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Zinc is an essential element for humans, and its deficiency was documented in 1963. Nutritional zinc deficiency is now known to
affect over two billion subjects in the developing world. Conditioned deficiency of zinc in many diseases has also been observed. In
zinc-deficient dwarfs from the Middle East, we reported growth retardation, delayed sexual development, susceptibility to
infections, poor appetite, and mental lethargy. We never found a zinc-deficient dwarf who survived beyond the age of 25 y. In
an experimental model of human mild zinc deficiency, we reported decreased thymulin (a thymopoietic hormone) activity in
Th1 cells, decreased mRNAs of IL-2 and IFN-gamma genes, and decreased activity of natural killer cells (NK) and T cytotoxic T
cells. The effect of zinc deficiency on thymulin activity and IL-2 mRNA was seen within eight to twelve weeks of the institution
of zinc-deficient diet in human volunteers, whereas lymphocyte zinc decreased in 20 weeks and plasma zinc decreased in
24 weeks after instituting zinc-deficient diet. We hypothesized that decreased thymulin activity, which is known to proliferate
Th1 cells, decreased the proliferation differentiation of Th1 cells. This resulted in decreased generation of IL-2 and IFN-gamma.
We observed no effect in Th2 cell function; thus, zinc deficiency resulted in an imbalance of Th1 to Th2 function resulting in
decreased cell-mediated immunity. Zinc therapy may be very useful in many chronic diseases. Zinc supplementation improves
cell-mediated immunity, decreases oxidative stress, and decreases generation of chronic inflammatory cytokines in humans.
Development of sensitive immunological biomarkers may be more sensitive than an assay of zinc in plasma and peripheral
blood cells for diagnosis of marginal zinc deficiency in human.

1. Introduction

Raulin in 1869 [1] showed for the first time that zinc was
required for the growth of Aspergillus niger. Essentiality of
zinc for growth of plants in 1926 and the growth of rats in
1934 was reported [2, 3]. In 1955, a disease called parakerato-
sis in swine due to zinc deficiency was observed [4]. Zinc was
shown to be essential for chickens in 1958 [5]. In animals, the
manifestations of zinc deficiency included growth failure,
loss of hair, thickening and hyperkeratinization of the epider-
mis, and testicular atrophy. Deficiency of zinc in breeding
hens resulting in decreased hatchability, gross embryonic
anomalies characterized by abnormal skeletal development,
and weakness in chicks that hatched were observed [6].
Although the essentiality of zinc for animals was established,

its ubiquity made it seem improbable that zinc deficiency in
humans could lead to significant problems in humans. Dur-
ing the past 50 years, however, it has become apparent that
deficiency of zinc in humans is quite prevalent.

I went to Shiraz, Iran, in 1958. I had finished my training
as a Medical Scientist under the guidance of Prof. C.J.
Watson. I accepted an invitation from Prof. H.A. Reimann
to help him set up a medical curriculum and training pro-
gram at the Shiraz Medical School, Shiraz, Iran.

Within three weeks of my arrival in Shiraz, my Chief Res-
ident showed me a 21 yr old male who was extremely growth
retarded, had no secondary sexual characteristics, and had
hypogonadism, hepatosplenomegaly, rough skin, and mental
lethargy [7]. He was severely anemic, and the anemia was due
to iron deficiency. There was no blood loss. Severe iron
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deficiency in males does not occur without loss of blood. His
diet consisted of only bread made of unleavened flour, and
animal protein intake was negligible.

Iron deficiency does not cause growth retardation and
hypogonadism. An examination of the periodic table sug-
gested to me that perhaps this syndrome was due to both iron
and zinc deficiency [7]. We suggested that perhaps high con-
tent of phosphate in the diet and geophagia, which was very
common in villagers of Iran, may have impaired absorption
of both iron and zinc. We studied 10 additional cases in
Nemazee Hospital, Shiraz, Iran, within a short period of time,
suggesting that perhaps zinc deficiency in the Middle East
may be common.

I subsequently went to US Naval Medical Research Unit
No. 3 in Cairo, Egypt, and studied zinc metabolism exten-
sively in Egyptian dwarfs.

We were able to document that growth retardation and
hypogonadism in these subjects were due to zinc deficiency.
Zinc concentration in plasma, red cells, urine, and hair was
decreased; the Zn 65 plasma turnover rate was increased,
and the 24 h exchangeable pool of Zn 65 was decreased in
all the dwarfs [8, 9].

In Egypt, the rate of growth was greater in patients who
received supplemental zinc as compared with those receiving
iron instead or those receiving only an adequate animal pro-
tein diet. Pubic hair appeared in all subjects within 7-12wk
after zinc supplementation. Genitalia size increased to nor-
mal size, and secondary sexual characteristics developed
within 12-24wk in all subjects following zinc supplementa-
tion. In contrast, no such changes were observed in a compa-
rable length of time in the iron-supplemented group or in the
group on an animal protein diet alone [10]. The growth retar-
dation and gonadal hypofunction in these subjects were
related to zinc deficiency. The anemia was due to iron defi-
ciency and responded to oral iron treatment. These studies
clearly showed that severe anemia and iron deficiency were
not causative factors for growth retardation and hypogonad-
ism in these subjects.

The diet of the Middle Eastern subjects (both Iran and
Egypt) consisted of mainly cereal protein high in phytate
(an organic phosphate compound) which complexes both
zinc and iron resulting in decreased availability of both zinc
and iron.

We concluded that excess content of dietary phytate was
responsible for deficiencies of both iron and zinc in Middle
Eastern dwarfs [7, 8, 10].

The recommended dietary allowance for zinc was estab-
lished in 1974 by the US National Academy of Science,
National Research Council [11]. The current estimate of
WHO is that nearly two billion subjects in the developing
world may have nutritional deficiency of zinc.

Childhood malnutrition is a common problem in the
developing world. A 1993 report based on WHO’s global
data of children’s growth showed that approximately 42%
of children less than 5 y of age have low height compared to
the international reference standard [12, 13].

The causes of growth failure are not fully understood;
inadequate food nutrition and poor nutritional quality of
many traditional foods may be important factors.

The high intake of cereal protein rich in phytate prevents
absorption of zinc and iron. Zinc is extremely important for
growth, and our studies in the Middle East in the sixties
showed that the dwarfs had adequate intake of caloric and
vitamins but were zinc deficient [7–10].

There have been several studies, which document the
effect of zinc supplementation on increase in height and gain
in weight in children who were supplemented with zinc.

Brown et al. [13] published a meta-analysis of 33 studies
published on the effect of zinc supplementation in children.

There was a highly significant effect of zinc supplementa-
tion on increase in height [13]. These studies indicate that
zinc deficiency is a global health problem, which affects
growth and development in children.

It is now evident that nutritional as well as conditioned
deficiency of zinc may complicate many diseases in human
subjects.

2. Zinc Deficiency in Human

2.1. Severe Zinc Deficiency. A severe deficiency of zinc may be
life-threatening as has been reported in patients with acro-
dermatitis enteropathica (AE) [14] (a genetic disorder), after
use of total parenteral nutrition without zinc, after penicilla-
mine therapy, and with acute alcoholism. The clinical mani-
festations of severely zinc-deficient subjects include bullous-
pustular dermatitis, diarrhea, alopecia, mental disturbances,
and intercurrent infections due to cell-mediated immune
deficiency; if untreated, the zinc deficiency becomes fatal.
AE is caused by a mutation in a zinc transporter, ZIP-4,
which results in malabsorption of zinc [15].

2.2. Moderate Level of Zinc Deficiency. Growth retardation,
hypogonadism, skin changes, poor appetite, mental lethargy,
abnormal dark adaptation, and delayed wound healing are
some of the manifestations of moderate zinc deficiency in
human subjects. Moderate deficiency of zinc due to nutri-
tional factors, malabsorption, sickle cell disease, chronic
renal disease, and other debilitating conditions has now been
well documented [7–10].

During my stay in the Middle East, I never saw a dwarf
older than 25 years of age. Local physicians told us that the
dwarfs died because of infections, suggesting that zinc defi-
ciency may have affected their immunity adversely.

Females are also affected by zinc deficiency. Although
this was not appreciated in earlier studies, later studies docu-
mented zinc deficiency in females. Growth retardation and
ovarian dysfunction due to zinc deficiency were observed in
zinc-deficient females [16].

2.3. Marginal Deficiency of Zinc. A mild zinc deficiency was
induced by an experimental soybean-based protein diet in
normal human volunteers. The diet met all recommended
dietary allowances for protein and essential macro- and
micronutrient except for zinc. The daily intake of zinc was
restricted to 3 to 5mg daily. The RDA for zinc in adults is
12-15mg/d. [16, 17].

The volunteers were admitted to a Clinical Research Cen-
ter metabolic ward at the University of Michigan Hospital.
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They were ambulatory and encouraged to do daily exercises.
They were studied for a total of 24 weeks.

The details of our protocol have been published [17].
We observed neurosensory changes, oligospermia in

males, decreased serum testosterone concentration, hyper-
ammonemia, decreased lean body mass, decreased serum
thymulin activity, decreased IL-2 activity, decreased NK cell
activity, and alterations in T cell subpopulations in our mar-
ginally zinc-deficient subjects. All the above manifestations
were correctable by supplementation with zinc [17–19].

3. Zinc and Immunity

Bach et al. [20] described the biochemical characteristics of a
thymic hormone protein called facteur thymique serique
(FTS). This was later called thymulin. In 1983, it was reported
that zinc was essential for its activity [21].

At that time in Detroit, we were working with a human
experimental mild zinc deficiency model. The reports from
France were very exciting. Our studies in the Middle East
showed that the dwarfs were susceptible to infections, and
they died before they reached 25 years of age. The thymu-
lin zinc study suggested to me that zinc was involved in
immunity. The report that a thymic hormone required zinc
for its activity stimulated me to collaborate with Prof. Bach
and Dardene.

I met them in Paris, and they were equally excited to
study thymulin in a human zinc deficiency model. Together,
we published several papers on these subjects. We observed
that thymulin was required for T helper cell differentiation
and proliferation. We reported that zinc was required for
gene expression of IL-2 and IFN-gamma [18]; IL-2 genera-
tion upregulated natural killer cell activity and T cytotoxic
cell activity [18, 19, 22]. IFN-gamma along with IL-12 gener-
ated by monocytes-macrophages was important for the activ-
ity of monocytes-macrophages for killing viruses, bacteria,
and parasites.

In mild deficiency of zinc in the human model, we
observed decreased serum thymulin activity, which was cor-
rected by in vivo and in vitro zinc supplementation, suggest-
ing that this index was a sensitive indicator of mild zinc
deficiency in humans [18]. It is probable that because of zinc
deficiency, host-defense mechanisms were compromised in a
large segment of population in the developing world.

The effect of zinc on lymphocytes also appears to be that
of a mitogen, and the kinetics of these influences most closely
approximate the effects of antigen stimulation on lympho-
cyte in culture [23]. It is suggested that zinc directly stimu-
lates DNA synthesis, either by activating enzymes or by
altering the binding of F1 and F3 histones to DNA, which
affects RNA synthesis. Direct cell-surface effects of zinc can-
not be ruled out. It is conceivable that zinc could be operating
at several different levels in influencing lymphocyte mono-
clonal proliferation [23].

Iwata et al. in 1979 [24] showed that one obvious
effect of zinc deficiency was decrease in thymocytes in
mice and humans which resulted in reduction of thymic
hormone activity.

DNA polymerase, RNA polymerase, reverse transcription,
and deoxythymidine kinase are zinc-dependent enzymes and
are involved in DNA synthesis [25].

We reported that zinc is required for the gene expression
of deoxythymidine kinase, an enzyme essential for DNA syn-
thesis and cell division [26–29].

4. Nucleoside Phosphorylase (NPase) and Zinc

Giblett et al. in 1975 [30] reported a case of a 5 y old girl with
severely defective T cell immunity, normal B cell, and nucle-
oside phosphorylase deficiency.

Nucleoside phosphorylase catalyzes the conversion of
inosine and deoxyinosine to hypoxanthine and guanosine
and deoxyguanosine to xanthine. Accumulation of deoxy-
guanosine is believed to be toxic to T cells.

In our experimental model of human zinc deficiency, we
observed that NPase activity in lymphocytes was decreased
in zinc-deficient subjects and that decreased NPase may
partly account for abnormal T cell functions in zinc defi-
ciency [31, 32].

5. Zinc and Neutrophils

Briggs et al. in 1982 reported that granulocytes in zinc-
deficient uremic subjects showed impaired mobility and
decreased both chemotactic and chemokinetic activities, in
comparison with subjects who were supplemented with zinc.
Others also observed abnormal granulocyte chemotaxis,
corrected by zinc supplementation in patients with acroder-
matitis enteropathica and in chronic renal disease patients
without uremia [33]. Thus, it appears that zinc is essential
for chemotaxis.

6. Zinc Modulates Cell-Mediated Immune
Functions and Participates in T Helper
Cell Differentiation

Zinc is essential for cell-mediated innate immunity and
activities of natural killer cells. Macrophages are also
affected by zinc deficiency. Phagocytosis, intracellular kill-
ing, and cytokine production by these cells are affected by
zinc deficiency. The growth and function of T and B cells
are affected adversely due to zinc deficiency. Zinc is needed
for DNA synthesis, RNA transcription, and cell division
[25]. Zinc deficiency adversely affects the generation and
functions of cytokines, the basic messengers of the immune
system [18, 19].

Figure 1 shows the landscape of action of zinc on
immune cells.

Our studies have shown that serum thymulin activity is
zinc dependent [18]. Thymulin, a thymopoietic hormone, is
required for proliferation and differentiation of T helper cells.
We observed that Th1 (T helper 1) functions in human zinc
deficiency were affected adversely. Zinc was also required for
gene expression of IL-2 and IFN-γ from Th1 cells, and the
generation of these cytokines was adversely affected due to
zinc deficiency. IL-2 deficiency decreased adversely NK cell
lytic activity and decreased T cytotoxic cells [22]. Decreased
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IFN-γ affected macrophages and monocyte function affect-
ing killing of viruses, bacteria, and other infective agents.
Zinc deficiency in humans resulted in decreased Th1 func-
tions but did not affect Th2 cells; thus, there was an imbal-
ance between Th1 and Th2 functions, resulting in adverse
effect on cell-mediated immunity.

Zinc deficiency resulted in activating monocytes-macro-
phages, which resulted in increased generation of inflamma-
tory cytokines such as TNF-α, IL-1β, and IL-6 and increased
oxidative stress [34].

Figure 2 shows the effect of zinc on NF-κB, AP1, and SP1
binding to DNA. Zinc deficiency decreases the binding of
NF-κB, AP1, and SP-1 to DNA [35].

Figure 3 summarizes the effects of zinc on NF-κB activa-
tion in HUT-78 cells. Zinc is involved at several steps in the
activation of NF-κB in HUT-78 cells. Zinc is required for
gene expression of NF-κB and its activation.

Figure 4 shows our experiment in HUT-78 cells. HUT-78
(Th0) cells were incubated under zinc-deficient and zinc-
sufficient conditions for 4 days and then exposed to
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Figure 1: The landscape of zinc action on immune cells. Zinc is an essential component of thymulin, a thymic hormone involved in
maturation and differentiation of T cells. The gene expression of IL-2 and IFN-γ (Th1 cytokines) is zinc dependent. IL-2 is involved in the
activation of NK and T cytolytic cells. IL-12 is generated by stimulated macrophages-monocytes and is zinc dependent. IFN-γ and IL-12
together play a major role in the killing of parasites, viruses, and bacteria by macrophages-monocytes. Th2 cytokines are not affected by
zinc deficiency except for IL-10 production, which is increased in the zinc-deficient elderly subjects. This is corrected by zinc
supplementation. Increased IL-10 affects adversely Th1 and macrophage functions.

1
0

2 3 4 5 6 7 8 9 10 11

Serial 10-fold dilution of excess oligos

(b)

(a)

Competitive binding of NF-�휅B
with excess oligonucleotides

Effect of zinc on NF-�휅B, AP1 and SP1 binding to DNA

Zn
−

Zn
− 

(P
+P

)

Zn
+ 

(P
+P

)

N
eg

. C
on

tr
ol

Po
s. 

Co
nt

ro
l

N
o 

D
N

A

Zn
+

Zn
−

Zn
− 

(P
+P

)

Zn
+ 

(P
+P

)

N
eg

. C
on

tr
ol

Po
s. 

Co
nt

ro
l

N
o 

D
N

A

Zn
+

Zn
−

Zn
− 

(P
+P

)

Zn
+ 

(P
+P

)

N
eg

. C
on

tr
ol

Po
s. 

Co
nt

ro
l

N
o 

D
N

A

Zn
+

NF-�휅B-DNA AP1-DNA SP1-DNA
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cytokines (IL-2 and IFN-γ), is regulated by zinc as shown in this figure. We also show that the other transcription factors essential for
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Effect of zinc on NF-�휅B activation in HUT-78 cells
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Figure 3: Our results of activation of NF-κB by zinc in HUT-78, a cell culture model. We observed that zinc was required for the
expression of p105 mRNA, a precursor of p50 NF-κB protein. Once expressed, p50 NF-κB binds to IκB in the plasma. Following
phosphorylation of IκB by zinc, NF-κB 50 is released for binding to DNA and gene expression of various proteins such as IL-2, IL-2Rα
and β, IFN-γ, and IκB-α.
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Figure 4: The translocation of NF-κB to DNA for binding and gene expression. Translocation of NF-κB-p50 to the nucleus under zinc-
deficient and zinc-sufficient conditions. HUT-78 cells were incubated under Zn- and Zn+ conditions for 4 days and then exposed to
PMA/PHA for 3 hours. Confocal images were prepared to show cytosolic NF-κB and nuclear material and the colocalization of NF-κB in
the nucleus: (a) nonstimulated Zn- cells; (b) nonstimulated Zn+ cells; (c) PMA/PHA-stimulated Zn- cells; (d) PMA/PHA-stimulated Zn+
cells. Arrows indicate areas of colocalization. PMA/PHA-stimulated Zn+ cells showed the greatest translocation of NF-κB-p50 to the
nucleus [36].
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PMA/PHA for 3 hours. This figure shows confocal images
of cytosolic NF-κB and nuclear NF-κB. This figure shows
that PMA/PHA-stimulated Zn+ cells showed greater local-
ization of NF-κB to nuclear DNA compared to zinc-deficient
cells [36].

Figure 5 shows that intracellular free zinc increased in
HUT-78 (Th0) cells following Con-A stimulation of cells
via TCR receptor, releasing intracellular free zinc which func-
tions as a signal molecule for generation of IFN-γ, T-bet, and
IL-12Rβ2, mRNAs required for Th1 cell differentiation [37].

Figure 6 shows schematically the role of various factors
involved in Th1 cell differentiation. The increase in intracel-

lular free zinc follows Th0 stimulation with Con-A, which
functions as the upregulator of various transcription factors.
It upregulates IFN-γ, T-bet, and IL-12Rβ2 receptors and
STAT4 for Th1 cell differentiation [36].

7. Zinc and Allergy

In one study, the influence of zinc on allergen-induced cell
growth, CD4+ regulatory T (Treg) cells, and cytokine
expression during allergic immune reaction was investi-
gated [38].
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Figure 5: Activation of TCR increases intracellular free zinc. (a) Cells were incubated for 24 h in normal media to which had been added
15μM zinc (to load cells with zinc) and then stimulated in normal media (5 μM zinc) in the presence of PHA, PMA, or Con-A for 30 and
60min to determine which pathway was involved in differentiation or activation of Th0 or naïve cells and resulted in an increase in
cellular free zinc. (b) To determine the time course for an increase in cellular free zinc, HUT-78 cells were stimulated in normal or in
zinc-deficient medium. Stimulation in normal vs. zinc-deficient media allowed us to determine if the increase in cellular free zinc was due
to an influx of extracellular free zinc or only a release of free zinc within the cellular compartment under Con-A stimulation. It appears
that the increase in cellular free zinc is a result of both extracellular zinc influx and the release of free zinc from intracellular sources
following Con-A stimulation (n = 3) [37].
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PBMC from nonatopic and atopic subjects were treated
with timothy green allergen preincubated with or without
(50μM) zinc.

In CD3+ T cells, combination of zinc 50 and allergen sig-
nificantly reduced PBMC proliferation of atopic subjects. Zinc
50 plus allergen enhanced Th1 cytokines as shown by increased
IFN-γ/IL-10 ratios, and enhanced generation of Treg cells was
observed. Zinc appeared to downregulate unwanted hyperre-
sponsive cells. There was a significant shift from IL-10 to
Th1 cytokine IFN-γ and enhanced generation of Treg cells.

This study suggests that zinc supplementation may be
useful as a therapy for allergies without negatively affecting
the immune system.

T lymphocytes regulate and coordinate immune responses
in allergic diseases. Treg cells suppress CD4+ effector T cells,
CD8+ T cells, antigen-presenting cells (APCs), NK cells, and
also B cells. A decreased expression of Tregs was observed in
patients with asthma and allergic rhinitis, and this results in
expansion of Th2 cells [39].

Allergies belong to the Th2-driven diseases and are often
accompanied by zinc deficiency and are therefore targets for
zinc-induced modulation of the allergic immune reactions
[40, 41].

Th1 and Th17 cells also contribute to allergic inflamma-
tion and hyperresponsiveness [42–44].

Treg inhabits T cell activation following allergen expo-
sure, but this process is not optimal in atopic individuals.

Allergic asthmatic patients have impaired Treg-mediated
suppression, and this correlates well with decreased serum
zinc levels as reported in many studies.

Zinc supplementation is able to restore Treg function.
Zinc deficiency in pregnancy is known to increase the inci-
dence of allergies in children [45].

8. Zinc Decreases Oxidative Stress and
Decreases the Generation of Chronic
Inflammatory Cytokines in Humans

Figure 7 summarizes our concept regarding the role of zinc as
a proantioxidant and anti-inflammatory agent.

ROS is known to activate NF-κB. Zinc decreases NADPH
oxidase activity, and SOD is a zinc-copper-containing
enzyme which is upregulated by zinc. These effects of zinc
decrease oxidative stress. Zinc also upregulates MT synthesis,
and MT decreases ⋅OH burden.

Zinc upregulates A20, a transcription factor which
inhibits NF-κB activation [34, 46].

Downregulation of NF-κB decreases generation of
inflammatory cytokines which decreases ROS.
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3

4
6
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Figure 6: Role of zinc in differentiating Th0 T cells to the Th1 subtype. The differentiation of Th0 or CD4+ naïve T cells to the Th1 subtype is
a two-stage process involving many transcription factors and events which are zinc-dependent. (1) Engagement of TCR by CD3 antibodies or
Con-A or an antigen by APC is the first step in the differentiation process. Here, zinc acts as a bridge between the CD4 or CD8 receptor and
Lck, a tyrosine kinase activated during differentiation. (2) Once the initial process begins, zinc-dependent PKC-h is phosphorylated and able
to activate the release of free zinc from metallothionein, the endoplasmic reticulum, or the Golgi. (3) An increase in free zinc is then used for
binding of activated NF-κB-p50/p65 to DNA, which initiates the transcription and production of IFN-γ. (4) IFN-γ enhances the expression of
T-bet. IFN-γ and T-bet expression then becomes autocrine/paracrine. During the second stage, after TCR is disengaged. (5) T-bet associates
with STAT4 for transcription and expression of IL-12Rβ2 which is a zinc-dependent process. (6) Once the expression of IL-12Rβ2 is
enhanced, T-bet expression then depends upon IL-12. (7) Once the Th1 cells are differentiated and stabilized, they function in the absence
of IFN-γ. Full expression of T-bet also inhibits the expression of GATA3 which is responsible for Th2 differentiation, thus, locking in the
Th1 phenotype [37].
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The anti-inflammatory role of zinc may have protec-
tive effect on atherosclerosis, prostate cancer, and colon
cancer.

9. Effect of Marginal Zinc Deficiency in Human
on Sensitive Immunological Parameters

Zinc deficiency increases oxidative stress and upregulates
generation of inflammatory cytokines in humans [46].

Zinc supplementation decreases NADPH oxidase in
monocytes-macrophages, which decreases generation of
free radicals. Superoxide dismutase is both a zinc- and
copper-dependent enzyme, which is essential for downreg-
ulating free radicals. Metallothionein is a zinc protein very
effective in decreasing ⋅OH; thus, zinc is an effective agent
to decrease oxidative stress. Zinc supplementation increases
A20 (a zinc-dependent transcription factor) activity in
monocytes-macrophages, and A20 downregulates genera-
tion of TNF-α. Thus, zinc is an effective agent in decreasing
oxidative stress and decreasing generation of inflammatory
cytokines [46, 47].

Figure 8 shows the effect of marginal zinc deficiency in
humans on plasma zinc [48].

Figure 9 shows the effect of marginal zinc deficiency in
the experimental model [48].

Figure 10 shows the assay of ecto-5′-nucleotidase, an
enzyme that is a marker of lymphocyte maturity. Ecto-5′
NT is a very sensitive biomarker of human marginal zinc
deficiency [48].

Figure 11 shows the serum active thymulin (thymic hor-
mone) in marginal human zinc deficiency. This also illus-
trates that the assay of active serum thymulin may be a very
good biomarker of marginal human zinc deficiency [18].

Our studies have documented that the assay of immuno-
logical parameters may be more sensitive biomarkers of mar-
ginal zinc deficiency in humans than the assay of zinc in
plasma or blood cells. Serum thymulin activity, IL-2 mRNA
generation after PHA-PMA activation of peripheral blood
mononuclear cells, and assay of activity of ecto-5′NT, a
marker for lymphocyte maturity, are more sensitive bio-
markers of zinc deficiency in comparison to the assay of zinc
in plasma or peripheral blood cells.

10. Conclusion

Zinc deficiency is very prevalent worldwide. Cell-mediated
immune dysfunction leading to increased infection is com-
mon in zinc-deficient subjects. Zinc is essential for the serum
thymulin activity. Thymulin, a thymopoietic hormone, is
essential for proliferation of Th0 cells. T-bet (a zinc-
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Cross-talk
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Figure 7: Our concept regarding the role of zinc as an antioxidant and anti-inflammatory agent. Reactive oxygen species (ROS) is known to
activate NF-κB. Zinc decreases ROS generation. NADPH oxidase is inhibited by zinc and SOD, which is both a zinc and copper-containing
enzyme that is upregulated. SOD is known to decrease oxidative stress. Metallothionein (MT) is induced by zinc and MT, which contains 26
moles of cysteine per mole of protein, decreasing OH burden. Zinc via A20 inhibits NF-κB activation, and this results in a decrease in
generation of inflammatory cytokines and adhesion molecules. This figure also shows that zinc may have a preventive role in some
cancers such as colon and prostate and in atherosclerosis inasmuch as chronic inflammation has been implicated in the development of
these disorders [46, 47].
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dependent transcription factor), INF-γ, and STAT4 are
required for differentiation of Th1 cells from Th0 cells. Zinc-
dependent transcription factors, NF-κB, AP1, and SP-1 are
required for generation for IL-2 mRNA from Th1 cells. Zinc
deficiency in humans results in downregulation of IL-2 cyto-

kine from Th1 cells. IL-2 is essential for NK cell lytic activity
and activation of T cytolytic cells, which participate in killing
of viruses, bacteria, and cancer cells.

In zinc deficiency, although Th1 cells are affected
adversely, Th2 cells remain unaffected. This results in a shift
from Th1 to Th2 functions and results in cell-mediated
immune dysfunction in zinc deficiency.

Zinc deficiency in humans activates monocytes-macro-
phages, which generate free radicals leading to oxidative
stress and upregulate generation of inflammatory cytokines
such as TNF-α, IL-1β, and IL-6. Inasmuch as many chronic
diseases in humans including cancer of the prostate and
colon and atherosclerosis have been related to increased
oxidative stress and chronic inflammation, zinc supplemen-
tation to decrease oxidative stress and inflammatory cyto-
kines may prove to be very useful in management of a
few chronic diseases.

In our studies in the experimental model of mild human
zinc deficiency, we observed that serum thymulin activity
declined within eight to twelve weeks of institution of zinc-
deficient diet in human volunteers [18]. At the same time,
we observed that IL-2 mRNA and IL-2 generation from lym-
phocytes decreased the lymphocyte zinc decreased at the end
of twenty weeks, and the decrease in plasma zinc was noted
at the end of 24 weeks [48]. These observations suggested to
us that the assay of immunological parameters was more
sensitive than the assay of zinc in plasma and peripheral
blood cells.

We published later that the assay of IL-2 mRNA may be a
specific and sensitive biomarker of human zinc deficiency [49].

Immunological parameters such as assays of thymulin
activity and lymphocyte ecto-5′-nucleotidase, a marker of
lymphocyte maturity, and determination of mRNAs of IL-2
and IFN-γ after PHA and PMA stimulation of mononuclear
cells in peripheral blood may be very sensitive and useful bio-
markers of human zinc deficiency. These assays are more
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Figure 9: Changes in lymphocyte zinc level during early and late
zinc deficiency periods in the experimental model of human zinc
deficiency. Lymphocyte zinc levels ((mean ± SD) μg/1010 cells)
during baseline (B) vs. early zinc deficiency period (E) and late
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shown (56:56 ± 6:42 μg/1010 cells [48].
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sensitive than determination of zinc in plasma, lymphocytes,
neutrophils, or platelets.

Abbreviations

A20: Zinc-containing transcription factor
DNA: Deoxyribonucleic acid
HUT-78: Human malignant lymphoblastoid cell line of

Th0 phenotype

ICAM-1: Soluble intercellular adhesion molecule-1
IFN-γ: Interferon-γ
IκB: Inhibitory protein of NF-κB
IL-1β: Interleukin-1β
IL-2: Interleukin 2
IL-6: Interleukin 6
IL-10: Interleukin 10
IL-12Rβ2: Interleukin 12 receptor, beta 2
mRNA: Messenger RNA
MT: Metallothionein
MyD88: Myeloid differentiation primary response 88
NADPH: Nicotinamide adenine dinucleotide phosphate
NF-κB: Nuclear factor kappa B
NK cell: Natural killer cells
PHA: Phytohemagglutinin-p
PMA: Phorbol myristate acetate
RNA: Ribonucleic acid
ROS: Reactive oxygen species
SOD: Superoxide dismutase
STAT4: Transcription factor STAT4
T-bet: Transcription factor involved in T cell

differentiation
T cell: Thymic-dependent cell
TCR: T cell receptor
Th: T helper cell
Th1: T helper one
TNF-α: Tumor necrosis factor-α
TRIF: Domain containing adapter-inducing interferon-β
TTP: Thymidine triphosphate
VCAM-1: Soluble vascular cell adhesion molecule
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Intestinal epithelial cells cover the surface of the intestinal tract. The cells are important for preserving the integrity of the mucosal
barriers to protect the host from luminal antigens and pathogens. The mucosal barriers are maintained by the continuous and rapid
self-renewal of intestinal epithelial cells. Defects in the self-renewal of these cells are associated with gastrointestinal diseases,
including inflammatory bowel diseases and diarrhea. Zinc is an essential trace element for living organisms, and zinc deficiency
is closely linked to the impaired mucosal integrity. Recent evidence has shown that zinc transporters contribute to the barrier
function of intestinal epithelial cells. In this review, we describe the recent advances in understanding the role of zinc and zinc
transporters in the barrier function and homeostasis of intestinal epithelial cells.

1. Introduction

The gastrointestinal tract absorbs nutrients from digested
foods and protects against luminal antigens and invading
pathogens, including commensal bacteria and food. For this
protective function, the intestines have developed a robust
system of physical, chemical, and biological mucosal bar-
riers. Defects in the mucosal barriers lead to the transloca-
tion of luminal antigens into the host, which induces host
immune and inflammatory responses. These responses
increase the susceptibility to various gastrointestinal dis-
eases. Maintenance of the mucosal barrier system is there-
fore a critical issue in intestinal health [1]. The intestinal
epithelial cells generate and maintain the mucosal barriers
by continuous renewal [2]. Any impairment in the renewal
cycle perturbs the mucosal barriers. Maintenance of the
intestinal epithelial homeostasis is essential for preserving
mucosal barrier functions.

Zinc is an essential trace element for all living organisms
and is involved in a variety of important biological processes.

It is a nonredox transition metal that serves as a catalytic
cofactor and has structural functions in numerous proteins.
Bioinformatics analyses have revealed that approximately
10% and 6% of the genes in the genomes of humans and bac-
teria, respectively, encode products with zinc-binding poten-
tial [3–5]. The functions of zinc-binding proteins are highly
divergent and include transcription factors, DNA synthase,
ubiquitin ligase, receptors, and kinases [3]. Zinc acts as a
signaling molecule, such as second messengers, to mediate
signaling pathways [6–9]. Zinc deficiency dysregulates cellu-
lar functions. Excess zinc is also toxic to cells. Thus, the level
and distribution of zinc must be tightly fine-tuned. Zinc
transporters regulate the distribution of zinc by controlling
zinc influx and efflux via organelle membranes, thereby con-
tributing to the maintenance of zinc homeostasis [10, 11].
Zinc transporters consist of two families: solute carrier
(SLC) 39A and SLC30. The SLC39A/Zrt- and Irt-related pro-
tein (ZIP) family has 14 members and functions to transport
zinc from the extracellular/organelle region into the cytosol.
The SCL30A/Zn transporter (ZnT) is composed of 10
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members and participates in exporting zinc from the cyto-
sol. By regulating the flux of zinc, zinc transporters are
involved in the regulation of various zinc-mediated biolog-
ical functions. The physiological and pathological func-
tions of zinc transporters have been explored through
genetic approaches [10–12].

Several lines of evidence suggest that zinc deficiency
causes diarrhea and mucosal barrier dysfunction, while zinc
supplementation improves symptoms [13]. Thus, in the
intestine, zinc is essential to maintain intestinal homeostasis
and regulate intestinal disorder. In this review, we focus on
the roles of zinc and zinc transporters in intestinal epithelial
homeostasis and disorder.

2. Intestinal Epithelial Cell: A Critical Player in
the Mucosal Barriers

The small intestine is composed of villi that protrude into
the lumen and crypts that penetrate the mucosa. In con-
trast, the large intestines have no protruding villi, consisting
only of crypts that allow water absorption. The surface of
the intestinal mucosa is covered by a monolayer of intesti-
nal epithelial cells. These cells consist of differentiated and
undifferentiated cells [14]. Differentiated epithelial cells
include absorptive enterocytes, mucin-producing goblet
cells, and Paneth cells, which secrete antibacterial factors
and constitute a niche for intestinal stem cells [15–19]. All
intestinal epithelial linages are derived from intestinal stem
cells. Intestinal stem cells that feature leucine-rich repeat-
containing G-protein-coupled receptor 5 (Lgr5) as a marker
protein constantly self-renew and produce daughter cells that
are designated transit-amplifying (TA) cells [20]. TA cells
undergo vigorous proliferation to increase the number of
the cells, which differentiate into specialized epithelial line-
ages. Most differentiated epithelial cells migrate from the
crypts to the tip of the villi as they differentiate. Intestinal epi-
thelial cells reaching the tips of the villi undergo apoptosis.
The renewal of intestinal epithelial cells takes 3-5 days in
mice or 1 week in humans [21, 22].

Intestinal stem cells are cells that are capable of both
self-renewal and multipotency. The number of the intestinal
stem cells is dynamically regulated. In the steady state, the
stem cell number is maintained at a certain level. During
development or tissue repair, the stem cells actively self-
renew, contributing to increased tissue size or repair
[23]. Crypt base columnar (CBC) cells are distributed
between Paneth cells at the crypt base and express Lgr5.
Lgr5 is the target gene of canonical Wingless-Int (Wnt)
signaling, wherein Lgr5 functions as the receptor and medi-
ates R-spondin signaling, thus potentiating Wnt signaling
[24–26]. The Lgr5+ CBC cells represent actively cycling stem
cells that divide every 24 h [21]. The cells that reside at the +4
position immediately above the Paneth cells in the crypts also
represent a stem cell population. The +4 cells dominantly
express Hopx and display the slow cycling and DNA
label-retention characteristics of quiescent stem cells. Recent
studies suggest that they are a reverse stem cell population
that can be rapidly recruited to maintain epithelial homeosta-
sis following injury [27, 28]. Indeed, when Lgr5+ stem cells

are lost, Hopx+ quiescent stem cells express Lgr5, leading to
their active self-renewal, thereby compensating for the loss
of Lgr5+ stem cells. Furthermore, Hopx+ quiescent stem cells
and Lgr5+ active cells can compensate for one another when
the other cell type is depleted [27].

Goblet cells are a secretory lineage that has an important
role in the generation of the mucus layer by secreting
O-glycosylated mucin proteins [15]. Mucus gel layers on
the intestinal surface present a physicochemical barrier that
prevents the invasion of microorganisms [29]. The mucus
layer is composed of an outer layer colonized by microorgan-
isms, and a sterile dense inner layer firmly attached to the
epithelial surface that contains antibacterial molecules [29].
The mucus layer also contains immunoglobulin A (IgA)
produced by B cells in the lamina propria. Secreted IgA
in the lumen has a role in neutralizing invading pathogens,
antigen presentation to microfold cells (M cells) on the
follicular-associated epithelium surface, and disturbance of
the attachment of microorganisms on the epithelial surface
[30]. In addition to the barrier function, the mucus layer also
serves as a nutrient source for intestinal microbes [31]. Poly-
merized MUC2 in the inner layer is proteolytically degraded
to generate the outer layer that is colonized by microorgan-
isms. The mucus layer is highly glycosylated and can be
utilized as an energy source by intestinal microbes during
dietary fiber-depleted conditions. This leads to the erosion
of the mucus barrier, which induces intestinal inflammation
[31], implying that the nutritional state could influence the
strength of the mucus barrier.

Paneth cells secrete various antibacterial molecules, such
as α-defensins and RegIII-γ, and participate in innate immu-
nity in the gastrointestinal tract [32, 33]. α-Defensins are
cationic peptides consisting of 18-45 amino acid residues.
Upon binding to the cellular surface of a microorganism,
α-defensins form cationic pores in the membrane. Disrup-
tion of the cell membrane integrity leads to an efflux of nutri-
ents or ions, which kills the bacteria [34]. The secretion of
antimicrobial peptides depends on bacterial sensing [32].
Paneth cells express pathogen recognition receptors (PRRs),
including Toll-like receptors and nucleotide oligomerization
domain 2 (NOD2). Therefore, Paneth cells play a role in
innate immunity by sensing bacteria and bacterial antigens.
Paneth cells also store a large amount of zinc in their granules
[35, 36]. Bacteria or bacterial components bind to PRRs,
inducing the secretion of antibacterial molecules and zinc
from Paneth cells [32, 33, 37, 38]. Additionally, Paneth
cells also secrete maintenance factors, such as epidermal
growth factors (EGFs) and Wnt3a, to form a niche for
intestinal stem cells [39]. Thus, Paneth cells contribute to
intestinal stem cell homeostasis and innate immunity by
serving as biological barriers.

Cell junctions, which include the tight and adherens
junction, firmly link intestinal epithelial cells, thereby
forming a physical barrier that inhibits microbial invasion
by the paracellular pathway. Pathogen-associated molecu-
lar pattern signaling regulates physical barrier functions.
TLR2 signaling can enhance intestinal integrity by preserv-
ing the expression of zonula occludins-1 (ZO-1), a critical
component of the tight junction in the intestinal epithelial
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cells [40]. The NOD-like receptor family is a component of
inflammasomes. In the intestines, molecules that include
adenosine triphosphate (ATP), DNA, and RNA are secreted
from injured cells. These secreted molecules act as danger
signals that result in the activation of inflammasomes. It
has been reported that NLRP3- or NLRP6-dependent secre-
tion of interleukin- (IL-) 1β and IL-18 contributes to the
maintenance of intestinal epithelial homeostasis by promot-
ing the maturation and regeneration of intestinal epithelial
cells [41, 42]. Thus, the innate immune signaling regulates
both the physiological and biological barrier formations.

3. Intestinal Epithelial Cells during
Intestinal Inflammation

Emerging evidence suggests that impaired integrity of the
mucosal barrier is associated with the pathogenesis of
intestinal inflammation [43, 44]. Tight junctions restrict the
translocation of luminal materials into the host, thereby
protecting the host from luminal antigens and pathogens.
Defects in tight junctions (e.g., increased apoptosis of intesti-
nal epithelial cells) cause focal leakages that allow water and
small molecules to enter the mucosa, thus inducing a muco-
sal immunological response [45]. The dysfunction of cell
junctions causes intestinal inflammation. Inflammatory
bowel diseases (IBDs), which include ulcerative colitis (UC)
and Crohn’s disease (CD), involve the chronic inflammation
of the gastrointestinal tract characterized by epithelial barrier
dysfunctions and alterations in immune regulation. IBD
patients display increased paracellular permeability with tight
junction abnormalities. Moreover, decreased expressions of
junctional molecules, such as occludins and claudins, have
been found in patients with IBDs [46–48]. Mice lacking
claudin-7, an important component of tight junctions, have
enhanced paracellular organic solute flux and develop spon-
taneous colitis [49].

Dysfunctions of Paneth cells have been observed with
various intestinal inflammatory diseases. Reduced secretion
of α-defensin and other antimicrobial peptides was described
in patients with CD [50]. In particular, α-defensin 5 is
downregulated in these patients [51–53]. This might be
related to the alteration in epigenetic modification status.
The α-defensin 5 gene in patients with CD is highly methyl-
ated compared to the gene in healthy individuals [54]. Thus,
epigenetic programming might be a causal factor in the path-
ogenesis of CD. NOD2 acts as an intracellular bacterial
sensor by recognizing muramyl dipeptide (MDP), a struc-
tural component of bacteria. Mice deficient in NOD2 display
decreased production of α-defensin in Paneth cells and are
very susceptible to Listeria infections [37]. Adaptor protein-
(AP-) 1B is a polarized sorting factor that mediates the polar-
ized secretion of proteins by regulating intracellular protein
sorting. The loss of AP-1B function results in the reduced
expression of antimicrobial proteins and impaired IgA secre-
tion, leading to the development of spontaneous chronic coli-
tis by hypoepithelial barrier function [55]. Decreased
expressions of AP-1M2 have also been observed in patients
with CD [55].

Defective mucin is also involved in the pathogenesis of
IBDs. Mucin2 (MUC2) expression is decreased in patients
with IBDs [56]. Lack of MUC2 reportedly leads to the
development of spontaneous colitis characterized by muco-
sal thickening and superficial erosions [57]. The same
authors reported that mice lacking MUC2 showed severe
damage against dextran sodium sulfate- (DSS-) induced
experimental colitis.

The pathogenesis of IBDs is multifactorial and includes
environmental and genetic factors. Regarding the genetic
factors, recent genome-wide association studies (GWAS)
have identified multiple genes associated with the risk of
IBD [58–61]. Variations in the genes related to epithelial bar-
rier functions, such as NOD2 and FUT2, have been identified
as genes associated with the pathogenesis of IBDs [59, 61].
Homeostasis of intestinal epithelial cells is maintained
through continuous self-renewal, including rapid prolifera-
tion, differentiation, and apoptosis. Wnt/β-catenin and
Notch signaling have essential roles for the intestinal epithe-
lial turnover [62]. Defects in these processes also lead to the
impairment of barrier functions and IBD pathogenesis.
GWAS have identified Wnt signaling-related genes T cell
factor 4 (TCF4) and lipoprotein receptor-related protein
6 (LRP6) as associated with the risk for IBD [63]. The
functional variant in LRP6 has been associated with
early-onset ileal CD [64]. Furthermore, a recent study
reported specific changes in the DNA methylation status
in the intestinal epithelial cells that were associated with
the development of IBD, suggesting that intestinal epithe-
lial cell functions are epigenetically regulated along with
the disease development [65].

4. Zinc in Intestinal Diseases

Zinc is an essential trace element in living organisms, includ-
ing mammalians, bacteria, and plants. It has been estimated
that approximately 10% of the human genome encode
zinc-binding proteins [3]. Consequently, zinc-binding pro-
teins constitute a large proportion of the total proteome [4].
The functions of these zinc-binding proteins are very diverse.
Dysregulation of zinc homeostasis is associated with the
pathogenesis of gastrointestinal diseases [13].

Zinc deficiency induces to diarrhea [13, 66, 67]. Reduced
serum zinc levels or decreased zinc levels in the colorectal
mucosa have been found in patients with persistent diarrhea.
Zinc supplementation is effective in the prevention or
improvement of diarrhea [67–69]. The World Health Orga-
nization has recommended zinc supplementation for the
treatment of diarrhea as it reduces the duration and severity
of symptoms associated with diarrhea and prevents subse-
quent episodes [70]. Zinc deficiency can also lead to an
increased risk of gastrointestinal infectious diseases [71]. In
pathogenic bacterial infections, the tissue zinc level was
altered in the inflamed intestine. In a mouse model of
Salmonella infection, the level of zinc was reduced in
the inflamed gut [72]. Zinc also has a beneficial effect
on infectious diseases like shigellosis. Malabsorption of
nitrogen and the abnormal loss of mucus and transmuco-
sal protein have been reported in patients with shigellosis.
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Zinc supplementation improves intestinal barrier function,
intestinal permeability, nitrogen absorption, and symp-
toms and also increases immune responses [73–76].

Serum zinc levels in patients with CD are reduced com-
pared to levels in healthy individuals [13, 77]. The absorption
of zinc in patients with IBD is also lower compared to healthy
controls. Although the relationship between low serum zinc
levels and CD development is somewhat controversial, zinc
supplementation appears to have beneficial effects on disease
outcomes [78, 79]. A prospective study showed that the
supplementation of zinc led to improved outcomes for
patients with CD [80]. A cohort study of female IBD patients
suggested that zinc intake can reduce the risk for CD [81].
The influence of zinc deficiency on colitis has also been
examined in animal studies. For example, zinc deficiency
exacerbates the severity of experimental colitis in rats
[82, 83]. The severity of colitis has been correlated with
serum zinc levels in mice [83]. Consistent with these
reports, zinc treatment improved the severity of experimental
colitis in mice [84–87]. The molecules that mediate the ben-
eficial effect of zinc in colitis have been explored. GPR39 is a
specific zinc receptor expressed on the plasma membrane
[88]. Upon sensing extracellular zinc, GPR39 activates down-
stream signal pathways to regulate cellular functions, includ-
ing proliferation, differentiation, and survival [89]. GPR39
sensing of extracellular zinc appears to affect the severity of
colitis. Mice lacking GPR39 showed increased mortality after
the induction of experimental colitis [90].

5. Zinc and Zinc Transporters in Intestinal
Epithelial Cells

5.1. Mucosal Barriers. Disruption of the physical barrier
formed by intestinal epithelial cells is associated with gastro-
intestinal diseases [45, 91]. Increased apoptosis of the intesti-
nal epithelial cells causes weakened epithelial barrier
tightness and induces focal leaks. Focal leaks lead to
increased intestinal permeability and leak fluxes, followed

by the activation of immunological responses in the mucosa.
Decreased barriers lead to leaky gut properties. Emerging evi-
dence has implicated zinc in the maintenance of the mucosal
barriers (Figure 1) [85, 92]. Zinc deficiency leads to reduced
expressions of occludin and ZO-1 proteins, resulting in
decreased tight junctions in Caco-2 cells [93]. Depletion of
zinc induces occludin-3 proteolysis and decreased claudin-3
transcription [94]. In contrast, in mice with bacterial infec-
tions, zinc supplementation protects the mice from intestinal
dysfunction and intestinal leakage induced by bacterial
toxins [95]. Zinc supplementation also enhances tight
junctions in Caco-2 cells, characterized by an increase in
transepithelial electrical resistance (TEER) and induced
expressions of claudin-2, claudin-7, and ZO-1 proteins
[96, 97]. Furthermore, zinc facilitates tight junction forma-
tion via GPR39 by preserving occludin and ZO-1 expres-
sions in Caco2 and HT29 cells (Figure 2(a)) [98]. Zinc
also activates the mammalian target of rapamycin pathway
via GPR39 in HT29 cells [98]. Thus, the zinc-GPR39 axis
seems to have a regulatory role in tight junction strength
between intestinal epithelial cells. The ZIP14 zinc trans-
porter is expressed on plasma membranes and mediates
zinc influx into the cytosol, thereby regulating cellular sig-
naling (Figure 2(a)). Mice lacking ZIP14 display increased
intestinal permeability associated with altered expressions
of tight junction proteins of claudin-1 and claudin-2
[99]. Thus, zinc transporter-mediated zinc signaling may
affect the intestinal barrier functions. As described above,
Paneth cells contain a large amount of zinc in their gran-
ules [35, 36]. Considering that Paneth cells are susceptible
to zinc deficiency, zinc seems to contribute to the estab-
lishment of a biological barrier, since Paneth cells have a
critical role in the production of antimicrobial molecules.

5.2. Intestinal Immunity. Intestinal macrophages are abun-
dant in the small and large intestines. In particular, they are
found in close proximity to the intestinal epithelial cells
[100]. The major functions of intestinal macrophages are

Mucin

Goblet cell Paneth cell

Zn Zn
Zn

Zn

Paneth cell

Healthy condition Zinc deficient condition

Barrier dysfunction

Intestinal inflammation
Diarrhea
Inflammatory bowel disease

Tight junction
Antimicrobial molecules

Figure 1: Zinc preserves mucosal barrier functions. In healthy conditions, mucosal barriers, including tight junctions, the mucus layer, and
antimicrobial molecules, protect the host from luminal antigens/pathogens. In contrast, in zinc-deficient conditions, mucosal barriers are
impaired. Thus, luminal contents can access the mucosal surface and translocate across the epithelial cells, leading to inflammation and
intestinal diseases.
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sensing, uptake, and clearance of microorganisms invading
across the epithelial barrier. Intestinal macrophages thus play
an important role in the maintenance of gut homeostasis by
contributing to barrier functions. Compared to peritoneal
macrophages, intestinal macrophages are highly bactericidal
and show increased expressions of metallothionein 1
(MT-1) associated with increased intracellular zinc level
[101]. The increased zinc level in intestinal macrophages is
missing in mice treated with antibiotics. Furthermore,
NOD2 ligand MDPs can induce the upregulation of MT-1
and intracellular zinc levels in intestinal macrophages [101].
Thus, zinc may have a role in regulating the bactericidal

potential of intestinal macrophages, thereby mediating a part
of symbiotic relationship in the intestine. Dysbiosis has been
proposed as a key feature of IBD [102]. There is experimental
evidence of the involvement of zinc in the microflora com-
munity, whereby excess dietary zinc alters the gut microbiota
[103]. Mice fed with an excess zinc diet showed decreased
microbial diversity without affecting the bacterial burden.
Recently, the association of a variant of zinc transporter
ZIP8 with CD was reported [104]. The healthy ZIP8 variant
carrier showed altered gut microflora partially overlapping
with those in patients with CD. Thus, disturbed zinc homeo-
stasis might be associated with dysbiosis.

ZIP14 GPR39

Zn

Zn

Zn

mTOR
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Figure 2: Zinc in intestinal epithelial cells ZIP14 and GPR39 mediates the establishment of the physical barrier through tight junctions (a).
ZIP7 and ZIP4 contribute to the maintenance of intestinal homeostasis by securing continuous epithelial turnover (b). ZnT2 facilitates zinc
accumulation into the secretory granule, contributing to the antimicrobial function of Paneth cells.
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5.3. Intestinal Zinc Absorption. ZIP4 plays an important role
in zinc absorption from the small intestine [105]. ZIP4 local-
ized on the apical membrane of intestinal epithelial cells con-
trols the incorporation of luminal zinc into the host by
multiple mechanisms [105–108]. The dysfunction of
ZIP4-mediated zinc absorption due to ZIP4 gene mutations
causes acrodermatitis enteropathica [109–111]. ZnT1 is
detected at the basolateral membrane [112]. Expression of
ZnT1 is affected by dietary zinc supplementation. With zinc
supplementation, ZnT1 expression is increased in the rat
intestine [112, 113]. Since ZnT1 belongs to the SLC30A/ZnT
family that mediates zinc export from the cytosol into the
extracellular or intracellular compartment, ZnT1 may also
mediate zinc transport from the intestinal epithelial cells to
the extracellular region (i.e., the blood stream). Thus, ZIP4
and ZnT1 appear to have important roles in the intake of
zinc. ZIP5 is localized on the basolateral side of the intestinal
epithelial cells and participates in zinc excretion [106, 114].
Mice lacking ZIP5 in intestinal epithelial cells accumulate
zinc in the pancreas [115]. Interestingly, expressions of
ZIP4 and ZIP5 are oppositely regulated by zinc. In the
zinc-deficient condition, expression of ZIP4 is increased
and ZIP5 expression is decreased [108]. On the contrary,
the ZIP4 level is suppressed in the zinc-adequate condition,
whereas ZIP5 expression is induced [108]. Additionally,
ZnT5B, which is a splicing variant of ZnT5, has been
reported to be localized to the apical membrane of the epithe-
lium in the small intestine [116]. Since ZnT5B is capable of
bidirectional transport of zinc [116, 117], ZnT5B appears to
mediate zinc influx as well as efflux from the epithelial cells.
Thus, zinc absorption and excretion are likely determined
by the regulation of specific zinc transporters.

5.4. Intestinal Epithelial Homeostasis. Zinc deficiency leads to
alterations in the integrity and function of the intestinal epi-
thelial cells, demonstrating a role for zinc in intestinal epithe-
lial homeostasis [118]. However, exactly how zinc carries out
this role is unclear. Recent studies have indicated that zinc
transporters contribute to the maintenance of intestinal epi-
thelial homeostasis by regulating cellular function.

ZIP4 has a role in the regulation of intestinal epithelial
function (Figure 2(b)). Mice lacking ZIP4 in the intestinal
epithelial cells have decreased expressions of Sox9, a marker
for Paneth cells; induction of mucin, a marker of goblet cells;
and loss of zinc in Paneth cells. These findings suggest that
ZIP4-mediated zinc incorporation is necessary for the differ-
entiation and maintenance of Paneth cells [119]. Moreover,
ZIP4 also contributes to the proliferation of intestinal epithe-
lial cells [119]. Mice lacking ZIP4 display disrupted villus
integrity. Thus, ZIP4 appears to be important in preserving
intestinal epithelial architecture.

ZnT2 is the zinc transporter expressed on the secretory
granules in Paneth cells [120]. ZnT2 promotes the accumula-
tion of zinc in granules in the Paneth cells [120]. Further-
more, ZnT2 regulates the secretion of antimicrobial
molecules in Paneth cells (Figure 2(c)) [120]. The authors
described degranulated Paneth cells in ZnT2-deficient mice
and the unchanged overall structure of the villi-crypt axis.
The findings indicate that ZnT2 are not involved in the

continuous self-renewal of intestinal epithelial cells, but
rather in Paneth cell function [120].

ZIP7 is an endoplasmic reticulum- (ER-) localized zinc
transporter that is highly expressed in the crypts, rather than
the villi, in the intestine [121]. In the crypts, intestinal stem
cells, TA cells, and Paneth cells express ZIP7. A recent study
described the essential role for ZIP7 in the maintenance of
intestinal epithelial homeostasis (Figure 2(b)) [121]. The
authors described that deletion of ZIP7 in the intestinal
epithelial cells in mice caused an acute loss of proliferating
cells by apoptosis, with the disappearance of intestinal stem
cells [121]. Furthermore, ZIP7 deficiency elevated ER stress
in TA cells and stem cells [121]. The villus-crypt structure
was completely disrupted in the ZIP7-deficient intestine.
Additionally, degenerated Paneth cells were found in the
ZIP7-deficient crypts, suggesting the essential role of ZIP7
in Paneth cell maintenance [121]. These findings indicate
that ZIP7 is indispensable for the rapid turnover of intestinal
epithelial cells by preserving the survival of intestinal stem
cells, proliferation of crypts cells, and resolving ER stress.
Notch, EGF, and Wnt signaling critically contributes to the
maintenance of intestinal stem cells as well as proliferation
of intestinal epithelial cells [122]. Recent studies have
implicated ZIP7 in these signaling events in other cell types.
ZIP7 is involved in the activation of extracellular signal-
regulated kinases, which is major downstream molecule of
EGF in breast cancer cells [123]. ZIP7 participates in the reg-
ulation of the trafficking of Notch in T cell acute lymphoblas-
tic leukemia cells [124]. Accordingly, the treatment of
ZIP7-binding compound led to the alteration of the zinc level
in the ER, disturbed Notch trafficking, and disrupted apopto-
sis via an ER stress mechanism. Although the relationship
between ZIP7 and these signaling events in intestinal epithe-
lial cells remains to be elucidated, ZIP7 may contribute to the
maintenance of crypt homeostasis by multiple mechanisms.

6. Conclusion

Zinc plays a critical role in the maintenance of intestinal
homeostasis by regulating intestinal epithelial cells, host
immune cells, and intestinal commensal bacteria. Addition-
ally, recent studies in mice revealed that zinc transporters
contribute to regulation of epithelial functions and to the
maintenance of intestinal epithelial homeostasis. These
findings clarify the self-renewal mechanisms of intestinal
epithelial cells as well as the pathogenesis of intestinal dis-
eases. Due to various differences in the features of zinc
transporters between mice and humans, the roles of zinc
transporters in intestinal epithelial homeostasis and intesti-
nal disease pathogenesis in humans are still undetermined.
Further investigations of zinc transporters in humans may
advance the understanding of the pathogenesis of gastroin-
testinal disorders.
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In the skin, the epidermis is continuously exposed to various kinds of external substances and stimuli. Therefore, epidermal barriers
are crucial for providing protection, safeguarding health, and regulating water balance by maintaining skin homeostasis. Disruption
of the epidermal barrier allows external substances and stimuli to invade or stimulate the epidermal cells, leading to the elicitation of
skin inflammation. The major components of the epidermal barrier are the stratum corneum (SC) and tight junctions (TJs). The
presence of zinc in the epidermis promotes epidermal homeostasis; hence, this study reviewed the role of zinc in the formation
and function of the SC and TJs. Langerhans cells (LCs) are one of the antigen-presenting cells found in the epidermis. They
form TJs with adjacent keratinocytes (KCs), capture external antigens, and induce antigen-specific immune reactions. Thus, the
function of zinc in LCs was examined in this review. We also summarized the general knowledge of zinc and zinc transporters
in the epidermis with updated findings.

1. Introduction

The epidermis is the outermost layer of the skin and is thus
continuously exposed to various kinds of external substances
and stimuli that can lead to potential harm. To counteract
these risks and maintain homeostasis, the epidermis pro-
vides a barrier against the external environment. The impor-
tance of preserving epidermal homeostasis is evidenced by a
reduction in the development of atopic dermatitis (AD)
when moisturizer is applied to the skin during the neonatal
period [1, 2]. Reports also suggest that skin barrier disruption
leads not only to the development of AD but also to other
allergic diseases such as asthma, food allergies, and allergic
rhinitis [3, 4].

The epidermis is composed predominantly of keratino-
cytes (KCs) plus a small number of Langerhans cells (LCs),
melanocytes, and epidermal-resident memory T cells, as well
as others. The murine epidermis also contains unique den-
dritic epidermal T cells, a type of γδT cells. The epidermal
KCs are categorized into four layers, namely, the stratum
basale, stratumspinosum, stratumgranulosum(SG), and stra-
tum corneum (SC). A functional epidermal barrier depends

on the existence of the SC and tight junctions (TJs) formed
in the SG (Figure 1) [5, 6]. LCs can link with KCs to form TJs
(Figure 1) [7, 8].

The human body contains 2–3 g of zinc (Zn), with
approximately 5% of the total Zn found in the skin [9]. The
concentration of Zn is higher in the epidermis than in the
dermis and subcutaneous tissue, which may be due to the
Zn requirement for active proliferation and differentiation
of KCs [10]. Zn facilitates over 1000 enzymatic reactions
and is indispensable for over 2000 transcriptional activities
[11–13]. Zn finger proteins are involved in various physio-
logical reactions [14–16]. Moreover, approximately 10% of
human proteins bind to Zn [17]. Therefore, the dysregulation
of epidermal Zn levels due to nutritional deficiency or genetic
abnormalities of Zn transporters affects various enzymatic
reactions, transcriptional activities, and Zn finger protein
functions in the epidermis, leading to the disruption of skin
homeostasis [18–20]. This review is aimed at highlighting
the association between Zn and epidermal barrier function
to understand the importance of Zn in skin immunity. We
also summarize the function of Zn and Zn transporters in
the epidermis and epidermal cells.
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2. Zinc and the Epidermal Barrier

The epidermal barrier function depends largely on the
presence of SC and TJs formed in the SG [4, 21]. In this
respect, homeostasis of the epidermis depends on normal
KC differentiation (keratinization). LCs, a type of tissue-
resident macrophages, also form TJs with KCs through link-
ages with KCs [7]. Most of the skin is covered with stratified
epithelia that have both SC and TJs. However, skin append-
ages such as hair follicles and sweat glands lack SC, so TJs
are the sole barrier structure in the skin appendages. The
sections below summarized the involvement of Zn in the
formation and function of SC and TJs.

2.1. Stratum Corneum. The outer layer of the SC consists
of a cornified layer made of flattened and denucleated KCs
(or corneocytes) and a SC-specific barrier structure called
the cornified envelope that replaces the KC cell membranes.
Through the process of terminal differentiation, SG KCs
produce two membrane-circumscribed granules, kerato-
hyalin granules and lamellar bodies. The former contains

“intracellular” components of the SC such as filaggrin
(FLG), loricrin, and keratin filaments, whereas the latter
contains “extracellular” components such as lipids, corneo-
desmosin, and kallikreins. All of these intracellular and
extracellular proteins are crucial for the formation and/or
function of the epidermal barrier [21].

2.1.1. Zinc and Filaggrin and Its Metabolism. Among the
components of keratohyalin granules, FLG has a crucial
role in maintaining normal epidermal barrier function.
FLG-deficient mice show an impaired SC barrier function
and develop spontaneous dermatitis [22, 23]. Studies have
shown that loss-of-function mutations in the FLG gene are
strongly associated with the development of AD and
ichthyosis vulgaris [24, 25]. These mutations were shown
to range from 25 to 50% in the Northern European and
Asian populations with these ailments [25, 26]. Moreover,
FLG gene mutations were demonstrated as the strongest risk
factor for AD in the genome-wide association studies
(GWAS) [27]. These indicate the critical involvement of
FLG in AD pathogenesis mediated by the disruption of the
epidermal barrier.

FLG is produced in the SG as profilaggrin (FLG polymer)
and is stored in keratohyalin granules. At the transition to the
SC, the polymer is processed to the monomer by proteases
such as Prss8 and SASPase [28, 29] and then binds to keratin
and forms the fundamental structure of the corneocytes. At
the outermost layer of the SC, FLG is citrullinated by pepti-
dylarginine deiminase and then dissociated from keratin fila-
ments [30]. These dissociated FLG are degraded to free
amino acids, including glutamine, arginine, and histidine.
The FLG-derived histidine-rich proteins are converted into
urocanic acid (UCA) and pyrrolidine carboxylic acid (PCA)
by proteases. UCA absorbs ultraviolet, maintains the acidic
pH, and suppresses excess LC activation [31, 32]. PCA is a
source of natural moisturizing factors. As a result, FLG is
indispensable to the framework of SC and its metabolites
are important for maintaining the epidermal barrier function
(Figure 2).

Zn is involved in the regulation of FLG expression as well
as its metabolism. It facilitates FLG production by increasing
the activity of Prss8 [33]. Alternatively, Zn can also suppress
FLG metabolism by decreasing PAD activity [34]. Moreover,
Zn is required for histidine conversion to UCA [35]
(Figure 2). Propionibacterium acnes (P. acnes) induce excess
KC proliferation and FLG expression in the epidermis
through the induction of IGF-1, which activates the IGF-1
receptor (IGF-1R) on KCs. This causes follicular plugging
that is frequently observed in patients with acne vulgaris. In
these cases, Zn helps to maintain homeostasis by directly
suppressing the induction of IGF-1 and IGF-1R and the
overexpression of FLG [36].

OVO-like proteins (OVOLs) are transcribed from
ubiquitously conserved genes encoding a C2H2 zinc finger
transcription factor in mammals [37]. Mutations in the
OVOL1 gene, as well as the FLG gene, were demonstrated
as a risk factor for AD in the GWAS [38–40]. Consistent with
this finding, Ovol1-knockout mice show rapid disruption of
the epidermal barrier [41]. OVOL1 regulates transcription

Steady state Activated
state

LCs

Stratum basale

Stratum spinosum

Stratum granulosum

Stratum corneum

Antigens

Tight junctions

Figure 1: Structure of the epidermis. The epidermal KCs are
categorized into four layers, namely, the stratum basale, stratum
spinosum, stratum granulosum (SG), and stratum corneum (SC).
A functional epidermal barrier depends on the existence of the
SC and tight junctions (TJs) formed in the SG. LCs can link with
KCs to form TJs. In steady state (left), LC dendrites lie beneath the
TJs. Upon activation (right), LCs elongate their dendrites to
penetrate the KC TJs by forming tricellulin-dependent TJs between
KC-LC-KC. The elongated dendrites are able to reach beneath the
SC and take up Ag from the extra-TJ environment without
destroying barrier integrity. The original figure was published in [7].
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in the nucleus by binding to p300, which is a member of the
histone acetyltransferase (HAT) family and contains the Zn
finger motif [42]. Additionally, HAT activity of p300 is
negatively regulated by histone deacetylases (HDACs), which
are Zn-dependent hydrolases [42]. Thus, OVOL1 expression
and activity are regulated by Zn and Zn-related epigenetic
enzymes. Aryl hydrocarbon receptor (AHR) is a ubiquitous
ligand-activated transcription factor that is activated by both
endogenous and exogenous ligands. AHR activation induces
nuclear translocation of OVOL1, leading to the upregulation
of FLG expression [43, 44]. Given this, it is evident that Zn
and various Zn finger proteins are involved in the regulation
of FLG expression.

2.1.2. Zinc and Cornified Envelope, Intercellular Lipid
Lamellae, and Corneodesmosome. The cornified envelope
(CE) is formed of keratins enclosed within an insoluble
protein shell just beneath the corneocyte cell membrane
[45]. It provides a solid physical barrier and consists of a
10 nm thick layer of highly cross-linked insoluble proteins,

such as involucrin, envoplakin, periplakin, loricrin, and small
proline-rich protein. A 5nm thick layer of intercellular lipid
lamellae composed of ceramides, free fatty acids, and choles-
terol is covalently bound to these proteins. Adhesion between
corneocytes is assumed to occur by the desmosome appara-
tus (corneodesmosome), composed of desmosomal cadherin,
armadillo proteins, and plakins. The CE, intercellular lipid
lamellae, and corneodesmosome are essential for effective
physical and water barrier functions in the epidermis. The
role of Zn in the formation and function of these proteins
has not yet been elucidated.

2.1.3. Zinc and Corneocyte Desquamation. Shedding of
corneocytes at the outermost layer of the SC is called desqua-
mation and is an important step for maintaining epidermal
homeostasis and preventing hyperkeratosis. This step is pri-
marily assumed by a proteolytic cleavage of kallikrein-
(KLK-) related peptidases. Out of 15 KLK proteins, human
KCs express nearly all of them [46]. Among these KLKs, cor-
neocyte desquamation is mainly conducted by KLK5, KLK7,
and KLK14 [47]. The proteolytic activity is dependent on pH
in the SC and is regulated by a cocktail of protease inhibitors,
including lymphoepithelial Kazal-type 5 serine protease
inhibitor (LEKTI) encoded by the serine protease inhibitor
Kazal-type 5 (SPINK5) [48]. Importantly, the proteolytic
activity of KLK5, KLK7, and KLK14 is impaired in the pres-
ence of Zn [49–51]. Furthermore, the expression of several
KLK-related peptidases, including KLK5 and KLK7, is nega-
tively regulated by transcriptional factor specificity protein 1
(Sp1), a C2H2-type Zn finger protein [52].

Several reports demonstrated the association between
AD and Zn deficiency in humans and mice [53–55]. Consis-
tent with this finding, the skin pH is increased in patients
with AD [56], possibly due to the reduced UCA production
caused by Zn deficiency (see Section 2.1.1). Additionally,
Sp1 expression is decreased in the epidermis of patients with
AD [52], and, as a consequence, KLK activity is often
enhanced. Since KLKs process prointerleukin- (IL-) 1α and
IL-1β that are abundantly stored in the corneocytes to active
forms, this enhanced KLK activity leads to skin inflammation
[57]. Additionally, KLK5 and KLK14 activate proteinase-
activated receptor- (PAR-) 2, which is a G-protein-coupled
receptor expressed on KCs, leading to the elicitation of itch
common with AD [58]. Collectively, Zn suppresses excess
inflammation and itching by inhibiting excess KLK activity.
This action helps to maintain the epidermal barrier by
suppressing IL-1-mediated FLG downregulation [57].

2.2. Zinc and Tight Junctions. TJs that are formed in the SG
seal the intercellular spaces between SG KCs, thereby regulat-
ing the movement of water and inorganic ions via the para-
cellular pathway [59]. The major components of TJs are the
transmembrane claudin proteins. Among the claudins
expressed in the epidermis, claudin-1 is most critical for the
formation and function of TJs, as confirmed in claudin-1-
knockout mice, which showed severe dehydration and death
soon after birth without modulating SC formation [60]. Pro-
viding further support to the importance of claudin-1, the
expression is decreased in the epidermis of patients with

Profilaggrin: FLG polymer

Keratohyalin granules

Prss8 and SASPase

Filaggrin: FLG monomer
(Keratin‑FLG bundles)

Peptidylarginine deiminase

Filaggrin: FLG monomer
(Dissociation from keratin

filaments)

Amino acids
UCA, PCA

Proteases

Zn increases and decreases the activity of
red and blue molecules, respectively. 

Figure 2: Filaggrin and its metabolism. FLG is produced in the SG
as profilaggrin (FLG polymer) and is stored in keratohyalin
granules. At the transition to the SC, the polymer is processed to
the monomer by proteases such as Prss8 and SASPase and then
binds to keratin and forms the fundamental structure of the
corneocytes. At the outermost layer of the SC, FLG is citrullinated
by peptidylarginine deiminase and then dissociated from keratin
filaments. These dissociated FLG are degraded to free amino acids,
including glutamine, arginine, and histidine. The FLG-derived
histidine-rich proteins are converted into urocanic acid (UCA)
and pyrrolidine carboxylic acid (PCA) by proteases. Zn facilitates
FLG production by increasing the activity of Prss8. Alternatively,
Zn can also suppress FLG metabolism by decreasing PAD activity.
Moreover, Zn is required for histidine conversion to UCA.
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AD [61]. Other TJ components include transmembrane pro-
teins such as occludin, JAM-A, tricellulin, and angulins and
the intracellular scaffold proteins ZO-1, ZO-2, and ZO-3.

The role of Zn in the formation of TJs has been studied
in the intestinal epithelium, but less so in the epidermis. For
example, it has been reported that the chelation of intracellu-
lar Zn by TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)ethyle-
nediamine) downregulates occludin and claudin-3, leading
to TJ disruption in the intestinal epithelium [62]. It might
be interesting to investigate the association between Zn
deficiency in the epidermis and altered expression of
TJ-associated proteins.

Zn finger E-box-binding homeobox- (ZEB-) 2 (also
called SIP1) is a nuclear transcription factor that has C2H2-
type Zn finger domains. Epidermal KC-specific ZEB-2 over-
expression in mice showed epidermal barrier impairment
along with the loss of expression of occludin and claudin-4
[63]. This suggests that the Zn finger protein, ZEB-2, nega-
tively regulates the expression of occludin and claudin-4.
The Zn endopeptidase meprinβ is expressed in the SG KCs
just below the SC. Meprinβ is activated by KLK4 and facili-
tates proliferation and terminal differentiation of SG KCs,
thereby contributing to the proper SC formation [64].

2.3. Epidermal Barrier Dysfunction and Th2 Response. Zn
deficiency is known to drive Th2-type immune response
and is associated with AD [65]. This suggests that Zn defi-
ciency contributes to the disruption of the epidermal barrier
through the downregulation of formation and/or function of
SC and TJs. Epidermal barrier dysfunction allows external
substances and stimuli to invade the epidermis and leads to
the production of KC-derived Th2-inducing cytokines,
including thymic stromal lymphoproteins (TSLP) and IL-33.
TSLP downregulates FLG expression while IL-33 downregu-
lates both FLG and claudin-1 expression [66–68]. Major
Th2 cytokines, IL-4 and IL-13, downregulate the expression
of FLG, the CE components (loricrin and involucrin), cell
adhesion molecules (ZO-1), and ceramide lipids. IL-4 also
inhibits the nuclear translocation of OVOL1, leading to the
downregulation of FLG expression (see Section 2.1.1) [43].
IL-31, another Th2 cytokine, also downregulates FLG expres-
sion [69]. Taken together, epidermal barrier dysfunction,
which is influenced by Zn deficiency, results in the disruption
of skin homeostasis characterized by the Th2 immune
response and vice versa.

3. Zinc and Langerhans Cells

LCs are antigen-presenting cells that occupy approximately
3% of the epidermis [70]. They were previously considered
a subtype of dendritic cells (DCs) because of their ability to
capture antigens (Ag), migrate to the draining lymph nodes
(dLNs), and then present the Ag to T cells and initiate the
immune response. However, recent evidence revealed that
LCs originate from macrophage lineage of fetal liver progen-
itors and not from DC lineage [71–74]. Therefore, LCs are
currently considered tissue-resident macrophages with the
ability to migrate to the dLNs.

3.1. LCs and Tight Junctions. LCs express claudin-1 and
form TJs with adjacent SG KCs [75]. As such, LCs are an
important component of TJs to create an effective epidermal
barrier. In steady state, LC dendrites lie beneath the TJs.
Upon activation, LCs elongate their dendrites to penetrate
the KC TJs by forming tricellulin-dependent TJs between
KC-LC-KC. The elongated dendrites are able to reach
beneath the SC and take upAg from the extra-TJ environment
without destroying barrier integrity (Figure 1) [7]. These LCs
then induce Th2-type, but not Th1-type, humoral immune
responses [8]. Furthermore, LCs take up KC-derived auto-
Ag and present it on their MHC class II. These LCs expand
polyclonal Ag-specific regulatory T cells and keep peripheral
tolerance against auto-Ag [76]. Therefore, LCs assume the
dual role of TJ component and surveillance agent of foreign
and auto-Ag.

3.2. LCs and Zinc Deficiency. The association between Zn and
LCs was revealed by analysis of skin specimen from patients
with acrodermatitis enteropathica (AE; OMIM 201100) [77].
AE is an autosomal recessive disease caused by mutations in
the SLC39A4 gene that encodes ZRT/IRT-like protein 4
(ZIP4) [78]. ZIP4 is abundantly expressed in the apical side
of the intestinal epithelium, thereby working as the primary
gate absorbing Zn into the enterocytes. This absorbed Zn
is subsequently transported to the bloodstream by Zn
transporter 1 (ZnT1) [79, 80]. Therefore, ZIP4 dysfunction
due to mutations results in decreased serum Zn levels.
Interestingly, epidermal LCs were absent in AE skin lesions
[77] (Figure 3). However, LCs were restored in the epider-
mis after patients were given Zn supplementation. These
phenomena suggest that LCs disappeared from the epider-
mis when patients are deficient in Zn, but the effect can be
easily reversed.

The association between LC loss and the development of
characteristic AE skin lesion was investigated using dietary
Zn-deficient (ZD) and Zn-adequate (ZA) mice [77]. Consis-
tent with observations in patients with AE, epidermal LCs
also disappeared in ZD mice (Figure 4).

“Allergic” contact dermatitis was significantly impaired in
ZD mice compared with ZA mice. On the other hand, “irri-
tant” contact dermatitis (ICD) was significantly enhanced in
ZD mice compared to ZA mice. ICD is mediated by adeno-
sine triphosphate (ATP), which is secreted by KCs in
response to environmental irritants through lytic and nonly-
tic mechanisms [81–84]. As expected, ATP production from
croton oil-applied skin was significantly increased in ZD
mice compared with ZA mice. Additionally, ATP produc-
tion from Pam212 KCs (murine immortalized KCs) was sig-
nificantly increased by incubation with TPEN. These data
suggest that KCs in ZD mice produce more ATP than KCs
in ZA mice [77].

ATP is a potent inflammation inducer. Therefore, the
epidermis is equipped with a mechanism to prevent ATP-
mediated inflammation in the steady state. CD39 (ectonu-
cleoside triphosphate diphosphohydrolase-1; ENTPD-1)
plays a central role in ATP hydrolysis [83]. In the epidermis,
CD39 is predominantly expressed in LCs, but not in KCs
[83, 85, 86]. Thus, ATP is not hydrolyzed in the epidermis
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of patients with AE and ZD mice, thereby eliciting ATP-
mediated ICD in skin. In line with this concept, character-
istic AE skin lesions develop in anogenital and periorificial
areas and distal portions of the extremities, where frequent
contact with external irritants including feces, urine, saliva,
food, shoes, or excessive sweating is expected.

Taken together, the nature of AE skin lesions is ICD
mediated by (1) increased ATP production by ZD KCs
and (2) disabling of ATP hydrolysis due to the loss of
CD39-expressing LCs.

As described, CD39 (ENTPD-1) potently hydrolyzes
ATP. However, there are three groups of molecules that
hydrolyze ATP, including ENTPDs, ectonucleotide pyro-
phosphatase/phosphodiesterases (ENPPs), and alkaline
phosphatase (ALP) [87, 88]. The latter two molecules are
Zn-dependent molecules. Among ENTPDs and ENPPs,
ENTPD-1 (CD39), -2, -3, and -8 and ENPP-1, -2, and -3
aid in ATP hydrolysis. The expression of these molecules in
LCs and KCs was not previously understood, with the
exception of CD39. Thus, we determined that LCs strongly

Zn deficiency
+

skin irritants

Impaired ATP hydrolysis 

(1) Loss of epidermal LCs (CD39+)
(2) Impaired ENPP activity

(i) ATP ↑ in skin

Aberrant chemokine production
by KCs (CXCL1, CXCL2, etc.)

Skin inflammation
(neutrophils, etc.)

(ii) Severe and prolonged ICD

Acrodermatitis enteropathica

Increased ATP
release by KCs

(Histologically) 

Figure 4: Model for the etiology of AE. (i) Skin irritants increase ATP release in the skin in Zn deficiency, due to increased ATP release by
KCs, impaired ATP hydrolysis by LCs, and impaired ENPP activity. (ii) Increased ATP release induces severe and prolonged ICD via aberrant
chemokine production by KCs and neutrophil-mediated skin inflammation. Histologically, cutaneous lesions in AE and ICD lesions in ZD
mice demonstrate common histological features, such as subcorneal vacuolization and epidermal pallor.

(a) (b) (c)

(d) (e) (f)

Figure 3: Loss of epidermal LCs in patients with AE. Immunohistochemical staining for langerin (red) in normal skin (a) and the
erythematous lesions in atopic dermatitis (b), psoriasis vulgaris (c), or three AE (d–f) patients. Original magnification: 200x.

5Journal of Immunology Research



expressed CD39 and weakly expressed ENTPD-2 and
ENPP-1, -2, and -3. Normal human epidermal KCs weakly
expressed CD39, ENTPD-2 and -3, and ENPP-1 and -2. Nei-
ther LCs nor KCs expressed ENTPD-8 or ALP. Therefore,
although LCs strongly express CD39, other ATP-
hydrolyzing molecules are weakly expressed in both LCs
and KCs. KCs occupy approximately 97% of the epidermis,
whereas LCs occupy approximately 3%. Therefore, we deter-
mined the degree of contribution of LCs and KCs to ATP
hydrolysis. ATP hydrolysis was impaired by approximately
80% in LC-depleted epidermal suspension compared with
sham-sorted epidermal suspension. This suggests that LCs
assume approximately 80% of epidermal ATP hydrolysis,
whereas KCs assume the remaining 20% [89].

Recently, it was demonstrated that Zn deficiency impairs
the activity of ENPP-1 and ENPP-3, as well as ALP and
CD73 [90]. As described, KCs weakly express ENPP-1 and
ENPP-2. This explains one underlying mechanism by which
ZD KCs increase ATP production.

3.3. LCs and Zinc Finger Proteins. In the steady state, LCs
form the firm connections with adjacent KCs by claudin-1
and E-cadherin. Additionally, EpCAM (epithelial cell adhe-
sion molecule) in mice and its human homolog, tumor-
associated calcium signal transducer 2, also participate in this
cell adhesion [91]. Claudin-1 and EpCAM colocalize in LCs
[92]. Upon LC activation, LCs downregulate these adhesion
molecules and then migrate to the dLNs. LCs upregulate
ZEB-1 and ZEB-2 (see Section 2.2) during maturation, subse-
quently downregulating E-cadherin expression in LCs
[93, 94]. Additionally, downregulation of EpCAM in LCs
impairs claudin-1 expression in LCs [92]. This suggests that
Zn deficiency leads to LC retention in the epidermis. Never-
theless, the presence of LCs is reduced with Zn deficiency
[77]. For LC development and survival, LC-derived, but not
KC-derived, autocrine transforming growth factor beta
(TGF-β) is crucial [95–98]. This latent secreted protein is
processed and activated by αvβ6 and αvβ8 integrins on
KCs and then is recognized by LCs [99–101]. In patients with
AE and ZD mice, the epidermal expression of TGF-β is
strongly impaired, and thus, LCs are reduced [77]. However,
the association between Zn deficiency and impaired
epidermal TGF-β expression is not fully understood.

Collectively, Zn deficiency in the epidermis results in (1)
disruption of epidermal barrier function (see Section 2), (2)
LC disappearance due to impaired epidermal TGF-β expres-
sion, (3) impaired ATP hydrolysis due to the reduced num-
ber of CD39-expressing LCs and impaired ENPP activity,
and (4) elicitation of ATP-mediated skin inflammation.
Because of its importance, we are currently investigating
the impact of LC loss on TJ development and function using
AE skin specimens and ZD mice.

4. Zinc and Zinc Transporters in the Epidermis

The subject of Zn transporters in the epidermis has been
widely reviewed by us and others [18–20]. Thus, here, we
briefly summarized what is known and added recent find-
ings. Zn is distributed to a higher degree in the epidermis

than in the dermis. Within the epidermis, Zn is distributed
primarily in the stratum spinosum [102]. LCs are present
in the stratum spinosum, where Zn is found, and research
suggests that LCs definitively require Zn for their survival
and function [77].

The fundamental functions of Zn in the KCs are prolifer-
ation and anti-inflammation. KCs treated with nontoxic con-
centration of Zn increased their proliferation and survival
[103]. Conversely, the chelation of intracellular Zn by TPEN
facilitates KC apoptosis by activating caspase-3 and DNA
fragmentation [104]. Zn has been reported to suppress the
production of tumor necrosis factor-α, inducible nitric oxide
synthase, and subsequent nitric oxide in KCs [65, 105, 106].
Zn also suppresses the expression of toll-like receptor 2 on
KCs [107].

The rigorous Zn2+ regulation is conducted by Zn
transporters (ZnTs and ZIPs) and metallothioneins (MTs)
[108, 109]. So far, 10 ZnTs, 14 ZIPs, and 4 MTs were identi-
fied in humans [110, 111]. ZnTs and ZIPs mediate Zn efflux
and uptake, respectively. MTs are ubiquitously expressed
throughout various types of cells and are predominantly dis-
tributed in the cytoplasm and to a lesser extent in the nuclei
and lysosomes. MTs can bind to metal ion including Zn via a
unique cysteine-rich amino acid sequence and essentially
control the availability of Zn [112]. Among 24 Zn trans-
porters (10 ZnTs and 14 ZIPs), the function of only four Zn
transporters (ZnT1, ZIP2, ZIP4, and ZIP10) in the epidermis
or KCs has been elucidated so far.

ZnT1 in KCs is involved in the development of epider-
modysplasia verruciformis (EV; OMIM 226400), which is a
rare autosomal-recessive skin disease that can lead to nonme-
lanoma skin cancers resulting from selective susceptibility to
oncogenic human papillomaviruses (HPVs) [113]. In KCs,
EVER1 and EVER2 proteins form a complex with ZnT1
primarily in the ER and to a lesser extent in the nuclear
membrane and Golgi apparatus. This complex maintains Zn
homeostasis, which inhibits activator protein-1 (AP-1) acti-
vation that promotes HPV replication. Patients with EV have
mutations in either the EVER1 or EVER2 genes [114, 115].
The complex of ZnT1 and mutated EVERs increases free Zn
transport in the nucleus and subsequently enhances AP-1
activity, leading to aberrant replication of EV-related onco-
genic HPVs and thereby developing skin cancers.

ZIP2 is expressed on the differentiating KCs of humans
and mice. Since ZIP2 knockdown in KCs decreases intracel-
lular Zn, suppresses KC differentiation, and downregulates
involucrin expression, Zn taken up by KC ZIP2 is required
for proper KC differentiation and CE formation (also see
Section 2.1.2) [102]. ZIP4 is expressed on the undifferentiat-
ing KCs of humans. Since ZIP4 knockdown in KCs decreases
intracellular Zn, suppresses KC differentiation, downregu-
lates the expression of FLG and involucrin, and impairs the
activity of p63 that is a critical regulator of epidermal forma-
tion, Zn taken up by KC ZIP4 is required for proper KC dif-
ferentiation and SC formation (also see Section 2.1) [116].
Murine ZIP10 is expressed on the epidermal progenitor cells
of the outer root sheath of hair follicles. Therefore, ZIP10
depletion in keratin 14-expressing cells leads to a thin epider-
mis and a hypoplasia of hair follicles via downregulation of
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p63 activity [117]. The epidermal regulator p63 also controls
the activity of ZNF750, a C2H2-type Zn finger protein.
ZNF750 strongly regulates terminal epidermal differentia-
tion. Thus, ZNF750 knockdown downregulates the expres-
sion of epidermal barrier-related proteins including FLG,
loricrin, and SPINK5 [118]. In human skin, MT-1 and
MT-2 are expressed in the actively proliferating KCs, such
as the hair matrix, outer hair roots, and stratum basale
[119]. Knockdown of both MT-1 and MT-2 in mice
impairs KC proliferation [120]. MT expressions are upreg-
ulated in the hyperplastic KCs of inflamed skin lesions and
skin cancers [121].

Collectively, Zn supports KC proliferation and survival.
ZIP2 and ZIP4 are required for proper KC differentiation
and subsequent epidermal barrier formation. ZIP10 is
required for the successful epidermal formation. MTs are
involved in KC proliferation.

5. Conclusions and Perspectives

Epidermal barrier homeostasis is the first line of defense for
preventing the initiation of atopic march. SC and TJs are
responsible for epidermal barrier function. Zn and Zn finger
proteins regulate SC formation as well as its metabolism,
while the contribution of Zn to TJ function is less well under-
stood.However, whenZn is deficient, LCs are not present, and
this important component of TJs is lacking. Therefore, Zn
deficiency might lead to epidermal barrier dysfunction. Dis-
ruption of the epidermal barrier induces a Th2-type immune
response by producing KC-derived Th2-promoting cytokines
and T cell-derived Th2 cytokines. Meanwhile, these
Th2-related cytokines impair the structure and function of
the SC and TJs. In this way, epidermal barrier disruptions
trigger a negative spiral of inflammation. Zn homeostasis in
cells, including KCs, is maintained by ZnTs, ZIPs, and
MTs. MT-mediated Zn in KCs facilitates its proliferation.
On the other hand, the function of ZnTs and ZIPs in KC biol-
ogy is less understood, because only the function of ZnT1,
ZIP2, ZIP4, and ZIP10 has been elucidated from among 10
ZnTs and 14 ZIPs. The epidermis is composed of KCs, LCs,
melanocytes, epidermal-resident memory T cells (TRMs),
and others. The murine epidermis, but not the human epi-
dermis, also contains dendritic epidermal T cells (DETCs),
a type of γδT cells. The role of Zn and Zn transporters in
LCs, melanocytes, TRMs, and DETCs has not been analyzed
to date. Additional research must be conducted to thor-
oughly understand the role of Zn and Zn transporters in
maintaining healthy skin.
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Zinc has long been recognized as an essential trace element, playing roles in the growth and development of all living organisms. In
recent decades, zinc homeostasis was also found to be important for the innate immune system, especially for maintaining the
function of macrophages. It is now generally accepted that dysregulated zinc homeostasis in macrophages causes impaired
phagocytosis and an abnormal inflammatory response. However, many questions remain with respect to the mechanisms that
underlie these processes, particularly at the cellular and molecular levels. Here, we review our current understanding of the roles
that zinc and zinc transporters play in regulating macrophage function.

1. Introduction

A healthy human body usually contains 2–4 grams of zinc
[1]. Approximately 60% of the body’s zinc is located in the
skeletal muscle, 30% in the bone, 5% in the liver and the skin,
and the remaining 2–3% in other tissues [2]. Internal zinc
homeostasis is regulated by the cooperative activities of two
metal transporter protein families. One family consists of
ten solute-linked carrier 30 (SLC30 or ZnT) exporters, and
the other family consists of fourteen solute-linked carrier 39
(SLC39, also known as Zrt- and Irt-like proteins, or ZIP)
importers [3, 4]. The majority of labile zinc in the body is
absorbed by intestinal epithelial cells via the metal trans-
porter protein Slc39a4 [5], which is then transported into
the plasma and utilized by nearly all cell types in the circula-
tion. To maintain zinc homeostasis, excessive zinc is excreted
through the kidneys [6] and the intestine [7] via Slc39a5.

Endogenous zinc is usually present in two forms in vari-
ous organs and tissues. The majority of zinc is in a fixed pool
in which zinc is tightly bound to metalloenzymes and zinc
finger transcription factors; the remaining small amount of
zinc is in a labile pool consisting of a variable amount of
loosely bound zinc and free zinc ions [8]. In mammals, the
plasma concentration of zinc ranges from 14 to 23μmol/l

under normal physiological conditions, and serum zinc
accounts for only 0.1% of the body’s total zinc pool, 80%
loosely bound by albumin and 20% bound by macroglobulin
[9, 10]. Thus, sufficient daily intake of zinc is required to
achieve steady-state levels. In order to meet the daily require-
ment, the World Health Organization recommends a daily
zinc intake of 9.4–10mg and 6.5–7.1mg for men and women,
respectively [11].

Zinc plays an important role in the immune system and
affects both innate and adaptive immune cells. Many studies
found that zinc deficiency can lead to a reduced immune
response and increased susceptibility to infection [12–16].
Moreover, endogenous zinc levels have been suggested to
affect both the number and the function of various types of
immune cells, including macrophages, neutrophils, dendritic
cells, mast cells, T cells, and B cells [17–24]. The underlying
molecular mechanisms have been discussed in previous stud-
ies [25, 26], and the importance of zinc as a signaling mole-
cule has been suggested [17, 27].

Macrophages play a key role in innate immunity by regu-
lating numerous homeostatic, developmental, and host
defense responses. Moreover, macrophages also participate
in a wide range of other biological activities, including modu-
lating endogenous levels of reactive oxygen species [28, 29],
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iron homeostasis [30], tissue repair, and metabolic processes
[31].Macrophageshave threemajor functions—phagocytosis,
antigen presentation, and immunomodulation—and are
essential for maintaining normal immune status under a
wide variety of pathophysiological conditions [32]. Many
previous studies investigated the relationship between zinc
and macrophages [33–37]; however, some studies yielded
contradictory results, and the underlying mechanisms are
poorly understood. Here, we provide an overview of the latest
studies regarding the role of zinc in macrophages.

2. Zinc Homeostasis in Macrophages

The regulation of zinc homeostasis is a complicated process.
As a divalent cation, zinc is hydrophilic and does not readily
pass lipid-based cell membranes via passive diffusion; thus,
specialized transporters are required in order to facilitate its
transport in and out of the cytoplasm. In macrophages and
many other immune cells, SLC39 and SLC30 family mem-
bers have distinct expression patterns and have various func-
tions in response to infectious stimuli (Table 1).

Multiple SLC30/SLC39members are expressed in macro-
phages. In untreated mouse macrophages, Slc39a1, Slc39a6,
and Slc39a7 are the most robustly expressed genes in the
Slc39a family, whereas the Slc30a5, Slc30a6, Slc30a7, and
Slc30a9 genes are the most robustly expressed genes in
the Slc30a family [22], suggesting that these transporters
play an important role in macrophages under physiological
conditions. However, under pathological conditions, other
key transporters are expressed. For example, upon stimula-
tion with lipopolysaccharides (LPS), which are found in
the outer membrane of gram-negative bacteria, Slc39a10
expression is significantly downregulated, whereas Slc39a14
expression is strongly upregulated [22, 38]. Moreover,
Slc39a2, Slc30a4, and Slc30a7 are significantly upregulated
in GM-CSF-activated peritoneal and bone marrow-derived
macrophages [39].

Several SLC30/39 members have been found to partici-
pate in the function of macrophages by mediating zinc
homeostasis. Our recent study using macrophage-specific
Slc39a10-knockout mice revealed that Slc39a10 plays an
essential role in p53-dependent macrophage survival follow-
ing LPS stimulation [22]. Interestingly, the trans-fatty acid
elaidate was found to increase the expression of SLC39A10
and increase intracellular zinc levels in human macrophages
[40], which also indicates the importance of Slc39a10 in zinc
homeostasis in macrophages. In addition, several studies
reported that SLC39A8 plays a role in inflammatory reac-
tions [41, 42]. For example, LPS has been suggested to upreg-
ulate the expression of SLC39A8 in human macrophages,
thereby increasing zinc uptake and reducing proinflamma-
tory pathways by inhibiting Iκβ kinase (IKK) [41] and IL-
10 [42]. Furthermore, SLC39A14 was also found to be upreg-
ulated in response to LPS stimulation in macrophages,
thereby regulating cytokine production [38]. Moreover, sys-
temic inflammation in mice resulted in the IL-6-dependent
upregulation of the zinc importer Slc39a14, which mediates
zinc uptake by hepatocytes in the liver [43]. Although previ-
ous studies summarized above suggest functions of Slc39a8,

Slc39a10, and Slc39a14 in macrophages, potential roles of
other SLC39/30 transporters in macrophages [22, 44–48]
remain to be explored.

Recently, a growing body of evidence supports the notion
that zinc transporters transport not only zinc but also other
divalent metals, including iron and manganese; for example,
both SLC39A8 and SLC39A14 have been associated with iron
and manganese transport [49–55]. These findings raise the
question of whether other SLC30/39 family members are
involved in the development and functions of macrophage
through mediating the homeostasis of other metals, such as
iron or manganese.

In addition to the two zinc transporter families, intra-
cellular zinc levels are also regulated by metallothioneins
(MTs). Because of its toxicity, intracellular labile zinc is
generally present in extremely low levels. Laurin et al.
reported that adding zinc to the culture medium increased
the rate of MT degradation and decreased the rate of
MT synthesis and accretion in a chicken macrophage cell
line [56].

Several groups reported that MTs play a role in macro-
phage function. MT-I/II-knockout mice developed more
severe brain injury accompanied by increased numbers of T
cells in the injury site and circulating leukocytes and the
decreased number of alternatively activated macrophages in
the circulation after 7-day treatment with brain cryolesion.
These observations indicate that MT-I/II may have a neuro-
protective role via modulation of the immune response [57].
Besides, Zbinden et al. measured increased numbers of mac-
rophages in the ischemic hind limb of MT-deficient mice 21
days after ischemia was induced; moreover, CD11b+ mac-
rophages isolated from MT-deficient mice were more inva-
sive, which indicates that MT plays an important role in the
recovery of collateral flow and angiogenesis, an effect medi-
ated partly by macrophages [58]. In addition, in Salmonella
typhimurium-infected human monocyte-derived macro-
phages, NOD2 mediates the induction of MT via NF-κB-
and caspase-1-mediated IL-1β secretion. Moreover, the
elevated MT level was found to upregulate intracellular zinc
in a MTF-1-dependent manner. However, the underlying
mechanism remains unclear [59]. Furthermore, during
alternative activation of macrophages, IL-4 increases intra-
cellular zinc dependence on metallothionein-3 (MT-3) and
Slc30a4 and weakens the antimicrobial defense against
intracellular pathogens [60]. In addition, matrix metallo-
thionein 7 (MMP7) cleaves the precursor forms of α-defen-
sin and β-defensin to produce their respective active forms
[61], and MMP12 destroys the pathogen’s cell wall, leading
to cell death [62]. In summary, a wide range of MTs are
involved in maintaining macrophage function during the
immune response.

3. Zinc and the Macrophage Cell Fate

Zinc homeostasis determines the cell fate of macrophages. In
the innate immune system, monocytes migrate into the
infected tissue and then differentiate into macrophages. Zinc
supplementation increases the number of peritoneal macro-
phages in a T. cruzi infection model [63]. In addition, zinc-
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Table 1: Summary of the immune cell expression and infection-related findings of SLC30 and SLC39 transporters based on previous
literature.

(a)

Importer
proteins

Expression in macrophages Expression in other immune cells Infection-related findings

Slc39a1
Strong expression in the plasma

membrane and cytoplasm in THP1-
derived macrophages [44]

Expressed in murine T cells [114]
HIV-1 stimulated Slc39a1 expression in alveolar

macrophages [115]

Slc39a2

THP1 macrophages: weak expression
mainly in nucleoli; TPEN

significantly increases Slc39a2
expression

Alveolar macrophages: strong
expression in the plasma membrane

and cytoplasm [44]

No expression in human monocytes
or in granulocytes [46]; moderated
expression in murine DCs [116]

Unknown

Slc39a3
Strong expression in human

monocytes [46]
Expressed in human T cells and

granulocytes [46]
Unknown

Slc39a4
Expressed in alveolar macrophages

[117]
Uniform expression in human

monocytes and in granulocytes [46]
Chronic alcohol exposure decreases Slc39a4
expression in alveolar macrophages [117]

Slc39a5 Unknown
No expression in human monocytes

or in granulocytes [46]
Unknown

Slc39a6
Strong expression in murine

macrophages [22]
Expressed in human DCs and T cells

[20]

LPS decreases the expression of Slc39a6 in human
DCs; Slc39a6-silenced macrophages have
increased TNFα expression following LPS

stimulation [20]

Slc39a7
Strong expression in murine

macrophages [22], which can be
inhibited by TPEN [45]

Expressed in murine T cells [114] Unknown

Slc39a8
Strong expression in both human and

murine macrophages
Strong expression in human T cells

[21]

Both TNFα and LPS upregulate Slc39a8
expression in human macrophages, which

increases zinc uptake and directly inhibits IKKβ
[41] and IL-10 [42]

Slc39a9 Unknown Expressed in murine T cells [114] Unknown

Slc39a10
Strong expression in murine

macrophages
Expressed in murine early B cells [23]

and T cells [114]

Slc39a10fl/fl; LysMCre+ mice have significantly
decreased LPS-induced mortality due to

increased macrophage apoptosis mediated by
zinc-p53 signaling [22]

Slc39a11 Unknown Expressed in murine T cells [114] Unknown

Slc39a12 Unknown
Expressed in murine T cells,
expression is increased by zinc

deficiency [114]
Unknown

Slc39a13 Unknown Unknown Unknown

Slc39a14
Expressed in alveolar macrophages,
expression is decreased by TPEN [44]

Expressed in leukocytes; Slc39a14-
knockout mice have delayed

leukocytosis [118]

LPS upregulates Slc39a14 expression and
downregulates NF-κB in human macrophages

[38]; Slc39a14-knockout mice have impaired zinc
uptake and decreased plasma zinc and IL-6 levels

following LPS stimulation [119]

(b)

Exporter
proteins

Expression in macrophages Expression in other immune cells Infection-related findings

Slc30a1
Expressed in alveolar macrophages,
expression is decreased by TPEN [44]

Expressed in murine DCs, expression is
upregulated by LPS [18]

M. tuberculosis infection
upregulates Slc30a1 expression in

human macrophages [111]
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depleted monocytes have increased maturation, suggesting
that low zinc status promotes their differentiation into mac-
rophages [64]. High concentrations of zinc were found to
decrease the viability of a human monocyte cell line and U-
937 cells [65]. Moreover, another study confirmed that cell
viability is significantly decreased in THP-1 monocytes/mac-
rophages upon exposure to 100μg/ml of ZnO (zinc oxide)
particles. However, ZnO nanoparticles were found to induce
the migration, adhesion, and cholesterol uptake of mono-
cytes/macrophages, which may accelerate the formation of
foam cells and lead to atherosclerosis [66]. Furthermore, a
low-zinc environment can inhibit the differentiation of HL-
60 cells into macrophages, and this inhibition can be partially
prevented by the addition of exogenous zinc [67]. As in other
cell types, both zinc deficiency and excessive zinc can induce
apoptosis in macrophages. For example, using a genetic
mouse model, we recently found that loss of Slc39a10 reduces
zinc levels in macrophages, resulting in p53-dependent apo-
ptosis, but not necroptosis, pyroptosis, ferroptosis, or
autophagy [22]. On the other hand, zinc oxide nanoparticles
have been shown to induce necrosis and apoptosis in
RAW264.7 cells [68–70]. These results suggest that altered
zinc homeostasis induces distinct forms of cell death under
different circumstances.

4. Zinc and Macrophage Function

Innate immunity provides a rapid, nonspecific defense
against pathogens and is activated by pathogen-associated
molecular patterns (PAMPs). During this process, conserved
structures in pathogens are recognized by their respective
receptors, including Toll-like receptors (TLRs), which then
trigger phagocytosis, cytokine secretion, the killing of target
cells, and/or antigen presentation [71]. Monocytes/macro-
phages mediate host defense via phagocytosis and oxidative
burst. In addition, these cells can serve as antigen-presenting
cells (APCs) and can secrete proinflammatory cytokines in
order to regulate the immune response [72, 73]. Zinc plays
a critical role in the immune function of macrophages, and
this function has been implicated in a variety of pathologi-
cal processes, including decreased connective tissue contrac-
tion [34].

4.1. Zinc and Phagocytosis by Macrophages. The level of
intracellular zinc influences the phagocytosis capacity of
macrophages, and zinc was recently linked to the antimi-
crobial response in macrophages [33]. In chronic obstruc-
tive pulmonary disease (COPD), impaired efferocytosis
(i.e., clearance) of apoptotic epithelial cells by alveolar

Table 1: Continued.

Exporter
proteins

Expression in macrophages Expression in other immune cells Infection-related findings

Slc30a2

Weak expression in macrophages in the
nulliparous mammary gland [47]; increased
expression in murine macrophages during

infection [39]

No expression in human monocytes or
granulocytes [46]

Unknown

Slc30a3
Expressed in alveolar macrophages,
expression is decreased by TPEN [44]

Expressed at low levels in human peripheral
blood lymphocytes [48]

Unknown

Slc30a4 Unknown
Expressed in murine DCs, expression is

upregulated by LPS [18]; highly expressed in
the human Molt-4 T cell line [48]

GM-CSF upregulate Slc30a4
expression to transport zinc into

Golgi [39]

Slc30a5
Expressed in alveolar macrophages,
expression is decreased by TPEN [44]

Expressed in murine mast cells and required
for the mast cell-mediated delayed-type

allergic response [19]
Unknown

Slc30a6
Expressed in THP-1 monocytes, expression

is upregulated by zinc deficiency [48]
Expressed in murine DCs, expression is

upregulated by LPS [18]
Unknown

Slc30a7
Expressed in THP-2 monocyte, expression is

upregulated by zinc deficiency [48]
Expressed in human B lymphocytes with the

target molecule CD40 [120]

GM-CSF upregulates Slc30a7
expression, leading to increased
zinc transport into the Golgi

apparatus [39]

Slc30a8 Unknown
Expressed in human peripheral blood

lymphocytes [48]

May function as an autoantigen
targeted by disease-associated
autoreactive T cells in humans

[121]

Slc30a9
Strong expression in murine macrophages

[22]

Expressed at low levels in human circulating
blood lymphocytes [48]; expressed in murine

T cells, expression is decreased by zinc
deficiency [114]

Unknown

Slc30a10 Unknown Unknown Unknown

DCs: dendritic cells; GM-CSF: granulocyte-macrophage colony-stimulating factor; IL: interleukin; LPS: lipopolysaccharides; TPEN: N,N,N′,N′-tetrakis(2-
pyridylmethyl)-ethylenediamine (a membrane-permeable zinc chelator).
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macrophages is mediated primarily by zinc restriction [44].
The transporters Slc39a1 and Slc39a2 respond differently to
zinc deficiency and play important roles in macrophage-
mediated efferocytosis [44]. On the other hand, zinc does
not affect the phagocytic function of RAW264.7 cells [74]
or bone marrow-derived macrophages [22] at nontoxic
concentrations. Interestingly, a recent study by Mehta
et al. found that alcohol abuse is associated with significant
zinc deficiency in alveolar macrophages, which is accompa-
nied by impaired immune function due to decreased
phagocytosis-mediated bacterial clearance [75]. The authors
also found that treating alveolar macrophages with zinc sig-
nificantly improved their phagocytic capacity [75]. An ear-
lier study by Wirth et al. found that zinc deficiency impairs
the uptake and survival of protozoan parasites [76]. Zinc
supplementation was also found to increase the phagocytosis
of E. coli and Staphylococcus aureus by peritoneal macro-
phages in a mouse model of polymicrobial sepsis. Notably,
Sheikh et al. reported that zinc deficiency decreases the
phagocytic capacity of monocytes in children with entero-
toxigenic E. coli-induced diarrhea, whereas treating patients
with zinc (20mg/day) or dietary zinc supplementation
(10mg/day) slightly improved the monocytes’ phagocytic
capacity and significantly decreased their cellular oxidative
burst capacity [77]. From a clinical perspective, these effects
of zinc supplementation with respect to alleviating symp-
toms in zinc-deficient children are highly encouraging.

4.2. Zinc and Oxidative Burst in Macrophages. The relation-
ship between zinc and the level of oxidative burst in macro-
phages after bacterial infection is controversial. Mayer et al.
reduced zinc concentrations in peripheral blood mononu-
clear cells—which include monocytes—either by treating
the cells with TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)-
ethylenediamine) or by removing zinc from the culture
medium using the chelator Chelex 100. They found that the
level of oxidative burst was significantly increased in zinc-
deficient macrophages following infection with gram-
positive S. aureus [73]. In addition, zinc is an inhibitor of
NADPH, which is the electron donor for catalyzing the pro-
duction of O2

− [78]. On the other hand, Srinivas et al. found
that macrophages obtained from E. coli-infected rats released
significantly higher amounts of superoxide and that in vivo
superoxide production was increased by zinc supplementa-
tion; nevertheless, they also found that zinc supplementation
in vitro inhibited the production of superoxide by macro-
phages harvested from septic rats [79].

4.3. Zinc and Inflammatory Signaling in Macrophages. Zinc
also plays essential roles in the signaling and inflammatory
output of monocytes and macrophages, including many
upstream activators of the Toll-like receptor (TLR) family,
including mitogen-activated protein kinase (MAPK), protein
kinase C (PKC), phosphodiesterases, and NF-κB [36, 37].
Indeed, the relationship between zinc and inflammatory sig-
naling in monocytes/macrophages relies primarily on TLR
signaling (e.g., via TLR4), which is activated by the phos-
phorylation of interleukin-1 receptor-associated kinase 1
(IRAK1). Zinc is known to be required for the degradation

of IRAK1 in LPS-stimulated TLR activation both in vitro
and in vivo; however, zinc is not required for the phosphory-
lation or ubiquitylation of IRAK1 in macrophages [80]. Nev-
ertheless, zinc has been found to mediate the degradation of
procaspase-1 and the NLRP3 (NLR family, pyrin domain
containing 3), as well as to inhibit the production of IL-1β
in macrophages following LPS stimulation or Salmonella
infection. This effect may compromise the cell’s ability to
clear microbial pathogens [45].

TLR4 signaling occurs via MyD88-dependent and TRIF-
dependent pathways, and zinc has opposing effects on these
two signaling pathways. Upon LPS stimulation, TLR4 first
binds to the adapter proteins TIRAP andMyD88, which trig-
gers the phosphorylation of MAP kinases and the early acti-
vation of NF-κB. Zinc signaling is required for preventing the
dephosphorylation of the MAP kinases p38, MEK1/2, and
ERK1/2, as well as the activation of NF-κB. Thus, zinc
increases the release of inflammatory cytokines such as
TNF-α, IL-1β, and IL-6 [81, 82]. Subsequently, the receptor
complex is internalized and binds to TRAM and TRIF,
inducing the delayed activation of NF-κB and the phosphor-
ylation of IRF3. Phosphorylated IRF3 then translocated to
the nucleus, where it induces the transcription of IFN-β
[82, 83]. However, zinc can inhibit the phosphorylation of
IRF3 and can prevent the secretion of IFN-β [82]. Moreover,
zinc supplementation could downregulate inflammatory
cytokines through upregulation of A20 to inhibit NF-κB acti-
vation [78, 84].

Zinc deficiency has diverse effects on inflammation. Zinc
deficiency over the long term reduces the integrity of lyso-
somes, activates the NLRP3 inflammasome, and induces IL-
1β secretion in macrophages [85], while in the short term,
zinc depletion by TPEN inhibits inflammatory activation
[86]. Moreover, without adequate zinc, an inflammatory
response can also be elicited in cells, in part by causing the
aberrant activation of immune cells and/or by altering pro-
moter methylation [87]. In addition, a recent study found
that zinc deficiency reduces the production of IL-6 and
TNF-α in human monocytes [73]. Finally, zinc modulates
LPS-induced inflammation in human macrophages by
inducing SLC39A8 and by inhibiting C/EBPβ [42].

ZnO nanoparticles also affect the innate immune pro-
cess. For example, ZnO nanoparticles have been shown to
reduce bacterial skin infection by inducing oxidative stress
and causing cell membrane breakdown in macrophages
[88], as well as by reducing the innate immune response
and attenuating the macrophage responses to bacterial infec-
tion [89]. In contrast, ZnO nanoparticles have been shown
to induce a proinflammatory response in the RAW264.7
macrophage cell line [66, 90] and in peritoneal macrophages
via TLR6-mediated MAPK signaling [91]. These seemingly
contradictory results may be due—at least in part—to the
different concentrations of nanoparticles and/or cell types
used in the different studies.

Taken together, the evidence to date suggests that zinc
regulates the function of macrophages in a variety of ways.
For example, zinc deficiency induces the abnormal secretion
of immune factors via distinct pathways in response to spe-
cific infections. In addition, oxidative stress caused by altered
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levels of zinc can lead to dysfunction of the innate immune
system during acute inflammation.

5. Zinc and Macrophage-Related Diseases

According to a 2002 report by the World Health Organiza-
tion, zinc deficiency ranks fifth among the most important
health risk factors in developing countries and eleventh
worldwide [92]; moreover, abnormal zinc homeostasis
causes a variety of health problems with various levels of
severity. In addition to the immune system, other organs
and systems can also be affected by changes in zinc.

5.1. Immunological Diseases. The relationship between zinc
and rheumatoid arthritis (RA) has been studied for more
than three decades. RA is a chronic systemic inflammatory
disease characterized by inflammation of the synovial mem-
brane and the progressive destruction of the articular carti-
lage and bone [93]. Importantly, the number and activation
level of macrophages in the inflamed synovial membrane/
pannus are correlated with the severity of RA. A recent
meta-analysis of 1444 RA cases and 1241 healthy controls
revealed that patients with RA often have decreased serum
zinc levels [94]. Correspondingly, the mean level of zinc
was significantly lower in hair samples of RA patients com-
pared with healthy individuals [95]. These clinical observa-
tions are supported by in vitro studies. For example, zinc
deficiency increases the levels of TNF-α, IL-1β, and IL-8 in
a monocyte-macrophage cell line [96]. In contrast, zinc sup-
plementation inhibits the LPS-induced release of TNF-α and
IL-1β in monocytes [97].

Chronic alcoholism can increase the risk of pneumonia
and the development of acute respiratory distress syndrome
(ARDS) [98]. As the resident bona fide phagocytic cell type
in the lungs, alveolar macrophages play a central role in
maintaining alveolar homeostasis, lung host defense, and
immune regulation [99]. Several groups have studied the
relationship between zinc levels and macrophage function
in the alveolar space. For example, Mehta et al. found that
alcohol-fed rats have a 5-fold decrease in lung bacterial clear-
ance compared to control-fed rats and providing dietary zinc
supplementation to the alcohol-fed rats restored bacterial
clearance and mitigated oxidative stress in the alveolar space,
which was reflected by the relative balance between the thiol
redox pair cysteine and cystine and by the increased nuclear
binding of both PU.1 and Nrf2 in alveolar macrophages
obtained from alcohol-fed rats [90, 100]. Similarly, Konomi
et al. found that during pregnancy, intracellular zinc levels
and the expression levels of the zinc transporters Zip1,
ZnT1, and ZnT4 are decreased in alveolar macrophages
after ethanol ingestion compared to control rats that did
not ingest alcohol. In addition, bacterial clearance capacity
was decreased in ethanol-treated alveolar macrophages,
and the addition of zinc reversed these effects in vitro
[101]. Furthermore, pulmonary zinc deficiency may be one
of the mechanisms by which HIV-1 infection impairs alve-
olar macrophage immune function and renders infected
individuals susceptible to severe pulmonary infection [102].

5.2. Nonimmunological Diseases. Evidence suggested that
chronic inflammation that originated in the liver or adipose
tissue plays an important role in the pathogenesis of
obesity-related metabolic dysfunction [103]. In obese mice,
zinc deficiency may increase leptin production and stimulate
macrophage infiltration into the adipose tissue, suggesting
that zinc is important in metabolic and macrophage-
mediated inflammatory dysregulation in obesity [104]. Based
on its anti-inflammatory and antioxidant functions, zinc also
plays a protective role in atherosclerosis [105]. However, zinc
deficiency does not appear to affect the uptake of low-density
lipoprotein (LDL) by macrophages in vitro [106]. Interest-
ingly, another study found that ZnO nanoparticles can
induce the migration and adhesion of monocytes to endothe-
lial cells and accelerate the formation of foam cells [107].

5.3. Pathogen Infection. A sufficient amount of zinc is essen-
tial for the host’s defense against pathogenic organisms. For
example, in both human monocyte-derived macrophages
and mouse macrophages, increased intracellular zinc levels
induced by the continuous stimulation of pattern recognition
receptors (PRRs) can increase the clearance of bacteria via
autophagy [59]. Moreover, treating mice with zinc and/or
all-trans retinoic acid supplements helps protect against
infection by the pathogen Listeria monocytogenes [108].

Interestingly, zinc is not only required by host cells but is
also required for invading pathogens. According to the
“nutritional immunity” theory, specific essential elements
are sequestered from pathogens in order to restrict their
growth [109, 110]. Zinc chelation was shown to restrict the
growth of certain pathogens, for example, Histoplasma cap-
sulatum [64]. A previous study found that zinc deprivation
may be a defense mechanism utilized by the host’s macro-
phages [35]. Moreover, when stimulated with granulocyte
macrophage-colony stimulating factor (GM-CSF), macro-
phages infected with Histoplasma capsulatum sequester zinc
by inducing zinc binding to metallothionein (MT) proteins
[39]. In addition, human macrophages attack intracellular
Mycobacterium tuberculosis pathogens by inducing a “burst
of labile zinc” and by increasing the expression of the zinc-
binding proteins MT1, MT2, and ZnT1 [111], as well as pos-
sibly releasing zinc stored in zincosomes [112]. Macrophages
can also use a “zinc trap” [113] to kill pathogens; this mech-
anism may be impaired when intracellular zinc is either too
high or too low.

6. Conclusions and Future Perspectives

The vital role that the micronutrient zinc plays in both health
and disease has been known for many years. Regular intake
of zinc and the coordinated function of zinc transporters
are essential for maintaining zinc homeostasis and for main-
taining health. With respect to innate immunity, the various
functions of macrophages, which include phagocytosis and
the secretion of immune-mediating factors, can be impaired
by zinc imbalance, thereby inducing or exacerbating various
inflammatory and/or disease processes, as illustrated in
Figure 1.
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Despite extensive research, the molecular mechanisms by
which zinc regulates the fate and function of macrophages
remain poorly understood. Similarly, the function of zinc
transporters is largely uninvestigated. In some cases, particu-
larly when accompanied by a defect in a zinc transporter, oral
zinc supplementation or restriction may not be sufficient for
preventing diseases caused by cellular zinc imbalance; there-
fore, molecular approaches are needed in order to develop
innovative new therapeutic approaches to correct the under-
lying defect. Given the development of powerful gene editing
tools, the genetic manipulation of zinc transporters can be
performed in various model systems, and research based on
these models will likely shed light on the molecular function
of these zinc transporters, as well as the mechanism of zinc in
macrophages, ultimately guiding the treatment and preven-
tion of zinc-related diseases.
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Zinc is essential for maintaining normal structure and physiological function of cells. Its deficiency causes growth retardation,
immunodeficiency, and neuronal degeneration. Zinc homeostasis is tightly regulated by zinc transporters and metallothioneins
that control zinc concentration and its distribution in individual cells and contributes to zinc signaling. The intracellular zinc
signaling regulates immune reactions. Although many molecules involved in these processes have zinc-binding motifs, the
molecular mechanisms and the role of zinc in immune responses have not been elucidated. We and others have demonstrated
that zinc signaling plays diverse and specific roles in vivo and in vitro in studies using knockout mice lacking zinc transporter
function and metallothionein function. In this review, we discuss the impact of zinc signaling focusing particularly on mast
cell-, basophil-, and T cell-mediated inflammatory and allergic responses. We also describe zinc signaling dysregulation as a
leading health problem in inflammatory disease and allergy.

1. Introduction

This review discusses our current understanding of the roles
of zinc transporters and zinc in inflammatory diseases and
allergy. The essential trace element zinc [1] functions as a
neurotransmitter [2] and an intracellular signaling molecule
[3–6]. Effects of zinc on the immune and nervous systems
have been demonstrated both in in vivo and in vitro studies,
and zinc concentration is a key factor regulating these effects
[7, 8]. A number of studies have shown that the depletion of
zinc leads to impaired immune function. Decreased natural
killer cell-mediated cytotoxic activity, antibody-mediated
responses, and host defenses against pathogens and tumors
have been observed in zinc-deficient mice [9–11].

Zinc plays an essential role in maintaining the conforma-
tion and the activity of many enzymes, transcription factors,
signaling molecules, and other related factors. On the other
hand, zinc can be toxic at a high concentration and can

induce apoptosis in T and B cells [12, 13]. Intracellular
concentration and distribution of zinc is controlled by zinc
transporters including the Slc39/Zrt- and Irt-like protein
(ZIP) and Slc30/Zn transporter (ZnT) families, which increase
and decrease intracellular zinc levels, respectively [14–17],
and this regulation is mediated by zinc-binding molecules
such asmetallothioneins [18, 19]. Zinc also acts as an intracel-
lular signaling molecule. Extracellular stimuli can affect the
intracellular zinc level either by modulating the transcription
of zinc transporter genes and zinc-binding molecules or via
transcription-independent routes such as zinc wave [20–22].
We categorize the former as late zinc signaling and the latter
as early zinc signaling [3, 23].Whilemany studies have shown
that zinc is important to the immune system and that imbal-
ance in zinc homeostasis leads to various disorders, how zinc
homeostasis and signaling are regulated in immune cells or
whether zinc transporters and metallothioneins are involved
in immune cell function is not fully understood.
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Here, we describe how zinc and its homeostasis and
signaling affect biological events in inflammatory and allergic
responses.

2. Role of Zinc in Mast Cell Function

Mast cells play important roles in allergic reactions such as
anaphylaxis, asthma, and atopic dermatitis [24–26]. Acti-
vated mast cells secrete two classes of mediators. One class
of mediators are preformed mediators stored in granules
which are rapidly degranulated and secreted upon activa-
tion. The second class of mediators are cytokines and chemo-
kines that are synthesized de novo and gradually secreted.
These secreted molecules play leading roles in allergic
inflammatory responses.

The zinc probe Zinquin has been used to determine the
intracellular zinc level and distribution and to visualize dis-
tinct zinc pools in allergy-related cells. Mast cell granules
intensely fluoresce with Zinquin [27]. Airway epithelial cells
are also rich in zinc [28]. Zinc deficiency increases allergic
eosinophilic inflammation, whereas dietary zinc supple-
mentation alleviates the symptom [29]. Interestingly, zinc
deficiency is a risk factor for the development of asthma
[30, 31]. Also, high SLC39A2/ZIP2 expression levels have
been reported in the leukocytes of asthmatic infants [32].
These reports indicate that zinc is involved in the develop-
ment of allergic diseases. However, the precise roles of zinc

and zinc transporters in allergy-related cells have not been
fully elucidated.

Zinc is required for both degranulation and cytokine
production in mast cells [33] (Figure 1). The zinc chelator
N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
inhibits the release of histamine, the production of cytokines,
and the secretion of lipid mediators in mast cells, and zinc
supplementation rescues these inhibitory effects. Mast cell
function is not affected by other metal chelators [33]. Sim-
ilarly, zinc depletion caused by TPEN or the clinically used
heavy metal chelator DMPS [34] inhibits the mRNA
expression of chemokines such as eotaxin in human lung
cell lines [35].

Mast cell degranulation begins when the stimulation of
high-affinity receptor for IgE (FcεRΙ) triggers microtubule
polymerization and granules are translocated to the plasma
membrane. Fyn/Gab2/RhoA signaling, but not Lyn/SLP-76,
plays a critical role in this calcium-independent and
microtubule-dependent pathway [36]. However, in the
second step of degranulation, which is calcium-dependent,
the granules fuse with the plasma membrane. TPEN sup-
presses FcεRΙ-induced granule translocation, though it has
little effect on calcium mobilization or other FcεRΙ functions
such as the FcεRΙ-induced tyrosine phosphorylation of
various signaling molecules. Since the translocation of
granules depends on cytoskeletal proteins such as tubulin
and actin [37] and microtubules are critical for both
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Figure 1: Zinc and zinc transporters are involved in FcεRΙ-mediated mast cell activation. Zinc is required in multiple steps of FcεRΙ-induced
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granule translocation and vesicle transport [36, 38], it was
hypothesized that TPEN affects the microtubule assembly.
However, as shown by Kabu et al., TPEN does not suppress
FcεRΙ-induced microtubule formation, suggesting that its
target might be zinc-regulated molecules that directly link
microtubules and granules. Kinesin receptors are linker-
cargo proteins essential for microtubule-dependent vesicle
trafficking [39], and therefore, the target(s) of TPEN might
interact indirectly with granules via kinesin.

TPEN suppresses FcεRΙ-mediated cytokine production
as well as interleukin- (IL-) 6 and tumor necrosis factor-
(TNF-) α mRNA transcription. Its stimulation activates
protein kinase C (PKC), which is involved in cytokine pro-
duction through nuclear factor-kappa B (NF-κB) activation
[40, 41]. Since TPEN inhibits the FcεRΙ-mediated transloca-
tion of PKC to the plasma membrane [33], PKC may be one
of the targets of TPEN that affect cytokine production. In
fact, PKC contains a zinc-binding motif and zinc is essential
to maintain the structure of PKC [42]. Furthermore, its zinc-
binding motif domain is required for the translocation of
PKC to the plasma membrane after FcεRΙ stimulation [43].

ZnT5 is highly expressed in mast cells, and FcεRΙ stimu-
lation enhances its transcription level. ZnT5-KO mice have
defects in mast cell-mediated delayed-type allergic reactions
such as contact hypersensitivity, but not in immediate-type
reactions such as anaphylaxis [44]. Consistent with these
in vivo findings, ZnT5 is required for FcεRΙ-mediated
cytokine production, but not for mast cell degranulation.

Mast cells lacking ZnT5 exhibit reduced levels of FcεRΙ-
induced IL-6 and TNF-α mRNA, and ZNT5 is required for
FcεRΙ-induced plasma membrane translocation of PKC and
the nuclear translocation of NF-κB [44]. Therefore, ZnT5 is
selectively required for mast cell-mediated delayed-type
hypersensitivity reactions, and it is considered a novel com-
ponent in PKC/NF-κB signaling (Figure 1). Furthermore, it
was shown in experiments using ZnT5-deficient DT40 cells
that ZNT5 expressed on the ER-Golgi interface is necessary
for the enzymatic activity of zinc-dependent alkaline phos-
phatases (ALPs) that are processed to the holo form between
the ER and the Golgi [45–47]. Thus, ZNT5 may act to supply
zinc to the zinc finger-like domains in PKC and ALP.

These findings show that zinc and its transporters are
involved in the regulation of degranulation and cytokine pro-
duction in mast cell-mediated allergic responses and that
zinc transporters modulate the PKC/NF-κB signaling path-
way involved in the regulation of cytokine and chemokine
gene expression.

3. Role of Zinc in Basophil-Mediated
Cytokine Production

Basophils represent less than 1% of peripheral blood leuko-
cytes. Like mast cells, they express FcεRΙ on the cell surface
and release cytokines and chemical mediators in response
to FcεRΙ activation [48, 49]. Under physiological conditions,
basophils circulate in the blood while mast cells reside in
peripheral tissues. Infiltration of basophils into peripheral
tissues is often observed in allergic inflammatory diseases
such as atopic dermatitis and bronchial asthma. Basophils

have long been neglected in immunological studies due to
their small numbers and morphological similarity to mast
cells, but they are now recognized as a major source of cyto-
kines such as IL-4 and TSLP that promote Th2-type allergic
responses [50–53]. However, the molecular mechanisms of
IL-4 production and the requirement of zinc in basophils
have not been fully elucidated.

It has been reported that zinc-binding metallothionein
(MT) proteins are required for FcεRΙ-induced IL-4 produc-
tion in human and mouse basophils [54]. Transcription of
Mt-1 and Mt-2 is significantly elevated after FcεRΙ stimula-
tion in primary mouse basophils, while the expression of
Zips, ZnTs, Mt-3, and Mt-4 is not affected. Furthermore,
FcεRΙ-induced IL-4 production in basophils was inhibited
in the absence ofMt-1 andMt-2. It has also been shown that
MTs are selectively required for FcεRΙ-induced calcineurin
(CN)/nuclear factor of activated T cells (NFAT) signaling
(Figure 2). Finally, Ugajin et al. indicated the requirement
of MTs for IL-4 production by human basophils [55].

What is the role of free zinc in the regulation of IL-4 gene
expression in basophils? CN consists of a catalytic subunit
CN A and a regulatory subunit CN B, which form a heterodi-
mer. The catalytic domain contains a Fe3+-Zn2+ dinuclear
center, and zinc is thought to act as a catalytic cofactor
[56, 57]. On the other hand, it has been reported that zinc
inhibits the activity of CN in vitro [58–60]. The intracellular
concentration of free zinc was higher in Mt-1/2-deficient
basophils due to the absence of MTs, which play an impor-
tant role in cytosolic zinc storage. Experimentally increased
zinc levels attenuated the CN activity in basophils. These
findings suggest that the regulation of intracellular zinc levels
mediated by MTs plays an important role in the modulation
of CN/NFAT signaling in basophils. Consistent with our
reports, some researchers indicated zinc-dependent inhibi-
tion of cytokine expression in T cells [61–63]. Thus, we and
the other group suggested that intracellular free zinc acts as
a suppressor of cytokine production by the stimulation of
immune cells. In contrast, zinc positively regulates the
expression of cytokines. Zinc supplementation enhances
the cytokine production in immune cells [64–66]. These
conflicting effects may be due to concentration-dependent
effect of zinc on different signaling molecules involved in
cytokine expression.

4. Role of Zinc in T Cell Receptor-
Mediated Signaling

Zinc signaling in T cells has been first described by Yu et al.
(Ref. [67]). They observed an increase in intracellular zinc
concentration within 1 minute after stimulation of the T cell
receptor (TCR) [67]. This increase is dependent on the extra-
cellular zinc concentration, suggesting that TCR stimulation
induces an influx of extracellular zinc into T cells. Moreover,
this influx of zinc is inhibited by silencing ZIP6, a zinc trans-
porter expressed on the cytoplasmic membrane.

Early events in TCR signaling include tyrosine phosphor-
ylation of several signaling molecules. The Src protein kinase
Lck is primarily responsible for the phosphorylation of tyro-
sine residues within the ITAM motifs of CD3ζ and ZAP70
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[68]. Extracellular zinc influences the phosphorylation of
ZAP70 and inhibits negative regulatory feedback loops that
at least partially accounts for the increase in ZAP70 phos-
phorylation. SHP-1, which dephosphorylates ZAP70 and
other signaling molecules it is recruited to Lck [69], is a prime
candidate target for ZIP6-mediated zinc signaling. In fact, the
increase in zinc influx decreases the recruitment of SHP-1 to
the TCR activation complex, augments ZAP70 phosphoryla-
tion, and sustains calcium influx. Yu et al. proposed that the
influx of zinc following TCR stimulation leads to a local
increase in cytoplasmic zinc that modifies early TCR signal-
ing events. Thus, it is considered that ZIP6-mediated zinc
signaling is dependent on extracellular zinc concentrations
(Figure 3). In other words, extracellular zinc concentration
controls the signal strength in TCR signaling. It has already
been reported that the induction of IFN-γ production by zinc
supplementation links the zinc status to Th1/Th2 polariza-
tion and corresponds to the observation that zinc deficiency
leads to reduced Th1 immune response [70].

5. Role of Zinc in Inflammatory and
Allergic Responses

The relationship between zinc homeostasis and immune
function has been examined in a number of studies. The
impact of single nutrient deficiency on immune response
has been demonstrated by zinc homeostasis studies using

experimental mouse and rat models. In addition, zinc defi-
ciency is a frequent problem in humans and is associated
with many chronic diseases. It is important to note that
chronic diseases such as gastrointestinal disorders, chronic
diarrhea, cirrhosis, renal disease, sickle cell anemia, some
types of cancer, cystic fibrosis, pancreatic insufficiency, and
autoimmune arthritis in humans can lead to a suboptimal zinc
status [71–78]. Interestingly, zinc-containing compounds
such as polaprezinc have been reported to improve the symp-
toms of autoimmune diseases in animal models [79, 80]. It
has been suggested that the amelioration of autoimmune dis-
eases by zinc occurs by inhibiting T cell activation, though
detailed mechanisms involved in this process have not
been elucidated.

Kitabayashi et al. hypothesized that zinc signaling might
target proteins involved in inflammation and autoimmune
diseases [81]. One such target protein is signal transducer
and activator of transcription 3 (STAT3), which is a signaling
molecule for the proinflammatory cytokine IL-6. The authors
were particularly interested in how zinc affects the differ-
entiation of Th17 cells that was known to be controlled
by IL-6-induced STAT3 activation [82–85].

In addition, they used induced CIA (collagen-induced
arthritis) and EAE (experimental autoimmune encephalo-
myelitis) mouse disease models, since both of these autoim-
mune diseases are mediated by antigen-specific Th17 cells
and the development of these cells is controlled by STAT3
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activation. Development of autoimmune diseases such as
EAE was significantly suppressed by zinc supplementation.
In one experiment, pathogenic Th17 cells were transferred
into the mice and the mice were given zinc-supplemented
drinking water. Development of EAE was similar in zinc-
treated and control hosts, indicating that zinc supplementa-
tion did not alter the Th17 cell-mediated immune responses,
including induced inflammation and Th17 cell activation.
Thus, rather than affecting immune responses after patho-
genic T cell development, zinc inhibits the development of
pathogenic Th17 cells from naïve CD4+ T cells, a process that
depends on the IL-6-STAT3 signaling pathway. In addition
to this, Kitabayashi et al. demonstrated that zinc directly
binds STAT3 and inhibits its phosphorylation by Janus
kinases (JAK) and does so without affecting the kinase activ-
ity of JAK proteins. Furthermore, the structure of STAT3
itself is altered by the zinc binding [81] (Figure 4).

While zinc supplementation can help restore normal
immune functions as described above, there are cases where
chelating zinc can be beneficial to suppress antigen-
dependent allergic responses. Kabu et al. reported that TPEN
inhibited antigen-induced anaphylaxis response [33]. In this
case, TPEN attenuated the degranulation of mast cells in vivo
and serum histamine level was decreased in TPEN-treated
mice. Fukuyama et al. reported that TPEN suppressed asth-
matic responses in mouse models of ovalbumin- (OVA-)
induced airway hyperresponsiveness and allergic airway
inflammation [86]. TPEN also attenuated the upregulation
of cytokines such as TNFα, IL-13, and IL-4 in bronchoalveolar
lavage fluids and goblet cell hyperplasia after OVA exposure.
These observations suggest that zinc chelators and their deriv-
atives can be potential antiallergic drugs that act differently
from currently available drugs such as histamine antagonists.

Zinc deficiency may enhance some allergic diseases. In
some clinical studies, serum zinc levels were lower in children
with atopic dermatitis (AD) compared to the control group

[87, 88]. Interestingly, Kim et al. reported a correlation
between AD and hair zinc level and reported that AD
patients with a low hair zinc level showed clinical improve-
ment after oral zinc supplementation [89]. Another case of
zinc deficiency was reported. In this report, serum zinc levels
were significantly lower in atopic asthmatics than nonatopic
asthmatics and healthy controls. In atopic asthmatics, highly
significant correlations were found between zinc levels and
total IgE levels [90]. A small number of studies have been
conducted to evaluate the efficacy of zinc supplementation
to improve clinical symptoms of asthma during nonexacer-
bation [91, 92]. Thus, zinc supplementation might help
patients with a low serum zinc concentration to recover from
allergic diseases, but it must be well adjusted to the actual
requirement. However, if zinc concentration significantly
exceeds the physiological level, zinc may also adversely affect
the immune function. The opposing effects of varying zinc
concentrations on distinct signaling pathways in different
cell types such as mast cells, basophils, and T cells remain
to be investigated.

6. Conclusion and Perspectives

We have briefly reviewed recent findings showing that zinc
contributes to allergy and autoimmune disorders. Zinc chela-
tors effectively inhibit anaphylaxis, and zinc supplements
may effectively suppress rheumatoid arthritis and multiple
sclerosis, as indicated by studies using mouse disease models.
These findings may lead to future therapeutic applications
for suppressing inflammatory or allergic responses.

Using strategic gene targeting, we have demonstrated the
role of zinc transporters and metallothioneins in various sig-
naling pathways. Zinc therefore functions as an intracellular
signaling molecule; its intracellular status is affected by extra-
cellular stimuli regulating changes in zinc transporter and
metallothionein expression. Much about the mechanism of
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Figure 3: Zn functions as an ionic signaling molecule after T cell activation. Cytoplasmic zinc concentrations increased within 1min after
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area and enhanced TCR signaling, at least in part as a result of the inhibition of SHP-1 recruitment. TCR: T cell receptor; Zn: zinc; SHP-1:
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zinc signaling remains to be clarified, including the method
by which zinc transporters transfer zinc to individual target
proteins such as PKC.We can be certain that further research
will advance our understanding of zinc signaling and the
intracellular transport of zinc in the immune system.
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Zinc is an essential micronutrient known to play a vital role in host defense against pathogens. Diets that are deficient in zinc lead to
impaired immunity and delayed recovery from and worse outcomes following infection. Sustained insufficient zinc intake leads to
dysregulation of the innate immune response and increases susceptibility to infection whereas zinc supplementation in at-risk
populations has been shown to restore host defense and reduce pathogen-related morbidity and mortality. Upon infection, zinc
deficiency leads to increased pathology due to imbalance in key signaling networks that result in excessive inflammation and
collateral tissue damage. In particular, zinc impacts macrophage function, a critical front-line cell in host defense, in addition to
other immune cells. Deficits in zinc adversely impact macrophage function resulting in dysregulation of phagocytosis,
intracellular killing, and cytokine production. An additional work in this field has revealed a vital role for several zinc
transporter proteins that are required for proper bioredistribution of zinc within mononuclear cells to achieve an optimal
immune response against invading microorganisms. In this review, we will discuss the most recent developments regarding
zinc’s role in innate immunity and protection against pathogen invasion.

1. Zinc and Human Health

Zinc (Zn) is an essential micronutrient in human health.
According to the World Health Organization (WHO), an
estimated 30% of the world’s population is Zn deficient
and inadequate intake contributes to 800,000 deaths
worldwide [1]. Although severe Zn deficiency is rare,
mild-to-moderate deficiency is prevalent throughout the
world [2, 3]. It is the fifth leading risk factor for bacterial
acquired diarrhea and pneumonia in developing countries
[4]. These findings underscore the importance of Zn
deficiency as a well-established nutritional problem in under-
developed countries; however, it is important to recognize
that Zn deficiency is also common in developed countries.
According to the National Health and Nutrition Examina-
tion Survey (NHANES) that is conducted within the United
States (US) population, the percentage of dietary intakes
below the estimated average daily requirement is quite
common in the elderly and up to 24% in 14- to 18-year-old
females and 12% in adults over 19 years of age. Collectively,

this indicates that inadequate Zn intake is quite common
and may contribute substantially to comorbidity throughout
the world across diverse populations.

Zinc is essential for the proper function of both eukary-
otic and prokaryotic cells. It is required for normal growth,
repair, and maintaining the structure and function of pro-
teins and nucleic acids including enzymes and transcription
factors. Despite the vital necessity of Zn, there exist no depots
of Zn in the body that can be used to maintain metal levels for
protracted periods of time [5]. This is further complicated in
developing countries where other factors including limited
protein-based food choices rich in bioavailable Zn signifi-
cantly perpetuate Zn deficiency [6, 7]. A major contributing
factor to this dilemma results from higher consumption of
phytates, an inhibitor of Zn absorption in the gastrointestinal
tract [8]. In addition, intestinal malabsorption, renal disease,
alcoholism, cancer, aging, pharmacologic interactions, and
alteration in Zn transporters can contribute to Zn deficiency
[9, 10]. Further, the elderly, infants, and pregnant and
lactating women are more susceptible to Zn deficiency and
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corresponding infections that can be fatal if not corrected
with dietary supplementation [11, 12].

This evidence substantiates that dietary Zn uptake is
important in maintaining homeostasis, proper innate
immune balance, and host defense [13]. Zn also possesses
known anti-inflammatory and antioxidant effects, and nutri-
tional supplementation has been reported to be beneficial in
suppressing the duration and severity of infectious-based
gastrointestinal and respiratory disease particularly in
children less than 5 years of age [14]. Given the many roles
of Zn in maintaining immune function, it is not surprising
that Zn deficiency increases the risk of morbidity and mortal-
ity from infection.

2. Zinc and Infection in Mammals

Zn is essential for the proper function of the innate and
adaptive immune systems; therefore, depletion of whole body
Zn content adversely impacts the ability of the host to mount
a balanced immune response against invading pathogens
[15]. Multiple epidemiologic studies conducted over the past
two decades demonstrate that Zn deficiency increases
susceptibility to infections that the host would otherwise,
under normal circumstances, be less vulnerable to. Most
notably inadequate Zn intake is associated with new-onset
upper respiratory tract and gastrointestinal tract infections
in children less than 5 years old in developing countries
[16, 17]. More recently, it has been shown that gastrointesti-
nal giardiasis impairs intestinal mucosa function thereby
lowering Zn absorption in young children resulting in Zn
deficiency [18]. Given the importance of Zn relative to host
defense, multiple studies have been conducted in humans
and animals to determine whether Zn supplementation can
restore immune function and prevent or reduce the severity
of infection. Zn intake was originally shown to reduce the
incidence of acute lower respiratory infection in preschool
children [19]. Sánchez and colleagues more recently reported
that the incidence of acute diarrhea and respiratory infection
was reduced following the administration of a Zn amino acid
chelate in children [20]. Sazawal and colleagues reported that
Zn supplementation reduced duration and severity of
diarrhea in infants and young children [21], and Prasad
and colleagues reported that the incidence of bacterial infec-
tion in sickle cell disease was significantly reduced after Zn
supplementation [22]. Bolick and colleagues reported that
Zn-deficient diet mice had significantly greater weight loss
and diarrhea compared to control mice when infected with
enteroaggregative Escherichia coli (EAEC), a pathogen that
is responsible for infectious diarrhea in children. In addition,
Zn-deficient mice had reduced infiltration of leukocytes into
the ileum in response to infection indicative of an impaired
immune response [23]. Similarly, mice infected with HlyA-
producing E. coli were able to better maintain epithelial
function and reduce barrier disruption and fluid leakage with
diminished bacterial translocation as a result of Zn supple-
mentation [24]. More recently, administration of Zn oxide
nanoparticles was shown to reduce fluid accumulation in
the mouse ileum following the administration of cholera
toxin protein [25]. Zinc supplementation has also been

reported to be beneficial in animal models of severe infection.
Sepsis mortality was significantly increased in Zn-deficient
animals when compared to animals maintained on a Zn
sufficient, control diet subject to cecal ligation puncture.
Prior to death, Zn-deficient animals exhibited higher plasma
cytokines, oxidative tissue damage, cell death, and more
severe vital organ injury. However, when Zn supplementa-
tion was provided to Zn insufficient mice prior to the initia-
tion of sepsis, it resulted in the normalization of the
inflammatory response, diminished tissue damage, and
significantly reduced mortality [26]. Zn supplementation
has most often been reported to be beneficial for restoring
immune function and downregulating conditions associated
with chronic inflammatory responses [27]. Zn supplementa-
tion has also been shown to improve macrophage phagocyto-
sis and oxidative burst function [28] and reduce C-reactive
protein, IL-6, MMP2, and MMP9 production in a model of
chronic liver inflammation [29]. Zn is also crucial for
maintenance and function of the immune system during
the process of aging [30]. Unfortunately, human studies
where Zn supplementation has been provided to critically
ill patients have not yet proven to be beneficial suggesting
that critical illness is more complicated to treat [31]. Based
on this, well-controlled, large, randomized control trials are
required to determine whether optimal Zn dosing strategies
exist. Notably, sepsis creates a significant challenge because
it is difficult to anticipate the onset of sepsis thereby prohibit-
ing preventive treatment strategies. Collectively, these studies
strongly support the importance of Zn as an essential nutri-
ent in host defense against pathogen invasion in the lung,
gut, and systemic compartments and also highlight the need
for more study aimed at determining how best to administer
Zn to populations that are more susceptible to infection.

3. Zinc and Myeloid Cell
Function against Pathogens

Invading pathogens are first encountered by cells that
comprise the innate immune system. Myeloid lineage cells
including polymorphonuclear neutrophils, monocytes, and
macrophages are critical first responders engineered to rec-
ognize and eliminate pathogens. Micronutrient metabolism
plays a critical role in innate immune defense against micro-
bial infection. Macrophages exploit transition metals in part
by manipulating their uptake and trafficking following
pathogen recognition. Cation redistribution into the cytosol,
in general, is designed to benefit the host in a number of
important ways. It inhibits pathogen growth through
deprivation of indispensable micronutrients, generates host
protective Fenton reaction-dependent reactive oxygen spe-
cies, and affords nonspecific inhibition of bacterial protein
binding [32–34]. Importantly, internalized micronutrients
also help orchestrate vital signaling pathways. Macrophages
differ significantly from monocytes in their phenotype and
function and the metabolic pathways responsible for zinc
trafficking during macrophage host defense remain largely
unexplored [33, 35]. In response to microbes, macro-
phages produce both proinflammatory cytokines and anti-
inflammatory cytokines, like IL-10, in order to coordinate a
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balanced response aimed at efficiently eliminating infection
while minimizing damage to surrounding tissue [36]. Impor-
tantly, IL-10 stimulation of murine and human macrophages
significantly reduces production of proinflammatory cyto-
kines [37–40]. Zn has been shown to regulate endotoxin-
mediated immune activation of human macrophages
through a reduction in IL-10 production presumably leading
to imbalance in immune regulation, although the latter was
evaluated in this study [41]. In yet another mechanism of
Zn sequestration, Histoplasma capsulatum induced mobili-
zation of Zn within macrophages away from the phagosome
and into the apparatus triggering superoxide formation and
enhancing antimicrobial defense [42]. In the case of
Salmonella infection, a bacteria-driven elevation of intracel-
lular Zn levels occurs weakening antimicrobial defense and
the ability of macrophages to eradicate the pathogen thereby
demonstrating that certain bacteria can establish host sub-
version strategies that use Zn to their advantage [43, 44].
Based on these findings, it is clear that there exists a tug-of-
war between macrophages and other myeloid-lineage cells
and the pathogens that they encounter. In the case of bacteria
that reside and thrive outside of macrophages, cellular
activation most often leads to Zn-mediated changes that
favor the host. In contrast, intracellular pathogens have the
potential to subvert Zn metabolism and cellular activation
in a manner that may favor pathogen survival and propaga-
tion within the macrophage.

Zinc is also important for monocyte and macrophage
development and other vital functions including phagocyto-
sis and cytokine production [45, 46]. Zinc is also necessary
for adherence, migration, and differentiation of monocytes
into tissue macrophages [47] and is crucial for the normal
development and function of neutrophils. Zinc deficiency
causes dysfunctional neutrophil phagocytosis, intracellular
killing, and cytokine production [10]. In addition, neutrophil
chemotaxis and the quantity of enzyme-containing cytosolic
granulocytes decrease as a result of Zn deficiency [48]. A
major role of neutrophils is to clear invading pathogens
through formation of an extracellular network trap that is
also disrupted under Zn-deficient conditions [49]. Therefore,
recent studies have identified that intracellular Zn content
within myeloid-lineage cells is absolutely critical in main-
taining a defensive phenotype in a number of ways that
influence organelle and protein function in order to
enhance bacterial elimination.

Multiple cell signaling pathways are influenced by
intracellular free Zn levels [50]. One of the most studied is
the NF-ĸβ signaling pathway. In particular, insufficient levels
of intracellular Zn result in aberrant cell signaling causing an
exaggerated inflammatory response as exhibited by the over-
production of cytokines and chemokines including TNFα,
IL-6, IL-8, and IL-10. Zinc deficiency can also induce changes
in the expression of other cytokines, DNA repair enzymes,
zinc transporters, and signaling molecules that regulate
immune function. As one example, macrophages have an
armamentarium of recognition receptors, including Toll-
like receptors (TLR), designed to recognize bacterial, viral,
and fungal byproducts. Endotoxin is one of the most robustly
studied ligands for TLR4 signaling. Transmission of cell

signaling in monocytes is Zn dependent following LPS recog-
nition and impact activation of the p38 MAPK, ERK1/2, and
NF-κβ pathways [51]. Depletion of Zn was also shown to
inhibit endotoxin-induced activation of several MAPK
kinase family members and IκBα in murine primary macro-
phages and corresponding cell lines [52]. In a polymicrobial
sepsis mouse model, Zn deficiency was shown to enhance
bacterial burden, NF-κβ activity, and the corresponding
IL1β, TNFα, and ICAM-1 gene expression and protein pro-
duction in the lung when compared to Zn sufficient control
animals [53]. Another study by this group revealed that Zn
deficiency enhanced signaling through the JAK-STAT3 path-
way and NF-κβ pathway leading to increased inflammation
and over activation of the inflammatory response in a poly-
microbial sepsis mouse model [54]. Similarly, Zn has been
shown to be critical in regulation of kinase activation and
transcription factors that subsequently alter the expression
of proteins [55]. Zinc has also been reported to alter the
function of different immunologically relevant mitogens
and bacterial stimulants. As one example, Zn was shown to
enhance the immunogenicity of lipopolysaccharide with
respect to cell recognition and cytokine induction in leuko-
cytes by altering its structure into a more biologically active
isoform [56].

Collectively, Zn-mediated regulation of innate immune
host defense through myeloid lineage cells demonstrates that
Zn is absolutely required to maintain proper function. In
particular, deficits in Zn that typically occur across many
populations as a result of insufficient dietary intake and or
absorption result in dysregulated myeloid cell function in
response to invading pathogens. The extent of immune dys-
function is context dependent in terms of host phenotype
(age, gender, and health status), location of the infection
(lung, gut, bloodstream), and cell type that pathogens
encounter in these compartments (neutrophils, monocytes,
macrophages, and other myeloid cell types not yet studied),
as well as the pathogen (bacterial, viral, and fungal). A key
aspect of Zn, beyond having sufficient amounts in our body,
involves its rapid and controlled mobilization from the
bloodstream into tissues and ultimately into cellular com-
partments and organelles where it has a direct impact on
enzymatic function. In this regard, mammals have developed
a sophisticated system to shuttle Zn in and out of cells and
cellular organelles, and into specific locations within the cell
allowing Zn to specifically interact with nucleic acids and
proteins in a manner that positively impacts cellular function
and bolsters host defense.

4. Zinc Transporters

The concentration of cellular Zn is rather high such that Zn
can hardly be considered a trace element. Zinc is used as a
cofactor in proteins much more frequently than most
vitamins. Control over the fluctuating Zn pool occurs at
remarkably low concentrations, often within the picomolar
range, through the participation of many proteins [57]. Zinc
homeostasis in mammals is primarily maintained through
Zn transporters that are designed to regulate cellular uptake,
efflux, and intracellular trafficking of Zn. The majority of
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intracellular Zn exists in a tightly bound form most
commonly associated with metalloproteins and Zn finger
proteins. Approximately, ten percent of cellular Zn exists in
a more loosely bound form commonly referred to as labile
Zn. Whereas the tightly bound form of Zn is not subjected
to rapid mobilization, the labile pool can be mobilized within
and outside of cells very rapidly in response to cellular stress
and infection. The labile pool therefore plays an important
role in intracellular Zn fluxes and rapid alteration of cell
function, but it is also more readily depleted in the setting
of Zn deficiency [58]. There exist two major Zn trans-
porter/carrier families known as (solute carrier family = SLC)
SLC30 and SLC39 that have been extensively studied for their
roles in maintaining cytosolic as well as cellular organelle Zn
levels. There are 10 members of the human SLC301–10 or ZnT
family that are primarily involved with transporting zinc
from the cytosol to the extracellular space or into intracellu-
lar organelles and therefore function largely to efflux Zn out
of the cytosol especially in conditions of excess [59]. The
SLC39 family or ZIP (Zrt-, Irt-like proteins) is comprised of
14 members that are primarily involved in transporting Zn
from the extracellular space or intracellular organelles into
the cytosol and therefore function to increase cytosolic zinc
concentrations [60]. ZIPs and ZnTs are involved in many
cellular responses. Through the mobilization of Zn, they
regulate enzymes, receptors, and transcription factors as well
as cytokine and growth factor-mediated signaling pathways
[61]. In collaboration with metallothioneins (MTs), these
proteins collectively maintain cellular Zn content thereby
countering rapid or prolonged changes in available Zn in a
manner designed to maintain normal cellular function yet
maintain cells in a vigilant state in advance of potentially
harmful external challenges [62, 63].

Cytosolic labile Zn content can change rapidly in
response to pathogens and plays an important role in Zn
signaling that triggers immune activation [64]. Upon extra-
cellular stimulation, Zn is rapidly released as a “zinc wave”
into the cytosol from intracellular stores. This phenomenon
activates two mitogen-activated protein kinase (MAPK)
pathways, the extracellular signal-related kinase (ERK) and
the c-Jun N-terminal kinase (JNK) signaling pathways [60]
and the transcription factor NF-κB, which targets genes
involved in cellular replication and apoptosis [65]. The
expression and function of certain Zn transporter genes are
responsive to physiologic stimuli and external challenges,
whereas others appear to be constitutively expressed and vital
for the day-to-day maintenance of body Zn composition.
Moving forward, we will focus on Zn transporters that have
been shown to be responsive to pathogen invasion and host
defense. A variety of stimuli, including inflammatory
cytokines and pathogens or bacterial byproducts, have been
shown to induce the expression of MTs, ZnTs, and ZIP
transporters [66]. Importantly, altered expression of Zn
transporters during inflammatory conditions is part of the
acute phase response that is designed to rapidly mobilize
labile Zn in a manner that affords cell protection, maintains
or increases vital functions, and bolsters host defense [63].
As a leading example, ZIP14 (slc39A14) was the first Zn
transporter shown to be highly upregulated in the liver, white

adipose tissue, and muscle in a mouse model after exposure
to endotoxin LPS [67]. Studies conducted in a mouse model
of endotoxemia first revealed that ZIP14 expression is upreg-
ulated through IL-6 and that this Zn transporter plays a
major role in the mechanism responsible for hypozincemia,
not to be mistaken with Zn deficiency as a result of insuffi-
cient dietary intake that accompanies the acute-phase
response to inflammation and infection [68]. This group
went on to reveal that ZIP14 plays an important role in
LPS-mediated IL-6 release and that IL-6 synthesis after LPS
stimulation is regulated by STAT3 and IκB phosphorylation.
However, in LPS-injected Zip14 KOmice, mRNA expression
of suppressor of cytokine signaling-3 (SOCS-3), a down-
stream target gene of the STAT3-IκB pathway, was markedly
increased in LPS-injected null mice [67]. A related study
showed that following intraperitoneal administration of
lipopolysaccharide or the proinflammatory cytokines tumor
necrosis factor (TNF) or interleukin-6 (IL6), mice exhibited
quantitatively very different, highly tissue-specific, andmark-
edly time-dependent up- and downregulation of ZIP8 and
ZIP14 mRNA levels in vital organs. This revealed for the first
time that most if not all tissues use ZIP8 and ZIP14 to some
extent for Zn uptake. Some tissues are under basal conditions
and others more so when inflammatory stressors are present
that collectively lead to substantial alterations in plasma Zn
levels due to Zn redistribution not just in the liver but across
many vital organs [69]. More recently, using Zip14 knockout
(KO) mice, it was shown that ablation of Zip14 delayed
leukocytosis, prevented zinc accumulation in the liver,
altered the kinetics of hypozincemia, and drastically
increased serum IL-6, TNFα, and IL-10 concentrations
following nonlethal sepsis further establishing that ZIP14 is
vital to host defense in the setting of polymicrobial sepsis
[70]. Consistent with these observations, the closest homo-
logue to ZIP14, ZIP8, was shown to have induced expression
in lung cells in response to LPS or TNF-α resulting in the
expression of a heavily glycosylated, membrane-bound pro-
tein that lead to Zn import and cell survival [71]. A further
work by this group revealed that ZIP8 plays a vital role in
regulating the host response to sepsis, in part through mono-
cyte and macrophage regulation, by downmodulating the
NF-ĸβ pathway. In particular, ZIP8 gene expression was
induced by the NF-ĸβ pathway following bacterial activation
and the new pool of Zn transported into myeloid cells
ultimately inhibited IKKβ activation [41]. Relative to
myeloid-lineage cells, ZIP8 expression was observed to be
elevated in macrophages following LPS exposure resulting
in cellular accumulation of Zn and enhanced IL-10 release.
Further, ZIP8 was vital to immune function because knock-
down inhibited LPS-driven Zn accumulation and reduced
Zn-dependent reduction of IL-10 release [41]. Similarly,
Mtb infection of macrophages was shown to induce the
expression of ZIP8 with a very little effect on other ZIPs
although it remains to be determined whether ZIP8 enhances
Zn uptake in favor of the host or pathogen [72]. Taken
together, Zn transporter-mediated Zn redistribution via
ZIP8 and ZIP14 upon infection likely serves multiple
purposes [73]. In addition to these two closely related
homologues, other Zn transporters have more recently been
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shown to play a role in host defense as well. In particular, a
recent study using macrophage-specific Slc39a10-knockout
mice, we revealed that Slc39a10 plays an essential role in
macrophage survival by mediating Zn homeostasis in
response to LPS stimulation. Compared with wild-type
mice, Slc39a10-knockout mice had significantly lower
mortality following LPS stimulation as well as reduced
liver damage and lower levels of circulating inflammatory
cytokines [74]. Based on these findings, a picture is beginning
to emerge that multiple Zn transporters play important roles
in the strengthening innate immune function, in part by
regulating macrophage behavior, in response to systemic
bacterial invasion.

In the last decade, mutations in ZIP and ZnT
transporter genes have been shown to be implicated in a
number of inherited human diseases many of which lead
to inflammation-based pathology and therefore may have
relevance to infectious-based disease [75]. Moreover, dysreg-
ulation in the expression and activity of both transporter
families has been suggested to be involved in the pathogene-
sis and progression of multiple diseases [76, 77]. As leading
examples, mutations in ZIP4 (SLC39A4) and ZIP13
(SLC39A13) are responsible for the rare lethal autosomal-
recessive inherited zinc deficiency disease, acrodermatitis
enteropathica (AE) [78], and Ehlers-Danlos Syndrome
(EDS) [79], respectively. Additionally, targeted ZnT3 disrup-
tion causes memory deficits with Alzheimer’s disease-like
abnormalities in mice [80]. Another study reported that a
polymorphic genetic variant of ZnT10 was related to hyper-
magnesemia as well as a variety of neurological and hepatic
disturbances [81]. Abnormal hematopoiesis and organ
morphogenesis have been reported in ZIP8-hypomorphic
mice [82]. Collectively, these studies strongly support the
importance of the normal expression and function of Zn
transporters in order to maintain Zn homeostasis in mam-
mals but how this impacts the host response to pathogen
invasion remains to be determined. In all likelihood, we
predict that commonly occurring polymorphic variants of
Zn transporters, including but not limited to ZIP8 and
ZIP14, have the potential to increase susceptibility to
infection by adversely altering Zn metabolism during the
acute-phase response and thereby altering cellular defense
mechanisms in myeloid and other parenchymal cell types.

5. Conclusion

Zinc is an essential metal that plays an important role in
maintaining mammalian health and fending off invasive
pathogens. It is fundamentally important in maintaining
biochemical balance and influences multiple components of
the innate immune system through modulation of protein
function. In developing countries, limited uptake of Zn-
containing foods, often a consequence of low economic
status, has provided the best evidence that a lack of dietary
Zn intake is a major contributing factor in susceptibility to
bacterial infections. In recent years, using cell and animal
models, it has become clear that the increased morbidity
and mortality associated with Zn deficiency and bacterial
infection are a consequence of impaired immune regulation.

Zinc and a select number of Zn transporters have begun to
emerge in recent years as a novel host defense strategy aimed
at quickly mobilizing labile Zn within the body to, in most
instances, bolster host defense and sequester Zn away from
prokaryotic cells that also require Zn to maintain vital
functions. Although exactly how Zn metabolism regulates,
host defense will require much more study because there
remain many unanswered questions. Additional studies will
be required to better understand the multiple roles of Zn
relative to innate immune signaling across different cell
types, including but not limited to myeloid cells, through
initiation and maintenance of an effective host response.
What does seem clear is that a Zn deficit in most cases leads
to exaggeration of the host defense response against patho-
gens. While at face value it would appear that amplification
of host defense mechanisms would be advantageous, this is
often not the case. In fact, exaggeration of the host response
to infection has most commonly been shown to increase
the risk of collateral tissue damage leading to poorer progno-
sis in terms of morbidity and mortality. To better understand
the role of Zn transporters in pathogen-related pathological
conditions, additional investigations of the molecular mech-
anisms of Zn-mediated regulation of immune function are
warranted. In particular, some Zn transporters are known
to transport other metal ions besides Zn; however, a number
of these studies are currently limited and have primarily
focused on the relative uptake affinity and biodistribution
for other metal ions including iron, cadmium, and manga-
nese. Whether these metals also play an important role in
maintaining proper host defense against pathogens remains
to be determined. In addition, this could lead to the design
and synthesis of new compounds directed toward therapeutic
targets that either modulate protein function or alter metal
uptake and efflux via Zn transporters. Finally, a limited
number of important studies have provided proof of princi-
pal that Zn supplementation can decrease the incidence and
severity of bacterial infections in populations where the
frequency of Zn-deficient intake is high. Most importantly,
Zn has been shown to be the most beneficial when used as
a preventive strategy prior to the development of established
infection. In all likelihood, there does not exist a one size fits
all therapeutic approach. Given the substantial biochemical
footprint of Zn across the human proteome, it is also plausi-
ble that Zn supplementation could be disadvantageous under
certain conditions against different pathogens. Perhaps most
importantly, strategies that more accurately detect subacute
Zn deficiency will expedite our ability to predict and prevent
serious, life-threatening infection. Past studies have largely
focused on the utility of blood and tissue Zn levels or protein
biomarkers, with limited success. As an alternative approach,
the genetic heterogeneity of Zn transporters relative to
increased disease risk has begun to emerge and may provide
a predictive tool to identify at-risk populations against differ-
ent pathogens based on screening for polymorphic genetic
variants that alter normal Zn metabolism and immune
function. Scientific advances in the field of Zn biology
coupled to advances in high throughput genetic and proteo-
mic screening approaches will undoubtedly shed new light
on this emerging field and hopefully provide translational
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advances that improve our capacity to predict and prevent
the extent of infectious disease in many different settings
across vast populations.
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Zinc is an important trace metal in immune systems, and zinc transporters are involved in many immune responses. Recent
advances have revealed the structural and biochemical bases for zinc transport across the cell membrane, with clinical
implications for the regulation of zinc homeostasis in immune cells like dendritic cells, T cells, B cells, and mast cells. In this
review, we discuss the function, structure, and transport aspects of two major mammalian zinc transporter types, importers and
exporters. First, Zrt-/Irt-like proteins (ZIPs) mediate the zinc influx from the extracellular or luminal side into the cytoplasm.
There are 14 ZIP family members in humans. They form a homo- or heterodimer with 8 transmembrane domains and extra-/
intracellular domains of various lengths. Several ZIP members show specific extracellular domains composed of two
subdomains, a helix-rich domain and proline-alanine-leucine (PAL) motif-containing domain. Second, ZnT (zinc transporter)
was initially identified in early studies of zinc biology; it mediates zinc efflux as a counterpart of ZIPs in zinc homeostasis. Ten
family members have been identified. They show a unique architecture characterized by a Y-shaped conformation and a large
cytoplasmic domain. A precise, comprehensive understanding of the structures and transport mechanisms of ZIP and ZnT in
combination with mice experiments would provide promising drug targets as well as a basis for identifying other transporters
with therapeutic potential.

1. The Role of Zinc Transporters in
Immune Cells

Zinc plays critical roles in the immune system, and its
transport proteins, called zinc transporters, are reportedly
involved in many immune responses [1, 2]. Two types of zinc
transporters are conserved in mammals: Zrt-/Irt-like protein
(ZIP) zinc transporters, which increase cytoplasmic zinc level
by zinc import, and ZnTs (zinc transporters), which decrease
cytoplasmic zinc level by zinc export [1].

ZIP6 and ZIP10 were initially reported as the key
mammalian zinc transporters in the regulation of immune
cell function [3]. Dendritic cells (DCs) that are differentiated
from hematopoietic bone marrow progenitor cells play
important roles in presenting antigens to T cells as messen-
gers between the innate and the adaptive immune systems

[4]. When DCs are exposed to lipopolysaccharides (LPS), a
ligand for toll-like receptor 4 (TLR4) is fragmented from
the outer membrane of gram-negative bacteria, and intracel-
lular zinc level is drastically decreased for maturation [3].
LPS stimulation activates the TLR4-TRIF axis, resulting in
downregulation of zinc importers ZIP6 and ZIP10 and
upregulation of zinc exporters Znt1 and Znt6. Similar to
LPS, the zinc-chelating reagent, TPEN (N,N,N′,N′-tetrakis
(2-pyridylmethyl)-ethylenediamine), induces a significant
upregulation of the surface expression of the major histo-
compatibility complex (MHC) class II and CD86, leading to
DC maturation. ZIP6 is also an important molecule in CD4
T cells [5]. CD4 T cells are white blood cells that mature in
the thymus from thymocytes and play a central role in
humoral immunity [6]. CD4 T cells express the T cell recep-
tor (TCR) on their surface, which recognizes antigenic
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peptides bound to MHC-α in DCs or other antigen present-
ing cells. TCR activation induces naïve CD4 T cells to
differentiate into several T cell subsets including Th1, Th2,
Th17, and Treg cells. When TCR signaling is activated by
DCs, the ZIP6-mediated zinc level at spatially restricted
regions near the immunological synapse between T cell and
DC is increased [5]. This zinc accumulation inhibits tyrosine
phosphatase SHP-1 recruitment for the negative regulation
of TCR signaling, leading to the activation of the TCR-
LCK-ZAP70 pathway for cell proliferation and cytokine pro-
duction. TCR activation induces ZIP8 expression in human
T cells [7]. ZIP8 is localized to the lysosomal membrane to
transport zinc from the luminal side to the cytoplasm of T
cells during TCR activation. An increased ZIP8-mediated
zinc level blocks calcineurin activity, thereby mediating the
phosphorylation of CREB for IFN-gamma transcription.
This result supports several well-known reports that zinc
deficiency reduces the production of cytokines such as IL-1,
IL-2, and IFN-γ [7–10].

Recent advances have demonstrated that ZIP8 is
important in various immune cells associated with innate
immune function [11]. NF-κB, a central transcription fac-
tor that regulates innate immune responses including
proinflammation pathways, regulates ZIP8 expression in
monocytes, macrophages, DCs, and nonprofessional cells
such as lung epithelia. When TNF-α and LPS bind to
their receptors, IκB kinase (IKK) is activated, leading to
IκBα protein phosphorylation. Phosphorylated IκBα is
then dissociated from NF-κB, which activates NF-κB to
translocate to the nucleus for the transcription of cyto-
kines and ZIP8. ZIP8-mediated zinc upregulation inhibits
IKK upon binding to a specific site within the kinase
domain. Thus, ZIP8 negatively regulates the NF-κB pathway,
indicating that the zinc-ZIP8-NF-κB axis plays crucial roles
during host defense.

B cells play central roles in the adaptive immune system
by producing antibodies. Though ZIP10 is enriched in the
epidermis for epidermal progenitor survival [12, 13], ZIP10
is also essential for B cell survival and proper functioning
[14, 15]. ZIP10-depletion during early B cell development
induces a significant reduction in the B cell population by
increasing apoptosis [15]. In the normal state, ZIP10-
mediated intracellular zinc efficiently inhibits caspases.
However, when ZIP10 is depleted, intracellular zinc level is
decreased, leading to the activation of caspases for apoptosis.
ZIP10 is also important for B cell antigen receptor (BCR)
signaling [14]. ZIP10-depleted mature B cells proliferated
poorly after BCR cross-linking due to the dysregulation of
BCR signaling. In these cells, CD45R phosphatase activity
for BCR signaling is reduced. Taken together, ZIP10 is
indispensable for immature and mature B cell maintenance
for humoral immune responses. Interestingly, in the chicken
DT40 cells, ZIP9 is crucial for BCR signaling by regulating
AKT and ERK [16].

The zinc transporter can indirectly modulate immune
responses. Although ZIP4 is also expressed in the human
epidermis [17], it is mainly expressed in the brush border
of the small intestine for zinc uptake from diet [18].
Thus, mutations in ZIP4 lead to a zinc deficiency in

the body. Though ZIP4 is expressed in intestinal enterocytes,
mutations in ZIP4 leads to acrodermatitis enteropathica
(AE), a type of skin disease involving blistering of the skin
and enhancement of bacterial infection. In AE patients and
mice with zinc-deficient diets (ZD), the skin pathogenic
mechanism is associated with Langerhans cells (LCs) [19].
Zinc deficiency leads to an impaired production of TGF-β1,
which is essential for LCs, leading to, at least in part, LC loss.
Zinc deficiency itself could increase the apoptosis rate,
further leading to LC loss in the skin of AE patients and
ZD mice. The loss of LCs increases the accumulation of
adenosine triphosphate (ATP), released from damaged kera-
tinocytes, in the epidermis, leading to irritant contact derma-
titis. Similarly, zinc transporters restricted to normal human
cells, except immune cells, can mediate immune responses
since normal human cells release many cytokines and com-
pounds that can stimulate immune cells.

Many studies have highlighted the importance of the
ZIP members in immune response; however, relatively
little information about the ZnT members is available.
ZnT5-mediated zinc homeostasis in allergic response is a
well-known phenomenon. ZnT5-depleted mast cells show
reduced Fc epsilon receptor I- (FcϵRI-) induced cytokine
production [20]. ZnT5 regulates FcϵRI-induced transloca-
tion of protein kinase C (PKC) to the cell membrane for
NF-κB-dependent cytokine production. In addition, ZnT8,
which is expressed in β cells and associated with diabetes
[21, 22], may modulate immune cells since diabetes disturbs
the body’s immune system.

Taken together, zinc transporters play indispensable
roles in immune cells. Therefore, understanding the struc-
ture and transport mechanism of zinc transporters could
offer new approaches to develop drugs to treat immune
dysfunction-related diseases.

2. Structure of ZIPs

2.1. ZIP Family. Based on sequence analyses, ZIP family
members contain 8 transmembrane domains (TMDs) as
membrane transport proteins, with a cytoplasmic region
between TM3 and TM4 [23, 24] (Figure 1(a)). The ZIP family
is divided into four subfamilies according to sequence
similarity: subfamilies I, II, gufA, and LIV-1. Subfamilies I,
II, and gufA are phylogenetically closely related [24]. The
LIV-1 subfamily is associated with the estrogen-regulated
gene LIV-1 and is mainly found in mammals [24]. Only
LIV-1 subfamily members contain the HEXXH motif within
TM5; they also exhibit diverse lengths of the N-terminal
extracellular domain (ECD) [24] (Figure 1(a)). The ECD is
very small or is not present in subfamilies I, II, and gufA,
but is highly variable in LIV-1 [1, 25]. In mammals, 14 ZIP
family members have been identified and are referred to as
ZIP1–14. ZIP1, 2, and 3 are classified as the ZIP II subfamily.
ZIP9 belongs to the ZIP I subfamily, and ZIP11 to the gufA
subfamily. The remaining 9 ZIPs are classified as LIV-1 sub-
family members, and the complicated roles of these ZIPs in
mammalian cells may be associated with their ECDs. The
largest cytoplasmic domain (CTD) of ZIP (ZIP-CTD) is
located between TM3 and TM4. ZIP4-CTD is ubiquitinated
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in response to metal cytotoxicity [26]. However, the roles of
ZIP-CTD are unknown [23].

2.2. Structural Overview. Among 14 mammalian ZIP family
members, only ZIP13, a LIV-1 subfamily member, has been
successfully purified from an insect overexpression system
owing to bottlenecks in the overexpression and purification
procedures for other mammalian ZIPs [23]. For precise
biochemical and structural analyses, prokaryotic ZIPs have

been applied to mammalian ZIP research. ZIPB from
Bordetella bronchiseptica was overexpressed, purified from
Escherichia coli, and crystallized to determine the X-ray crys-
tal structure [27]. The crystal structure of ZIPB revealed a
novel 3 + 2+3-TM architecture; the first 3 TMs (TM1 to
TM3) can be superimposed on the last three TMs (TM6–8)
by rotating 180°, and TM4 and TM5 are symmetrically
related and sandwiched by the two 3-TM repeats. This
feature is unique among transporters.
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Figure 1: Overview of ZIP. (a) Topological model of ZIP. ZIP is composed of 8 TMDs with a large N-terminal domain including a PCD and
HRD as well as a CTD. The pseudosymmetric TMs are shown in the same color. Zn2+ binds to the active site made up of TMD4 and 5 via
the conserved HNXXD and HEXXH motifs. (b) Transport mechanism. ZIP has two major conformations, the inward-open and the
outward-open conformations. The PAL motif and TMDs are involved in dimerization.
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2.3. Zinc Binding Site. The crystal structure of ZIPB demon-
strated an inward-open conformation with a binuclear zinc
center in the transport pathway, suggesting the existence
of an outward-open conformation [27] (Figure 1(b)). The
binuclear zinc center is formed by TM4 and TM5 with
several conserved polar amino acid residues (Figure 1(a)).
The HEXXHE motif, a LIV-1-specific motif, is found in
TM5, and a comparative computational model of the ZIPB
structure indicated that this motif serves as the binuclear
zinc center. The ZIPB structure shows multiple conserved
zinc binding sites near the metal exit cavity, indicating
that these sites constitute a route of zinc release to the
cytoplasm. Therefore, it is possible that the conserved
histidine-rich motif found in mammalian ZIPs near TMs
includes multiple zinc binding sites to transfer zinc effi-
ciently from the binuclear zinc center.

2.4. Extracellular Domain. The crystal structure of only the
ECD of ZIP4 (ZIP4-ECD) from Pteropus alecto has been
revealed [25]. The ZIP4-ECD is stabilized by 4 conserved
disulfide bonds. The ZIP4-ECD has two structurally inde-
pendent subdomains with 14 α-helices, a helix-rich domain
(HRD), and a PAL motif-containing domain (PCD) that is
observed only in LIV-1 subfamily members. In particular,
the HRD is conserved in ZIP4 and ZIP12 among 9 LIV-1
subfamily members, and others lack this domain. The
HRD forms a novel protein fold from 156 amino acids from
the N-terminus of ZIP4 and is composed of 9 α-helices, indi-
cating a high α-helical content (73%) (Figure 1(a)). The PCD
is conserved in ZIP4, 5, 6, 8, 10, and 12, but is lacking in
ZIP7 and ZIP13. Interestingly, ZIP7 and ZIP13 are localized
to intracellular compartments, like the ER and Golgi
apparatus [28, 29], suggesting that the HRD and PCD are
associated with their localization. The PCD, a C-terminal
subdomain of ZIP4-ECD, forms from 130 amino acids; it
is composed of 5 α-helices and exhibits a pair of helix-
turn-helix folds. The longest α-helix of PCD possesses the
PAL motif, which is structurally important for dimerization
and stabilization. All of the helices in the PCD are involved
in dimerization, and the PAL motif is at the center of the
dimerization interface. However, ZIP13, which contains a
short ECD with a degenerated PAL motif, also forms a
dimer, suggesting that PCD may not be crucial for dimeriza-
tion in ZIP13. PCD also contains an unstructured histidine-
rich loop with potential roles in metal sensing, transport, or
storage. According to a recent proposal, the cellular prion
protein (PrPC) evolved from ZIP approximately 500 million
years ago, since the cysteine-flanked core (CFC) domain
within PCD shows high structural similarity to PrPC [30].
The PAL motif in PrP also represents a dimerization
interface, similar to ZIP4-ECD [27, 30].

2.5. Oligomerization. ZIP13 has been purified as a homodi-
mer [23] (Figure 1(b)). A purified prokaryotic ZIP, ZIPB in
n-dodecyl-β-D-maltopyranoside (DDM) ran as a dimer on
size exclusion columns based on their apparent detergent-
solubilized molecular weights [27]. Interestingly, purified
ZIPB shows two species, consistent with monomeric and
dimeric states, and both species crystallized under identical

conditions [27]. Moreover, purified ZIP13 sometimes ran
as a monomer in blue native- (BN-) PAGE and Western
blot analyses [23]. The ZIP monomer itself forms a perfect
metal transport channel [27] and accordingly may act as a
metal transporter. ZIP6 and ZIP10 reportedly form a het-
erodimer that is critical for the epithelial-to-mesenchymal
transition [31]. Thus, the dimeric state might have further
functions, for example, in signal transduction.

2.6. Transport Mechanism. The zinc transport mechanism
is still controversial and depends on the type of ZIP. Early
cell-based assays using isotopes have revealed that zinc
flux via ZIP2 is time-, temperature-, and concentration-
dependent and saturable with an apparent Km of 3μm
in transfected K562 erythroleukemia cells [32]. ZIP2 activity
was not affected by ATP, K+, or Na+ gradients, but was signif-
icantly stimulated by HCO3

− treatment with high affinity to
the first zinc and the next cadmium, suggesting a Zn2+-
HCO3

− symporter mechanism [32]. ZIP8, which is involved
in cadmium-induced toxicity in the testis [33], shows a
Mn2+-HCO3

− symporter mechanism in ZIP8 cDNA-stable
retroviral-infected mouse fetal fibroblasts in physiological
conditions [34]. Previous reports have shown that the Km
for Cd2+ uptake by ZIP8 is 0.62μM, and the Km for Mn2+

uptake is 2.2μM with a low affinity to Zn2+. However, ZIP8
shows a Zn2+-HCO3

− symporter mechanism with an influx
of two HCO3

− anions per one Cd2+ (or one Zn2+) cation,
that is, electroneutral complexes, in an electrogenicity
study of ZIP8 cRNA-injected Xenopus oocytes [35]. Cad-
mium (Cd2+) and zinc (Zn2+) uptake have Vmax values of
1.8± 0.08 and 1.0± 0.08 pmol/oocyte/h, and Km values of
0.48± 0.08 and 0.26± 0.09μM. Many other metal trans-
porters on the surface of mammalian cells might obscure
these effects. Xenopus oocytes have negligible amounts of
interfering transporters, but proper protein folding and dis-
tribution are sometimes a bottleneck in the determination
of the precise transport mechanism. To resolve this issue, a
proteoliposome-based kinetic analysis using purified ZIPB,
a prokaryotic ZIP, has been applied to determine the trans-
port mechanism. Similar to a zinc-selective channel, zinc flux
via ZIPB was nonsaturable for a zinc concentration of up to
2mM and was electrogenic [36], and this transport mecha-
nism is consistent with ZIP2 [37]. However, this is inconsis-
tent with the results of previous cell-based and electrogenic
analyses, further emphasizing the lack of clarity regarding
the zinc transport mechanism of mammalian ZIPs.

The crystal structure of ZIPB revealed that the eight TMs
are grouped into two units, one including TM1, 4, 5, and 6
and another including the other four TMs as a traditional
membrane carrier involving significant conformational
changes [27] (Figure 1(b)). The solved crystal structure
indicating an inward-open conformation of ZIPB without
open entrances toward the extracellular space has a filter-
like histidine 177 (H177) in the metal pathway below the
metal binding sites toward the cytosol. H177 adopts two con-
formations for metal release from metal binding site 1. Below
H177 toward the cytosol, where the exit cavity is located, a
histidine-rich loop connecting TM3 and 4 probably facilitates
zinc release as a “metal sink.” Though a proteoliposome-
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based kinetic analysis has revealed that ZIPB mediates zinc
influx as a channel, the crystal structure of ZIPB implies that
ZIPB may act as a transporter [27, 36]. The crystal structure
for the outward-open conformation is needed to resolve this
inconsistency. Zinc influx through ZIPB is extremely slow
compared with typical ion channels; accordingly, ZIPBmight
adopt a unique mechanism that it uses to intermediate
between typical transporters and channels.

3. Structure of ZnTs

3.1. ZnT Family. ZnTs belong to a superfamily of cation
diffusion facilitators (CDF) observed in a wide range of taxa,

including plants, bacteria, and fungi [38]. In mammals, at
least 10 ZnT members have been identified [1, 38]. They
are predicted to have six TMDs, except for ZnT5, which
has additional TMDs, and their N- and C-termini face
the cytoplasm, unlike those of ZIPs [1, 38] (Figure 2(a)).
ZnTs show a histidine/serine-rich loop with diverse lengths
between TM4 and TM5. Interestingly, ZnTs contain a large
CTD at the C-terminus with a copper chaperon-like archi-
tecture, despite a lack of sequence homology [39]. This
domain is important in diabetes research since variants
of ZnT8 in the CTD are associated with diabetes risk
[40]. Especially, variant W325R in the CTD increases the
risk of developing diabetes by affecting thermostability.

C
CTDN

Charge interlock
(salt bridge)

1 2
345

6

Histidine-rich loop
Zn2+ in a conserved site
Zn2+ in a nonconserved site (YiiP)

H
XX

XD

H
XXXD

(a)

CytosolCytosol

CTD CTD CTD CTD

TMD TMD

TMD TMD

L152 gate

Charge interlock
(salt bridge)
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Figure 2: Overview of ZnT. (a) Topological model of ZnT. TMDs of ZnT are divided into two groups; TM1, 2, 4, and 5 form one bundle and
TM3 and 6 form the other bundle. TM2 and TM4 share the Zn2+ binding site via HXXXDmotifs. TM3 and 6 trigger the charge interlock that
stabilizes the dimeric conformation. (b) Transport mechanism. ZnT has two major conformations, the inward-open and outward-open
conformations, similar to ZIP. CTDs contain 4 Zn2+ that are not transported across the lipid bilayer but contribute to the stabilization of
dimerization in a zinc-dependent manner. In the YiiP crystal structure, one Zn2+ is found in the link between the TMD and CTD (pink circle).
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Moreover, ZnT8 is a major autoantigen in type 1 diabetes,
implying that the variant conformation of the CTD affects
antigen recognition [41].

Though the first ZnTs were identified by selecting zinc-
resistant baby hamster kidney cells [42], the overexpression
and purification of mammalian ZnTs such as ZnT8 have
become a success in recent years [43]. Instead, a prokaryotic
CDF member has been well studied. YiiP from E. coli has
been overexpressed, purified [44], and finally crystallized to
determine its atomic structure [39].

3.2. Structural Overview. The crystal structure revealed that
YiiP exhibits a unique Y-shaped structure formed by two
monomers [39] (Figure 2(b)). Two TMDs of each monomer
swing outward and plunge into the membrane at a 60° angle.
The void space between two TMDs from each monomer is
thought to be filled with phospholipids in vivo. In each
monomer, helixes in the TMD could be divided into two
groups; TM1, 2, 4, and 5 form a compact four-helix bundle
and TM3 and 6 cross over in an antiparallel conformation
outside the bundle to support the dimerization between
monomers by conserved hydrophobic interactions at each
TMD-TMD interface [39, 45]. At the dimer interface, Lys77
in TM3 and Asp207 from the intracellular loop that connects
TM6 and the CTD stabilize the TM3-TM6 pairs by forming
four interlocked salt bridges.

The crystal structure of YiiP reveals that the helix-
breaking proline residue is lacking in TMDs of YiiP, indi-
cating the limited conformational flexibility when zinc is
transported [39]. However, TM5 is relatively short, with
2 residues among 4 coordinating residues in a tetrahedral
arrangement for binding to one Zn2+ [45], suggesting that
TM5 movement is a major event in zinc transport. The
remaining 2 residues for completing the tetrahedral coordi-
nation for single Zn2+ binding are located on TM2. These
evolutionarily conserved Zn2+ binding sites are located near
the bottom of the extracellular cavity in the structure of
YiiP, indicating that the solved crystal structure is the
outward-open conformation (Figure 2(b)). Though the
intracellular cavity is between the TMD and CTD, Zn2+

binding residues are not present, further suggesting that
the solved crystal structure of YiiP is not the inward-
open conformation.

Recent cryoelectron microscopic analysis using a YiiP
homolog from Shewanella oneidensis shows the inward-
open conformation for the cytoplasmic cavity [46]. The
cryoelectron structure reveals that YiiP forms a still mono-
dimer, without apparent conformational changes in CTDs.
However, the cytoplasmic sides of TMDs involve signifi-
cant conformational changes, producing dimeric interac-
tions via TM3 and 6, resulting in interactions between
the monomers in the whole regions of TM3 and TM6.
Though the periplasm region of the compact four-helix
bundle (TM1, 2, 4, and 5) moves closer to the two-helix
bundle (TM3 and TM6) in the cryoelectron structure,
the cytosol part of the four-helix bundle moves away from
the two-helix bundle. Therefore, the cryoelectron struc-
ture of YiiP has a cytoplasmic cavity with an inward-open
conformation (Figure 2(b)).

3.3. Zinc Binding Site and Oligomerization. Each YiiP
monomer in the crystal structure has three Zn2+ binding sites
[39, 45] (Figure 2). For transport across the lipid bilayer, Zn2+

is located in the center of the TMD by tetrahedral coordina-
tion via four residues from Asp45, Asp49 in TM2 and
His153, and Asp157 in TM5. This coordination indicates
that Zn2+ is completely surrounded by amino acid residues
from TMs, and not by any other outer-shell constraints, like
a water molecule. Thus, no breaking of the outer shell is
needed to mediate Zn2+ release and accordingly little reorien-
tation of TM2-TM5 could efficiently induce Zn2+ binding or
release. The tetrahedral coordination prefers Zn2+ and Cd2+,
not Fe2+, Ca2+, Mn2+, and so on, further suggesting that YiiP
is a zinc transporter.

The intracellular loop (IL1) of YiiP that connects TM2
and TM3 includes a single Zn2+ binding site [39, 45]
(Figure 2(a)). These sites are only observed in the YiiP
sequences, indicating that they may not be conventionally
important in ZnTs. However, several observations suggest
that they may be functionally significant in some ZnT family
members: (1) His71 that serves as a Zn2+ binding residue
interacts with Gln203 in TM6 of the other monomer,
(2) IL1 contains many zinc binding residues in some
ZnT family members, and (3) this Zn2+ binding site is
located near a cluster of highly conserved residues in the
cytosolic region of TM3 at the dimer interface. Therefore,
Zn2+ binding may be important for dimerization via direct
or indirect interactions (hydrogen bonds or van der Waals
forces) across the dimer interface.

Four bound Zn2+ are found at the CTD interface in the
YiiP crystal structure [39, 45] (Figure 2(b)). These Zn2+ are
coordinated by highly conserved residues, including exten-
sive outer-shell constraints and water molecules. Some of
the neighboring residues interact with these conserved
residues, resulting in bidentate hydrogen bonds, thereby
establishing a well-arranged network of outer-shell interac-
tions. In addition, the bound Zn2+ shows resistance to EDTA
chelation. As a result, Zn2+ binding at the CTD interface
stabilizes the CTD-CTD interaction, thus strengthening the
dimerization of YiiP monomers.

3.4. Cytoplasmic Domain and Oligomerization. The CTD
exhibits a high structural similarity with that of the copper
chaperone Hah1 [47, 48]. Despite low sequence similarity
between the CTD and Hah1, they share an αβ-βα core
structure. Since metallochaperones and their targets share a
metallochaperone domain, a zinc chaperone that binds to
YiiP and transfers zinc might exist. However, to date, a zinc
chaperone has not been reported.

In the crystal structure of YiiP, the two positively charged
protein surfaces of the CTD interface are held by four Zn2+

ions [39, 45]. If Zn2+ is absent from these sites, electro-
static repulsion pushes each CTD monomer away. The
site-directed fluorescent resonance energy transfer (FRET)
measurements using the CTD-labeled full-length purified
YiiP protein shows that Zn2+ binding triggers hinge move-
ment, pivoting around the (Lys77-Asp207)2 charge interlock
on the cytoplasmic membrane surface. However, the cryoe-
lectron structure of the apo-zinc form of a YiiP homolog
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based on 2D crystallization is identical to the crystal structure
of the zinc-bound form of a CTD, without any apparent
conformational changes [46]. These results imply that CTDs
are important for the stabilization of the dimeric state, and
thus TMD movement for zinc transport may occur without
substantial CTD conformational changes.

The crystal structures of several bacterial CTD homologs
have been solved and used for modeling analyses of mamma-
lian ZnT [49, 50]. The apo and zinc forms of the CTD in
CzrB from Thermus thermophilus reveal that only CTDs
without TMDs could form a V-shaped dimer, and they show
substantial zinc-dependent conformational changes [49].
Three Zn2+ ions are found in the monomer-monomer
interface and their binding triggers a dramatic reorientation
of the two monomers by a shift of about 40° through electro-
static repulsion. The crystal structure of the CTD from
another CDF family member, MamM, in Magnetospirillum
gryphiswaldense has also been solved [50]. However, only
the apo form of the CTD has been solved, since the cation-
bound form is limited by severe precipitation. The MamM-
CTD also forms a V-shaped dimer, and metal binding trig-
gers conformational changes. In general, CTD structures
without TMDs are distinct from the full-length structure of
YiiP. Therefore, the action/role of the CTD is still controver-
sial. In the full-length structure of YiiP, CTDs are fastened by
the charge interlock, which may prevent the dramatic move-
ment of the CTD, as observed in the CTD-only structures of
CzrB and MamM [39, 45, 49, 50].

3.5. Transport Mechanism. Using the purified YiiP protein,
zinc efflux occurs via a Zn2+/H+ antiporter [44]. YiiP medi-
ates Zn2+ efflux to the outside of cells or to the luminal side
of the intracellular compartment. At the same time, H+ ions
are transported into the cytoplasm. Therefore, YiiP requires
a proton motive force to mediate Zn2+ efflux. Indeed, iso-
thermal titration calorimetric analyses have revealed that
YiiP-mediated efflux is coupled with proton influx in a 1 : 1
zinc-for-proton exchange stoichiometry [44]. Zn2+ binding
drives an all-or-nothing change in water accessibility to the
transport site by the L152 gate in TM5 [51] (Figure 2(b)).

4. Conclusions

ZIPs and ZnTs play pivotal roles in the maintenance of
cellular zinc homeostasis. Interestingly, both form dimers
and share a traditional transport mechanism, including
two major conformational states, that is, inward-open and
outward-open. Their zinc binding sites are solved based on
the crystal structures, providing insight into the zinc trans-
port mechanism and providing a basis for drug development.
Drugs that work as agonists are largely divided into two
groups, “potentiators” and “correctors” [52]. Potentiators
are compounds that stabilize transporters by binding to the
specific site of transporters. Structure and biochemical data
indicate that CTDs of ZnTs are involved in protein stability.
Based on this, compounds that bind to CTDs of ZnTs can be
classified as potentiators. Furthermore, drugs that directly
bind near the active pore of transporters to stabilize the active
conformation could increase the transport activity and may

thus be classified as potentiators. In addition, compounds
that regulate the degradation of transporters could be correc-
tors. Many molecules involved in the degradation of zinc
transporters are largely unknown. Thus, studies on the
degradation and regulatory machinery for zinc transporter
maintenance are strongly needed. Compounds that desta-
bilize transporters could be useful as antagonists since
the hyperactivation of zinc transporters may be related to
immune dysfunction. Furthermore, ECDs of ZIP are very
unique, but are similar to prions. Prion binding compounds
could be screening targets to develop drugs.

Altogether, additional studies of the ECD and CTD may
extend our knowledge of the diverse signaling mechanisms
and their roles in disease pathogenesis. Therefore, a more
precise understanding of the structures of ZIPs and ZnTs
would be helpful to regulate immune cells, treat human
diseases, and improve health life.
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Intravenous immunoglobulins (IVIGs) are widely used in replacement therapy of primary and secondary immunodeficiency
disorders and in approved autoimmune indications. In addition, IVIG application is used off-label for treatment of other
autoimmune diseases, e.g., multiple sclerosis (MS), an inflammatory autoimmune disorder with a clear T cell-mediated immune
pathogenesis. The trace element zinc is shown to play a regulatory role in the maintenance of immune functions. Changes of
zinc homeostasis affect both the innate and the adaptive immune system. On one hand, therapeutic zinc supplementation can
normalize impaired immune functions due to zinc deficiency. On the other hand, therapeutic zinc supplementation is under
consideration as a possible option to treat T cell-mediated autoimmune diseases. The aim of the present study was to investigate
the influence of IVIG (Octagam®), zinc aspartate (Unizink®), and the combined application of both preparations in the
experimental autoimmune encephalomyelitis (EAE), the animal model of MS. Therapeutic intraperitoneal application of zinc
aspartate significantly diminished clinical signs during the relapsing-remitting phase of EAE in SJL/J mice. In contrast, IVIG
given in a therapeutic manner did not influence the course of EAE. Interestingly, the combined application of both, IVIG and
zinc aspartate, significantly reduced the severity of the disease during the acute and the relapsing-remitting phase of the EAE.
Our data suggest that the combination of IVIG and zinc aspartate may have beneficial effects in autoimmune diseases, like MS.
Further studies should verify the benefit of a controlled immunosuppressive therapy with IVIG and zinc for such diseases.

1. Introduction

The chronic autoimmune disease multiple sclerosis (MS) is
the most frequent demyelinating disease of the central ner-
vous system (CNS) with a prevalence of 0.1% in Northern
America and Europe. MS can affect all functional systems
of the CNS, leading to symptoms like weakness of one or
several limbs, optic neuritis, cerebellar or brainstem dysfunc-
tion, sensory deficits, and cognitive impairment [1, 2]. The
experimental autoimmune encephalomyelitis (EAE) is the
accepted animal model of MS. EAE is characterized as a
T cell-mediated autoimmune disease, driven by CNS inflam-
mation, demyelination, and neuronal loss [3, 4].

The trace element zinc is shown to be essential for a
wide range of physiological processes, including cell and
tissue differentiation, proliferation, and apoptosis. Zinc is
involved in the regulation of numerous structural and cat-
alytic functions, in protein-protein interactions, and in sig-
nal transduction of several cell types [5–8]. An impairment
of zinc homeostasis by genetic defects and/or zinc defi-
ciency affects both the components of the innate and the
adaptive immune system, whereas therapeutic zinc supple-
mentation normalizes the diminished immune functions
due to zinc deficiency [9]. In contrast, high dosages of
zinc suppress functions of immune cells, particularly of
T cells [6, 8, 10, 11].
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Based on these observations, therapeutic zinc supple-
mentation is considered for a long time as a possible option
for T cell-mediated autoimmunity [6, 8]. To clarify, whether
T cells could be potential targets of zinc supplementation in
autoimmune diseases like MS, recently, we investigated the
effect of zinc aspartate on T cell activation in vitro and on T
cell-mediated autoimmunity in vivo. We have previously
shown that zinc aspartate (Unizink®), a commercially avail-
able zinc supplement, is capable of suppressing the prolifera-
tion as well as Th1/Th2/Th17 cytokine production of human
stimulated T cells and activated mouse splenocytes in vitro
[10, 11]. Moreover, intraperitoneal (i.p.) administration of
a medium-range dose of zinc aspartate in a therapeutic
manner led to a significant reduction of the clinical severity
of the EAE [10]. Thus, the trace element zinc is the only
nontoxic metal which has the special capacity to suppress
the proliferation as well as cytokine production of activated
T cells and to be highly potent in the active EAE in mice.

Intravenous immunoglobulin (IVIG) preparations con-
tain pooled immunoglobulin G (IgG) from the plasma of
approximately thousand blood donors. IVIGs are used in
a variety of conditions, especially in replacement therapy
of primary and secondary immunodeficiency disorders,
in approved autoimmune diseases, and in off-label indica-
tions for several autoimmune diseases [12]. IVIGs are cur-
rently being used as part of an “off-label” therapy in MS,
particularly as a prophylactic approach in pregnant MS
patients [13–15]. First studies have shown their efficacy
in EAE [16, 17].

Concerning the combined application of IVIG and zinc
preparations in EAE, no studies exist as yet. Thus, we wanted
to answer the question whether the combination of IVIG and
zinc aspartate is effective in EAE as an animal model of MS.

2. Materials and Methods

2.1. Materials. IVIG (Octagam®) was purchased from Octa-
pharma GmbH (Langenfeld, Germany) and zinc aspartate
(Unizink®) from Köhler Pharma GmbH (Alsbach-Hähnlein,
Germany). Proteolipid protein (PLP) peptide (p)139–151, cor-
responding to the mouse sequence (HSLGKWLGHPDKF)
was synthesized on a peptide synthesizer and purified
by HPLC.

2.2. Mice. Female SJL/J mice, age 10–12 weeks, were pur-
chased from JANVIER LABS (Le Genest-Saint-Isle, France)
and housed in the animal facilities of the medical faculty of
the Otto-von-Guericke-University, Magdeburg. All proce-
dures were conducted according to protocols approved by
the Institutional Animal Care and Use Committee (number
42502-2-781 UniMD).

2.3. Induction, Treatment, and Evaluation of Active EAE.
Female SJL/J mice were immunized subcutaneously (s.c.) in
depots distributed over 4 spots across the flanks with
200μg PLP (p)139–151 in 0.2ml emulsion consisting of
equal volumes of PBS and complete Freund’s adjuvant
(CFA; Sigma, Taufkirchen, Germany), containing 4mg/ml
of Mycobacterium tuberculosis H37Ra (Difco, Detroit, MI).

200 ng pertussis toxin (PTX; List Biological Laboratories,
Campbell, CA) was administered intraperitoneally (i.p.) at
days 0 and 2 [18].

For therapeutic treatment, the mice received IVIG
(10mg/day), 30μg/day zinc aspartate or both preparations
intraperitoneally (i.p.) from day 11 to day 15 or from day
11 to day 19 after immunization. Equal volumes of
phosphate-buffered saline (PBS) served as vehicle controls.

The mice were scored daily for clinical signs of EAE
according to the following increasing severity scale: 0: no dis-
ease; 1: tail weakness (tail plegia); 2: hindlimb paraparesis
and/or weak righting reflex; 3: hindlimb paraplegia; 4: para-
plegia with forelimb weakness or paralysis; and 5: moribund
animals. Mice with intermediate clinical signs were scored in
0.5 increments. For reasons of animal welfare, the mice were
killed when reaching a score of 3 or above. Daily clinical
scores were calculated as the average of all individual disease
scores of each group [18].

2.4. Histological Analysis. For histological analysis, the mice
were euthanized at day 20 postimmunization. Spinal cords
were removed, fixed in 4% paraformaldehyde, embedded in
paraffin, and stained with hematoxylin and eosin (H&E).
Thoracic and lumbar spinal cord sections were evaluated,
and total numbers of inflammatory foci were determined
by an examiner blinded to the treatment status of the animal.

2.5. Statistical Analysis. Statistical comparison of EAE disease
severity was accomplished by performing a Mann Whitney
analysis as described previously [19]. Statistical analyses of
the histological data were performed by the ANOVA test
using the GraphPad Prism software (version 5.0).

3. Results

3.1. Influence of Preventive and Therapeutic Application of
IVIG on the Clinical Course of EAE. Recently, we could show
that i.p. administration of 30μg/day zinc aspartate in a ther-
apeutic manner led to a significant reduction of the clinical
severity of the EAE in SJL/J mice [10].

In order to characterize the effect of IVIG application in
active EAE, SJL/J mice were immunized with PLP (p)139–
151. IVIGs (10mg/day) were given i.p. in a preventive
(treated from day 1 to day 10 after immunization) or in a
therapeutic manner (treated from day 11 to day 19). PBS
treatment served as vehicle control. We observed that the
IVIG preparation was capable of diminishing the severity of
EAE only in a preventive application (Figure 1(a)). In con-
trast, therapeutic administration of IVIG alone had no effect
on the severity of EAE (Figure 1(b)).

3.2. Effects of Therapeutic Application of IVIG, Zinc
Aspartate, and the Combination of Both on Clinical Signs of
EAE. Next, we wanted to answer the question whether the
therapeutic application of IVIG in combination with zinc
aspartate can diminish the severity of the clinical course of
EAE. The mice were treated i.p. with 10mg/day IVIG,
30μg/day zinc aspartate or with IVIG and zinc aspartate
in combination from day 11 to day 15. As shown in
Figure 2(c), the combination of IVIG and zinc aspartate
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caused a rapid remission of the acute phase of EAE and
prevented further relapses. The mice treated with IVIG
and zinc aspartate showed already in the acute phase of
disease a significantly lower severity of the EAE (mean
score of 0.5) than the mice of the PBS-treated control
group (mean score 2.25). Moreover, the mean EAE score
of the treated group was significantly lower than that of
the control group in the first relapse of the disease.

As expected, therapeutic IVIG application alone from
day 11 to day 15 after immunization showed no positive
effect on the severity of the EAE (Figure 2(a)), whereas the
therapeutic application of zinc aspartate led to an improve-
ment in the clinical setting in the active phase and first
relapse (Figure 2(b)). However, this effect was not as strong
as the effect of the combination of IVIG and zinc aspartate.

This observation indicates a synergistic effect of IVIG and
zinc in the treatment of relapsing-remitting EAE in mice.

Confirming the clinical data, histopathological analysis of
EAE spinal cord tissues showed significantly decreased num-
bers of total inflammatory foci in EAE mice, which were
treated i.p. with zinc aspartate or with the combination of
zinc aspartate and IVIG from day 11 to day 15 (Figure 3).

Since therapy over a time period of 5 days already
showed a significant improvement of EAE severity, we next
investigated the combined effect of IVIG and zinc aspartate
in a prolonged treatment protocol from day 11 to day 19
after immunization (Figure 4). In this experiment, the com-
bination showed also a rapid improvement of the clinical
picture in the acute phase of EAE (from day 12 to day 27)
compared to the PBS control group. In addition, the first
relapse of EAE in the group of treated animals was almost
completely prevented (from day 47 to day 84). Only after a
time period of 100 days after immunization the clinical
course of both groups did not show any differences. Overall,

these experiments establish the combination of IVIG and
zinc as an effective treatment for relapsing-remitting EAE.

4. Discussion

In the past twenty years, it has been demonstrated that zinc is
a key regulator of the immune system, capable of stimulating
or suppressing different immune cells in vitro and in vivo in
a dose- and cell type-dependent manner [6, 8]. Zinc has
been reported to affect several cytokine-signalling cascades
[20, 21]. We could show that zinc aspartate suppresses pro-
liferation as well as interleukin- (IL-) 2, interferon- (IFN-) γ,
IL-10, and IL-17 production of stimulated human and mouse
T cells in vitro [10, 11].

Changes of zinc homeostasis affect both the innate and
the adaptive immune system. On one site, impaired immune
function due to zinc deficiency can be normalized by thera-
peutic zinc supplementation [9]. Several authors suggested
therapeutic zinc supplementation as a possible option in T
cell-mediated autoimmunity [6, 8]. Recently, we could show
that i.p. administration of a medium-range dose of 30μg/day
zinc aspartate in a therapeutic manner reduced significantly
the clinical severity of the EAE [10]. Moreover, oral adminis-
tration of 12μg/day zinc aspartate led to a significant reduc-
tion of the clinical severity of the EAE during the relapses of
the disease [11].

In the absence of other therapeutic options, IVIG is used
as part of an “off-label therapy” in several autoimmune dis-
eases and, e.g., for the postpartum prophylaxis of MS in preg-
nant women [15, 22]. The work of several groups has well
documented that IVIGs modulate the immune system, but
the exact mechanism is still not clear. IVIG is shown to block
Fc receptors in mononuclear phagocytes, to suppress MHC
antigen presentation and antigen recognition by the T cell
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Figure 1: Effects of preventive and therapeutic application of IVIG on clinical signs of EAE. EAE was induced by immunization of SJL/J
mice with PLP (p)139–151 as described in Materials and Methods. Mice were treated i.p. in a preventive manner from day 1 to day 10
(a) or in a therapeutic manner from day 11 to day 19 (b) with 10mg/day IVIG. PBS treatment served as vehicle control. Treatment
periods are indicated by the horizontal bar. Clinical disease scores were recorded daily. Data are presented as daily averages± SEM of
disease scores from 5 mice per treatment group. Significance is indicated by the horizontal bar above the curves. ∗ indicates a significance
of p < 0 05 (Mann Whitney analysis).
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receptor, to decrease the expression of proinflammatory
cytokines, to block autoantibodies, and to induce regulatory
T cells [23, 24]. Additionally, a functional role of the immu-
nosuppressive cytokine transforming growth factor-β (TGF-
β) was suggested for IVIG. Kekow et al. [25] reported that
substantial amounts of latent TGF-β are present in commer-
cially available IVIG preparations.

Comparing the effect of prophylactic and therapeutic
IVIG administration on the course of active EAE in SJL/J
mice, we found that IVIGs are capable of diminishing the
severity of EAE in this animal model only after preventive
application. This is in line with studies by other authors
[16, 17]. The therapeutic administration of IVIG did not
affect the severity of the EAE.

So far, no studies exist concerning the combined applica-
tion of IVIG and zinc preparations in EAE. Thus, in the pres-
ent study, we asked the question whether the combination

of IVIG and zinc aspartate is effective in active EAE in
SJL/J mice. Therefore, we combined the application of
IVIG and zinc aspartate in a therapeutic manner and
observed a significant reduction of the severity of the dis-
ease relapses. The therapeutic treatment with IVIG showed
no effect on the acute phase of EAE or the further course.
The therapeutic administration of zinc prevented the first
relapse of the EAE but had no significant effect on the
acute phase of the disease. Interestingly, the combined
application of IVIG and zinc caused a rapid remission of
the acute phase of EAE and prevented further relapses.
Only about 100 days after the therapy, the course of dis-
ease of treated mice matched the course of the control
group. This therapeutic effect not only was clinically evi-
dent from the EAE score but also could be demonstrated
histologically. The number of inflammatory foci in the spi-
nal cord was significantly reduced in animals treated with
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Figure 2: Effects of therapeutic application of IVIG, zinc aspartate, and the combination of both on clinical signs of EAE. EAE was induced by
immunization of SJL/J mice with PLP (p)139–151. Mice were treated i.p. from day 11 to day 15 with 10mg/day IVIG (a), 30μg/day zinc
aspartate (b), or combination of 10mg/day IVIG and 30 μg/day zinc aspartate (c). PBS treatment served as vehicle control. Treatment
periods are indicated by the horizontal bar. Clinical disease scores were recorded daily. Data are presented as daily averages± SEM of
disease scores from 10 mice per treatment group. Significance is indicated as horizontal bar above the curves. ∗ indicates a significance of
p < 0 05 (Mann Whitney analysis).

4 Journal of Immunology Research



zinc aspartate alone or with the combination of IVIG and
zinc compared to the control group. Further studies should
be performed to investigate the effect of the combined
treatment of zinc aspartate and IVIG after the first and/
or second relapse of EAE.

For both MS and EAE, a T cell-mediated pathogenesis,
in which Th1 and Th17 cells play a crucial role, is discussed
[26, 27]. Both IVIG and zinc preparations are capable of
interfering with regulatory proteins of the immune cells.
In CD4+ T cells, the binding of zinc to STAT3 leads to a
change in the α-helix structure of this protein, which subse-
quently prevents STAT3 activation and inhibits differentia-
tion to Th17 cells [28]. IVIGs are shown to suppress Th17

differentiation by inhibiting STAT3 phosphorylation and
ROR-γt expression [29–31].

Recently, it was demonstrated in the EAE animal model
that IVIG can inhibit the initiation of pathogenic immune
response by inhibiting the polarization of naïve T cells into
Th17 and Th1 cells, simultaneously increasing regulatory
T (Treg) cells [32].

Furthermore, it is known that the immunosuppressive
cytokine TGF-β1 in the absence of proinflammatory cyto-
kines like IL-6 inhibits the expression of ROR-γt in CD4+

T cells and subsequently the differentiation to Th17 cells
[33]. The IVIG preparation used in our study contained
11.10 ng/ml latent TGF-β1 as measured by a specific ELISA

Zinc

PBS IVIG

IVIG + zinc

(a)

PBS IVIG Zinc IVIG + zinc
0

20

40

60

80

100

120

⁎

⁎

In
fla

m
m

at
or

y 
fo

ci
 (n

)

(b)

Figure 3: Effect of therapeutic application of IVIG, zinc aspartate, and the combination of both on formation of inflammatory lesions in the
CNS of EAEmice. EAE was induced by immunization of SJL/J mice with PLP139–151. Mice (n = 4 per group) were treated daily i.p. with 10mg/
day IVIG, 30 μg/day zinc aspartate, the combination of both preparations, or vehicle control from day 11 to day 15. Spinal cords were
extracted on day 20, fixed in 4% paraformaldehyde, and embedded in paraffin. Sections were stained with H&E. (a) Representative
histology of spinal cord longitudinal sections. Inflammatory infiltrations were visualized by H&E staining. The arrowheads show a typical
heavy inflammatory cellular infiltration; original magnification ×200. (b) Inflammatory foci in H&E-stained spinal cord cross sections
were quantified. Data represent the mean number of inflammatory foci + SEM; ∗p < 0 05 (ANOVA).
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system (data not shown). This is in line with earlier observa-
tions [25].

In order to perform its function, latent TGF-β must be
activated, which is realized in vivo especially by various pro-
teases. These include endoproteases like matrix metallopro-
teases (MMP) [28, 34]. Interestingly, zinc is involved in the
regulation of several of these enzymes [35].

The present work shows a significant improvement of the
clinical course of EAE under zinc or zinc and IVIG adminis-
tration. The results suggest that the combination of zinc and
IVIG is capable of inhibiting the proliferation of Th1 and
Th17 cells and thus suppressing the CNS inflammatory
response during EAE. In addition, it was shown that the
combination of IVIG and zinc significantly reduces the sever-
ity of the EAE in comparison to the administration of zinc
aspartate alone.

In addition to Th1 and Th17 cells, CD4+CD25+FoxP3+

Treg cells play also an important role in the pathogenesis of
EAE and MS [28, 36, 37]. For this reason, it should be exam-
ined in future studies to what extent zinc and IVIG have an
effect on the induction of regulatory T cells in the CNS.
Moreover, further preclinical and clinical studies will help
to clarify whether the combined application of IVIG and zinc
can be beneficial for the treatment of T cell-mediated autoim-
mune diseases like MS.
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