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The nicotianamine-iron chelate [NA-Fe?*], which is found in
many plant-based foods, has been recently described as a new
form of bioavailable iron in mice and chickens. How NA-Fe** is
assimilated from the diet, however, remains unclear. The current
investigation by Murata et al. has identified the proton-coupled
amino acid transporter 1 (PAT1) as the main mechanism by
which NA-Fe** is absorbed in the mammalian intestine. Dis-
covery of this new form of dietary iron and elucidation of its
pathway of intestinal absorption may lead to the development of
improved iron supplementation approaches.

Iron is an essential nutrient for humans and other mammals
with numerous critical biochemical functions; yet iron in
excess is toxic. Importantly, there is no physiological means to
excrete excess iron, so homeostasis must be maintained by
modulating the magnitude of intestinal absorption. Dietary
iron exists mainly as heme iron and nonheme (or inorganic)
iron. Molecular mechanisms of nonheme iron absorption have
been elucidated (1), but details of heme iron absorption remain
unclear. Dietary nonheme iron exists as ferric (Fe**) iron,
which is insoluble in aqueous solutions. Endogenous (e.g,
gastric acid) and exogenous (e.g., ascorbic acid) factors and
enzyme action (e.g, duodenal cytochrome B [DCYTB]) pro-
mote reduction of ferric iron to ferrous (Fe?*) iron. Fe* is then
imported into duodenal enterocytes by divalent metal-ion
transporter 1 (DMT1), which is required for nonheme iron
absorption in mice (2) and probably in humans (3) (Fig. 1).
Nonheme iron imported by DMT1 into enterocytes and iron
contributed from other dietary iron sources constitute the
intracellular “labile” iron pool. This iron can be utilized by the
cell for metabolic purposes or exported by ferroportin 1
(FPN1). After export, Fe** is oxidized to Fe** by hephaestin
(HEPH), which allows ferric iron binding to transferrin for
delivery to the liver via the portal vein.

Importantly, recent work has also identified another po-
tential source of dietary iron, the nicotianamine (NA)-iron
chelate [NA-Fe?*], derived from plant-based foods (4). The
mechanism driving the absorption of this form of bioavailable
iron, however, is unknown. In their recent JBC paper, Murata
et al. have elegantly demonstrated that the NA-Fe** chelate is
absorbed differently from nonheme dietary iron, advancing
what is known about a fundamental biological process and
perhaps providing opportunities to develop new and improved
iron supplementation strategies.
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NA, an iron-binding phytosiderophore found in higher
plants, likely plays an innate role in defense against iron-
mediated production of reactive oxygen species (5). Earlier
observations demonstrated that NA-Fe** could be transported
into Caco-2 cells (6) and that NA-chelated iron is bioavailable
in mice (7) and chickens (8). These observations were
confirmed, and expanded upon, by the recent work of Murata
et al. (4). These authors thoughtfully noted that the NA-Fe?*
complex was trafficked across plant cell membranes by pro-
teins with homology to amino acid/oligopeptide transporters
in mammals. This seems logical since NA is formed from three
S-adenosyl methionine molecules, and its structure somewhat
resembles a small peptide. Thus, they tested the hypothesis
that an amino acid transporter could also facilitate absorption
of the NA-Fe** complex in the mammalian small intestine.
Their investigation focused on proton-coupled amino acid
transporter 1 (PAT1), which they viewed as a potential intes-
tinal NA-Fe** transporter. Using radiotracer studies in Caco-
2 cells (along with siRNA silencing of PAT1), functional
(electrophysiological) analyses of PAT1 overexpression in
Xenopus oocytes, and in vivo studies in mice, these authors
demonstrated uptake of NA->*Fe?* into the epithelium of the
proximal jejunum and noted *°Fe appearance in the spleen,
liver, and kidney. Taken together, these findings confirmed
that NA-Fe®" is a bioavailable source of iron iz vivo, but most
importantly, they uncovered the possible mechanism by which
NA-Fe®* is absorbed in the mammalian intestine (Fig. 1).

The recent investigation by Murata et al. expands our un-
derstanding of dietary sources of bioavailable iron and mech-
anisms of intestinal iron absorption. This work also raises
important questions to be considered in the future. For
example, is NA-Fe>* targeted to lysosomes in enterocytes? If so,
NA could be degraded, thus liberating the ferrous iron atom,
which could be subsequently transported into the cytosol. Also,
do cells that express PAT1 express the iron exporter FPN1? If
so, then iron liberated from NA within cells could be exported
via this common pathway. Or, alternatively, is the NA-Fe**
complex exported from enterocytes intact, and if so, where is
the iron liberated from NA? Perhaps in the liver (assuming the
NA-Fe** complex is water-soluble)? The answers to these
questions will shed new light on fundamental iron absorption
processes crucial to whole-body iron homeostasis.

Murata et al’s findings also introduce new queries con-
cerning iron metabolism. Complex regulatory mechanisms
have evolved to modulate absorption of enteral iron to match
the physiological demand for iron. Historically, intestinal iron
transport has been known to be influenced by the level of

J. Biol. Chem. (2021) 296 100418 1

© 2021 THE AUTHOR. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.jbc.2021.100418
https://orcid.org/0000-0002-8765-0297
mailto:jfcollins@ufl.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.100418&domain=pdf
http://creativecommons.org/licenses/by/4.0/

EDITORS’ PICK HIGHLIGHT: PAT1 and iron absorption

STOMACH |

DC\(TB,
AN M
il )

b (1

U U

| DUODENUM |

| (
L))
7/

JEJUNUM

Figure 1. Mechanisms of nonheme iron absorption in the duodenum and
proposed mechanism of NA-Fe>* absorption in the proximal jejunum.
Question marks demarcate areas of uncertainty in the latter process.

storage iron, erythroid demand for iron, oxygen levels, and
inflammation (1). It is now clear that the liver-derived peptide
hormone hepcidin is the main regulator of intestinal iron ab-
sorption, and Hamp (encoding hepcidin) expression in hepa-
tocytes is modulated according to demand for dietary iron.
Hepcidin modulates iron absorption by binding to FPN1 on
the basolateral surface of enterocytes, causing its internaliza-
tion and degradation (and thus decreasing iron efflux) (9).
What remains to be elucidated is whether NA-Fe>* uptake by
enterocytes of the proximal jejunum is regulated according to
levels of storage iron or in response to other signals that
regulate absorption of nonheme iron (e.g., tissue oxygen levels,
erythroid demand for iron, and infection and inflammation). If
PAT1 and FPN1 are coexpressed, this may indicate that NA-
Fe®* absorption could be regulated like absorption of nonheme
iron (i.e., via hepcidin—FPN1 interactions).

Finally, this seminal work may advance our understanding
of how other essential minerals are absorbed in the intestine
and could open up new avenues for treating iron deficiency in
humans. As a case in point, since NA can also chelate zinc and
copper, does it also facilitate uptake of these metal ions in the
mammalian intestine? Also, could PAT1 facilitate the
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transport of iron—amino acid chelates, which are being
increasingly considered as dietary iron sources with improved
bioavailability (10). Additionally, perhaps NA-Fe** could be
leveraged to develop a new method for iron supplementation,
thus improving the options available to patients and creating
new strategies that may have advantages over existing sup-
plementation treatment regimens (i.e., allowing lower dosing
so as to avoid inhibition of absorption by hepcidin). Experi-
mental consideration of these remaining issues could provide
further impetus to develop NA-Fe** as a novel (and possibly
improved) iron supplement.

Acknowledgments—Supported by grant DK074867 from the Na-
tional Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) and grant DK109717 from NIDDK and the Office of
Dietary Supplements.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: DMT1, divalent metal-
ion transporter 1; FPNI, ferroportin 1; HEPH, hephaestin; NA,
nicotianamine; PAT1, proton-coupled amino acid transporter 1.

References

1. Gulec, S., Anderson, G. J., and Collins, J. F. (2014) Mechanistic and
regulatory aspects of intestinal iron absorption. Am. J. Physiol. Gastro-
intest. Liver Physiol. 307, G397—-G409

2. 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 DMT1 is critical for iron absorption in the mouse but is
not required for the absorption of copper or manganese. Am. J. Physiol.
Gastrointest. Liver Physiol. 309, G635-G647

3. Mims, M. P., Guan, Y., Pospisilova, D., Priwitzerova, M., Indrak, K,
Ponka, P., Divoky, V., and Prchal, J. T. (2005) Identification of a human
mutation of DMT1 in a patient with microcytic anemia and iron overload.
Blood 105, 1337-1342

4. Murata, Y., Yoshida, M., Sakamoto, N., Morimoto, S., Watanabe, T., and
Namba, K. (2020) Iron uptake mediated by the plant-derived chelator
nicotianamine in the small intestine. J. Biol Chem. https://doi.org/10.
1074/jbc.RA120.015861

5. von Wiren, N., Klair, S., Bansal, S., Briat, J. F., Khodr, H., Shioiri, T., Leigh,
R. A, and Hider, R. C. (1999) Nicotianamine chelates both Felll and Fell.
Implications for metal transport in plants. Plant Physiol. 119, 1107-1114

6. Eagling, T., Wawer, A. A, Shewry, P. R,, Zhao, F. ]., and Fairweather-Tait,
S. J. (2014) Iron bioavailability in two commercial cultivars of wheat:
Comparison between wholegrain and white flour and the effects of nic-
otianamine and 2’-deoxymugineic acid on iron uptake into Caco-2 cells.
J. Agric. Food Chem. 62, 10320-10325

7. Lee, S, Kim, Y. S, Jeon, U. S., Kim, Y. K., Schjoerring, J. K., and An, G.
(2012) Activation of rice nicotianamine synthase 2 (OsNAS2) enhances
iron availability for biofortification. Mol. Cells 33, 269-275

8. Beasley, J. T, Johnson, A. A. T., Kolba, N., Bonneau, J. P., Glahn, R. P.,
Ogzeri, L., Koren, O., and Tako, E. (2020) Nicotianamine-chelated iron
positively affects iron status, intestinal morphology and microbial pop-
ulations in vivo (Gallus gallus). Sci. Rep. 10, 2297

9. 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 306, 2090-2093

10. Allen, L. H. (2002) Advantages and limitations of iron amino acid chelates
as iron fortificants. Nutr. Rev. 60, S18—S21. discussion S45

SASBMB


http://refhub.elsevier.com/S0021-9258(20)00191-X/sref1
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref1
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref1
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref2
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref2
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref2
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref2
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref2
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref3
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref3
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref3
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref3
https://doi.org/10.1074/jbc.RA120.015861
https://doi.org/10.1074/jbc.RA120.015861
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref5
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref5
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref5
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref6
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref6
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref6
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref6
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref6
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref7
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref7
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref7
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref8
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref8
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref8
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref8
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref9
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref9
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref9
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref9
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref10
http://refhub.elsevier.com/S0021-9258(20)00191-X/sref10

	Iron chelates hitch a ride on PAT1
	References


