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Abstract: The first manifestations that appear under zinc deficiency are skin defects such as dermatitis,
alopecia, acne, eczema, dry, and scaling skin. Several genetic disorders including acrodermatitis
enteropathica (also known as Danbolt-Closs syndrome) and Brandt’s syndrome are highly related
to zinc deficiency. However, the zinc-related molecular mechanisms underlying normal skin
development and homeostasis, as well as the mechanism by which disturbed zinc homeostasis causes
such skin disorders, are unknown. Recent genomic approaches have revealed the physiological
importance of zinc transporters in skin formation and clarified their functional impairment in
cutaneous pathogenesis. In this review, we provide an overview of the relationships between
zinc deficiency and skin disorders, focusing on the roles of zinc transporters in the skin. We also
discuss therapeutic outlooks and advantages of controlling zinc levels via zinc transporters to prevent
cutaneous disorganization.
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1. Introduction

Zinc is an essential micronutrient obtained from food and drink [1]. Zinc is abundantly contained
in mollusks such as oysters and in crustaceans such as crabs and crayfish [2]. The biological role
of zinc was first revealed in 1869 by Raulin, who showed that zinc is essential for the growth
of Aspergillus niger [1]. Subsequently, its importance for rodent growth was demonstrated using
experimental rats in 1934 [1,3]. However, zinc’s physiological role in humans was unknown until
1961 when zinc deficiency in humans was discovered [4]. Zinc is associated with growth, gonad
development, immune function and pregnancy outcome improvement, and hair loss prevention [1,5,6].
In 1961, growth retardation and hypogonadism observed in Iranian and Egyptian adults were reported
to be associated with zinc deficiency, which was closely related to dietary habits [4,7,8]. Middle Eastern
diets typically include bread and beans, which contain large quantities of phytate [9]. Phytate has a
negative effect on zinc absorption, thereby causing zinc deficiency. Zinc deficiency is also observed in
vegetarians, single people, alcoholics, dieters, pregnant women, and the malnourished in developing
and developed countries [4]. In this review, we outline the characteristics of zinc transporters and
identify skin phenotypes of their knockout mouse models and human skin genetic diseases caused
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by mutations in zinc transporters. Furthermore, we discuss how zinc deficiency impacts normal skin
development and homeostasis, based on the most recent research.

2. Zinc Homeostasis in Skin

2.1. Skin Structure

The skin largely consists of three layers [10,11]. The epidermis functions as a barrier to protect
the interior from direct contact with the external environment. The dermis supports the epidermis by
filling the skin volume with fibers. The hypodermis is present under the dermis and is composed of
subcutaneous fat layers [10–12].

The epidermis is a cell layer composed of keratinocytes, the basal layer of which contains
progenitor cells (called basal cells) at the interface with the dermal layer. These cells gradually
proliferate perpendicularly to the basal layer. At the same time, they differentiate into spinous cells
and induce keratinization while undergoing enucleation [10]. Spinous cells are first differentiated from
the basal layer and produce keratin, which contributes to tight cell-to-cell adhesion [10,11]. These cells
then differentiate into granular cells that are rich in keratohyalin and eject lipids and proteins, as well
as connect keratin fibers with higher density [10–12]. Next, the granular cells immediately die after
denucleation and form corneocytes that are eventually pushed up to the surface of the skin, resulting
in a firm stratum corneum, the outermost layer of the dermal barrier.

Most of the dermis consists of collagen, elastin, and the polysaccharide hyaluronan, which is
produced by fibroblasts [10–12]. There are various nerves, blood vessels, hair follicles, sweat glands,
macrophages, and T-cells, which play important roles in the secondary function of skin sensation
and immunity [4,13–15]. Upon aging or ultraviolet (UV) stimulation, the levels of these substances
are decreased, leading to the production of matrix metalloproteinases (MMPs), which are degrading
enzymes that reduce skin volume.

The hypodermis is a subcutaneous organization of adipocyte-derived lipids [4,13–15]. Fat tissue
is important for maintaining body temperature in humans. Unlike reptiles, which change temperature
depending on the environment, humans, with a thin epidermis, develop fat tissue in the hypodermis
to maintain body temperature and protect the body organs. Therefore, surplus energy can be stored
in the hypodermis, and nerves and blood vessels larger than the dermis are safely preserved from
external impact, completing the complex human body as an organic and safe system.

2.2. Zinc Transporters

Intracellular zinc homeostasis is tightly regulated by zinc transporters and metal binding proteins,
known as metallothioneins (MTs) (Figure 1) [16]. Because zinc is a metal ion that cannot pass
through the cell wall, where lipid is abundant, cells must use carriers to maintain intracellular zinc
homeostasis [16,17]. There are two types of zinc transporters: ZIP, which transports zinc into cells
from extracellular regions or the luminal side of intracellular compartments and is dependent on
zinc concentration, and ZnT, which transports zinc to the exterior of cells or the lumen side from
cell cytoplasm. There are 14 ZIP and 10 ZnT family members in humans, and their expression
patterns and intracellular locations vary depending on the cell type, developmental stage, and Zn
status [18]. Currently, the structure of the ZIP family has not been clarified, but it is thought to
possess a domain that penetrates the cell membranes approximately eight times and constitutes a
homodimer or a heterodimer with other ZIP members [19,20]. Both ends of ZIP family member
peptides face the extracellular or luminal side, with a variety of N-terminal domains, while the
intracellular domain has two lengths [19]. In particular, the two domains contain a large number of
histidine residues that can bind zinc. Proteoliposome studies using bacterial homologs have suggested
that ZIP family members have transport mechanisms such as channels that are independent of other
ionic concentrations or adenosine triphosphate (ATP) [21]. In some cases, the filter allowing the
passage of zinc is thought to flexibly transport other metals with physicochemical properties similar to
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those of zinc such as cadmium. For instance, ZIP14 is responsible for transporting iron and manganese
in the liver [22–24]. ZIP8 and ZIP14 are symporters that carry metal and biscarbonate ions [25].
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ZIP4 is an intensively studied transporter expressed in enterocytes of the small intestine and plays
a first gate role in absorbing zinc into the body [26,27]. When zinc is deficient, the N-terminus of ZIP4
is cleaved and the remaining truncated protein migrates to the cell surface to help absorb zinc [28–30].
ZIP4 is a causative gene for acrodermatitis enteropathica (AE), in which systemic zinc deficiency occurs
because of impaired intestinal zinc transport [31]. Dozens of pathogenic mutations have been identified.
Recent studies showed that single-nucleotide polymorphisms (SNPs) in ZIP4 differ significantly among
various regions of sub-Saharan Africa, where people exhibit high sensitivity to zinc deficiency [32].
Some people have a leucine-to-valine (Leu372Val) replacement in the ZIP4 protein that allows for
the expression of small amounts of ZIP4 on cell surfaces and thus transport a low amount of zinc,
whereas others show the pathogenic mutations Leu372Pro and Leu372Arg, which prevent ZIP4 from
migrating to the cell surface. Homozygous knockout of ZIP4 in an AE mouse model shows embryonic
lethality [27], indicating that ZIP4 is essential for embryonic development in mice. A conditional
Zip4-knockout mouse in which a Zip4 allele is specifically deleted by Cre-Lox recombination controlled
under the villin promoter has also been generated [33]. These mice show collapse of the stem cell niche
and integrity of the small intestine, but do not present any skin abnormality.

ZIP10 is mainly localized to the cell surface and carries zinc in B-cells [34,35]. A conditional
Zip10-knockout mouse in which a Zip10 allele is specifically deleted by Cre-Lox recombination
controlled under the keratin 14 promoter shows impaired skin barrier [36]. ZIP7 and ZIP13 are
present in the endoplasmic reticulum (ER)/Golgi and play important roles in zinc homeostasis within
these compartments [37,38]. A conditional Zip7-knockout mouse under the collagen 1 promoter results
in a thin epidermis; thus, both ZIP7 and ZIP10 are essential for skin homeostasis [39]. In contrast to
ZIPs, ZnTs are unique secondary transporters with Y-type and transport zinc using a concentration
gradient of a partner transport substrate such as hydrogen ions [40,41]. As in the ZIP family, the ZnT
group is present on the cell surface or within the cells depending on the cell type, and thus plays an
indispensable role in zinc export [17].

As ZIPs and ZnTs, several transporters and channels were also found to mediate
zinc influx. Although their main substrates do not appear to be zinc, transient receptor potential
(TRP) channels, divalent metal transporter (DMT1), N-methyl-D-aspartate receptors (NMDA),
amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptors (AMPA-Rs), and voltage-dependent
calcium channels (VDCCs), are reported to transport zinc [42,43]. However, their involvement in skin
development and homeostasis is unknown.
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2.3. MTs

MTs were first purified from the cortex of horse kidneys in 1957 [44]. MTs are small proteins
(molecular weight less than 7 kDa) containing more than 33% cysteine residues and facilitate the
storage of zinc, cadmium, and copper, etc. with high thermal stability [45,46]. MTs are important for
acquiring resistance to epithelial apoptosis mediated by reactive oxygen species, possibly through
their antioxidant activities [15,47]. Currently, more than 10 isoforms have been identified in humans,
located in both the cytoplasm and nucleus [48–50]. Mice lacking Mt1 or Mt2 exhibit no specific skin
abnormalities [51]. However, the epidermal swelling caused by cholera toxin or UV-B irradiation is
not observed in Mt1/2-double knockout mice [52]. In a mouse wound healing model, zinc enrichment
in hair follicles was found in parallel with increased MT1 and MT2 expression during the wound
healing process [53], suggesting that MT1 and MT2 play important roles in epidermal proliferation in
certain situations.

2.4. Zinc Levels in Skin

The expression of MTs is induced by metal-responsive transcription factor 1 (MTF1) in a zinc
concentration-dependent manner. Therefore, many studies have indirectly monitored the quantity
of zinc in cells and tissues by measuring MT expression levels [19,54,55]. MT in the skin is mainly
accumulated in progenitor cells and initial spinous cells at the bottom of the epidermis near the
basal layers [56]. MTs are also found in out-root sheath cells of hair follicles and epidermal stem
cells [57], which are undifferentiated cells with common features and show strong proliferative capacity
when necessary [11,12]. Given that zinc is required as a structural component or activating cofactor
for over 300 enzymes and other proteins related to cell proliferation, survival, and differentiation,
undifferentiated cells with proliferative capacity contain high amounts of zinc [17,46]. It is known
that zinc has excellent efficacy for treating and regenerating skin wounds. Indeed, zinc deficiency
causes delayed growth with skin anomalies [1,58]. Therefore, zinc is crucial for epidermal stem
cells that regenerate inter-follicular epidermis, sebaceous gland, and hair follicle cells by rapidly
migrating and dividing basal cells in the early stages of differentiation and scar tissue formation.
Treatment with materials that thicken the epidermis have been shown to increase the amount of MT1
in such regions [52,57]. Fibroblasts are sparse in the dermis and do not undergo rapid cell division,
suggesting that the dermis contains less zinc than the epidermis. In fact, zinc is present at 60 µg/g
in the epidermis and 40 µg/g in the dermis [13,59]. Furthermore, it has been reported that the upper
dermis contains higher zinc levels than the lower dermis [59]. This difference may be attributed, in part,
to mast cells that contain a large quantity of zinc in the granules. Recently, the skin zinc concentration
was measured by synchrotron radiation high energy X-ray fluorescence [60]. This study suggested
that the greatest amount of dermal zinc exists in the stratum spinosum, a finding that somewhat
differs from those of previous studies that showed a large quantity of zinc in spinous and granular
cells compared to basal cells. Given that it is difficult to accurately measure the concentration of
specific metals without interference from other metals, a new method for precise measurement of zinc
concentration should be developed.

2.5. Zinc Deficiency in Skin

There are two major causes of zinc deficiency in humans. First, zinc deficiency is caused by a diet
that is low in zinc content. Approximately 17% of the world’s population is confronting health risks
related to zinc deficiency, particularly in developing countries. However, in even developed countries,
vegetarians, pregnant women, and singles also suffer from zinc deficiency. Second, zinc deficiency
can be caused by genetic defects. In 1988, it was reported that babies with severe skin diseases and
hair loss were diagnosed with transient neonatal zinc deficiency [61], but recovered by eating normal
infant foods [62]. Their mothers have a variety of mutations in alleles of the zinc transporter ZnT2 [63].
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When ZnT2 function is impaired, mammary epithelial cells do not release zinc into breast
tissue [63]. Therefore, patients with transient neonatal zinc deficiency cannot expect to increase zinc
concentrations in the breast milk unless zinc is prescribed. Mice carrying mutations involving ZnT4
exhibit lethal milk (lm) syndrome, causing dermatitis and alopecia, but this is irrelevant to humans.
Thus, clinical features according to the zinc transport species involved differ among species [64].
Although zinc deficiency is diagnosed by direct measurement of zinc concentrations in the blood,
accuracy can be low and perturbed even under healthy conditions. Therefore, the development of new
zinc biomarkers has been widely pursued for more precise measurement of zinc levels (e.g., erythrocyte
linoleic acid:dihomo-y-linolenic acid (LA:DGLA) [65].

Zinc deficiency initially causes skin problems such as dermatitis, alopecia (thin and sparse
hair), acne, eczema, dry, scaling skin, delayed wound healing, and oral ulceration, as well as
problems such as stomatitis. [1,17,58,66]. Dermatitis due to zinc deficiency is termed as AE. Brandt’s
syndrome also includes autosomal recessive metabolic disorders associated with AE, which is
accompanied by inherited genetic abnormalities with low zinc distribution. In AE patients, personality
disorders are observed, with blistering of the skin (dry skin), hair loss from the scalp, eyebrows,
and eyelashes, glossitis, and pustules. Therefore, secondary infections can be easily caused by
pathogens such as Staphylococcus aureus and fungi such as Candida albicans in the weakened epidermis
due to zinc deficiency. Recent reports revealed that keratinocytes produce excess amounts of ATP,
which induces inflammation upon contact with irritants in individuals with zinc-deficient skin [67].
In zinc-deficient mice, Langerhans cells (LCs), which can neutralize harmful ATP by surface CD39,
are greatly reduced in the skin, resulting in augmented skin inflammation by ATP. In AE patients,
the number of LCs is also decreased, and is recovered by zinc treatment. The effects of zinc
deficiency have also been studied on a cellular basis. When keratinocytes in monolayer culture
are scratched, zinc is released from these cells [68]. Subsequently, zinc binds to zinc-sensing receptors
and induces cell proliferation in an autocrine/paracrine manner, suggesting that zinc is required for
skin regeneration. In fact, the removal of zinc by N,N,N,N tetrakis (2-pyridylmethyl) ethylenediamine
(TPEN) during keratinocyte culture induces caspase-3 activity and DNA fragmentation followed
by apoptosis [69]. Zinc also has an anti-inflammatory effect and reduces tumor necrosis factor-α
production by keratinocytes [59]. A recent study demonstrated that R1 and EVER2 proteins found in
epidermodysplasia verruciformis (EV) patients with high susceptibility to papillomaviruses causing
skin cancer interact with ZnT1 to control the zinc balance in keratinocytes, suggesting the importance
of maintaining intracellular zinc homeostasis in skin cancer induced by viral infection [70].

3. Zinc Transporters and Skin Disorders

3.1. Epidermis

Zinc transporters known for their role in the epidermis are ZIP4 and ZIP10. ZIP4 is actively
expressed in human but not in mouse skin [33,71]. Recent skin equivalent experiments with human
keratinocytes demonstrated the importance of ZIP4 in epidermis formation [56]. When ZIP4 is
knocked-down by siRNA, epidermal hypoplasia occurs, accompanied by decreased activity of p63,
an master regulator with a zinc binding site that promotes the proliferation and differentiation of
epidermal progenitor cells in epithelium formation (Figure 2) [56,72,73]. When zinc is deficient,
nuclear translocation of p63 is disturbed, followed by abnormal epidermal formation (Figure 2) [56].
Detailed analysis revealed that the 205th Cys among the four Cys residues in the zinc binding site plays
an important role in post-modification of p63, suggesting that zinc deficiency affects the DNA binding
affinity of p63 involved in signal transduction. Since Zn affects the structure and functions of many
proteins [17], ZIP4 may not only target the p63, but also influence the structure and activity of other
zinc binding enzymes for epidermal growth. With regard to this issue, further studies are needed to
clarify the relationship between ZIP4 and AE. Interestingly, it was recently found that natural products
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such as soybean extracts increase the expression of ZIP4 [74]. Therefore, this can be a starting point for
controlling the rate of zinc absorption.
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Figure 2. ZIP4 and ZIP10 support p63 activity for adult epidermal homeostasis. ZIP4 and ZIP10 supply
zinc to epidermal master regulator p63 for their activity. Zinc deficiency leads to improper function of
p63, resulting in epidermal hypoplasia. Zinc is depicted as a brown circle.

Of note, the murine and human epidermis have several different characteristics. Overall, the
human epidermis is thicker than the mouse epidermis [11,12]. The stratum corneum shows a solid
and thick-layered structure, and has a rete ridge structure because of the diversity of the number
of spinous layers. The patterns of epidermal stem cells in the basal layer also differ between
mouse and human. Therefore, the use of mouse models in human epidermal studies should be
carefully assessed.

ZIP10 also plays important roles in epidermal development [36]. In situ hybridization analysis
using mouse whole body sections showed that ZIP10 expression appears in hair follicles near
embryonic day 14 (E14) during epidermal development, after which it gradually increases. In a
postnatal phase after the completion of epidermis formation, ZIP10 expression is decreased. In the
epidermis, ZIP10 accumulates in the outer root sheath region of the hair follicle, which is rich in various
Lgr6-positive epidermal stem cells that migrate to the sebaceous glands, hair follicles, and wound
space, when epidermis is regenerated upon injury. Consistent with this, next-generation sequencing
analysis confirmed that Zip10-expressing cells co-express Lgr6. A conditional knockout mouse line in
which Zip10 was specifically deleted in Keratin14-expressing cells was born with severe epidermal
hypoplasia (Figure 3a,b). In these mice, the p63-positive basal layer formed normally, and slight
stratification of the dorsal part of the epidermis occurred by E14. However, such mice fail to form a
thick and firm epidermis following rapid proliferation and differentiation of epidermal progenitor
cells after E14 when the expression of both ZIP10 and p63 is increased in wild-type mice (Figure 3b,c).
Further detailed analysis revealed that ZIP10 augments the activity of p63 by regulating its nuclear
translocation (Figure 3c).
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Figure 3. ZIP10 reinforces p63 function for epidermis development. (a) ZIP10 deficiency leads
to epidermal hypoplasia in mice. (b) Hematoxylin and eosin staining revealed dorsal epidermal
hypoplasia and ventral embryonic epidermis (asterisk) in P1 Zip10K14 mice. C, cornified layer; G,
granular layer; S, spinous layer; B, basal layer. (c) Model for ZIP10’s involvement in p63 function
during epidermis development. ZIP10, whose expression is elevated from E14, contributes to the
activities of increased p63 by supplying zinc. This allows p63 to properly bind to DNA for initiating
gene expression for epidermis development, including cell proliferation and stratification. DC, dermal
condensate; Epi, epithelium; Mes, mesenchyme; P, placode (Scale bar, 100 µm). Red (E17.5) and arrows
(P2) indicate the ZIP10 protein expression. Modified from Bin et al. [36].

3.2. Dermis

Zinc transporters known to be important in the dermis are ZIP 7 and ZIP 13 [37,38]. Both ZIP7
and ZIP13 are present in skin cells and are mainly located in the ER and Golgi, respectively [19,37,38].
These two zinc transporters are closest to each other when a phylogenetic tree of ZIP family members
is constructed. ZIP13 is also close to the zinc transporter of insects/bacteria [19]. ZIP13 is the
smallest of the mammalian zinc transporters classified in the LIV-1 family, and thus has a shorter
N-terminus and intracellular domain 2 than other transporters. The most abundant amino acid in
ZIP7 is histidine, which is a characteristic of the LIV-1 family whose role is unknown; this is also
the case for the methionine-rich motif that is largely conserved in copper transporters for copper
binding and storage [19,75]. During functional analysis of zinc carriers, the first association of the
zinc transporter with skin was found in Zip13-knockout mice [38]. The Zip13-knockout mice showed
impaired collagen production with abnormal morphology of collagen-producing cells and shrunken
cartilage with defective chondrocyte differentiation. The number of collagen fibers in Zip13-knockout
mice was remarkably reduced as visualized under an electron microscope, and skin cracking and
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swelling phenomena were also remarkable because of severely decreased skin strength. This abnormal
collagen production was reflected in the mouse face features with an enophthalmos-like appearance,
eye blindness, and down-slanting palpebral fissures. The fibroblasts isolated from Zip13-knockout mice
exhibited dysfunction in the BMP/TGF-β signaling pathway, which is essential for collagen formation.
In Zip13-knockout mice, the nuclear translocation of SMAD transcription factors in the BMP/TGF-β
signaling pathway was impaired, while remaining intact in terms of their phosphorylation status
(Figure 4a). Examination of the zinc distribution in Zip13-deficient fibroblasts with an electron probe
X-ray micro analyzer revealed that the nuclear zinc content was reduced, while that in the Golgi was
increased [38,76].

a 

b 

Golgi 

P 

ZIP13 

Zinc 

Col!

BMPR/TGFβR 

SMAD SMAD 

SMAD 

SMAD 

Fibroblast 

NC 
P 

Figure 4. Ehlers–Danlos syndrome spondylodysplastic type 3 is caused by impaired collagen
production due to ZIP13 dysfunction. (a) ZIP13 supplies zinc (brown circle) to SMAD proteins for their
nuclear translocation. Phosphorylatoin is depicted as circled P. (b) The elder affected sib is shown at
age 22 years. Patient exhibits short stature with mildly shortened trunk, antimongoloid eye slant with
lack of periorbital tissue, thin and finely wrinkled skin on the palms of the hands. BMPR/TGFβR, BMP
receptor/TGF-β receptor; Col, collagen. Modified from Fukada et al. [38].

The phenotypes of Zip13-knockout mice are similar to those of patients with spondylocheiro
dysplastic form of Ehlers–Danlos syndrome (Ehlers–Danlos syndrome spondylodysplastic type 3,
EDSSPD3), with an extremely thin layer of dermis and many wrinkles. EDSSPD3 patients have
similar phenotypes such as sagging of the eyes, cracking of the skin, and prominent blood vessels
(Figure 4b) [38,76,77]. To date, two mutated Gly64Asp and ∆Phe-Leu-Ala residues in ZIP13 protein
have been identified in patients with EDSSPD3. Each of these mutations results in rapid clearance
of ZIP13 protein due to ER-associated degradation via valprotein (VCP)/ubiquitination/proteasome
machinery [78,79]. Thus, the compounds that increase the activity of ZIP13 or slow the degradation
of ZIP13 are considered as therapeutic drugs that can increase collagen synthesis. Since ZIP13 is not
only expressed in the Golgi, but also in putative zinc stores [80], another potential mechanism of
EDSSPD3 development may be due to non-smooth zinc transport from zinc stores to the cytoplasm in
the absence of ZIP13, resulting in low zinc levels in the cytoplasm. If this is the case, this condition
also may induce ER stress, as the cytoplasm is a main zinc source for zinc homeostasis in the ER.
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ZIP7 is ubiquitously expressed in the ER of nearly all mammalian tissues [17,18] and maintains
zinc homeostasis in this intracellular organelle, and the ER acts as a zinc reservoir, although
a study showed that ZIP7 also exists in the Golgi [81]. Zip13-knockout mice display specific
abnormalities in connective tissues irrespective of ZIP7 expression [37], suggesting that ZIP13 and
ZIP7 play distinct physiological roles in connective tissue development. Similar to in Zip13-knockout
mice, Zip7-conditional knockout mice, in which Cre-Lox recombination is under the control of the
collagen promoter, dysfunction of connective tissues including the dermis and cartilage is observed
(Figure 5a,b) [37,38]. The width of the growth plate in Zip7-knockout mice is reduced with a normal
columnar structure, while that of Zip13-knockout mice is disorganized. Unlike Zip13-knockdown
cells, Zip7-knockdown cells show elevated ER stress with increased zinc concentrations in the ER and
protein aggregation of protein disulfide isomerase (PDI) [37]. In a Zip7-deficient environment, PDI
does not function properly because of persistent sticking of zinc on the protein. In fact, Zip7-deficient
cells fail to achieve the classical protein folding function in the ER, leading to ER stress, unfolded
protein response, cell growth inhibition, and apoptosis (Figure 5c). Taken together, this series of studies
indicate that proper intracellular zinc distributions in the ER and Golgi by ZIP7 and ZIP13, respectively,
are critical for collagen synthesis.

Cont�Zip7Col1�

HE� Azan!

Control� Zip7Col1�

200μm! 200μm!

HE� Azan!

S S 
M M 

PDI 

PDI 
PDI PDI 

PDI 
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Protein folding, !
Disulfide bonding  
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UPR,!
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b 

Figure 5. ZIP7 is essential for dermis formation. (a) Five-week-old female wild-type (WT) and
Zip7Col1 mice. (b) The thickness of the Azan-stained Zip7Col1 dermis is reduced. M, muscle; S, Subcutis.
(c) Models for the involvement of ZIP7 in ER function. When ZIP7 is dysregulated (right), the luminal
zinc level is elevated, which would induce zinc-dependent aggregation of PDIs. Therefore, protein
folding and disulfide bond formation would proceed aberrantly, leading to unfolded protein responses.
ER, endoplasmic reticulum; KO, knockout; PDI, protein disulfide isomerase; UPR, unfolded protein
response. Modified from Bin et al. [37].

3.3. Hypodermis

Zip7- and Zip13-knockout mice display reduced thickness of subcutaneous fat and dermal
layers [37,38]. In EDSSPD3 patients, the subcutaneous fat layer is also significantly reduced in
the aging skin [38]. Adipocytes play a major role in the formation of subcutaneous fat layers, and
fibroblasts produce collagen for dermal formation. Thus, the abnormality of fat layers in Zip7- and
Zip13-knockout mice may be attributed to impaired differentiation of mesenchymal stem cells and
the generation of connective tissue cells. In fact, Zip7-deficiency in human mesenchymal stem cells
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leads to ER stress, resulting in defects in fibrogenic and chondrogenic lineage differentiation [37].
However, although Zip13-deficient mice show defective formation of connective tissue [38], the effect
of mesenchymal stem cells on adipocyte differentiation has not been investigated. Recent research
demonstrated that the inguinal white adipose tissue (iWAT) in Zip13-knockout mice shows a browning
phenotype that reflects increased energy expenditure, thereby reducing iWAT mass. Further analysis
revealed that Zip13-deficiency causes stabilization of C/EBP-β, an essential transcription factor for
adipocyte browning, and thus promotes this process. These data suggest that the ZIP13-zinc axis plays
a specific role in clearing C/EBP-β proteins to inhibit adipocyte browning [82].

4. Conclusions

Skin plays an important role as a primary defense line to protect the human body from the
external environment. Healthy skin is an important factor that affects social activities and quality
of life. It has long been known that zinc is important for maintaining healthy skin. Studies using
knockout mouse models have demonstrated that specific zinc signaling axes mediated by individual
zinc transporters play crucial roles in skin homeostasis and development. Aging is associated with
reduced zinc levels in the human body. Therefore, the development of technology to control the
versatile functions of zinc transporters in relation to anti-aging will contribute to regeneration of
aged skin.

Acknowledgments: This study was supported by KAKENHI (17H04011) of the Ministry of Education, Culture,
Sports, Science, and Technology (MEXT), the Vehicle Racing Commemorative Foundation, the Mitsubishi
Foundation, and Takeda Science Foundation to Toshiyuki Fukada. Amorepacific Corporation R&D Center
provided financial support to Juyeon Seo. We also thank Andrea Superti-Furga (University of Lausanne) for use
of the human case images [30].

Author Contributions: Bum-Ho Bin, Shintaro Hojyo, Juyeon Seo, Takafumi Hara, Teruhisa Takagishi, Kenji Mishima,
and Toshiyuki Fukada wrote the paper. Toshiyuki Fukada approved the paper.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

AE acrodermatitis enteropathica
ATP adenosine triphosphate
EDSSPD3 Ehlers–Danlos syndrome spondylodysplastic type 3
iWAT inguinal white adipose tissue
MTs metallothioneins
ZIPs Zrt- and Irt-like proteins
ZnTs zinc transporters

References

1. Prasad, A.S. Zinc: An overview. Nutrition 1995, 11, 93–99. [PubMed]
2. Solomons, N.W. Factors affecting the bioavailability of zinc. J. Am. Diet. Assoc. 1982, 80, 115–121. [PubMed]
3. Nielsen, F.H. History of zinc in agriculture. Adv. Nutr. 2012, 3, 783–789. [CrossRef] [PubMed]
4. Roohani, N.; Hurrell, R.; Kelishadi, R.; Schulin, R. Zinc and its importance for human health: An integrative

review. J. Res. Med. Sci. 2013, 18, 144–157. [PubMed]
5. Fukada, T.; Yamasaki, S.; Nishida, K.; Murakami, M.; Hirano, T. Zinc homeostasis and signaling in health

and diseases: Zinc signaling. J. Biol. Inorg. Chem. 2011, 16, 1123–1134. [CrossRef] [PubMed]
6. Prasad, A.S. Zinc: Role in immunity, oxidative stress and chronic inflammation. Curr. Opin. Clin. Nutr.

Metab. Care 2009, 12, 646–652. [CrossRef] [PubMed]
7. Prasad, A.S.; Miale, A., Jr.; Farid, Z.; Sandstead, H.H.; Schulert, A.R. Zinc metabolism in patients with the

syndrome of iron deficiency anemia, hepatosplenomegaly, dwarfism, and hypognadism. J. Lab. Clin. Med.
1963, 61, 537–549. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/7749260
http://www.ncbi.nlm.nih.gov/pubmed/7033329
http://dx.doi.org/10.3945/an.112.002881
http://www.ncbi.nlm.nih.gov/pubmed/23153732
http://www.ncbi.nlm.nih.gov/pubmed/23914218
http://dx.doi.org/10.1007/s00775-011-0797-4
http://www.ncbi.nlm.nih.gov/pubmed/21660546
http://dx.doi.org/10.1097/MCO.0b013e3283312956
http://www.ncbi.nlm.nih.gov/pubmed/19710611
http://www.ncbi.nlm.nih.gov/pubmed/13985937


Nutrients 2018, 10, 219 11 of 14

8. Sandstead, H.H.; Prasad, A.S.; Schulert, A.R.; Farid, Z.; Miale, A., Jr.; Bassilly, S.; Darby, W.J. Human zinc
deficiency, endocrine manifestations and response to treatment. Am. J. Clin. Nutr. 1967, 20, 422–442.
[CrossRef] [PubMed]

9. Lonnerdal, B. Dietary factors influencing zinc absorption. J. Nutr. 2000, 130, 1378S–1383S. [CrossRef]
[PubMed]

10. Fuchs, E.; Raghavan, S. Getting under the skin of epidermal morphogenesis. Nat. Rev. Genet. 2002, 3, 199–209.
[CrossRef] [PubMed]

11. Blanpain, C.; Fuchs, E. Epidermal homeostasis: A balancing act of stem cells in the skin. Nat. Mol. Cell Biol.
2009, 10, 207–217. [CrossRef] [PubMed]

12. Solanas, G.; Benitah, S.A. Regenerating the skin: A task for the heterogeneous stem cell pool and surrounding
niche. Nat. Mol. Cell Biol. 2013, 14, 737–748. [CrossRef] [PubMed]

13. Agren, M.S. Studies on zinc in wound healing. Acta Derm. Venereol. 1990, 154, 1–36.
14. Schwartz, J.R.; Marsh, R.G.; Draelos, Z.D. Zinc and skin health: Overview of physiology and pharmacology.

Dermatol. Surg. 2005, 31, 837–847. [CrossRef] [PubMed]
15. Lansdown, A.B.; Mirastschijski, U.; Stubbs, N.; Scanlon, E.; Agren, M.S. Zinc in wound healing: Theoretical,

experimental, and clinical aspects. Wound Repair Regenr. 2007, 15, 2–16. [CrossRef] [PubMed]
16. Hara, T.; Takeda, T.A.; Takagishi, T.; Fukue, K.; Kambe, T.; Fukada, T. Physiological roles of zinc transporters:

Molecular and genetic importance in zinc homeostasis. J. Physiol. Sci. 2017, 67, 283–301. [CrossRef] [PubMed]
17. Fukada, T.; Kambe, T. Molecular and genetic features of zinc transporters in physiology and pathogenesis.

Metallomics 2011, 3, 662–674. [CrossRef] [PubMed]
18. Taylor, K.M.; Nicholson, R.I. The LZT proteins; the LIV-1 subfamily of zinc transporters. Biochim. Biophys. Acta

2003, 1611, 16–30. [CrossRef]
19. Bin, B.H.; Fukada, T.; Hosaka, T.; Yamasaki, S.; Ohashi, W.; Hojyo, S.; Miyai, T.; Nishida, K.; Yokoyama, S.;

Hirano, T. Biochemical characterization of human ZIP13 protein: A homo-dimerized zinc transporter
involved in the spondylocheiro dysplastic ehlers-danlos syndrome. J. Biol. Chem. 2011, 286, 40255–40265.
[CrossRef] [PubMed]

20. Taylor, K.M.; Muraina, I.A.; Brethour, D.; Schmitt-Ulms, G.; Nimmanon, T.; Ziliotto, S.; Kille, P.; Hogstrand, C.
Zinc transporter ZIP10 forms a heteromer with ZIP6 which regulates embryonic development and cell
migration. Biochem. J. 2016, 473, 2531–2544. [CrossRef] [PubMed]

21. Lin, W.; Chai, J.; Love, J.; Fu, D. Selective electrodiffusion of zinc ions in a Zrt-, Irt-like protein, ZIPB. J. Biol. Chem.
2010, 285, 39013–39020. [CrossRef] [PubMed]

22. Jenkitkasemwong, S.; Wang, C.Y.; Coffey, R.; Zhang, W.; Chan, A.; Biel, T.; Kim, J.S.; Hojyo, S.; Fukada, T.;
Knutson, M.D. Slc39a14 is required for the development of hepatocellular iron overload in murine models of
hereditary hemochromatosis. Cell Metab. 2015, 22, 138–150. [CrossRef] [PubMed]

23. Jenkitkasemwong, S.; Akinyode, A.; Paulus, E.; Weiskirchen, R.; Hojyo, S.; Fukada, T.; Giraldo, G.; Schrier, J.;
Garcia, A.; Janus, C.; et al. Slc39a14 deficiency alters manganese homeostasis and excretion resulting in brain
manganese accumulation and motor deficits in mice. Proc. Natl. Acad. Sci. USA 2018. [CrossRef] [PubMed]

24. Liuzzi, J.P.; Aydemir, F.; Nam, H.; Knutson, M.D.; Cousins, R.J. ZIP14 (Slc39a14) mediates
non-transferrin-bound iron uptake into cells. Proc. Natl. Acad. Sci. USA 2006, 103, 13612–13617. [CrossRef]
[PubMed]

25. Girijashanker, K.; He, L.; Soleimani, M.; Reed, J.M.; Li, H.; Liu, Z.; Wang, B.; Dalton, T.P.; Nebert, D.W.
Slc39a14 gene encodes ZIP14, a metal/bicarbonate symporter: Similarities to the ZIP8 transporter.
Mol. Pharmacol. 2008, 73, 1413–1423. [CrossRef] [PubMed]

26. Dufner-Beattie, J.; Kuo, Y.M.; Gitschier, J.; Andrews, G.K. The adaptive response to dietary zinc in mice
involves the differential cellular localization and zinc regulation of the zinc transporters ZIP4 and ZIP5.
J. Biol. Chem. 2004, 279, 49082–49090. [CrossRef] [PubMed]

27. Dufner-Beattie, J.; Weaver, B.P.; Geiser, J.; Bilgen, M.; Larson, M.; Xu, W.; Andrews, G.K. The mouse
acrodermatitis enteropathica gene Slc39a4 (ZIP4) is essential for early development and heterozygosity
causes hypersensitivity to zinc deficiency. Hum. Mol. Genet. 2007, 16, 1391–1399. [CrossRef] [PubMed]

28. Weaver, B.P.; Dufner-Beattie, J.; Kambe, T.; Andrews, G.K. Novel zinc-responsive post-transcriptional
mechanisms reciprocally regulate expression of the mouse Slc39a4 and Slc39a5 zinc transporters (ZIP4 and
ZIP5). Biol. Chem. 2007, 388, 1301–1312. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/ajcn/20.5.422
http://www.ncbi.nlm.nih.gov/pubmed/6023853
http://dx.doi.org/10.1093/jn/130.5.1378S
http://www.ncbi.nlm.nih.gov/pubmed/10801947
http://dx.doi.org/10.1038/nrg758
http://www.ncbi.nlm.nih.gov/pubmed/11972157
http://dx.doi.org/10.1038/nrm2636
http://www.ncbi.nlm.nih.gov/pubmed/19209183
http://dx.doi.org/10.1038/nrm3675
http://www.ncbi.nlm.nih.gov/pubmed/24064540
http://dx.doi.org/10.1111/j.1524-4725.2005.31729
http://www.ncbi.nlm.nih.gov/pubmed/16029676
http://dx.doi.org/10.1111/j.1524-475X.2006.00179.x
http://www.ncbi.nlm.nih.gov/pubmed/17244314
http://dx.doi.org/10.1007/s12576-017-0521-4
http://www.ncbi.nlm.nih.gov/pubmed/28130681
http://dx.doi.org/10.1039/c1mt00011j
http://www.ncbi.nlm.nih.gov/pubmed/21566827
http://dx.doi.org/10.1016/S0005-2736(03)00048-8
http://dx.doi.org/10.1074/jbc.M111.256784
http://www.ncbi.nlm.nih.gov/pubmed/21917916
http://dx.doi.org/10.1042/BCJ20160388
http://www.ncbi.nlm.nih.gov/pubmed/27274087
http://dx.doi.org/10.1074/jbc.M110.180620
http://www.ncbi.nlm.nih.gov/pubmed/20876577
http://dx.doi.org/10.1016/j.cmet.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26028554
http://dx.doi.org/10.1073/pnas.1720739115
http://www.ncbi.nlm.nih.gov/pubmed/29437953
http://dx.doi.org/10.1073/pnas.0606424103
http://www.ncbi.nlm.nih.gov/pubmed/16950869
http://dx.doi.org/10.1124/mol.107.043588
http://www.ncbi.nlm.nih.gov/pubmed/18270315
http://dx.doi.org/10.1074/jbc.M409962200
http://www.ncbi.nlm.nih.gov/pubmed/15358787
http://dx.doi.org/10.1093/hmg/ddm088
http://www.ncbi.nlm.nih.gov/pubmed/17483098
http://dx.doi.org/10.1515/BC.2007.149
http://www.ncbi.nlm.nih.gov/pubmed/18020946


Nutrients 2018, 10, 219 12 of 14

29. Kim, B.E.; Wang, F.; Dufner-Beattie, J.; Andrews, G.K.; Eide, D.J.; Petris, M.J. Zn2+-stimulated endocytosis of
the mZIP4 zinc transporter regulates its location at the plasma membrane. J. Biol. Chem. 2004, 279, 4523–4530.
[CrossRef] [PubMed]

30. Kambe, T.; Andrews, G.K. Novel proteolytic processing of the ectodomain of the zinc transporter ZIP4
(Slc39a4) during zinc deficiency is inhibited by acrodermatitis enteropathica mutations. Mol. Cell. Biol. 2009,
29, 129–139. [CrossRef] [PubMed]

31. Hojyo, S.; Bin, B.H.; Fukada, T. Dysregulated zinc homeostasis in rare skin disorders. Expert Opin.
Orphan Drugs 2017, 5, 865–873. [CrossRef]

32. Engelken, J.; Carnero-Montoro, E.; Pybus, M.; Andrews, G.K.; Lalueza-Fox, C.; Comas, D.; Sekler, I.; de la Rasilla, M.;
Rosas, A.; Stoneking, M.; et al. Extreme population differences in the human zinc transporter ZIP4 (Slc39a4)
are explained by positive selection in sub-Saharan Africa. PLoS Genet. 2014, 10, e1004128. [CrossRef]
[PubMed]

33. Geiser, J.; Venken, K.J.; De Lisle, R.C.; Andrews, G.K. A mouse model of acrodermatitis enteropathica: Loss
of intestine zinc transporter ZIP4 (Slc39a4) disrupts the stem cell niche and intestine integrity. PLoS Genet.
2012, 8, e1002766. [CrossRef] [PubMed]

34. Hojyo, S.; Miyai, T.; Fujishiro, H.; Kawamura, M.; Yasuda, T.; Hijikata, A.; Bin, B.H.; Irie, T.; Tanaka, J.;
Atsumi, T.; et al. Zinc transporter Slc39a10/ZIP10 controls humoral immunity by modulating B-cell receptor
signal strength. Proc. Natl. Acad. Sci. USA 2014, 111, 11786–11791. [CrossRef] [PubMed]

35. Miyai, T.; Hojyo, S.; Ikawa, T.; Kawamura, M.; Irie, T.; Ogura, H.; Hijikata, A.; Bin, B.H.; Yasuda, T.;
Kitamura, H.; et al. Zinc transporter Slc39a10/ZIP10 facilitates antiapoptotic signaling during early B-cell
development. Proc. Natl. Acad. Sci. USA 2014, 111, 11780–11785. [CrossRef] [PubMed]

36. Bin, B.H.; Bhin, J.; Takaishi, M.; Toyoshima, K.E.; Kawamata, S.; Ito, K.; Hara, T.; Watanabe, T.; Irie, T.;
Takagishi, T.; et al. Requirement of zinc transporter ZIP10 for epidermal development: Implication of the
ZIP10-p63 axis in epithelial homeostasis. Proc. Natl. Acad. Sci. USA 2017, 114, 12243–12248. [CrossRef]
[PubMed]

37. Bin, B.H.; Bhin, J.; Seo, J.; Kim, S.Y.; Lee, E.; Park, K.; Choi, D.H.; Takagishi, T.; Hara, T.; Hwang, D.; et al.
Requirement of zinc transporter slc39a7/ZIP7 for dermal development to fine-tune endoplasmic reticulum
function by regulating protein disulfide isomerase. J. Investig. Dermatol. 2017, 137, 1682–1691. [CrossRef]
[PubMed]

38. Fukada, T.; Civic, N.; Furuichi, T.; Shimoda, S.; Mishima, K.; Higashiyama, H.; Idaira, Y.; Asada, Y.;
Kitamura, H.; Yamasaki, S.; et al. The zinc transporter slc39a13/ZIP13 is required for connective tissue
development; its involvement in BMP/TGF-beta signaling pathways. PLoS ONE 2008, 3, e3642. [CrossRef]

39. Takagishi, T.; Hara, T.; Fukada, T. Recent advances in the role of SLC39A/ZIP zinc transporters in vivo.
Int. J. Mol. Sci. 2017, 18, E2708. [CrossRef] [PubMed]

40. Gupta, S.; Chai, J.; Cheng, J.; D’Mello, R.; Chance, M.R.; Fu, D. Visualizing the kinetic power stroke that
drives proton-coupled zinc(ii) transport. Nature 2014, 512, 101–104. [CrossRef] [PubMed]

41. Lu, M.; Fu, D. Structure of the zinc transporter YiiP. Science 2007, 317, 1746–1748. [CrossRef] [PubMed]
42. Bouron, A.; Kiselyov, K.; Oberwinkler, J. Permeation, regulation and control of expression of TRP channels

by trace metal ions. Pflüg. Arch. 2015, 467, 1143–1164. [CrossRef] [PubMed]
43. Inoue, K.; O’Bryant, Z.; Xiong, Z.G. Zinc-permeable ion channels: Effects on intracellular zinc dynamics and

potential physiological/pathophysiological significance. Curr. Med. Chem. 2015, 22, 1248–1257. [CrossRef]
[PubMed]

44. Kagi, J.H.; Vallee, B.L. Metallothionein: A cadmium and zinc-containign protein from equine renal cortex. Ii.
Physico-chemical properties. J. Biol. Chem. 1961, 236, 2435–2442. [PubMed]

45. Kagi, J.H.; Valee, B.L. Metallothionein: A cadmium- and zinc-containing protein from equine renal cortex.
J. Biol. Chem. 1960, 235, 3460–3465. [PubMed]

46. Kambe, T.; Tsuji, T.; Hashimoto, A.; Itsumura, N. The physiological, biochemical, and molecular roles of zinc
transporters in zinc homeostasis and metabolism. Physiol. Rev. 2015, 95, 749–784. [CrossRef] [PubMed]

47. Morgan, A.J.; Lewis, G.; Van den Hoven, W.E.; Akkerboom, P.J. The effect of zinc in the form of
erythromycin-zinc complex (zineryt lotion) and zinc acetate on metallothionein expression and distribution
in hamster skin. Br. J. Dermatol. 1993, 129, 563–570. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M310799200
http://www.ncbi.nlm.nih.gov/pubmed/14612438
http://dx.doi.org/10.1128/MCB.00963-08
http://www.ncbi.nlm.nih.gov/pubmed/18936158
http://dx.doi.org/10.1080/21678707.2017.1394184
http://dx.doi.org/10.1371/journal.pgen.1004128
http://www.ncbi.nlm.nih.gov/pubmed/24586184
http://dx.doi.org/10.1371/journal.pgen.1002766
http://www.ncbi.nlm.nih.gov/pubmed/22737083
http://dx.doi.org/10.1073/pnas.1323557111
http://www.ncbi.nlm.nih.gov/pubmed/25074919
http://dx.doi.org/10.1073/pnas.1323549111
http://www.ncbi.nlm.nih.gov/pubmed/25074913
http://dx.doi.org/10.1073/pnas.1710726114
http://www.ncbi.nlm.nih.gov/pubmed/29078349
http://dx.doi.org/10.1016/j.jid.2017.03.031
http://www.ncbi.nlm.nih.gov/pubmed/28545780
http://dx.doi.org/10.1371/annotation/a6c35a12-e8eb-43a0-9d00-5078fa6da1bb
http://dx.doi.org/10.3390/ijms18122708
http://www.ncbi.nlm.nih.gov/pubmed/29236063
http://dx.doi.org/10.1038/nature13382
http://www.ncbi.nlm.nih.gov/pubmed/25043033
http://dx.doi.org/10.1126/science.1143748
http://www.ncbi.nlm.nih.gov/pubmed/17717154
http://dx.doi.org/10.1007/s00424-014-1590-3
http://www.ncbi.nlm.nih.gov/pubmed/25106481
http://dx.doi.org/10.2174/0929867322666150209153750
http://www.ncbi.nlm.nih.gov/pubmed/25666796
http://www.ncbi.nlm.nih.gov/pubmed/13750714
http://www.ncbi.nlm.nih.gov/pubmed/13750713
http://dx.doi.org/10.1152/physrev.00035.2014
http://www.ncbi.nlm.nih.gov/pubmed/26084690
http://dx.doi.org/10.1111/j.1365-2133.1993.tb00485.x
http://www.ncbi.nlm.nih.gov/pubmed/8251353


Nutrients 2018, 10, 219 13 of 14

48. Thirumoorthy, N.; Shyam Sunder, A.; Manisenthil Kumar, K.; Senthil Kumar, M.; Ganesh, G.; Chatterjee, M.
A review of metallothionein isoforms and their role in pathophysiology. World J. Surg. Oncol. 2011, 9, 54.
[CrossRef] [PubMed]

49. Tsujikawa, K.; Imai, T.; Kakutani, M.; Kayamori, Y.; Mimura, T.; Otaki, N.; Kimura, M.; Fukuyama, R.;
Shimizu, N. Localization of metallothionein in nuclei of growing primary cultured adult rat hepatocytes.
FEBS Lett. 1991, 283, 239–242. [CrossRef]

50. Cherian, M.G.; Apostolova, M.D. Nuclear localization of metallothionein during cell proliferation and
differentiation. Cell. Mol. Biol. 2000, 46, 347–356. [PubMed]

51. Masters, B.A.; Kelly, E.J.; Quaife, C.J.; Brinster, R.L.; Palmiter, R.D. Targeted disruption of metallothionein
i and ii genes increases sensitivity to cadmium. Proc. Natl. Acad. Sci. USA 1994, 91, 584–588. [CrossRef]
[PubMed]

52. Hanada, K.; Sawamura, D.; Hashimoto, I.; Kida, K.; Naganuma, A. Epidermal proliferation of the skin in
metallothionein-null mice. J. Investig. Dermatol. 1998, 110, 259–262. [CrossRef] [PubMed]

53. Iwata, M.; Takebayashi, T.; Ohta, H.; Alcalde, R.E.; Itano, Y.; Matsumura, T. Zinc accumulation and
metallothionein gene expression in the proliferating epidermis during wound healing in mouse skin.
Histochem. Cell Biol. 1999, 112, 283–290. [CrossRef] [PubMed]

54. Coyle, P.; Philcox, J.C.; Carey, L.C.; Rofe, A.M. Metallothionein: The multipurpose protein. Cell. Mol. Life Sci.
2002, 59, 627–647. [CrossRef] [PubMed]

55. Giedroc, D.P.; Chen, X.; Apuy, J.L. Metal response element (MRE)-binding transcription factor-1 (MTF-1):
Structure, function, and regulation. Antioxid. Redox Signal. 2001, 3, 577–596. [CrossRef] [PubMed]

56. Bin, B.H.; Bhin, J.; Kim, N.H.; Lee, S.H.; Jung, H.S.; Seo, J.; Kim, D.K.; Hwang, D.; Fukada, T.; Lee, A.Y.; et al.
An acrodermatitis enteropathica-associated Zn transporter, ZIP4, regulates human epidermal homeostasis.
J. Investig. Dermatol. 2017, 137, 874–883. [CrossRef] [PubMed]

57. Karasawa, M.; Nishimura, N.; Nishimura, H.; Tohyama, C.; Hashiba, H.; Kuroki, T. Localization of
metallothionein in hair follicles of normal skin and the basal cell layer of hyperplastic epidermis: Possible
association with cell proliferation. J. Investig. Dermatol. 1991, 97, 97–100. [CrossRef] [PubMed]

58. King, J.C.; Shames, D.M.; Woodhouse, L.R. Zinc homeostasis in humans. J. Nutr. 2000, 130, 1360S–1366S.
[CrossRef] [PubMed]

59. Ogawa, Y.; Kawamura, T.; Shimada, S. Zinc and skin biology. Arch. Biochem. Biophys. 2016, 611, 113–119.
[CrossRef] [PubMed]

60. Inoue, Y.; Hasegawa, S.; Ban, S.; Yamada, T.; Date, Y.; Mizutani, H.; Nakata, S.; Tanaka, M.; Hirashima, N.
ZIP2 protein, a zinc transporter, is associated with keratinocyte differentiation. J. Biol. Chem. 2014, 289,
21451–21462. [CrossRef] [PubMed]

61. Glover, M.T.; Atherton, D.J. Transient zinc deficiency in two full-term breast-fed siblings associated with low
maternal breast milk zinc concentration. Pediatr. Dermatol. 1988, 5, 10–13. [CrossRef] [PubMed]

62. Sharma, N.L.; Sharma, R.C.; Gupta, K.R.; Sharma, R.P. Self-limiting acrodermatitis enteropathica. A follow-up
study of three interrelated families. Int. J. Dermatol. 1988, 27, 485–486. [CrossRef] [PubMed]

63. Chowanadisai, W.; Lonnerdal, B.; Kelleher, S.L. Identification of a mutation in slc30a2 (ZnT-2) in women
with low milk zinc concentration that results in transient neonatal zinc deficiency. J. Biol. Chem. 2006, 281,
39699–39707. [CrossRef] [PubMed]

64. Michalczyk, A.; Varigos, G.; Catto-Smith, A.; Blomeley, R.C.; Ackland, M.L. Analysis of zinc transporter,
hZnT4 (slc30a4), gene expression in a mammary gland disorder leading to reduced zinc secretion into milk.
Hum. Genet. 2003, 113, 202–210. [CrossRef] [PubMed]

65. Reed, S.; Qin, X.; Ran-Ressler, R.; Brenna, J.T.; Glahn, R.P.; Tako, E. Dietary zinc deficiency affects blood
linoleic acid: Dihomo-gamma-linolenic acid (la:Dgla) ratio; a sensitive physiological marker of zinc status
in vivo (gallus gallus). Nutrients 2014, 6, 1164–1180. [CrossRef] [PubMed]

66. Frederickson, C.J.; Koh, J.Y.; Bush, A.I. The neurobiology of zinc in health and disease. Nat. Rev. Neurosci.
2005, 6, 449–462. [CrossRef] [PubMed]

67. Kawamura, T.; Ogawa, Y.; Nakamura, Y.; Nakamizo, S.; Ohta, Y.; Nakano, H.; Kabashima, K.; Katayama, I.;
Koizumi, S.; Kodama, T.; et al. Severe dermatitis with loss of epidermal langerhans cells in human and
mouse zinc deficiency. J. Clin. Investig. 2012, 122, 722–732. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1477-7819-9-54
http://www.ncbi.nlm.nih.gov/pubmed/21599891
http://dx.doi.org/10.1016/0014-5793(91)80597-V
http://www.ncbi.nlm.nih.gov/pubmed/10774924
http://dx.doi.org/10.1073/pnas.91.2.584
http://www.ncbi.nlm.nih.gov/pubmed/8290567
http://dx.doi.org/10.1046/j.1523-1747.1998.00125.x
http://www.ncbi.nlm.nih.gov/pubmed/9506445
http://dx.doi.org/10.1007/s004180050449
http://www.ncbi.nlm.nih.gov/pubmed/10550613
http://dx.doi.org/10.1007/s00018-002-8454-2
http://www.ncbi.nlm.nih.gov/pubmed/12022471
http://dx.doi.org/10.1089/15230860152542943
http://www.ncbi.nlm.nih.gov/pubmed/11554446
http://dx.doi.org/10.1016/j.jid.2016.11.028
http://www.ncbi.nlm.nih.gov/pubmed/27940220
http://dx.doi.org/10.1111/1523-1747.ep12478393
http://www.ncbi.nlm.nih.gov/pubmed/2056197
http://dx.doi.org/10.1093/jn/130.5.1360S
http://www.ncbi.nlm.nih.gov/pubmed/10801944
http://dx.doi.org/10.1016/j.abb.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27288087
http://dx.doi.org/10.1074/jbc.M114.560821
http://www.ncbi.nlm.nih.gov/pubmed/24936057
http://dx.doi.org/10.1111/j.1525-1470.1988.tb00877.x
http://www.ncbi.nlm.nih.gov/pubmed/3380757
http://dx.doi.org/10.1111/j.1365-4362.1988.tb00926.x
http://www.ncbi.nlm.nih.gov/pubmed/3220631
http://dx.doi.org/10.1074/jbc.M605821200
http://www.ncbi.nlm.nih.gov/pubmed/17065149
http://dx.doi.org/10.1007/s00439-003-0952-2
http://www.ncbi.nlm.nih.gov/pubmed/12743795
http://dx.doi.org/10.3390/nu6031164
http://www.ncbi.nlm.nih.gov/pubmed/24658588
http://dx.doi.org/10.1038/nrn1671
http://www.ncbi.nlm.nih.gov/pubmed/15891778
http://dx.doi.org/10.1172/JCI58618
http://www.ncbi.nlm.nih.gov/pubmed/22214844


Nutrients 2018, 10, 219 14 of 14

68. Sharir, H.; Zinger, A.; Nevo, A.; Sekler, I.; Hershfinkel, M. Zinc released from injured cells is acting via
the Zn2+-sensing receptor, ZnR, to trigger signaling leading to epithelial repair. J. Biol. Chem. 2010, 285,
26097–26106. [CrossRef] [PubMed]

69. Wilson, D.; Varigos, G.; Ackland, M.L. Apoptosis may underlie the pathology of zinc-deficient skin.
Immunol. Cell Biol. 2006, 84, 28–37. [CrossRef] [PubMed]

70. Lazarczyk, M.; Pons, C.; Mendoza, J.A.; Cassonnet, P.; Jacob, Y.; Favre, M. Regulation of cellular zinc balance
as a potential mechanism of ever-mediated protection against pathogenesis by cutaneous oncogenic human
papillomaviruses. J. Exp. Med. 2008, 205, 35–42. [CrossRef] [PubMed]

71. Dufner-Beattie, J.; Wang, F.; Kuo, Y.M.; Gitschier, J.; Eide, D.; Andrews, G.K. The acrodermatitis enteropathica
gene ZIP4 encodes a tissue-specific, zinc-regulated zinc transporter in mice. J. Biol. Chem. 2003, 278,
33474–33481. [CrossRef] [PubMed]

72. Koster, M.I.; Kim, S.; Mills, A.A.; DeMayo, F.J.; Roop, D.R. P63 is the molecular switch for initiation of an
epithelial stratification program. Genes Dev. 2004, 18, 126–131. [CrossRef] [PubMed]

73. McKeon, F. P63 and the epithelial stem cell: More than status quo? Genes Dev. 2004, 18, 465–469. [CrossRef]
[PubMed]

74. Hashimoto, A.; Ohkura, K.; Takahashi, M.; Kizu, K.; Narita, H.; Enomoto, S.; Miyamae, Y.; Masuda, S.;
Nagao, M.; Irie, K.; et al. Soybean extracts increase cell surface ZIP4 abundance and cellular zinc levels:
A potential novel strategy to enhance zinc absorption by ZIP4 targeting. Biochem. J. 2015, 472, 183–193.
[CrossRef] [PubMed]

75. Petris, M.J. The slc31 (ctr) copper transporter family. Pflüg. Arch. 2004, 447, 752–755.
76. Giunta, C.; Elcioglu, N.H.; Albrecht, B.; Eich, G.; Chambaz, C.; Janecke, A.R.; Yeowell, H.; Weis, M.; Eyre, D.R.;

Kraenzlin, M.; et al. Spondylocheiro dysplastic form of the ehlers-danlos syndrome—An autosomal-recessive
entity caused by mutations in the zinc transporter gene slc39a13. Am. J. Hum. Genet. 2008, 82, 1290–1305.
[CrossRef] [PubMed]

77. Malfait, F.; Francomano, C.; Byers, P.; Belmont, J.; Berglund, B.; Black, J.; Bloom, L.; Bowen, J.M.; Brady, A.F.;
Burrows, N.P.; et al. The 2017 international classification of the ehlers-danlos syndromes. Am. J. Med. Genet.
Part C Semin. Med. Genet. 2017, 175, 8–26. [CrossRef] [PubMed]

78. Bin, B.H.; Hojyo, S.; Hosaka, T.; Bhin, J.; Kano, H.; Miyai, T.; Ikeda, M.; Kimura-Someya, T.; Shirouzu, M.;
Cho, E.G.; et al. Molecular pathogenesis of spondylocheirodysplastic ehlers-danlos syndrome caused by
mutant ZIP13 proteins. EMBO Mol. Med. 2014, 6, 1028–1042. [CrossRef] [PubMed]

79. Bin, B.H.; Hojyo, S.; Ryong Lee, T.; Fukada, T. Spondylocheirodysplastic ehlers-danlos syndrome (SCD-EDS)
and the mutant zinc transporter ZIP13. Rare Dis. 2014, 2, e974982. [CrossRef] [PubMed]

80. Jeong, J.; Walker, J.M.; Wang, F.; Park, J.G.; Palmer, A.E.; Giunta, C.; Rohrbach, M.; Steinmann, B.; Eide, D.J.
Promotion of vesicular zinc efflux by ZIP13 and its implications for spondylocheiro dysplastic ehlers-danlos
syndrome. Proc. Natl. Acad. Sci. USA 2012, 109, E3530–E3538. [CrossRef] [PubMed]

81. Huang, L.; Kirschke, C.P.; Zhang, Y.; Yu, Y.Y. The ZIP7 gene (slc39a7) encodes a zinc transporter involved in
zinc homeostasis of the golgi apparatus. J. Biol. Chem. 2005, 280, 15456–15463. [CrossRef] [PubMed]

82. Fukunaka, A.; Fukada, T.; Bhin, J.; Suzuki, L.; Tsuzuki, T.; Takamine, Y.; Bin, B.H.; Yoshihara, T.;
Ichinoseki-Sekine, N.; Naito, H.; et al. Zinc transporter ZIP13 suppresses beige adipocyte biogenesis
and energy expenditure by regulating C/EBP-beta expression. PLoS Genet. 2017, 13, e1006950. [CrossRef]
[PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M110.107490
http://www.ncbi.nlm.nih.gov/pubmed/20522546
http://dx.doi.org/10.1111/j.1440-1711.2005.01391.x
http://www.ncbi.nlm.nih.gov/pubmed/16405650
http://dx.doi.org/10.1084/jem.20071311
http://www.ncbi.nlm.nih.gov/pubmed/18158319
http://dx.doi.org/10.1074/jbc.M305000200
http://www.ncbi.nlm.nih.gov/pubmed/12801924
http://dx.doi.org/10.1101/gad.1165104
http://www.ncbi.nlm.nih.gov/pubmed/14729569
http://dx.doi.org/10.1101/gad.1190504
http://www.ncbi.nlm.nih.gov/pubmed/15037544
http://dx.doi.org/10.1042/BJ20150862
http://www.ncbi.nlm.nih.gov/pubmed/26385990
http://dx.doi.org/10.1016/j.ajhg.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18513683
http://dx.doi.org/10.1002/ajmg.c.31552
http://www.ncbi.nlm.nih.gov/pubmed/28306229
http://dx.doi.org/10.15252/emmm.201303809
http://www.ncbi.nlm.nih.gov/pubmed/25007800
http://dx.doi.org/10.4161/21675511.2014.974982
http://www.ncbi.nlm.nih.gov/pubmed/26942106
http://dx.doi.org/10.1073/pnas.1211775110
http://www.ncbi.nlm.nih.gov/pubmed/23213233
http://dx.doi.org/10.1074/jbc.M412188200
http://www.ncbi.nlm.nih.gov/pubmed/15705588
http://dx.doi.org/10.1371/journal.pgen.1006950
http://www.ncbi.nlm.nih.gov/pubmed/28854265
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Zinc Homeostasis in Skin 
	Skin Structure 
	Zinc Transporters 
	MTs 
	Zinc Levels in Skin 
	Zinc Deficiency in Skin 

	Zinc Transporters and Skin Disorders 
	Epidermis 
	Dermis 
	Hypodermis 

	Conclusions 
	References

