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Abstract

Epidemiological studies have associated red meat intake with risk of colorectal cancer. Experimental studies explain this 

positive association by the oxidative properties of heme iron released in the colon. This latter is a potent catalyst for lipid 

peroxidation, resulting in the neoformation of deleterious aldehydes in the fecal water of heme-fed rats. The toxicity of fecal 

water of heme-fed rats was associated to such lipid peroxidation. This study demonstrated that fecal water of hemoglobin- 

and beef-fed rats preferentially induced apoptosis in mouse normal colon epithelial cells than in those carrying mutation on 

Apc (Adenomatous polyposis coli) gene, considered as preneoplastic. Highlighting the importance of lipid peroxidation and 

neoformation of secondary aldehydes like 4-hydroxy-2-nonenal (HNE), we optimized the depletion of carbonyl compounds 

in the fecal water which turned out to abolish the differential apoptosis in both cell lines. To explain the resistance of 

preneoplastic cells towards fecal water toxicity, we focused on Nrf2, known to be activated by aldehydes, including HNE. Fecal 

water activated Nrf2 in both cell lines, associated with the induction of Nrf2-target genes related to aldehydes detoxification. 

However, the antioxidant defense appeared to be higher in preneoplastic cells, favoring their survival, as evidenced by Nrf2 

inactivation. Taken together, our results suggest that Nrf2-dependent antioxidant response was involved in the resistance of 

preneoplastic cells upon exposure to fecal water of hemoglobin- and beef-fed rats. This difference could explain the promoting 

effect of red meat and heme-enriched diet on colorectal cancer, by initiating positive selection of preneoplastic cells.

Introduction

Colorectal cancer is the first cause of global mortality by can-

cer in non-smokers in affluent countries (1). Epidemiological 

studies proposed that physical activity and diet are important 

factors for colorectal cancer development (2–4). Concerning the 

diet, based on epidemiological and experimental studies, the 

International Agency for Research on Cancer (IARC) monograph 
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working group concluded in October 2015 that red meat is prob-

ably carcinogenic to humans (Group  2A) (5–8). Following the 

convincing evidence that red meat intake increases the risk of 

colorectal cancer, American Institute for Cancer Research (AICR) 

and World Cancer Research Fund (WCRF) recommended limit-

ing red meat consumption to 300 g/week (4).

Three major mechanisms could explain the association 

between red meat and colorectal cancer. Firstly, potentially car-

cinogenic N-nitroso compounds can be formed in the gastroin-

testinal tract by N-nitrosation or nitrosylation. Secondly, cooking 

meat at high temperature could generate mutagenic heterocy-

clic amines such as 2-amino-1-methyl-6-phenylimidazo(4,5-b)

pyridine (PhIP) and 2-amino-3,8-dimethylimidazo-(4,5-f)qui-

noxaline (MeIQx). Thirdly, epidemiological and experimen-

tal data support the hypothesis that heme iron present in red 

meat promotes colorectal carcinogenesis (9). In a recent study, 

we examined the relative contribution of these three mecha-

nisms in vivo and we demonstrated that heme iron was the only 

experimental factor associated with the promotion of colorectal 

carcinogenesis in rats or mice without any additive or synergic 

effects with N-nitroso compound or heterocyclic amines (10). 

Furthermore, we showed that heme iron contributed to lipid 

peroxidation occurring in the lumen, leading to the formation of 

cytotoxic and genotoxic aldehydes, one of which is 4-hydroxy-

2-nonenal (HNE), a secondary product of linoleic and arachi-

donic acid oxidation (11–13). This molecule has been reported 

to induce apoptosis in healthy colon cells (14). In hemoglobin 

(Hb)- and red meat-fed rats, we observed a significant increase 

of fecal thiobarbituric acid reactive species (TBARS) and urinary 

DHN-MA (1,4-dihydroxynonane mercapturic acid; metabolite of 

HNE), both are known as biomarkers of lipid peroxidation (9,15).

Numerous studies emphasized the role of fecal water and 

lipid peroxidation in colorectal cancer as diet-related factors 

(16–18). Fecal water is an aqueous extract of feces representing 

bioavailable parts of fecal matters. Components of fecal water, 

such as terminal aldehydes of lipoperoxidation (malondialde-

hyde and HNE) or hydroperoxides (LOOH) have been shown to 

induce apoptosis in colon normal and carcinoma cells in vitro 

(19,20). We previously tested in vitro the toxicity of fecal water 

of Hb- and Bf-fed rats in normal and preneoplastic immortal-

ized mouse colonic epithelial cells derived from wild-type and 

Min mice (21). Preneoplastic cells are derived from Min mice and 

bear a mutation on the Apc (adenomatous polyposis coli) gene, 

which is a frequent and early event in human colorectal can-

cer (22–24). Preneoplastic cells were more resistant than normal 

cells upon exposure to fecal water of Hb- and Bf-fed rats (14). 

We thus suggest that the resistance of preneoplastic cells to the 

detriment of normal cells, which was associated to lipid peroxi-

dation of fecal water, could explain the promotion of colorectal 

cancer following heme iron intake.

Nrf2 [nuclear factor (erythroid derived 2)-like  2] is a tran-

scription factor that has been shown to regulate the expres-

sion of cellular detoxifying and antioxidant enzymes (including 

those involved in HNE detoxification) through Nrf2-Keap1-ARE 

signaling pathway, thus exerting cytoprotective properties 

against oxidative stress (25). HNE has been shown to activate 

Nrf2 and antioxidant genes expression (26). Our previous study 

revealed that different resistance between normal and preneo-

plastic cells upon exposure to HNE could be due to higher basal 

expression of HNE detoxification enzymes in preneoplastic cells 

compared with normal cells (27), giving preneoplastic cells a 

better antioxidant shield to tackle toxic effects of HNE. As the 

cytotoxicity of fecal water of heme-fed rats was associated to 

lipid peroxidation, Nrf2 could be involved in the resistance of 

preneoplastic cells upon exposure to fecal water.

In this study, we firstly characterized cell death type as apop-

tosis and compared its induction in normal and preneoplastic 

cells regarding fecal water of Hb- and Bf-fed rats, in comparison 

to HNE. After treatment with fecal water or HNE, preneoplastic 

cells appeared to exhibit lower level of apoptosis compared with 

normal cells. Moreover, HNE and fecal water activated Nrf2 in 

both cell lines and the depletion of carbonyl compounds in fecal 

water prevented this event. The resistance of preneoplastic cells 

was correlated to a higher Nrf2-dependent response compared 

with normal cells, as evidenced by Nrf2 invalidation. Thus, this 

study demonstrated the importance of fecal carbonylated sec-

ondary lipoperoxidation products in explaining the differential 

apoptosis between normal and preneoplastic cells following 

exposure to fecal water of Hb- and Bf-fed rats.

Materials and methods

Cell culture

Normal wild-type and Apc-mutated colon epithelial cells (later called nor-

mal and preneoplastic cells) were established as described previously (21). 

Both cell lines express the heat-labile simian virus 40 large tumor antigen 

gene (AgT tsA58) under the control of interferon γ and are ‘immortalized’, 

that is, they expressed active SV40 at permissive temperature (33°C). They 

have been tested (as published in 2014 (10)) through the characteriza-

tion of Apc genotype (presence of Min mutation in preneoplastic cells), 

Apc phenotype (destructurized actin network in preneoplastic cells) and 

epithelial phenotype (expression of cytokeratin 18 in normal and preneo-

plastic cells).

Cells were cultured (approximate density 6.0 × 105 cells/cm2) at permis-

sive temperature of 33°C in Dulbecco-modified essential medium (DMEM) 

supplemented with 10% fetal calf sera, 1% penicillin/streptomycin, 2% 

glutamine, 10 U/ml interferon γ and 10 U/ml epidermal growth factor. 

All experiments were performed at non-permissive temperature of 37°C 

without interferon γ and epidermal growth factor to inhibit the SV40 

transgene and to reach differentiated state. The treatments with HNE and 

fecal water were performed in serum-free DMEM containing 2% glutamine 

to avoid any reaction between serum and fecal water or HNE.

HNE synthesis

HNE was synthesized as described previously (28). Briefly, Grignard reac-

tion between fumaraldehyde monoacetal and 1-pentylmagnesium bro-

mide afforded HNE-dimethylacetal. HNE was obtained by acid hydrolysis.

Fecal samples

Feces used to generate the fecal water were obtained from two animal 

studies set up to explore, respectively, the effect of dietary Hb (10) and 

Bf on colorectal carcinogenesis (not published). Briefly, 7 days following 

Abbreviations 

ALDH3A1 aldehyde dehydrogenase 3A1

Apc adenomatous polyposis coli 

ARE antioxidant response element 

Bf beef 

CTR carbonyl-trapping resin

GSTA4 glutathione S-transferase A4

Hb hemoglobin

HNE 4-hydroxy-2-nonenal

HO1 heme oxygenase 1

Keap1 Kelch-like ECH-associated protein 1 

MDF mucin-depleted foci 

Nrf2 nuclear factor (erythroid derived 2)-like 2 

PBS phosphate-buffered saline

TBARS thiobarbituric acid reactive species 

xCT x-C-type cystine/glutamate antiporter
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an injection with the carcinogen azoxymethane [Sigma Aldrich, 20 mg/kg 

body wt in NaCl (9 g/l)], F344 male rats were allowed free access to their 

respective diets for 100 days. In the first experiment, rats were fed with 

modified AIN-76 diet [low calcium with addition of 5% (v/w) safflower 

oil; control group] or with modified AIN-76 diet containing 1% (w/w) Hb 

(Hb-fed group) (10). In the second experiment, rats were fed with modified 

AIN-76 diet (control group) or with 50% modified AIN-76 diet containing 

50% raw Bf sirloin. Feces were collected on the 88th and 95th day of experi-

ment for Hb-fed and Bf-fed rats, respectively. The two studies resulted in 

four groups of collected feces: standard diet for Hb-fed rats, Hb-fed rats, 

standard diet for Bf-fed rats and Bf-fed rats. All experiment protocols were 

approved by the Local Animal Care and Use Committee of Institut National 

de la Recherche Agronomique (TOXCOM), and were conducted in accord-

ance with the European directive 2010/63/UE and ARRIVE guidelines.

Fecal water preparation and depletion of carbonyl 
compounds in fecal water

Fecal water was prepared as described previously (10). Briefly, 2 g of feces 

was diluted with 5 ml of distilled water, ground and centrifuged. The 

supernatant was collected, diluted 10 times in DMEM containing glu-

tamine 2% and sterilized by microfiltration (pore size 0.2 µm).

4-Fmoc-hydrazinobenzoyl AM NovaGelTM (Novabiochem®) is a poly-

meric resin grafted with fmoc-protected hydrazine functionality. Carbonyl 

compounds are known to readily react with hydrazine groups to yield 

hydrazones. Therefore, this resin, named carbonyl-trapping resin (CTR) in 

this work was used for carbonyl compounds depletion as described previ-

ously (10). Briefly, following activation of the resin using 500 μL of piperi-

dine 20% (v/v) in DMSO for 5 mg of resin and repeated washes, fecal water 

was treated with the activated resin at 4°C for 2 h under agitation.

TBARS and free HNE assay

TBARS value was used as a global analysis of lipid peroxidation endprod-

ucts. TBARS in fecal water were analyzed as described previously (29). 

For free HNE assay, sample preparation was realized as described previ-

ously (30) and adapted for free HNE in fecal water. Briefly, HNE present 

in fecal water (400 µl) was labeled and reduced into [2H
1
]DHN by NaB[2H

4
] 

(0.2 mmol) in EDTA (50 mM)/Hepes (2 mM). [2H
11

]DHN (0.8 nmol) was added 

as internal standard. Following reduction of double bonds in the presence 

of Raney nickel, HNE was extracted with ethyl acetate and dried with 

Na
2
SO

4
. Analyses (31,32) were carried out on a triple quadrupole Quattro 

Micro mass spectrometer (Waters Corporation, UK) coupled with a gas 

chromatography Agilent 6890N system (Agilent Technologies, USA).

Apoptosis detection: nuclei fragmentation, caspase 
activation by time-lapse microscopy and annexin 
V-propidium iodide (PI) staining by flow cytometry

For nuclei fragmentation assay, cells seeded in 24-well plates were incu-

bated for 6 h of contact with HNE 40  µM and fecal water (dilution 10×) 

at 37°C. Cells were then fixed in paraformaldehyde 4% and stained using 

fluorescent dye Hoechst 33342 [Life Technologies, 0.5 ng/ml in phosphate-

buffered saline (PBS)]. Apoptotic (fragmented and/or condensed) and 

alive nuclei were counted using fluorescence microscope (Evos fl digital 

inverted microscope, AMG) and expressed as percentage of total popula-

tion (n > 500 nuclei).

For time-lapse microscopy, cells seeded in Labtek 8-well chamber 1.5 

borosilicate coverglass slides were incubated under confocal microscope 

Leica SP8 (with micro-incubator at 37°C, 5% CO
2
) with HNE 40  µM and 

fecal water (dilution 10×) containing Hoechst 33342 (5 µg/ml), CellEventTM 

Caspase-3/7 Green Detection Reagent (Life Technologies, 2  µM) and 

TO-PRO®-3 Iodide (Life Technologies, 1 µM). Images were acquired using 

lasers 405, 488 and 638 nm under 20× magnification every 30 min for 12 h. 

Image analysis was performed using ImageJ software.

For flow cytometry, cells seeded in 12-well plates were incubated for 

6 and 24 h in the presence of HNE 40 µM or fecal water (dilution 10×) at 

37°C. Cells were then harvested and stained using APC Annexin V apopto-

sis detection kit with PI (BioLegend, 50 ng/ml) according to manufacturer’s 

procedure. The flow cytometry was done using MACSQuant® Analyzer 

10 and the data were analyzed using VenturiOne software (Applied 

Cytometry).

siRNA transfection

siRNAs were provided by Thermo Scientific Dharmacon (Courtaboeuf, 

France). At 37°C, medium was replaced by OptiMEM and cells were trans-

fected overnight with 100 pmole Nrf2-specific siRNA (ON-TARGET plus 

SMART pool, mix of four siRNA), 100 pmole lamin-specific siRNA (siGLO 

LamineA/C control siRNA) as control of transfection rate or 100 pmole 

negative control siRNA (ON-TARGET plus siRNA Smart pool Non targeting 

control pool) according to manufacturer’s instructions. The transfection 

rate was more than 75% in each cell type after 18 h of transfection. The 

medium was then replaced by non-permissive medium and the cells were 

incubated at 37°C for 24 h prior to treatments.

Immunofluorescence staining of Nrf2

Cells seeded on round coverslips (diameter 18 mm) in 12-well plates were 

incubated for 1 h of contact with HNE 40 µM or fecal water (dilution 10×) at 

37°C. Following saturation (PBS, 0.1% Triton, 0.5% bovine serum albumin), 

each coverslip was incubated with primary antibodies directed against 

Nrf2 (Santa Cruz rabbit polyclonal IgG (33), 2.5 µg/ml in PBS, 0.1% Triton, 

0.5% bovine serum albumin) for 1 h at room temperature. After washing 

with PBS, the cells were incubated with secondary fluorophore-labeled 

antibodies (Invitrogen Alexa Fluor 488 (green) donkey anti-rabbit IgG, 

10 µg/ml in PBS, 0.1% Triton, 0.5% bovine serum albumin) for 1 h at room 

temperature. All cover slips were then sealed on microscope slides using 

anti-fading solution (Invitrogen Prolong Gold antifade reagent with DAPI). 

The slides were analyzed using confocal microscope Leica SP8 with lasers 

488 nm (Alexa 488) and 405 nm (DAPI) under 63x oil immersion objective. 

The colocalization of Nrf2 and nuclei was observed by using fluorescence 

intensity graphs presenting the intensity of blue (nuclei) and green (Nrf2) 

fluorescence detected along determined regions of interest (ROI). Nuclear 

localization of Nrf2 was deduced from blue and green fluorescence pattern.

RT-qPCR

Cells were incubated for 4 h of contact with HNE 40 µM or fecal water (dilu-

tion 10×) at 37°C. RNA was isolated using Tri Reagent (Eurogenetec) according 

to manufacturer’s instructions. Two-step RT-qPCR was performed using TBP 

(TATA binding protein) as the housekeeping gene. cDNA synthesis was done 

using the iScript cDNA Synthesis kit (Bio-Rad) with 1 µg RNA. Quantitative 

PCR was conducted using ViiATM 7 Real-Time PCR System (Life Technologies), 

with final reaction volume of 5 µl (1 µl cDNA, 1.5 µl primers and 2.5 µL iQ SYBR 

Green Supermix (Bio-Rad)). Thermocycling conditions were set as following: 

initial denaturation at 95°C (10 min), denaturation at 95°C (15 s), annealing at 

60°C (30 s) and extension at 72°C (30 s). The sequences of the primers (5′–3′) 

used are listed below: HO1 (F-CAA CCC CAC CAA GTT CAA ACA, R-AGG CGG 

TCT TAG CCT CTT CTG A), ALDH3A1 (F-AAA GTA GCC CAT GGA GGC AC, 

R-GTC ATT GGC TGT CAC TCC AC), xCT (F-CCT GGC ATT TGG ACG CTA CAT, 

R-TCA GAA TTG CTG TGA GGT TGC A), GSTA4 (F-GAA GTT CTA GTG ACA 

GCG TGC TTT A, R-TGT AGC TGC TGC TGT GAT TGG), TBP (F-AGA ACA ATC 

CAG ACT AGC AGC A, R-GGG AAC TTC ACA TCA CAG CTC).

Western blot of Nrf2

Cells were incubated for 1 h with HNE 40 µM or fecal water (dilution 10×) 

at 37°C. Whole cell extracts were fractionated using Nuclear Extraction 

kit (Active Motif). Western blot of nuclear extracts (10 µg) was performed 

by SDS-PAGE and blots were transferred to nitrocellulose membranes. 

Membranes were then saturated and incubated with primary antibodies 

against Nrf2 (Cell Signaling rabbit polyclonal IgG (34), dilution 1:1000) and 

lamin A/C (Sigma Aldrich mouse monoclonal IgG (35), dilution 1:5000) at 

4oC for a night under agitation. Fluorescent secondary antibodies (Thermo 

Scientific Pierce DyLight 700 donkey anti-rabbit IgG and Thermo Scientific 

Pierce DyLight 800 donkey anti-mouse IgG, 0.25 µg/ml) were incubated for 

1 h and membranes were revealed using Odyssey® CLx Li-Cor Infrared 

Imaging System at wavelengths of 700 and 800 nm.

Detection of HNE adducts

Cells were incubated for 6 h of contact with HNE 40  µM at 37°C. Whole 

cell extracts were fractionated using Nuclear Extraction kit (Active Motif). 

HNE-histidine adducts in cytoplasmic fraction were measured as previ-

ously described (36) using anti-HNE-his mouse monoclonal primary anti-

body generously given by Drs G.  Waeg and N.  Zarkovic (Laboratory for 

Oxidative Stress, Zagreb, Croatia) (37,38).
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Figure 1. Fecal water of Hb- and Bf-fed rats (Hb and Bf) exerted higher toxicity towards normal cells compared with preneoplastic cells. Cells were treated with HNE 

40 µM and fecal water. Control Hb and Control Bf (respective controls for Hb and Bf) were fecal water issued from standard diet-fed rats. Apoptosis was observed by 

detecting caspase-3/7 activity and membrane permeability using time-lapse microscopy and by APC Annexin V/propidium iodide (PI) flow cytometry. (A) Measures of 

the percentage of cells exhibiting caspase-3/7 activity upon exposure to fecal water recorded over time. (B) Percentage of cells with positive caspase-3/7 activity and 

(C) permeable membrane upon treatments with HNE 40 μM and fecal water (t = 6 h). (D) Repartition of cell population exhibiting positive and negative staining of APC 

Annexin V and PI upon treatments with HNE 40 μM and fecal water (t = 6 and 24 h). *Significant difference between normal and preneoplastic cells (P < 0.05). #Significant 

difference between a treatment (HNE, Hb, Bf) and its respective control (Control, Control Hb, Control Bf) (P < 0.05). †Significant difference between unstained (Annexin 

V (-) PI (-)) normal and preneoplastic cells (P < 0.05). Data are expressed as mean ± SD (n = 3).
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Cystine uptake assay

L-[14C]-Cystine (PerkinElmer, 100 mCi/mmol) uptake was measured 

according to Giraudi et al. with some modifications (39). Cells were seeded 

in a 12-well plate and incubated for 6 h of contact with fecal water (dilu-

tion 10×) at 37°C. The cells were then rinsed with warmed uptake buffer 

(NaCl 140 mM, HEPES 25 mM, KCl 5.4 mM, CaCl
2
 1.8 mM, MgSO

4
 0.8 mM, glu-

cose 5 mM, pH = 7.5). Cystine uptake was started by incubating the cells in 

uptake buffer containing L-[14C]-Cystine 0.1 µCi at room temperature for 

10 min, and stopped by rinsing with ice-cold unlabelled uptake buffer. The 

cells were then lysed by adding NaOH 0.1 N. Lysate was mixed with scintil-

lation cocktail (UltimaGold, PerkinElmer), protein quantification was done 

(Pierce bicinchoninic acid enzymatic kit) and the radioactivity was deter-

mined using a scintillation counter (Hewlett Packard). The results were 

expressed as nmol of incorporated cystine reported to protein content.

Statistical analysis

The results (n ≥ 3)  were analyzed using software GraphPad Prism 4 for 

Windows. Different responses of treatments and genotype effect were 

analyzed by two-way ANOVA and student’s t-test, respectively. When 

ANOVA showed a statistically significant effect (P  <  0.05), comparison 

among data was done using Tukey’s HSD Post-hoc test. Pearson correla-

tion test was done to analyze the correlation between the percentage of 

apoptotic nuclei and TBARS or free HNE concentration in fecal water.

Results

Fecal water of Hb- and Bf-fed rats induced cell death 
by apoptosis and preneoplastic cells exhibited 
higher resistance compared with normal cells

To characterize cell death, we analyzed caspase-3/7 activa-

tion, membrane phosphatidylserine translocation to the outer 

leaflet and cell membrane permeabilization (Figure  1A–D; 

Supplementary Movies 1–4, available at Carcinogenesis Online) 

in normal and preneoplastic cells following exposure to fecal 

water, according to the guidelines of apoptosis identification 

(40). Fecal water induced apoptosis in both cell lines (Figure 1A) 

but at a much higher extend when diets were supplemented 

with Hb or Bf. The differential of apoptosis in normal and pre-

neoplastic cells was observed only upon exposure to fecal water 

of Hb- and Bf-fed rats, but not to the fecal water control issued 

from rats fed with standard diet. Compared to preneoplastic 

cells, normal cells exhibited earlier and higher apoptosis upon 

exposure to fecal water of Hb- and Bf-fed rats.

Following 6 h of exposure to fecal water of Hb- and Bf-fed 

rats, approximately 50% of normal cells population exhibited 

caspase-3/7 activation and membrane permeabilization while 

only approximately 30% of preneoplastic cells population exhib-

ited the same phenomena (Figure  1B and C). The number of 

unstained living cells was higher in preneoplastic cells than in 

normal cells even at a longer incubation time of 24 h (Figure 1D). 

HNE was used in our experiments as positive control for apop-

tosis induction by lipid peroxidation byproducts. Like HNE, fecal 

water of Hb- and Bf-fed rats induced significantly higher apopto-

sis in normal cells than in preneoplastic cells (P < 0.05). This dif-

ference was not observed upon exposure to fecal water control.

Depletion of carbonyl compounds in fecal water of 
Hb- and Bf-fed rats abolished differential apoptosis 
in normal and preneoplastic cells

To support the fact that lipid peroxidation byproducts are 

involved in fecal water toxicity towards normal and preneoplas-

tic cells, we used CTR to deplete carbonyl compounds (including 

Figure 2. Carbonyl-trapping resin (CTR) was shown to be effective in depleting carbonyl compounds (including aldehydes) in fecal water of Hb- and Bf-fed rats (Hb 

and Bf). (A) HNE-histidine adducts in protein extract of cells treated with HNE 40 µM treated or not with CTR (t = 6h). (B) Concentration of lipid peroxidation byproducts 

TBARS and (C) free HNE in fecal water (Hb and Bf) and the respective controls (Control Hb and Control Bf) treated or not by CTR. # Significant difference between a treat-

ment (HNE, Hb, Bf) and its respective control (Control, Control Hb, Control Bf) (P

HNE or fecal water (P < 0.05). Data are expressed as mean ± SD (n = 3).
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aldehydes) in fecal water. Figure 2A shows the efficacy of CTR 

in scavenging HNE, leading to omitted HNE-histidine adducts in 

the cells exposed to CTR-treated HNE. In Figure 2B and C, diet 

enriched in n-6 fatty acid and heme iron (under the form of Hb 

and Bf) led to a significant increase in fecal lipid peroxidation 

compared with standard diet (P < 0.05). Treatment by CTR was 

effective in reducing fecal TBARS and free HNE significantly to a 

concentration observed in fecal water control (P < 0.05).

We incubated normal and preneoplastic cells in untreated 

and CTR-treated fecal water to assess apoptosis by ana-

lyzing the percentage of nuclei with apoptotic appearance 

(fragmented or condensed) (Figure 3A), cells with positive cas-

pase-3/7 activity (Figure  3B) and cells with permeable mem-

brane (Figure  3C). The depletion of carbonyl compounds was 

shown to decrease significantly fecal water-induced apoptosis 

in both cell lines and abolish the differential apoptosis in nor-

mal and preneoplastic cells.

Exposure to fecal water of Hb- and Bf-fed rats induced 
Nrf2 activation in normal and preneoplastic cells

To analyze Nrf2 activation in normal and preneoplastic cells 

induced by exposure to fecal water, we investigated the nuclear 

localization of Nrf2. Figure 4A displays the fluorescence inten-

sity graphs representing the localization of nuclei (blue chan-

nel) and Nrf2 (green channel) in normal and preneoplastic cells 

under basal conditions and upon exposure to fecal water of 

Hb- and Bf-fed rats. Figure 4A shows that Nrf2 was active in pre-

neoplastic cells under basal conditions, indicated by its nuclear 

localization. In contrast, Nrf2 in normal cells tended to display 

less nuclear accumulation than preneoplastic cells. Following 

exposure to HNE and to fecal water of Hb- and Bf-fed rats, both 

normal and preneoplastic cells exhibited Nrf2 activation.

Our blot analysis of nuclear Nrf2 shows Nrf2 activation in 

normal and preneoplastic cells following exposure to HNE and 

fecal water of Hb- and Bf-fed rats, but not to fecal water control 

(Figure 4B and Supplementary Figure 5, available at Carcinogenesis 

Online). Interestingly, CTR-treated HNE or fecal water did not 

trigger Nrf2 nuclear translocation, showing the importance of 

carbonyl compounds in such an activation.

We analyzed the expression of heme oxygenase 1 (HO1), an 

Nrf2 target gene following exposure to HNE and fecal water for 

4 h. Figure 4C shows higher HO1 induction in normal cells than 

in preneoplastic cells upon exposure to HNE and fecal water of 

Hb- and Bf-fed rats (P < 0.05). Depletion of carbonyl compounds 

was shown to block the upregulation of HO1 expression carried 

out by untreated fecal water in both cell lines.

Nrf2 was involved in the resistance of preneoplastic 
cells towards fecal water toxicity

To analyze whether Nrf2 is involved in the resistance of preneo-

plastic cells towards fecal water toxicity, we downregulated Nrf2 

expression by transfecting control Nrf2-specific siRNA (siNrf2). 

Figure 3. Depletion of carbonyl compounds (including aldehydes) in fecal water of Hb- and Bf-fed rats (Hb and Bf) abolished their differential toxicity towards normal 

and preneoplastic cells. (A) Percentage of cells exhibiting apoptotic nuclei appearance (condensed and fragmented) following exposure to HNE 40 μM and fecal water 

treated or not with carbonyl-trapping resin (CTR) (t = 6 h). (B) Percentage of cells with positive caspase-3/7 activity and (C) permeable membrane upon treatments with 

HNE 40 μM and fecal water treated or not with CTR (t = 6 h). *Significant difference between normal and preneoplastic cells (P < 0.05). #Significant difference between 

a treatment (HNE, Hb, Bf) and its respective control (Control, Control Hb, Control Bf) (P

treated HNE or fecal water (P < 0.05). Data are expressed as mean ± SD (n = 3).
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Figure 4. Nrf2 was activated in normal and preneoplastic cells upon exposure to fecal water of Hb- and Bf-fed rats (Hb and Bf). Following treatments with fecal water 

(t = 1 h), Nrf2 detection in cells was done by immunofluorescence and western blot. (A) Images of immunofluorescence analysis of fecal water-treated normal and pre-

neoplastic cells. Blue channels indicate nuclei and green channels indicate Nrf2. The fluorescence intensity graphs represent the colocalization of blue signal (nuclei) 

and green signal (Nrf2) along regions of interest (ROI). The presented images are representative of three independent experiments. (B) Western blotting analysis of 

nuclear Nrf2 following exposure to HNE 40 μM and fecal water treated or not with carbonyl-trapping resin (CTR). Lamin A/C was used as loading control. The presented 

blots are representative of three independent experiments. (C) Relative mRNA expression of HO1 following exposure to HNE 40 μM and fecal water treated or not with 

CTR. Significant difference between normal and preneoplastic cells (*P < 0.05). Significant difference between a treatment in a cell line (HNE, Hb, Bf) and its respective 

control (Control, Control Hb, Control Bf) (#P < 0.05). Significant difference between a treatment using untreated and CTR-treated HNE or fecal water ( P < 0.05). Data are 

expressed as mean ± SD (n = 3).
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This down-regulation diminished the level of nuclear Nrf2 in 

preneoplastic cells both under basal conditions and upon expo-

sure to HNE (Figure 5A). In preneoplastic cells, siNrf2 transfec-

tion reduced cell viability and increased apoptosis following 

6 h of exposure to HNE and fecal water of Hb- and Bf-fed rats 

(Figure 5B), highlighting the importance of Nrf2 in their resist-

ance towards fecal water toxicity. In normal cells, probably 

because of their high sensitivity to HNE and fecal water, no 

enhancement of apoptosis induction following Nrf2 invalidation 

was observed (Figure S6).

Exposure to fecal water of Hb- and Bf-fed rats 
induced higher expression of HNE detoxification 
enzymes in preneoplastic cells

To further investigate the role of Nrf2 in cellular response to 

fecal water toxicity, we analyzed the expression of three Nrf2 

target genes involved in HNE detoxification: aldehyde dehydro-

genase 3A1 (ALDH3A1), glutathione S-transferase A4 (GSTA4) 

and x-C-type cystine/glutamate antiporter (xCT). Figure  6A 

(left panel) shows that these genes were more expressed in 

preneoplastic cells than in normal cells, both under basal con-

ditions and following exposure to HNE and fecal water of Hb- 

and Bf-fed rats (P  <  0.05). Treatment with CTR set down and 

normalized the effects of HNE and fecal water on the expres-

sion of these genes, resulting in gene expression profiles which 

resemble basal conditions. Despite higher final genes expres-

sion in preneoplastic cells, we found that these genes were 

more upregulated in normal cells than in preneoplastic cells 

upon exposure to HNE and fecal water of Hb- and Bf-fed rats 

(Figure 6A right panel).

In accordance with the upregulation of xCT expression, we 

analyzed the level of cystine uptake in normal and preneoplas-

tic cells following exposure to fecal water. Exposure to fecal 

water of Hb- and Bf-fed rats resulted in higher final uptake in 

preneoplastic cells than in normal cells (Figure 6B). Depletion of 

carbonyl compounds abolished the differential cystine uptake 

due to fecal water exposure.

Discussion

The aim of this study was to understand the mechanisms 

involved in the differential of fecal water toxicity prepared from 

Hb- or Bf-fed rats towards normal and preneoplastic mouse 

colonocytes. Here, we show that Nrf2 activity, via a higher 

expression of HNE-detoxification enzymes in preneoplastic 

cells, explains at least in part this difference. We also demon-

strate that carbonyl compounds (including aldehydes) are the 

main agents of fecal water toxicity determining differential 

susceptibility of normal and preneoplastic cells.

Fecal water from Hb- and Bf-fed rats were associated 
to high lipid peroxidation and colorectal cancer 
promotion in vivo

Fecal water of Hb- and Bf-fed rats is a complex matrix derived 

from real luminal contents which is relevant for studying 

the effects of heme on luminal neoformation of aldehydes. 

In comparison with Hb- and Bf-fecal water, HNE was used as 

pure model molecule representative of lipid peroxidation-

derived aldehydes since fecal waters were obtained from 

feces of rats fed with diets rich in n − 6 fatty acids. Indeed, 

HNE is an important lipoperoxidation endproduct of n − 6 

fatty acid by heme iron, both in terms of presence and toxic-

ity (10). The HNE concentration used in this study (40 µM) was 

deduced from TBARS concentration in the feces of Hb-fed rats 

(Figure 2B) to mimic the global level of lipoperoxidation end-

products in fecal water.

Our hypothesis on the role of lipid peroxidation in the pro-

motion of colorectal carcinogenesis by red meat emphasizes the 

importance of lipid peroxidation-derived aldehydes in generat-

ing a selection of colon cells. During our in vivo experiments, rats 

were fed with standard diet enriched in safflower oil and heme 

under the form of Hb or raw Bf. Heme contained in Hb and raw 

Bf is a potent catalyst of lipid peroxidation (41,42).

As observed in Figure 2B and C, supplementation of heme under 

the form of Hb and Bf in rats increased fecal lipid peroxidation 

Figure 5. Nrf2 was involved in the resistance of preneoplastic cells towards the toxicity of fecal water of Hb- and Bf-fed rats (Hb and Bf). (A) Western blotting analysis 

of nuclear Nrf2 in siNeg- and siNrf2-transfected preneoplastic cells treated or not with HNE 40 µM (t = 2 h) (B) Repartition of siNeg- and siNrf2-transfected preneoplastic 

cell population exhibiting positive and negative staining of APC Annexin V and propidium iodide (PI) upon treatments with HNE 40 μM and fecal water (t = 6 h). Signifi-

cant difference between unstained (Annexin V (-) PI (-)) siNeg- and siNrf2-treated preneoplastic cells (#P < 0.05). Data are expressed as mean ± SD (n = 3).
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and HNE level correlating positively with increasing fecal toxicity 

towards colon cells (Figure 1). Indeed, Hb (10) and Bf supplemen-

tation (not published) increased significantly number or size of 

preneoplatic lesions in the colon of azoxymethane-induced rats. 

These lesions are mucin-depleted foci (MDF) with absent or scant 

mucus production (43). After 100 days, we found that the Hb-fed 

Figure 6. Preneoplastic cells expressed higher level of HNE detoxification enzymes compared with normal cells under basal conditions and upon exposure to fecal 

water of Hb- and Bf-fed rats (Hb and Bf). (A) Left panel shows the relative mRNA expression of Nrf2 downstream genes implicated in HNE detoxification (ALDH3A1, 

GSTA4 and xCT) in nomal and preneoplastic cells following exposure to HNE 40 μM and fecal water treated or not with carbonyl-trapping resin (CTR) (t = 4 h). Right 

panel shows the fold induction of mRNA expression of the genes upon exposure to HNE, Hb and Bf reported to their respective controls (Control, Control Hb and 

Control Bf). (B) Incorporated cystine reported to protein mass upon exposure to fecal water treated or not with CTR (t = 6 h). Significant difference between normal and 

preneoplastic cells (*P < 0.05). Significant difference between a treatment in a cell line (HNE, Hb, Bf) and its respective control (Control, Control Hb, Control Bf) (#P < 0.05). 

Significant difference between a treatment using untreated and CTR-treated ( P < 0.05). Data are expressed as mean ± SD (n = 3).



644 | Carcinogenesis, 2016, Vol. 37, No. 6

rats developed significantly higher amount of MDF compared 

with standard diet-fed rats meat (3.4 ± 1.2 versus 2.2 ± 1.5 MDF per 

colon, respectively; P  <  0.01) (10). Rats consuming Bf-based diet 

had significantly larger MDF in their colon compared with those 

not consuming red meat (2.6 ± 0.6 versus 2.2 ± 0.3 crypts by MDF, 

respectively; P = 0.03). Taken together, these results indicate that 

Hb or Bf consumption promoted colorectal carcinogenesis.

Higher Nrf2 activitiy in preneoplastic cells led to 
resistance to apoptosis towards exposure to fecal 
water of Hb- and Bf-fed rats

We showed that fecal water induced apoptosis in normal and 

preneoplastic cells through caspase-3/7 activation, membrane 

phosphatidylserine translocation, membrane permeabilization 

and finally DNA fragmentation (Figures 1 and 3). These end-

points prompted us to classify the cell death as apoptosis (40). 

Exposure to fecal water of Hb- and Bf-fed rats activated Nrf2 

in both normal and preneoplastic cells (Figure 4). Normal cells 

appeared to be more responsive in upregulating HNE detoxi-

fication genes expression compared with preneoplastic cells 

(Figure 6A right panel). However, final expression of cytoprotec-

tive enzymes in preneoplastic cells remained higher than in 

normal cells, asserting that preneoplastic cells had better cel-

lular defense towards fecal water toxicity (Figure 6A left panel). 

These enzymes (ALDH3A1, xCT and GSTA4) are implicated in 

HNE detoxification (44) and regulated by Nrf2 (45–48). Thus, pre-

neoplastic cells were more resistant to pro-apoptotic effects 

of HNE and fecal water than normal cells (Figure  1). Down-

regulation of Nrf2 in preneoplastic cells reduced their resistance 

to fecal water toxicity, confirming its protective role (Figure 5).

The mechanisms by which preneoplastic cells exert higher 

resistance towards fecal water of Hb- and Bf-fed rats than nor-

mal cells implicate conjugation pathway with glutathione. The 

expression of xCT and GSTA4, two enzymes involved in glu-

tathione conjugation pathway and cystine uptake, was higher 

in preneoplastic cells than in normal cells towards exposure to 

fecal water of Hb- and Bf-fed rats (Figure 6).

Fecal carbonyl compounds were responsible for Nrf2 
activation in colon cells

We proposed that the promotion of colorectal carcinogenesis was 

linked to the increase of fecal lipid peroxidation level and the 

toxicity of fecal water. In this study, the importance of carbonyl 

compounds, including aldehydes derived from lipid peroxidation 

in fecal toxicity was clearly shown in all our results using CTR. 

Under activation, this latter contains reactive hydrazine deriva-

tives which are able to scavenge carbonyl groups. Regarding its 

chemical specificity towards carbonyl groups under the present 

reaction conditions, activated CTR is very unlikely to bind other 

potentially cytotoxic molecules which are possibly present in 

fecal water such as bile acid, bilirubin and lysophospholipids.

CTR was shown to reduce the content of fecal lipid peroxida-

tion byproducts (TBARS) and free HNE (Figure 2A–C). The percent-

age of apoptotic nuclei (Figure 3) was significantly correlated with 

the concentration of fecal TBARS (r = 0.95, P < 0.01 for normal cells; 

r = 0.90, P < 0.01 for preneoplastic cells) and the concentration of 

fecal free HNE (r = 0.96, P < 0.01 for normal cells; r = 0.93, P < 0.01 

for preneoplastic cells). In our previous in vivo studies, we demon-

strated that the limitation of lipid peroxidation was correlated to 

the promoting effect of heme on colorectal carcinogenesis (29,49). 

This protection was associated to a decrease of fecal water toxic-

ity without causative link between lipid peroxidation and toxicity. 

Here, we proposed that heme-induced lipid peroxidation was at 

least in part responsible for the toxicity of fecal water of heme-fed 

rats. Indeed, as indicated above, CTR traps carbonyl compounds, 

including aldehydes derived from lipid peroxidation. However, 

other carbonyl compounds such as ketones and endogenous alde-

hydes can also be trapped by CTR. Therefore, our study with CTR 

does not demonstrate that lipid peroxidation-derived aldehydes 

are solely responsible for the effects of fecal water towards cells. 

Nevertheless, the results of free HNE trapping (Figure 2C) corre-

lating positively with cytotoxic activity and the kinetically slower 

reaction of ketones towards hydrazine compounds compared to 

aldehydes (50) encouraged us to propose that lipid peroxidation-

derived aldehydes are the main agents of fecal water toxicity.

In this study, we showed that the presence of carbonyl com-

pounds in fecal water was potentially fundamental in determin-

ing Nrf2 activation in normal and preneoplastic cells following 

exposure to fecal water of Hb- and Bf-fed rats. Figure 4B indicates 

that Nrf2 activation stimulated by fecal water of Hb- and Bf-fed 

rats was nullified by depletion of carbonyl compounds. These phe-

nomena were also observed in the expression of Nrf2 downstream 

genes reported in Figure 6A. In addition, we also reported that all 

profiles induced by treatments with HNE showed similar tendency 

with those induced by treatments with fecal water of Hb- and 

Bf-fed rats. Based on these findings, we highlight the central role 

of carbonyl compounds (including aldehydes) in Nrf2 activation 

in colon cells and in the toxicity of fecal water of heme-fed rats.

The different resistance between normal and preneoplastic 

cells towards exposure to fecal water of Hb- and Bf-fed rats led 

us to propose a mechanism of colorectal carcinogenesis through 

positive selection of preneoplastic cells. This phenomenon 

would favor the survival of preneoplastic cells and thus promote 

colorectal carcinogenesis.

Supplementary material

Supplementary Movies S1–S4 and Supplementary Figures 5 and 

6 can be found at http://carcin.oxfordjournals.org/

Funding

This research was supported by grants from the Agence Nationale de 

la Recherche (ANR-10-ALIA-014 SecuriViande), the Institut National 

du Cancer ITMO Cancer (Plan cancer 2009–2013)/INCa/INSERM for 

financial support for the ‘NeoMeaTox’ project (ENV201213) and the 

Ligue Régionale contre le Cancer (Midi Pyrénées). The funders had 

no role in study design, data collection and analysis, the decision to 

publish, or preparation of the manuscript.

Acknowledgements

The authors would like to thank Technological Platform on 

Transcriptomics (GeT-TRiX) at INRA ToxAlim Toulouse, France 

for helping achieve gene expression analysis.

Conflict of Interest Statement: None declared.

References

 1. Cummings, J.H. et al. (1998) Diet and the prevention of cancer. BMJ, 317, 

1636–1640.

 2. Watson, A.J. et al. (2011) Colon cancer: a civilization disorder. Dig. Dis., 

29, 222–228.

 3. Giovannucci, E. et al. (1995) Physical activity, obesity, and risk for colon 

cancer and adenoma in men. Ann. Intern. Med., 122, 327–334.

 4. WCRF/AICR (2011) Continuous Update Project Report. Food, Nutrition, 

Physical Activity, and the Prevention of Colorectal Cancer. World Can-

cer Research Fund/American Institute for Cancer Research.

 5. Norat, T. et  al. (2002) Meat consumption and colorectal cancer risk: 

dose-response meta-analysis of epidemiological studies. Int. J. Cancer, 

98, 241–256.



R.Surya et al. | 645

 6. Norat, T. et al. (2005) Meat, fish, and colorectal cancer risk: the Euro-

pean Prospective Investigation into cancer and nutrition. J. Natl. Can-

cer Inst., 97, 906–916.

 7. Lee, D.H. et al. (2004) Heme iron, zinc, alcohol consumption, and colon 

cancer: Iowa Women’s Health Study. J. Natl. Cancer Inst., 96, 403–407.

 8. Bouvard, V. et al. (2015) Carcinogenicity of consumption of red and pro-

cessed meat. Lancet Oncol, 16, 1599–600.

 9. Santarelli, R.L. et al. (2010) Meat processing and colon carcinogenesis: 

cooked, nitrite-treated, and oxidized high-heme cured meat promotes 

mucin-depleted foci in rats. Cancer Prev. Res. (Phila)., 3, 852–864.

 10. Bastide, N.M. et al. (2015) A central role for heme iron in colon carcino-

genesis associated with red meat intake. Cancer Res., 75, 870–879.

 11. Guéraud, F. et al. (2010) Chemistry and biochemistry of lipid peroxida-

tion products. Free Radic. Res., 44, 1098–1124.

 12. Bastide, N.M. et al. (2011) Heme iron from meat and risk of colorec-

tal cancer: a meta-analysis and a review of the mechanisms involved. 

Cancer Prev. Res. (Phila)., 4, 177–184.

 13. Dalleau, S. et al. (2013) Cell death and diseases related to oxidative stress: 

4-hydroxynonenal (HNE) in the balance. Cell Death Differ., 20, 1615–1630.

 14. Pierre, F. et al. (2007) Apc mutation induces resistance of colonic cells to 

lipoperoxide-triggered apoptosis induced by faecal water from haem-

fed rats. Carcinogenesis, 28, 321–327.

 15. Pierre, F. et al. (2006) New marker of colon cancer risk associated with 

heme intake: 1,4-dihydroxynonane mercapturic acid. Cancer Epide-

miol. Biomarkers Prev., 15, 2274–2279.

 16. Lapré, J.A. et al. (1992) Diet-induced increase of colonic bile acids stim-

ulates lytic activity of fecal water and proliferation of colonic cells. Car-

cinogenesis, 13, 41–44.

 17. Glinghammar, B. et  al. (1997) Shift from a dairy product-rich to a dairy 

product-free diet: influence on cytotoxicity and genotoxicity of fecal water–

potential risk factors for colon cancer. Am. J. Clin. Nutr., 66, 1277–1282.

 18. Klinder, A. et  al. (2007) Fecal water as a non-invasive biomarker in 

nutritional intervention: comparison of preparation methods and 

refinement of different endpoints. Nutr. Cancer, 57, 158–167.

 19. Awasthi, Y.C. et al. (2003) Role of 4-hydroxynonenal in stress-mediated 

apoptosis signaling. Mol. Aspects Med., 24, 219–230.

 20. Schaeferhenrich, A. et al. (2003) Human adenoma cells are highly sus-

ceptible to the genotoxic action of 4-hydroxy-2-nonenal. Mutat. Res., 

526, 19–32.

 21. Forest, V. et  al. (2003) Butyrate restores motile function and actin 

cytoskeletal network integrity in apc mutated mouse colon epithelial 

cells. Nutr. Cancer, 45, 84–92.

 22. Nishisho, I. et al. (1991) Mutations of chromosome 5q21 genes in FAP 

and colorectal cancer patients. Science, 253, 665–669.

 23. Markowitz, S.D. et  al. (2009) Molecular origins of cancer: molecular 

basis of colorectal cancer. N. Engl. J. Med., 361, 2449–2460.

 24. Nakamura, Y. et al. (1991) Mutations of the adenomatous polyposis coli 

gene in familial polyposis coli patients and sporadic colorectal tumors. 

Princess Takamatsu Symp., 22, 285–292.

 25. Sporn, M.B. et al. (2012) NRF2 and cancer: the good, the bad and the 

importance of context. Nat. Rev. Cancer, 12, 564–571.

 26. Siow, R.C. et al. (2007) Modulation of antioxidant gene expression by 

4-hydroxynonenal: atheroprotective role of the Nrf2/ARE transcription 

pathway. Redox Rep., 12, 11–15.

 27. Baradat, M. et al. (2011) 4-Hydroxy-2(E)-nonenal metabolism differs in 

Apc(+/+) cells and in Apc(Min/+) cells: it may explain colon cancer pro-

motion by heme iron. Chem. Res. Toxicol., 24, 1984–1993.

 28. Chandra, A. et al. (1997) A synthesis of 4-hydroxy-2-trans-nonenal and 

4-(3H) 4-hydroxy-2-trans-nonenal. Lipids, 32, 779–782.

 29. Pierre, F. et  al. (2003) Meat and cancer: haemoglobin and haemin in 

a low-calcium diet promote colorectal carcinogenesis at the aberrant 

crypt stage in rats. Carcinogenesis, 24, 1683–1690.

 30. Lesgards, J.F. et al. (2009) Differential distribution of 4-hydroxynonenal 

adducts to sulfur and nitrogen residues in blood proteins as revealed 

using Raney nickel and gas chromatography-mass spectrometry. Free 

Radic. Biol. Med., 47, 1375–1385.

 31. Gladine, C. et  al. (2012) Increasing intake of long-chain n-3 PUFA 

enhances lipoperoxidation and modulates hepatic gene expression in 

a dose-dependent manner. Br. J. Nutr., 107, 1254–1273.

 32. Asselin, C. et al. (2006) Circulating 4-hydroxynonenal-protein thioether 

adducts assessed by gas chromatography-mass spectrometry are 

increased with disease progression and aging in spontaneously hyper-

tensive rats. Free Radic. Biol. Med., 41, 97–105.

 33. Tomasi, M.L. et al. (2014) Molecular mechanisms of lipopolysaccharide-

mediated inhibition of glutathione synthesis in mice. Free Radic. Biol. 

Med., 68, 148–158.

 34. Homma, S. et al. (2009) Nrf2 enhances cell proliferation and resistance 

to anticancer drugs in human lung cancer. Clin. Cancer Res., 15, 3423–

3432.

 35. Plasilova, M. et al. (2004) Homozygous missense mutation in the lamin 

A/C gene causes autosomal recessive Hutchinson-Gilford progeria 

syndrome. J. Med. Genet., 41, 609–614.

 36. Huc, L. et  al. (2012) Low concentrations of bisphenol A  induce lipid 

accumulation mediated by the production of reactive oxygen species 

in the mitochondria of HepG2 cells. Toxicol. In Vitro, 26, 709–717.

 37. Borovic, S. et  al. (2006) Enzyme-linked immunosorbent assay for 

4-hydroxynonenal-histidine conjugates. Free Radic. Res., 40, 809–

820.

 38. Waeg, G. et al. (1996) Monoclonal antibodies for detection of 4-hydrox-

ynonenal modified proteins. Free Radic. Res., 25, 149–159.

 39. Giraudi, P.J. et al. (2011) Functional induction of the cystine-glutamate 

exchanger system Xc(-) activity in SH-SY5Y cells by unconjugated bili-

rubin. PLoS One, 6, e29078.

 40. Galluzzi, L. et  al. (2009) Guidelines for the use and interpretation of 

assays for monitoring cell death in higher eukaryotes. Cell Death Dif-

fer., 16, 1093–1107.

 41. Lorrain, B. et  al. (2012) Dietary iron-initiated lipid oxidation and its 

inhibition by polyphenols in gastric conditions. J. Agric. Food Chem., 

60, 9074–9081.

 42. Roginsky, V. et al. (2007) Efficacy of metmyoglobin and hemin as a cata-

lyst of lipid peroxidation determined by using a new testing system. J. 

Agric. Food Chem., 55, 6798–6806.

 43. Femia, A.P. et al. (2004) Mucin-depleted foci (MDF) in the colon of rats 

treated with azoxymethane (AOM) are useful biomarkers for colon car-

cinogenesis. Carcinogenesis, 25, 277–281.

 44. Baradat, M. et al. (2011) 4-Hydroxy-2(E)-nonenal metabolism differs in 

Apc(+/+) cells and in Apc(Min/+) cells: it may explain colon cancer pro-

motion by heme iron. Chem. Res. Toxicol., 24, 1984–1993.

 45. Hayes, J.D. et al. (2005) Glutathione transferases. Annu. Rev. Pharmacol. 

Toxicol., 45, 51–88.

 46. Beneš, H. et al. (2013) Protection from oxidative and electrophilic stress 

in the Gsta4-null mouse heart. Cardiovasc. Toxicol., 13, 347–356.

 47. Alnouti, Y. et  al. (2008) Tissue distribution, ontogeny, and regulation 

of aldehyde dehydrogenase (Aldh) enzymes mRNA by prototypical 

microsomal enzyme inducers in mice. Toxicol. Sci., 101, 51–64.

 48. Sasaki, H. et al. (2002) Electrophile response element-mediated induc-

tion of the cystine/glutamate exchange transporter gene expression. J. 

Biol. Chem., 277, 44765–44771.

 49. Santarelli, R.L. et al. (2013) Calcium inhibits promotion by hot dog of 

1,2-dimethylhydrazine-induced mucin-depleted foci in rat colon. Int. 

J. Cancer, 133, 2533–2541.

 50. Kool, E.T. et  al. (2013) Fast hydrazone reactants: electronic and acid/

base effects strongly influence rate at biological pH. J. Am. Chem. Soc., 

135, 17663–17666.











Prevention and Epidemiology

A Central Role for Heme Iron in Colon

CarcinogenesisAssociatedwithRedMeat Intake

Nadia M. Bastide1,2, Fatima Chenni1,5, Marc Audebert1, Raphaelle L. Santarelli1,

Sylviane Tach�e1, Nathalie Naud1, Maryse Baradat1, Isabelle Jouanin1, Reggie Surya1,

Ditte A. Hobbs3, Gunter G. Kuhnle3, Isabelle Raymond-Letron4, Françoise Gueraud1,

Denis E. Corpet
1
, and Fabrice H.F. Pierre

1

Abstract

Epidemiology shows that red and processed meat intake is

associated with an increased risk of colorectal cancer. Heme iron,

heterocyclic amines, and endogenous N-nitroso compounds

(NOC) are proposed to explain this effect, but their relative

contribution is unknown. Our study aimed at determining, at

nutritional doses, which is the main factor involved and pro-

posing a mechanism of cancer promotion by red meat. The

relative part of heme iron (1% in diet), heterocyclic amines

(PhIP þ MeIQx, 50 þ 25 mg/kg in diet), and NOC (induced by

NaNO2 þ NaNO3; 0.17 þ 0.23 g/L of drinking water) was

determined by a factorial design and preneoplastic endpoints

in chemically induced rats and validated on tumors inMinmice.

The molecular mechanisms (genotoxicity, cytotoxicity) were

analyzed in vitro in normal and Apc-deficient cell lines and

confirmed on colon mucosa. Heme iron increased the number

of preneoplastic lesions, but dietary heterocyclic amines and

NOC had no effect on carcinogenesis in rats. Dietary hemoglo-

bin increased tumor load in Min mice (control diet: 67 � 39

mm2; 2.5% hemoglobin diet: 114� 47mm2, P¼ 0.004). In vitro,

fecal water from rats given hemoglobin was rich in aldehydes

and was cytotoxic to normal cells, but not to premalignant cells.

The aldehydes 4-hydroxynonenal and 4-hydroxyhexenal were

more toxic to normal versus mutated cells and were only geno-

toxic to normal cells. Genotoxicity was also observed in colon

mucosa of mice given hemoglobin. These results highlight the

role of heme iron in the promotion of colon cancer by red meat

and suggest that heme iron could initiate carcinogenesis through

lipid peroxidation. Cancer Res; 75(5); 870–9. �2015 AACR.

Introduction

Colorectal cancer is the third most common type of cancer

worldwide after lung and prostate cancer in men and after lung

and breast cancer in women (1). Environmental factors, partic-

ularly diet, play roles in the development of colorectal cancer

(2, 3). On the basis of epidemiologic studies, the World Cancer

Research Fund panel considers the colorectal cancer risk associ-

ated with red and processed meat intake to be convincing and

recommends limiting the consumption of redmeat and avoiding

the consumption of processed meat (2, 3). Our previous works

showed that red and processed meats promote precancerous

lesions (aberrant crypt foci, ACF, and mucin-depleted foci, MDF)

in the colons of rats fed a low-calcium diet (4–6). These data

strongly support the results from epidemiologic studies.

Three major mechanisms may explain the association between

meat and colorectal cancer (7). First, potentially carcinogenic

N-nitroso compounds can form in the gastrointestinal tract by

N-nitrosation of peptide-derived amine or by nitrosylation yield-

ing S-nitrosothiols and nitrosyl iron (FeNO). Collectively, these

aremeasured as the apparent totalN-nitroso compounds (ATNC;

ref. 8). Second, meat cooked at high temperatures contains

mutagenic heterocyclic amines (HCA) like 2-amino-1-methyl-

6-phenylimidazo(4,5-b)pyridine (PhIP) and 2-amino-3,8-dim-

ethylimidazo [4,5-f]quinoxaline (MeIQx); ref. 9]. Third, epide-

miologic and experimental data support the hypothesis that heme

iron present in red and processed meats promotes colorectal

cancer (5–7, 10). This effect can be explained by the direct

cytotoxic, genotoxic effects of heme on epithelial cells and by

the catalytic effect of heme iron on the formation of ATNC and

lipid peroxidation end-products like 4-hydroxynonenal (4-HNE;

refs. 4, 5, 7, 11–14). Cross and colleagues investigated these 3

hypotheses in a cohort study and found a significant association

between colorectal cancer and the intake of heme iron, nitrate

from processed meat, and HCA (15). Nevertheless, numerous

biases are possible in the determination of risk factors using

epidemiologic approach, and contribution of each of these factors

has never been evaluated experimentally in the same study.

The present study aimed at investigating the roles of these 3

potential mechanisms, namely heme iron, NOC, and HCA, in

colorectal cancer in vivo at a precancerous lesion stage (MDF) in
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carcinogen-induced rats (see a flowchart in Supplementary Fig.

S1). Doses were chosen to mimic red meat consumption. Sub-

sequently, the results were confirmed at the tumor stage using

C57BL/6J ApcMin/þmice, a geneticmodel of colorectal cancer. The

tumor incidence was associated with genotoxicity endpoints in

mucosa as gH2AX and anaphase bridges. Like tumors in the

majority of human colorectal cancer cases and in ApcMin/þ mice,

the preneoplastic lesion MDF in rats show activation of the Wnt

signaling pathway driven by mutations in Apc and/or in the

b-catenin gene. We also used an intestinal cellular model with

normal and premalignant cells (Apcþ/þ and Apc�/þ cells) to

complement the in vivo studies. In combination with animal

models, such cellular models allowed us (i) to understand the

effect of dietary compoundson cancer promotion at early stages of

carcinogenesis and (ii) to explain and further investigate the

effects observed in vivo.

Materials and Methods

Animals and diets

Male 4-week-old F344 rats (n ¼ 80; Charles Rivers), male and

female 4-week-old C57BL/6J ApcMin/þmice (Jackson, Laboratory,

n ¼ 35) and Apcþ/þ mice (Charles River, n ¼ 33), and male and

female C57BL/6Jmice (n¼ 10)were housed (2 rats per cage and 2

to 3mice per cage) under standard laboratory conditionswith free

access to food and water. After acclimatization with AIN76 diet,

rats were fed experimental diets for 100 days, ApcMin/þ andApcþ/þ

mice were fed experimental diets for 49 days, and C57BL/6J mice

were fed experimental diets for 14 days. Rats were killed by CO2

asphyxiation, andmicewere killed by cervical dislocation. Animal

care was in accordance with the European Council and ARRIVE

guidelines.

To assess the relative contributions of the 3 potential mechan-

isms (heme iron, NOC, and HCA), we conducted a 2 � 2 � 2

protocol on azoxymethane-induced F344 rats fed a diet contain-

ing 1% hemoglobin, HCA (PhIP, 50 mg/kg; MeIQx, 25 mg/kg), or

both. To induce a strong endogenous NOC formation, drinking

water was supplementedwith sodiumnitrate and nitrite (0.17 g/L

of NaNO2 and 0.23 g/L of NaNO3) and compared with a nitrate-

free water, according to the experimental groups described

in Table 1A (16). Mice were fed a control diet or a 2.5% hemo-

globin diet (Table 1B).

Azoxymethane-induced colon carcinogenesis in rat

After 1 week on the experimental diet, rats received intraper-

itoneal injection of azoxymethane (Sigma; 20 mg/kg body

weight).

Neoplastic lesions

The large intestines of rats and large and small intestines ofmice

were removed and fixed in 0.05% buffered formalin (Sigma).

MDF scoring in colon of rats. MDF were scored in duplicate by 2

readers who were blinded to the origin of the colon following the

high-iron diamine Alcian blue procedure (17) described by San-

tarelli and colleagues (4).

Tumor scoring in small intestine and colon of mice. At sacrifice, the

intestinal tract fromduodenum to colonwas removed. Sections of

duodenum, jejunum, and ileum were harvested, opened along

the longitudinal axis, and washed in PBS. After fixation in 10%

formalin, mouse colons were stained for 6 minutes in a 0.05%

filtered methylene blue solution, and small intestines were

stained for 48 hours in a 300 ppm solution of methylene blue

in formalin. One reader who was blinded to the origin of the

sample scored tumors and determined their diameters using a

binocular microscope at 25� magnification. All tumors in each

section of the intestines were counted, the smallest tumors that

could be counted were approximately 0.5 mm in diameter.

Fecal assays in rat and mice

Feces were collected during the last 10 days and frozen at

�20�C. Urine was collected on days 67 to 70 for rats and on

days 44 to 45 formice and frozen at�20�CbeforeDHN-MA assay

(Supplementary Materials and Methods).

Fecal water preparation. Feces of 24 hours were collected. To

prepare fecal water, distilled water (1 mL for rats or 0.85 mL for

mice) was added to 0.3 g of dried feces. Fecal water was prepared

as described by Pierre and colleagues (5).

Heme, TBARS in fecal water of rats and mice. The heme concen-

tration in the fecal water was measured by fluorescence according

toVandenBerg and colleagues (18) andas describedbyPierre and

colleagues (5). To determine the lipid peroxides in the lumen,

thiobarbituric acid reactive substances (TBARS)were quantified in

fecal water according to the technique of Ohkawa and colleagues

(19) as described previously (20). The results are expressed as the

MDA equivalent.

ATNCs in fecal water of rats. ATNCs include N-nitroso com-

pounds, S-nitrosothiols, and FeNO nitrosyl heme. They were

analyzed as described previously (11) with an Ecomedics CLD

Exhalyzer (Ecomedics). The values measured in 100 mL of the

sample are expressed as concentration (in mmol/L).

Table 1. Experimental diets (g/100 g): study in F344 rats and in Min mice

Study in F344 rats Study in Min mice

Control Heme HCA Heme þ HCA Control Hemoglobin

AIN76 base 89 89 89 89 65.2 65.3

Sucrose 5.7 4.7 5.7 4.7 29.7 27.2

Casein 0.33 0.33 — —

Hemoglobin — 1 — 1 — 2.5

Ferric citrate 0.015 — 0.015 — 0.035 —

PhIP þ MeIQx — — 7.5 � 10�6 7.5 � 10�6

Safflower oil 5 5 5 5 5 5

NOTE: HCA: PhIP and MeIQx were obtained from Toronto Research Chemicals. All other chemicals were analytical grade and were obtained from either Merck or

Sigma. For their drinkingwater, each dietary group of rats was split in two subgroups. Half of them received tapwater in their drinking bottle. The other half received

NaNO2 and NaNO3 solutions in tap water. The NaNO2 and NaNO3 solutions were prepared with 170 mg NaNO2/L water and 230 mg NaNO3/L water. Water was

replaced twice a week.
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Cell lines

Apcþ/þ (derived fromC57BL/6Jmice) andApc�/þ (derived from

C57BL/6J ApcMin/þ mice) colon epithelial cells (21) express the

heat-labile SV40 largeT antigen (AgT tsa58)under the controlof an

IFNg-inducible promoter. Both cell lines expressed cytokeratin 18,

a marker of their epithelial phenotype (Forest 2003). Conse-

quences of the Apc mutation were also detected in the Apc�/þ cell

line. As expected, actin network was disorganized in Apc�/þ cells

(Supplementary Fig. S2A; refs. 21, 22), accumulation of multinu-

cleated cells was observed in Apc�/þ cells (Supplementary Fig.

S2A). As expected, the culture conditions affected cell proliferation

due to the thermolabile tsA58T antigen,which confers conditional

immortalization: at 33�C with IFNg , the large T antigen is active

and drives cellular proliferation, and at 37�C, the temperature-

sensitive mutation yields an inactive protein and cells act like

nonproliferating epithelial cells (Supplementary Fig. S2B).

Aldehydes for cytotoxicity and genotoxicity assays

4-HNE derived from the oxidation of n-6 polyunsaturated fatty

acids and 4-hydroxy-2-hexenal (4-HHE) derived n-3 polyunsat-

urated fatty acids were synthesized as described by Chandra and

Srivastava (23). Malondialdehyde (MDA) derived from polyun-

saturated fatty acids with 3 ormore double bondswas prepared as

described by Fenaille and colleagues (24).

Aldehyde trapping of fecal water from hemoglobin fed rats for

cytotoxicity assay

Polymer resin (4-Fmoc-hydrazinobenzoyl AMNovaGel,Noba-

biochemMerckChemicals) contains hydrazine functional groups

protected by Fmoc groups. To unprotect them, the resin was

washed with 0.8 mL DMSO þ 0.2 mL piperidine, vortexed for

1 minute, and allowed to settle for 15 minutes. The settled resin

was washed twice with DMSO, 4 times with ethanol, and with

distilledwater. The amount of polymer resin used for each sample

was based onusing 100� the amount ofMDA equivalents present

in the fecal water sample. Polymer resin was added to fecal water,

and the samples were agitated for 2 hours at 4�C. After letting the

resin settle for 15 minutes, supernatant was transferred to a new

tube with polymer resin and agitated for 2 hours at 4�C. After

settling, the supernatantwas diluted into culturemediumwithout

FCS and used for the MTT assay.

Cytotoxicity and genotoxicity assays on cell lines treated with

fecal water, heme, or aldehydes

To determine cytotoxic activity of fecal water, of HNE (20

mmol/L), and of hemin (100 mmol/L), the MTT assay on Apcþ/þ

and Apc�/þ cells was used, as described previously (5). H2AX

phosphorylation (gH2AX) is a rapidandsensitive cellular response

to genotoxicity (25, 26). Genotoxicity and cytotoxicity of alde-

hydes were measured after 24 hours of treatment of Apcþ/þ and

Apc�/þ cells using a gH2AX in-cell Western blot assay according to

Audebert and colleagues (27, 28). Graillot and colleagues (28)

demonstrated that this assay can be used to measure cell viability

via DNA quantification. Cells were seeded into 96-well plates at 5

� 103 cells per well in DMEM supplemented with 10% (v/v) FCS,

1% (v/v) penicillin/streptomycin, and 10 U/mL IFNg at the per-

missive temperature of 33�C. After 72 hours, cells were transferred

to 37�Cwithout IFNg for 24 hours and then treated with aldehyde

(5, 10, and20mmol/L) induplicate.Culturemediumwithout IFNg

and FCS was used for untreated control wells. This assay was

repeated 4 times.

Apoptosis assay on cell lines treated with aldehydes

Apoptosis was measured in Apcþ/þ and Apc�/þ cells using a

luminescent assay (Caspase-Glo3/7; Promega). Cells were treated

with aldehydes for 6hours. After cell lysis, plateswere incubated at

room temperature for 2 hours, and the luminescence intensity of

each well was determined using an INFINITEM200 plate reader

(TECAN). This measure was performed in triplicate with alde-

hydes at 2.5, 5, 10, 20, 40, and 80 mmol/L.

Histologic analyses of the small intestine of mice

Immunohistochemistry H2AX. Four-micrometer paraffin-embed-

ded sections from formalin-fixed mouse small intestine (Swiss

rolls) specimens were de-waxed in toluene and rehydrated.

Sections were incubated in Dako peroxidase blocking solution

(Dako S2023) and in goat serum (1:10, Dako X0907) for 20

minutes at room temperature. Sections were incubated with the

rabbit polyclonal anti-gH2AX antibody (1:400, Cell Signaling

Technology #9718) for 50 minutes at room temperature. The

secondary antibody (biotinylated goat anti-rabbit, Thermo

Scientific TR-060-BN) was applied for 30 minutes at room

temperature followed by horseradish peroxidase (HRP)–strep-

tavidin solution (DAB, Dako K0675) for 25 minutes. Peroxi-

dase activity was revealed by DAB substrate (DAKO, K3468).

Sections were counterstained with Harris hematoxylin, dehy-

drated, and coverslipped.

Enterocytes with nuclear gH2AX-positive foci or complete

nuclear labelingwere consideredpositive cells. Cellswere assessed

by counting the positive nuclei in segments of the small intestine

specimen that were at least 200 glands long. The positive counts

were expressed as counts per one villi-gland unit.

Anaphase bridges.Chromosomal or mitotic alterations can arise

from numerous events, including errors during cell division or

repair of damaged DNA. As a consequence, the separating

sister chromatids are often connected by DNA bridges in

anaphase. Anaphase bridges (AB) were evaluated on 4-mm

paraffin-embedded sections from formalin-fixed mouse small

intestine (Swiss rolls). Sections were stained with hematoxylin

and eosin and AB were evaluated under light microscope using

400� magnification. Four segments from the duodenum,

jejunum, and ileum that were at least 100 consecutive glands

long were selected for counting. Criteria for ABs included

having a well-separated parallel anaphase plate displaying a

perpendicularly aligned amphophilic (stretched) connecting

filament (29). The scores were expressed as number of AB per

villi-gland unit.

Statistical analysis

Results were analyzed using Systat 10 software for Windows,

and all data are reported as mean � SEM. For the in vivo experi-

ments on chemically induced rats, the importance of each factor

was tested independently of the experimental groups (ANOVAper

factor). If a significant difference was found between groups (P <

0.05), each experimental group was compared with the control

using Dunnett test, the difference between control and hemoglo-

bin diets effect on Min mice tumors was analyzed using the

Student t test. For the in vitro study, the dose effect of aldehydes

was analyzed using one-way ANOVA. If a significant difference

was found between groups (P < 0.05), each experimental group

was compared with the control treatment using Dunnett test.

Second, the effect of the mutation effect at each concentration of
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aldehyde was analyzed with the comparison between the Apcþ/þ

and Apc�/þ cell lines using the Student t test.

Results

Heme iron plays amajor role inmucin-depleted foci formation

Only diets containing hemoglobin significantly increased the

number of MDF per colon (P < 0.001) independent of the 2 other

factors (Fig. 1A). Indeed, although nitrates/nitrites in drinking

water induced a considerable increase in fecal ATNCs in all

groups, they failed to increase the number of MDF per colon

(Fig. 1A and D). Nevertheless, we noticed that the ATNC com-

position was different between groups, containing 30% to 80%

FeNO and no S-nitrosothiols in the hemoglobin-fed groups

compared with no FeNO and about 30% of S-nitrosothiols in

other groups.

Diets containing hemoglobin significantly increase the amount

of TBARS in fecal water (Fig. 1B) and the amount of urinary 1,4-

dihydroxynonemercapturic acid (DHN-MA), a metabolite of the

lipid oxidation product 4-HNE (Supplementary Fig. S3B). These

oxidation biomarkers depended only on dietary and fecal heme

(Supplementary Fig. S3A) and remainedunchangedwhen thediet

contained nitrates/nitrites or HCA without hemoglobin (Fig. 1B

and Supplementary Fig. S3B).

Premalignant epithelial cells resist cytotoxicity induced by fecal

water from heme-fed rats: the central role of aldehydes

Fecal water from rats fed hemoglobin-containing diets was

more cytotoxic to the nonmutated Apcþ/þ cells than to prema-

lignant Apc�/þ cells (Fig. 1C). These data are consistent with

previous results (20). Fecal water from rats fed HCA or nitrites/

nitrates without hemoglobin was not cytotoxic to these cells (Fig.

1C).

With the trappingof aldehydes from fecalwater of rats fedheme

with a polymer resin with hydrazine functional groups, we found

that in Apcþ/þ and Apc�/þ cells, a 95% reduction in fecal water

m
m

−

Figure 1.

Heme iron plays a major role in MDF formation in rats and is associated with fecal water lipid peroxidation biomarkers independent of the fecal concentration

of ATNCs. A, the number of MDF per rat colon. A 3-factor ANOVA was used and showed only an effect of heme. B, lipid peroxidation in fecal water [measured

as TBARs (MDA equivalents)]. C, fecal water cytotoxicity. The cytotoxic effects of fecal water from the 8 groups of rats on Apc
þ/þ

cells (gray bars) and on Apc
�/þ

cells (black bars). Viability was measured by MTT assay after 24 hours of incubation with a 1:50 dilution of fecal water. D, ATNCs in fecal water shown as nitrosyl

iron (FeNO), S-nitrosothiols (RSNO), and other ATNCs. TEM, control diet; HCA, diet with PhIP (50 mg/kg) and MeIQx (25 mg/kg); Heme, diet containing 1%

hemoglobin; Hemeþ HCA, diet containing 1% hemoglobin, PhIP, and MeIQx: 50þ 25 mg/kg; 0, drinking water control; N, drinking water with nitrites and nitrates at

0.4 g/L. Values are means � SEM, n ¼ 10. � , significantly different from TEM and HCA, P < 0.001; � , significantly different from Apc
�/þ

cells, P < 0.01.
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peroxidation was associated with a 75% reduction in cytotoxicity

(Fig. 2A). Furthermore, we observed that only 4-HNE, but not

heme, had differential cytotoxic effects in Apcþ/þ and Apc�/þ cells

that was similar to that observed with fecal water of rats fed heme

(Fig. 2B).

We thenmeasured the cytotoxic and genotoxic effects of 3main

lipid peroxidation end products (4-HNE, 4-HHE and MDA) on

Apcþ/þ and Apc�/þ cells using a gH2AX in-cell Western blot assay.

HNE and HHE were more cytotoxic and more genotoxic to

normal Apcþ/þ cells than to premalignant Apc�/þ ones (Fig. 2C,

P < 0.05). HNE at 10 and 20 mmol/L and HHE at 20 mmol/L were

significantly more genotoxic to Apcþ/þ cells than to Apc�/þ ones

(Fig. 2C,P<0.05).MDAwasneither cytotoxic nor genotoxic in the

tested cell lines (Fig. 2C).We confirmed these viability resultswith

the MTT assay and with the CellTiter-Glo assay (Supplementary

Fig. S4), and we used an expanded range of treatment concentra-

tions (from 0 to 80 mmol/L) in these assays. We confirmed that

HNE and HHE were more cytotoxic (from 10 to 80 mmol/L and

from 40 to 80 mmol/L, respectively) to normal cells than to

premalignant ones, whereas MDA had no effect (Supplementary

Fig. S4).

We determined the caspase-3/7 activity and again found a

significant difference between Apcþ/þ and Apc�/þ cells after

HNE and HHE treatment at 80 and 40 mmol/L, respectively

g g g

m m m

mm m

m

% %

m m

Figure 2.

The central role of aldehydes in the cytotoxic effect of fecal water of hemoglobin fed rats and the cytotoxic, genotoxic, and proapoptotic dose-dependent

effects of HNE, HHE, and MDA in Apc
þ/þ

and Apc
�/þ

cells. A, TBARS and cytotoxicity on Apc
þ/þ

and Apc
�/þ

cells of fecal water of hemoglobin fed rats

treated or not with trapping aldehydes resin. Solid bars, fecal water of hemoglobin group; hatched bars, fecal water of hemoglobin group treated with resin.

Values are means � SEM, n ¼ 3. B, cytotoxicity on Apc
þ/þ

(gray bars) and Apc
�/þ

(black bars) cells of HNE (20 mmol/L) and hemin (100 mmol/L). Values

are means � SEM, n ¼ 3. C, genotoxic and cytotoxic effects of aldehydes on Apc
þ/þ

and Apc
�/þ

cells. Values are means � SEM, n ¼ 4. D, proapoptotic

dose-dependent effects of aldehydes on Apc
þ/þ

and Apc
�/þ

cells. Values are means � SEM, n ¼ 3. � , significant difference between fecal water treated or

not with resin using the Student t test (� , P < 0.05). � , significant difference between Apc
þ/þ

and Apc
�/þ

using Student t test (� , P < 0.05; �� , P < 0.01;
��� , P < 0.001).

Bastide et al.

Cancer Res; 75(5) March 1, 2015 Cancer Research874



(Fig. 2D, P < 0.05). Specifically, caspase-3/7 activity was higher in

Apcþ/þ cells than inApc�/þ cells, andMDA treatment hadno effect

(Fig. 2D).

Heme iron and tumoral promotion: hemoglobin increases

intestinal tumorigenesis in ApcMin/þ mice

A diet containing 2.5% hemoglobin given to ApcMin/þ mice

significantly increased the intestinal tumor load (control diet: 67

� 39mm2; hemoglobin diet: 114� 47mm2, P¼ 0.004; Fig. 3A).

These mice develop polyps mainly in the small intestine, and in

our study,wedidnot observe any effects of hemoglobin diet in the

colon. The hemoglobin diet also significantly increased the num-

ber of all tumors in the jejunum (Supplementary Fig. S5A). In the

entire small intestine, the hemoglobin diet significantly increased

the number of tumorswith a diameter greater than 1mm(1mm <

tumor size � 2 mm, P ¼ 0.04; 2 mm < tumor size, P ¼ 0.006;

Supplementary Fig. S5B). Giving the same hemoglobin diet to

normal C57BL/6J Apcþ/þmice induced no neoplasia. As observed

in rats, the effect of dietary heme on mice tumors was associated

with a significant increase in fecal heme (from20�22 to198�29

mmol/L) and with increases in lipoperoxidation biomarkers: fecal

TBARS (Fig. 3B) and urinary DHN-MA (Supplementary Fig. S5C).

We also assessed TBARS and the cytotoxicity of fecal water in the

small intestine to measure biomarkers at the same location as

tumors. As Minmice have amutation in the Apc gene, we decided

to use themouseApc�/þmodel to investigate the cytotoxic activity

of fecal water in vivo. Heme diet was associated with a significant

increase in fecal TBARS and cytotoxicity in the small intestine

(Fig. 3C).

A heme diet is genotoxic in vivo in the epithelium of C57BL/6J

Apcþ/þ mice

The induction of luminal lipid peroxidation by the hemoglobin

diet (Fig. 3B andC)was associatedwith increased genotoxicity only

innonmutatedC57BL/6JApcþ/þmicewith ahigher AB index in the

epithelium (Fig. 4A and B). As expected the AB index was higher in

C57BL/6JApcMin/þmice than inC57BL/6JApcþ/þmice feda control

diet (Fig. 4A) because of the Apc mutation. In ApcMin/þ mice, the

hemoglobin diet had no additional genotoxic effect (Fig. 4A). The

genotoxic effect of the hemoglobin diet in C57BL/6J Apcþ/þ was

confirmed by gH2AX induction (Fig. 4C and D).

Discussion

This study examines in vivo the relative contributions of the 3

main factors that may explain how consumption of red and

m

m

Figure 3.

The effect of hemoglobin on intestinal

tumorigenesis in Min mice and changes in

fecal and luminal biomarkers associatedwith

this effect. A, intestinal tumor load (mm
2
per

intestine). Values are means � SEM, n ¼ 14

for the control diet and n ¼ 21 for the

hemoglobin diet. B, lipid peroxidation in

fecal water from feces [measured as TBARs

(MDAequivalents)].n¼ 5 for the control diet

and n ¼ 7 for the hemoglobin diet. C,

cytotoxic activity and peroxidation in small

intestine contents from mouse. Cytotoxicity

was measured in the Apc
�/þ

cell line (fecal

water diluted 1:50, MTT assay). n ¼ 5 for the

control diet and n ¼ 7 for the hemoglobin

diet. �� and ��� , significantly different from

control diet (�� , P < 0.01; ��� , P < 0.001).
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processed meat promotes colorectal cancer. Cross and colleagues

showed that these factors, that is, heme, HCA, and NOC, were

associated with colorectal cancer in a prospective cohort study in

humans (15). However, the identification of risk factors using an

epidemiologic approach has to be correlated with the experimen-

tal approach to establish the causative effect of such factors. Here,

heme iron was the only experimental factor associated with a

significant increase in precancerous lesions (MDF) in rats. Heme

iron showedno additive or synergic effectswith nitrates/nitrites or

with HCA. Using a complementary approach that included 2

animal models and a cellular model, we found that heme is the

determining factor in the promotion of colorectal carcinogenesis

and that the selective toxicity of heme-induced alkenals to non-

mutated cells seemed to play an important role in this

mechanism.

HCA are complete carcinogens that induce colon, mammary,

and prostate tumors in rodents and monkeys (30). The absence

of effects of HCA in this study could be explained by the dose

we chose, which was based on the estimated dietary exposure

to HCA in a diet that is high in red meat and was relevant of the

human food exposure. Indeed, carcinogenic doses of HCAs in

rodents are 1,000 to 100,000 times higher than levels found in

human foods (31). Nitrite undergoes an enterosalivary cycle in

humans but not in rats. We hypothesized that the addition of

sodium nitrates/nitrites to the rodents' drinking water, which

mimics human saliva, would increase the effects of heme iron

in rats by boosting nitrosation in the gut. In humans, red meat

consumption increases fecal ATNC concentrations (11), as in

our study with rats. Nevertheless, we could not detect any

association between the ATNC level (Fig. 1D) and carcinogen-

esis (Fig. 1A). The highest level of ATNC was seen in the control

group given nitrates/nitrites-supplemented water; this group

had the fewest MDF. The lack of a relationship between ATNCs

and the number of MDF does not support a strong role

for ATNCs in the promotion of colon carcinogenesis by red

meat.

The present results strongly suggest that at concentrations

that are in line with human red meat consumption, heme iron

is associated with the promotion of colon carcinogenesis at a

preneoplastic stage. Most human colon cancers have an Apc

mutation, as do MDF in humans and rats (32). To unravel the

mechanisms, we used a cellular model that represented the

colorectal cancer stages that we investigated in vivo. We chose a

cellular model that mimicked the early steps of carcinogenesis.

This conditionally immortalized intestinal cellular model uses

premalignant Apc�/þ cells derived from C57BL/6J ApcMin/þmice

and "normal" Apcþ/þ cells from C57BL/6J mice (33). Charac-

terization of both cell lines showed the expected consequences

of Apc mutation, such as actin network disassembly, aneuploi-

dy, and multinucleated cells (Supplementary Fig. S2). These

cell lines can therefore be used to study the mechanisms

involved in the early steps of colorectal cancer and thus com-

prise a cellular model that is a relevant complement to our in

vivo model.

In rats, promotion of colon carcinogenesis by dietary hemo-

globin was associated with changes in noninvasive biomarkers:

fecal water heme iron, TBARS, and cytotoxic activity. Only the

hemoglobin diet increased TBARS levels in fecal water (Fig. 1B).

g

Figure 4.

The effect of a hemoglobin-containing

diet on ABs and on the induction of

gH2AX in the small intestinal

epithelium in mice. A, the number of

ABs per gland in Apc
Min/þ

and Apc
þ/þ

mice after 50 days of the indicated

experimental diet. � , significantly

different from the control diet in the

same genetic context; � , significantly

different from Apc
þ/þ

mice on the

same diet. B, an AB (arrow) in an

Apc
þ/þ

mouse fed a hemoglobin diet.

Scale bar, 2 mm. C, the number of

gH2AX-positive cells per gland in

C57BL/6J mice after 14 days on the

experimental diet. D, gH2AX-positive

cells (arrows) in Apc
þ/þ

mice fed the

heme diet. Scale bar, 4 mm.
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We speculated that the cytotoxic effects of fecal water on

normal and premalignant colonic cells in vitro mimic the in

vivo situation with normal epithelium (Apcþ/þ) and with Apc-

mutated MDF. In this study, only fecal water from hemoglobin-

fed rats was more cytotoxic to Apcþ/þ cells than to mutated cells

(Fig. 1C). We propose that premalignant cell selection explains

the heme-induced promotion of MDF. Aldehydes or heme iron

itself, both present at high concentration in feces from hemo-

globin-fed rats, might be responsible for this differential cyto-

toxicity. Using a resin to specifically trap fecal aldehydes, we

showed that aldehydes alone are responsible for fecal water

cytotoxicity. In addition, we observed that 4-HNE, but not

heme iron, induced differential cytotoxicity in Apcþ/þ and

Apc�/þ cells similar to that observed with fecal water (Fig.

2B). Therefore, we propose that heme-induced lipid peroxida-

tion in the gut explains the observed differential cytotoxicity

and the colorectal cancer–promoting effects of heme that are

observed in vivo.

To explore the link between aldehydes and the promotion of

colon carcinogenesis, we tested the effects of 3 relevant alde-

hydes, 4-HNE, HHE, and MDA, in Apcþ/þ and Apc�/þ cells.

These a,b-unsaturated hydroxyalkenals are highly reactive

compounds with proteins and nucleic acids (34), and they

are potentially cytotoxic and genotoxic. In our cellular model,

4-HNE and HHE were more cytotoxic to normal cells than to

premalignant cells and induced higher levels of apoptosis in

normal cells than in premalignant cells. HNE was more cyto-

toxic than HHE, as reported previously (35). Furthermore,

HNE, like HHE, was more genotoxic to normal cells than to

premalignant ones (Fig. 2C), with a higher index of DNA

double-strand breaks as revealed by the phosphorylation

of histone H2AX. DNA double-strand breaks pose a critical

hazard to the genome, and erroneous rejoining of DNA dou-

ble-strand breaks can lead to mutation. These results thus

suggest that at concentrations higher than 20 mmol/L, HNE

and HHE will kill normal cells, whereas at lower concentra-

tion, they could create mutations in Apcþ/þ cells and might

thus initiate carcinogenesis. Therefore, Apc-mutated cells are

resistant to apoptosis and can survive to contact with cytotoxic

and genotoxic aldehydes, which allows them to undergo

further mutation and to become more malignant. Surprisingly,

MDA was not toxic to the cells tested in this study but others

found also that MDA had little or no toxicity in cells (35, 36).

The results obtained by aldehyde trapping and in vitro with

HNE and HHE confirmed our hypothesis that aldehydes are

responsible for the differential cytotoxic effects of fecal water

from heme-fed rats. Heme iron catalyzes the formation of

aldehydes in the gastrointestinal tract, which would "select"

premalignant cells and also increase the mutation frequency in

normal cells (22).

This study shows that a hemoglobin-rich diet significantly

increased the tumor load in the small intestine of ApcMin/þ

mice. In contrast, tumor load was not changed by heme diet in

the colon of mice, despite the expected modulation of bio-

chemical markers. The number of tumors in the colon of Min

mice is low (<0.5 tumors per mouse), which reduces statistical

power (37). These mice have a truncated Apc gene as in human

familial adenomatous polyposis (FAP; ref. 38). Moreover,

sporadic colorectal cancer tumors have the same early Apc

mutation in 50% to 80% of cases (37). This mutation is also

present in MDF (39). Our nutritional experiments in rats and

mice were thus conducted in the defined genetic context of the

Apc mutation. Promotion of carcinogenesis in rats and in

ApcMin/þ mice (Fig. 3A) was associated with 2 noninvasive

biomarkers, fecal water TBARS and cytotoxic activity, in colon

and in small intestine (Fig. 3B and C).

Furthermore, aswe found thatHNE ismore genotoxic in vitro to

wild-type cells than to Apc�/þ cells (Fig. 2C), we decided to

investigate the genotoxicity of dietary heme in vivo by measuring

(i) the AB index in the epithelium of C57BL/6J Apcþ/þ mice and

C57BL/6J ApcMin/þmice and (ii) by assessing gH2AX induction in

the epithelium of C57BL/6J Apcþ/þ mice (Fig. 4). In these 2

studies, the induction of lipid peroxidation in the gut by heme

(Fig. 3B and C) was associated with increased epithelial geno-

toxicity in Apcþ/þ mice but not in ApcMin/þ mice. Together with in

vitro data, these data show that dietary hemoglobin can induce

DNA damage. We also observed ABs, which are biomarkers of

chromosomal instability and a major consequence of Apc muta-

tion. As expected, inmice fed the control diet, more ABswere seen

in ApcMin/þ mice than in Apcþ/þ mice (Fig. 4A). Moreover, the

hemoglobin diet increased the AB index in Apcþ/þmice (Fig. 4A).

The hemoglobin diet induced the same number of ABs as the Apc

mutation, suggesting that dietary hemoglobin generates strong

initiators. Taken together, these data suggest that heme-induced

aldehydes can induce mutations in vitro and in vivo and may

initiate carcinogenesis.

In conclusion, we identified heme iron as the main factor

responsible for the promotion of colorectal cancer by red meat

and showed that aldehydes such as 4-HNE or HHE play roles in

the underlying mechanism of action. Furthermore, we suggest

that dietary heme could result in initiating agents in the gut.

Improved dietary recommendations should focus (i) on the

amount of heme iron in meat-based diets rather than on the

modes of cooking or preparation and (ii) on dietary changes that

could reduce the heme effect in the gut (i.e., on changes that limit

the bioavailability of heme and of heme-induced peroxidation;

ref. 40).
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