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Systemic Iron Supplementation Replenishes Iron
Stores Without Enhancing Colon Carcinogenesis

in Murine Models of Ulcerative Colitis:
Comparison with Iron-Enriched Diet

DARREN N. SERIL, PhD, JIE LIAO, MD, CHUNG S. YANG, PhD, and GUANG-YU YANG, MD, PhD

Ulcerative colitis (UC) patients frequently require iron supplementation to remedy anemia. The
impact of systemic iron supplementation (intraperitoneal injection) on UC-associated carcinogenesis
was assessed in mice subjected to cyclic dextran sulfate sodium (DSS) treatment and compared
with dietary iron enrichment. Systemic iron supplementation, but not a twofold iron diet, remedied
iron deficiency as indicated by the histochemical detection of splenic iron stores. A twofold iron
diet, but not systemic iron, increased iron accumulation in colonic luminal contents, at the colonic
mucosal surface, and in superficial epithelial cells. Colitis-associated colorectal tumor incidence
after 15 DSS cycles was not affected by systemic iron (2/28; 7.1%) compared to nonsupplemented
controls (4/28; 14.1%) but was significantly increased by the twofold iron diet (24/33; 72.7%) (P <
0.001). Mechanistic study revealed that systemic iron had no effect on DSS-induced inflammation,
or colonic iNOS and COX-2 protein levels, compared to controls. Systemic iron supplementation
for 16 weeks replenished splenic iron in a spontaneous colitis model (interleukin-2-deficient mice)
and significantly reduced colonic inflammation compared to interleukin-2 (—/—) controls without
increasing hyperplastic lesions. These results suggest that iron supplemented systemically could be
used to remedy anemia in UC patients without exacerbating inflammation or enhancing colon cancer
risk. These findings need to be verified in clinical studies.
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Ulcerative colitis (UC) is a chronic inflammatory condi-
tion of the large intestine that is quite prevalent in the
United States and other Western countries (1, 2). One
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of the most common and troublesome complications of
this disease is iron-deficiency anemia, a result of chronic
bleeding due to persistent injury to the colonic mucosa
(3). UC patients are suggested to maintain a diet rich in
protein and iron in order to balance losses resulting from
chronic bleeding and diarrhea (4). The Western diet is
characteristically rich in iron sources, including red meat
and iron-fortified foods. Iron-deficiency anemia in UC pa-
tients is remedied by oral or parenteral iron supplementa-
tion (5). Body iron levels are tightly regulated such that
iron losses, primarily due to epithelial cell sloughing, are
matched by iron gains through intestinal absorption (6).
Accordingly, the intestinal uptake of iron is limited to ap-
proximately 10% of the dietary iron content, which means
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that the vast majority of dietary iron goes unabsorbed and
is lost in the feces. Iron introduced into the body sys-
temically, such as via intravenous injection, is not subject
to the regulations placed on dietary iron and is entirely
available for utilization or storage through the actions of
the reticulendothelial system (7). However, both routes of
iron supplementation can be accompanied by problems.
Oral iron is the preferred route of supplementation based
on ease of administration and cost but is often poorly tol-
erated. Intravenous or subcutaneous iron injections can
cause injection site inflammation and iron overload (8). In
addition, iron supplementation, as well as iron-rich foods,
may have the potential to enhance inflammation and mu-
cosal damage during UC disease flare-ups. Such an effect
has been suggested but not well-studied (4).

Ithas been found that conditions of iron overload can ex-
acerbate chronic inflammatory conditions, such as arthri-
tis. Recent studies in animal models suggest that iron may
exacerbate UC as well. Iron supplementation by dietary
iron enrichment or injection in rodents with chemically
induced colitis increases the degree of colorectal inflam-
mation and epithelial damage (9-11). Oxidative stress re-
sulting from the overproduction of reactive oxygen and
nitrogen species (RONS) by activated phagocytic leuko-
cytes likely plays an important role in the pathogenesis of
UC (12). RONS are normally produced to combat invad-
ing microorganisms but can have deleterious effects on
surrounding host cells when produced in an uncontrolled
manner. Iron catalyzes the production of reactive oxygen
species and takes part in the oxidative burst of activated
phagocytic leukocytes (13). The enhancement of RONS
production and subsequent increased cellular damage may
explain the colitis-exacerbating effects of dietary iron sup-
plementation in experimental models. Most ingested iron
passes directly through the colon, where it can take part
in the generation of potentially cytotoxic and genotoxic
reactive oxygen species (14).

UC is complicated by an increased risk of colorectal ma-
lignancy. UC patients are 10 times more likely to develop
colorectal dysplasia and adenocarcinoma than the general
population (15-17). Many diseases of chronic epithelial
infection and inflammation are linked with an elevated
cancer risk; however, the mechanistic basis for the asso-
ciation between chronic inflammation and cancer remains
unclear. Several aspects of the inflammatory and wound
healing processes have been suggested to be contribut-
ing factors. Inflammatory mediators and growth factors
elicited by activated leukocytes or surrounding stromal
cells, and the overproduction of RONS, may be involved
at various stages of inflammation-driven colorectal car-
cinogenesis (14, 18, 19). For example, the increases in cy-
clooxygenase (COX)-2 expression and associated arachi-
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donic acid metabolites characteristic of UC may promote
colorectal carcinogenesis by stimulating cell proliferation
and new blood vessel formation (20). Nitric oxide pro-
duced by inducible nitric oxide synthase (iNOS) is thought
to contribute to the pathogenesis of UC, as well as facili-
tate UC-associated carcinoma development, via direct or
indirect mutagenic and mitogenic effects (21).

High body iron levels, such as those associated with iron
overload, have long been correlated with increased cancer
incidence at different organ sites (22). It is important to
assess the effects of iron on inflammatory disease sever-
ity and associated carcinogenesis in UC patients given
their frequent requirement for iron supplementation and
the recommendation that they consume an iron-rich diet.
Recent studies in our laboratory using the dextran sulfate
sodium (DSS) model of UC in mice have shown that the
consumption of iron-enriched diet, in addition to exacer-
bating active UC, significantly enhances the development
of chronic UC-associated colorectal carcinoma with a con-
comitant increase in oxidative stress (11). Based on these
observations, it is important to determine if iron supple-
mentation administered systemically poses the same risk
to UC patients. In the present study, the DSS-induced and
interleukin-2 (Il-2) gene knockout models of UC in mice
were used to compare the effects of iron supplementation
administered via intraperitoneal injection or the diet on
depleted iron stores, inflammation, and colitis-associated
adenocarcinoma development.

MATERIALS AND METHODS

Animals, Chemicals, and Diets

Female C57BL/6 mice (6 weeks of age) and II-2 (+/—)
breeder pairs (B6.129P2-712"1#7) (23) were obtained from The
Jackson Laboratory (Bar Harbor, ME). After weaning and dur-
ing the experiments, the mice were housed five per cage and
maintained in air-conditioned quarters with a room temperature
of 20 & 2°C, a relative humidity of 50 & 10%, and an alternat-
ing 12-hr light/dark cycle. Body weights and food consumption
were monitored every other week throughout the experiment.

DSS (MW: =40,000) was obtained from ICN Pharma-
ceuticals, Inc. (Costa Mesa, CA). Iron—dextran, EDTA—iron,
hematoxylin, eosin, and 3,3’-diaminobenzidine (DAB) were
purchased from Sigma Chemical Co. (St. Louis, MO).
Polyclonal rabbit anti-COX-2 antibody was from Cayman
Chemical Co. (Ann Arbor, MI), and polyclonal rabbit anti-iNOS
antibody was from Santa Cruz Biotechnology (Santa Cruz,
CA). The diets were purchased from Research Diets, Inc. (New
Brunswick, NJ). The AIN76A diet contains 45 mg iron/kg diet.
AIN76A/2XFe diet contains two times the amount of iron in
the control AIN76A diet (90 mg iron/kg diet).

Genotyping of II-2-Deficient Mice
Mice homozygous null for the I1-2 gene were obtained by het-
erozygote breeding. DNA extracted from mouse-tail clippings
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was subjected to PCR analysis using a three primer approach
following the conditions available on The Jackson Laboratory
Web site (http://jaxmice.jax.org). The primers are as follows:
oIMR0041, 5 TCG AAT TCG CCA ATG ACA AGA CGC T-
3’; and oIMRO0042, 5'-CTA GGC CAC AGA ATT GAA AGA
TCT-3’; and oIMR0043, 5'-GTA GGT GGA AAT TCT AGC
ATC ATC C-3'.

Animal Experiments

Long-Term Experiment Using DSS-Treated Mice. A total
of 135 female C57BL/6 mice were randomized into five groups.
Group 1 (water control group; n = 10) was administered wa-
ter and AIN76A control diet continuously. Group 2 (DSS con-
trol group; n = 30) was administered DSS and AIN76A diet.
Group 3 (iron injection group 1; n = 30) was administered DSS
and AIN76A diet and given weekly intraperitoneal injections
of iron—dextran (6 mg/kg bw) in normal saline. Group 4 (iron
injection group 2; n = 30) was administered DSS and AIN76A
diet and given weekly intraperitoneal injections of iron—dextran
(12 mg/kg bw) in normal saline. Group 5 (twofold iron diet
group; n = 35) was administered DSS and AIN76A/2X-iron diet
(twofold iron diet). DSS-treated mice (Groups 2, 3,4, and 5) were
administered 1.0% DSS in distilled water for 15 DSS “cycles.” A
cycle consisted of 7 days of DSS treatment followed by tap wa-
ter administration for 10 days (11, 24). Control mice (Group 1)
were administered distilled water for 7 days, followed by tap wa-
ter for 10 days. The animals in Group 5 were given twofold iron
diet ad libitum starting 1 week before the start of the experiment
and continuing until the end of the experiment. All other groups
were administered AIN76A control diet starting 1 week before
the start of the experiment.

Short-Term Experiment Using DSS-Treated Mice. A total
of 220 female C57BL/6 mice was randomized into six treatment
groups. Group 1 (negative control; n = 20) was administered
water and AIN76A diet. Group 2 (iron injection control; n =
20) received water, AIN76A diet, and weekly intraperitoneal.
injections of iron—dextran (12 mg/kg bw). Group 3 (twofold
iron diet control; n = 20) was given water and twofold iron diet.
Groups 4 to 6 (n = 30 per group) were administered 1% DSS. In
addition, Group 4 was administered AIN76A diet, Group 5 was
administered AIN76A diet and weekly intraperitoneal injections
of iron—dextran (12 mg/kg bw), and Group 6 was administered
the twofold iron diet. Groups 2 and 5 were administered iron—
dextran injections starting on day —2 (2 days before the start
of DSS treatment) and subsequently every 7 days (e.g., Day 5,
Day 12, Day 19, etc.) for the duration of the experiment. Ten
mice from each of the DSS-treated groups were sacrificed after
7 days of DSS treatment and 1 day of recovery (Day 8), after
1 DSS cycle (Day 17), and after 5 DSS cycles (Day 85). Ten
mice from the non-DSS treated control groups were sacrificed
on Day 17 and Day 85.

Long-Term Experiment Using I1-2 (—/—) Mice. /-2
(—/—) mice have been reported to develop colitis between 6
and 15 weeks of age (23). All mice were fed AIN76A diet from
weaning until 8 weeks of age. Male and female //-2 (—/—) mice
were divided into three groups. Group 1 was given AIN76A diet
starting at 8 weeks of age and continuing for 16 weeks. The mice
in Group 2 were given AIN76A diet continuously and admin-
istered intraperitoneal injections of iron-dextran (12 mg/kg bw)
once per week starting at 8 weeks of age. Group 3 was admin-
istered twofold iron diet starting at 8 weeks of age and contin-
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uing for 16 weeks. All mice were sacrificed after 16 weeks of
treatment (24 weeks of age). Only those mice that survived for
16 weeks of treatment were included in the analysis. All of the
mice that survived for 16 weeks exhibited histological signs of
colon inflammation.

Tissue Preparation and Histopathological Evaluation

The mice were sacrificed by CO, asphyxiation after the com-
pletion of 15 DSS cycles or 16 weeks of treatment (//-2 [—/—]
mice). Colons were removed, opened longitudinally, and exam-
ined for gross abnormalities and macroscopic tumors. Three
perpendicular diameter measurements were taken for colorec-
tal tumors using calipers, and tumor volume was calculated by
the formula: 4/37r3, where r is the tumor radius. The colon
was rinsed free of feces with normal saline and fixed in 10%
buffered formalin for 24 hr before being transferred to 80%
ethanol. The tissues were prepared for routine processing and
embedding as a “Swiss roll.” Five pm serial tissue sections were
made and mounted on glass slides. Serial tissue slides were used
for histopathological and histochemical analyses. Four slides
from the series from each tissue were stained with hematoxylin
and eosin for histopathological examination. Macroscopic col-
orectal tumors were confirmed and classified microscopically.
Tumors were diagnosed as colorectal adenocarcinoma based on
the observation of dysplastic cell invasion through the basement
membrane.

UC was graded histologically based on inflammation severity,
ulceration, hyperplasia, and area of inflammatory involvement,
as described previously (11, 25). The score for each criterion was
the mean of the scores of 5-12 mice from each treatment group.
A total score, or UC index, was generated for each sample by
adding the individual criterion scores for that sample. The mean
UC index was generated from the mean of the UC indices from 5
to 12 mice per group. The criterion and UC index scores for the
total colon were obtained by averaging the scores for the three
colon regions.

Tissue Iron Levels

Colonic, hepatic, and splenic iron levels were assessed using
Perl’s Prussian blue. In brief, paraffin-embedded tissue sections
were dewaxed, rehydrated, and incubated in 3% H, O, for 30 min.
Then the slides were incubated in a ferrocyanide solution (2%
potassium ferrocyanide and 2% aqueous hydrochloric acid) for
1 hr. For colon samples, the slides were immersed in a DAB so-
lution for 30 sec to intensify iron staining before counterstaining
lightly with Mayer’s hematoxylin.

Western Blot Analysis

Colon samples were minced with scissors and homogenized
in ice-cold homogenization buffer using a Polytron homoge-
nizer. Cytosolic proteins were heated at 95°C in sample buffer,
separated by sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, and blotted onto nitrocellulose membranes. The
blots were checked for equal protein loading by staining with
Ponceau S solution. The membranes were incubated in 10% non-
fat milk in TBS/0.1% Triton X-100 for 2 hr at room temperature
to minimize nonspecific protein—protein interactions and washed
between incubations with TBS/0.1% Triton X-100. Inducible
NOS and COX-2 were detected by overnight incubation in
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TABLE 1. EFFECTS OF SYSTEMIC VERSUS DIETARY IRON SUPPLEMENTATION ON COLORECTAL CANCER DEVELOPMENT IN
DSS-TREATED MICE*

Treatment group

Group 3: Group 4: Group 5:
Group 2: DSS + 6 mg iron/kg DSS + 12 mg iron/kg DSS + 2-fold
DSS only bw, i.p. bw, i.p. iron diet
Total no. of mice 28 28 28 33
No. tumor-bearing mice 4 0 2 24
Tumor incidence (%) 14.3 0.0 7.1 72.7%
Tumor multiplicityt 1.5+0.3 NA 1.0+ 0.0 1.6 £0.1
Tumor volume (cm?)} 0.007 £ 0.001 NA 0.03 £ 0.03 0.04 £ 0.01§

*All mice were administered 1.0% DSS for 15 cycles. Groups 2 to 4 were administered AIN76A diet continuously. Group 5
was administered AIN76A-based diet supplemented with 45 mg iron/kg diet. Groups 3 and 4 were administered injections
of 6 mg iron—dextran/kg bw or 12 mg iron—dextran/kg bw once per week for the duration of the experiment.

Statistically significant difference from Groups 2, 3, and 4 (P < 0.001, Fisher exact test).

{Data are expressed as mean & SE. NA, not applicable.

§Statistically significant difference from Group 2 (P < 0.05, Mann—Whitney rank sum test).

primary antibody (1:500 dilution for anti-iNOS and anti-COX-
2) diluted in TBS/0.5% nonfat mik/0.1% Triton X-100 at 4°C.
After washing, the membranes were incubated in horseradish
peroxidase-conjugated anti-rabbit IgG (1:2000; Cell Signaling
Technology, Beverly, MA). The blots were visualized by the
enhanced chemiluminescence method (ECL-plus, Amersham,
Piscataway, NJ).

Statistical Analysis

Tumor incidences were analyzed by Fisher exact test using
SigmaStat Version 1.01 statistical software (Jandel Technology).
Tumor multiplicity and tumor volume were analyzed using the
Mann—Whitney rank sum test. Analysis of the UC index was
performed using one-way ANOVA test.

RESULTS

General Observations: Long-Term DSS Experiment

During the DSS treatment period, all of the DSS-treated
mice exhibited bloody, mucoid diarrhea and slight reduc-
tions in body weight. However, the body weights typically
returned to water-treated control levels within 10 days af-
ter the cessation of DSS treatment. There were no signif-
icant difference in average body weight among Group 1,
the water control group; Group 2, the DSS control animals;
and the iron-supplemented groups. Food consumption was
also unchanged among controls and iron-supplemented
mice at the end of the experiment (data not shown). Two
mice from each of Groups 2, 3, 4, and 5 died prior to
the completion of 15 DSS cycles. Necropsy showed that
the probable cause of death was colitis-associated toxi-
city. The mice exhibited significant weight loss, severe
rectal bleeding and diarrhea, and extensive ulceration of
the colon, but no colorectal tumors. None of these mice
were considered in the final results of the carcinogenesis
experiment.
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Effect of Systemic Iron Supplementation
on Colitis-Associated Carcinogenesis

The results for tumor incidence, tumor multiplicity, and
tumor volume are presented in Table 1. Four of 28 (14.3%)
Group 2 mice administered cyclic DSS and AIN76A
diet developed macroscopic colorectal tumors, with a tu-
mor multiplicity of 1.5 £ 0.3 (mean + SE) tumors per
tumor-bearing mouse. Gross colorectal tumors were not
observed in Group 3 mice that received AIN76A diet
and weekly iron—dextran injections (6 mg/kg bw). Two
of 28 (7.1%) Group 4 mice (AIN76A diet plus weekly
12 mg/kg bw iron—dextran injections) exhibited colon tu-
mors. The tumor incidences of Groups 3 and 4, and the
tumor multiplicity of Group 4 (1.0 & 0.0), were not sig-
nificantly different from that of Group 2. Gross colorec-
tal tumors were observed in 24 of 33 (72.7%) Group 5
mice administered DSS plus iron-enriched AIN76A diet,
a significant increase compared to the DSS control and
iron injection groups (P < 0.001; Fisher exact test). Di-
etary iron supplementation did not significantly affect tu-
mor multiplicity in this experiment (1.6 £ 0.1 tumors per
tumor-bearing mouse). Colorectal lesions were not ob-
served in Group 1 mice administered water throughout the
experiment.

Histopathological Analysis of UC-Associated
Colorectal Tumors

The macroscopically observed colorectal tumors were
confirmed by histopathological analysis and classified as
well-differentiated adenocarcinomas. Besides the gross
tumors (confirmed histopathologically), one animal in
Group 2 also carried a microscopic adenocarcinoma. The
overall tumor incidence for Group 2 (after histopatholog-
ical analysis) was 17.9% (5/28), with a tumor multiplic-
ity of 1.4 tumors per tumor-bearing mouse. Four of the
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Fig 1. Histochemical staining for splenic and hepatic iron in DSS-treated mice. Ferric iron was
detected by Prussian blue staining in tissues from mice subjected to five DSS cycles (day 85). Blue
staining for iron was detected in the splenic red pulp of water-treated mice administered AIN76A
diet (A), iron—dextran injections (B), and twofold iron-supplemented diet (C). Scattered splenic
iron staining was observed in DSS control mice (D) and in DSS-treated mice fed twofold iron diet
(F), and numerous iron deposits were detected in the white and red pulp in DSS-treated mice given
iron injections (E). Hepatic iron deposits were rare in water-treated and DSS-treated mice fed the
control diet (G and J) or the twofold iron diet (I and L). Numerous iron deposits were detected
in water-treated and DSS-treated mice given iron injections (H and K). (Original magnifications:

125x.)

seven adenocarcinomas in Group 2 were mucinous, and
the remaining three were tubular. The tumor incidence
for Group 4 after microscopic examination was 14.3%
(4/28), with a tumor multiplicity of 1.0 £ 0.0. Two of
the tumors were classified as mucinous adenocarcinomas,
and two were tubular adenocarcinomas. In Group 5, 28 of
33 (84.8%) mice exhibited colorectal adenocarcinomas
upon microscopic examination, a significant difference
from Groups 2, 3, and 4 (Fisher exact test, P < 0.001).
Forty-two colorectal adenocarcinomas were observed in
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Group 5, of which 36 were mucinous and 6 were tubular
adenocarcinomas.

Tissue Iron Deposition and the Effect
of Iron Supplementation

Ferric iron was detected in tissues from mice subjected
to five DSS cycles by Prussian blue histochemistry. Typi-
cal results for the spleen and liver are shown in Figure 1.
In the spleens of control mice administered AIN76A diet

Digestive Diseases and Sciences, Vol. 50, No. 4 (April 2005)
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and water, blue staining for iron was visible in the red
pulp surrounding lymphoid follicles (Figure 1A). In mice
administered weekly iron injections (12 mg/kg bw), more
intense blue staining was observed in macrophages in the
red pulp, and numerous iron-staining cells were observed
within the lymphoid follicles (Figure 1B). Mice fed the
twofold iron-enriched diet exhibited a splenic iron stain-
ing pattern similar to that of control mice (Figure 1C).
Iron staining showed a scattered pattern in the spleens of
DSS-treated mice given control diet and was markedly de-
creased compared to water-treated controls (Figure 1D).
In contrast, DSS-treated mice administered weekly iron
injections showed intense staining for ferric iron in all re-
gions of the spleen (Figure 1E). Similar to the DSS plus
control diet group, the spleens of DSS-treated mice given
the twofold iron diet exhibited scattered, weak iron stain-
ing (Figure 1F).

Iron staining was occasionally seen in a scattered pat-
tern in the livers of water-treated and DSS-treated mice
administered the control diet (Figures 1G and J, respec-
tively). Intense hepatic iron staining was seen in the mice
administered weekly iron injections plus water or DSS
(Figures 1H and K, respectively). Similar to the control
diet groups, the mice administered water or DSS and the
twofold iron diet showed small amounts of hepatic iron
staining (Figures 11 and L, respectively).

Aien. B

Prussian blue staining with DAB intensification was
used to assess iron deposition in the colon. In control mice,
iron staining was infrequently observed. Iron staining was
increased in lamina propria inflammatory cells, predomi-
nantly in the proximal colon, in water control mice admin-
istered iron injections. Mice administered DSS and con-
trol diet for five cycles showed scattered iron-containing
macrophages in the lamina propria of the inflamed mu-
cosa (Figure 2A). Colonic iron staining in the mucosa and
submucosa was increased in DSS-treated mice adminis-
tered iron injections (Figures 2B and C). Iron-containing
inflammatory cells were also seen in the mucosa and sub-
mucosa throughout the colons of DSS-treated mice ad-
ministered the twofold iron diet (Figure 2D). Dietary iron
supplementation was associated with increased iron ac-
cumulation at the surface of the mucosa (Figure 2E), as
well as iron staining in the colonic lumen contents and in
superficial epithelial cells (Figure 2F).

Effect of Systemic Iron Supplementation
on DSS-Induced Colitis

The UC index results for Days 8 and 17 (cycle 1), Day
85 (cycle 5), and Day 255 (cycle 15), and the effects of
systemic and dietary iron supplementation, are shown in
Figure 3. On Day 8, the UC index was significantly greater
in the twofold iron diet group (mean £ SE, 6.2 +0.2)

Q)

¢ e
3 ¥}
e s >
(A - - -
AIN76A " -ipriron i.p. iron
& s
D E F.? ;37=a
=\ ik, e
." 5.‘ '
W% 5. _
2X iron diet 2X iron diet 2X iron diet

Fig 2. Colonic iron accumulation in DSS-treated mice and the effect of iron supplementation. Ferric iron was detected by Prussian blue
staining with DAB intensification (arrows) of colon sections from controls and mice subjected to five DSS cycles. (A) Iron staining
in lamina propria inflammatory cells in a mouse administered AIN76A diet. (B, C) Increased iron staining in submucosal and lamina
propria inflammatory cells in the colon of a mouse administered weekly iron injections. Iron accumulation in submucosal inflammatory
cells (D), at the epithelial surface (arrows) (E), and in luminal contents and superficial epithelial cells (F) in mice administered the
twofold iron diet. (Original magnifications: A-D, 125x; E and F, 250x.)
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Fig 3. Effect of systemic iron supplementation on DSS-induced colitis. The UC index (A), which includes the hyperplasia score (B), was graded in
the colons of mice subjected to 7 days of DSS administration and 1 day of recovery (Day 8), after 1 DSS cycle (Day 17), after 5 cycles (Day 85), and
after 15 cycles (Day 255). The mice were administered AIN76A diet, AIN76A plus weekly intraperitoneal injections of 12 mg/kg bw iron—dextran,
or twofold iron diet. *P < 0.05, one-way ANOVA test. ** P < 0.05, Student’s 7 test. Data are expressed as mean & SE (n = 5-10 per group and time

point).

compared to the diet control group and the iron injection
group (4.9 + 0.5 and 4.4 £ 0.4, respectively; P < 0.05).
The twofold iron diet group exhibited more severe mu-
cosal injury on Day 8, including more frequent and exten-
sive ulceration. The twofold dietary iron supplementation
group also exhibited significantly greater UC indices on
Day 17 (10 days after the cessation of DSS treatment) and
Day 85 (5 DSS cycles) than the AIN76A diet control group
and the iron injection group (Figure 3A). Branched and
distorted glands exhibiting pleiomorphic and hyperchro-
matic cells were occasionally observed in the twofold iron
diet group on Day 17, and frequently observed on Day 85,
but were rare in the AIN76A and iron injection groups. The
two fold iron diet group exhibited significantly greater hy-
perplasia scores on Days 17, 85, and 255. The hyperplasia
scores for the iron injection group were decreased com-
pared to the AIN76A diet control group on Days 17 and
85, but not significantly so (Figure 3B). Similarly, there
were no differences in the UC indices of the AIN76A
diet group and the iron injection group at any of the time
points. The colons of water control animals administered
AIN76A diet, AIN76A diet plus weekly iron injections,
or twofold iron diet were morphologically normal.

Effects of Iron Supplementation on Colonic
iNOS and COX-2 Expression

The expressions of the pro-inflammatory enzymes,
iNOS and COX-2, were assessed in the colons of mice
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treated with DSS for one cycle. Inducible NOS protein
expression was detected by Western blot in colon ho-
mogenates from DSS-treated mice administered AIN76A
control diet (Figure 4A) but was absent in the colons
of water-treated mice (not shown). COX-2 protein lev-
els were elevated in the colons of DSS-treated controls
versus water-treated mice. The colons of DSS-treated
mice administered iron injections exhibited similar iNOS
and COX-2 levels compared to the DSS control group
(Figures 4A and B). The protein levels of iNOS were
increased more than twofold in the colons of DSS plus
twofold iron diet-treated mice compared to both the DSS
control and the iron injection groups. Colonic COX-2 pro-
tein levels were also increased nearly twofold in DSS-
treated mice administered twofold iron diet compared to
the other groups.

Effect of Iron Supplementation on Iron Stores
and Colitis in Il-2(—/—) Mice

Prussian blue histochemical staining was performed
on spleen and liver sections from 24-week-old I/-2
(—/—) mice and wild-type littermates (Figure 5). Blue-
staining ferric iron was observed in the splenic red pulp
of 1I-2 (+/+) littermates fed the AIN76A control diet
(Figure 5A). Ferric iron staining was absent in the spleens
of 24-week-old [I-2 (—/—) mice (Figure 5B) but was
visible in the red pulp of /I-2 (—/—) mice administered
iron supplementation by weekly iron—dextran injection

Digestive Diseases and Sciences, Vol. 50, No. 4 (April 2005)
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Fig 4. Expression of iNOS and COX-2 proteins in the colons of DSS-treated mice and the effects of iron supplementation. Inducible NOS (A)
and COX-2 (B) proteins were detected by Western blot analysis of colon homogenates from control and iron-supplemented mice at the end of
one DSS cycle. Band densitometry is expressed as arbitrary units.
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Fig 5. Histochemical staining of splenic and hepatic iron in //-2 (—/—) mice. Prussian blue staining was performed on spleen (A to D) and liver
(E to H) sections from 24-week-old /-2 (—/—) mice and wild-type littermates. (A) Large, blue-staining iron deposits were observed in the splenic
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mice fed the twofold iron diet (H). (G) Large iron deposits were observed in the livers of //-2 (—/—) mice given weekly iron injections. (Original
magnifications: 125x.)
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Fig 6. Effects of iron supplementation on colitis in //-2 (—/—) mice.
1I-2 (—/—) mice were administered AIN76A diet, AIN76A plus weekly
injections of 12 mg/kg bw iron—dextran, or two fold iron diet starting
at 8 weeks of age. The UC index was determined in the colons of mice
sacrificed at 24 weeks of age. The data are expressed as the mean & SE
(n = 10-12 mice). *P < 0.05, One-way ANOVA test.

(Figure 5C). Similar to /I-2 (—/—) controls, iron stain-
ing was absent in the spleens of //-2 (—/—) mice fed the
twofold iron diet (Figure 5D). Significant iron deposits
were rarely observed in the livers of /-2 (+/4) mice, 1I-2
(—/—) mice fed the control diet, and //-2 (—/—) mice fed
the twofold iron diet (Figures SE, F, and H, respectively).
The livers of /I-2 (—/—) mice supplemented with iron via

SERIL ET AL.

intraperitoneal injection showed marked ferric iron stain-
ing (Figure 5G).

Inflammation was assessed histologically in the colons
of Il-2 (—/—) mice at 24 weeks of age and expressed
as a UC index (Figure 6). The mean UC index for 1I-2
(—/—) mice fed the control diet was 5.1 0.9 (mean +
SE). The colons of mice consuming the control diet were
characterized by mild to moderately severe inflammation.
Inflammatory cell infiltration was mild and restricted to
the mucosa. Goblet cell depletion was evident, and crypt
abscesses were common. Hyperplastic epithelia was ob-
served and classified as mild (Figure 7A). 1I-2 (—/—) mice
administered iron supplementation via intraperitoneal in-
jection exhibited significantly lower UC indices compared
to the AIN76A control diet group (2.6 = 0.6; P < 0.05).
The inflammation in the iron injection group was mild and
characterized by focal regions of epithelial injury, goblet
cell depletion, and mild inflammatory cell involvement.
Hyperplasia was less common than in the mice fed con-
trol diet only and was mild in grade (Figure 7B). The
colitis in the mice administered twofold iron diet was
moderately severe. The UC index for the dietary iron sup-
plementation group was 7.0 = 0.52, a significant increase
compared to the AIN76A diet and iron injection groups
(P < 0.05) (Figure 6). Epithelial injury in the twofold iron
diet group occasionally involved small ulcers. Mucosal in-
flammatory cell infiltration was often moderately intense

Fig 7. Histopathology of colitis and associated dysplasia in iron-supplemented //-2 (—/—) mice. (A) Mild to moderate chronic colitis
was observed in /-2 (—/—) mice fed AIN76A control diet. (B) Mild colitis was observed in mice administered weekly iron injections
(12 mg/kg bw). 1I-2 (—/—) mice administered the twofold iron diet exhibited moderate colitis with moderate epithelial hyperplasia
(C), with moderate to severe hyperproliferation (D), and dysplasia (E, F). (Original magnifications: A-E, 125x; F, 250x.)
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(Figure 7C) and moderate to severe hyperplasia, charac-
terized by branching crypts, hyperchromatic cells, and
significantly elongated glands, was observed frequently
(Figure 7D).

Effect of Iron Supplementation on Colitis-Associated
Carcinogenesis in the 11-2 (—/—) Mouse

The occurrence of hyperplastic lesions was assessed by
histopathological examination of the colons of /I-2 (—/—)
mice at 24 weeks of age. Dysplastic colorectal lesions, sig-
nified by loss of epithelial cell polarity, hyperchomatic and
pleiomorphic nuclei, and an increased number of mitotic
figures, were observed in the colons of 1 of 12 (8.3%) II-2
(—/—) mice administered AIN76A diet. Dysplasia was not
observed in the colons of the 12 mice that received weekly
iron injections. Dysplasia was detected in 4 of 11 (36.4%)
mice administered the twofold iron diet (Figures 7E and
F). Colorectal adenocarcinoma was not observed in the
tissue slides from any of the three treatment groups at
24 weeks of age.

DISCUSSION

UC patients commonly experience iron-deficiency ane-
mia as a result of persistent colonic blood loss, as well as
chronic disease (5, 14, 26) It is recommended that these
patients fortify their diets with iron-rich foods to balance
losses due to bleeding. In addition, iron is supplemented
in the form of oral iron supplements or parenteral iron in-
jections (5, 27). Using the DSS model in mice, we have
shown that the consumption of iron-enriched diet, in ad-
dition to exacerbating UC, significantly enhances the de-
velopment of UC-associated colorectal carcinoma (11).
Thus, iron supplementation and iron-enriched diet con-
sumption may be contributing factors to elevated cancer
risk in UC patients. In the present study, chemically in-
duced and genetic models of colitis in mice were used to
study the effects of iron supplementation administered by
different routes on colitis and associated carcinoma de-
velopment. Systemic iron supplementation, in the form of
intraperitoneal injections of iron—dextran, did not enhance
colitis-associated carcinoma development, in contrast to
dietary iron supplementation. Similarly, systemic iron ad-
ministration did not exacerbate inflammation in the DSS
model, and decreased inflammation in /I-2 (—/—) mice, a
genetic model with histology closely resembling UC (23).
These results may have implications for the management
of UC patients, as well as provide mechanistic insights
into the previously observed effects of dietary iron sup-
plementation on colitis-associated carcinogenesis.

The effects of iron supplementation on colorectal can-
cer development are likely associated with the effects

Digestive Diseases and Sciences, Vol. 50, No. 4 (April 2005)

on acute inflammation. Unlike the twofold iron diet, in-
traperitoneal iron injection did not exacerbate UC in the
DSS model and significantly decreased inflammation in
the Il-2 (—/—) mouse model. Similarly, iron injection,
unlike iron-enriched diet, did not affect the colonic lev-
els of the pro-inflammatory enzymes iNOS and COX-2,
both of which are up-regulated during UC. Others have
reported that the intraperitoneal administration of iron—
dextran (1000 mg/kg bw) increases colitis disease activ-
ity and lipid peroxidation in the DSS model in rats (28).
However, the much lower doses of iron—dextran used in
the present study (6 or 12 mg/kg bw) adequately restored
depleted splenic iron levels in DSS-treated mice and /I-
2 (—/—) mice without increasing inflammation. Even at
these relatively low doses, iron deposition in the spleen
and liver was significant.

It is interesting that systemic iron supplementation
did not affect the severity of colitis in either model de-
spite marked increases in iron accumulation in phagocytic
leukocytes of the mucosa and submucosa. Iron is known to
catalyze the generation of reactive oxygen species and has
been shown to increase the activity of phagocytic leuko-
cytes (13, 14, 29). Our findings suggest that the effects of
iron on colitis and cancer development in vivo are not due
to the direct enhancement of leukocyte activities, includ-
ing cytokine release and the oxidative burst. Rather, the
effects of dietary iron may be enacted locally at the surface
of the colonic mucosa. Approximately 5 to 10% of dietary
iron is absorbed by the small intestine daily. Therefore, 90
to 95% of dietary iron passes through the colon in the
feces. Fecal iron may catalyze RONS formation near the
surface of the colonic mucosa in conjunction with adherent
inflammatory cells, bacteria, or epithelial cells, leading to
oxidative injury to the surface mucosa. The local enhance-
ment of RONS production would serve to further increase
the inflammatory response by increasing mucosal and vas-
cular permeability and increasing the recruitment and ac-
tivities of inflammatory cells (14, 30). Such indirect effects
would likely contribute to UC-associated colorectal car-
cinogenesis as well. Interaction with negatively charged
colonic mucins could bring dietary iron in contact with the
mucosal surface (14). Alternatively, superficial epithelial
cells may directly take up iron available in the feces. The
iron staining patterns in the colons of DSS-treated mice
administered the twofold iron diet are suggestive of both
of these possibilities.

In both the DSS model and the /-2 knockout mouse, di-
etary iron supplementation was associated with branched
and hyperplastic epithelial lesions that were rarely noted
in control animals or those administered iron injections.
These lesions may be a result of the more severe and
extensive inflammatory injury caused by dietary iron
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supplementation. However, we have observed that di-
etary iron supplementation enhances mucosal thickness
and colonic epithelial proliferation in the absence of in-
flammation, an effect not seen with systemic iron sup-
plementation (unpublished data). The increase in prolif-
eration with the twofold iron diet is not associated with
histological signs of epithelial injury, so it does not ap-
pear to be a response to cytotoxicity as has been described
for dietary heme administration (31). Thus, dietary iron
may also contribute to UC-associated carcinogenesis via
effects on epithelial proliferation.

The results in the /-2 (—/—) mice, as well as in DSS-
treated mice after 1 DSS cycle, indicate that systemic iron
supplementation can decrease the severity of acute colitis.
Systemic iron is taken up by macrophages in the reticu-
loendothelial system (8). Iron and oxidative stress may act
to down-regulate macrophage activity in a negative feed-
back fashion. Our preliminary observations have indicated
that the rate of apoptosis in colonic lymphoid follicles is
higher in systemic iron-supplemented mice than in DSS
control and dietary iron supplemented animals. However,
the mechanistic basis for the possible UC-ameliorating
effects of systemic iron suppementation requires closer
examination.

It is important to determine what forms of iron exposure
present the greatest risk to UC patients. Oral iron supple-
mentation is preferred over the parenteral route because
it is easy to administer, relatively inexpensive, and asso-
ciated with fewer side effects (5, 8). The present study
using chemically induced and genetic models of UC in
mice suggests that dietary iron and oral iron supplemen-
tation are risk factors for carcinoma development in UC
patients, while parenteral iron supplementation is not. Iron
injections may circumvent the exacerbation of acute in-
flammation and enhancement of colorectal carcinogene-
sis in UC patients associated with oral iron consumption.
However, care must be taken in the use of intravenous
or intramuscular iron injections. Both are associated with
hypotension, nausea, headache, and pain at the injection
site (8). In addition, long-term systemic supplementation
of iron can lead to iron overload, a risk factor for increased
cancer development at various organ sites (22, 32). It is
also important to consider if it is advisable for UC patients
to consume a high-iron diet. In this study, a twofold iron
diet was ineffective in replenishing iron stores in mice with
colitis, most likely due to the exacerbation of colitis and
increased rectal bleeding. It may be less harmful for UC
patients to periodically take iron supplements to remedy
anemia rather than continuously consuming foods high in
iron. This would avoid persistent elevations in oxidative
damage and epithelial proliferation that may contribute to
colorectal carcinogenesis.
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