The American Journal of Pathology, Vol. 177, No. 2, August 2010
Copyright © American Society for Investigative Pathology
DOI: 10.2353/ajpath.2010.090823

Gastrointestinal, Hepatobiliary and Pancreatic Pathology

Suppression of SLCT11A2 Expression |s Essential to
Maintain Duodenal Integrity During Dietary lron

Overload

Tomoyuki Shirase,* Kiyoshi Mori,
Yasumasa Okazaki,* Ken Itoh,$

Masayuki Yamamoto,™ Mitsuaki Tabuchi,!
Fumio Kishi,! Li Jiang,** Shinya Akatsuka,**
Kazuwa Nakao,' and Shinya Toyokuni**

From the Departments of Pathology and Biology of Diseases,*
and Medicine and Clinical Science," Kyoto University Graduate
School of Medicine, Kyoto; the Department of Pathology and
Biological Responses,* Nagoya University Graduate School of
Medicine, Nagoya; the Center for Advanced Medical Research,’
Hirosaki University Graduate School of Medicine, Hirosaki; the
Department of Medical Biochemistry," Toboku University
Graduate School of Medicine, Sendai; and the Department of
Molecular Genetics,| Kawasaki Medical School, Kurashiki, Japan

Iron is essential for the survival of mammals, but iron
overload causes fibrosis and carcinogenesis. Reduced
iron absorption and regulated release into circulation
in duodenal mucosa constitute two major mecha-
nisms of protection against dietary iron overload;
however, their relative contribution remains elusive.
To study the significance of the former process, we
generated SLC1142 transgenic mice (TGs) under the
control of the chicken B-actin promoter. TGs were
viable and fertile, and displayed no overt abnormali-
ties up to 20 months. No significant difference in iron
concentration was observed in major solid organs
between TGs and their wild-type littermates, suggest-
ing that increased number of iron transporters does
not lead to increased iron absorption. To test the
sensitivity to iron overload, TGs and wild-type mice
were fed with an iron-rich diet containing 2% ferric
citrate. Iron supplementation caused suppression of
endogenous duodenal SLCI1142 expression, down-
regulation of duodenal ferroportin, and overexpres-
sion of hepatic hepcidin, precluding excessive iron
uptake both in the TGs and wild-type mice. However,
iron-treated TGs revealed increased mortality, result-
ing from oxidative mucosal damage leading to hem-
orrhagic erosion throughout the whole intestinal
area. These findings suggest that reduced iron release

from duodenal cells into circulation plays a role in
mitigating excessive iron uptake from the diet and
that finely regulated duodenal absorption is essential
to protect intestinal mucosa from iron-induced oxida-
tive damage. (4Am J Pathol 2010, 177:677—-685; DOI:
10.2353/ajpath.2010.090823)

Iron is one of the most abundant metals on earth and is
crucial for all kinds of life. Iron is an essential component
of hemoglobin, myoglobin (ie, in the transport and utili-
zation of oxygen), and heme enzymes such as cyto-
chromes, catalase, and peroxidases. Intricate regulatory
mechanisms have evolved to preserve iron even in
an iron-deficient environment. Thus, there is no regulated
iron excretion in mammals through bile or urine; instead,
iron leaves the body only through bleeding or sloughing
off of the skin or mucosal cells. Surplus iron is generally
stored in hepatocytes and macrophages.’? When a tis-
sue’s storage capacity is persistently exceeded, unse-
questered iron catalyzes the formation of reactive oxygen
species, which leads not only to tissue fibrosis with clin-
ical manifestations, such as cirrhosis, cardiomyopathy,
and endocrinopathies, but also to a high risk of cancer.®#

I[ron cannot pass through plasma membranes without
a specific transporter. To date, only a single transmem-
brane transporter, solute carrier family 11, member 2
(SLC11A2; also known as divalent metal ion transporter 1
[DMTT], NRAMP2, and DCTT) is known to have physio-
logical importance in bringing iron into cells. SLC11A2
acts as a proton-coupled iron importer of Fe?*.° It can
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also transport a variety of other divalent metal cations,
including Mn?*, Co?*, Cu?*, and Zn®",® although iron
appears to be its most important physiological substrate.
SLC11A2 is located on the apical membrane of duodenal
surface cells, consistent with its role in transepithelial iron
transport.® SLC11A2 is also located in transferrin-cycle
endosomes,®” where it participates in iron transfer to the
cytoplasm. Additionally, it is present in hepatocytes,
where it has been postulated to be involved in nontrans-
ferrin-bound iron uptake.®

Studies of animals carrying missense mutations in
SLC11A2 have demonstrated two major roles for this
transporter: intestinal nonheme iron transport and iron
uptake especially in erythroid cells. Microcytic anemia
(mk) mice and Belgrade (b) rats present systemic iron
deficiency and anemia attributable to the same sponta-
neous missense mutation (G185R) in SLC11A2.°"° Re-
cently, cases of human SLC77A2 mutation have also
been reported. The patients revealed marked anemia,
but in contrast to rodents with SLC77A2 mutations, he-
patic iron overload was observed at early ages.'"'?
Moreover, a murine model of systemic inactivation of
SLC11A2 has been generated, resulting in a phenotype
that is more severe than that seen in animals homozy-
gous for the G185R mutation. Although SLC77A2 knock-
out mice were born alive, they showed progressive post-
natal growth retardation, and all mice died before the
seventh day.”™ In the present study, by generating
SLC11A2 transgenic mice under the control of the B-actin
promoter, we tested a hypothesis that SLC771A2 overex-
pression would accumulate iron in various organs.

Materials and Methods

Cell Culture and Chemicals

COS-7 cells (American Type Culture Collection, Manas-
sas, VA) were cultured in Dulbecco’s modified Eagle’s
medium (GIBCO, Invitrogen Life Technologies, Carlsbad,
CA) supplemented with 10% fetal bovine serum, 100
U/ml penicillin, 100 pwg/ml streptomycin, and 2 mmol/L
L-glutamine at 37°C and 5% CO.,. Transfection was per-
formed with Lipofectamine 2000 (Invitrogen) according to
the supplier’s protocol. All of the chemicals used were of
analytical grade.

Transgenic Mice

A part of the rat SLC11A2 (rSLC11A2) cDNA, including
the full-length protein coding region and the following 750
bp of 3'-UTR (IRE+) region (GenBank accession number
AF008439; exon 1B,' DMT1A'), was inserted into the
pCAGGS-green fluorescent protein (GFP) vector (Gen-
Bank accession number BD178301), which carries a
chicken B-actin promoter. This vector was a gift from Dr.
Junichi Miyazaki (Osaka University, Japan). The vector’s
GFP sequences were replaced by the rSLC771A2 cDNA.
The 4.7-kb transgene was cut out of the vector by Sall
and Hindlll digestion, purified, and used to generate
transgenic mice. The pronuclei of fertilized eggs from

hyperovulated C57BL/6 crossed with DBA/2 were micro-
injected with this DNA construct. Three lines of trans-
genic mice were established (rDMT-e, rDMT-n, and
rDMT-q; deposited in RIKEN BioResource Center,
Tsukuba, lbaraki, Japan), and all three of the lines were
used for further analyses. Genotype was determined by
PCR by using tail genomic DNA. The transgene was
amplified by using the forward primer 5’-GACAAGGGTT-
TCTTCCTTGTTGTCCTGG-3' (annealing to the 3'-UTR
region of rSLC711A2) and the reverse primer 5'-TTTGC-
CCTCCCATATGTCCTTCCGAG-3’ (annealing to the vec-
tor’s sequence following the 3’-UTR region). The expres-
sion of TG-derived transcripts was also confirmed by
reverse transcription-PCR analysis. The animals were
bred under specific pathogen-free conditions and an
AIN93M diet (Funabashi Farms Co., Ltd., Chiba, Japan).
The animal research committees of Kyoto University
Graduate School of Medicine and of Nagoya University
Graduate School of Medicine approved this experiment.
The animals were maintained in a heterozygous state of the
transgene. The animals were fasted for more than 15 hours
and euthanized between 9 AM and noon.

Southern Blot Analysis

For the evaluation of transgene copy number, 20 ug of
tail DNA was digested with EcoRl, separated on 1.0%
agarose gel, and transferred onto a Hybond-N mem-
brane (Amersham Biosciences, Buckinghamshire, UK).
Rat SLC71A2 cDNA (4.7 kb) was labeled with «a-32P-
dCTP (Amersham) and used as a probe for Southern blot
analysis. The membrane was exposed to an X-ray film
(Kodak, Rochester, NY) as previously described,'® which
generated 2.4 kb band corresponding to transgene.

Inverse PCR Analysis

Inverse PCR analysis was done as described'” to locate
the 3’ ends of transgene in the genome of each line.
Genomic DNA was digested with Haelll and self-ligated
with T4 ligase. Adjacent endogenous genomic DNA frag-
ments were amplified by PCR with a pair of primers
prepared within the transgene (forward primer, F-4505-
5'-GCTGTCCATTCCTTATTCCATAGAAA-3'-4530 and re-
verse primer, R-4312-5'-TTTATTAGCCAGAAGTCAGAT-
GCTCA-3'-4287), cloned, sequenced, and matched with
the public database (http://genome.ucsc.edu, last ac-
cessed January 31, 2010).

Antibodies

An anti-rat SLC11A2 rabbit polyclonal antibody was pro-
duced by a commercial supplier (Hokudo, Hokkaido,
Japan). Briefly, a 13-mer oligopeptide (NH;-CVLLSEDTS-
GGNTK-COOH) corresponding to the amino acids 549—
561 of the rat SLC11A2 with an additional cysteine was
synthesized and conjugated to keyhole limpet hemocya-
nin, which was used as an immunogen for JW rabbits.
One week after the third immunization, whole serum was
harvested and purified by using a SulfoLink kit with the



same oligopeptide (Pierce, Rockford, IL). Mouse mono-
clonal antibodies against 8-hydroxy-2'-deoxyguanosine
(8-OHdAG)'® and 4-hydroxy-2-nonenal (HNE)-modified
proteins'® were produced in our laboratory and used to
locate oxidative stress®® as previously described.?’

Western Blot Analysis

Male 6-week-old mice were used for the analysis. Prep-
aration of the samples and Western blot analysis were
performed as previously described®®23 with modifica-
tions. For intestinal samples, mucosa was scraped off
with razor blade following wash with physiological saline
solution (PSS). The mucosal samples were directly put
into Laemni sample buffer, sheard with a 25-Gauge nee-
dle, heated at 95°C for 6 minutes, and used as samples
for electrophresis. For tissues other than intestine, sam-
ples in Laemni buffer were heated at 60°C for 15 minutes.
Deglycosylation of proteins was done with PNGase F
(New England Biolabs, Ipswich, MA) as previously de-
scribed.?* The working concentration of the SLC11A2
antibody was 1.25 ug/ml. Horseradish peroxidase-con-
jugated monoclonal antibody for B-actin (mAbcam 8226,
Abcam, Cambridge, UK) was used for the loading control
of Western blot analysis. Dot blots were performed in a
similar fashion except that electrophresis and membrane
transfer were not done.

Histological and Immunohistochemical Analysis

For routine microscopic analysis, hematoxylin and eosin
staining was used following 10% phosphate-buffered for-
malin fixation and paraffin embedding. Immunohisto-
chemistry was performed as previously described.?® The
working concentration of the SLC11A2 antibody used
was 5 ug/ml. Control sections were treated without pri-
mary antibody, and all of the control sections remained
free of immunostaining. Quantitation was performed as
previously described.®

RT-PCR Analysis

To quantify mRNA levels, total RNA was extracted by
means of a modified acid guanidinium phenol chloroform
method (Isogen, Nippon Gene, Tokyo). One microgram of
total RNA was reverse-transcribed with a first-strand cDNA
synthesis kit (GE Health care, Buckinghamshire, UK) follow-
ing the manufacturer’s instructions, and was used as tem-
plate for PCR amplification of rSLC771A2, mouse SLC11A2
(MSLC11A2), SLC40A1 (ferroportin-1), HAMP (hepcidin mi-
crobial peptide), TFRC (transferrin receptor), and GAPDH
genes. For quantitative real-time PCR, a Platinum SYBR
Green gPCR SuperMix UDG kit (Invitrogen) and real-time
PCR system 7300 (Applied Biosystems, Foster City, CA)
were used. Primer sequences used were as follows:
GAPDH, forward primer F-5'-AACTTTGGCATTGTG-
GAAGG-3’ and reverse primer R-5’-CACATTGGGGGTAG-
GAACAC-3’; rSLC11A2, F-5'-TGCTTGGTGGCCTA-
AAACTC-3" and R-5'-CCCCTGACAAAACCAGTCAT-3;
and mSLC11A2, F-5'-TGTTTTTGTGAAATAGCATCT-

Iron Uptake in SLC11A2 Transgenic Mice 679
AJP August 2010, Vol. 177, No. 2

TGC-3" and R-5"-GACCCCCAACAAAACTCATC-3’ (based
on GenBank accession number AK049856.1). The primer
pairs used for mouse ferroportin-1 and hepcidin,?® and for
mouse transferrin receptor,?” were as previously described.

Tissue Iron Measurements

Tissue iron concentrations were determined with a Z-7000
polarized Zeeman atomic absorption spectrometer (Hitachi,
Ltd., Tokyo, Japan) as previously described.?®

Iron Uptake Study

Two centimeters of duodenum was dissected, and the
accompanying mesentery was removed. Both ends were
ligated with 6—0 clear nylon threads. An aliquot (100 wul)
of PSS containing FeSO, (200 umol/L, pH 6.2) and
55FeCl, (1 wmol/L, PerkinElmer, Boston, MA) was injected
into the lumen and incubated for 10 minutes at 37°C. The
reaction was terminated by opening the lumen in PSS,
and the duodenum was washed vigorously three times (5
minutes each) with ample PSS containing 2000 wmol/L
FeSO,. The duodenal samples were lysed in 100 ul of 2%
sodium dodecyl sulfate solution and ®Fe incorporated
was measured with LS 6000 liquid scintillation counter
(Beckman Coulter Inc., Fullerton, CA). In these experi-
ments, 1% to 5% of iron out of 20,000 pmole was taken
into the duodenal mucosa within 10 minutes.

Iron-Rich Diet Study

Adult mice (6 to 7 weeks old) were kept under a high-iron
diet for 4 weeks. Diets were formulated by AIN-93M,
supplemented with 2% (w/w) ferric citrate (Sigma, St.
Louis, MO).

Statistical Analysis

Statistical analyses were performed with one-way analy-
sis of variance and an unpaired t-test. Differences in
survival were assessed by Kaplan-Meiyer methods and
analyzed by both a generalized Wilcoxon test and Log
rank test.

Results

Functional Analysis of Transgenic Expression
Vector

Arat SLC11A2 cDNA (IRE™) under the control of chicken
B-actin promoter was used to generate transgenic mice.
COS-7 cells were transfected with the transgenic expres-
sion vector. Intense four bands of ~50 or ~100 kDa, two
each, respectively, with smear at >100 kDa appeared
after transfection of rSLC11A2 vector, but not of GFP
vector, by Western blot analysis (Figure 1A). Deglycosy-
lation caused the decrease in ~100 kDa bands with
increase in the lower ~50 kDa band (Figure 1B). Immu-
nostaining of the cells for rat SLC11A2 24 hours after
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Figure 1. SLC11A2 expression vector and generation of transgenic mice. A:
Western blot analysis of rat SLC11A2 expression after transfection of the
constructed expression vector into COS7 cells. An anti-rat SLC11A2 antibody
recognizing a C-terminal polypeptide was applied as described in Materials
and Methods. Four main bands (arrowheads) and high-molecular weight
smear appeared. Transfection of GFP-construct presented no signal. B: Gly-
cosylation of SLC11A2. Deglycosylation by PNGase F decreased the intensity
of the bands (arrowheads), but intensified the lower ~50 kDa band. Refer
to text for discussion. C: Immunohistochemical analysis of COS7 cells after
SLC11A2 transfection. Cell block was used with hematoxylin nuclear coun-
terstaining. Immunopositivity is observed both in the cytoplasm and plasma
membrane. D: Survival curve of TG and WT. No significant difference was
observed under a basal diet.

transfection revealed that approximately 50% of cells
expressed rat SLC11A2, and the localization was both at
the plasma membrane and cytoplasm (Figure 1C). Cel-
lular iron concentration doubled compared with the mock
transfection control cells (1.00 ug Fe/10° cells vs. 0.52
wg Fe/10° cells; means of duplicate study). These results
confirmed the quality of both the expression vector and
the affinity-purified antibody.

Characterization of SLC11A2 Transgenic Mice

Three lines of transgenic mice (TGs) were established
(rDMT-e, rDMT-n, and rDMT-q). Each line of TGs was
back-crossed to C57BL/6 for more than 10 generations to
minimize the DBA background, and these mice were
used for the following studies. Dot blot analysis of tail
protein was useful for genotyping and completely
matched with the results by PCR analysis (data not
shown).

The TGs were observed up to 85 weeks of age, and no
apparent macroscopic difference in appearance or be-
havior was observed (Figure 1D). Histopathological anal-
ysis also revealed no detectable differences in each or-
gan in the TG. This was common among all three of the
established lines. At the same time, we undertook to
identify the genomic location of the transgene to rule out
the possibility of insertional mutagenesis. Southern blot
analysis revealed that the copy number of inserted trans-
gene in each line was within a few copies (data not
shown). Inverse PCR analysis identified the loci of trans-
gene insertion in two of the lines (e-strain, within Line-1
repeat sequence; n-line, not identified probably due to
tandem repeat of transgene; g-line, chromosome 6qg-ter,
147,068,000-147,068,200; 37 kbp upstream of exon 1 for
Ppfibp1 gene).

Western blot analysis of TG revealed an intense but
broad band of ~100 kDa in the lung and liver, and
weaker bands of similar molecular weight in the heart and
testis. In the duodenum, TGs showed a sharp but weak
band of ~50 kDa with an intense band at ~30 kDa
(Figure 2A), whereas the wild-type mice (WTs) showed
faint bands at 50 kDa. Solid organs (cerebrum, cerebel-
lum, heart, lung, spleen, liver, kidney, and testis) of WTs
presented no bands (data not shown). These differences
in organs might be attributed not only to the glycosylation
or proteolysis of SLC11A2 but also the structural difficulty
as membrane protein. In contrast, immunohistochemical
studies revealed high levels of rSLC11A2 in a variety of
TG organs, including the duodenum (apical surface
cells), renal proximal tubules, lung (apical surface of
bronchial cells), liver (Kupffer cells and bile ducts), stom-
ach (fundic gland chief cells and squamous cells of
forestomach), colonic epithelial cells, and Sertoli and
Leydig cells (Figure 2B), as compared with the corre-
sponding organs of wild-type in which only the duodenal
villi showed recognizable expression, but the other or-
gans had a limited and faint staining. Hepatocytes of TGs
did not show high expression of SLC11A2 (Figure 2B).

The total level (mouse and rat) of SLC77A2 mRNA
expression in the TG duodenum was higher than that of
wild-type although the endogenous murine SLC711A2
mMRNA level was suppressed (Figure 3). The same ten-
dency for mRNA was observed in the liver as a whole
(70% increase of total SLC711A2 mRNA with 25% endog-
enous share).

Iron Concentration in Transgenic Mice

The iron concentration in various organs including heart,
lung, spleen, liver, kidney, brain, and testis of mice (TGs
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Figure 2. Protein levels of SLC71A2 transgenic mice. A:
Western blot analysis of SLC11A2. Arrowheads show the
position of recognized major bands. Scraped duodenal mu-
cosa and lysates from cerebrum, heart, lung, liver, and testis
in TG showed intense bands, although the bands appeared
at different molecular weights with or without smear. Duo-
denal mucosa from WT also showed a faint band (arrow-
head). There was much difficulty in this procedure because
of the presence of 12 membrane-spanning domains in
SLC11A2. Closed circle, possible proteolytic product. Refer to
Materials and Methods and Discussion sections for details. B:
Immunohistochemical analysis of SLC11A2. Many kinds of
parenchymal cells showed positivity. Immunostaining was
most intense at the apical membrane of the duodenum.
Kupffer cells and bile ducts, but not hepatocytes, showed
positivity. Refer to the Results section for details (Scale bar =
100 wm in organs other than lung and testis; Scale bar = 200
pm in lung; and Scale bar = 50 um in the duodenal inset
and testis).

and wild-type mice of 18-week-old males; N = 4) fed with
basal diet was measured. There was no significant dif-
ference in iron concentration between wild-type mice and
TGs (data not shown). No iron deposits were observed in
the duodenum with Perls’ iron staining under a basal diet.
The serum iron concentration was also not significantly
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Figure 3. Iron metabolism in the SLC71A2 transgenic mice. Expression of
iron metabolism genes before and after an iron-rich diet (24 hours after start).
The overall mRNA expression of SLC71A42 was constantly higher in the
transgenic mice, which was especially prominent under an iron-rich diet. An
iron-rich diet suppressed the duodenal expression of the transferrin receptor
and ferroportin-1 genes, but increased the hepatic expression of hepcidin
(N =410 5, means = SEM; *P < 0.05; **P < 0.01; **P < 0.001 vs. WT-CTL;
TP < 0.05; P < 0.001 vs. TG-CTL; P < 0.01; P < 0.001 vs. WT-Fe).
One-way analysis of variance test for comparison among multiple groups
detected statistical significance in all of the analyses of five genes (Total
SLC11A2, P = 0.0034; Endogenous SLC11A2, P = 0.0012; TFRC, P = 0.0007;
SLC40A1, P = 0.0020; and HAMP, P = 0.00002). CTL, control basal diet;
WT-Fe, wild-type mice under an iron-rich diet; TG-Fe, transgenic mice under
an iron-rich diet.
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different between TGs and wild-type mice under a basal
diet (data not shown).

Iron Uptake Study

To evaluate the difference in the duodenal iron absorp-
tion, the dissected duodenum was ligated at both ends,
55Fe was injected into the lumen, and the remaining
radioisotope activity in the duodenal wall was measured
after vigorous washings. °°Fe uptake was significantly
higher in the TGs (TG: 12.8 = 1.9 pmol Fe/mg wet
weight/10 minutes versus wild-type: 7.1 = 2.1 pmol
Fe/mg wet weight/10 minutes; means = SEM, N = 4; P <
0.05), demonstrating that the transgene is functional.

Iron Metabolism in Transgenic Mice

Based on the obtained results, we hypothesized that the
iron absorption by duodenal mucosal cells is blocked
and does not enter into the portal circulation. To test this
hypothesis, we measured the duodenal mRNA levels of
ferroportin-1 (SLC40A1), the secreting transporter from
duodenal cells and those of transferrin receptor (TFRC)
under a basal diet. Both of the mRNA levels were signif-
icantly decreased in the TGs despite steady levels of
hepatic hepcidin mRNA (Figure 3), confirming that the
idea of a “mucosal block” that provides a feedback
mechanism for iron absorption is functional. Then, we
performed an iron-rich diet study.

Iron-Rich Diet Study

Male mice (6 to 7 weeks old) of both TG and wild-type
background were fed with an iron-rich diet (TG, N = 46;
wild-type, N = 51). This diet caused marked weight loss
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Figure 4. Effects of an iron-rich diet in the SLC71A2 transgenic mice. A—C:
Survival curve of each strain. TGs and WT mice were compared with litter-
mates. SLC11A2 transgenic mice were more susceptible to an iron-rich diet
(DMT-e: P < 0.05; tDMT-n: P = 0.26 at day 15, P = 0.34 at day 20, P = 0.18
at day 25, and P = 0.46 at day 29; rDMT-q: P < 0.05). D: Survival curve of the
combined three strains (P < 0.01). E: Duodenal iron content under an
iron-rich diet. Tron content was significantly increased in the duodenum of
TG 24 hours after the start of an iron-rich diet (N = 5, means * SEM; analysis
of variance, P = 0.087; *P < 0.05 vs. WT-Fe). F: Iron content in the spleen
and liver under an iron-rich diet. Iron content in the spleen and liver was
significantly increased, demonstrating that iron absorption was significantly
increased under an iron-rich diet despite a feedback mechanism in the
duodenum (N = 4 to 5, means * SEM; analysis of variance, P = 0.0017 for
spleen and P = 4.5 X 10~ for liver; **P < 0.01 vs. WT-CTL; "'P < 0.01 vs.
TG-CTL).

with melena within a week in both groups, and most of the
mice died within 4 weeks. All of the three lines showed
the same tendency, with rDMT-n line milder phenotype
(Figure 4, A-D). Then, we focused on the early period of
up to day 20, where the number of survivors in both
groups exceeded 50%. In the TG group, the first mouse
died at day 5 and the survival rate dropped to 75% at day
16, when all 51 of the WTs were still alive (Figure 4D). This
study showed a significant survival difference between
the two groups (P < 0.0001). At day 19, the survival rate
of TGs was 56%, whereas that of the wild-type group was
90%. The iron concentration in the duodenum was mea-
sured 24 hours after the start of the iron-rich diet and in
various organs at day 15. This study showed a higher iron
content in the duodenum at day 1 (Figure 4E), but no
significant iron increase in the heart, lung, kidney, brain,
and testis was observed at day 15 (data not shown).
Notably, a significant increase was observed in the liver
and spleen, but with no statistical difference between the
two groups (Figure 4F).

Causes of Death in the Iron-Rich Diet Study

All of the mice in this experiment showed marked weight
loss (20% to 30%), severe anemia (hematocrit of 10 to
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Figure 5. Pathology of the intestine in SLC71A2 transgenic mice under an
iron-rich diet. A: Low-power view of colon at day 25 after the start of an
iron-rich diet. TGs revealed hemorrhagic erosion, whereas WT mice showed
normal histology (Scale bar = 500 wm). B: Duodenum at day two of TG after
the start of an iron-rich diet. Erosion of the apical surface of the duodenal
epithelial cells was prominent (Scale bar = 400 um and 100 um, respec-
tively). C: Iron deposits in the duodenal cells of survived mice at day five.
Degenerative duodenal cells in TG accumulate iron in the cytoplasm,
whereas those in wild-type do not (Scale bar = 140 um). Inset, Perls’ iron
staining (Scale bar = 70 um). D: Oxidative stress in the duodenal cells at day
five. Increase in nuclear 8-hydroxy-2’-deoxyguanosine (8-OHdG) and cyto-
plasmic 4-hydroxy-2-nonenal (HNE)-modified proteins were increased, indi-
cating the pathological process is oxidative stress-dependent at day five
(Scale bar = 70 pm).

15), and coagulation attaching around the perianal re-
gion. In addition, postmortem examination showed se-
vere gastrointestinal bleeding, especially from the large
intestine (Figure 5A), and a marked atrophic change of
the whole small intestine. All of these findings strongly
suggested that a prolonged and uncontrollable gastroin-
testinal ulcer and erosion by the high amounts of iron
were the main pathological problems, and that continu-
ous gastrointestinal blood loss caused dehydration, se-
vere anemia, and malnutrition, finally leading to death.



The severity of pathological findings was higher in the
TGs than wild-type mice.

Early Histological Alterations Under an Iron-Rich
Diet

To confirm this observation, the day 2 mice were sacri-
ficed and the organs were examined. In most of the
cases, the middle to distal portions of the small intestine
were segmentally distended and presented with a trans-
lucent wall appearance. On microscopic observation,
marked degeneration and necrosis of the villous structure
was observed throughout the small intestine. Mucinous
material originating from the degeneration and necrosis
filled the bowel (Figure 5B). At day 5, the distention seen
at day 2 was no longer prominent; instead, most of the
small intestine showed a marked atrophic change, which
was thought to be the consequence of a loss of the villi.
At day 5, atrophic duodenal cells contained prominent
iron deposits in the cytoplasm, which was more promi-
nent in the TGs than in the WTs (Figure 5C). Quantitation
showed approximately 680% more iron staining in the
TGs (TGs, 384 = 78 arbitrary units [AU]; WTs, 49 + 18
AU; means = SEM, N = 5to 6, P < 0.005).

Oxidative Stress in Duodenal Mucosal Cells of
TGs Under an Iron-Rich Diet

We evaluated the oxidative stress in the duodenal muco-
sal cells under an iron-rich diet at day 5. Significant
increases in nuclear 8-OHAG and cytoplasmic HNE mod-
ified proteins were observed in the degenerated duode-
nal mucosal cells (Figure 5D). Quantification showed ap-
proximately 2560% more 8-OHdG in the TGs (TGs, 209 +
76 AU; WTs, 59 + 34 AU; means = SEM, N = 4, P < 0.05)
and 180% more HNE-modified proteins in the TGs
(TGs, 270 = 60 AU; WTs, 96 = 48 AU; means = SEM,
N = 4105, P < 0.05). These results demonstrated that
the cause of cellular degeneration is oxidative stress
via excess iron.

Discussion

Knocking out the function of SLC771A2 causes microcytic
anemia resulting from iron shortage, as demonstrated in
rodent models.'® To directly assess the pathological
significance of SLC11A2 overexpression, we generated
three independent lines of SLC771A2 TGs under the con-
trol of the B-actin promoter. Since insertional sites of
transgene at least for two lines were different and the
three lines presented similar phenotype, we concluded
that the results were not due to insertional mutagenesis.
SLC11A2 TGs were viable and fertile, developed nor-
mally and displayed no overt abnormalities with normal
life span. The iron concentration in various organs of
18-week-old male TGs showed no significant differences
from the corresponding wild-type littermates. However, in
the duodenum of TGs, the iron absorption evaluated by
55Fe was significantly higher than for wild-type mice.
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Therefore, we confirmed that the transgene is functional
in the TGs.

So far, SLC11A2 appears to migrate to a variety of
molecular weights in the Western blot analysis. Investi-
gators have reported different molecular weights ranging
from 43 to 116 kDa in different cells and species. 2429733
This issue is probably associated with the following three
points: firstly, SLC11A2 is a membrane protein with 12
membrane-spanning domains; secondly, there is a dif-
ference in the level of glycosylation in the different tis-
sues; and thirdly, proteolysis either endogenous or dur-
ing sample preparation is different. Membrane proteins
are easily misfolded in vivo and aggregated during the
sample preparation. In the present study, we have pro-
duced a polyclonal antibody and evaluated its specificity
by many different methods. Dot blot of tail lysates were
useful to select TGs and the immunohistochemical results
were satisfactory. Thus, we believe that the specificity of
this antibody is high. Development of the optimal protocol
for Western blot analysis of each tissue and why different
organs show different molecular weights requires further
investigation.

What surprised us in the TGs was the lack of SLC11A2
expression in hepatocytes despite ample expression in
Kupffer cells and bile ducts. Powerful mechanisms to
block expression despite the presence of the B-actin
promoter are at work. It is currently unknown and under
investigation whether this is accomplished at the tran-
scriptional level or posttranscriptional level, including
miRNA, posttranscriptional mechanism, or protein
degradation.

We tried to find a phenotypic difference between TGs
and wild-type mice. We used an acute phase of ferric
nitrilotriacetate-induced renal carcinogenesis model®*3°
and iron depletion with an iron-deficient diet, and we
evaluated oxidative stress and hematocrit with serum iron
concentration as end-points. However, these attempts
were not successful (T. Shirase, S. Toyokuni, unpub-
lished data). The only difference that we detected was
that there was oxidative stress in the intestinal mucosal
cells after an excessively iron-fortified diet in the TGs.

Originally, we anticipated higher iron levels in a variety
of organs, which might have caused a higher incidence
of cancer.* However, our hypothesis was hampered by
what we refer to as a “mucosal block.”®*® Even under a
basal diet, the expression levels of ferroportin-1, which is
associated with iron efflux from the duodenal mucosal
cells into circulation,®”8 and those of transferrin receptor
were significantly suppressed in the TGs, so the iron
regulatory mechanisms were stricter than we expected. It
is of note that ferroportin-1 expression was suppressed
independent of hepatic hepcidin. This suggests that reg-
ulation of ferroportin-1 in duodenal enterocytes occurs
here through intracellular mechanisms, presumably
through the intracellular iron content, and not necessarily
through increased production of hepcidin.®°

Under an iron-rich diet, the mice showed a marked
increase in iron concentration in the liver and spleen with
no difference between TGs and WTs, demonstrating that
iron absorption mechanisms were functional. However,
decreased expression of ferroportin-1, together with in-



684  Shirase et al
AJP August 2010, Vol. 177, No. 2

creased expression of hepcidin, which is a blocking li-
gand for ferroportin,®® was responsible for the iron-medi-
ated oxidative stress in the duodenal mucosal cells of
TGs. Therefore, SLC11A2 overexpression in the duode-
num presents a risk for oxidative duodenal cell damage
under a luminal iron-rich condition. Why iron-deficient
diet did not induce merits for TG mice is unknown at
present. We can propose two possibilities for this: (1) iron
absorption via heme transporter was independently func-
tional; (2) strict animal experiments were difficult, since
we observed that mice ate their feces. The use of special
animal containers would rule out this possibility.

Therefore, we concentrated on iron toxicity in the du-
odenum. Ferric citrate remains one of the most commonly
used nutrition reinforcement. However, excess oral iron
intake may cause iron poisoning. Accidental ingestion of
these iron tablets and iron-containing vitamins by chil-
dren less than 6 years of age still occurs today, and even
fatal cases have been reported.*® This poisoning can
cause bloody diarrhea and vomiting due to the damage
of the intestinal epithelial linings.*"4? Erosive injury to the
upper gastrointestinal tract in patients receiving iron
medication has been reported as a side effect.*® In the
present experiments, ferric citrate was easily absorbed,
leading to extremely high levels of iron in the liver both in
TGs and wild-type mice. Our observation suggests that
iron fortification may lead to unexpected iron overload in
some patients, and may aggravate the health condition.
We also have to reconsider the population for iron fortifi-
cation as a public health issue since iron excess is as-
sociated with carcinogenesis,®>*“** and phlebotomy or
blood donation decreased the risk for cancer*®4° despite
the presence of some controversies.

In our TGs, excess iron influx with limited iron efflux
caused iron to accumulate in the duodenal cells, which
resulted in oxidative stress and hemorrhagic necrosis. Our
results may have clinical implications. Firstly, SLC11A2
overexpression was associated with a worsened intestinal
erosive inflammation, including differences in the severity
and the anatomical areas involved. Single nuclectide poly-
morphisms are known to exist in this gene in humans. Thus,
after evaluating the function of each genotype of SLC771A2,
a prevention of side effects from iron tablets might be
possible by adjusting the iron dose. Secondly, duode-
nal ulcer is a relatively common disease. Investigation
of the association of this disease and SLC7171A2 expres-
sion as well as single nucleotide polymorphisms may
open up novel ways to better understand the pathology
of this disease.

In conclusion, we created the first SLC77A2 transgenic
mice under the control of the B-actin promoter. These
mice presented with an apparently normal phenotype
and normal life span, and they were found to be fertile.
However, under an iron-rich diet, massive intestinal
ulcers with oxidative stress occurred, which resulted
from iron accumulation in the cytoplasm of the intesti-
nal mucosal cells. Our findings suggest that duodenal
mucosal cells work as two functional gates to prevent
global iron overload and that finely regulated duodenal
absorption is essential to protect intestinal mucosa
from iron intoxication.
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