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Abstract

Objective: Colorectal cancer is a major public health issue for which dietary factors such as red and processed meat
consumption seem to play a prominent role. Heme iron, which is present in important concentration in those food
products, was reported to play a role in colorectal cancer promotion in animal studies. However, its role in colorectal
cancer initiation remains to be established.

Methods: Male Fischer 344 rats were given experimental diets (control diet, ferric citrate-supplemented diet or hemin-
supplemented diet) for 2 weeks before being initiated for colon cancer with azoxymethane. Rats were then fed a control
diet for 8 weeks. Preneoplastic lesions, lipid peroxidation, genotoxicity and oxidative stress markers, together with gut
microbiota, were analyzed.

Results: Heme iron, given in the rat diet for only 2 weeks before the colorectal cancer initiating event, increased two types
of preneoplastic lesions in the rat colon, namely aberrant crypt foci and mucin-depleted foci, when compared to a control
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diet containing the same amount of iron in a non-heminic form. This heme iron concentration in the diet, representative of
human consumption, induced at the same time a huge increase in luminal lipid peroxidation, a significant increase

in RNA/DNA oxidative damage and an increase in the expression of antioxidant defenses in colon mucosa, accompanied
by epithelial cell proliferation together with a reduction in colon mucus cells, and a gut dysbiosis.

Conclusion: These results, obtained in an animal model, suggest that iron, only in its heminic form, has a co-initiating

effect on colorectal carcinogenesis.

Significance statement

Heme iron from red meat could play a role in colon cancer initiation in addition to its promoting effect.

Keywords: red meat; colorectal cancer initiation; heme iron; lipid peroxidation; gut dysbiosis

Introduction

Cancer is the first cause of premature mortality in the
most developed countries. Colorectal cancer (CRC) is a
leading cause of cancer-related death in men and women.
Its incidence is much higher in transitioned versus
transitioning countries (Bray et al 2018). Based on
meta-analyses, the World Cancer Research Fund
(WCRF) classified the evidence of an association
between red and processed meat consumption and the
risk to develop CRC as probable and convincing,
respectively (Clinton et al. 2020). The International
Agency for Research on Cancer (IARC) from the World
Health Organization (WHO) has classified processed meat
as ‘carcinogenic to humans’ (Group 1) and red meat as
‘probably carcinogenic to humans’ (Group 2A) (Bouvard
et al. 2015, TARC Working Group on the Evaluation of
Carcinogenic Risk to Humans 2018), mostly based on their
effect on CRC risk. Heme iron, a particular form of dietary
iron of animal origin, is present in high concentration in
red and processed meats, giving red and pink (nitrosyl-
heme) color to those meats, respectively. Our group and
others have identified heme iron as a key element in the
mechanism linking red and processed meat and CRC
development (Sesink et al. 1999, 2001, Pierre et al. 2003,
2004, Bastide et al. 2015). Heme iron is a pro-oxidant
compound that catalyzes the peroxidation of nutrients,
particularly of polyunsaturated fatty acids in the
intestinal lumen during digestion, generating a cancer-
promoting environment in the colon (Gueéraud et al
2015). Indeed, this luminal peroxidation gives rise to
cytotoxic and genotoxic lipid peroxidation products
such as malondialdehyde and 4-hydroxynonenal (HNE),
which are absorbed and partially metabolized by
epithelial cells. This implication of luminal heme iron
and lipid oxidation products has been reinforced by an
epidemiological study in which the risk of developing
colon adenoma was no longer associated with heme
iron intake when dietary total antioxidant capacity was
high (Bastide et al 2016), emphasizing the role of
oxidative processes. In the same line, WCRF concluded

in 2018 that the consumption of foods containing heme
iron might increase the risk of CRC (Clinton et al. 2020).

The promoting effect of heme iron on colorectal
carcinogenesis has been evidenced in animal model
studies, in azoxymethane- (AOM) or
dimethylhydrazine-initiated rats or in Min mice
(Multiple intestinal neoplasia, due to a mutation on the
Apc gene), in which heme iron, red- or processed-meat-
rich diets induced more preneoplastic lesions (rats) or
more tumors (mice) than a control diet (Pierre et al. 2003,
2004, 2008, Bastide et al. 2015, Constante et al. 2017,
Martin et al. 2018). In these experiments, the promoting
effect of heme iron was tested after the colon
carcinogenesis-initiating event, such as AOM treatment
for rats or loss of heterozygosity in Apc-mutated mice
(Min mice). Apc mutation, considered an early and
frequent event in human colorectal carcinogenesis, is
observed in adenoma in Min mice and preneoplastic
lesions such as mucin-depleted foci (MDF) in rats. To
the best of our knowledge, no experiments were
performed in animal models to study the effect of
heme iron on colon cancer initiation. In the present
paper, we tested the co-initiating properties of heme
iron, given to rats in their diet for only 2 weeks before
the colon carcinogenesis-initiating event (AOM injection),
compared to an equimolar ferric citrate diet or an iron
non-supplemented diet. Rats were then fed normal diets
for 60 days in order to let preneoplastic lesions to develop.
Before the AOM-induced carcinogenesis initiation, we
found that heme iron feeding was associated with
modulations of colon antioxidant defenses, epithelial
colon cell proliferation and gut dysbiosis. After 60 days
of normal diet post-AOM injection, we showed that rats
fed the heme-iron-containing diet before the
carcinogenesis-initiating event had significantly more
of two types of preneoplastic lesions in their colon than
their counterparts fed a normal or ferric citrate-
supplemented diet throughout the experimental diet
period.
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Materials and methods

Animals and diets

Ethical approval

The animal experiment was approved by the local Ethical
Committee (CE no. 86), authorized by the French Ministry
of Research (TOXCOM/0007-0010/FG and TOXCOM/0175/FG
APAFiS #8600) and conducted in accordance with the
European Union and ARRIVE guidelines.

Animals

Male Fischer 344 (F344/IcoCrl) rats (28 rats/group) were
purchased from Charles River Laboratories at 4 weeks of
age. After acclimatization, the animals were randomly
assigned to the experimental diet groups and fed those
diets for 2 weeks. Eight rats per group were then
euthanized to evaluate immediate diet effects on colon
or blood parameters, while the other 20 rats per group
were IP injected with 20 mg/kg AOM in NaCl 9 g/L (Sigma-
Aldrich, France) in saline solution and further fed their
respective control diet (without supplementary ferric
citrate for the CON group and with ferric citrate for the
CFC and Hemin groups) for 60 days and then euthanized to
evaluate carcinogenesis parameters. Colon, liver and blood
were harvested and rapidly processed for further analyses.
Urine and feces were collected in plastic metabolic cages
during the experimental diet period for lipid peroxidation
analysis. Anal feces for microbiota analysis were collected
at the end of the experimental diet period and at the end of
the whole protocol for the AOM-treated rats.

Experimental diets

Experimental diets were Dbased on powdered,
low-calcium, no-fat AIN-76 rodent diets (UPAE, Jouy-en-
Josas, France), supplemented with 5% safflower oil
(MPBio) (CON diet) and with 0.036% ferric citrate (CFC
diet) or with 0.094% hemin (Hemin diet) (Sigma-Aldrich).
Hemin was solubilized into safflower oil before being
mixed with the powdered modified AIN-76 diet. Ferric
citrate was added directly in the powder. After these
steps, diets were immediately aliquoted in 1-day
portions (40 g for 2 rats), vacuum-packed and frozen
until distribution to the animals. Animals were given
their diet each day at the end of the afternoon, just
before their active period. All these precautions aimed
at avoiding any important oxidative degradation.

Both CFC and hemin diets were balanced for iron content,
provided in its heminic form in the hemin diet.

Colon histological and immuno-histological
analyses

Preneoplastic lesion counting
After opening along the longitudinal axis, AOM-treated
rat colons were fixed in 10% formalin and stained with
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methylene blue solution, and then subsequently with high
iron diamine-Alcian blue procedure (HID-AB) (Caderni
et al. 2003) for aberrant crypt foci (ACF) and MDF
scoring, respectively. Scoring was achieved by one
reader who was blinded to the colon sample origin.

Colon histology and immunohistochemistry

A piece of formalin-fixed colon tissue was embedded in
paraffin. Paraffin blocks were cut in 4 um sections that
were either stained with hematoxylin/eosin or Alcian
blue for mitosis index, microscopic injury score and
mucus cell determination, respectively, using light
microscopy with 400x magnification.

Hematoxylin/eosin-stained colonic tissue sections were
scored by using easily identifiable microscopic criteria,
including the extent of cellular infiltration (0-5), declining
crypt architecture (crypt damage, 0-5), size and relative
extent of ulceration (0-3), goblet cell depletion (absent, 0;
present, 1) and absence or presence of edema (0 and 1).
The final score ranged from 0 to 15. All slides were
analyzed by a single investigator who was blinded to
the treatment groups.

For y-H2AX immunohistochemical staining, paraffin
sections were rehydrated and endogenous peroxidase
activity was quenched with a 10-min incubation in
BLOXALL® solution (Vector Laboratories, USA). After
washing slides, antigen retrieval was carried out by
heating sections in 0.01 M citrate buffer (pH 6.0) by
microwaving (14 min). After incubation in 2.5% normal
horse blocking serum (IMMPRESS® HRP Goat Anti-Rabbit
IgG Polymer Detection Kit, Vector Laboratories), sections
were incubated overnight at 4 °C with rabbit anti-y-H2AX
(1/200, Cell Signaling Technology #9718, USA) diluted in
Animal-Free Blocker® solution (Vector Laboratories).
After washing, slides were incubated for 30 min
with ImmPRESS Polymer Reagent. The DAB
(3,3-diaminobenzidine) substrate kit for peroxidase
(ImmPACT®DAB, Vector Laboratories) was used as the
chromogen. Sections were then counterstained and
mounted. y-H2AX-positive cells were assessed by
counting the positive nuclei in the colonic segment.
Positive counts were expressed as a percentage of
positive cells per crypt.

To measure RNA/DNA oxidative damage, a mouse
monoclonal antibody to 8-OHdG (sc-393871, Santa Cruz
Biotechnology, USA) was used at a dilution of 1:500 as
the primary antibody with the following adaptations.
Antigen recovery was first performed using a low-
pressure cooker (15 min, citrate buffer, pH 6), followed
by proteinase K for 20 min at 37 °C. After incubation in 2.5%
normal horse blocking serum, sections were incubated
overnight at 4 °C with mouse anti-8-OHdG diluted in
Animal-Free Blocker® solution. After washing, slides
were incubated for 30 min with ImmPRESS polymer
reagent (IMMPRESS® HRP Horse Anti-Mouse IgG
PLUS Polymer Detection Kit, Vector Laboratories).
The DAB (3,3-diaminobenzidine) peroxidase substrate kit
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(ImmPACT®DAB, Vector Laboratories) was used as before.
Sections were then counterstained and mounted. The mean
number of positive mucosal cells per section is shown.

All slides were analyzed by a single investigator who was
blinded to the treatment groups. The histological features
shown are representative of all tissue samples studied.

Colon mucosa and liver gene expression assays

Total cellular RNA was extracted with Tri Reagent
(Molecular Research Center, USA) from colon scrapped
mucosa (proximal part) and liver. Total RNA samples
(1 pg) were then reverse-transcribed with the iScript™
Reverse Transcription Supermix (Bio-Rad) for real-time
quantitative polymerase chain reaction (qPCR) analyses.
The primers for SYBR Green assays are presented in
Supplementary Table 1 (see section on Supplementary
materials given at the end of the article). Amplifications
were performed on a ViiA 7 Real-Time PCR System
(Applied Biosystems, USA). The PCR data were
normalized to the level of the RNA polymerase II
subunit A (Polr2a) messenger RNA (mRNA)
and analyzed using the LinRegPCR v.11 software
(https://mybiosoftware.com/linregpcr-analysis-quantitative-
pcr-data.html).

Urine analyses

Urinary  1,4-dihydroxynonane  mercapturic acid
(DHN-MA), the major urinary metabolite of HNE and a
marker of lipid peroxidation (Peiro et al. 2005), was
measured as previously described (Guéraud et al. 2006)
using a homemade anti-DHN-MA polyclonal antibody,
Bertin Bioreagent DHN-MA-AChE tracer and Ellman’s
reagent (Montigny-le-Bretonneux, France). 8-iso-PGFjq
and DNA/RNA oxidative damage (high sensitivity) were
assayed using Cayman ELISA Kkits (Bertin Bioreagent),
according to the manufacturer’s instructions.

Fecal analyses

Fecal waters were prepared from feces collected during
24 h, as described previously (Martin et al. 2018). Fecal
heme iron was measured as described previously (Pierre
et al. 2004). Fecal thiobarbituric acid-reactive substances
(TBARS) were measured in fecal waters according to
Ohkawa et al using tetramethoxypropane (Sigma-
Aldrich) as an internal standard and expressed as
malondialdehyde equivalents, as recommended by
these authors (Ohkawa et al 1979). Fecal HNE was
measured as described before by Chevolleau et al
(2018). For cytotoxicity and genotoxicity assays, fecal
waters were tested on noncancerous mouse colon
epithelial cells (‘Co cells’ (Plaisancié et al. 2022)). Those
cells are conditionally immortalized normal colonocytes,
obtained by mating a heterozygous female
‘Immortomouse’ with a male C57BL/6] mouse.

Redox Experimental Medicine (2025) 2025 250001
https://doi.org/10.1530/REM-25-0001

The cell line was established earlier (Forest et al. 2003)
and harbors a temperature-sensitive mutation of the
simian virus 40 large tumor antigen gene (tSA58)
controlled by interferon-y, which induces the H-2K
promoter. Cells were cultured under permissive
conditions (33 °C and interferon-y) and then treated for
24 h with fecal waters at 37 °C (without interferon-y;
nonpermissive conditions) in serum-free DMEM
medium in order to avoid any reaction between
reactive lipid oxidation products and serum proteins.
Fecal water cytotoxicity was assessed using the WST-1
kit and fecal water genotoxicity was measured by ‘in-cell
western’ y-H2AX assay, as described earlier (Audebert
etal 2011), on Co cells. This methodology is detailed in the
Supplementary Material (supplementary Material &
Methods).

Fecal microbiota analysis

Microbial DNA extraction from frozen anal feces, DNA
amplicons (V3-V4 regions of the 16S rRNA gene) and
library obtention were performed as previously
described (Martin et al 2019). Illumina MiSeq
sequencing and validation of its quality were
performed at the GeT-PlaGe platform in Toulouse, as
previously described (Martin et al 2019). Raw
sequences were analyzed through the FROGS v3.1.
pipeline  (Find Rapidly OTU with  Galaxy
Solution (Escudié et al. 2017)) thanks to Galaxy instance
(https://vm-galaxy-prod.toulouse.inrae.fr). Preprocessing,
clustering, chimera removal and filtering steps were
performed using FROGS recommendations, leading to
562 operational taxonomic units (OTUs). The Silva
138.1_16S database was chosen for the affiliation step
and equal multi-hits generated by the Blast+ method
may have been assigned manually when justified. An
additional prevalence filtering step was applied to
remove taxa not seen more than 5 times in at least 5%
of the samples, yielding to 527 final OTUs and 3,027,648
valid reads found among the 119 samples (an average of
25,500 reads per sample). Richness and diversity indexes
of the bacterial community, as well as ordinations, were
computed on rarefied abundances of OTUs agglomerated
at the species rank using the Phyloseq package (v 1.34.0)
in RStudio software (http:/www.rstudio.com; R
Development Core Team 2011, McMurdie & Holmes
2012, 2013). Richness (a-diversity) was explored using
the Chao-1 index. Weighted UniFrac distance matrices
were determined to assess B-diversity, visualized using
multidimensional scaling (MDS) and compared using the
Adonis test (permuted P-value was obtained by
performing 9,999 permutations). LDA effect size (linear
discriminant analysis) was performed between the three
classes using the Kruskal-Wallis test with a one-against-
all strategy, and statistically significant features with an
absolute logarithmic LDA score higher than 3 were
plotted using LEfSe (Segata et al. 2011). Some features
of interest were agglomerated at the genus level and their
relative abundance was preprocessed according to
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Table 1
Serum iron, GSH and GSSG are expressed in uM. Gene expression in the colon and liver is expressed as relative expression to POLR2A. GSH,

Serum iron and glutathione-related parameters measured in plasma, colon and liver of rats after the experimental diet period.

reduced glutathione; GSSG, oxidized glutathione; GSH/GSSG, ratio of reduced to oxidized glutathione. Data are presented as mean + SD.

CON CFC Hemin P*

Plasma

GSH 516 + 148.8 466.3 + 95.68 265.3 £ 120.9 0.0021

GSSG 141.50 = 31.19 373.3 + 58.61 304.4 + 88.27 < 0.0001

GSH/GSSG 3.64 + 0.73 1.25 £ 0.26 0.91 + 0.32 < 0.0001
Colon

Gclm 7.68 + 3.49 9.24 + 5.01 11.07 £ 3.92 0.29

Gclc 0.85 +0.33 1.06 £ 0.43 1.36 £ 0.48 0.07

Gsr 0.84 + 0.40 2.32 +0.81 3.07 £ 0.89 < 0.0001

Gss 4.01 £1.31 7.92 + 1.90 8.51 £ 0.96 < 0.0001
Liver

Gclm 14.18 + 8.85 12.91 £ 6.97 15.68 + 8.66 0.80

Gclc 2.63 + 1.88 2.58 + 1.96 3.82+254 0.44

Gsr 1.36 £ 0.75 1.27 £ 0.64 1.26 £ 0.60 0.65

Gss 3.28 + 0.67 3.32 £+ 0.80 3.44 + 0.73 0.90

GSH, reduced glutathione; GSSG, oxidized glutathione; GSH/GSSG, ratio of reduced to oxidized glutathione.

*statistical comparison by ANOVA.

the mixMC framework with the offset option and
normalized using a centered log-ratio transformation
for graph purposes (Lé Cao et al. 2016).

Blood/plasma analyses

Plasmatic myeloperoxidase (MPO) and blood glutathione
(GSH/GSSG) were assayed as previously described (Stocker
et al 2017). Briefly, reduced (GSH) and oxidized
glutathione (GSSG) were measured in collected whole
blood samples immediately mixed with an equivalent
volume of serine borate buffer (pH 8.5) containing
L-serine (100 mM), boric acid (80 mM), associated with
iodoacetic acid (10 mM), bathophenanthroline disulfonate
sodium salt (2 mM) and Na-heparin (2020 USP units).
Samples were then plunged rapidly into liquid nitrogen
and kept at —80 °C before protein precipitation. HPLC
analysis was then performed after the addition of
dansyl chloride to form S-carboxymethyl-N-dansyl-GSH
and N,N-9-bis-dansyl-GSSG adducts as described earlier.
Quantification was based on peak area and relative to
standards from a calibration curve obtained with
commercial GSH and GSSG. Data were expressed
(in pM) as means from n = 8 independent blood samples
in each group, analyzed in triplicate. C-reactive protein
was measured in serum using a C-reactive protein (PTX1)
Rat ELISA kit (Abcam, France).

Statistical analysis

All data, except for microbiota analyses, were analyzed
using GraphPad Prism Software (https://www.graphpad.
com/) by one-way ANOVA followed by Tukey’s multiple
comparison test, after log transformation in case of
variance inequality or the Kruskal-Wallis test when
data did not meet normality requirements for ANOVA.

Outliers were removed from analyses after a ROUT test.
A P-value <0.05 was considered significant. Results are
presented as mean + SD.

Results

Zootechnic parameters

Hemin and ferric citrate diets did not modify rat weight
during the experiment, when compared to the control
diet. At the end of the experimental diets, rat weight was
266 + 20 g for the control (CON) group, 267 + 19 g for the
ferric citrate (CFC) group and 266 + 22 g for the
hemin group.

Hemin diet and more modestly ferric citrate
diet, increased lipid peroxidation biomarkers

We found around 70 times more heme iron in the fecal
waters of hemin-fed rats compared to the other groups
(556 + 118 uM for the hemin group, vs 7 + 3 and 8 + 12 uM
for the CON and CFC diets, respectively). Yet, no
differences were observed between the groups for
serum iron (Table 1). As heme-induced luminal lipid
peroxidation was our hypothesis to explain the heme
iron putative effect, we checked that fecal and urinary
lipid peroxidation markers were increased by the hemin
diet. Indeed, the hemin diet dramatically increased lipid
peroxidation biomarkers in fecal water and urine, while
the ferric citrate diet increased those biomarkers to a
much lesser extent (Fig. 1A and supplementary Fig. 1A). At
the end of the experimental diets, fecal TBARS of hemin-
diet-fed rats were more than 4 times higher than those of
the two other groups, while fecal HNE was increased by
ten times and almost by seven times by the hemin diet

2212025 01

ed from Bioscientifica.com at (

via Open Access. This work is 1

Attribution-NonCommercial-NoDerivativ

https://creativecommons.org/licenses/by-nc

:00:3
nsed under a Creative Com

1.0 International Lic



https://www.graphpad.com/
https://www.graphpad.com/
https://doi.org/10.1530/REM-25-0001
https://creativecommons.org/licenses/by-nc-nd/4.0/

] Keller et al.

Redox Experimental Medicine (2025) 2025 250001
https://doi.org/10.1530/REM-25-0001

Control (CON) (gw
Ferric citrate (CFC)
Hemin

Experimental diets Control diets

=
™!
S
"1

AOM
Fecal TBARS Fecal HNE Urinary DHN-MA
< 500 a 1200 5000 8
S ANOVAP <0.0001 4 10004  ANOVAP<0.0001 a 4000} ANOVA P < 00001 4
B 400+ vy 446+ L 3000
£ 600- 2000
< 300+ - S 1000
P = 4004 = 1
s S 200 T S 500 T
< 2004 o 5 £ 400- . b
s b 56 c ) A 300 ,
S 100 - T — 200 : A
£ m - a® 100 & Ve
o
w 0 T T T 0 T T T Y T T T
CON CFC Hemin CON CFC Hemin CON CFC Hemin
Diets Diets Diets
B -
Fecal water toxicity
cytotoxicity genotoxicity
200 -5
Experimental diets : 150 B
>
> x
% 100 -3 3
8 a
£ 50 L2 2
g
0 - L1 S
-50—— T -0
O

Figure 1

oe e
CELE &Q}OQOcﬁ ¢<°<<°@ @
R€ RGNS

(A) Fecal water and urinary lipid peroxidation biomarkers. Samples were assayed at the end of the experimental diet period (2 weeks) in AOM-treated
rats. AOM, azoxymethane. Data are represented as mean * SD. P value for ANOVA is indicated on the graphs. Groups displaying different letters
indicate that the P value calculated for the pairwise comparison of these groups is smaller than the alpha level (P < 0.05) and considered statistically different.
(B) Fecal water cytotoxicity (left) and genotoxicity (right) at various dilutions at the end of the experimental diet period on Co cells. Etoposide is used as a
positive control. Data are represented as mean + SD. ** means significant difference with P < 0.01.

when compared to the control and the ferric citrate diets,
respectively.

The increase in urinary DHN-MA, the major urinary
metabolite of HNE, was even more important, with a
21- and a 14-fold increase with the hemin diet when
compared to the control or the ferric citrate diet,
respectively (all ANOVA P < 0.0001) (Fig. 1A).

Hemin diet, but not ferric citrate diet, induced
a cytotoxic environment for colon
epithelial cells

Fecal waters from the hemin-diet-fed rats were much
more cytotoxic to murine colon immortalized epithelial
cells (Co cells) at a dilution of 1/80, while fecal waters from
the control or ferric citrate diets had no deleterious effect
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at this concentration (Fig. 1B). Hemin-diet fecal waters
were not genotoxic to those immortalized colon cells at a
dilution of 1/640, a high dilution necessary to avoid any
cytotoxic effect that would distort the genotoxic
effect assay.

Hemin and ferric citrate diets increased
lipid peroxidation/antioxidant defenses
in rat colon mucosa

The hemin diet, but also the ferric citrate diet,
modulated the expression of genes usually modified
by heme iron in the colon at the end of the
experimental diet period. The hemin diet
concomitantly induced the expression of Nrf2 (+67%
compared to the control diet) and of its repressor
Keapl (3.4-fold increase when compared to control
diet). Nrf2-driven canonical gene expression (Hmox1
and Nqgol) was also increased by hemin (2.4 and 6
times, respectively), but also by ferric citrate (1.8 and
3.2 times, respectively), while Bachl expression was
decreased (by 38 and 28% by the hemin and ferric
citrate diets, respectively) (Fig. 2A and Supplementary
Fig. 1B). All these genes were supposed to be modulated
by heme iron. In fact, except for Nrf2 expression, all
effects were statistically significant with both ferric
citrate and heme iron when compared to the control,
although the hemin effect tended to be more important
than the ferric citrate one, with a significant difference
between those two diets for Hmox1. Most of HNE-
metabolizing enzyme gene expressions (Aldh2, Ptgrl,
Akr1b10 and Akrib7), were significantly increased by
hemin and ferric citrate in diets, while Akrib8 and
Aldh3a2 were only increased by the hemin diet and
Gsta4 was unaffected (Fig. 2B and Supplementary
Fig. 1B). For glutathione-related enzyme gene
expressions, Gsr and Gss were also significantly
increased by both iron-supplemented diets, and Gclc
followed a similar trend, although not statistically
significant (P = 0.07) (Table 1). Glutathione-related
enzyme gene expressions were not affected by the
different diets in the rat liver (Table 1).

Hemin diet, but not ferric citrate diet, given
before the chemical initiation of CRC,
increased the number of big ACF

and of mucin depleted foci in rat colons

The hemin diet, but not the ferric citrate one, given
before azoxymethane initiation increased the two types
of preneoplastic lesions in the colon of rats, when
compared to the control diet (Fig. 3A and B). The
hemin diet increased the size of ACF by 10% (ANOVA
P=0.0001) and the number of ACF with more than seven
crypts by 90% (ANOVA P < 0.0001) when compared to
the ferric citrate diet, although the total number of ACF
remained unchanged. The number of MDF increased by
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114% (ANOVA P = 0.0012) when compared to the ferric
citrate diet, and this increase was even more important
in the distal part of the colon, with a 168% increase
(ANOVA P < 0.0001). Just after the experimental diet
period, the hemin diet increased the hematoxylin-based
mitosis index, a measure of cellular proliferation, in the
colon of rats by 155% (ANOVA P = 0.024), when
compared to the control diet (Fig. 3C), while this
effect was no longer observed at the end of the
protocol, with even a trend toward a decrease (—27%)
observed in the hemin group (ANOVA P = 0.06). The
hemin diet reduced the number of mucus (goblet) cells
in the rat colon by 43% (ANOVA P = 0.0004). The ferric
citrate diet had an intermediate, but not significant
effect (Fig. 3D), while this effect is no longer observed
at the end of the protocol, with even
an increased number of mucus cells (+23%; ANOVA
P = 0.0137) with the ferric citrate diet when
compared to the control one, and a similar trend for
the hemin diet. However, it is important to note that,
due to preneoplastic lesion counting, colon tissue
samples were not taken from the same location at the
end of the diet period or at the end of the protocol, i.e.
the median part and the very proximal part,
respectively.

Hemin diet had diverse effects on two
genotoxicity biomarkers in the colon mucosa
of rats, together with increased systemic
oxidative stress

The hemin diet induced significantly more oxidized
RNA/DNA  Dbases, measured as 8-OHdG Dby
immunohistochemistry, than the control diet (+77%)
but also than the ferric citrate diet (+120%), in the
colon of the rats, at the end of the experimental diet
period (Fig. 4A).

Unexpectedly, both hemin and ferric citrate diets
provoked an important decrease in y-H2AX, a marker
for  DNA double-strand breaks measured by
immunohistochemistry, in the colon of rats (Fig. 4B)
(more than a three-fold decrease, ANOVA P = 0.0001) at
the end of the diet period. This decreasing effect remained
important at the end of the protocol, especially for the
hemin diet (ANOVA P < 0.0001) (Supplementary Fig. 1C). A
similar trend has been observed using an in-cell western
methodology, although far less pronounced
(Supplementary Fig. 1C), while with the same
methodology a decrease in phospho-histone 3 (p-H3), a
mitosis biomarker, was observed (ANOVA P = 0.03),
reinforcing the result obtained with the hematoxylin-
based mitosis index at the end of the protocol
(Supplementary Fig. 1C).

At the same time, both diets had an important effect
on blood reduced and oxidized glutathione (Table 1),
with the ratio of reduced to oxidized glutathione
(GSH/GSSG) divided by four and almost by three
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Figure 2

(A and B) Gene expression in rat colon mucosa at the end of the experimental diet period, in rats euthanized before AOM treatment. Data are represented
as mean + SD. P value for ANOVA is indicated on the graphs. Groups displaying different letters indicate that the P value calculated for the pairwise
comparison of these groups is smaller than the alpha level (P < 0.05) and considered statistically different.

with hemin and ferric citrate diets, respectively
(ANOVA P < 0.0001). Only the hemin diet induced
more than two-fold increase in urinary 8-isoprostane
(ANOVA P <0.0001) at the end of the diet period (Fig. 4C).
Both biomarkers indicate systemic oxidative stress. The
hemin diet increased urinary excretion of oxidized

DNA bases, measured as the sum of 80H-G, 8OH-dG
and 80H-guanine, when compared to the ferric citrate
diet (+46%, Kruskal-Wallis P = 0.04) at the end of the
experimental diets, revealing that rats were undergoing
an oxidative genotoxic process, reinforcing the results
in the colon by immunohistochemistry (Fig. 4C).
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Figure 3

(A) Scoring of ACF and aberrant foci size in rat colons in AOM-treated rats. (B) Scoring of MDF in the whole colon and in the distal part in AOM-treated rats,
representative picture of an MDF after HI-DAB staining of mucus in crypts. (C) Hematoxylin-eosin scoring of mitosis/crypt in the rat colon at the end of the
diet period (left) and in the AOM-treated rat colons (right), representative pictures (x40) in CFC (left (A)) and hemin (right (B)) rat colons (median part)
at the end of the diet period, scale bar: 50 um, * indicates example of positive cells and (D) Histochemical (Alcian blue) scoring of mucus cells/crypt in the rat
colon at the end of the diet period (left) and in the AOM-treated rat colons (right), representative pictures in CFC (left (A)) and hemin (right (B)) rat
colons (median part) at the end of the diet period, scale bar: 50 um, arrows indicate fewer mucus cells in the hemin-fed rat group. AOM, azoxymethane. Data
are represented as mean + SD. P value for ANOVA is indicated on the graphs. Groups displaying different letters indicate that the P value calculated for the
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(A) Representative pictures of oxidative damage in colonic mucosa detected by 8-OHdG immunohistochemistry at the end of the experimental diet
period. Low reactivity in colon tissue of CON (up/left) and CFC (up/right). High 8-OHdG reactivity in the colon (median part) of hemin-fed rats (longitudinal
(down/left)) and transverse (down/right) sections of crypts). Positive cells are mainly observed in the lamina propria. (IHC, x40). (B) Immunohistochemical
staining of y-H2AX (diaminobenzidine (DAB), brown) in the rat colon at the end of the diet period, representative pictures in CFC (left) and hemin
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Figure 4 (Continued)

(right) rat colons (median part) at the end of the diet period, scale bar: 50 um, * indicates examples of positive cells. (C) Urinary oxidative stress and
oxidative genotoxicity biomarkers. Samples were assayed at the end of the experimental diet period. AOM, azoxymethane. Data are represented as mean +
SD. Pvalue for ANOVA is indicated on the graphs. Groups displaying different letters indicate that the P value calculated for the pairwise comparison of these
groups is smaller than the alpha level (P < 0.05), and considered statistically different.

Hemin and ferric citrate diets had various
effects on colon and systemic
inflammation biomarkers

The hemin diet significantly reduced colon length at the
end of the protocol in the AOM-treated rats (19.53 cm +
1.55; 19.93 cm + 0.92; 18.83 cm + 1.39 for CON, CFC and
hemin diets, respectively, ANOVA P = 0.048). Both hemin
and ferric citrate diets had an inducing effect on plasma
myeloperoxidase (+47 and 59%, respectively, ANOVA
P < 0.0001) but not on C-reactive protein (Fig. 5A),
measured at the end of the diet period. At the end of
the diet period, a trend toward an increase, but not
statistically significant, in the microscopic injury score,
which includes cellular infiltration (ANOVA P = 0.19) and
in Cox2 expression (ANOVA P = 0.111) could be observed

(Fig. 5B) with the hemin diet. A significant decrease in
colon IL1-B was observed with this diet compared to the
other two diets (ANOVA P = 0.0015), while colon IL-6 and
TNFa were not significantly modified by the diets, with a
very high variability observed in the hemin diet group
(results not shown).

Hemin diet, but not ferric citrate one, deeply
modified rat fecal microbiota; this
modification is no longer observed when
this diet was stopped for 8 weeks

The hemin diet, but not the ferric citrate one, modified
fecal microbiota diversity (Fig. 6A and
supplementary Fig. 2) after 12 days of diet (week 02).
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Figure 5

(A) Systemic plasma inflammation biomarkers at the end of the experimental diet period. MPO, myeloperoxidase; (B) inflammation-related biomarkers in the
colon of rats at the end of the diet period; left: microscopic injury score; middle: Cox2 gene expression; right: IL1-B protein concentration. Data are

represented as mean + SD. P value for ANOVA is indicated on the graphs. Groups displaying different letters indicate,that.the;Rvalue calculated
pairwise comparison of these groups is smaller than the alpha level (P < 0.05), and considered statistically differentia Open Access. This
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Figure 6

16S rRNA amplicons sequencing analysis of the rat fecal microbiota. Fecal samples were collected at week 02 (at the end of the experimental diet period)
and at week 10, after 8 weeks of control or CFC diet, in AOM-treated rats. A total of 120 fecal samples were collected. AOM, azoxymethane. (A) Alpha
diversity analyzed by Chao-1 index. (B) MDS results based on weighted UniFrac distances. (C) Distinctive fecal microbiota composition according to diet
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using LEfSe analysis at week 02 (P < 0.01). (D) Distinctive fecal microbiota composition according to diet using LEfSe analysis at week 10 (P < 0.05).
Taxa enriched in the fecal microbiota of rats fed the control, CFC or hemin diet are represented in green, red and blue, respectively. (E) Normalized
abundance of some relevant features at the genus level as box plots. Different letters mean that groups are significantly different with two-factor analysis
(mixed-effect, type III) followed by Holm-Sidak's multiple comparisons test at week 02 or 10. n = 19-20.

This modification is no longer observed at week 10, after
8 weeks of control or CFC diet. This diet modified alpha
diversity, as evidenced by a significant decrease in
richness (Chao-1), but this index was normalized to the
control group once the hemin diet was stopped (two-way
factor analysis (type III): Fpier = 0.399, Frime = 0.00395,
Fpietxtime = 0.000317, Holm-Sidak’s multiple comparisons
test Week-02: control vs CFC 0.8755, control vs hemin
0.0287, CFC vs hemin: 0.0281; Week-10: Control vs CFC
0.842; Control vs Hemin 0.2741; CFC vs Hemin: 0.0066).
Beta-diversity assessment using weighted UniFrac
distances revealed dietary heme iron-associated
changes in fecal bacterial ecology: hemin-fed rats at
week 02 clustered separately from control- and CFC-fed
rats, whereas they all clustered together at week 10
(Fig. 6B), suggesting a common evolution within
bacterial communities over time in response to control
diets (Adonis factor analysis: Fpjet < 0.0001, Frime < 0.0001,
Fpietxtime = 0.0001). LEfSe results showed that microbiota
composition was also highly dependent on the form of
iron added to the diet: in response to the hemin diet
(week02), Enterobacteriaceae such as Escherichia coli
within  Proteobacteria, several species  within
Bacteroidaceae, and some members belonging to
Firmicutes such as Dorea and Parvibacter, were
enriched and associated with a decrease in Firmicutes,
mainly due to Lactobacillaceae and, to a lesser extent, to
Moryella. (P < 0.01 Fig. 6C and E). At week 10, none of the
above taxa revealed differential abundance. Only
Adlercreutzia at the genus level within Actinobacteriota
was enriched in CFC-fed rats at P < 0.05 (Fig. 6D and E).

Discussion

In our previous studies, we showed that dietary heme
iron, given as hemin (purified heme molecule),
hemoglobin (hemoprotein), red meat or black pudding
(hemoglobin-rich specialty), had a promoting effect in
AOM-initiated CRC model animals or in Min mice
(Pierre et al 2003, 2004). AOM is a colonotropic
alkylating agent. For these CRC-promotion studies,
dietary heme iron was given after the initiating event,
namely AOM intraperitoneal injection. In the present
study, the same dietary dosage of hemin was used but
for a short 2-week period, just before the initiating event,
in order to determine if this compound could also have a
co-initiating effect on CRC development. The dietary
concentration of hemin used is representative of
human dietary habits of red meat ‘big eaters’. This
choice was dictated by the fact that it is precisely these
heavy red meat eaters who are most at risk of developing

CRC (Vieira et al. 2017). According to Lombardi-Boccia
et al. (2002), the iron content of cooked beef red meat
varies, in its heminic form, between 1.89 and 3.14 mg per
100 g of fresh meat. Considering an average dry weight of
cooked beef meat of 35% (Ciqual, ANSES, https://ciqual.
anses.fr/), it varies from 5.4 to 8.97 mg per 100 g of dry
weight. For the present study, we used semi-synthetic dry
AIN-76-type diets with 0.094% hemin, which provided
8 mg of iron in its heminic form per 100 g of diet. This
hemin concentration has been used in previous studies
on the promoting effect of heme iron on CRC by our group
and similar concentrations by others (Sesink et al. 1999,
2000, 2001). In the present study, the ferric citrate control
group (CFC) diet contained the same amount of iron but in
a non-heminic form. The presence of two control groups
(with or without a supplement in ferric citrate, namely
CFC and CON) allowed to determine if the observed effects
were due to the amount of iron or its form (heminic or
non-heminic).

AOM- (or dimethylhydrazine-) initiated F344 rats are
widely used animal models to study the promoting or
preventive effects of compounds on CRC development,
with the compounds given after the initiating event
(Corpet & Taché 2002). Testing compounds as co-
initiators of AOM by giving them just before the AOM
treatment is not a so widespread protocol. Nevertheless,
other groups used such an experimental design to analyze
the co-initiating effect of compounds given before AOM
(Poulsen et al. 2001, Liu & Xu 2008) or, on the contrary,
their protective effects (Kim et al. 2001). With such a ‘co-
initiation’ experimental protocol, we showed in the
present study that iron in its heminic form, but not in
its ferric citrate form, increased the number of MDF and
the size of ACF. ACF were first evidenced by Bird’s group
as preneoplastic lesions that could represent appropriate
predictive markers of colon neoplastic events in murine
models of CRC (Bird 1987, Tudek et al. 1989). Since then,
those biomarkers have been widely used in CRC studies to
evaluate promotive or protective effects of foods and
drugs in preclinical models and in human beings.
However, the predictive potential of such premalignant
lesions has been a matter of debate (Takayama et al. 1998,
Lance & Hamilton 2008, Stevens et al. 2008), but finally
seems to be useful for studies dealing with CRC
prevention or promotion (Clapper et al. 2020). On the
other side, MDF are preneoplastic lesions evidenced in
the colon of AOM-treated rats by Caderni’s group (Caderni
et al. 2003, Femia et al. 2004). They show frequent Apc
gene, beta-catenin gene mutations and an altered beta-

catenin cellular localization, demonstrating Wnt
signaling activation, a hallmark of colorectal
carcinogenesis  (Femia et al 2005,  2007).
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Those preneoplastic lesions are then believed to be cancer
precursors and pertinent markers in short-term studies
on carcinogenesis in animal models (Cui et al. 2012), in
which, in order to reduce animal suffering and protocol
duration, experiments are stopped before tumor
emergence. Moreover, these lesions were also
identified in human colons of familial adenomatous
polyposis and sporadic CRC subjects (Femia et al. 2008).
The fact that we observed, in the present study, an
increasing effect of the hemin diet on both
preneoplastic markers, particularly on MDF number,
strengthens the conclusion that heme iron co-initiated
CRC in a preclinical model.

The heme iron diet, given for 2 weeks before the initiating
event, has resulted in a huge increase in luminal lipid
peroxidation, confirming the results obtained in the
previous studies of our group [9, 10 and 23], as shown
by the fecal TBARS (global lipid peroxidation) and HNE
(specific for omega-6 fatty acids oxidation) assays.
Moreover, the urinary excretion of DHN-MA, the major
urinary metabolite of HNE (Fig. 1A and supplementary
Fig. 1A), whose excretion is 25 times higher with the
hemin diet, indicated that massive amounts of HNE
were absorbed. The ferric citrate diet also induced the
production of HNE and its excretion into urine, but
modestly compared to the heme iron one, indicating
that inorganic iron might also catalyze dietary fatty
acid oxidation. This luminal important lipid
peroxidation, rather than hemin itself, induced a high
cytotoxicity of fecal water, the bioavailable part of feces.
Indeed, in a previous study, we reported a cytotoxic effect
of hemin only if peroxidation-prone polyunsaturated
fatty acids were concomitantly present in the diet,
indicating this indirect effect of hemin through lipid
peroxidation products, such as the cytotoxic HNE
(Pierre et al. 2007, Gueraud et al. 2015). This increase
in lipid peroxidation was accompanied by the activation
of the Nrf2/Keap1 pathway, namely the expression of this
transcription factor and its target genes (Hmoxl and
Ngqo1), in colon mucosa, and by a clear decrease in
Bachl expression by both iron-supplemented diets
(Fig. 2A and supplementary Fig. 1B). This effect on
Bachl expression is noteworthy, given the implication
of Bachl in cancer, considered as deleterious in some
studies (Lee et al. 2019, Wiel et al. 2019), but also as a
promoter of ferroptosis, a cell death type related to iron
and lipid peroxidation (Nishizawa et al. 2023). In the same
way, most of the expression of enzymes that are involved
in HNE detoxification were also induced by both iron-
supplemented diets (Fig. 2B and supplementary Fig. 1B).
Of particular interest is PTGR1, an enzyme first known to
be involved in prostaglandin metabolization but also
reported to participate in HNE biotransformation (Dick
et al. 2001). By catalyzing the reduction of the alpha-beta
double bond of HNE, and possibly other related alkenals,
this enzyme prevents the Michael addition of those soft
electrophilic compounds to cellular proteins and
subsequently decreases their biological/toxic action.
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This protein has been reported to be increased in
hepatocellular carcinoma, probably due to a
concomitant activation of the Nrf2/Keapl pathway
(Sanchez-Rodriguez et al. 2017), as observed in the
present study. The expression of other HNE-
metabolizing enzymes, except Gsta4, was induced by
iron-supplemented diets, with no statistically significant
difference between ferric citrate and heme iron, although
showing an increasing trend with iron in its heminic form
compared to ferric citrate. All of these enzymes were
reported to be Nrf2 target genes. This antioxidant
pathway was reported to act as a double-edged sword,
allowing normal cells to resist oxidative events but at the
same time giving a selective advantage to preneoplastic
cells because of their sustained overactivation of this
pathway (Menegon et al. 2016). This activation of the
Nrf2/Keapl pathway may have not been sufficient to
detoxify the huge amounts of HNE and related lipid
peroxidation products reaching colon epithelial cells,
letting these compounds exert their proliferative,
cytotoxic and genotoxic effects when animals were fed
the hemin diet. The decrease in mucus-producing cells
observed with the hemin diet could also contribute to this
massive absorption of lipid peroxidation products by
reducing the barrier effect (Fig. 3D). This result is in
agreement with a previous report of Ijssennagger et al
that demonstrated a decrease in Muc2 mucin expression
in mice fed a heme-rich diet (Ijssennagger et al. 2015).
Other authors reported a thinner inner mucus layer in
humans with high red meat intake (Jawhara et al. 2020).
This decrease in the population of mucus cells could
contribute to the co-initiating effect of hemin. Indeed,
mucus cells are the only cells responsible for the
production of the secreted mucin MUC2, the main
constituent of the colonic mucus gel. The mucus layer
is a crucial defensive barrier that lubricates the intestinal
surface, limits the passage of toxic molecules, enteric
pathogens and microbiota. The major importance of
goblet cells and MUC2 mucin has been clearly
demonstrated by the development of spontaneous
colitis and intestinal tumors in Muc2 knockout mice
(Van der Sluis et al. 2006). Glutathione is a major
scavenger of HNE and related compounds. Although
the expression of glutathione synthase and glutathione
reductase is increased with both iron-rich diets in colon
mucosa, the GSH/GSSG ratio is decreased in the plasma of
rats fed those diets, with no major difference between the
two diets (Table 1), indicating that this pathway was
unable to cope with the excess peroxidation associated
with those diets.

This excess luminal peroxidation may have consequences
locally on colon mucosa, which could explain the increase
in preneoplastic lesions that were observed. Indeed, HNE
was reported to be involved in most cellular signaling
pathways, leading, depending on its concentration and on
the cell type involved, to major events concerning cellular
processes and fate (Gueraud et al. 2010, Csala et al. 2015,
Guéeraud 2017). In the present study, proliferation was
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increased by the hemin diet in the colon, as measured by
the mitosis index (Fig. 3C). This hyperproliferative effect
of a hemin diet has been reported before by Van der
Meer’s group, using various biomarkers (Sesink et al.
1999, 2000, de Vogel et al. 2008), and by Seiwert et al.
(2021), using the proliferating cell nuclear antigen marker
and mitotic index. The heme iron diet-induced
hyperproliferation could be explained by a disruption
of the regulation of the Wnt/B-catenin signaling
pathway that plays a major role in the maintenance
and proliferation of intestinal stem cells. Indeed,
Ijssennagger et al (2012) showed that heme
downregulates proliferation feedback signals such as
the Wnt inhibitor factor 1 from surface cells to crypt
cells. This effect could be related to the increase in
preneoplastic lesions, but the link with the increased
exposure to HNE in the colon lumen is not so obvious,
as this compound was reported to have various effects on
the proliferative activity of cells, depending mostly on its
concentration, cell type and biotransformation capacity
(Csala et al. 2015). It is noteworthy that this proliferative
effect of the hemin diet is no longer observed, and even
with a tendency to decrease, in the rats at the end of the
protocol, when the experimental diets were stopped
2 months before the colons were sampled for analysis.

The hemin diet has been previously reported to bhe
genotoxic (Martin et al. 2019), as HNE and related
compounds (Eckl et al. 1993, Eckl 2003). In the present
study, we measured the amount of two genotoxicity
markers by immunohistochemistry in the colon
sections of rats. The first one, 8-OHdG, is an indicator
of oxidative RNA/DNA damage. We observed a clear
increase in 8-OHdG, roughly doubled with the hemin
diet at the end of the experimental diet period when
compared to the CON or ferric citrate diet. This result
was expected due to the oxidative processes induced by
heme iron and confirms the genotoxic effect of the hemin
diet observed previously by our group using the Comet
assay (Martin et al. 2019). Surprisingly, 8-OHdG staining
was almost exclusively observed in the lamina propria
and not in the epithelial cells. This could be explained by
the higher sensitivity to HNE of fibroblasts compared to
colon epithelial cells, as described by Eckl & Bresgen
(2017). In a previous work on CRC-initiating properties
of HNE in vitro, our group reported that HNE-treated
fibroblasts increased the ability of colonocytes to grow
in anchorage-independent conditions, a characteristic of
transformed cells, using co-culture in a soft agar assay
(Dupuy et al. 2024). Studies have shown that oxidative
stress promotes the differentiation of different cell
populations into activated fibroblasts (or
myofibroblasts), which play a major role in
tumorigenesis processes (Dang et al 2021, Li et al
2023). The second one, y-H2AX, is a marker of DNA
double-strand breaks, involved in recruiting DNA
repair enzymes. Unexpectedly, colon sections from
hemin-fed rats contained significantly less y-H2AX-
marked cells than those from control-fed diet.
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Ferric citrate diet-fed rats showed an intermediate
status (Fig. 5A). This surprising result was not limited
to the experimental diet period but remained even
stronger at the end of the protocol. This was confirmed
by y-H2AX protein quantification by an adapted
technique of ‘in-cell western’ in colon tissue, in which a
decreasing trend was also observed (supplementary
Fig. 1C). In the same way, no increase in fecal water
genotoxicity to epithelial colon cells was observed
using the same marker (Fig. 1B). However, it is
important to note that, due to their very extensive
cytotoxicity, fecal waters from hemin-fed rats were
diluted by a large factor to be used for the genotoxicity
assay. This ‘protective’ effect of hemin toward colon
genotoxicity measured by a DNA double-strand break
marker could be explained by the set of antioxidant
defenses induced concomitantly and by an induction of
DNA repair capacities, as reported by some authors
(Cabelof et al 2002, Jayakumar et al 2015).
Alternatively, a protective effect of hemin administered
by other routes has been reported and attributed to
Hmox1 induction, leading to the production of hemin
antioxidant metabolites biliverdin and bilirubin (Guan
et al. 2009, Worou et al. 2011). The results we report in the
present study are not in accordance with previous
observation done by our group and others on y-H2AX.
Bastide et al. (2015) reported an increase of this marker
by immunohistochemistry in the small intestine of
hemoglobin-fed Min mice for 49 days, and Seiwert et al.
(2021) reported a clear increase of this marker in the
colon of hemin-fed mice, but with six times less hemin in
the diet than in the present study and with the diet given
for 162 days instead of 2 weeks in the present study. These
discrepancies could then be due to different heme iron
administration conditions to the animals (hemin vs
hemoglobin; different dosage; diet preparation;
experimental diet duration) and to the different animal
models used (rat vs mouse), with differences in
antioxidant defenses.

At the same time, we observed a moderate but significant
increase in the urinary excretion of oxidized DNA/RNA
bases with the hemin diet, revealing that rats were
undergoing an oxidative genotoxic process (Fig. 40),
related to the observed 8-OHdG increase in the colon of
hemin-fed rats. Oxidative stress is known to induce base
lesions and single-strand DNA breaks (Kryston et al
2011). Taken together, those results could explain the
co-initiating effect of the hemin diet observed in the
present study, involving a heme-induced lipid
peroxidation/oxidative stress process.

In the present study, the effect of the iron diets on
inflammation parameters was diverse. For local colon
parameters, a significant reduction of colon length with
the hemin diet was observed at the end of the protocol but
not just after the 2-week dietary period, indicating a
possible inflammatory process. The reduction of colon
length has been reported by many authors as an
effect of DSS treatment provoking colon inflammation
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(Ahn et al. 2020). On the other side, IL-1B protein was
significantly decreased by this diet. Cox2 expression, an
inducible marker of inflammation, and microscopic
injury score were non-statistically significantly
increased by the hemin diet (Fig. 5B). Systemic
parameters, namely plasmatic MPO, CRP and urinary
8-isoPGF,, were also diversely altered, with an
increase in MPO with both ferric citrate and hemin
diets, but no effect for CRP, and an increase in
8-isoPGF,, effect (Fig. 5A) with the hemin diet, but this
biomarker is also known to be representative of
endogenous  lipid peroxidation/oxidative  stress.
Altogether, these results are in favor of an oxidative
stress process leading to a mild inflammation that, in
our opinion, would not be sufficient to explain the
effects of the hemin diet on preneoplastic lesions.
Seiwert et al. in their work reported above with hemin-
fed mice, reported a marked inflammation associated
with weight loss of the animals (Seiwert et al. 2021). In
the present study, we observed no weight loss and only
mild change in some of the inflammation markers at the
end of the experimental diet period. Other authors
(Ijssennagger et al 2015) and our group in an
earlier work (Pierre et al. 2003) reported a significant
10% weight loss in hemin-fed mice and rats, respectively,
when compared to control animals. The fact that we did
not observe such weight loss in the present study, could
be explained by the special care we currently take in
feeding the rats, especially the time of day they are
fed and the diet preparation methods, as mentioned in
the Methods section, or by the duration of the
experimental diets (only 2 weeks in the present study).
This could also explain the only modest inflammation we
observed.

We analyzed fecal microbiota composition by 16S rRNA
sequencing. The hemin diet provoked a deep modification
of microbiota structure and composition (Fig. 6), as
reported in our earlier work (Martin et al. 2019), with a
decrease in a-diversity and a modification of B-diversity,
and for composition a decrease in Firmicutes and an
increase in Bacteroidetes and Proteobacteria. These
alterations are very close to those observed by Seiwert
et al. in hemin-fed mice (Seiwert et al. 2021). Such a
dysbiosis was reported to be related to CRC
development, with an increase in E. coli and in
Bacteroides and a decrease in Lactobacilli and
Bifidobacterium (Janney et al. 2020). This dysbiosis is no
longer observed when the hemin diet is stopped,
indicating that the microbiota is able to be resilient and
that the effect on preneoplastic lesions is not due to
chronic dysbiosis.

Our results show for the first time that iron is able to co-
initiate CRC in rats, but only in its heminic form, as we
observed an increase of both types of preneoplastic
lesions only with the hemin diet. The processes that
are specific for this heminic form of iron are massive
luminal lipid peroxidation that is associated with an
important oxidative colon RNA/DNA damage,
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cytotoxicity of fecal waters, cell proliferation in colon
mucosa, a reduction of protective mucus and increased
urinary excretion of oxidative stress and genotoxicity
biomarkers, together with a gut dysbiosis. The ferric
citrate diet induced moderate lipid peroxidation,
which is balanced by the induction of antioxidant
defenses, with no effect on preneoplastic lesions or
gut microbiota.

In the future, those results will need to be consolidated by
performing a CRC initiation experiment without AOM in
male and female animals, and long enough to reach the
tumor stage. In order to decipher the roles of lipid
peroxidation and/or of gut dysbiosis, specific studies
with the use of lipid peroxidation products such as
HNE or the use of antioxidants in the diet and the
approach of fecal microbiota transfer will sure be of
interest.

Supplementary materials
This is linked to the online version of the paper at
https://doi.org/10.1530/REM-25-0001.
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