis
enteropathica and impaired vision.”* Children with CD
often show stunted growth, decreased taste sensation,
visual acuity, and immune function.”

In vitro studies on human intestinal CACO-2/T7 cell
line showed how zinc deprivation is able to increase apo-
ptosis, compromising tight junctions integrity, and intes-
tinal permeability.”® Therefore, zinc supplementation
seems to decrease trans-mucosal leak in Crohn's
patients.”’

This finding is crucial as intestinal epithelial barrier
dysfunction can allow the passage of leukocytes with
exposure to a “storm” of luminal antigens, an hallmark
of this inflammatory bowel disease (IBD) activity
(e.g., high frequency of neutrophils and crypt abscesses

in the intestinal mucosa).”® Thus, zinc supplementation
is beneficial in decreasing inflammatory response and
maintains remission in CD. However, these empiric evi-
dences do not find yet specific guidelines regulating its
supplementation.®”

Ulcerative colitis

As zinc absorption happens mainly in distal duodenum
and proximal jejunum, its deficiency is very unfrequent
in ulcerative colitis (UC) patients.'® Conversely, in active
UC flares, there are high serum zinc concentrations that
significantly correlate with increased C3c levels (a feature
of up-regulation of innate immune response) and antinu-
clear antibodies, a well-known predictor steroid depen-
dence.'”! This finding can be explained by the zinc local
release in response to the inflammatory storm typical of
active UC. However, these evidences are not uniform.

UC patients with zinc deficiency have decreased con-
centrations of MT in their colonic mucosa and increased
concentrations of reactive oxygen species. This has been
confirmed by animal models of UC resulting in increased
disease activity index (DAI) and serum TNFa levels.'*
Therefore, in active UC patients, zinc supplementation
has controversial effects on inflammatory cascade. Ani-
mal experiments showed the improvement of diarrhea
and weight loss despite no effect on neutrophils’ infiltra-
tion and mucosal inflammation.'®® In fact, human inves-
tigations showed no change in inflammatory markers
and intestinal biopsies beside zinc supplementation.60
However, intrarectal zinc administration has been shown
to be beneficial at the microscopic level, reducing the
inflammation in rats and mice but for a short period of
time.'® Thus, in line with UC pathophysiology and his-
tology, mucosal inflammation is not significantly associ-
ated with zin deficiency but, if malnutrition is present,
zinc can have low levels that contribute to reduced
colonic anti-inflammatory balance (Table 3).

Zinc and celiac disease

Celiac sprue has several nutritional deficits due to the
localization of disease activity (namely, second portion of
duodenum) such as vitamins and minerals, including
zinc.”” Indeed, decreased plasmatic zinc concentration
has been described in both un-treated and under gluten-
free diet patients.”® In addition, microelement deficiency
is significantly correlated with villous atrophy and its
degrees.”’

Therefore, zinc levels normalize after gluten-free
diet.%” However, zinc homeostasis impairment is the con-
stant finding in celiac disease as both gluten-free diet and
its supplementation do not affect its blood levels.”®”®
Supportive evidences from Stenberg et al. suggest that
zinc deficiency is a localized feature of celiac sprue
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(namely, mucosal), perhaps due to recruitment of zinc in
the inflamed tissue. This microelement usage activates
the enzyme transglutaminase-2 (TG2) in the intestine.
More interestingly, the TG2-thioester intermediate-
deamidated gliadin complex could act as a “neo-antigen”
and activate T-cells in “gluten sensitive and/or geneti-
cally predisposed” subjects.®

Finally, zinc remains an interesting therapeutic
option in celiac sprue according to its ability to up-
regulate TJs functioning and improve intestinal perme-
ability to gliadin and other intraluminal antigens®'
(Table 3).

3.34 | Zinc and gastric acidity: A
gastroesophageal reflux disease treatment hope

Zinc significantly protects gastric mucosa.** Animal stud-
ies reported orally administered zinc protection against
chemically induced ulcerative gastritis. This effect was
presumably due to inhibition of gastric acid secretion.®®
Several historical reports confirmed this mechanism and
resulting ulcers healing.** More recently, Kirchhoff et al.
reported the low dose of zinc being as effective as proton
pump inhibitors (PPI) to stop secretagogue-induced gas-
tric acid secretion.®> It remains unclear whether orally
administered zinc can be safer than PPI in treatment of
GERD, without their potential side effects (e.g., liver cyto-
chrome P450 inhibition). At a cellular point of view,
these therapeutic effects of zinc may be explained by its
stabilizing properties on secretory cells lysosomal
organelles.

To make the issue more complicated, there is some
evidence that PPI-induced inhibition of gastric acid pro-
duction and consequent elevation of gastro-duodenal pH
can reduce small bowel microelement absorption.®’

This controversy can be explained by multiple and
not-exclusive sites of zinc absorption: duodenum but also
cecum and colon contribute to its absorption, especially if
small bowel is not perfectly functional.'*®

3.3.5 | Zinc and alcohol: Foes separated by
intestinal permeability

Alcohol-induced liver disease has as cornerstone of its
pathophysiology the entrance of gut luminal bacterial
endotoxins through the impaired epithelial barrier into
the bloodstream because of altered paracellular intestinal
permeability.*® The latter has been shown being affected
by direct toxic alcohol damage and perpetuating “gut-
liver” inflammatory axis both in animal and human
studies.

Biofactors_ \WWLEY. 301

Intestinal permeability is defined as “the paracellular
capability of the intestinal barrier to let pass the macro-
molecules into the blood stream.” This process is regu-
lated by the opening of the intercellular tight junctions
(TJ), structures with a complex composition, where
zonulin-1 (Zo-1), caludin (Cl) and occludin are the main
components.’” Their functioning can be affected by sev-
eral physiologic and pathophysiologic factors.”

Alcohol-fed mice have impaired intestinal permeabil-
ity (measured as increased plasma endotoxin levels and
assessed histologically as leak of fluorescein-labeled dex-
trans) and consequent decreased levels of TJ proteins
(namely, occludin and ZO-1).°” Interestingly, zinc supple-
mentation is able to improve until complete reverse of
alcohol-induced epithelial barrier and liver damages. Fur-
thermore, zinc pretreatment upon alcohol “binge” con-
sumption maintains serum levels of endotoxin to a
normal level, protecting liver parenchyma in mice.'*® In
an original in vitro model of zinc depletion, obtained in
CACO-2 cells by a zinc chelator, namely TPEN, it was
observed significant downregulation of claudin-1,
occludin, and ZO-1 expression and functioning. More
interestingly, combination of mild zinc depletion and
alcohol exposure in CACO-2 cells results in more signifi-
cant intestinal permeability impairment due to decreased
expression of such constitutive proteins.'®’

On the other hand, when supplementation with zinc
acetate is made in alcohol-consuming rats, there is signif-
icant improvement of alveolar epithelial cell permeability
to sucrose and significant increase of TJs proteins expres-
sion on alveolar epithelium'®® (Table 3).

3.4 | Zinc, gut microbiota, and COVID-19
SARS-CoV 2 has been responsible for the multisystemic
hyper-inflammatory disease, namely COVID-19, spread
all around the world as tremendous pandemic.'%

Preliminary evidences showed that acetyl cholinester-
ase 2 (ACE-2) expression is regulated by Sirtuin 1 (SIRT1).
As zinc is able to down-regulate SIRT1 activity, this could
result in decreased ACE-2 expression and reduced SARS-
CoV 2 entry into the cell.'*°

Some other observations support a role for zinc in
COVID-19 natural history. Physiological concentrations
of zinc increase ciliary beat frequency, preventing lung
infections by SARS-CoV 2.''' Moreover, persistent low
serum zinc has been documented in critically ill COVID-
19 patients and inversely correlated with mortality from
sepsis.!*?

Interestingly, Prasad et al. reported zinc supplementa-
tion could lead to a milder form of COVID-19 because
this metal inhibits pH-dependent steps of SARS-CoV
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2 replication within the cells, increasing pH of intracellu-
lar vesicles.'"

Starting from the consolidated report of zinc being a
brick for immune activity in man physiology
(e.g., involving both CD4+ and CD8+ cells activation
and maturation), this microelement could be used as a
natural “booster” for immune-system activation against
SARS-CoV 2 such as the available vaccine booster dose
for the prevention of infection in man.'*’

Finally, the exaggerated cytokines production
(namely, “cytokines storm”) typical of COVID-19, able to
impact on multiple organs, seems to be significantly cor-
related with transient zinc deficiency.'**

All these evidences are in favor of zinc supplementa-
tion in COVID-19 patients together with C, D-vitamins
and direct antivirals, already available and to come.

4 | CONCLUSIONS

Zinc is the second most studied and abundant microele-
ment in our body. Due to its rapid and simple metabo-
lism and limited storage, its body concentration can be
easily modulated by food intake and nutraceuticals.
Moreover, its variegate and strong effects on immune
response to pathogens, cell cycle regulation and hor-
mones synthesis and functioning make zinc the optimal
candidate for pharmaceutical industry work-up.

Beside these evidences, there animal and human
studies on the interactions between different zinc concen-
trations and GM species in a dose-dependent manner.
Avoiding over-dosage of this microelement, it is possible
to beneficially modulate GM in animals and humans. All
these evidences make of zinc a valid “postbiotic” candi-
date for the nutraceuticals industry to come.

For instance, the long-lasting SARS-CoV-2 pandemic has
shed light on the immune-modulatory and direct/indirect
antiviral properties of zinc versus this novel coronavirus
responsible for COVID-19 endurance all around the world.

Zinc use as probiotics' add-on remedy and interactive
actor in gut microbiota remodulation in GI diseases is
one promising scenario for the next years of clinical and
pharmacological research.
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