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Abstract:

High intake of red meat, but not of white meatagsociated with an increased risk of colon carldewever,

red meat does not promote cancer in rodents. Haeadded to low-calcium diets, increases colonic
proliferation, and haemoglobin, added to high-f@tg] increases the colon tumour incidence in riseffect
possibly due to peroxyl radicals. We thus specdl#hat haem might be the promoting agent in mewt,that
prevention strategies could use calcium and am#ns. These hypotheses were tested in rats abémeant
crypt foci (ACF) stage at 100 days. F344 rats (#52@ere given an injection of azoxymethane and \tleea
randomised to 11 groups fed with low-calcium (20[l/{g)oAIN76-based diets, containing 5% safflower. oil
Haemin (0.25, 0.5 and 1.5umol/g) or haemoglobid @nd 3 pmol haem/g) was added to five experimental
diets, compared to a control diet without haem.e€hother high-haemin diets (1.5pumol/g) were supptead
with calcium (250pumol/g), antioxidant butylated hgdyanisole and rutin (0.05% each), and olive witich
replaced safflower oil. Faecal water was assayedlifod peroxidation by thiobarbituric acid reaativ
substances (TBARs) test, and for cytolytic activitgaemin strikingly increased the ACF size, dose-
dependently, from 2.6 to 11.4 crypts/ACF (all p€Lp The high-haemin diet also increased the nurober
ACF per colon (p<0.001). Promotion was associatéith wacreased faecal water TBARs and cytotoxicity.
Calcium, olive oil, and antioxidants each inhibitd® haemin-induced ACF promotion, and normalides t
faecal TBARs and cytotoxicity. The haemoglobin sligicreased the number of ACF and faecal TBARs, but
not the ACF size or the faecal cytotoxicity. In clusion, dietary haemin is the most potent knownFAC
promoter. Haemoglobin is also a potent promotercolorectal carcinogenesis. The results suggest that
myoglobin in red meat could promote colon canceetPhigh in calcium, or in oxidation-resistantsfamay

prevent the possible cancer-promoting effect ofmect.



Introduction

Colorectal cancer is the second most common cafigareer death in affluent countries. Dietary
modifications might reduce the incidence by moantfi0%, but the necessary changes are not pre&iselyn
(1). People in western countries are advised toaedheir intake of red meat (2), although epidéogical
results are not entirely consistent. The recent@esponse meta-analysis of epidemiological stunjedoratet
al. suggests that red meat and processed meat irdaéesssociated with increased risks of colorecater.
The mean relative risk associated with the consiompdf 120 g/day of red meat is 1.24 (95% configenc
interval, 1.08-1.41). The risk fraction attributatib current levels of red meat intake is abou2%® in region
where red meat intake is high. If average red rivgake is reduced to 70 g/week in these region®rectal
cancer risk would hypothetically decrease by 7-28% In contrast, white meat (e.g., chicken) arsth fintakes
are not associated with risk.

Surprisingly, several studies show that rats orenfied a beef-based diet have fewer tumours than
control animals fed a casein or a soy-protein basetd The evidence from animal studies is far frmonclusive
(4). Studies testing more specifically the effe€tnoeat components (fat, protein and iron), on cudtal
carcinogenesis yielded conflicting results. Manydgts tested the effect of saturated fat on thelémce of
colon cancer: whereas several studies show thditthkémv promotes cancer in F344 rats (5,6), nonpotion
was observed in SD rats (7,8). Furthermore, thethgsis that saturated fat enhances faecal bitkeairetion,

a speculated promoting stimulus, is not supportgdexperimental studies in rats and in volunteerd QP
Similarly, no clear picture emerges from the stadia protein-rich (11) and high-iron diets. Fortamse, a diet
fortified with iron may, or may not, enhance coloarcinogenesis (12, 13). In addition, meat carveekpecific
carcinogens to the coloN:nitroso compounds (NOC) and heterocyclic aminesl Reat consumption enhances the
excretion of NOC in the faeces of volunteers (B), and possibly in mice (16). However, a bacoredatiet that
increases NOC excretion 10 to 20-times in rats istargly reduces the growth of preneoplastic lesiiv,18).
Heterocyclic amines, produced during meat cookémg, potent mutagens and carcinogens that are @ailgrby
meat eaters (19). However, some facts suggeshétatocyclic amines may not be major determinahisotmn
cancer in humans: (i) chicken is an important ¢outor of heterocyclic amines intake but its conptiam is not
related to cancer risk (20), (ii) rodent carcindgatoses are 100-1000 times higher than human axp@21), and
(iiiy the colon cancer risk in humans is associatégith cooking methods, but not directly with thetdrecyclic
amines intake (22).

Recently, a new hypothesis implying haem was pregas explain the association of colon cancer risk
with red meat intake, and the lack of associatidth white meat intake (23). The haem content of mezht is
10-fold higher than that of white meat. Haem is tten-bearing prosthetic group of haemoproteinseyrh
include myoglobin in red meat which is made ofrgk globin chain holding one haem, and haemoglwbied
blood cells which is made of the association of fchains, each holding a haem. These proteinsigestéd in
the upper gastrointestinal tract, delivering haeith ¥errous iron oxide to the colon. Haemin hagonfbeen used
in place of haem delivered from haemoprotein digastHaemin is the ferric porphyrin component in
haemoglobin, with a freely exchangeable axial dtirgroup. Sesinlet al. studied the effect of haemin-
supplemented diet in non-initiated rats. They shibtimat dietary haemin increases epithelial praiifien (23).
This short-term increase in epithelial proliferatics inhibited by calcium, and is associated wittolytic

activity of faecal water (24). Furthermore, Sa@aal. showedin vitro that haem induces a non-enzymatic



peroxidation of polyunsaturated fatty acids. In tcast, virgin olive oil resists oxidation becausecontains
monounsaturated oleic acid and antioxidant polyplsern vivo, a diet containing both haemoglobin and
polyunsaturated fatty acids increases the numbeainogen-induced adenomas in the colon of 285 We
thus think that haem could explain the epidemialabicorrelation between red meat and colon cariskr r
These studies may also explain why red meat didpnminote carcinogenesis in previous animal studhes:
high level of calcium in experimental diets andthe resistance of dietary fat to peroxidation, nieave
hindered the promoting effect of haem. Indeed,AH¢-76 standard rat diet contains 5pg/g of calcian®00
pmol/g concentration that matches the 180 pumobHyitthibits the haemin-induced proliferation (24).

The present study was designed to investigateeffexts of diets containing haem, as haemin or
haemoglobin, on colon carcinogenesis in rats. lgpotheses were tested: (i) haemin promotes cayemesis,
dose-dependently, when added to a low-calciumwdist 5% safflower oil; (ii) free haem (haemin) hast the
same effect as protein-bound haem (haemoglobiii); tlie inhibition of lipid peroxidation inhibits hie
promotion by haemin; (iv) a high calcium diet redsidche promotion by haemin. The results show theay
haem dose-dependently increased colorectal carmnesis at the aberrant crypt stage in rats, artdhéemin
was more toxic than haemoglobin. Furthermore, gaigiolive oil or antioxidants suppressed the préomoby
haemin. These results suggest preventive strategiaimst the supposed promotion of colon cancehdsm

present in red meat.



Materials and methods

Animals and experimental procedure

Animal care followed the guidelines of the Europ&ouncil on animals used in experimental studiesn&le
F344 rats were obtained from Iffa-Credo (Lyon, e&gnat four weeks of age. One hundred and twenty-fo
animals were housed two rats per stainless stémd;hettomed cage. They were kept in a temperaifi22°C
and light-dark cycle (12h on and 12h off), and wallewed free access to the standard AIN-76 diet t@p
water. After one week of acclimatisation, the reg¢seived a single i.p. injection of azoxymethanéegitt
Chemical, St Quentin, France; 20mg/kg ip) in Na€g(l). Seven days later, they were randomly ateddo
eleven groups and fed the experimental diets. Bodyghts were monitored weekly throughout the
experimentation, and food and water intakes werasomed once a month. Faeces were collected bettegesn
50-51 and 63-64 of the study, and were frozen 8862The animals were sacrificed 97-99 days afterstart of
experimental diets. The colons were removed anedfim 10% buffered formalin (Sigma Chemical) before
aberrant crypt foci (ACF) scoring.

Diets

Eleven groups of rats were fed for 14 weeks drygered AIN76-based purified diets. The control grgNp22
rats) was given a low-calcium diet (20 pmol/g) eaning 5% safflower oil. The experimental diets evbased
on this control diet. Their composition, balancedfat, protein and iron, is given in Table 1. Tdiet base was
made by the UPAE (INRA, Jouy, France). Haem, bovWiaemoglobin, ferric citrate, calcium phosphated an
antioxidants (Sigma Chemical, St Quentin, Fransafflower oil (Farberdistelol, Cereol, Mannheim,r@any),
and olive oil (Vierge extra, Lesieur, Neuilly, Fra), were added into the powdered diet in our latooy. The
dose-effect of haemin was studied in three grodpsts (N= 10, 10 and 20 rats) given haemin-suppleed
diets (0.25, 0.5, and 1.5 pmol/g respectively). €ffect of haemoglobin was studied in two groupd 0frats,
given a diet supplemented with haemoglobin (0.36&@2 pmol/g). Haemoglobin, 0.36 pumol, and haetib,
pmol, have the same haem content, which enableceffieets of free haemin and of haemoprotein to be
compared. To investigate the effect of calcium ah@ntioxidants, two groups of eight rats were &digh-
haemin diet (1.5 pumol/g) supplemented either wiltiam (230 umol/g) or with butylated hydroxyanisand
rutin (0.05% each). Lastly, the effect of oil waséstigated by replacing safflower oil with olivé (6%) in a
high-haemin diet given to eight rats. Because uaicand olive oil might be protective, even in amat diet
without haemin, two other groups of eight rats et haemin-free control diets, supplemented wiltiam
(230umol/g), or olive oil (5%). The number of rgtsr group was calculated to enhance the statigicaier.
Accordingly, the basic group size (N= 10) was nplid by the square root of the number of plannaidwise
comparisons. For instance, the group of rats fechtgh-haemin diet was compared with 4 groups (ocbraind
high-haemin diet supplemented with calcium, antlart and olive oil). Its size was thus increasetl#@x10.

In contrast, hypotheses which were not centrahéopresent study, e.g., the effect of calcium @oatrol diet,
were tested with fewer rats per group (N=8).

TBARs assay of diet

Initially, batches of diet were prepared for thieeeks, stored at —20°C and given every other dayvever,
after two days at room temperature, the high-haedigts smelt rancid and two rats on high-haemirh-ig
calcium diet died within two weeks. We thus decitegrepare diets weekly. Diets were given daihyd avere

stored at —20°C for no longer than seven daysdoae lipid peroxidation. Freshly prepared samplesevieft at



room temperature for 24 hours and tested for lggdoxidation at TO and T24 h as described by Fensill.
(26). The diet sample (70 mg) was mixed with 700fdistilled water. This mixture was homogenisdthvs60

pl of butylhydroxytoluene (1% in ethanol) and 56Dgqf thiobarbituric acid (1% in acetic acid 5%). t&f
centrifugation (2700Xg for 5min), the supernatahtnfl) was heated for 60 min at 70°C. After coolitige
amount of TBARs was determined as malondialdehii2A) equivalents by measure of the absorbance ®f th
mix at 532 nm against standards (1,1,3,3-tetramgfiropane at 0, 100, 200, 400, 600, 800 and 1000. uM
Lipid peroxidation of diets at 24 hours (mg MDA/kgas as follows: 2.18 for LH diet, 4.17 for MH diét91
for HH diet, 9.51 for HHCA diet, 9.20 for HHOO djetnd not detectable for the three haemin-freerobdiets,
haemoglobin diets and high-haemin diet added witloaidants (HHAO).

Assay of ACF

At the end of the study, colons were excised, figstwith Krebs solution (Sigma Chemical), opened
longitudinally and fixed flat between coded filigapers in 10% buffered formalin (Sigma Chemicall.FAvere
scored by Bird's procedure (27). The colons weasstl with methylene blue (0.1%) for six minutesd dahe
mucosal side was observed at x32 magnificationingles observer scored all colons blindly. The numbg
ACF per colon, and the number of aberrant cryptsfpeus, were recorded. On some colons, no typA¢ciF
were seen, but instead zones where all crypts thakerrant with slit-like opening, increased blt&irsng,
enlarged size and pericryptal zone. The major diffees between these zones and the typical ACF theire
larger size and the lack of a defined outline. Véeidied to name these lesions Major Aberrant Crygati F
(MACF) (Fig 1).

Analysis of haem in total faeces

The amount of haem in faeces was determined acuptdi Van den Bergt al. (28). An acidified methanol-
chloroform extract (final concentration of HCI 1 Ms carried out on 20 mg of faeces. After cergafion, the
chloroform phase was recovered and dried undeoggtr. Samples were dissolved in 0.45 ml 250mM KOH,
sonicated for 5 min (Cleanet, Hans Grieshaber{z&wand) and mixed with 0.45ml of distilled wat8r75 ml

of 2-propanol and 0.75 ml of HCL (1.15 M). This mitas homogenised, then centrifuged for 10 min 80X%

and the supernatants were assayed for their hastarntoSupernatants (50 ul) were mixed with 1 mjjlatial

acetic acid. Subsequently, 50 pl of F@S8,0 (0.12 M freshly prepared) and HCI (4.5 M) werededl
Samples were immediately mixed and incubated a€&0f 30 min. Two millilitres of 2-propanol/watet/()
were added before fluorescence measurement ustitatéon and emission wavelengths of 400 and 594 nm

(JY3D, Jobin-Yvon, France). Blanks were obtaineidgishe same protocol, but without the incubatib6GEC.

Preparation of faecal water for biochemical assays

Faecal water was prepared by reconstituting freleisel faeces by adding 1 ml of distilled water t8d) of
freeze-dried faeces. Samples were incubated at 33*®@ne hour and were thoroughly mixed during the
incubation time. They were then centrifuged forndis at 20000Xg, and supernatants were collectedstoréd

at —20°C until use. Each sample was collected foma cage. One sample thus corresponded to thedooole
faeces from two rats.

TBARs assay of faecal water

TBARs were measured in faecal water according tka@iaet al. (29). Ten ul of faecal water were diluted in 90

pl of distilled water. This sample was mixed witB01lul of sodium dodecyl sulfate (8.1%) and 1 ml2ef



thiobarbituric acid (TBA, 0.5% in acetic acid 1099amples were homogenised and heated at 95°C #or on
hour. For blanks, thiobarbituric acid was omittetlaeplaced by 1 ml of acetic acid (10%). After tivep
TBARs were extracted with 1 ml of butanol, thentcéumged for1l0 min at 4000Xg. The amount of TBARasv
determined as malondialdehyde equivalents by meastithe absorbance of the butanol extract at 582 n
against a standard (1,1,3,3-tetramethoxypropafie 410, 200, 400, 600, 800 and 1000 uM).

Haem assay

Haem was assayed in the faecal water accordingsmi&et al. (23). Briefly, 50 pl of faecal water were diluted
in 250 pl of a 5:1 mix of 2-propanol and HCI (1 Mjamples were homogenised and centrifuged 2 min at
10000Xg. Supernatants were assayed for haem astdssabove.

Cytotolytic activity of faecal water

The cytotolytic activity of faecal water was qudietl by potassium-release from erythrocytes asrdest by
Goverset al. (30). Briefly, faecal water was obtained by rest@nting freeze-dried faeces with double distilled
water (approximately 30% dry weight). Final osmitjaof each sample was 300 mosmol/L. Then, 10 opR0

of faecal water were mixed with saline buffer tq80After a 5 min incubation at 37°C, 20 pl of wadthuman
erythrocytes suspension (final haematocrit 5%) veetded. After incubating for 15 min at 37°C, theotytic
activity was measured.

Statistics

Results, given as mean = SD, were analysed usistalSy software for Windows. Differences betweesugs
were analysed by one-way analysis of variance (ARDPWVhen ANOVA showed a statistically significant
effect (p<0.05), comparison of each experimentaligrwith the control group was made using Dunnédts
which corrects for multiple comparisons. Most greugere compared with the control group fed a digtout
haem. However, according to the tested hypothegesips given a high-haemin diet supplemented with a
potential inhibitor of haem-promotion were compateith the group fed the high-haemin diet (1.5 pgpl/

Differences were considered significant when twaediP was <0.05.



Results

General observations

Rats given a high-haemin diet gained less weigdnt #tontrol rats (-10%). In contrast, for the sama bigher
haem intake, haemoglobin diets did not depresgttwth of rats (Table 2, panel A). The daily foodbke was
similar in all groups (11 + 0.8 g/d, full data r&dftown), and groups given haemin and haemoglobis tiad
haem intakes matching the study design (Table 2elp&, column 6). However, the haem concentratias w
higher in the faeces of haemoglobin-fed rats tmahaemin-fed rats (+45%, see Table 2 last colufing. two
strategies to limit the peroxidation in a high-h&emrontext (antioxidants and olive oil) increaséghdicantly
the concentration of haem in faeces (+44% and +8G#le 2, panel B, last column). These differerindsaem
faecal concentrations were likely due to differencefaecal daily weight: high-haemin diets incezhthe faecal
excretion (+33%), a laxative effect previously bty Sesink (23), and haem was thus diluted irfdkees. In
contrast, haemoglobin was not laxative, and théogidants and olive oil normalised the laxativeeeff of
haemin (Table 2).

Effect of dietson carcinogenesis
The number and size of aberrant crypt foci in tbre of rats after 14 weeks on the experimentatisdége
reported in Table 3 and figure 2. Haemin strikingigreased the size of foci, dose-dependently, fBoénin
control rats to 6.2, 10.2 and 11.4 crypts/focusaits fed the haemin diets (all p<0.001). Haemio aisreased
strongly and dose-dependently the number of abecrgpts (Fig. 2). The high-haemin diet, but nat tbw- and
medium-haemin diets, increased the number of fotalper colon from 125 to 166 (p<0.001). The haghobin
diets similarly increased the number of foci fro@261to 162 and 167 (p=0.001, Table 3), but not tké&ie,
although the high-haemoglobin diet contained twiiee amount of haem as the high-haemin diet. Haesbay|
also increased the total number of aberrant ciiyptise colon of rats, but the increase was marbyirsidnificant
(Fig. 2, p<0.0005 by Student t test for both grofgashaemoglobin, but p>0.05 by Dunnet'’s test).
Surprisingly, the rats given the low-haemin diedl kess foci than control rats given no haem af1&lb
foci in controls, 92 in low-haemin group, p<0.0dpwever, since these foci contained more abermgptsthan
those of control rats, even the low-haemin dietaased the total number of aberrant crypts pernc@@4
aberrant crypts in controls, 565 in low-haemin grop<0.01). Indeed, the specific analysis of ACH MACF
data shows that haemin promoted or induced thes IM§CF instead of classical ACF, while haemoglobin
promoted the classical ACF and not the MACF (T&)leBoth tested levels of haemoglobin producedstirae
effect on carcinogenesis. It is possible that thveelst level was high enough to reach a plateanashgption.
Calcium, antioxidants, and olive oil completely itnited the promoting effect of haemin on the site o
foci (Table 3, panel B), and reduced the numbeaksrrant crypts (p<0.01) in the colon of rats. Ehdsee
dietary interventions specifically suppressed therhin-induced MACF, thus normalising the type ofFAGIo
difference was seen between rats given high-cal@uadh olive oil control diets and rats given theha@min
control diet (Table 3, panel C). In addition, mazm@pic tumours were detected in the colon of figerh-diet
fed rats: two rats given the high-haemin diet, mtegiven the medium-haemin diet, and one rat gthenhigh-
haemoglobin diet (5/60 haem-fed rats vs. 0/38 cbméts, p=0.15 by Fisher's exact test with thgragimation

of Woolf). Histology showed all tumours were tydielenomas.



Faecal water characteristics

We measured the characteristics of faecal wateaiuse; according to studies on bile acids, the smlinhction
of colonic contents would interact more stronglyhathe mucosa than the insoluble fraction (31) eApected,
the haem concentration in faecal water dependexttiiron the level of haemin in the diet (Table @jetary
haemoglobin also increased haem concentration @cafawater, but less than haemin: A similar haem
concentration was found in rats eating 32 pmol/diefary haemoglobin or 15 pmol/d of haemin (Tallesd
4). Haem can induce the formation of peroxyl radiéa fats, which may be cytotoxic and cleave DNAivo
(25). Lipid peroxidation was thus measured in faeeater by the TBARs assay. As shown in Table didli
peroxidation correlated with haem concentratioriaecal water (r=0.96 for the 11 groups, r=0.87tfe 116
rats, both p<0.0001). The high-haemin diet thuseiased TBARs in the faecal water by ten-fold. Haglotin-
diets also increased TBARS, but to a lesser exkemthermore, a cytotoxic factor is found in thedal water of
haemin-fed rats (23). Accordingly, the cytolytictiaity of faecal water increased 50-fold in ratsl fa high-
haemin diet, but, surprisingly absolutely no inseavas seen in haemoglobin-fed rats (Table 4).i@alc
antioxidants and olive oil completely suppressedtthemin-induced cytolytic activity of faecal wa&able 4,
panel B). The dietary calcium completely inhibited effects of haemin. Rats fed the high-haemih-c@cium
diet had no haem in faecal water, and no increpseakidation. Sesinkt al. suggest that this inhibition comes
from the binding and precipitation of haem by aaheiphosphate (24). Antioxidants and olive oil hdltke
haemin-induced lipid peroxidation, and reduced them concentration, in faecal water of rats givemgh-
haemin diet. Lastly, calcium, antioxidants or olie® did not change faecal water values in rategia diet
without haemin (Table 4, panel C).
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Discussion

Dietary haem significantly increased the colon iergenesis in rats at the aberrant crypt stages Thi
result supports the hypothesis that haem can exgha association between red meat consumptiorcaluh
cancer risk. The low-haemin diet in this study 8ughol/g of diet) mimics the haem content of a nimeted
Western diet (32). Indeed, this study showed thatgem as haemin or haemoglobin increased the euwtb
azoxymethane-induced ACF in the colon of rats; Hagmin effect, the strongest promotion ever regbdn
ACF, was associated with cytotoxicity and lipid @edation in faecal water; (iii) haemin effect wiakibited by
dietary calcium, by dietary antioxidants, and biyeloil; and (iv) haemoglobin, which raised lipiérpxidation
in faecal water but not cytotoxicity, was less pmbtdnan haemin to promote colon carcinogenesis. éfteet of
haemin, antioxidants, calcium and haemoglobinssused below.

Haemin was used to explore the effect of haem from redtrhecause meat haemoproteins are digested
in the stomach and the small bowel, and provide fraem to the colon (33). Haemin strikingly inceshthe
number of azoxymethane-induced aberrant crypts @igand the size of foci, by shifting ACF to MAQFable
3). Macroscopic tumours were seen in rats givemiraéor 100 days. To our knowledge, the magnitufithis
promotion was the highest ever seen: haemin inede#ise number of aberrant crypts six-fold, whenepot
promoters like cooked casein or dextran sulfatecimge this number less than two-fold. In faecakwatietary
haemin raised dose-dependently the cytolytic agtithe lipid peroxidation, and the haem conceidratcould
these changes explain the observed promotion? éaffagtolytic factor, not yet identified but diffemt from
haemin, would increase the epithelial proliferati@3). This factor might be the ACF promoter. Alshe
peroxidation of polyunsaturated fatty acids produaklehydes such as malondialdehyde and 4-hydroeyrad,

which form mutagenic DNA-adducts (34). Sagtal. showed that haem generates alkylperoxyl radit&3-)
from oxidised oil, particularly from safflower oiBuch radicals can cleave DNA, which would contigbio the
colon cancer risk (25), and may also explain theeoked ACF promotion. Last, faecal water contais@dble
haem, which might directly promote carcinogendsideed, haem can induce gut inflammation throughugb-
regulation of adhesion molecules, the increaseascwlar permeability and the granulocytes infiitnat(35).
Thus, the chronic inflammation caused by the caowmtirs haem intake might have promoted the ACF growth
(36). In addition, haemin may have weakened theotunimmunosurveillance. Indeed, haem induces haem-
oxygenase-1 (HO-1), and the over-expression of H@slilts in the inhibition of T-cell and NK-cell aiated
lysis (37). A strange finding was that fewer ACFH®ecored in the gut of rats fed a low-haemin dietn in rats
fed the control diet. However, other agents whicbnmote the growth of ACF, and increase the incideot
chemically-induced cancer, decrease the number@iF £e.g., cholic acid) (38). To prevent the deletes
effect of haemin, several strategies of dietaryngea have been tested in this study: the addifi@mtoxidant
agents, the substitution of safflower oil by oxidatresistant olive oil, and the addition of haerblocking
calcium phosphate to the diet.

The antioxidants we added to safflower oil, or naturally presenblive oil, completely inhibited the
haemin-induced promotion of colon carcinogenesafl&ver oil is highly susceptible to oxidation, dathe
high-haemin diet with 5% safflower oil quickly twed rancid (see TBARs assay of diets, in the Mdteaad
Methods section). The addition of two antioxidaimt® the diet, one soluble in fat, the other saduisl water,
completely inhibited the peroxidation of diet. Theantioxidants also show direct chemopreventiveognties

when given during the carcinogen treatment (39)atoconcentrations higher than 0.05% (40). Howewar,
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think that, in the present conditions (very lowdksvgiven post-initiation), their effect was duethe inhibition

of haemin-induced peroxidation. Olive oil was adtieénother diet because it contains the relatiesigation-

resistant oleic acid, and phenolic compounds, wisicdvenge LOOradicals in the oil itself (41) and in the
faecal matrix (42). Both antioxidant strategiesvhdl TBARSs in faecal water (Table 4, panel B). Tihisibition
of lipid peroxidation in faecal water was assodatéth inhibition of haemin-induced carcinogene@iable 3,
panel B). It is thus possible that lipid peroxidatitself is a link between dietary haem and caecéiancement,
as suggested by Sawa and by Owen (25, 41), butstedtby Sesin& al. (23). It is indeed surprising that both
antioxidant strategies increased haem concentratidaeces (Table 2), but decreased factors apfhareat
related to oxidation: haem concentration was redilge30-40%, and cytolytic activity was fully suppsed, in
the faecal water of rats given the diets with oldileor with antioxidants (Table 4, panel B). Thechanism by
which olive oil and antioxidants suppressed thenfinénduced promotion thus appears complex and asmésr
further studies.

Calcium phosphate was added to a high-haemin diet, astamative strategy to reduce the effect of
haem. Many studies suggest that calcium can pragainst colon carcinogenesis. For instance dietalgium
reduces the recurrence of adenomatous polyps ient&t(43). In volunteers, calcium precipitates ititestinal
fatty acids and the secondary bile acids, and ihibits colonic cytotoxicity, and, possibly, theopnotion by
high-fat diets (30)Newmarket al. (44) suggest that 5 mg/g calcium in the AIN-7@&ent diet is equivalent to
2700 mg calcium per day in humans, that is threegithe Recommended Dietary Allowance. Using theesa
proportionality here, the low-calcium (0.79 mg/g)dahe high-calcium (9.9 mg/g) diets were equivaterd27
and 5346 mg calcium per day in humans, respectiBdgause the diet contains 500-600 mg/d calciam o
average in the USA (45), the low-calcium diet iisthitudy mimics the intake of a considerable faacf the
American population. In rats given the high-haenigt, dietary calcium suppressed colon ACF in raaicium
reduces the haemin-induced colonic hyper-prolifenatbecause calcium phosphate precipitates haamtime
gut (24). Faecal haem was high in rats given a-habium diet (Table 2), but it was not solubletlie faecal
water. This water thus contained no lipid peroxidesl showed no cytolytic activity (Table 4). Clgathe
precipitation of haem by calcium is enough to eixplhe protection against haem-induced carcinogenés
conclusion, both strategies were effective agahestmin promotion. Red meat contains no haemin, but
myoglobin. We thus also studied the effect of atigthaemoglobin, a haemoprotein similar to myogiphbiut
easier to obtain.

Haemoglobin increased the number of aberrant crypts and of &Qfats (Table 3), an effect already
observed by Bruce (46). The magnitude of the effédb-fold increase) is second only to haemin, idaxt
sulphate and cooked casein. This result providessaible explanation for the association obsenetdiden red
meat consumption, and the colon cancer risk in msmin contrast with haemin, haemoglobin did notease
significantly the number of aberrant crypts perugcand was thus less potent than haemin to protnetdCF
growth (Table 3). The difference between haemin lzaeimoglobin was mainly due to the MACFs: frequant
the colon of haemin-fed rats, occasional in theoadf haemoglobin-fed rats. How could this differerbe
explained? Haemin and haemoglobin led to similacé haem excretion: 33% of the haem intake wasetea
in both cases (Table 2), but haem concentratiofaé@tal water was higher in haemin-fed rats (Table 4
However, this difference cannot explain the diffei@ effect on MACF: rats in groups HH and TG hsahilar

levels of haem in faecal water (Table 4) but veiffecent numbers of MACF (Table 3). Haemin and
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haemoglobin do not have the same fate in the gad®etinal tract. Haemin (free haem) is poorlyubté in
water, and forms insoluble polymers at low pH ie ttomach (33). Haemin thus escapes small intéstina
absorption and reaches the colon. In the colonmhménduces lipid peroxidation and yields the cgtot
compound described by Sesigkal.: this fat soluble compound is found in the facoéfaemin-fed rats, it
shows a specific absorption a 400 nm, but it difieom haemin, porphyrin or bilirubin (23). On tbther hand,
haemoglobin is water soluble. The hydrolysis ofglsbin moiety in the upper digestive tract yieltmem in a
form which may be more available than haemin (88)eed, dietary haemoglobin is three times moreiefit
than haemin in providing iron for red blood celhflyesis in rats (47). In contrast with haemin4fat$, animals
given a haemoglobin-diet had no cytolytic activétlyall in faecal water, which shows that the faiefiaemin
and of haemoglobin are not the same (Table 4)sdt suggests that the MACFs were specifically poeduby

the haemin-induced cytotoxic factor (23). Haemis haen used in experimental studies to investifateffect

of red meat consumption. The underling hypothesas what, because globin is digested in the uppet, tr
haemoprotein and haemin would deliver similar ha®mmpounds to the colon. The present results clesudyv
that this is not true. Myoglobin is the main pigrhén beef and pork muscles, whereas some haemagisbi
found in white meat. Both haemoproteins hold thenmaimilarly, and both can initiate the peroxidataf fats
(48). We thus suggest that haemoglobin may betaldeisubstitute for myoglobin, and thus for recatrstudies

in rats. In cured meat, however, nitrite reactdhwaityoglobin to yield nitrosomyoglobin. When ham dmut-dog

are cooked, free nitroso-haem is released fromddmatured protein (49). Haemin might thus be aablet
model to study the effect of processed meat onncobncer. Calcium, olive oil and antioxidants petite
effects were associated with the inhibition of haemduced lipid peroxidation. Lipid peroxidationas
associated with the promotion of aberrant cryptsbbth haemin and by haemoglobin. We thus suppceste th
calcium, olive oil and antioxidants could countérdice haemoglobin-promotion. The advice to increase
consumption of olive oil and of calcium-rich dapyoducts might be easier to follow than the adwicabstain
from consumption of red meat. Indeed, the associdbetween red meat intake and colon cancer wag mor
consistently shown in North-American studies tharEuropean studies. Now, in Europe, the calcium thed

olive oil intakes are higher than in the USA (24).

In conclusion, dietary haemin and haemoglobin iaseel colorectal carcinogenesis in rats. No known
ACF promoter is more potent than haemin. Haemoglabclose to myoglobin, and it was much less toém
haemin. This study supports the hypothesis thatmedt could promote colon cancer because of itsgfopin
content. A diet high in calcium, or with oxidatioesistant fats, may prevent the possible cancangptiog

effect of red meat.
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Table 1: Composition of experimental diets, givemyiper kg of diet.

Tested factor Control Haemin Haemoglobin Calcium Anti- Olive oil
oxidants

Group* CD LH MH HH HG TG CDCA HHCA HHAO CDOO HHOO
Haemin 0 0.16° 0.32 0.94 0 0 0 094 0.94 0 0.94
Haemoglobin 0 0 0 0 25 50 0 0 0 0 0
Ferric Citrate 036 0.29 0.24 0 0 0 0.36 0 0 0.36 0
Rutin+BHA® 0 0 0 0 0 0 0 0 05+0.5 0 0
CaHPO,.2H,0 2.7 2.7 2.7 2.7 2.7 2.7 3375 33.75 2.7 2.7 2.7
Safflower oil 50 50 50 50 50 50 50 50 50 50° 50°
Caseine 200 200 200 200 175 152 200 200 200 200 200
Corn starch 150 150 150 150 150 150 150 150 150 150 150
Sucrose 497 497 498 497.3 497 497 466 465.3 497.3 497.3 4973
Cellulose 50 50 50 50 50 50 50 50 50 50 50
Methionine 3 3 3 3 3 3 3 3 3 3 3
Mineral mix” 35 35 35 35 35 35 35 35 35 35 35
Vitamin mix 10 10 10 10 10 10 10 10 10 10 10
Choline 2 2 2 2 2 2 2 2 2 2 2
bitartrate

* Groups: CD, Control Diet; LH, Low Haemin diet; MH, Medium Haemin diet; HH, High Haemin diet;
HG, High haemoGlobin diet; TG, Top haemoGlobin diet; HHAO, High Haemin and AntiOxidants diet;
HHCA, High Haemin and Calcium diet; HHOO, High Haemin and Olive Oil diet; CDCA, Control and
Calcium diet; CDOO, Control and Olive Qil diet.

a: Values are g/kg diet, main differences between diets are printed in bold.

b: Mineral mix without CaHPO,.2H,0

c: olive oil replaced safflower oil in CDOO and HHOO diets

d: BHA, butylated hydroxyanisole






Table 2: Effect of diet on body weight, haem intad@ncentration in faeces and daily outputEffect of haemin

and haemoglobirB: Effect of inhibitors in a high-haemin contextda®: in a low-haemin context.

A Haem No of Final body weight Faecal output (dry  Haem intake Haem

in diet Rats weight) in faeces
Diets* pmol/g g/rat g/day pmol/day pmol/g
CD 0 22 197 +9 0.6+0.1 0 0.04 £0.09
LH 0.25 10 192 +8 0.5+0.1 29+0.1°% 0.95+0.24
MH 0.5 10 187 +8? 0.5+£0.1 55+03° 21+0.7°
HH 15 20 178 +9° 0.8+0.1% 15.2+2.2°2 6.6+13°
HG 15 10 193+9 0.6+0.1 16.8+2.0° 9.6+09°
TG 3.0 10 190 £ 10 0.6+0.2 31.8+3.2°% 14.7 +2.3%
B
HH 15 20 1789 0.8+0.1 152+2.2 6.6+1.3
HHCA 15 6  183+5 0.8+0.2 17.8+1.4° 7.9+0.6
HHAO 15 10 1869 0.6+0.1" 14.8+1.3 95+15°"
HHOO 15 8 1807 06+0.1° 16.5+0.8 123+16"
C
CD 22 197 +9 06+0.1 0.04 £0.09
CDCA 193 +5 1.0+0.1° 0.01 £0.02
CDOO 0 1889 0.6+0.1 0 0.04 £0.07

* Dietary groups, see note to table 1.

a, a": significantly different from control diet CD (a: p<0.01, a": p<0.05 by Dunnett’s test)

b: significantly different from high-haemin diet HH (p<0.01, by Dunnett’s test)

¢: haem metabolized was extrapolated by subtracting haem output from haem intake
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Table 3: Effect of experimental diets on the nundosat size of aberrant crypt foci and major abercayyt foci
in the colon of rats after 100 days of nutritioexiperimentationA: Effect of haemin and haemoglobiB;

Effect of inhibitors in a high-haemin context, afd,in a low-haemin context.

A Haemin No of Total Foci (ACF + MACF) ACF* MACF *
diet Rats

Diets* pmol/g Foci/colon Size = aberrant Aberrant crypts/ Foci/ colon Foci/ colon

crypts / focus colon

CD 0 22  125+25 26+0.2 324 £ 70 125+25 0.3+0.8

LH 0.25 10 92+16° 6.2+2.0° 565 + 1932 47 +23%  44+20?

MH 0.5 10 120+16 10.2+0.9° 1233 +210° 12+13% 108+19°2

HH 1.5 20 166+26° 11.4+1.1° 1901 + 3712 7+14%  158+29°

HG 1.5 10 162+27° 33+04"° 518 +119° 149 +23°  12+8°

TG 3.0 10 167 +34° 27+0.4 457 £119° 160+32*°  7x6°

B

HH 1.5 20 165+ 26 11.4+1.1 1901 + 371 7+14 158 + 29

HHCA 1.5 6 13522 27+04° 359 +38° 131+ 23° 4+2°

HHAO 1.5 10 142425 29+0.3° 406 +85° 135+25° 7+7°

HHOO 1.5 8 13831 2.8+0.3° 389 +115° 132 +25° 7+8°

C

CD 0 22  125+25 26+0.2 324 £ 70 125+25 0.3+0.8

CDCA 0 8 125%11 2.8+0.4 354 + 28 124+12  1.2+2.3

CDOO 0 8 123+18 2.4+0.3 302 + 63 123+18  0.2+0.7

* Dietary groups, see note to table 1.

a: significantly different from control diet :CD (p<0.01, by Dunnett’s test)
b: significantly different from HH diet (p<0.01, by Dunnett’s test)

c: the median ACF contained 2.6 £ 0.2 aberrant crypts

d: the median MACF contained 11.5 + 0.7 aberrant crypts
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Table 4: Effect of experimental diets on conceigrabf haem, lipid peroxidation and cytotoxicity faecal

water.A: Effect of haemin and haemoglobin didgs;Effect of antioxidant; high calcium and olive diket on a

haemin contextC: Effect of calcium and olive oil on control diet.

A Haem in Haem in faecal water Lipid peroxidation: Cytotoxicity
diet TBARSs in faecal water of faecal water
Diets* pmol/g UM MDA equivalents (uUM) % K release
CD 0 26+45 38+14 2+0
LH 0.25 36+17°2° 67 £32° 34+7°
MH 0.5 135 + 44 2P 168 +13°° 97+1°
HH 1.5 258 +91° 346 +26° 100 £ 12
HG 1.5 158 + 48" 187 +21%° 240
TG 3.0 262 +68° 260 +282° 2+1
B
HH 1.5 258 + 91 346 + 26 100 + 1
HHCA 1.5 47+46° 49+6° 2+0°
HHAO 1.5 160 + 46" 138 +17° 2+0°
HHOO 1.5 186 +61° 166 +27° 5+4°
C
CD 0 26+45 38+14 +0
CDCA 0 3.8+2.7 28+9 +3
CDOO 0 1.6+1.8 45 + 4 +3

* Dietary groups, see note to table 1.
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Figure 1 : Mucosal surface of colon stained withthgkene blue visualised under a light microscop&jx (A)
Aberrant Crypt Focus with four crypts (control QigB) Major Aberrant Crypt Focus with twenty crgpthigh

haemin diet).

Figure 2: Number of aberrant crypts in the colonraté after 100 days on experimental diets. A: dffaf
haemin (LH, MH, HH) and haemoglobin (HG, TG); Bfét of calcium (CA), anti-oxidants (AO) and olied

(O0) in a high-haemin context. *: significantly fifent from control diet CD (panel A) or from HHedi(panel
B) (p<0.01, by Dunnett’s testiiaem concentration in diets (umol/g)
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