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Abstract: The relationship between colitis-associated colorectal cancer (CAC) and the dysregulation
of iron metabolism has been implicated. However, studies on the influence of dietary iron deficiency
on the incidence of CAC are limited. This study investigated the effects of dietary iron deficiency
and dietary non-heme iron on CAC development in an azoxymethane/dextran sodium sulfate
(AOM/DSS) mouse model. The four-week-old mice were divided into the following groups: iron
control (IC; 35 ppm iron/kg) + normal (NOR), IC + AOM/DSS, iron deficient (ID; <5 ppm iron/kg
diet) + AOM/DSS, and iron overload (IOL; approximately 2000 ppm iron/kg) + AOM/DSS. The
mice were fed the respective diets for 13 weeks, and the AOM/DSS model was established at week
five. FTH1 expression increased in the mice’s colons in the IC + AOM/DSS group compared with
that observed in the ID and IOL + AOM/DSS groups. The reduced number of colonic tumors in the
ID + AOM/DSS and IOL + AOM/DSS groups was accompanied by the downregulated expression of
cell proliferation regulators (PCNA, cyclin D1, and c-Myc). Iron overload inhibited the increase in
the expression of NF-κB and its downstream inflammatory cytokines (IL-6, TNFα, iNOS, COX2, and
IL-1β), likely due to the elevated expression of antioxidant genes (SOD1, TXN, GPX1, GPX4, CAT,
HMOX1, and NQO1). ID + AOM/DSS may hinder tumor development in the AOM/DSS model by
inhibiting the PI3K/AKT pathway by increasing the expression of Ndrg1. Our study suggests that ID
and IOL diets suppress AOM/DSS-induced tumors and that long-term iron deficiency or overload
may negate CAC progression.

Keywords: iron deficiency; iron overload; colitis-associated colorectal cancer; cancer iron metabolism;
inflammatory bowel disease; AOM/DSS mouse model

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and has the second-highest
mortality rate worldwide [1]. Despite recent developments and improvements in various
treatment strategies, the mortality rate of CRC remains high [2]. Inflammatory bowel
disease (IBD) has been suggested as one of the strong risk factors for CRC. IBD may increase
the estimated risk of CRC development from 1 to 18% to a higher range depending on age,
severity, duration of the disease, and degree of inflammation in colitis or polyps [3,4]. IBD is
a chronic inflammatory condition of the gastrointestinal tract that includes ulcerative colitis
(UC) and Crohn’s disease (CD) [5]. Chronic inflammation can induce tumorigenesis by
increasing oxidative stress and epithelial cell proliferation and promoting angiogenesis [6,7].
In addition, recurrent inflammation is associated with tumors through mechanisms, such
as the generation of mucosal mediators and changes in immune receptor expression in
epithelial cells [8].

Iron is an indispensable nutrient for cellular metabolism and is involved in oxida-
tive metabolism, cell proliferation, inflammation, and various in vivo reactions [9]. Iron
homeostasis is tightly regulated in normal cells. For example, high iron levels induce
the inactivation or decomposition of iron regulatory proteins (IRPs), thereby increasing

Nutrients 2022, 14, 2033. https://doi.org/10.3390/nu14102033 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu14102033
https://doi.org/10.3390/nu14102033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-4036-4661
https://orcid.org/0000-0002-3443-5286
https://doi.org/10.3390/nu14102033
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu14102033?type=check_update&version=1


Nutrients 2022, 14, 2033 2 of 19

the translation of the iron exporter ferroportin (FPN) and iron storage protein subunit
ferritin heavy chain (FTH), while the degradation of FPN is inhibited by reduced hepcidin
expression [10–12]. Contrastingly, in ID environments, hypoxia-inducible factor 1-alpha
(HIF1-α) and IRP are activated to increase the mRNA level of iron importer transferrin
receptor 1 (TfR1) and suppress the translation of FTH1 and FPN [13].

Generally, compared to normal colon cells, CRC cells are characterized by high de-
pendence on iron, showing high iron requirements and elevated iron import [14,15]. Some
human studies have revealed that increased iron intake is associated with a higher risk of
IBD and CRC compared to adequate iron intake [16–21]. In a case-control study in Japan,
Kobayashi et al. reported an increased odds ratio for UC (OR = 4.05 (1.46–11.2)) in the
group with the highest dietary iron intake (over 7.18 mg/2000 kcal) compared to that with
the lowest intake (under 5.87 mg/2000 kcal) [18]. Furthermore, in a European case-control
study, circulating serum iron (OR = 1.17 (1.00–1.36)) was significantly associated with the
risk of CRC (p = 0.049) [22]. However, other human studies have reported no or marginally
significant associations between dietary iron intake and IBD or CRC [21–23]. In a prospec-
tive cohort study using dietary information of 165,311 women in the US, researchers found
no significant association between dietary heme iron or total iron intake and the risk of
CD or UC [21]. In another cohort study conducted in Canada, the risk of CRC was not
associated with the intake of iron, heme iron, or iron from meat [23]. In addition, in a recent
animal study using the DSS model, short-term exposure (8–10 days) to a low- or high-iron
diet (100 ppm (equal to 20 mg Fe/kg diet) or 400 ppm ferrous iron, respectively) induced an
approximately three times higher colitis score than that of normal chow (200 ppm ferrous
iron). In contrast, long-term (8 weeks) exposure showed no significant influence on the
score [24]. Although several studies have been published on the association between iron
and colon tumorigenesis [25–27], the results are still controversial [28].

IBD patients suffer from oxidative stress caused by continuously generated reactive
oxygen species (ROS) and recurrent inflammatory reactions through increased expression
of inflammatory cytokines [29]. During an immune response, excessive ROS induces oxida-
tive stress, and when it persists, can in turn can cause chronic inflammation [30]. Thus, ROS
has been proposed as a causal and permanent factor of IBD and has been suggested to act
as a regulatory factor of several inflammatory cytokines [31]. Iron may play a role in exacer-
bating colitis because of its ability to induce ROS production through a Fenton reaction [32].
Carrier et al. reported that in colitis-induced mice, iron supplementation (3%/kg diet
carbonyl iron) caused increased lipid peroxidation levels and inflammatory responses by
an intracellular Fenton reaction compared to the control (0.027%/kg diet carbonyl iron) [33].
Changes in iron metabolism have been reported, along with an increase in iron content in
tumors [34]. An elevated expression of hepcidin in the liver and TfR1 and divalent metal
transporter 1 (DMT1) in the colon was observed in a colitis mouse model [35,36]. Hepcidin
expression increases due to the activation of inflammatory pathways, such as interleukin
(IL)-6/signal transducer and activator of transcription 3 (STAT3) in IBD [37]. Iron depletion
or supplementation may also affect the development of inflammation and cancer. In a DSS
mouse model, iron depletion using iron chelators or an ID diet mitigated colitis [32,38].
Conversely, Anita et al. reported that high dietary iron (1% carbonyl iron) increased the
expression of inflammatory cytokine IL-6 and STAT3 phosphorylation and worsened colitis
and colitis-associated colorectal cancer (CAC) in azoxymethane/dextran sodium sulfate
(AOM/DSS) mouse models [39]. IL-6 upregulates the phosphatidylinositol 3-kinase (PI3K)-
protein kinase B (AKT) pathway, one of the key pathways commonly activated during
tumor development in both CAC and CRC [40–42]. In contrast, Xu et al. suggested that an
increase in iron-induced ROS in IBD promotes the development of CAC but simultaneously
induces ferroptosis [43].

Since iron acts as a double-edged sword, which could instigate tumorigenesis or cell
death [44], it is important to explore the effects of iron overload or deficiency on CAC. In
addition, knowledge of the mechanistic role of iron depending on its intake level could
lead to potential applications in the prevention or treatment of related diseases. In this
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study, we aimed to investigate the effects of dietary-induced overload or deficiency of iron
on tumor development and changes in iron metabolism using AOM/DSS-induced CAC
rodent models.

2. Materials and Methods
2.1. Animal Care and Experimental Protocol

The composition of the different iron diets is outlined in Table 1. Male C57BL/6J mice
(3 weeks old) were purchased from Doo Yeol Biotech (Seoul, Korea). Animals were housed
under controlled conditions of humidity (55 ± 10%), lighting (12 h light/dark cycle), and
temperature (23 ± 2 ◦C) with access to pure water and pelleted basal diet. After one week
of acclimation, the animals were randomly divided into the following groups (n = 29):
IC + NOR (n = 5) and IC + AOM/DSS (n = 8), ID + AOM/DSS (n = 8), and IOL + AOM/DSS
(n = 8) groups. The mice in the respective groups were fed an iron control (IC) diet
(35 ppm iron/kg), iron-deficient (ID) diet (<5 ppm iron/kg diet), and iron overload (IOL)
diet (about 2000 ppm iron/kg diet). Four weeks later, an AOM/DSS mouse model was
developed. A single dose of AOM (10 mg/kg) was intraperitoneally injected in the IC
+ AOM/DSS, ID + AOM/DSS, and IOL + AOM/DSS groups. At week 7, the AOM
groups were provided with 1% DSS (wt/vol) in drinking water for seven consecutive
days, followed by 14 days of regular drinking water. This cycle was repeated twice. Body
weights were measured once per week throughout the experiment. The same procedure
was performed with normal saline and distilled drinking water for the IC + NOR group.
In this process, two mice in the ID + AOM/DSS group died. The remaining mice were
euthanized at week 13. All experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of Yonsei University, South Korea (permit
number: 201711-660-03).

Table 1. Composition of different iron diets.

Ingredient AIN-76A Diet Base

(g/1000 g Diet) IC ID IOL

Casein 200 200 200
Corn starch 150 150 150

Sucrose 499.99 499.99 490.09
Corn oil 50 50 50

Cellulose 50 50 50
Vitamin mixture 10 10 10

AIN 76a mineral mix 35 - 35
AIN 76a mineral mix - 35 -

(Fe-deficient)
Choline bitartrate 2 2 2
DL-Methionine 3 3 3

Butylated hydroxytoluene 0.01 0.01 0.01
FeSO4, 7H2O - - 9.9

Total(g) 1000 1000 1000
IC: iron control; ID: iron deficient; IOL: iron overload.

2.2. Morphological Analysis

The colon was excised from the mice in each group, and the number of tumors
was counted. Furthermore, the ratio of tumors was calculated as follows: (tumor num-
ber)/(tumor number of AOM/DSS group) × 100.

2.3. Histological Analysis

To perform a histological analysis of the tissue samples, 10% buffered formalin-fixed
colon tissues were dehydrated and embedded in paraffin blocks. After sectioning, the slices
were deparaffinized and rehydrated using a xylene-ethanol-water gradient system. The
sections were stained with hematoxylin and eosin (H&E) to confirm iron accumulation.
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For the morphological analysis using the Perls’ Prussian blue staining, sliced samples were
incubated in a working solution of 1:1 20% HCl and 10% potassium ferrocyanide. After
washing with distilled water, the slices were stained with a nuclear fast red solution. All
representative photomicrographs of the samples were obtained using an Eclipse Ti light
microscope (Nikon, Tokyo, Japan).

2.4. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) Analysis

The iron content of the mouse liver was measured using ICP-OES (Optima 8300,
Perkin Elmer, MA, USA) and ICP-MS (NexlOn300, Perkin Elmer, Waltham, MA, USA).
Approximately 50 mg of freeze-dried tissues was dissolved in 8 mL of 60% HNO3 solution
(Showa Chemical Industry, Tokyo, Japan) and 2 mL of 30% H2O2 solution (Junsei Chemical
Co., Tokyo, Japan) and then adjusted to 50 mL using 1% HNO3 solution. Subsequently,
it was loaded into a microwave digestion system (TOPEX, PreeKem, Shanghai, China)
and pretreated according to the manufacturer’s instructions. A quality control standard
(cat. IV-28, Inorganic Ventures, Christiansburg, VA, USA) and multi-element calibration
standard 3 (N9300233, PerkinElmer Pure Plus, Waltham, MA, USA) were used. The
iron concentration in the raw materials was calculated by multiplying the concentration
measured after pretreatment with the dilution multiple of the pretreatment. Samples with
a concentration of less than 0.1 ppm, which is less reliable during ICP-OES analysis, were
also evaluated via ICP-MS.

2.5. cDNA Extraction and Reverse Transcription (RT)-PCR

Colon tissue samples were frozen in liquid nitrogen and mechanically dissociated
in an RNA buffer. Total RNA was extracted using TRIzol reagent (Molecular Research
Center, Inc., Cincinnati, OH, USA), according to the manufacturer’s protocol. RT-PCR was
performed with 1 µg of total RNA to synthesize cDNA using a random primer mixture,
according to the manufacturer’s instructions.

2.6. Western Blot

Protein from colon tissues was extracted with a standard radioimmunoprecipitation
assay (RIPA) buffer supplemented with a cocktail containing 1 mM sodium diphosphate
decahydrate, 1 mM β-glycerophosphate, 1 mM NaF, 1 mM Na3VO4, protease inhibitors,
and phosphatase inhibitors. Protein samples were loaded in equal amounts onto 10% SDS-
polyacrylamide gels and then separated. The samples were then transferred to PVDF mem-
branes (IPVH00010, Merck Millipore, Billerica, MA, USA). The membrane was incubated
with the primary antibodies (1:1000; v/v), such as mouse anti-FTH1, mouse anti-PCNA,
rabbit anti-CyclinD1, mouse anti-NF-κB p65, mouse anti-c-Myc, rabbit anti-Bax, mouse anti-
Bcl-2, mouse anti-IL-6, mouse anti-iNOS, mouse anti-TNFα, mouse anti-PTEN from Santa
Cruz Biotechnology Inc. (Dallas, TX, USA), as well as rabbit anti-TfR1 and rabbit anti-pAKT
from Cell Signaling Technology (Danvers, MA, USA). Overnight and horseradish peroxide
(HRP)-conjugated secondary antibodies (1:5000; Bio-Rad Laboratories, Hercules, CA, USA)
were used to detect the proteins. Membranes were washed with phosphate-buffered
saline, and protein bands were visualized using a D-PlusTM ECL Femto System (Dongin
Biotech, Seoul, Korea). The blots were photographed using an AE-9300 Ez-Capture system
(ATTO, Tokyo, Japan), and the levels of protein expression were quantified using ImageJ
software (National Institutes of Health, Bethesda, MD, USA) and normalized using the
internal standards.

2.7. Statistical Analysis

SPSS software was used to perform statistical analyses (IBM SPSS Statistics package
version 25, IBM Corp., Armonk, NY, USA). All the results are presented as mean ± standard
deviation (SD), except the mRNA data, which are presented as mean ± standard error
(SE). Statistical significance was tested using one-way analysis of variance with Tukey’s
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post-hoc test. Student’s t-test was used for comparisons among experimental groups. A
p-value < 0.05 was set as the criterion for statistical significance.

3. Results
3.1. Effects of ID and IOL Diets on Colon Length, Body Weight, and Body Iron Levels in the
AOM/DSS Model

The timeline of the animal study is depicted in Figure 1a. When comparing the
indicators that reflect the severity of colitis between the groups, we observed that the
AOM/DSS-treated groups had shorter colon lengths than the IC + NOR group (Figure 1b).
In particular, the ID + AOM/DSS group showed a significantly greater decrease in colon
length, while no difference in colon length was found in the IOL + AOM/DSS group when
compared with that in the IC + AOM/DSS group (Figure 1b). In addition, the weights of
the mice just before euthanasia were significantly lower in the AOM/DSS groups than in
the IC + NOR group (Figure 1c). In particular, the IC + AOM/DSS group showed a weight
loss of approximately 18.9% compared with the IC + NOR group, even though there was
no significant difference in the cumulative food intake between the IC + NOR group and
the IC + AOM/DSS group (Figure 1c,d). This implied that the AOM/DSS mouse model
was successfully established. The weights of the organs relative to body weight are shown
in Table S1. Overall, our data imply that iron insufficiency might be highly correlated with
worsened colitis than excess iron, as the shortening of colon length and a decreased weight
signify the aggravation of colitis.
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Figure 1. Amount of dietary iron changes inflammation and iron status in the large intestine.
Experimental timeline (a), and colon length data (b) and body weight at final week (c), cumulative
food intake (d) of each group (IC + NOR, IC + AOM/DSS, ID + AOM/DSS, IOL + AOM/DSS).
ICP-OES & ICP-MS data measuring the amount of iron in the liver (e) and Perls’ Prussian blue
staining of the large intestine of mice and the intensity of staining visible within a tissue section (f) are
presented. Data are expressed as Mean ± SD. One-way ANOVA was used for the test of difference
and Tukey for the post-hoc test. Different letters above the value indicate statistical significance.
Student’s t-test was used to test the difference between two groups, and the asterisk represents
statistical significance (* p < 0.05; ** p < 0.01, *** p < 0.001). Scale bar = 100 µm. Abbreviations:
NOR, normal; AOM/DSS, azoxymethane/dextran sodium sulfate; IC, iron control; ID, iron-deficient;
IOL, iron overload; AU, arbitrary units.
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To measure the differences in colon iron content between the groups, we used Perl’s
Prussian blue staining. AOM/DSS treatment significantly reduced the iron level in the
colon; however, the IOL diet group exhibited significantly increased colon iron content
compared with the IC + NOR group (Figure 1e). The iron content of the liver was mea-
sured through ICP-OCE & ICP-MS. Similar to that of the large intestine, the iron content
of the liver decreased after AOM/DSS treatment, but was significantly higher in the
IOL + AOM/DSS group than in the IC + NOR group (Figure 1f).

3.2. Iron Metabolic Gene Expression Was Altered in the AOM/DSS-Induced Cancer Model and
Further by the ID and IOL Diets

As we confirmed that the iron content in the liver and colon tissues was affected
by AOM/DSS treatment or IOL diet, we examined the changes in the expression of iron
metabolism genes and regulatory mechanisms in the AOM/DSS mouse model. The liver
maintains systemic iron homeostasis and responds to excess iron by increasing hepcidin ex-
pression and storing excess iron in the liver using FTH1 [45]. The expression of liver
hepcidin, a systemic regulator of iron metabolism [46], increased significantly in the
IOL + AOM/DSS group compared to that in the other groups and decreased in the
ID + AOM/DSS group compared to that in the IC + AOM/DSS group (Figure 2a). The
expression of TfR1, an iron importer, increased only in the ID + AOM/DSS group liver
compared with the others [47] (Figure 2b). Similar to those in the liver, mRNA and pro-
tein levels of TfR1 in the large intestine were significantly increased only by the ID diet
among the AOM/DSS-treated groups (Figure 2e), suggesting that iron import may be
induced to improve the low-iron status in both the liver and the large intestine (Figure 2b,e).
The protein level of FTH1 in the liver was higher in the IC + AOM/DSS group than in
the IC + NOR group and did not change among the AOM/DSS groups, although the
ID + AOM/DSS group showed a marginal reduction without statistical significance
(Figure 2c). The protein level of FTH1 in the colon was higher in the IC + AOM/DSS
group than in the other groups, whereas, unlike those in the liver, FTH1 levels were sig-
nificantly reduced in the ID + AOM/DSS and IOL + AOM/DSS groups (Figure 2d). The
mRNA levels of DMT1 and FPN did not differ between the IC + NOR and IC + AOM/DSS
groups, but were significantly upregulated in the IOL + AOM/DSS group compared with
those in the other groups (Figure 2f,g). Overall, the data suggest that AOM/DSS caused
the upregulation of FTH1, which was significant in the large intestine, but not in the liver,
by either ID or IOL diets. However, colonic FTH1 protein levels were reduced by the ID
and IOL diets. IOL diets induced the unexpected upregulation of DMT1 in AOM/DSS, but
other iron regulatory genes, including hepcidin, TfR1, and FPN, were regulated by iron
diets, as expected.
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Figure 2. AOM/DSS treatment and iron overload and iron deficient diet affected the expression of
iron-related genes in the AOM/DSS model. The hepatic mRNA expression levels of hepcidin (a) and
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TfR1 (b) were evaluated. Western blot analysis of liver FTH1 (c) and colonic FTH1 (d) was per-
formed. The mRNA expression levels of TfR1 (e), DMT1 (f), and FPN (g) released from the
large intestine tissue were measured. Mean ± SD and SE are represented. One-way ANOVA
was used for the test of difference and Tukey for the post-hoc test. Different letters above the
value indicate statistical significance. Student’s t-test was used to test the difference between two
groups, and the asterisk represents statistical significance (* p < 0.05). Abbreviations: NOR, normal;
AOM/DSS, azoxymethane/dextran sodium sulfate; IC, iron control; ID, iron-deficient; IOL, iron over-
load; TfR1, transferrin receptor 1; FTH1, ferritin heavy chain 1; DMT1, divalent metal transporter 1;
FPN, ferroportin.

3.3. IOL and ID Diets Alleviated the Development of Colonic Tumors

To investigate the effects of high or low dietary iron on the development of colon
cancer, the AOM/DSS groups were compared for morphological changes in the colon
tissues by H&E staining, the number of tumors, and the expression levels of prolifera-
tion marker genes. All H&E-stained images are shown in Figure S1. Compared with
the IC + NOR group, the IC + AOM/DSS group showed severe morphological changes
(Figure 3a). Tumors were also formed in the colon tissue (Figure 3b). In addition, the total
tumor area for each colon was defined as the tumor burden index [48] (Figure S2).
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Figure 3. Iron overload or deficiency status suppresses tumor development. Representative im-
ages of H&E staining in the large intestine in mice (microscopic view) (a). Average tumor num-
ber in each group and the proportion of tumors observed in the colons of mice treated with
AOM/DSS (b). Protein expression levels on PCNA (c), Cyclin D1 (d), and c-Myc (e) and the protein
ratio of Bax/Bcl-2 (f) released from large intestine tissue. The data are presented as mean ± SD.
One-way ANOVA was used for the test of difference and Tukey for the post-hoc test. Different
letters above the value indicate statistical significance. Student’s t-test was used to test the difference
between two groups, and the asterisk represents statistical significance (* p < 0.05). Abbrevia-
tions: NOR, normal; AOM/DSS, azoxymethane/dextran sodium sulfate; IC, iron control; ID, iron-
deficient; IOL, iron overload; PCNA, proliferating cell nuclear antigen; Bax, Bcl-2 associated x; Bcl-2,
B-cell lymphoma 2.
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In addition, protein levels of proliferating cell nuclear antigen (PCNA), cyclin D1,
and c-Myc were significantly higher in the IC + AOM/DSS group than in the IC + NOR
group (Figure 3c–e). However, protein levels of PCNA and c-Myc were considerably
lower in the ID + AOM/DSS and IOL + AOM/DSS groups than in the IC + AOM/DSS
(Figure 3c–e). Only IOL + AOM/DSS exhibited a significant reduction in cyclin D1 expres-
sion (Figure 3d). As for Bcl-2-associated X protein (Bax)/B-cell lymphoma (Bcl)-2 ratio,
which has been suggested to determine the susceptibility to apoptosis [49], there were
statistical differences when comparing IC + NOR with IC + AOM/DSS and ID + AOM/DSS
groups, while IOL + AOM/DSS showed a significantly higher ratio than those of all other
groups (Figure 3f). The data suggest that both ID and IOL diets prior to AOM/DSS-induced
colorectal cancer formation might alleviate the incidence of colorectal cancer by decreasing
cellular proliferation by both diets and increasing apoptosis only by IOL.

3.4. IOL Diet Downregulated AOM/DSS-Induced Inflammatory Gene Expression

To explore the effects of high or low dietary iron on AOM/DSS-induced inflammation
in the colon, the expression levels of pro-inflammatory genes related to the pathological
pathways of CAC [50,51] and genes related to angiogenesis and tumor development [52]
were analyzed. First, AOM/DSS increased the protein expression level of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) p65 (Figure 4a), a central mediator
in the induction of inflammatory damage [53] and subsequently increased the expression
levels of NF-κB target genes [54], including IL-6, tumor necrosis factor (TNF) α, inducible
nitrous oxide (iNOS), cyclooxygenase 2 (COX2), and IL-1β (Figure 4b–f). These changes
observed in the AOM/DSS group were reversed in the IOL + AOM/DSS group, but not in
the ID + AOM/DSS group (Figure 4). The IOL + AOM/DSS group showed lower expression
levels of NF-κB p65, IL-6, TNFα, iNOS, COX-2, and IL-1β than the IC + AOM/DSS group,
whereas the ID + AOM/DSS group showed no changes in p65, IL-6, TNFα, and iNOS
levels, and higher increases in COX-2 and IL-1β levels (Figure 4). Our findings suggest
that IOL diet-induced iron overload might hinder AOM/DSS-induced inflammation, not
observed in ID-induced iron deficiency.
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Figure 4. Iron overload downregulated the expression of genes related to AOM/DSS-induced in-
flammation. Protein expression levels on NF-κB p65 (a), IL-6 (b), TNFα (c), iNOS (d), and mRNA
expression level of COX2 (e), IL1b (f) related to inflammation released from large intestine tissue
were measured. Data are expressed as Mean ± SD and SE. One-way ANOVA was used for the test of
difference and Tukey for the post-hoc test. Different letters above the value indicate statistical signifi-
cance. Student’s t-test was used to test the difference between two groups and the asterisk represents
statistical significance (* p < 0.05). Abbreviations: NOR, normal; AOM/DSS, azoxymethane/dextran
sodium sulfate; IC, iron control; ID, iron-deficient; IOL, iron overload; NF-κB, nuclear factor kappa-
light-chain-enhancer of activated B cells; IL-6, interleukin 6; TNFα, tumor necrosis factor alpha;
iNOS, inducible nitric oxide synthase; COX2, cyclooxygenase-2; IL-1β, interleukin 1 beta.
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3.5. Iron Overload Diet Enhanced Antioxidant System through Upregulating the Antioxidant
Signaling Pathway

As our data demonstrated that dietary IOL was associated with a reduced number
of tumors and AOM/DSS-induced inflammation, we attempted to reveal the underlying
mechanism of the anti-inflammatory role of IOL in AOM/DSS-generated tumors. Oxida-
tive stress and the inflammatory response caused by IBD may be suppressed by antioxidant
enzymes, accompanied by a decrease in the expression of inflammatory cytokines [55].
The knockout of Nrf2, a representative antioxidant gene transcription factor, can increase
susceptibility to AOM/DSS-induced colitis and tumorigenesis [56]. We assessed the expres-
sion levels of the antioxidant genes (Figure 5). The results showed that IOL + AOM/DSS
mice had a higher expression of antioxidant genes known to be downstream genes of Nrf2.
Specifically, IOL + AOM/DSS exhibited significant elevations in the gene expression of
thioredoxin (TXN), glutathione peroxidase 1 (GPX1), catalase (CAT), heme oxygenase 1
(HMOX1), and NAD(P)H quinone dehydrogenase 1 (NQO1), which showed lower expres-
sion because of AOM/DSS treatment (Figure 5b,c,e–g). The collective data suggested the
possible effects of increased expression of antioxidative genes on IOL-inhibited inflamma-
tion in CAC.
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Figure 5. Iron overload diet enhanced the expression of antioxidant pathway genes. mRNA expres-
sion level of SOD1 (a), TXN (b), GPX1 (c), GPX4 (d), CAT (e), HMOX1 (f) and NQO1 (g) released
from the large intestine tissue were measured. Data are expressed as Mean ± SD and SE. One-
way ANOVA was used for the test of difference and Tukey for the post-hoc test. Different letters
above the value indicate statistical significance. Student’s t-test was used to test the difference
between two groups and the asterisk represents statistical significance (* p < 0.05). Abbreviations:
NOR, normal; AOM/DSS, azoxymethane/dextran sodium sulfate; IC, iron control; ID, iron-deficient;
IOL, iron overload; SOD1, superoxide dismutase 1; TXN, thioredoxin; GPX1, glutathione peroxidase 1;
GPX4, glutathione peroxidase 4; CAT, catalase; HMOX1, heme oxygenase 1; NQO1, NAD(P)H
quinone dehydrogenase 1.

3.6. Iron-Deficient and -Overload Status with AOM/DSS Affected Tumor Suppression through
PI3K/AKT Pathway

To explore other possible mechanisms by which dietary ID or IOL affects tumor
volume reduction, we specifically assessed PI3K/AKT pathway genes that interfere with
cell proliferation and survival in various cancers, including CRC [57]. First, the level of
phosphorylated AKT (pAKT), an activated form of AKT, was higher in IC + AOM/DSS than
in IC + NOR, whereas other AOM/DSS-treated groups showed no statistically significant
differences (Figure 6a). Phosphatase and tensin homolog (PTEN), a negative regulator
of the PI3K/AKT pathway [57], were upregulated significantly in ID + AOM/DSS mice
and marginally in IOL + AOM/DSS mice, compared with those in IC + AOM/DSS mice
(Figure 6b). In addition, the mRNA levels of N-Myc downstream regulated 1 (Ndrg1), a
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tumor metastasis suppressor [58], were elevated in the ID + AOM/DSS group, but not in
the IOL + AOM/DSS group, compared with those in the IC + AOM/DSS group (Figure 6c).
These data might suggest that both dietary ID and IOL hindered the proliferation of
AOM/DSS-generated tumors by suppressing the PI3K/AKT pathway. ID diet induced
this in part through an increased expression of Ndrg1, which was not observed in IOL
diet-fed mice.
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Figure 6. Iron-deficient diet inhibited the activation of the PI3K/AKT pathway, inhibiting the
development of CAC. Protein expression level of pAKT (a), PTEN (b) and mRNA expression level of
Ndrg1 (c) released from large intestine tissue were measured. Data are expressed as Mean ± SD and
SE. One-way ANOVA was used for the test of difference and Tukey for the post-hoc test. Different
letters above the value indicate statistical significance. Student’s t-test was used to test the difference
between two groups and the asterisk represents statistical significance (** p < 0.01). Abbreviations:
NOR; normal, AOM/DSS; azoxymethane/dextran sodium sulfate, IC; iron control, ID; iron-deficient,
IOL; iron overload. pAKT; phosphorylated protein kinase B, PTEN; phosphatase and tensin homolog,
Ndrg1; N-Myc downstream regulated 1.

4. Discussion

In this study, we report the alleviating effects of disturbed iron status through long-
term high- or low-iron diets on colon cancer development in an AOM/DSS mouse model,
which might be associated with an altered FTH gene expression and diminished inflamma-
tion and cell proliferation. Although several studies have reported significant changes in
the incidence of cancer development by adjusting dietary iron intake [25,39], there is a lack
of studies comparing iron metabolism and status in AOM/DSS-treated mice by adjusting
iron doses—iron overload or deficiency.

First, we observed aberrant iron status and metabolism in AOM/DSS-induced CRC
mice and compared the effects of iron overload or deficiency on the development of
colon cancer. In previous clinical trials of CRC patients, iron accumulation was higher in
tumor tissues than in normal tissues [59,60]. Although we could not measure iron content
specifically in the tumor mass, there was a significant decrease in total iron content in
the liver and colon tissues of AOM/DSS-treated mice, suggesting that body iron levels
might be diminished during colon cancer development. In contrast to our results, Kim
et al. reported no significant differences in the iron content of the liver between the control
group and AOM/DSS [61]. The difference between these results could be because of
the differences in the duration of iron diet administration. Our diet period (13 weeks)
was shorter than that of Kim et al. (24 weeks). In addition, despite the lower iron levels
in the AOM/DSS mice observed in our study, colonic expression of FTH1 was elevated
in AOM/DSS mice compared to that in normal mice. High ferritin expression levels in
cancer cells have been suggested to lower the cytoplasmic LIP levels [62], which might
increase resistance to oxidative stress and DNA oxidative damage, inhibit apoptosis [63],
and increase angiogenesis and tumor progression through the upregulation of VEGF [64].
In addition, Svitlana et al. reported that an increase in FTH1 expression might augment
the possibility of malignant breast cancer progressing to aggressive tumor phenotypes by
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protecting cells from DNA damage [64]. Therefore, the increased expression levels of FTH1
in AOM/DSS mice could have contributed to the development of colon cancer. In contrast,
Richard et al. suggested that the overexpression of TfR1 in the tumor tissue compared
to that in the normal colon mucosa led to an increased iron content in CRC tumor tissue
and increased intracellular LIP, contributing to tumor cell proliferation [65]. Brooks et al.
reported that an increase in the expression of iron importer DMT1 and a decrease in iron
exporter FPN expression in CRC colon tissue might cause an elevation of cellular iron
content and tumor proliferation [66]. However, we did not observe clear changes in the
mRNA levels of TfR1, DMT1, or FPN in mice treated with AOM/DSS. Prutki et al. reported
that iron metabolism in colorectal cancer could vary depending on the differentiation and
metastasis of cancer [67]. They reported that low expression of TfR1 in colorectal cancer
tumors was associated with the presence of nodal or distant metastasis in patients [67].

Iron deficiency or iron overload further altered the iron metabolism induced by
AOM/DSS. Iron deficiency or iron overload status prior to AOM/DSS treatment com-
pletely eliminated the elevated expression of FTH1 in the colon tissues of mice, regardless
of iron status. Low FTH1 protein levels in the IOL were not expected because, in iron
overload status, the decomposition of ferritin was suppressed [68], but Simao et al. re-
ported that iron overload did not affect the gene expression of FTH1 in the bone tissue
of mice [69]. Low FTH1 levels in either high- or low-iron diet-fed mice could have led
to an increase in LIP levels, oxidative stress, and cell death, resulting in the alleviation
of colon cancer development in both ID and IOL mice. In contrast, other iron regulatory
genes were differentially expressed among the different, iron-diet-fed mice. As expected,
TfR1 was upregulated in ID mice, but downregulated under IOL conditions in AOM/DSS
mice. The upregulation of TfR1 might have led to increased LIP levels and oxidative stress
and inhibited the growth of colon cancer in an ID AOM/DSS model. Simultaneously, the
elevation of TfR1 level may indicate that systemic iron deficiency was induced by ID diet,
although the ID diet could not further lower the AOM/DSS-induced decrease in iron levels.
Cao et al. also reported that iron depletion inhibits the growth of CRC cells [70].

The iron overloaded AOM/DSS model showed an upregulated expression of hepcidin
in the liver and DMT1, FPN in the colon and the downregulation of FTH1 in the colon
were detected, along with a significant increase in the iron content of the liver and colon
when compared to all the other groups. High iron levels have been reported to increase
the mRNA levels of hepcidin and colon FPN [71–73]. Although we could not measure the
protein levels of FPN, high hepcidin levels in the IOL-induced iron overload condition
might have lowered the protein levels of FPN, regardless of FPN mRNA levels. McDonald’s
study also showed that a high-iron diet elevated the transcription of hepcidin and FPN in
the livers of mice, but the protein level of FPN did not increase [74]. In the case of DMT1,
contrary to our results, it was reported that an iron overload diet lowered the mRNA level
of DMT1 [75]. Therefore, further research is needed to explain these conflicting results,
but the increase in the expression of iron importer DMT1 was reported to result in ROS-
mediated cell damage [76,77]. The upregulated expression of DMT1 and hepcidin, along
with reduced FTH1 expression by iron overload in the AOM/DSS model, might increase
the levels of intracellular LIP and ROS-mediated cell damage.

The alteration in the iron state alleviated the aberrant mucosal crypt foci and adenomas
seen in AOM/DSS. The number of colonic tumors and tumor rate were significantly
reduced in the ID state or modestly reduced in the iron overload state. These changes
were accompanied by the downregulated expression of PCNA, cyclin D1, and c-Myc
genes, which are key regulators of cancer cells [78–80]. PCNA and cyclin D1 have been
suggested as hub genes related to CRC development and are powerful therapeutic targets
reported to be upregulated in CRC [81]. Previously, iron depletion was reported to induce
cell cycle arrest by reducing cyclin D1 levels in mantle cell lymphoma cells [82] and
by reducing PCNA and cyclin D1 levels in a dose-dependent manner in immortalized
Kaposi’s sarcoma cells [83]. Although chronic iron overload is known to increase cell
proliferation [84,85], excessive iron can lead to increased ROS [86] and increased ROS can
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lead to lipid peroxidation, leading to ferroptosis [87]. Ferroptosis is a type of cell death
that can be used as a cancer treatment strategy [88,89]. However, we could not measure
the degree of lipid peroxidation in these tissues. In addition, the expression of the GPX4
gene, which plays a role in preventing ferroptosis, increased. Therefore, we do not know
whether ferroptosis occurred in IOL-fed AOM/DSS mice. Nevertheless, excessive ROS
production because of high iron concentrations can cause DNA damage, cell cycle arrest,
and cell death [90]. We also noticed that the Bax/Bcl-2 ratio was exponentially increased by
IOL and slightly increased by ID, suggesting that iron imbalances might have increased
cell death and may be involved in reducing tumor severity. It is plausible that decreases in
PCNA, cyclin D1, and c-Myc levels with the increase in Bax/Bcl-2 ratio by ID or IOL diet
might be associated with the prevention of CRC development.

In addition to the common mechanism of action of the anti-colon cancer effects of iron
deficiency or iron overload in the AOM/DSS model, there seemed to be iron status-specific
effects. The levels of inflammatory cytokines, including NF-κB, IL-6, TNFα, iNOS, COX2,
and IL-1β, were decreased only by IOL diet but not by ID diet compared to those in the
normal in AOM/DSS models. NF-κB, a key regulator of inflammatory responses, plays a
pivotal role in CAC development [91]. Greten et al. reported that inactivation of the NF-κB
pathway through the deletion of IκB kinase in mice’s colons significantly reduced the
incidence of CAC tumors following AOM/DSS treatment [92]. In addition, the weakening
of NF-κB signaling in the CAC model through various anti-inflammatory substances, such
as metformin [93], saponin [94] and fluoxetine [95], inhibited the development of colitis
and tumors. The target genes of NF-κB, including IL-6 [96], TNFα [97], iNOS [98,99] and
COX2 [100], were also implicated in the CAC tumorigenesis. Grivennikov et al. reported
that IL-6-knockdown mice showed reduced CAC tumorigenesis following AOM/DSS
treatment [96]. TNF-deficient mice had a reduced size and number of CAC tumors in the
AOM/DSS model compared to the control group [97]. In addition, increased expression
levels of iNOS and COX2 were reported in colon sections of patients with inflammatory and
colorectal cancer and were suggested to be an indicator of tumor development and progres-
sion [98,99]. The inhibition of COX2 using nonsteroidal anti-inflammatory drugs reduces
the formation of colon tumors in patients with CRC [100]. Conversely, increased levels
of IL-1β promote tumor proliferation through the activation of NF-κB signaling in colon
cancer cells [101]. Lower levels of NF-κB and its target genes of inflammatory cytokines, as
found in the iron-overloaded AOM/DSS model, might have contributed to the inhibition
of CAC tumor development. However, there was also a report that excess iron exacerbated
colitis and CAC in the AOM/DSS model [39]. In their study, iron was supplied to the
AOM/DSS model group in the form of carbonyl iron (1%) for six weeks, and 0.1% iron was
supplied for a short or long term. In contrast, our study administered ferrous sulfate to the
IOL group for 12 weeks. The liver iron concentration in both studies was approximately
1100 to 1300 mg/kg, showing a significantly higher iron state than to that in the control
group. Therefore, in the AOM/DSS model, the biggest cause of the contradictory results
for excessive dietary iron was the formulation of dietary iron. Constante et al. reported
that high ferrous sulfate (500 mg of iron per kg) alleviated the severity of DSS-induced
colitis compared with sufficient ferrous sulfate (50 mg of iron per kg) as a control group.
However, high ferric ethylenediaminetetraacetic acid (500 mg of iron per kg), another for-
mulation of dietary iron, worsened colitis compared to the control group [102]. Thus,
there might be different responses to high concentrations of ferrous sulfate in colitis, as
observed in our study. Upon incorporating 2000 ppm iron sulfate in the diet of CAC
mice, indicators of colitis severity, such as the colon length or body weight of the mice,
showed no significant differences from the observations in the mice fed with the control
diet. However, the tumor burden index and the inflammatory cytokine levels were signifi-
cantly reduced. Iron overload induced by ferrous sulfate might inhibit the development of
CAC by lowering the levels of inflammatory cytokines, and iron overload induced by the
administration of the diet containing iron sulfate at a concentration slightly below 2000 ppm
is also expected to reduce the severity of colitis. Furthermore, as observed in a previous
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study [39], diets containing 1% carbonyl iron may rather worsen inflammation and tumor
progression. Meanwhile, no significant changes in NF-κB, IL-6, TNFα, and iNOS levels,
but higher levels of inflammatory cytokines, such as COX2 and IL-1β, were observed in ID
AOM/DSS mice.

In contrast, the activation of the antioxidative pathway has been suggested to mitigate
the NF-κB-mediated inflammatory process [103]. The decrease in the expression of the
biological antioxidant superoxide dismutase 1 (SOD1) exacerbated DSS-induced colitis
in mice through increased ROS-induced oxidative stress and pro-inflammatory immune
responses; conversely, an increase in SOD1 expression protected against DSS-induced
colitis [104]. Treatment with thioredoxin, a cellular protein oxidoreductase synthesized by
TXN gene expression, in the human cervical carcinoma cell line HeLa inhibited intracellular
NF-κB pathway activation [105]. Furthermore, mice with GPX knockout had colitis [106].
Our IOL group showed higher expression levels of genes, including SOD1, TXN, GPX1,
GPX4, CAT, HMOX1, and NQO1 associated with antioxidant pathways, than those seen
in all the other groups. Similarly, Moon et al. reported that a dietary iron overload
mouse model increased the expression of TXN, HMOX, and CAT in the liver in response
to oxidative stress [107]. In particular, the increased activity of GPX4 inhibits TNFα-
induced ROS production and the activation of NF-κB signaling in HEK293T cells [108].
The overexpression of HMOX and NQO1 suppresses lipopolysaccharide-induced expres-
sion of TNFα and IL-1β [109]. The enhanced expression of antioxidant genes in IOL-fed
AOM/DSS might have contributed to the anti-CAC effects partly by diminishing the
inflammatory response.

The alleviation of colon cancer development seen in the iron overload and deficient
AOM/DSS models might have been because of a decrease in the AOM/DSS-induced
activation of the PI3K/AKT pathway. The PI3K/AKT pathway is overactivated in colon
cancer. It also promotes the development of various cancers [110–113]. The PI3K/AKT
pathway promotes cancer growth via cell growth and differentiation, angiogenesis, and
cell suicide avoidance signals [114]. In addition, the PI3K/AKT pathway is the most
frequently affected pathway in the AOM/DSS mouse model [115]. The overactivation of
the PI3K/AKT pathway leads to the overactivation of AKT, and activated AKT promotes
cell growth and proliferation [116]. Therefore, studies targeting AKT for cancer treatment
continue, and AKT inhibitors that inhibit AKT kinase activity or pAKT expression attenuate
the growth of cancer cells [117–119]. In addition, AKT inhibitors can induce apoptosis in
CRC cells and inhibit tumor growth [114,120,121]. Our data showed that both high- and low-
iron diets with AOM/DSS treatment decreased pAKT levels. It has been reported that iron
overload lowers the level of pAKT in various cells, leading to cell damage and apoptosis.
Ke and Yao reported that iron overload lowered intracellular pAKT and cell viability in
preosteoblast cells [122] and bone marrow mesenchymal stem cells [123], respectively.
Salama suggested that iron overload downregulated pAKT levels in the livers of mice and
caused liver damage [124,125]. In contrast, a decrease in pAKT levels under ID conditions
might be associated with increased Ndrg1 expression. Dixon et al. reported that iron
chelator treatment induced tumor suppression by upregulating the metastasis suppressor
NDRG1 in prostate cancer cells, and the overexpression of Ndrg1 induced an increase in
the level of the tumor suppressor gene PTEN and decreased tumorigenic pAKT [126]. In
addition, Kovacevic et al. reported that iron depletion in pancreatic cancer cells upregulated
the expression of Ndrg1, and the knockdown of Ndrg1 led to a decrease in the levels of
PTEN and pAKT, key molecular targets of PTEN [127]. Thus, our finding of a decrease in
pAKT levels under iron-deficient conditions may be associated with an elevation in Ndrg1
expression and a subsequent increase in PTEN levels.

5. Conclusions

Overall, this study suggests that AOM/DSS-induced colon cancer did not induce
iron accumulation in the liver and colon of AOM/DSS-treated mice, but rather reduced
tissue iron levels, especially LIPs in colon tissue, which might have decreased because of
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the increase in colonic FTH1. The ID diet led to an increase in TfR1 levels in the colon
and a decrease in FTH1 levels. However, iron deficiency might have been maintained to
inhibit tumor cell growth. In contrast, the IOL diet might have led to increased levels of LIP
in tissues because of upregulated levels of hepcidin and DMT1, and weakened defenses
against increased oxidative stress with decreased FTH1 levels, leading to tumor cell death.
In addition, the ID and IOL diets alleviated morphological changes in CAC, which might
be associated with a decrease in cell proliferation and an increase in apoptosis. The reduced
tumor ratio exhibited by the excessive iron diet may account for the restrained expression
of inflammatory cytokines and activation of antioxidant-related genes. In addition, it is
expected that the reduction in pAKT levels because of excess iron is related to tumor ratio.
Paradoxically, despite the decreased colon length and body weight and slightly increased
inflammation, AOM/DSS-treated mice fed ID showed a decreased number of tumors,
probably because of an increase in Ndrg1 and PTEN levels owing to iron depletion and the
subsequent inhibition of the PI3K/AKT pathway. Overall, we present novel findings that
may help to understand the AOM/DSS-treated CAC mouse model, and thereby propose a
potent role of iron-overload or -deficient status through dietary iron in CAC treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu14102033/s1, Figure S1: H&E staining of the large intestine. Figure S2: Tumor burden index
and tumor size. Table S1: Body and organ weights of mice fed diets with different iron concentrations.

Author Contributions: Conceptualization, S.M., M.K., Y.K. and S.L.; validation, S.M., M.K. and S.L.;
formal analysis, S.M., M.K. and Y.K.; investigation, S.M., M.K. and Y.K.; writing—original draft
preparation, S.M., M.K., Y.K. and S.L.; writing—review and editing, S.M. and S.L.; visualization, S.M.;
supervision, S.L.; and project administration, S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (No. 2016R1D1A1B010).

Institutional Review Board Statement: The study was conducted in accordance with the Insti-
tutional Animal Care and Use Committee (IACUC) of Yonsei University, South Korea (Permit
number: 201711-660-03).

Informed Consent Statement: Not applicable.

Acknowledgments: This work was supported by the BK21 FOUR Project of the National Research
Foundation of Korea.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Xie, Y.-H.; Chen, Y.-X.; Fang, J.-Y. Comprehensive review of targeted therapy for colorectal cancer. Signal Transduct. Target. Ther.
2020, 5, 22. [CrossRef] [PubMed]

3. Stidham, R.W.; Higgins, P.D. Colorectal cancer in inflammatory bowel disease. Clin. Colon Rectal Surg. 2018, 31, 168–178.
[CrossRef] [PubMed]

4. Bopanna, S.; Ananthakrishnan, A.N.; Kedia, S.; Yajnik, V.; Ahuja, V. Risk of colorectal cancer in Asian patients with ulcerative
colitis: A systematic review and meta-analysis. Lancet Gastroenterol. Hepatol. 2017, 2, 269–276. [CrossRef]

5. Park, J.H.; Peyrin-Biroulet, L.; Eisenhut, M.; Shin, J.I. IBD immunopathogenesis: A comprehensive review of inflammatory
molecules. Autoimmun. Rev. 2017, 16, 416–426. [CrossRef] [PubMed]

6. Itzkowitz, S.H. Molecular biology of dysplasia and cancer in inflammatory bowel disease. Gastroenterol. Clin. 2006, 35, 553–571.
[CrossRef] [PubMed]

7. Azer, S.A. Overview of molecular pathways in inflammatory bowel disease associated with colorectal cancer development. Eur. J.
Gastroenterol. Hepatol. 2013, 25, 271–281. [CrossRef]

8. Kraus, S.; Arber, N. Inflammation and colorectal cancer. Curr. Opin. Pharmacol. 2009, 9, 405–410. [CrossRef]
9. Knovich, M.A.; Storey, J.A.; Coffman, L.G.; Torti, S.V.; Torti, F.M. Ferritin for the clinician. Blood Rev. 2009, 23, 95–104. [CrossRef]
10. Dev, S.; Babitt, J.L. Overview of iron metabolism in health and disease. Hemodial. Int. 2017, 21, S6–S20. [CrossRef]

https://www.mdpi.com/article/10.3390/nu14102033/s1
https://www.mdpi.com/article/10.3390/nu14102033/s1
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1038/s41392-020-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/32296018
http://doi.org/10.1055/s-0037-1602237
http://www.ncbi.nlm.nih.gov/pubmed/29720903
http://doi.org/10.1016/S2468-1253(17)30004-3
http://doi.org/10.1016/j.autrev.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28212924
http://doi.org/10.1016/j.gtc.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16952740
http://doi.org/10.1097/MEG.0b013e32835b5803
http://doi.org/10.1016/j.coph.2009.06.006
http://doi.org/10.1016/j.blre.2008.08.001
http://doi.org/10.1111/hdi.12542


Nutrients 2022, 14, 2033 15 of 19

11. Anderson, G.J.; Frazer, D.M. Current understanding of iron homeostasis. Am. J. Clin. Nutr. 2017, 106, 1559S–1566S. [CrossRef]
[PubMed]

12. Von Drygalski, A.; Adamson, J.W. Iron metabolism in man. J. Parenter. Enter. Nutr. 2013, 37, 599–606. [CrossRef] [PubMed]
13. Gammella, E.; Buratti, P.; Cairo, G.; Recalcati, S. The transferrin receptor: The cellular iron gate. Metallomics 2017, 9, 1367–1375.

[CrossRef] [PubMed]
14. Manz, D.H.; Blanchette, N.L.; Paul, B.T.; Torti, F.M.; Torti, S.V. Iron and cancer: Recent insights. Ann. N. Y. Acad. Sci. 2016,

1368, 149–161. [CrossRef]
15. Forciniti, S.; Greco, L.; Grizzi, F.; Malesci, A.; Laghi, L. Iron metabolism in cancer progression. Int. J. Mol. Sci. 2020, 21, 2257.

[CrossRef]
16. Wurzelmann, J.I.; Silver, A.; Schreinemachers, D.M.; Sandler, R.S.; Everson, R.B. Iron intake and the risk of colorectal cancer.

Cancer Epidemiol. Prev. Biomark. 1996, 5, 503–507.
17. Tseng, M.; Sandler, R.S.; Greenberg, E.R.; Mandel, J.S.; Haile, R.W.; Baron, J.A. Dietary iron and recurrence of colorectal adenomas.

Cancer Epidemiol. Biomark. Prev. 1997, 6, 1029–1032.
18. Kobayashi, Y.; Ohfuji, S.; Kondo, K.; Fukushima, W.; Sasaki, S.; Kamata, N.; Yamagami, H.; Fujiwara, Y.; Suzuki, Y.;

Hirota, Y.; et al. Association between dietary iron and zinc intake and development of ulcerative colitis: A case–control study in
Japan. J. Gastroenterol. Hepatol. 2019, 34, 1703–1710. [CrossRef]

19. Senesse, P.; Meance, S.; Cottet, V.; Faivre, J.; Boutron-Ruault, M.-C. High Dietary Iron and Copper and Risk of Colorectal Cancer:
A Case-Control Study in Burgundy, France. Nutr. Cancer 2004, 49, 66–71. [CrossRef]

20. Shivappa, N.; Godos, J.; Hébert, J.R.; Wirth, M.D.; Piuri, G.; Speciani, A.F.; Grosso, G. Dietary Inflammatory Index and Colorectal
Cancer Risk—A Meta-Analysis. Nutrients 2017, 9, 1043. [CrossRef]

21. Khalili, H.; de Silva, P.S.; Ananthakrishnan, A.N.; Lochhead, P.; Joshi, A.; Garber, J.J.; Richter, J.R.; Sauk, J.; Chan, A.T. Dietary Iron
and Heme Iron Consumption, Genetic Susceptibility, and Risk of Crohn’s Disease and Ulcerative Colitis. Inflamm. Bowel Dis.
2017, 23, 1088–1095. [CrossRef] [PubMed]

22. Cornish, A.J.; Law, P.J.; Timofeeva, M.; Palin, K.; Farrington, S.M.; Palles, C.; Jenkins, M.A.; Casey, G.; Brenner, H.;
Chang-Claude, J.; et al. Modifiable pathways for colorectal cancer: A mendelian randomisation analysis. Lancet Gastroenterol.
Hepatol. 2020, 5, 55–62. [CrossRef]

23. Kabat, G.; Miller, A.; Jain, M.; Rohan, T.E. A cohort study of dietary iron and heme iron intake and risk of colorectal cancer in
women. Br. J. Cancer 2007, 97, 118–122. [CrossRef] [PubMed]

24. Mahalhal, A.; Burkitt, M.D.; Duckworth, C.A.; Hold, G.L.; Campbell, B.J.; Pritchard, D.M.; Probert, C.S. Long-Term Iron
Deficiency and Dietary Iron Excess Exacerbate Acute Dextran Sodium Sulphate-Induced Colitis and Are Associated with
Significant Dysbiosis. Int. J. Mol. Sci. 2021, 22, 73646. [CrossRef]

25. Seril, D.N.; Liao, J.; Ho, K.-L.K.; Warsi, A.; Yang, C.S.; Yang, G.-Y. Dietary Iron Supplementation Enhances DSS-Induced Colitis
and Associated Colorectal Carcinoma Development in Mice. Dig. Dis. Sci. 2002, 47, 1266–1278. [CrossRef]

26. Seril, D.N.; Liao, J.; Yang, G.-Y.; Yang, C.S. Oxidative stress and ulcerative colitis-associated carcinogenesis: Studies in humans
and animal models. Carcinogenesis 2003, 24, 353–362. [CrossRef]

27. Yilmaz, B.; Li, H. Gut Microbiota and Iron: The Crucial Actors in Health and Disease. Pharmaceuticals 2018, 11, 98. [CrossRef]
28. Ashmore, J.H.; Rogers, C.J.; Kelleher, S.L.; Lesko, S.M.; Hartman, T.J. Dietary Iron and Colorectal Cancer Risk: A Review of

Human Population Studies. Crit. Rev. Food Sci. Nutr. 2016, 56, 1012–1020. [CrossRef]
29. Rada, B.; Gardina, P.; Myers, T.G.; Leto, T.L. Reactive oxygen species mediate inflammatory cytokine release and EGFR-dependent

mucin secretion in airway epithelial cells exposed to Pseudomonas pyocyanin. Mucosal Immunol. 2011, 4, 158–171. [CrossRef]
30. Balmus, I.M.; Ciobica, A.; Trifan, A.; Stanciu, C. The implications of oxidative stress and antioxidant therapies in Inflammatory

Bowel Disease: Clinical aspects and animal models. Saudi J. Gastroenterol. Off. J. Saudi Gastroenterol. Assoc. 2016, 22, 3–17.
[CrossRef]

31. Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer: How are they linked?
Free. Radic. Biol. Med. 2010, 49, 1603–1616. [CrossRef] [PubMed]

32. Millar, A.; Rampton, D.; Blake, D. Effects of iron and iron chelation in vitro on mucosal oxidant activity in ulcerative colitis.
Aliment. Pharmacol. Ther. 2000, 14, 1163–1168. [CrossRef] [PubMed]

33. Carrier, J.; Aghdassi, E.; Platt, I.; Cullen, J.; Allard, J.P. Effect of oral iron supplementation on oxidative stress and colonic
inflammation in rats with induced colitis. Aliment. Pharmacol. Ther. 2001, 15, 1989–1999. [CrossRef] [PubMed]

34. Nielsen, O.H.; Soendergaard, C.; Vikner, M.E.; Weiss, G. Rational Management of Iron-Deficiency Anaemia in Inflammatory
Bowel Disease. Nutrients 2018, 10, 82. [CrossRef]

35. Wang, Y.; Yu, L.; Ding, J.; Chen, Y. Iron metabolism in cancer. Int. J. Mol. Sci. 2019, 20, 95. [CrossRef]
36. Xue, X.; Shah, Y.M. Intestinal iron homeostasis and colon tumorigenesis. Nutrients 2013, 5, 2333–2351. [CrossRef]
37. Pasricha, S.-R.; Tye-Din, J.; Muckenthaler, M.U.; Swinkels, D.W. Iron deficiency. Lancet 2021, 397, 233–248. [CrossRef]
38. Barollo, M.; D’Incà, R.; Scarpa, M.; Medici, V.; Cardin, R.; Fries, W.; Angriman, I.; Sturniolo, G.C. Effects of iron deprivation or

chelation on DNA damage in experimental colitis. Int. J. Colorectal Dis. 2004, 19, 461–466. [CrossRef]
39. Chua, A.C.G.; Klopcic, B.R.S.; Ho, D.S.; Fu, S.K.; Forrest, C.H.; Croft, K.D.; Olynyk, J.K.; Lawrance, I.C.; Trinder, D. Dietary Iron

Enhances Colonic Inflammation and IL-6/IL-11-Stat3 Signaling Promoting Colonic Tumor Development in Mice. PLoS ONE 2013,
8, e78850. [CrossRef]

http://doi.org/10.3945/ajcn.117.155804
http://www.ncbi.nlm.nih.gov/pubmed/29070551
http://doi.org/10.1177/0148607112459648
http://www.ncbi.nlm.nih.gov/pubmed/22968710
http://doi.org/10.1039/C7MT00143F
http://www.ncbi.nlm.nih.gov/pubmed/28671201
http://doi.org/10.1111/nyas.13008
http://doi.org/10.3390/ijms21062257
http://doi.org/10.1111/jgh.14642
http://doi.org/10.1207/s15327914nc4901_9
http://doi.org/10.3390/nu9091043
http://doi.org/10.1097/MIB.0000000000001161
http://www.ncbi.nlm.nih.gov/pubmed/28604414
http://doi.org/10.1016/S2468-1253(19)30294-8
http://doi.org/10.1038/sj.bjc.6603837
http://www.ncbi.nlm.nih.gov/pubmed/17551493
http://doi.org/10.3390/ijms22073646
http://doi.org/10.1023/A:1015362228659
http://doi.org/10.1093/carcin/24.3.353
http://doi.org/10.3390/ph11040098
http://doi.org/10.1080/10408398.2012.749208
http://doi.org/10.1038/mi.2010.62
http://doi.org/10.4103/1319-3767.173753
http://doi.org/10.1016/j.freeradbiomed.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20840865
http://doi.org/10.1046/j.1365-2036.2000.00828.x
http://www.ncbi.nlm.nih.gov/pubmed/10971233
http://doi.org/10.1046/j.1365-2036.2001.01113.x
http://www.ncbi.nlm.nih.gov/pubmed/11736731
http://doi.org/10.3390/nu10010082
http://doi.org/10.3390/ijms20010095
http://doi.org/10.3390/nu5072333
http://doi.org/10.1016/S0140-6736(20)32594-0
http://doi.org/10.1007/s00384-004-0588-2
http://doi.org/10.1371/journal.pone.0078850


Nutrients 2022, 14, 2033 16 of 19

40. Wang, S.-W.; Sun, Y.-M. The IL-6/JAK/STAT3 pathway: Potential therapeutic strategies in treating colorectal cancer. Int. J. Oncol.
2014, 44, 1032–1040. [CrossRef]

41. Zhang, X.; Hu, F.; Li, G.; Li, G.; Yang, X.; Liu, L.; Zhang, R.; Zhang, B.; Feng, Y. Human colorectal cancer-derived mesenchymal
stem cells promote colorectal cancer progression through IL-6/JAK2/STAT3 signaling. Cell Death Dis. 2018, 9, 25. [CrossRef]
[PubMed]

42. Khan, M.W.; Keshavarzian, A.; Gounaris, E.; Melson, J.E.; Cheon, E.C.; Blatner, N.R.; Chen, Z.E.; Tsai, F.-N.; Lee, G.; Ryu, H.; et al.
PI3K/AKT signaling is essential for communication between tissue-infiltrating mast cells, macrophages, and epithelial cells in
colitis-induced cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2013, 19, 2342–2354. [CrossRef] [PubMed]

43. Xu, M.; Tao, J.; Yang, Y.; Tan, S.; Liu, H.; Jiang, J.; Zheng, F.; Wu, B. Ferroptosis involves in intestinal epithelial cell death in
ulcerative colitis. Cell Death Dis. 2020, 11, 86. [CrossRef] [PubMed]

44. Chen, Y.; Fan, Z.; Yang, Y.; Gu, C. Iron metabolism and its contribution to cancer. Int. J. Oncol. 2019, 54, 1143–1154. [CrossRef]
45. Anderson, E.R.; Shah, Y.M. Iron homeostasis in the liver. Compr. Physiol. 2013, 3, 315–330. [CrossRef]
46. Fujita, N.; Sugimoto, R.; Takeo, M.; Urawa, N.; Mifuji, R.; Tanaka, H.; Kobayashi, Y.; Iwasa, M.; Watanabe, S.; Adachi, Y.; et al.

Hepcidin expression in the liver: Relatively low level in patients with chronic hepatitis C. Mol. Med. 2007, 13, 97–104. [CrossRef]
47. Heath, J.L.; Weiss, J.M.; Lavau, C.P.; Wechsler, D.S. Iron Deprivation in Cancer—Potential Therapeutic Implications. Nutrients

2013, 5, 2836–2859. [CrossRef]
48. Viennois, E.; Ingersoll, S.A.; Ayyadurai, S.; Zhao, Y.; Wang, L.; Zhang, M.; Han, M.K.; Garg, P.; Xiao, B.; Merlin, D. Critical role of

PepT1 in promoting colitis-associated cancer and therapeutic benefits of the anti-inflammatory PepT1-mediated tripeptide KPV
in a murine model. Cell. Mol. Gastroenterol. Hepatol. 2016, 2, 340–357. [CrossRef]

49. Katkoori, V.R.; Suarez-Cuervo, C.; Shanmugam, C.; Jhala, N.C.; Callens, T.; Messiaen, L.; Posey, J., 3rd; Bumpers, H.L.; Meleth, S.;
Grizzle, W.E.; et al. Bax expression is a candidate prognostic and predictive marker of colorectal cancer. J. Gastrointest. Oncol.
2010, 1, 76–89. [CrossRef]

50. Luo, C.; Zhang, H. The Role of Proinflammatory Pathways in the Pathogenesis of Colitis-Associated Colorectal Cancer.
Mediat. Inflamm. 2017, 2017, 5126048. [CrossRef]

51. Hirano, T.; Hirayama, D.; Wagatsuma, K.; Yamakawa, T.; Yokoyama, Y.; Nakase, H. Immunological Mechanisms in Inflammation-
Associated Colon Carcinogenesis. Int. J. Mol. Sci. 2020, 21, 3062. [CrossRef] [PubMed]

52. Cianchi, F.; Cortesini, C.; Fantappiè, O.; Messerini, L.; Sardi, I.; Lasagna, N.; Perna, F.; Fabbroni, V.; Di Felice, A.; Perigli, G.; et al.
Cyclooxygenase-2 Activation Mediates the Proangiogenic Effect of Nitric Oxide in Colorectal Cancer. Clin. Cancer Res. 2004,
10, 2694–2704. [CrossRef] [PubMed]

53. Atreya, I.; Atreya, R.; Neurath, M. NF-κB in inflammatory bowel disease. J. Intern. Med. 2008, 263, 591–596. [CrossRef] [PubMed]
54. Liu, T.; Zhang, L.; Joo, D.; Sun, S.-C. NF-κB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
55. Vitali, R.; Palone, F.; Pierdomenico, M.; Negroni, A.; Cucchiara, S.; Aloi, M.; Oliva, S.; Stronati, L. Dipotassium glycyrrhizate via

HMGB1 or AMPK signaling suppresses oxidative stress during intestinal inflammation. Biochem. Pharmacol. 2015, 97, 292–299.
[CrossRef]

56. Khor, T.O.; Huang, M.-T.; Prawan, A.; Liu, Y.; Hao, X.; Yu, S.; Cheung, W.K.L.; Chan, J.Y.; Reddy, B.S.; Yang, C.S.; et al. Increased
Susceptibility of Nrf2 Knockout Mice to Colitis-Associated Colorectal Cancer. Cancer Prev. Res. 2008, 1, 187–191. [CrossRef]

57. Fang, J.-Y.; Li, Z.-H.; Li, Q.; Huang, W.-S.; Kang, L.; Wang, J.-P. Resveratrol affects protein kinase C activity and promotes
apoptosis in human colon carcinoma cells. Asian Pac. J. Cancer Prev. 2012, 13, 6017–6022. [CrossRef]

58. Lui, G.Y.; Kovacevic, Z.; Richardson, V.; Merlot, A.M.; Kalinowski, D.S.; Richardson, D.R. Targeting cancer by binding iron:
Dissecting cellular signaling pathways. Oncotarget 2015, 6, 18748. [CrossRef]

59. Pusatcioglu, C.K.; Nemeth, E.; Fantuzzi, G.; Llor, X.; Freels, S.; Tussing-Humphreys, L.; Cabay, R.J.; Linzmeier, R.; Ng, D.;
Clark, J.; et al. Systemic and tumor level iron regulation in men with colorectal cancer: A case control study. Nutr. Metab. 2014,
11, 21. [CrossRef]

60. Lavilla, I.; Costas, M.; San Miguel, P.; Millos, J.; Bendicho, C. Elemental fingerprinting of tumorous and adjacent non-tumorous
tissues from patients with colorectal cancer using ICP-MS, ICP-OES and chemometric analysis. BioMetals 2009, 22, 863–875.
[CrossRef]

61. Kim, J.-H.; Hue, J.-J.; Kang, B.S.; Park, H.; Nam, S.Y.; Yun, Y.W.; Kim, J.-S.; Lee, B.J. Effects of selenium on colon carcinogenesis
induced by azoxymethane and dextran sodium sulfate in mouse model with high-iron diet. Lab. Anim. Res. 2011, 27, 9–18.
[CrossRef] [PubMed]

62. Picard, V.; Epsztejn, S.; Santambrogio, P.; Cabantchik, Z.I.; Beaumont, C. Role of ferritin in the control of the labile iron pool in
murine erythroleukemia cells. J. Biol. Chem. 1998, 273, 15382–15386. [CrossRef] [PubMed]

63. Baldi, A.; Lombardi, D.; Russo, P.; Palescandolo, E.; De Luca, A.; Santini, D.; Baldi, F.; Rossiello, L.; Dell’Anna, M.L.; Mas-
trofrancesco, A.; et al. Ferritin Contributes to Melanoma Progression by Modulating Cell Growth and Sensitivity to Oxidative
Stress. Clin. Cancer Res. 2005, 11, 3175–3183. [CrossRef] [PubMed]

64. Shpyleva, S.I.; Tryndyak, V.P.; Kovalchuk, O.; Starlard-Davenport, A.; Chekhun, V.F.; Beland, F.A.; Pogribny, I.P. Role of ferritin
alterations in human breast cancer cells. Breast Cancer Res. Treat. 2011, 126, 63–71. [CrossRef]

65. Horniblow, R.D.; Bedford, M.; Hollingworth, R.; Evans, S.; Sutton, E.; Lal, N.; Beggs, A.; Iqbal, T.H.; Tselepis, C. BRAF mutations
are associated with increased iron regulatory protein-2 expression in colorectal tumorigenesis. Cancer Sci. 2017, 108, 1135–1143.
[CrossRef]

http://doi.org/10.3892/ijo.2014.2259
http://doi.org/10.1038/s41419-017-0176-3
http://www.ncbi.nlm.nih.gov/pubmed/29348540
http://doi.org/10.1158/1078-0432.CCR-12-2623
http://www.ncbi.nlm.nih.gov/pubmed/23487439
http://doi.org/10.1038/s41419-020-2299-1
http://www.ncbi.nlm.nih.gov/pubmed/32015337
http://doi.org/10.3892/ijo.2019.4720
http://doi.org/10.1002/cphy.c120016
http://doi.org/10.2119/2006-00057.Fujita
http://doi.org/10.3390/nu5082836
http://doi.org/10.1016/j.jcmgh.2016.01.006
http://doi.org/10.3978/j.issn.2078-6891.2010.019
http://doi.org/10.1155/2017/5126048
http://doi.org/10.3390/ijms21093062
http://www.ncbi.nlm.nih.gov/pubmed/32357539
http://doi.org/10.1158/1078-0432.CCR-03-0192
http://www.ncbi.nlm.nih.gov/pubmed/15102673
http://doi.org/10.1111/j.1365-2796.2008.01953.x
http://www.ncbi.nlm.nih.gov/pubmed/18479258
http://doi.org/10.1038/sigtrans.2017.23
http://doi.org/10.1016/j.bcp.2015.07.039
http://doi.org/10.1158/1940-6207.CAPR-08-0028
http://doi.org/10.7314/APJCP.2012.13.12.6017
http://doi.org/10.18632/oncotarget.4349
http://doi.org/10.1186/1743-7075-11-21
http://doi.org/10.1007/s10534-009-9231-6
http://doi.org/10.5625/lar.2011.27.1.9
http://www.ncbi.nlm.nih.gov/pubmed/21826154
http://doi.org/10.1074/jbc.273.25.15382
http://www.ncbi.nlm.nih.gov/pubmed/9624120
http://doi.org/10.1158/1078-0432.CCR-04-0631
http://www.ncbi.nlm.nih.gov/pubmed/15867210
http://doi.org/10.1007/s10549-010-0849-4
http://doi.org/10.1111/cas.13234


Nutrients 2022, 14, 2033 17 of 19

66. Brookes, M.J.; Hughes, S.; Turner, F.E.; Reynolds, G.; Sharma, N.; Ismail, T.; Berx, G.; McKie, A.T.; Hotchin, N.; Anderson, G.J.
Modulation of iron transport proteins in human colorectal carcinogenesis. Gut 2006, 55, 1449–1460. [CrossRef]

67. Prutki, M.; Poljak-Blazi, M.; Jakopovic, M.; Tomas, D.; Stipancic, I.; Zarkovic, N. Altered iron metabolism, transferrin receptor 1
and ferritin in patients with colon cancer. Cancer Lett. 2006, 238, 188–196. [CrossRef]

68. Arosio, P.; Elia, L.; Poli, M. Ferritin, cellular iron storage and regulation. IUBMB Life 2017, 69, 414–422. [CrossRef]
69. Simão, M.; Camacho, A.; Ostertag, A.; Cohen-Solal, M.; Pinto, I.J.; Porto, G.; Hang Korng, E.; Cancela, M.L. Iron-enriched

diet contributes to early onset of osteoporotic phenotype in a mouse model of hereditary hemochromatosis. PLoS ONE 2018,
13, e0207441. [CrossRef]

70. Cao, L.-L.; Liu, H.; Yue, Z.; Liu, L.; Pei, L.; Gu, J.; Wang, H.; Jia, M. Iron chelation inhibits cancer cell growth and modulates global
histone methylation status in colorectal cancer. BioMetals 2018, 31, 797–805. [CrossRef]

71. Ramos, E.; Kautz, L.; Rodriguez, R.; Hansen, M.; Gabayan, V.; Ginzburg, Y.; Roth, M.-P.; Nemeth, E.; Ganz, T. Evidence for distinct
pathways of hepcidin regulation by acute and chronic iron loading in mice. Hepatology 2011, 53, 1333–1341. [CrossRef] [PubMed]

72. Knutson, M.D.; Vafa, M.R.; Haile, D.J.; Wessling-Resnick, M. Iron loading and erythrophagocytosis increase ferroportin 1 (FPN1)
expression in J774 macrophages. Blood 2003, 102, 4191–4197. [CrossRef] [PubMed]

73. Aydemir, F.; Jenkitkasemwong, S.; Gulec, S.; Knutson, M.D. Iron Loading Increases Ferroportin Heterogeneous Nuclear RNA and
mRNA Levels in Murine J774 Macrophages. J. Nutr. 2009, 139, 434–438. [CrossRef] [PubMed]

74. McDonald, C.J.; Ostini, L.; Wallace, D.F.; John, A.N.; Watters, D.J.; Subramaniam, V.N. Iron loading and oxidative stress in the
Atm−/− mouse liver. Am. J. Physiol.-Gastrointest. Liver Physiol. 2011, 300, G554–G560. [CrossRef]

75. Wareing, M.; Ferguson, C.J.; Delannoy, M.; Cox, A.G.; McMahon, R.F.T.; Green, R.; Riccardi, D.; Smith, C.P. Altered dietary iron
intake is a strong modulator of renal DMT1 expression. Am. J. Physiol.-Ren. Physiol. 2003, 285, F1050–F1059. [CrossRef]

76. Hansen, J.B.; Tonnesen, M.F.; Madsen, A.N.; Hagedorn, P.H.; Friberg, J.; Grunnet, L.G.; Heller, R.S.; Nielsen, A.Ø.; Størling, J.;
Baeyens, L.; et al. Divalent Metal Transporter 1 Regulates Iron-Mediated ROS and Pancreatic β Cell Fate in Response to Cytokines.
Cell Metab. 2012, 16, 449–461. [CrossRef]

77. Hansen, J.B.; Dos Santos, L.R.B.; Liu, Y.; Prentice, K.J.; Teudt, F.; Tonnesen, M.; Jonas, J.-C.; Wheeler, M.B.; Mandrup-Poulsen, T.
Glucolipotoxic conditions induce β-cell iron import, cytosolic ROS formation and apoptosis. J. Mol. Endocrinol. 2018, 61, 69–77.
[CrossRef]

78. Stoimenov, I.; Helleday, T. PCNA on the crossroad of cancer. Biochem. Soc. Trans. 2009, 37, 605–613. [CrossRef]
79. Gustafson, W.; Weiss, W. Myc proteins as therapeutic targets. Oncogene 2010, 29, 1249–1259. [CrossRef]
80. Tashiro, E.; Tsuchiya, A.; Imoto, M. Functions of cyclin D1 as an oncogene and regulation of cyclin D1 expression. Cancer Sci.

2007, 98, 629–635. [CrossRef]
81. Liu, F.; Ji, F.; Ji, Y.; Jiang, Y.; Sun, X.; Lu, Y.; Zhang, L.; Han, Y.; Liu, X. In-depth analysis of the critical genes and pathways in

colorectal cancer. Int. J. Mol. Med. 2015, 36, 923–930. [CrossRef] [PubMed]
82. Khan, A.; Singh, P.; Srivastava, A. Iron: Key player in cancer and cell cycle? J. Trace Elem. Med. Biol. 2020, 62, 126582. [CrossRef]

[PubMed]
83. Simonart, T.; Heenen, M.; Degraef, C.; Andrei, G.; Mosselmans, R.; Hermans, P.; Van Vooren, J.-P.; Noel, J.-C.; Boelaert, J.R.;

Snoeck, R. Iron chelators inhibit the growth and induce the apoptosis of Kaposi’s sarcoma cells and of their putative endothelial
precursors. J. Investig. Dermatol. 2000, 115, 893–900. [CrossRef] [PubMed]

84. Defrère, S.; Van Langendonckt, A.; Vaesen, S.; Jouret, M.; González Ramos, R.; Gonzalez, D.; Donnez, J. Iron overload enhances
epithelial cell proliferation in endometriotic lesions induced in a murine model. Hum. Reprod. 2006, 21, 2810–2816. [CrossRef]
[PubMed]

85. Brown, K.E.; Mathahs, M.M.; Broadhurst, K.A.; Weydert, J. Chronic iron overload stimulates hepatocyte proliferation and cyclin
D1 expression in rodent liver. Transl. Res. 2006, 148, 55–62. [CrossRef]

86. Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50–64. [CrossRef]
87. Zheng, J.; Conrad, M. The Metabolic Underpinnings of Ferroptosis. Cell Metab. 2020, 32, 920–937. [CrossRef]
88. Rishi, G.; Huang, G.; Subramaniam, V.N. Cancer: The role of iron and ferroptosis. Int. J. Biochem. Cell Biol. 2021, 141, 106094.

[CrossRef]
89. Qiu, Y.; Cao, Y.; Cao, W.; Jia, Y.; Lu, N. The Application of Ferroptosis in Diseases. Pharmacol. Res. 2020, 159, 104919. [CrossRef]
90. Matés, J.M.; Segura, J.A.; Alonso, F.J.; Márquez, J. Oxidative stress in apoptosis and cancer: An update. Arch. Toxicol. 2012,

86, 1649–1665. [CrossRef]
91. Viennois, E.; Chen, F.; Merlin, D. NF-κB pathway in colitis-associated cancers. Transl. Gastrointest. Cancer 2013, 2, 21–29. [CrossRef]

[PubMed]
92. Greten, F.R.; Eckmann, L.; Greten, T.F.; Park, J.M.; Li, Z.-W.; Egan, L.J.; Kagnoff, M.F.; Karin, M. IKKβ Links Inflammation and

Tumorigenesis in a Mouse Model of Colitis-Associated Cancer. Cell 2004, 118, 285–296. [CrossRef] [PubMed]
93. Koh, S.-J.; Kim, J.M.; Kim, I.-K.; Ko, S.H.; Kim, J.S. Anti-inflammatory mechanism of metformin and its effects in intestinal

inflammation and colitis-associated colon cancer. J. Gastroenterol. Hepatol. 2014, 29, 502–510. [CrossRef] [PubMed]
94. Dong, J.; Liang, W.; Wang, T.; Sui, J.; Wang, J.; Deng, Z.; Chen, D. Saponins regulate intestinal inflammation in colon cancer and

IBD. Pharmacol. Res. 2019, 144, 66–72. [CrossRef]

http://doi.org/10.1136/gut.2006.094060
http://doi.org/10.1016/j.canlet.2005.07.001
http://doi.org/10.1002/iub.1621
http://doi.org/10.1371/journal.pone.0207441
http://doi.org/10.1007/s10534-018-0123-5
http://doi.org/10.1002/hep.24178
http://www.ncbi.nlm.nih.gov/pubmed/21480335
http://doi.org/10.1182/blood-2003-04-1250
http://www.ncbi.nlm.nih.gov/pubmed/12907459
http://doi.org/10.3945/jn.108.094052
http://www.ncbi.nlm.nih.gov/pubmed/19141705
http://doi.org/10.1152/ajpgi.00486.2010
http://doi.org/10.1152/ajprenal.00064.2003
http://doi.org/10.1016/j.cmet.2012.09.001
http://doi.org/10.1530/JME-17-0262
http://doi.org/10.1042/BST0370605
http://doi.org/10.1038/onc.2009.512
http://doi.org/10.1111/j.1349-7006.2007.00449.x
http://doi.org/10.3892/ijmm.2015.2298
http://www.ncbi.nlm.nih.gov/pubmed/26239303
http://doi.org/10.1016/j.jtemb.2020.126582
http://www.ncbi.nlm.nih.gov/pubmed/32673942
http://doi.org/10.1046/j.1523-1747.2000.00119.x
http://www.ncbi.nlm.nih.gov/pubmed/11069629
http://doi.org/10.1093/humrep/del261
http://www.ncbi.nlm.nih.gov/pubmed/16849816
http://doi.org/10.1016/j.trsl.2006.03.002
http://doi.org/10.1016/j.semcdb.2017.05.023
http://doi.org/10.1016/j.cmet.2020.10.011
http://doi.org/10.1016/j.biocel.2021.106094
http://doi.org/10.1016/j.phrs.2020.104919
http://doi.org/10.1007/s00204-012-0906-3
http://doi.org/10.3978/j.issn.2224-4778.2012.11.01
http://www.ncbi.nlm.nih.gov/pubmed/23626930
http://doi.org/10.1016/j.cell.2004.07.013
http://www.ncbi.nlm.nih.gov/pubmed/15294155
http://doi.org/10.1111/jgh.12435
http://www.ncbi.nlm.nih.gov/pubmed/24716225
http://doi.org/10.1016/j.phrs.2019.04.010


Nutrients 2022, 14, 2033 18 of 19

95. Koh, S.-J.; Kim, J.M.; Kim, I.-K.; Kim, N.; Jung, H.C.; Song, I.S.; Kim, J.S. Fluoxetine inhibits NF-κB signaling in intestinal epithelial
cells and ameliorates experimental colitis and colitis-associated colon cancer in mice. Am. J. Physiol.-Gastrointest. Liver Physiol.
2011, 301, G9–G19. [CrossRef]

96. Grivennikov, S.; Karin, E.; Terzic, J.; Mucida, D.; Yu, G.-Y.; Vallabhapurapu, S.; Scheller, J.; Rose-John, S.; Cheroutre, H.;
Eckmann, L.; et al. IL-6 and Stat3 Are Required for Survival of Intestinal Epithelial Cells and Development of Colitis-Associated
Cancer. Cancer Cell 2009, 15, 103–113. [CrossRef]

97. Popivanova, B.K.; Kitamura, K.; Wu, Y.; Kondo, T.; Kagaya, T.; Kaneko, S.; Oshima, M.; Fujii, C.; Mukaida, N. Blocking TNF-alpha
in mice reduces colorectal carcinogenesis associated with chronic colitis. J. Clin. Investig. 2008, 118, 560–570. [CrossRef]

98. Gochman, E.; Mahajna, J.; Shenzer, P.; Dahan, A.; Blatt, A.; Elyakim, R.; Reznick, A.Z. The expression of iNOS and nitrotyrosine in
colitis and colon cancer in humans. Acta Histochem. 2012, 114, 827–835. [CrossRef]

99. Wang, D.; DuBois, R.N. The role of COX-2 in intestinal inflammation and colorectal cancer. Oncogene 2010, 29, 781–788. [CrossRef]
100. Alaa, R.; Catherine, D.; Gabriela, L.; Alexander, T.; Nicholas, B.; Catherine, C.; Margaret, S.; David, M. Nonsteroidal Anti-

inflammatory Drugs and Cyclooxygenase-2 Inhibitors for Primary Prevention of Colorectal Cancer: A Systematic Review
Prepared for the U.S. Preventive Services Task Force. Ann. Intern. Med. 2007, 146, 376–389. [CrossRef]

101. Kaler, P.; Godasi, B.N.; Augenlicht, L.; Klampfer, L. The NF-κB/AKT-dependent Induction of Wnt Signaling in Colon Cancer
Cells by Macrophages and IL-1β. Cancer Microenviron. 2009, 2, 69. [CrossRef] [PubMed]

102. Constante, M.; Fragoso, G.; Lupien-Meilleur, J.; Calvé, A.; Santos, M.M. Iron Supplements Modulate Colon Microbiota Compo-
sition and Potentiate the Protective Effects of Probiotics in Dextran Sodium Sulfate-induced Colitis. Inflamm. Bowel Dis. 2017,
23, 753–766. [CrossRef] [PubMed]

103. Arulselvan, P.; Fard, M.T.; Tan, W.S.; Gothai, S.; Fakurazi, S.; Norhaizan, M.E.; Kumar, S.S. Role of antioxidants and natural
products in inflammation. Oxid. Med. Cell. Longev. 2016, 2016, 5276130. [CrossRef] [PubMed]

104. Hwang, J.; Jin, J.; Jeon, S.; Moon, S.H.; Park, M.Y.; Yum, D.-Y.; Kim, J.H.; Kang, J.-E.; Park, M.H.; Kim, E.-J.; et al. SOD1 suppresses
pro-inflammatory immune responses by protecting against oxidative stress in colitis. Redox Biol. 2020, 37, 101760. [CrossRef]

105. Schenk, H.; Klein, M.; Erdbrügger, W.; Dröge, W.; Schulze-Osthoff, K. Distinct effects of thioredoxin and antioxidants on the
activation of transcription factors NF-kappa B and AP-1. Proc. Natl. Acad. Sci. USA 1994, 91, 1672–1676. [CrossRef]

106. Esworthy, R.S.; Aranda, R.; Martín, M.G.; Doroshow, J.H.; Binder, S.W.; Chu, F.-F. Mice with combined disruption of Gpx1
andGpx2 genes have colitis. Am. J. Physiol.-Gastrointest. Liver Physiol. 2001, 281, G848–G855. [CrossRef]

107. Moon, M.S.; McDevitt, E.I.; Zhu, J.; Stanley, B.; Krzeminski, J.; Amin, S.; Aliaga, C.; Miller, T.G.; Isom, H.C. Elevated Hepatic Iron
Activates NF-E2–Related Factor 2–Regulated Pathway in a Dietary Iron Overload Mouse Model. Toxicol. Sci. 2012, 129, 74–85.
[CrossRef]

108. Li, C.; Deng, X.; Xie, X.; Liu, Y.; Friedmann Angeli, J.P.; Lai, L. Activation of Glutathione Peroxidase 4 as a Novel Anti-inflammatory
Strategy. Front. Pharmacol. 2018, 9. [CrossRef]

109. Rushworth, S.A.; MacEwan, D.J.; O’Connell, M.A. Lipopolysaccharide-Induced Expression of NAD(P)H:Quinone Oxidoreduc-
tase 1 and Heme Oxygenase-1 Protects against Excessive Inflammatory Responses in Human Monocytes. J. Immunol. 2008,
181, 6730–6737. [CrossRef]

110. Dasari, A.; Messersmith, W.A. New Strategies in Colorectal Cancer: Biomarkers of Response to Epidermal Growth Factor Receptor
Monoclonal Antibodies and Potential Therapeutic Targets in Phosphoinositide 3-Kinase and Mitogen-Activated Protein Kinase
Pathways. Clin. Cancer Res. 2010, 16, 3811–3818. [CrossRef]

111. Zhang, J.; Roberts, T.M.; Shivdasani, R.A. Targeting PI3K Signaling as a Therapeutic Approach for Colorectal Cancer.
Gastroenterology 2011, 141, 50–61. [CrossRef] [PubMed]

112. Van der Ploeg, P.; Uittenboogaard, A.; Thijs, A.M.J.; Westgeest, H.M.; Boere, I.A.; Lambrechts, S.; van de Stolpe, A.; Bekkers, R.L.M.;
Piek, J.M.J. The effectiveness of monotherapy with PI3K/AKT/mTOR pathway inhibitors in ovarian cancer: A meta-analysis.
Gynecol. Oncol. 2021, 163, 433–444. [CrossRef] [PubMed]

113. Cheng, H.; Shcherba, M.; Pendurti, G.; Liang, Y.; Piperdi, B.; Perez-Soler, R. Targeting the PI3K/AKT/mTOR pathway: Potential
for lung cancer treatment. Lung Cancer Manag. 2014, 3, 67–75. [CrossRef] [PubMed]

114. Agarwal, E.; Chaudhuri, A.; Leiphrakpam, P.D.; Haferbier, K.L.; Brattain, M.G.; Chowdhury, S. Akt inhibitor MK-2206 promotes
anti-tumor activity and cell death by modulation of AIF and Ezrin in colorectal cancer. BMC Cancer 2014, 14, 145. [CrossRef]

115. Pan, Q.; Lou, X.; Zhang, J.; Zhu, Y.; Li, F.; Shan, Q.; Chen, X.; Xie, Y.; Su, S.; Wei, H.; et al. Genomic variants in mouse model
induced by azoxymethane and dextran sodium sulfate improperly mimic human colorectal cancer. Sci. Rep. 2017, 7, 25. [CrossRef]

116. Luo, J.; Manning, B.D.; Cantley, L.C. Targeting the PI3K-Akt pathway in human cancer: Rationale and promise. Cancer Cell 2003,
4, 257–262. [CrossRef]

117. Song, M.; Bode, A.M.; Dong, Z.; Lee, M.-H. AKT as a Therapeutic Target for Cancer. Cancer Res. 2019, 79, 1019–1031. [CrossRef]
118. Yang, J.; Nie, J.; Ma, X.; Wei, Y.; Peng, Y.; Wei, X. Targeting PI3K in cancer: Mechanisms and advances in clinical trials. Mol. Cancer

2019, 18, 26. [CrossRef]
119. Hoxhaj, G.; Manning, B.D. The PI3K–AKT network at the interface of oncogenic signalling and cancer metabolism. Nat. Rev.

Cancer 2020, 20, 74–88. [CrossRef]
120. Kang, H.W.; Kim, J.M.; Cha, M.Y.; Jung, H.C.; Song, I.S.; Kim, J.S. Deguelin, an Akt inhibitor, down-regulates NF-κB signaling

and induces apoptosis in colon cancer cells and inhibits tumor growth in mice. Dig. Dis. Sci. 2012, 57, 2873–2882. [CrossRef]

http://doi.org/10.1152/ajpgi.00267.2010
http://doi.org/10.1016/j.ccr.2009.01.001
http://doi.org/10.1172/JCI32453
http://doi.org/10.1016/j.acthis.2012.02.004
http://doi.org/10.1038/onc.2009.421
http://doi.org/10.7326/0003-4819-146-5-200703060-00010
http://doi.org/10.1007/s12307-009-0030-y
http://www.ncbi.nlm.nih.gov/pubmed/19779850
http://doi.org/10.1097/MIB.0000000000001089
http://www.ncbi.nlm.nih.gov/pubmed/28368910
http://doi.org/10.1155/2016/5276130
http://www.ncbi.nlm.nih.gov/pubmed/27803762
http://doi.org/10.1016/j.redox.2020.101760
http://doi.org/10.1073/pnas.91.5.1672
http://doi.org/10.1152/ajpgi.2001.281.3.G848
http://doi.org/10.1093/toxsci/kfs193
http://doi.org/10.3389/fphar.2018.01120
http://doi.org/10.4049/jimmunol.181.10.6730
http://doi.org/10.1158/1078-0432.CCR-09-2283
http://doi.org/10.1053/j.gastro.2011.05.010
http://www.ncbi.nlm.nih.gov/pubmed/21723986
http://doi.org/10.1016/j.ygyno.2021.07.008
http://www.ncbi.nlm.nih.gov/pubmed/34253390
http://doi.org/10.2217/lmt.13.72
http://www.ncbi.nlm.nih.gov/pubmed/25342981
http://doi.org/10.1186/1471-2407-14-145
http://doi.org/10.1038/s41598-017-00057-3
http://doi.org/10.1016/S1535-6108(03)00248-4
http://doi.org/10.1158/0008-5472.CAN-18-2738
http://doi.org/10.1186/s12943-019-0954-x
http://doi.org/10.1038/s41568-019-0216-7
http://doi.org/10.1007/s10620-012-2237-x


Nutrients 2022, 14, 2033 19 of 19

121. Agarwal, E.; Brattain, M.G.; Chowdhury, S. Cell survival and metastasis regulation by Akt signaling in colorectal cancer.
Cell. Signal. 2013, 25, 1711–1719. [CrossRef] [PubMed]

122. Ke, J.-Y.; Cen, W.-J.; Zhou, X.-Z.; Li, Y.-R.; Kong, W.-D.; Jiang, J.-W. Iron overload induces apoptosis of murine preosteoblast cells
via ROS and inhibition of AKT pathway. Oral Dis. 2017, 23, 784–794. [CrossRef] [PubMed]

123. Yao, X.; Jing, X.; Guo, J.; Sun, K.; Deng, Y.; Zhang, Y.; Guo, F.; Ye, Y. Icariin Protects Bone Marrow Mesenchymal Stem Cells Against
Iron Overload Induced Dysfunction Through Mitochondrial Fusion and Fission, PI3K/AKT/mTOR and MAPK Pathways.
Front. Pharmacol. 2019, 10, 163. [CrossRef]

124. Salama, S.A.; Omar, H.A. Modulating NF-κB, MAPK, and PI3K/AKT signaling by ergothioneine attenuates iron overload-induced
hepatocellular injury in rats. J. Biochem. Mol. Toxicol. 2021, 35, e22729. [CrossRef] [PubMed]

125. Salama, S.A.; Kabel, A.M. Taxifolin ameliorates iron overload-induced hepatocellular injury: Modulating PI3K/AKT and p38
MAPK signaling, inflammatory response, and hepatocellular regeneration. Chem.-Biol. Interact. 2020, 330, 109230. [CrossRef]

126. Dixon, K.M.; Lui, G.Y.L.; Kovacevic, Z.; Zhang, D.; Yao, M.; Chen, Z.; Dong, Q.; Assinder, S.J.; Richardson, D.R. Dp44mT targets
the AKT, TGF-β and ERK pathways via the metastasis suppressor NDRG1 in normal prostate epithelial cells and prostate cancer
cells. Br. J. Cancer 2013, 108, 409–419. [CrossRef] [PubMed]

127. Kovacevic, Z.; Chikhani, S.; Lui, G.Y.; Sivagurunathan, S.; Richardson, D.R. The iron-regulated metastasis suppressor NDRG1
targets NEDD4L, PTEN, and SMAD4 and inhibits the PI3K and Ras signaling pathways. Antioxid. Redox Signal. 2013, 18, 874–887.
[CrossRef]

http://doi.org/10.1016/j.cellsig.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23603750
http://doi.org/10.1111/odi.12662
http://www.ncbi.nlm.nih.gov/pubmed/28248443
http://doi.org/10.3389/fphar.2019.00163
http://doi.org/10.1002/jbt.22729
http://www.ncbi.nlm.nih.gov/pubmed/33580994
http://doi.org/10.1016/j.cbi.2020.109230
http://doi.org/10.1038/bjc.2012.582
http://www.ncbi.nlm.nih.gov/pubmed/23287991
http://doi.org/10.1089/ars.2011.4273

	Introduction 
	Materials and Methods 
	Animal Care and Experimental Protocol 
	Morphological Analysis 
	Histological Analysis 
	Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis 
	cDNA Extraction and Reverse Transcription (RT)-PCR 
	Western Blot 
	Statistical Analysis 

	Results 
	Effects of ID and IOL Diets on Colon Length, Body Weight, and Body Iron Levels in the AOM/DSS Model 
	Iron Metabolic Gene Expression Was Altered in the AOM/DSS-Induced Cancer Model and Further by the ID and IOL Diets 
	IOL and ID Diets Alleviated the Development of Colonic Tumors 
	IOL Diet Downregulated AOM/DSS-Induced Inflammatory Gene Expression 
	Iron Overload Diet Enhanced Antioxidant System through Upregulating the Antioxidant Signaling Pathway 
	Iron-Deficient and -Overload Status with AOM/DSS Affected Tumor Suppression through PI3K/AKT Pathway 

	Discussion 
	Conclusions 
	References

