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Study of Food Components with the Ability to Increase Human ZIP4 Expression
to Improve Zinc Absorption
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ABSTRACT

Zinc is an essential nutrient for human health. It plays critical roles in diverse
biological responses as a structural, catalytic, and regulatory component within
proteins. Recently, people with marginal zinc deficiency and suboptimal zinc
status have been detected in both less developed and industrialized countries.
Strategies for increasing zinc absorption are important to prevent marginal zinc
deficiency, because the e[dciency is estimated to be about 30% in normal conditions.
In the intestinal epithelial cells, the zinc transporter ZIP4 (SLC39A4), which was
identified as a responsible gene for the rare, autosomal recessive genetic disease
acrodermatitis enteropathica, functions as an essential molecule for zinc absorption.
Exogenous expression of ZIP4 results in zinc uptake into the cells, suggesting
that food factor(s) increasing ZIP4 expression should be a potential enhancer of
zinc absorption. In previous studies, we had found that several soybean extracts
including soyaflavone HG and soyhealth SA have this effect. Here, we identified
a type of soyasaponin from soyhealth SA as an important active component.
Moreover, we investigated the molecular mechanism by which soyhealth SA
increases ZIP4 expression. Furthermore, we screened soybean extract(s) with
the ability to increase human ZIP4 expression using MDCK FLp-In""T-Rex cells
stably expressing human ZIP4, and found some extracts that have the ellect. These
results strongly suggest that soybean extracts may be potential enhancers of zinc
absorption. Soy Protein Research, Japan 17, 85-89, 2014.

060685020 00D DOOOOOOOOO

0O000oododdvol 1720140 85



Key words : zinc transporter, ZIP4, zinc absorption, soyhealth SA, soyasaponin

endocytosis

0000000000 000000000O0O0O00
00000000 00000o000oooooo
0000000000000000D00000000
000000000000000000000000
000000000000000000000000
0000O0*U000000000onoooooo
30%0000000000000000000000
0oooo0o0*00000000000oooonog
000000000000000000000000
0000000000000 000000D000000

0000000000000 00000000"™
000000000000 0000D00000000
0000000 zZIPA0D00® 0zIPADDDOOOOO
0000000D000000000D0O0000000
Joooooooooooo®™o0ooooooo
000000000000ZIPAD00O000DODO0
000000000000000000000000
O%0zIPA00000000O0OOOOOOOOO00
000000000 000000000000000
0000000000000 0000ZIP400000
0000000000 0000000D0000000
SAD0000D0OO0O0DNODOONONDOOOOoNoO
000000000 0000000D0O00D0O0000
00000000000SADDODODOOODOOOOO
00000000000 0ZIPADDO00ODODOO
000000000000000000000000
0000000000000000000000000

U U

000000000000 DO00O0oon

000D000010%0000000000DMEMO
0o0o®0inviroDOOOODODOO0OO0OO0OODOO
0000000000000000240000000
000000000000000000000000
000000000000000000ZIPA0000
000000000000000000000000
00 MMTO O O Dojindo LaboratoriesD OO0 0000
oo

86

ooooosACDOOOOOO

ooooOoOoooooOoooOoOoOoOoOoOoOoOoOoO
ZIPADOOOOOODDOODO0DO0OOODDOOOOOooOoOo
ooo0ooU0oU0oooOooUooUooUoooooo
OoooozipAD00O00OO0O0OOOOOUODOODOO
0000000000000 0PIERCED OEZ
LinkOa Sulfo-NHS-SS-Biotin reagent0 D O 00000
oo oooooooo
000000 D10pg/mL Tf-conjugated with Texas
RedO Rockland, GilbertsvilleD 010 0 00 00O O
Oo0o0o0o0oo0oooooooooooooo
0000000000000 oooOoooooooo
0 0 0O 0O 0 Alexa Fluor 488-conjugated cholera toxin
subunit BO CTBO InvitrogenO 00000 O0000O0O
000000o0o0oooo0ooooooooooo
JooooooobobobbbibddodddmRNAD
gooooooOo0oOoPCROOODOOODODOOOO
O00ORT-PCROOOOOODOPCROODOODOOO
THUNDERBIRD SYBR gPCR Mix[d TOYOBOUO O O
good

000D00zZIPADDDOODODDOOOOOODOOO
ooooo

MDCK FLp-In™T-Rex0 0 O O OZIPAO DO O OO
0000000000000000ZIPA0DODODOO
0000000000 Transwell PlateD D0 OO0 O
000000000000000000000000
000000000000000000ZIP4000
00000000000000000000000
000000000000 0000024000000
00000000000 00000D0D0000000
OzIPADDDODOOO0OO00ODODOOO0OO000DOOOOO0
0o

goooosADbODOoOooooocooooooozip4
gboobooboooo
gboooosAODO0OO0OO0oOoOoboOooobooozip4
O00000OooooooOoooOOnsSep-Pakd O
gooobooobooooboooooooTrcoooo
goooboooooooooooozirabD OO
gooooooooooooboobooooooooon
ooooooooobooooooooooooooo
NMROOOOOOOOOOOOO

0O00o0ododdvol 1720140



g g

ooooosAdzipa00000OO0OCOODOOOOOO
od
goooooooooboooooooooooo
ZlpADOOOOoOOooOOOooOoooooobooooo
gooooooooooboobooooobobooooooboooo
gooooooooooooobooooooobooooo
SAD00O00O000DOO0O0000O0b0O0DbDO0DO
ooozip000000OCOOOODODOOOOOOO
goboooboooooboooooboooooboooo
oooooooooobooobooooooooooo
oboooooooozipd0000OCOOCODOOOO
oooooooooooooboobooooooboooo
gbooooooosAbzipADDOOOOOOOOO
oboobOoboooooocOoboooobDOoosAbOZziP4
mMRNAOOOOOO0O0O0O000O00O0O000000O0
OOooooOmRNAODODOOOOOODOOOOOOO
ooooooobooOoddrig 1@ooozIiP40O0O
gooooooooooooooobooooooooo
oooooooooooooobooooozipa0nn
obooboooooosAD0DOoOooOOoooooobooo
oboooooooosaACbobooooooooozip4
obooooooooooooboooozip40OOO
oooooooooooboooooobooooooboooo
O00000000Fg20000000000SA
ooooooooooooobobooooooooo

A B
ZIP4 mRNA
1.8
c
(o]
‘D
(%]
. g
£ 1o}
g
A A« B
©
o
0
] SA  Sap
SA Sap

goooooooooooBODOoOOOOOOODOD
goooooooooooooozip4DO0OOO00ODO
Oo0O0O000000Fg. 200000000000
sAUO000O000O00C00O0OO0O0O0O0oDoOoo0OO
gooooooodzipd00OOOOOOOOOOO
obooooooooboooooooooosAnDOon
oooooooooooooobooooooooooon
obobooooocOooOoobooboooosAODOOOn
gooooooooooozipdD00DOOOOOO00OO
gooboooooooooooobOinvitreO OO
goooooosaAndoozipd0000Ooooon
goooooooooooozipADDOOOOO00OO
ooooooooobooo

gozip4000000COOOOOOOOOOOOOO
gooooooo

00zIPA0 000 O0O0OOMDCKO OO Transwell
PlateD OO OOO0ODOOODOOODOOODOOOOO
goooooooooooooboooooobooooon
goooooOooooooooboooooooooon
go1wioOoOOOO0OOOoOOoDOOoOOo0OOooOD24000
gooooooooooooooooooooooon
goooboozipaDD0O0OCOOOODOOCOOOOOO
ooboooooooooooboobooooooooo
gboooooocooooozipaD00ODOOCOOOOOO
Oo0o0000000000O0FRIg 300000000
gooooooooooboooTLcorPLCOOOODO
gooooobooooooooooobooooooon

C
ZIP4 protein
SA Sap
A D 0 0.1 0.01 0.02 (%)
ZIP4
tubulin

Fig. 1. Soyhealth SA increases ZIP4 protein expression without enhancing Z/P4 mRNA expression. A, Isolated
soyasaponin (Sap) showed a single component on reverse-phase TLC. SA, Soyhealth SA. B, Soyhealth SA
(SA) and soyasaponin (Sap) do not increase Zip4 mRNA expression. C, Soyasaponin (Sap) enhance ZIP4
expression with a 10-fold lower concentration than soyhealth SA (SA). A, zinc-adequate conditions, D,

zinc-deficient conditions.
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Fig. 2. Soyhealth SA enhances the cell surface
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abundance of ZIP4, but does not significantly
affect expression of transferrin and cholera
toxin subunit B. A. Soyhealth SA (SA) and
soybean extracts (Ex) enhance the cell surface
abundance of ZIP4 protein. Biotinylated
proteins were prepared from the cells
cultured in the indicated conditions and were
subjected to immunoblot analysis using anti-
ZIP4. GRP78 and ConA are shown as loading
controls. A, zinc-adequate conditions, D, zinc-
deficient conditions. B, Soyhealth SA (SA)
does not inhibit general endocytosis. Note
that fluorescent signals can be detected in the
intracellular vesicles, and thus endocytosis
of Texas Red-conjugated transferrin (Tf, left)
and Alexa Fluor 488-conjugated cholera toxin
subunit B (CTB, right) are also not significantly
blocked by soyhealth SA (SA).
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Fig. 3. Evaluation of the activity of soybean extracts on human ZIP4 expression. MDCK FLp-InNTMT-Rex cells
stably expressing human ZIP4-HA were treated with soybean extracts including Soyhealth SA (SA).
Human ZIP4 expression in cell lysate prepared from the cells was evaluated by immunoblot analysis.
ConA is shown as loading control. a-e and 1-10, soybean extracts.

88

0O00o0ododdvol 1720140



gogoogd

gooboooodoozipd000ooooboooooboobo0ooooooboboooooooboo
SsAU0000000C0CO0O0C0O00O000O00c000b00O000ob0OoOoboc0ooOoOoooOazipPan
oooooocooooooooooobooOooooOobboOoOoOoOobOOobOOoObObOOoOoODObOO
gobooboooocobooobouoozip40OOOOOOZIPAODODOOOODOOOODOO
gobOoooooooooosaoozip400000OO0OCOOOOOOOOOOOODOOOOOO

gboobooooobobooboooobooooboo

gooogo

10 Hambidge, M (2000): Human zinc deficiency. J
Nutr, 130, 1344S-1349S.

200 Maret W and Sandstead HH (2006): Zinc
requirements and the risks and benefits of zinc
supplementation. J Trace Elem Med Biol, 20, 3-18.

30 Prasad AS (1991): Discovery of human zinc
deficiency and studies in an experimental human
model. Am J Clin Nutr, 53, 403-412.

40 Mocchegiani E and Malavolta M (2011); Zinc and
aging, in: Zink in human health, eds by RinkL,
325-346, 10S Press, Amsterdam.

50 Gallaher DD, Johnson PE, Hunt JR, Lykken
Gl, and Marchello MJ (1988): Bioavailability in
humans of zinc from beef: Intrinsic vs extrinsic
labels. Am J Clin Nutr, 48, 350-354.

600 Krebs NF (2000) Overview of zinc absorption and
excretion in the human gastrointestinal tract. J
Nutr, 130, 1374S-1377S.

70 Kambe T, Hashimoto A and Fujimoto S (2014):
Current understanding of ZIP and ZnT zinc
transporters in human health and diseases” Cell.
Mol Life Sci, 71, 3281-3295.

80 Kury S, Dreno B, Bezieau S, Giraudet S, Kharfi M,
Kamoun R and Moisan JP (2002): Identification
of slc39a4, a gene involved in acrodermatitis
enteropathica. Nat Genet, 31, 239-240.

900 Wang K, Zhou B, Kuo YM, Zemansky J and
Gitschier J (2002): A novel member of a zinc
transporter family is defective in acrodermatitis

0O000oododdvol 1720140

enteropathica. Am J Hum Genet, 71, 66-73.

100 Kambe T, Weaver BP and Andrews GK (2008):
The Genetics of Essential Metal Homeostasis
during Development. Genesis, 46, 214-228.

110 Weaver BP, Dufner-Beattie J, Kambe T and
Andrews GK (2007). Novel zinc-responsive post-
transcriptional mechanisms reciprocally regulate
expression of the mouse Slc39a4 and Slc39a5
zinc transporters (Zip4 and Zip5). Biol Chem, 388,
1301-1312.

120 Mao X, Kim BE, Wang F, Eide DJ and Petris
MJ (2007): A histidine-rich cluster mediates the
ubiquitination and degradation of the human zinc
transporter, hZIP4, and protects against zinc
cytotoxicity. J Biol Chem, 282, 6992-7000.

130 Kambe T and Andrews GK (2009): Novel
proteolytic processing of the ectodomain of
the zinc transporter ZIP4 (Slc39a4) during
zinc deficiency is inhibited by acrodermatitis
enteropathica mutations. Mol Cell Biol, 29, 129-
139.

140 Haase H, Mocchegiani E and Rink L (2006)
Correlation between zinc status and immune
function in the elderly. Biogerontology, 7, 421-428.

150 Kogirima M, Kurasawa R, Kubori S, Sarukura
N, Nakamori M, Okada S, Kamioka H and
Yamamoto S (2007) Ratio of low serum zinc
levels in elderly japanese people living in the
central part of japan. Eur J Clin Nutr, 61, 375-381.

89





