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Summary Essential trace elements play pivotal roles in numerous structural and catalytic functions
of proteins. Adequate intake of essential trace elements from the daily diet is indispensable to the
maintenance of health, and their deficiency leads to a variety of conditions. However, excessive
amounts of these trace elements may be highly toxic, and in some cases, may cause damage by the
production of harmful reactive oxygen species. Homeostatic dysregulation of their metabolism
increases the risk of developing diseases. Specific transport proteins that facilitate influx or efflux of
trace elements play key roles in maintaining the homeostasis. Recent elucidation of crucial functions
significantly facilitated our understanding of the molecular mechanisms of absorption of the
essential trace elements, such as iron (Fe), copper (Cu), and zinc (Zn), in the small intestine. This
paper summarizes their absorption mechanisms, with a focus on indispensable functions of the
molecules involved in it, and briefly discusses the mechanisms of homeostatic control of each

element at the cellular and systemic levels.
Key Words

Essential trace elements, including iron (Fe), copper
(Cu), and zinc (Zn), are important for a variety of
physiological functions in all living organisms. These
elements play critical roles that of a cofactor or of a
structural component for numerous enzymes and proteins
involved in many biological processes. Though, they are
required in minor quantities, they are important and their
deficiency can lead to a variety of disorders. For example,
iron deficiency leads to anemia and zinc deficiency causes
dermatitis and taste disorder (1,2). However, excessive
intake of these elements can lead to toxicity. For example,
the iron overload disorder, hemochromatosis, is very
common and is characterized by iron deposition in the
liver resulting in fibrosis, while surplus amounts of copper
leads to progression of liver damage and neurological
dysfunction because of their redox potential via Fenton-
type reactions (1,3). Thus, it is important to tightly control
the homeostasis of each metal, in particular, iron, copper,
and zinc, at both systemic and cellular levels. Each metal
is taken in from the apical side of intestinal epithelial cells
and excreted into the portal blood for its delivery to the
peripheral tissues, in which specific transport proteins are
equipped for its mobilization across the biological
membranes (Table 1). Moreover, specific chaperones
facilitate the vectorial transport of iron and copper in
intestinal epithelial cells. Thus, these molecules play key
regulatory roles in maintaining systemic and cellular
homeostasis of the elements. This article briefly
summarizes the intestinal absorption mechanisms of two
redox metals, iron and copper, and one non-redox metal,
zine, focusing on the functions of molecules involved in
their uptake or excretion. The molecular mechanisms
regulating the metabolism of these three metals in generic
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cells and other specific cells have been described in many
literatures, hence is not discussed here in detail (4-10).

Iron Absorption

Iron is important for various cellular proteins, including
the oxygen transport protein, hemoglobin, and redox
enzymes involved in electron transfer. Because of these
critical roles in our body, all life would cease to exist
without iron. Iron deficiency results in anemia. Conversely,
since free iron is very toxic when present in excess, iron
overload causes severe consequences in the body,
including liver damage, fibrosis, cancer, and heart failure
known as a hemochromatosis (2). As a result, iron levels
must be tightly regulated, both, at the cellular level and
systemically. Since mammals have no mechanism for
excretion of iron, the systemic iron homeostasis is
primarily controlled by regulating the balance of iron
absorption in the small intestine, and storage in the
peripheral tissues (11).

Dietary iron exists in two forms: non-heme (inorganic)
iron and heme iron. Non-heme iron is mainly found in
plant foods, such as vegetables and seaweed, whereas
heme iron is mainly present in animal foods, such as meat
and fish (12). Both heme and non-heme iron are taken up
on the apical brush border membrane of the small intestine
by an independent pathway. Dietary non-heme iron
(mostly ferric, Fe3+) is taken up by the divalent metal
transporter 1 (DMT1) in intestinal epithelial cells, which is
a proton-coupled transporter located on the apical
membrane (13). The ferric form (Fe’") has to be reduced to
the ferrous form (Fe’") by a ferrireductase duodenal
cytochrome B (DcytB), before its uptake by DMTI1
because DMT]1 transports Fe** but not Fe*" (14). The
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critical function of DMTI in iron uptake is clearly
explained by mutant and knockout (KO) animals. The
G185R mutation in the DMTI gene is responsible for
severe anemia in the microcytic anemia (mk) mouse and
the anemic Belgrade (b) rat. (15,16). Moreover, the
intestine-specific (conditional) DMT1 KO mouse develops
severe hypochromic microcytic anemia due to the
impaired intestinal iron absorption (17,18). The iron, taken
up into the intestinal epithelial cells, is delivered to the
target organelles by an iron chaperone, poly C binding
protein 2 (PCBP2) (19). PCBP2, which functions as iron
chaperone in the delivery of iron to the cytosolic iron
storage protein, ferritin, binds to DMT1 and ferroportin
(FPN), the iron exporter at the basolateral membrane (20-
22). Thus, PCBP2 is considered to be responsible for
delivering iron from the apical side to the basolateral side
of the intestinal epithelial cells. Since, FPN is a major
cellular iron exporter from intestinal epithelial cells to the
portal vein, the conditional deletion of FPN in the intestine
causes accumulation of iron in the cells, and severe iron
deficiency anemia (23). Excreted ferrous iron (Fe’) by
FPN is rapidly oxidized to ferric iron (Fe’") by hephaestin,
a multicopper ferroxidase, and then Fe’" is bound to
transferrin for delivery to various tissues via circulation
(24).

In contrast to the defined pathway of non-heme iron
uptake, that of heme iron is obscure. Two heme transport
proteins have been proposed thus far for its uptake- heme
carrier protein 1 (HCP1) and heme responsive gene-1
(HRG-1). HCP1 has been identified to be involved in
heme absorption; however it has been revealed that HCP1
exhibits high affinity for folate, and thus, rather functions
as a folate transporter (25). A recent study has revealed
that HRG-1 has high affinity for heme and may mediate
heme transport into the cytosol via the endocytosis
pathway (26). Then, heme is degraded by heme oxygenase
and generates ferrous iron (Fe?"), which is subsequently
metabolized in the same pathway as that of the non-heme
iron (27). Further investigation is needed to fully
understand the heme absorption process.

To maintain iron homeostasis, strict regulations of the
systemic balance of iron storage, distribution, and
utilization are essential where hepcidin is a primary
regulator of iron homeostasis. Hepcidin is a 25 amino-acid
peptide hormone, synthesized and secreted by liver, which
controls FPN expression by mediating degradation of FPN
via direct binding (28,29). Excessive increase of iron
levels stimulates the expression of hepcidin, that degrades
FPN in intestinal epithelial cells, leading to reduction of
the plasma iron. In contrast, the hepcidin level is decreased
in the iron deficient condition, thereby sustaining FPN
expression, thus delivering iron to the plasma (30). Apart
from intestinal epithelial cells, FPN is also highly
expressed in macrophages and hepatocytes, both of which
are essential for iron recycling, because after an average
lifespan of 120 days, erythrocytes are degraded by
macrophages, and surplus iron is stored in the liver as
ferritin (31). Hence, iron transport into plasma from
dietary sources and from recycled sources is regulated by
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Copper Absorption

Copper is a critical functional component of a
number of essential enzymes such as superoxide dismutase
(SOD) in the cytosol, cytochrome C oxidase (CCO) in the
mitochondria, and tyrosinase and lysyl oxidase in the
secretory compartments (32). On the other hand, like iron,
excess amounts of copper, is also toxic as it is a potential
generator of free radicals via Fenton chemistry. Thus,
copper homeostasis must also be strictly regulated in the
systemic, cellular, and subcellular levels as dysregulation
causes severe consequences such as Menkes disease,
characterized by copper deficiency and Wilson disease by
excessive accumulation of copper (3).

Dietary cupric copper (Cu™") needs to be reduced to
cuprous copper (Cu’) before uptake across the apical
membrane by copper transporter 1 (CTR1), a high affinity
copper uptake transporter (33). The reduction is thought to
be mediated by several reductases such as ferrireductase,
DcytB, and STEAP2 metalloreductase (34,35). Cuprous
copper (Cu") is taken up by CTRI, which localizes to the
apical membrane, and early endosomes in the intestinal
epithelial cells (36). The cell surface expression of CTR1
is likely to be regulated by cellular copper levels: excess
copper promotes clathrin-mediated endocytosis of CTRI1,
whereas copper deficiency restores the CTR1 expression
on the apical membrane (37,38). The intestinal epithelial
cell-specific Ctrl-KO mice show severe copper deficiency
(39,40). These evidences demonstrate a crucial role for
copper acquisition through CTRI1. In intestinal epithelial
cells, the copper chaperone, antioxidant-1 (ATOX1),
shuttles copper to the copper-transporting ATPase,
ATP7A, which excretes copper into the portal blood (4,41).
Mutations in ATP74 genes are associated with Menkes
disease, an X-linked recessive copper deficiency disorder
characterized by neurological defects, growth failure, and
kinky hair (42,43). ATP7A is normally located to the
trans-Golgi network, but in response to high extracellular
copper, it is known to relocate to the cytosolic vesicles and
undergo trafficking to the basolateral membrane (44-47).
However, how copper is excreted to the portal blood is not
yet completely characterized. A possible mode is that
ATP7A may mobilize copper into vesicles, which then
fuses with the basolateral membrane to release it for
excretion.

Copper excreted from the intestinal epithelial cells binds
to albumin or « ,-macroglobulin in the blood and is
transported to the liver, where copper loading onto
ceruloplasmin occurs for systemic circulation (48,49).
Ceruloplasmin binds 95% of copper in serum (50); this
copper loading is critical and mediated by another copper-
transporting ATPase, ATP7B (46). ATP7B is important
for copper excretion from the liver, and therefore,
mutations in ATP7B leads to Wilson disease, which is
characterized by hepatic and neurological disorder caused
by copper overload (51).

In cellular homeostasis, copper chaperones like ATOX1
play pivotal roles. ATOX1 delivers copper to ATP7A and
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ATP7B, both of which are located to the frans-Golgi
network, and thus are functional for facilitating copper
transport into the lumen of the organelles (52). In addition,
other copper chaperones, such as CCS and COX17, are
essential for copper metabolism. The former is functional
for loading copper to the SODI, while the latter is
necessary for copper mobilization into the mitochondria
(53,54). Excess copper in the cytosol binds to the
metallothionein, thereby reducing free copper ions, which
is thought to be important for avoiding the toxicity caused
by free copper ions.

Zinc Absorption

Zinc is a stable divalent cation and does not require a
redox reaction during the membrane transport process, as
observed for iron and copper metabolism. Thus,
expression of zinc transporters under strict spatiotemporal
regulation is crucial for the membrane transport of zinc for
maintaining systemic and cellular zinc homeostasis. Zinc
influx and efflux are controlled by two zinc transporter
families, Zn transporter (ZNT) and Zrt-, Irt-related protein
(ZIP). To date, 9 ZNT, and 14 ZIP transporters have been
identified, which is larger in number than those of iron and
copper transporters [55,56]. Both the transporter families
play crucial roles in regulating systemic and cellular zinc
homeostasis by exhibiting tissue-specific localization and
expression (57). Among these transporters, ZIP4 is
essential for uptake of dietary zinc on the apical membrane
in intestinal epithelial cells (58,59), and thus, mutations in
ZIP4 result in the occurrence of acrodermatitis
enteropathica (AE), a rare genetic recessive disorder
associated with zinc deficiency (60-62). AE patients are
characterized by acral dermatitis, alopecia, and diarrhea
(62). The importance of ZIP4 in zinc homeostasis is
confirmed by using intestine-specific Zip4-KO mouse that
die unless fed with a high zinc diet (63). Moreover, AE
patients with symptoms of zinc deficiency are treated with
oral zinc supplementations (64). These facts raise the
possibility that other transporters may contribute towards
the uptake of zinc into the intestinal epithelial cells, but the
secondary zinc transporter has not yet been identified.

ZIP4 expression is tightly regulated by cellular

zinc at the post-translational level. Zinc deficiency causes
stabilization of ZIP4 mRNA, resulting in ZIP4 protein
accumulation on the apical membrane (65). If excess zinc
is added, this surface accumulation of ZIP4 under zinc
deficiency is rapidly internalized by endocytosis and
degraded via the ubiquitin proteasome pathway degraded,
thereby suggesting that the ZIP4 protein escapes from its
degradation when the zinc level is decreased (66,67). ZIP4
protein accumulation on the apical membrane by zinc
deficiency is rapid. For instance, Zip4 accumulation is
detected in rat jejunum by immunoblotting as early as one
day following a zinc-deficient diet [59]. Under prolonged
zinc deficiency, the extracellular amino-terminal domain
of ZIP4 protein, which is recently shown to form
homodimers (68), is proteolytically cleaved (processed),
and consequently, the ZIP4 protein lacking amino-terminal
portion accumulates on the apical membrane (59,62,63) .
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Zinc taken up by the intestinal epithelial cells is
thought to be excreted to the portal blood by ZNTI1,
although it has not yet been directly demonstrated (69).
This idea is supported by the evidence that ZNTI1 in
Drosophila (dZntl) is localized to the basolateral
membrane of the intestinal epithelial cells and plays a key
role in zinc excretion (70). ZNTI mRNA expression is
upregulated by excess zinc content. The ZNTI promoter
has the metal-response element for the binding site of
metal-response element-binding transcription factor-1
(MTF-1), which 1is responsible for metal-induced
transcription (71,72). However, how upregulation of ZNT'1
mRNA contributes to ZNT1 protein expression on the
basolateral membrane remains unknown. Zinc excreted by
ZNTI1 from the intestinal epithelial cells into the portal
vein binds to albumin and « ,-macroglobulin for delivery
to the peripheral tissues.

During the zinc absorption process, the process of zinc
trafficking from the apical membrane (ZIP4) to the
basolateral membrane (ZNT1) in the intestinal epithelial
cells is yet to be understood. The cytosolic zinc binds to
metallothionein (73) or is mobilized into the vesicles,
which may be involved in the transcellular trafficking (74).
Zinc chaperone, like PCBP2 in iron absorption or ATOX1
in copper absorption, might be operative in zinc absorption
as well. Further investigations are needed to clarify this
point.

Conclusion and Perspectives

Recent progress reveals that the absorption of iron,
copper, and zinc occurs by means of a sophisticated
control system in which unique transport proteins are
operative for each metal. Unintended imbalance in the
concentrations of these metals can lead to deficiency or
overload disorders as described above, which may cause
some diseases. For example, excess zinc is known to
induce copper deficiency, leading to reduction of iron
absorption (eventually anemia) (75,76). Moreover,
intricate interactions between iron, copper, and zinc have
been found, although the molecular mechanisms
underlying these interactions are not yet known [10].
Several transporters involved in iron, copper, and zinc
metabolism may be involved in the absorption of other
essential metal elements. Recent studies reveal that
manganese mobilization is conducted by some iron and
zinc transporters (77-80), and thus, these non-substrate
metal elements might affect the absorption efficiency of
iron, copper, and zinc. Further investigation is required to
clarify the interactions and relationships between
transporters and substrates in the absorption processes.

Among iron, copper, and zinc, deficiency of iron and
zinc has got serious and widespread nutritional disorders
in the world. Thus, to increase their absorption, various
strategies have extensively been explored; specifically,
consumption of iron/zinc fortified cereals, reduction of
inhibitors (e.g., phytic acid) for better iron/zinc absorption,
and dietary factors that have positive effects on absorption
(81-83). Complete understanding of their absorption
processes at the molecular level would significantly
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facilitate development of strategies for preventing metal
deficiency.

References

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

Beutler, E., Hoffbrand, a V. and Cook, J. D. 2003.
‘Iron deficiency and overload.”, Hematology / the
Education Program of the American Society of
Hematology. American Society of Hematology.
Education Program: 40-61.

Hambidge, M. 2000. ‘Human zinc deficiency.’, The
Journal of nutrition 130: 13445—-1349S.

Mercer, J. F. B. 2000. ‘The molecular basis of
copper-transport diseases’, Trends in Molecular
Medicine T: 64—69.

Lutsenko, S., Barnes, N. L., Bartee, M. Y. and
Dmitriev, O. Y. 2007. ‘Function and regulation of
human copper-transporting ATPases’, Physiological
reviews 87: 1011-1046.

Kim, B.-E., Nevitt, T. and Thiele, D. J. 2008.
‘Mechanisms for copper acquisition, distribution and
regulation.’, Nature chemical biology 4: 176-85.
Wang, Y., Hodgkinson, V., Zhu, S., Weisman, A. G.
and Petris, J. M. 2011. ‘Advances in the
Understanding of Mammalian Copper Transporters’,
American Society for Nutrition 2: 129-137.
Andrews, N. C. and Schmidt, P. J. 2007. ‘Iron
homeostasis.’, Annual review of physiology 69: 69—
85.

Wang, J. and Pantopoulos, K. 2011. ‘Regulation of
cellular iron metabolism’, Biochem J 434: 365-381.
Bogdan, A. R., Miyazawa, M., Hashimoto, K. and
Tsuji, Y. 2016. ‘Regulators of Iron Homeostasis:
New Players in Metabolism, Cell Death, and
Disease’, Trends in Biochemical Sciences 41: 274—
286.

Kambe, T., Weaver, B. P. and Andrews, G. K. 2008.
‘The genetics of essential metal homeostasis during
development’, Genesis 46: 214-228.

Pantopoulos, K., Porwal, S. K., Tartakoff, A. and
Devireddy, L. 2012. ‘Mechanisms of mammalian
iron homeostasis’, Biochemistry 51: 5705-5724.
Hurrell, R. and Egli, I. 2010. ‘Iron bioavailability
and dietary reference values.’, The American journal
of clinical nutrition 91: 1461S—-1467S.

Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin,
Y., Romero, M. F., Boron, W. F., Nussberger, S.,
Gollan, J. L. and Hediger, M. A. 1997. ‘Cloning and
characterization of a mammalian proton-coupled
metal-ion transporter’, Nature 388: 482—488.

Lane, D. J. R., Bae, D. H., Merlot, A. M., Sahni, S.
and Richardson, D. R. 2015. ‘Duodenal cytochrome
b (DCYTB) in Iron metabolism: An update on
function and regulation’, Nutrients 7: 2274-2296.
Fleming, M. D., Trenor, C. C., Su, M. a, Foernzler,
D., Beier, D. R., Dietrich, W. F. and Andrews, N. C.
1997. ‘Microcytic anaemia mice have a mutation in
Nramp2, a candidate iron transporter gene.’, Nature
genetics 16: 383-386.

Fleming, M. D., Romano, M. A., Su, M. A., Garrick,

362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

L. M., Garrick, M. D. and Andrews, N. C. 1998.
‘Nramp?2 is mutated in the anemic Belgrade (b) rat:
Evidence of a role for Nramp2 in endosomal iron
transport’, Genetics 95: 1148—1153.

Gunshin, H., Fujiwara, Y., Custodio, A. O., DiRenzo,
C., Robine, S. and Andrews, N. C. 2005. ‘Slc11a2 is
required for intestinal iron absorption and
erythropoiesis but dispensable in placenta and liver’,
Journal of Clinical Investigation 115:1258-1266.
Shawki, A., Anthony, S. R., Nose, Y., Engevik, M.
A., Niespodzany, E. J., Barrientos, T., Ohrvik, H.,
Worrell, R. T., Thiele, D. J. and Mackenzie, B. 2015.
‘Intestinal DMTT is critical for iron absorption in the
mouse but is not required for the absorption of
copper or manganese.’, American journal of
physiology. Gastrointestinal and liver physiology:
ajpgi.00160.2015.

Lane, D. J. R. and Richardson, D. R. 2014.
‘Chaperone turns gatekeeper: PCBP2 and DMTI1
form an iron-transport pipeline’, Biochemical
Journal 462: el—e3.

Shi, H., Bencze, K. Z., Stemmler, T. L. and Philpott,
C. C. 2008. ‘A cytosolic iron chaperone that delivers
iron to ferritin.’, Science (New York, N.Y.) 320:
1207-10.

Yanatori, I., Richardson, D. R., Imada, K. and Kishi,
F. 2016. ‘Iron export through the transporter
ferroportin 1 is modulated by the iron chaperone
PCBP2’, Journal of Biological Chemistry 291:
17303-17318.

Liu, X. B., Yang, F. and Haile, D. J. 2005.
‘Functional  consequences of ferroportin 1
mutations’, Blood Cells, Molecules, and Diseases
35: 33-46.

Donovan, A., Lima, C. A., Pinkus, J. L., Pinkus, G.
S., Zon, L. 1., Robine, S. and Andrews, N. C. 2005.
‘The iron exporter ferroportin/Slc40al is essential
for iron homeostasis’, Cell Metabolism 1: 191-200.
Petrak, J. and Vyoral, D. 2005. ‘Hephaestin - A
ferroxidase of cellular iron export’, International
Journal of Biochemistry and Cell Biology 37: 1173—
1178.

Qiu, A., Jansen, M., Sakaris, A., Min, S. H,
Chattopadhyay, S., Tsai, E., Sandoval, C., Zhao, R.,
Akabas, M. H. and Goldman, 1. D. 2006.
‘Identification of an Intestinal Folate Transporter
and the Molecular Basis for Hereditary Folate
Malabsorption’, Cell 127:917-928.

White, C., Yuan, X., Schmidt, P. J., Bresciani, E.,
Samuel, T. K., Campagna, D., Hall, C., Bishop, K.,
Calicchio, M. L., Lapierre, A., Ward, D. M., Liu, P.,
Fleming, M. D. and Hamza, 1. 2013. ‘HRGI1 is
essential for heme transport from the phagolysosome
of macrophages during erythrophagocytosis’, Cell
Metabolism 17: 261-270.

Kikuchi, G., Yoshida, T. and Noguchi, M. 2005.
‘Heme oxygenase and heme degradation’,
Biochemical and Biophysical Research

Communications 338: 558-567.

The Vitamin Society of Japan / Japan Society of Nutrition and Food Science

Page 4 of 10



Page 5 of 10

426

446

476

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

Journal of Nutritional Science and Vitaminology

Ganz, T. 2003. ‘Hepcidin, a key regulator of iron
metabolism and mediator of anemia of
inflammation’, Blood 102: 783-788.

Nemeth, E., Tuttle, M. S., Powelson, J., Vaughn, M.
B., Donovan, A., Ward, D. M., Ganz, T. and Kaplan,
J. 2004. ‘Hepcidin regulates cellular iron efflux by
binding to ferroportin and inducing its
internalization.’, Science (New York, N.Y.) 306:
2090-3.

Nemeth, E., Preza, G. C., Jung, C. L., Kaplan, J.,
Waring, A. J. and Ganz, T. 2006. ‘The N-terminus
of hepcidin is essential for its interaction with
ferroportin: Structure-function study’, Blood 107:
328-333.

Kohgo, Y., Ikuta, K., Ohtake, T., Torimoto, Y. and
Kato, J. 2008. ‘Body iron metabolism and
pathophysiology of iron overload’, International
Journal of Hematology 88: 7-15.

Palumaa, P. 2013. ‘Copper chaperones. the concept
of conformational control in the metabolism of
copper’, FEBS Letters 587: 1902—1910.

Lee, J., Peia, M. M. O., Nose, Y. and Thiele, D. J.
2002. ‘Biochemical characterization of the human
copper transporter Ctrl’, Journal of Biological
Chemistry 277: 4380-4387.

Knépfel, M. and Solioz, M. 2002. ‘Characterization
of a cytochrome b(558) ferric/cupric reductase from
rabbit duodenal brush border membranes’,
Biochemical and Biophysical Research
Communications 291: 220-225.

Ohgami, R. S., Campagna, D. R., McDonald, A. and
Fleming, M. D. 2006. ‘The Steap proteins are
metalloreductases’, Blood 108: 1388-1394.

Molloy, S. A. and Kaplan, J. H. 2009. ‘Copper-
dependent recycling of hCTRI1, the human high
affinity copper transporter’, Journal of Biological
Chemistry 284: 29704-29713.

Petris, M. J., Smith, K., Lee, J. and Thiele, D. J.
2003. ‘Copper-stimulated ~ endocytosis  and
degradation of the human copper transporter, hCtrl1’,
Journal of Biological Chemistry 278: 9639-9646.

Clifford, R. J., Maryon, E. B. and Kaplan, J. H. 2016.

‘Dynamic internalization and recycling of a metal
ion transporter: Cu homeostasis and CTRI1, the
human Cu” uptake system’, Journal of cell science
129: 1711-1721.

Nose, Y., Wood, L. K., Kim, B. E., Prohaska, J. R.,
Fry, R. S., Spears, J. W. and Thiele, D. J. 2010.
‘Ctrl is an apical copper transporter in mammalian
intestinal epithelial cells in vivo that is controlled at
the level of protein stability’, Journal of Biological
Chemistry 285: 32385-32392.

Nose, Y., Kim, B. E. and Thiele, D. J. 2006. ‘Ctrl
drives intestinal copper absorption and is essential
for growth, iron metabolism, and neonatal cardiac
function’, Cell Metabolism 4: 235-244.

Harrison, M. D., Jones, C. E. and Dameron, C. T.
1999. ‘Copper chaperones: Function, structure and
copper-binding properties’, Journal of Biological

480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

512

516

536

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

Inorganic Chemistry 4: 145-153.

Vulpe, C., Levinson, B., Whitney, S., Packman, S.
and Gitschier, J. 1993. ‘Isolation of a candidate gene
for Menkes disease and evidence that it encodes a
copper-transporting ATPase.’, Nature genetics 3: 7—
13.

Kaler, S. G. 2011. ‘ATP7A-related copper transport
diseases-emerging concepts and future trends.’,
Nature reviews. Neurology T: 15-29.

Greenough, M., Pase, L., Voskoboinik, I., Petris, M.
J., O’Brien, a W. and Camakaris, J. 2004. ‘Signals
regulating trafficking of Menkes (MNK; ATP7A)
copper-translocating P-type ATPase in polarized
MDCK cells.”, American journal of physiology. Cell
physiology 287: C1463—-C1471.

Nyasae, L., Bustos, R., Braiterman, L., Eipper, B.
and Hubbard, A. 2007. ‘Dynamics of endogenous
ATP7A (Menkes protein) in intestinal epithelial
cells: copper-dependent redistribution between two
intracellular sites’, Am J Physiol Gastrointest Liver
Physiol 292: G1181-94.

Veldhuis, N. A., Gaeth, A. P., Pearson, R. B.,
Gabriel, K. and Camakaris, J. 2009. ‘The multi-
layered regulation of copper translocating P-type
ATPases’, in BioMetals 22:177-190.

Pierson, H., Lutsenko, S., Timer, Z., Pierson, H.,
Lutsenko, S. and Timer, Z. 2015. ‘Copper
Metabolism, ATP7A and Menkes Disease’, eLS,
(November): 1-15.

Liu, N,, Lo, L. S. Ii, Askary, S. H., Jones, L., Kidane,
T. Z., Nguyen, T. T. M., Goforth, J., Chu, Y. H,,
Vivas, E., Tsai, M., Westbrook, T. and Linder, M. C.
2007. ‘Transcuprein is a macroglobulin regulated by
copper and iron availability’, Journal of Nutritional
Biochemistry 18: 597-608.

Michalczyk, A., Hamer, P., Ramos, D., Kim, S.,
Mercer, J. F. B. and Linder, M. C. 2008. ‘Copper is
taken up efficiently from albumin and alpha2-
macroglobulin by cultured human cells by more than
one mechanism.’, AJP: Cell Physiology 295: C708-
21.

Hellman, N. E. and Gitlin, J. D. 2002.
‘Ceruloplasmin metabolism and function’, Annu Rev
Nutr 22:439-458.

Bull, P. C., Thomas, G. R., Rommens, J. M., Forbes,
J. R. and Cox, D. W. 1993. ‘The Wilson disease
gene is a putative copper transporting P-type
ATPase similar to the Menkes gene’, Nature
Genetics 5: 327-337.

Prohaska, J. R. 2008. ‘Role of copper transporters in
copper homeostasis’, in American Journal of
Clinical Nutrition 88.

Rae, T. D., Torres, A. S., Pufahl, R. A. and
O’Halloran, T. V. 2001. ‘Mechanism of Cu,Zn-
Superoxide Dismutase Activation by the Human
Metallochaperone hCCS’, Journal of Biological
Chemistry 276: 5166-5176.

Palumaa, P., Kangur, L., Voronova, A. and Sillard,
R. 2004. ‘Metal-binding mechanism of Cox17, a

The Vitamin Society of Japan / Japan Society of Nutrition and Food Science



539

546

552

560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

596

597

55)

56)

57)

58)

59)

60)

61)

62)

63)

64)

65)

66)

Journal of Nutritional Science and Vitaminology

6

copper chaperone for cytochrome c oxidase.’, The
Biochemical journal 382: 307-14.

Fukada, T. and Kambe, T. 2014. Zinc signals in
cellular functions and disorders, Springer 4:1-343.
Kambe, T., Tsuji, T., Hashimoto, A. and Itsumura, N.
2015. ‘The Physiological, Biochemical, and
Molecular Roles of Zinc Transporters in Zinc
Homeostasis and Metabolism’,  Physiological
Reviews 95: 749-784.

Hara, T., Takeda, T. aki, Takagishi, T., Fukue, K.,
Kambe, T. and Fukada, T. 2017. ‘Physiological roles
of zinc transporters: molecular and genetic
importance in zinc homeostasis’, Journal of
Physiological Sciences 67:283-301.

Dufner-Beattie, J., Wang, F., Kuo, Y. M., Gitschier,
J., Eide, D. and Andrews, G. K. 2003. ‘The
acrodermatitis enteropathica gene ZIP4 encodes a
tissue-specific, zinc-regulated zinc transporter in
mice’, Journal of Biological Chemistry 278: 33474—
3348]1.

Hashmoto, A., Nakagawa, M., Tsujimura, N.,
Miyazaki, S., Kizu, K., Goto, T., Komatsu, Y.,
Matsunaga, A., Shirakawa, H., Narita, H., Kambe, T.
and Komai, M. 2016. ‘Properties of Zip4
accumulation during zinc deficiency and its
usefulness to evaluate zinc status: a study of the
effects of =zinc deficiency during lactation.’,
American  journal of physiology. Regulatory,
integrative and comparative physiology 310: R459-
68.

Kiiry, S., Dréno, B., Bézieau, S., Giraudet, S., Kharfi,
M., Kamoun, R. and Moisan, J.-P. 2002.
‘Identification of SLC39A4, a gene involved in
acrodermatitis enteropathica.”, Nature genetics 31:
239-240.

Wang, K., Zhou, B., Kuo, Y.-M., Zemansky, J. and
Gitschier, J. 2002. ‘A novel member of a zinc
transporter family is defective in acrodermatitis
enteropathica.’, American journal of human genetics
71: 66-73.

Schmitt, S., Kiiry, S., Giraud, M., Dréno, B., Kharfi,
M. and Bézieau, S. 2009. ‘An update on mutations
of the SLC39A4 gene in acrodermatitis
enteropathica’, Human Mutation 30: 926-933.
Geiser, J., Venken, K. J. T., de Lisle, R. C. and
Andrews, G. K. 2012. ‘A mouse model of
acrodermatitis enteropathica: Loss of intestine zinc
transporter ZIP4 (Slc39a4) disrupts the stem cell
niche and intestine integrity’, PLoS Genetics 8.
Andrews, G. K. 2008. ‘Regulation and function of
Zip4, the acrodermatitis enteropathica gene.’,
Biochemical Society transactions 36: 1242—6.
Weaver, B. P., Dufner-Beattie, J., Kambe, T. and
Andrews, G. K. 2007. ‘Novel zinc-responsive post-
transcriptional mechanisms reciprocally regulate
expression of the mouse Slc39a4 and Slc39a5 zinc
transporters (Zip4 and Zip5)’, Biological Chemistry
388: 1301-1312.

Dufner-Beattie, J., Kuo, Y. M., Gitschier, J. and

598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

656

67)

68)

69)

70)

71)

72)

73)

74)

75)

76)

77)

78)

79)

Andrews, G. K. 2004. ‘The adaptive response to
dietary zinc in mice involves the differential cellular
localization and zinc regulation of the zinc
transporters ZIP4 and ZIP5’, Journal of Biological
Chemistry 279: 49082-49090.

Mao, X., Kim, B. E., Wang, F., Eide, D. J. and Petris,
M. J. 2007. ‘A histidine-rich cluster mediates the
ubiquitination and degradation of the human zinc
transporter, hZIP4, and protects against zinc
cytotoxicity’, Journal of Biological Chemistry 282:
6992-7000.

Zhang, T., Sui, D. and Hu, J. 2016. ‘Structural
insights of ZIP4 extracellular domain critical for
optimal zinc transport’, Nature Communications 7
VN-re :11979.

Hennigar, S. R. and McClung, J. P. 2016. ‘Hepcidin
Attenuates Zinc Efflux in Caco-2 Cells’, Journal of
Nutrition 146: 2167-2173.

Wang, X., Wu, Y. and Zhou, B. 2009. ‘Dietary zinc
absorption is mediated by ZnTl1 in Drosophila
melanogaster.”, The FASEB journal: official
publication of the Federation of American Societies

for Experimental Biology 23: 2650-2661.

Liuzzi, J. P., Blanchard, R. K. and Cousins, R. J.
2001. ‘Differential regulation of zinc transporter 1, 2,
and 4 mRNA expression by dietary zinc in rats’, J
Nutr 131: 46-52.

Langmade, S. J., Ravindra, R., Daniels, P. J. and
Andrews, G. K. 2000. ‘The transcription factor
MTF-1 mediates metal regulation of the mouse
ZnT1 gene’, Journal of Biological Chemistry 275:
34803-34809.

Maret, W. 2000. ‘Zinc and Health: Current Status
and Future Directions The Function of Zinc
Metallothionein: A Link between Cellular Zinc and
Redox State’, J. Nutr 130: 1455-1458.

Cousins, R. J. 2010. ‘Gastrointestinal factors
influencing zinc absorption and homeostasis’,
International Journal for Vitamin and Nutrition
Research 80: 243-248.

Hoffman, H. N., Phyliky, R. L. and Fleming, C. R.
1988. Zinc-induced copper deficiency.,
Gastroenterology 94: 508-512.

Sheqwara, J. and Alkhatib, Y. 2013. ‘Sideroblastic
anemia secondary to zinc toxicity’, Blood 122: 311.
Au, C., Benedetto, A. and Aschner, M. 2008.
‘Manganese transport in eukaryotes: The role of
DMT1’, NeuroToxicology 29: 569-576.

Quadri, M., Federico, A., Zhao, T., Breedveld, G. J,,
Battisti, C., Delnooz, C., Severijnen, L. A., Di Toro
Mammarella, L., Mignarri, A., Monti, L., Sanna, A.,
Lu, P., Punzo, F., Cossu, G., Willemsen, R., Rasi, F.,
Oostra, B. A., Van De Warrenburg, B. P. and
Bonifati, V. 2012. ‘Mutations in SLC30A10 cause
parkinsonism and dystonia with hypermanganesemia,
polycythemia, and chronic liver disease’, American
Journal of Human Genetics 90: 467-477.

Tuschl, K., Meyer, E., Valdivia, L. E., Zhao, N.,
Dadswell, C., Abdul-Sada, A., Hung, C. Y.,

The Vitamin Society of Japan / Japan Society of Nutrition and Food Science

Page 6 of 10



Page 7 of 10

657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714

715

80)

81)

82)

83)

84)

85)

86)

87)

Journal of Nutritional Science and Vitaminology

Simpson, M. A., Chong, W. K., Jacques, T. S.,
Woltjer, R. L., Eaton, S., Gregory, A., Sanford, L.,
Kara, E., Houlden, H., Cuno, S. M., Prokisch, H.,
Valletta, L., Tiranti, V., Younis, R., Maher, E. R.,
Spencer, J., Straatman-Iwanowska, A., Gissen, P.,
Selim, L. A. M., Pintos-Morell, G., Coroleu-Lletget,
W., Mohammad, S. S., Yoganathan, S., Dale, R. C.,
Thomas, M., Rihel, J., Bodamer, O. A., Enns, C. A.,
Hayflick, S. J., Clayton, P. T., Mills, P. B., Kurian,
M. A. and Wilson, S. W. 2016. ‘Mutations in
SLC39A14 disrupt manganese homeostasis and
cause  childhood-onset  parkinsonism—dystonia’,
Nature Communications 7: 11601.

Nishito, Y., Tsuji, N., Fujishiro, H., Takeda, T. A.,
Yamazaki, T., Teranishi, F., Okazaki, F., Matsunaga,
A., Tuschl, K., Rao, R., Kono, S., Miyajima, H.,
Narita, H., Himeno, S. and Kambe, T. 2016. ‘Direct
comparison of manganese detoxification/efflux
proteins and molecular characterization of ZnT10
protein as a manganese transporter’, Journal of
Biological Chemistry 291: 14773-14787.

Gautam, S., Platel, K. and Srinivasan, K. 2010.
‘Higher Bioaccessibility of iron and zinc from food
grains in the presence of garlic and onion’, Journal
of Agricultural and Food Chemistry 58: 8426—8429.

La Frano, M. R., de Moura, F. F., Boy, E.,
Lonnerdal, B. and Burri, B. J. 2014. ‘Bioavailability
of iron, zinc, and provitamin A carotenoids in
biofortified staple crops’, Nutrition Reviews 72:
289-307.

Hashimoto, A., Ohkura, K., Takahashi, M., Kizu, K.,
Narita, H., Enomoto, S., Miyamae, Y., Masuda, S.,
Nagao, M., Irie, K., Ohigashi, H., Andrews, G. K.
and Kambe, T. 2015. ‘Soybean extracts increase cell
surface ZIP4 abundance and cellular zinc levels: a
potential novel strategy to enhance zinc absorption
by ZIP4 targeting.’, The Biochemical journal 472:
183-93.

Ehrnstorfer, 1. a, Geertsma, E. R., Pardon, E.,
Steyaert, J. and Dutzler, R. 2014. ‘Crystal structure
of a SLC11 (NRAMP) transporter reveals the basis
for transition-metal ion transport.’, Nature structural
& molecular biology 21: 990-6.

Ehrnstorfer, 1. A., Manatschal, C., Arnold, F. M.,
Laederach, J. and Dutzler, R. 2017. ‘Structural and
mechanistic basis of proton-coupled metal ion
transport in the SLC11/NRAMP family’, Nature
Communications 8:14033.

Taniguchi, R., Kato, H. E., Font, J., Deshpande, C.
N., Wada, M., Ito, K., Ishitani, R., Jormakka, M. and
Nureki, O. 2015. ‘Outward- and inward-facing
structures of a putative bacterial transition-metal
transporter with homology to ferroportin.’, Nature
communications 6: 8545.

De Feo, C. J., Aller, S. G., Siluvai, G. S., Blackburn,
N. J. and Unger, V. M. 2009. ‘Three-dimensional
structure of the human copper transporter hCTR1.’,
Proceedings of the National Academy of Sciences of
the United States of America 106: 4237-4242.

716

736

742

746

756

760
761

7
88) Gourdon, P, Sitsel, O., Karlsen, J. L., Mgller, L. B.
and Nissen, P. 2012. ‘Structural models of the
human copper P-type ATPases ATP7A and ATP7B’,
in Biological Chemistry 393: 205-216.
Antala, S., Ovchinnikov, S., Kamisetty, H., Baker, D.
and Dempski, R. E. 2015. ‘Computation and
functional studies provide a model for the structure
of the zinc transporter hZIP4’, Journal of Biological
Chemistry 290: 17796—17805.
Lu, M. and Fu, D. 2007. ‘Structure of the zinc
transporter  YiiP.’, Science (New York, N.Y.)
317:1746-8.

89)

90)

Fig. 1.
Molecules involved in the absorption of iron, copper,
and zinc in the intestinal epithelial cells.

(A) Dietary non-heme ferric iron (Fe’") is reduced to
ferrous iron (Fe*") by DcytB and taken up by DMT] at the
apical membrane. After this uptake, iron is stored to the
ferritin or conveyed to the basolateral membrane by iron
chaperon PCBP2, and then is excreted to the portal blood
by FPN and oxidized to ferric iron (Fe3+) by hephaestin.
Excreted iron is bound to transferrin and delivered to the
various peripheral tissues. Heme may be taken up by
HRG-1 via the endocytosis pathway. After the uptake,
heme is degraded by heme oxygenase. The released iron
from heme is transported to the portal blood by FPN in the
same manner as that for the non-heme iron.

(B) Dietary copper (cupric form, Cu®") is probably
reduced by several reductases and taken up by CTR1 at the
plasma membrane. After the uptake, copper is transferred
to ATOX1, and then delivered to ATP7A for excretion
into the portal vein. ATP7A may transport copper to the
TGN or vesicles to exocytose it to the portal blood, or may
directly excrete copper at the basolateral membrane.
Excreted copper is transported to the liver. Cytosolic
excess copper binds to metallothionein for reducing
copper toxicity.

(C) Dietary zinc is taken up by ZIP4, and is delivered
to the basolateral membrane or bound to the
metallothionein; the molecular mechanism behind this
process has not yet been elucidated. Zinc is excreted to the
portal vein by ZNTI1, and delivered to the peripheral
tissues.
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Table 1. Properties of transporters involved in absorption of iron, copper, and zinc in intestinal epithelial cells.

Protein Gene Physiologic = Transmembrane Multimeric Length of human Localization in the cells Reference

name name al substrate helices complex* protein (A.A.)

DMTI1 SLC11A2 Iron ITor12 Dimer 561 Apical membrane [13,84,85]

FPN SLC40A1 Iron 12 Dimer 571 Basolateral membrane [22,86]

CTR1 SLC31Al Copper 3 Trimer 190 Apical membrane [87]

ATP7A ATP7A Copper 8 Monomer 1500 TGN, Cytosolic vesicles, [42,43,88]
Basolateral membrane

Z1P4 SLC39A4 Zinc 8 Dimer 647 Apical membrane [55,68,89]

ZNT1 SLC30A1 Zinc 6 Dimer 507 Basolateral membrane [55,90]

*Putative structure, which is predicated by the 3D structure of bacterial homologues, and partial structure.
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