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Abstract Epidemiological findings have indicated that red meat increases the likelihood of colorectal cancer. Aim of this study was to investigate whether hemoglobin, or its prosthetic group heme, in red meat, is a genotoxic risk factor for cancer. Human colon tumor cells (HT29 clone 19A) and primary colonocytes were incubated with hemoglobin/hemin and DNA damage was investigated using the comet assay. Cell number, membrane damage, and metabolic activity were measured as parameters of cytotoxicity in both cell types. Effects on cell growth were determined using HT29 clone 19A cells. HT29 clone 19A cells were also used to explore possible pro-oxidative effects of hydrogen peroxide (H2 O2 ) and antigenotoxic effects of the radical scavenger dimethyl sulfoxide (DMSO). Additionally we determined in HT29 clone 19A cells intracellular iron levels after incubation with hemoglobin/hemin. We found that hemoglobin increased DNA damage in primary cells (≥10 M) and in HT29 clone 19A cells (≥250 M). Hemin was genotoxic in both cell types (500–1000 M) with concomitant cytotoxicity, detected as membrane damage. In both cell types, hemoglobin and hemin (≥100 M) impaired metabolic activity. The growth of HT29 clone 19A cells was reduced by 50 M hemoglobin and 10 M hemin, indicating cytotoxicity at genotoxic concentrations. Hemoglobin or hemin did not enhance the genotoxic activity of H2 O2 in HT29 clone 19A cells. On the contrary, DMSO reduced the genotoxicity of hemoglobin, which indicated that free radicals were scavenged by DMSO. Intracellular iron increased in hemoglobin/hemin treated HT29 clone 19A cells, reflecting a 40–50% iron uptake for each compound. In conclusion, our studies show that hemoglobin is genotoxic in human colon cells, and that this is associated with free radical mechanisms and with cytotoxicity, especially for hemin. Thus, hemoglobin/hemin, whether available from red meat or from bowel bleeding, may pose genotoxic and cytotoxic risks to human colon cells, both of which contribute to initiation and progression of colorectal carcinogenesis. © 2005 Elsevier B.V. All rights reserved. Keywords: Colon cells; HT29 clone 19A; Hemoglobin; Hemin; Single cell microgelelectrophoresis (comet assay); H2 O2



1. Introduction Experimental data in humans have shown that high consumption of red and processed meat and alcohol, in ∗
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combination with low consumption of vegetables and lack of exercise, coupled with genetic predisposition, increase the risk of developing colorectal cancer [1–4]. Pierre et al. have reported that hemoglobin and hemin given in a low-calcium diet to rats promote colorectal carcinogenesis at the aberrant crypt stage [5]. Recent results from human studies also suggest that intake of dietary heme iron is associated with an increased risk of prox-
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imal colon cancer, especially among women who drink [6]. Related to this is at least one finding that carriers of gene mutations (C282Y or H63D) for hemochromatosis (HFE), an autosomal recessive disease associated with increased body iron stores, have a significantly increased risk for developing colon cancer [7]. In extension of this, however, another study could not find the same association for the most common germ line mutations in the HFE gene, namely C282Y or H63D, whereas, there was a trend for an association in carriers of C282Y and H63D compound heterozygosity (C282Y/wild type and H63D/wild type) [8]. Meat, alcohol and ferrous iron are suspected of increasing the formation of free radicals in the bowel, especially of reactive oxygen species [9–11]. These radicals may damage the cells of the colon crypt or enhance tumor progression [12]. We have previously shown that human colon cell lines, treated with 250 M ferric iron nitrilotriacetate (Fe-NTA) for 15 min to 24 h rapidly absorbed iron. Moreover, FeNTA (250–1000 M) induced DNA breaks and oxidized DNA bases, which were enhanced by subsequent H2 O2 exposure [13]. We also demonstrated that hemoglobin was as effective as Fe-NTA in inducing DNA damage [13]. We had, however, not investigated whether iron from hemoglobin or from its iron-containing prosthetic group, heme, was absorbed by the colon cells, and whether the induced DNA damage was associated with the generation of free radicals. These types of qualitative and quantitative data on the genotoxic impact of iron in the gut are needed to determine risk potentials. In the present study, we therefore investigated whether hemoglobin and hemin (oxidized heme) induce DNA damage in human colon cells and whether the resulting genotoxicity is related to generation of oxidative stress and to free radical formation. In addition to using HT29 clone cells, as in our first study, here we also used primary human colon cells. These non-transformed primary cells are relevant targets for the study of colon cancer risk compounds. Such cells are especially suited to assess genotoxicity related to initiation of carcinogenesis [14]. Using HT29 clone 19A cells, we also studied some possible mechanisms of activities, such as pro-oxidative activities mediated by the physiologically abundant peroxide H2 O2 , or radical-scavenging activities mediated by the model compound DMSO, and the intracellular uptake of iron from both compounds using our in vitro culture conditions. Altogether the studies were expected to give more information on the genotoxic potential of hemoglobin, or its prosthetic group heme. Under given exposure situations (e.g. bleeding, high intake of red
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meat) this activity of hemoglobin is expected to contribute to initiation and progression of colorectal carcinogenesis. 2. Materials and methods 2.1. Human colon cells and in vitro conditions HT29 clone 19A is a permanently differentiated sub-clone derived from the carcinoma cell line HT29 after sodium butyrate treatment [15]. HT29 clone 19A cells were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin. Under given laboratory conditions HT29 clone 19A cells doubled their number within 24 h. Passages 27–48 were used for the experiments. Primary colon cells were freshly isolated from colon tissue obtained during surgical resections, as described previously [16]. The donors (n: nine males, age: 69 ± 9.4) of this colon tissue had given their informed consent and were admitted to the hospital for colorectal surgery. Non-tumorous tissue for cell isolation was excised together with tumor tissue for medical indications. The study was approved by the Ethical Committee of the Friedrich-Schiller-University Jena. Bovine hemoglobin (which predominantly consists of methemoglobin since native hemoglobin is rapidly oxidized; Sigma–Aldrich Chemie GmbH, Steinheim, Germany) was dissolved in cell culture medium RPMI 1640 (Life Technologies, Karlsruhe, Germany), DMEM supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin, or minimum essential medium (MEM). The solutions in RPMI/DMEM or MEM were used for experiments with HT29 clone 19A and primary cells, respectively. Hemin (Sigma–Aldrich Chemie GmbH, Steinheim, Germany) was prepared in a stock solution in 20 mM sodium hydroxide (NaOH) (Fisher Scientific, Loughborough, UK) and further diluted in the appropriate cell culture medium. Colon cells were incubated with hemin or hemoglobin at 37 ◦ C at different concentrations (10–1000 M) or for different periods of time as is specified in the legends of the figures and tables. 2.2. Detection of DNA damage DNA damage was measured using single cell microgelelectrophoresis, as has been described in detail by Glei et al. [13]. Microscopical analysis revealed images of damaged DNA (“comets”). The proportion and extent of DNA migration were determined for 50 images per slide using the image analyzing system of Perceptive Instruments (Suffolk, UK, www.perceptive.co.uk). The intensity of fluorescence in the comet tail, expressed as % fluorescence in tail, was used as the evaluation criteria. For each data point mean values of three parallel slides of one experiment were the basis for calculating overall mean values of independently reproduced experiments (n = 3–5), as is specified in the tables and figures.
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2.5. Statistical evaluation



2.3. Cytotoxicity determined as metabolic activity and cell growth The influence of hemoglobin and hemin on metabolic activity/viability and cell growth was determined in 96-well microtiter plates. Colon cells were treated with hemoglobin (0.1–1000 M) or hemin (1–1000 M) in culture medium for 24 and 72 h (only HT29 clone 10A cells were used for experiments lasting for 72 h). After adding 20 l CellTiter-BlueTM (Promega, Mannheim, Germany) reagent 2 h before the end of the incubation period, resarufin was converted into resazorin by metabolic active cells. The intensity of the resulting fluorescence was measured with Ex/Em 520/595 nm. In further experiments, DNA content was assessed in HT29 clone 19A cells by fixing and permeabilizing the cells with methanol for 5 min, and then adding 4 ,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma–Aldrich Chemie GmbH, Steinheim, Germany) which binds to DNA. After 30 min, the DNA content per well was detected, as a reflection of the remaining cells, using fluorimetric analysis with Ex/Em 360/450 nm. Mean values (three parallel determinations per experiment, 3–6 experiments) were recorded for final evaluation. 2.4. Analysis of iron content HT29 clone 19A cells were incubated with 250 M hemoglobin or 32 M hemin for a period beginning from 15 min to 24 h. The iron content of the culture medium and cells were analyzed separately. This was done using inductively coupled argon plasma emission spectrometry (Liberty Serie II ICP-AES, Varian, Darmstadt) as described previously [13].



Data shown in the tables and figures represent mean values ± S.D. Unless otherwise stated, these mean values of at least three independent experiments were calculated from the means of triple replicates obtained in each experiment. Statistical evaluation was performed with GraphPad Prism Version 3.0 and 4.0 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com). Depending on sample size and type of experiment, t-test or one-way ANOVA was used to determine significance of the experimental variables. The significance of individual treatment groups in comparison to the controls was determined with the Bonferroni’s multiple comparison post test (with selected pairs). EC50 was calculated with non-linear regression and one phase exponential decay. The statistical analyses used were dependent on the respective experimental design and are specified in the legends of the figures and tables.



3. Results 3.1. Genotoxicity Both compounds, hemoglobin and hemin, significantly induced DNA damage in HT29 clone 19A cells with no apparent differences in the genotoxic potency of the two compounds at concentrations up to 500 M (Table 1). At the higher concentration, hemin was cytotoxic and decreased the cell viability more in HT29 clone 19A cells than in primary colon cells. Hemin can therefore not be defined as being genotoxic at this



Table 1 Hemoglobin and hemin (15 min incubation, 37 ◦ C) induced DNA damage (tail intensity %) in primary colon cells (unpaired t-test, § p < 0.05) and in HT29 clone 19A cells (n = 4–5; one-way ANOVA, ** p < 0.01, *** p < 0.001, Bonferroni’s multiple comparison test to control, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3). Simultaneously hemin decreased the cell viability in HT29 clone 19A (Bonferroni’s multiple comparison test to control, *** p < 0.001, n = 3) Primary cells
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Fe-source [M]
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Table 2 Effects of hemoglobin and hemin on metabolic activity in primary cells and HT29 clone 19A cells after 24 h treatment Hemin (M)



0 100 250 500 1000



Primary cells



HT29



Hemoglobin (M)



Mean



S.D.



n



***



Mean



S.D.



n



100 90 75 69 51



0 8 9 4 12



4 4 4 4 4



** *** *** ***



100 97 81 66 47



0 8 0 5 5



3 3 3 3 3



***



*** *** ***



0 100 250 500 1000



Primary cells



HT29



Mean



S.D.



n



***



Mean



S.D.



n



***



100 70 54 43 22



0 4 7 9 6



2 3 3 3 3



*** *** *** ***



100 69 48 36 22



0 4 2 2 2



3 3 3 3 3



*** *** *** ***



The activity of the medium control was set to equal 100 %. Hemoglobin and hemin significantly decreased the metabolic activity (one-way ANOVA, *** p < 0.001). Significant differences to the medium control are indicated with asterisks (** p < 0.01, *** p < 0.001). No differences were detectable between primary cells and the carcinoma cell line.



concentration (>500 M), since false positive results (increased DNA damage) due to DNA fragmentation in dying cells cannot be excluded [17,18]. Initial DNA-damage is not different between HT29 clone 19A cells and primary colon cells. In the latter cells, hemin significantly induced DNA damage at 1000 M whereas hemoglobin already caused DNAdamage at low concentrations (10 M), however, without revealing a concentration-response relationship.



3.3. Cell growth Table 3 shows that both hemoglobin and hemin reduced the cell number of HT29 clone 19A cells after 24 and 72 h treatment. Hemin was markedly more effective than hemoglobin. The calculated EC50 values for 24 h of incubation were 91 M (hemin) and not detectable for hemoglobin. After 72 h, the corresponding values were 76 M (hemin) and 921 M (hemoglobin). There were no significant differences between the two different durations of exposure (24 and 72 h), thus the induction of this particular cytotoxic effect did not seem to depend on time.



3.2. Metabolic activity Metabolic activity was measured in HT29 clone 19A and in primary colon cells after 24 h incubation with hemoglobin and hemin (Table 2). Both compounds (≥100 M) significantly reduced the metabolic activity with increasing concentrations, indicating cytotoxic effects. Both cell types were of similar sensitivity, without any significant differences between them.



3.4. Iron–H2 O2 interaction Next, we investigated the genotoxic potentials of hemoglobin and hemin in combination with H2 O2 to determine possible pro-oxidative activities. For this, we pre-treated (15 min, 37 ◦ C) the HT29 clone 19A



Table 3 Effects of hemoglobin and hemin on HT29 clone 19A cell number after 24 and 72 h Hemin (M)
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100 96 80 61 49 33 25 19 16
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***
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100 97 92 90 86 74 66 65 54



0 2 5 2 4 4 4 4 4



3 3 3 3 3 3 3 3 3



***



Mean



S.D.



n



***



* *** *** *** *** ***



100 98 88 81 80 73 62 55 46



0 13 13 16 20 17 11 9 5



4 4 4 4 4 4 4 4 4



* ** *** ***



The cell number of the medium control was set to equal 100%, thus each value represents the relative cell number. Hemoglobin and hemin decreased the cell number significantly (one-way ANOVA, *** p < 0.001). Significant differences to the medium control are indicated with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Table 4 Combination effects of hemoglobin or hemin (15 min pretreatment of cells at 37 ◦ C) and H2 O2 (added to cells on slides, 5 min, 4 ◦ C) on DNA damage (tail intensity %) in HT 29 clone 19A cells Fe-source (M) H2 O2 (M)



H2 O2 (M)



H2 O2 (M)



0



18.75



Hemoglobin



Mean S.D.



Mean S.D. ***, ### Mean S.D.



Mean S.D. ***, ### Mean S.D.



Mean S.D.



###



0 10 100 250 500 1000



2.9 3.9 7.5 9.6 13.4 13.2



10.5 9.3 9.4 11.7 15.8 18.4



6.9 6.3 7.5 11.0 16.9 18.5



6.5 6.7 8.7 12.7 14.2 16.1



#



Hemin



Mean S.D.



Mean S.D. ***, ### Mean S.D.



Mean S.D. ***, ### Mean S.D.



Mean S.D. **



4.1 4.2 5.5 5.5 11.1 20.9



9.1 7.6 9.3 10.9 16.7 26.4



4.6 4.2 7.5 9.4 8.9 17.8



5.3 7.1 8.5 11.3 9.8 11.5



0 10 50 100 250 500



0.9 0.4 3.2 0.5 2.3 1.0



1.0 1.1 0.2 0.5 5.1 7.2



# ### ### ###



# ###



0



2.0 2.2 1.3 3.3 3.0 0.1



1.8 0.8 2.0 0.8 4.6 3.1



*** *



##
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###



# ###



2.5 4.3 6.2 9.3 14.2 14.8



2.4 2.9 3.9 4.1 7.2 12.5



9.37



0.2 1.1 1.5 1.6 2.2 1.1



0.4 0.7 0.6 1.6 1.5 1.4



# ### ### ###



# ###



0



2.2 1.6 1.3 1.5 2.1 1.3



1.4 0.6 1.2 4.6 1.5 3.8



*



## ### ###



*, # #



*, ###



3.0 4.2 6.2 10.9 13.5 16.4



2.5 2.9 4.5 5.2 5.9 9.3



4.69



0.2 1.6 2.2 2.4 4.2 4.9



0.2 0.6 2.3 2.4 0.9 3.4



## ### ###



0.9 1.5 0.7 2.9 2.8 3.7



## ###



1.6 3.6 3.3 6.8 5.8 5.0



Means and S.D. from n = 3 independently reproduced experiments are presented. Significant differences to control without iron is indicated by #, significant differences to corresponding incubation with hemoglobin/hemin and without H2 O2 are indicated by * (Two-way ANOVA, ***,### p < 0.001, ** p < 0.01; Bonferroni’s multiple comparison test against control, *,# p < 0.05, **,## p < 0.01, ***,### p < 0.001).



cells in suspension with 10–1000 M hemoglobin and 10–500 M hemin, respectively. Afterwards, the cells (in agarose gel on slides) were damaged with low genotoxic doses of H2 O2 (4.69–18.75 M, 5 min, 4 ◦ C). The combination treatment resulted in significant increases of DNA damage at only few data points (Table 4). Altogether the results merely reflected marginal additive effects by H2 O2 . Significant differences for the various treatment options were not detected.



did not reach its plateau at the end of the experiment, namely after 24 h, for either of the two compounds. At the same time, total iron concentrations in the medium were reduced. This resulted in the finding that the sum of the curves obtained for cellular and medium-concentrations revealed steady state kinetics for both Fe-donors (data not shown). The absolute iron concentrations (g per ml or per million cells) were approximately 10-fold different for the two compounds, since 10-fold different concentrations (32 M for hemin and 250 M for



3.5. Effects of the radical scavenger DMSO on DNA damage DMSO is a well-known scavenger of free radicals, and thus may be used to indirectly elucidate radical mechanisms of toxicity [19]. Fig. 1 clearly demonstrates that DNA damage caused by hemoglobin and by H2 O2 (used as a positive control on account of its radical generating properties) is clearly reduced in the presence of increasing DMSO concentrations. These results support the hypothesis that radicals formed by hemoglobin and H2 O2 are scavenged by DMSO. 3.6. Cellular iron uptake Iron from both hemoglobin and hemin was rapidly taken up by HT29 clone 19A cells. A significant timeeffect relationship was observed. This response curve



Fig. 1. Significant reduction (one-way ANOVA p < 0.001, Bonferroni’s multiple comparison test against control * p < 0.05, ** p < 0.01, *** p < 0.001) of DNA damage after adding increasing concentrations of the radical scavenger DMSO to cell suspensions treated with genotoxic concentrations of hemoglobin (1000 M, 15 min, 37 ◦ C) or H2 O2 (37.5 M, 5 min, 4 ◦ C).
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Fig. 2. Rates of cellular iron uptake by HT29 clone 19A cells incubated with 32 M hemin or 250 M hemoglobin for 15 min to 24 h. There was a clear time dependant increase of the cellular iron content with a higher relative level after hemin treatment.



hemoglobin) were originally added to the incubation mixtures to account for their different cytotoxic potentials. The comparison of iron uptake by the cells incubated with approximately equitoxic concentrations of both iron sources revealed that more Fe was available from hemin than from hemoglobin (Fig. 2). 4. Discussion High intake of red meat is most likely associated with increased colon cancer risk, as has first been reported in prospective studies by Willett et al. [20], and then in later reviews of observational and experimental studies and of two meta-analyses [21]. Results of other studies indicated that high consumption of red meat, or of processed meat, in particular, might be associated with an increased risk of cancer of the large intestine [22,23]. Most recently, members of “The European Prospective Investigation into Cancer and Nutrition” (EPIC) study group have provided new information on the intake of meat and colorectal cancer risks [24]. 478,040 men and women from 10 European countries were prospectively followed up who were free of cancer at the time of enrollment between 1992 and 1998. After a mean followup of 4.8 years, 1329 incident colorectal cancers were documented and, among others, the relationship was examined between intakes of red and processed meat and colorectal cancer risk. The analysis confirmed the previous studies that colorectal cancer risk is positively associated with high consumption of red and processed meat. The authors reported that the overall association with colorectal cancer risk was, however, stronger for processed meat, than for unprocessed red meat. They discussed this on the basis of heme, which was present in all of the red meat and virtually all of the processed meat studied. Since heme was shown to stimulate production of endogenous N-nitroso compounds in the human gas-
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trointestinal system [25] the endogenous N-nitrosation, arising from ingestion of heme, was suggested to account for the increased risk of colorectal cancer of the EPIC study. In the present paper, we have instead hypothesized that hemoglobin and possibly hemin may have other modes of activities in the gut lumen subsequent to red and processed meat intake. Hemoglobin or myoglobin probably release the globin to yield an intact heme complex which then may be absorbed by the intestinal mucosa [26]. Additionally, significant quantities of the dietary heme may be degraded to yield inorganic iron complexes and may be subsequently absorbed in that form [26]. Under in vivo conditions, unabsorbed dietary iron in the gut lumen may be available for Haber–Weiss and Fentontype reactions to yield radicals from peroxides, which in turn may be genotoxic and pose risks of colorectal cancer [9,10,27]. In accordance with this hypothesis, we have now demonstrated in the present study that hemoglobin is genotoxic. The genotoxicity of hemoglobin was observed at subtoxic concentrations, whereas, DNA damage, induced by hemin, was detected only with concomitant cytotoxicity. In HT29 clone 19A cells, as well as in primary colon cells, hemoglobin (up to 1000 M, 15 min of exposure) was non-cytotoxic according to the trypan blue exclusion assay, which measures membrane damage. In contrast, hemin was cytotoxic in the trypan blue exclusion assay at 1000 M, but only in HT29 clone 19A cells and not in primary colon cells. These findings support conclusions from studies with rats fed purified diets supplemented with hemin, which showed that fecal water from these rats had cytolytic properties [28,29]. The different cytotoxic potential between hemoglobin and hemin was also apparent in another test system, which detected cytotoxicity by measuring the impairment of cell growth (and which could only be performed in HT29 clone 19A cells, since primary cells do not proliferate in culture). Here, only 10 M hemin, but 50–100 M hemoglobin, were needed to significantly impair cell growth. The differences between the cytotoxic potentials, and especially the cause of the relatively lower membrane damaging potential of hemoglobin in HT29 clone 19A cells, could be due to the kinetics of a gradual release of toxic hemin from hemoglobin. The lack of membrane damaging cytotoxicity in primary cells may be due to a better cellular uptake of hemin by mechanisms that are more expressed in primary colon cells [26,30], than in tumor cells. When assessing cytotoxicity in both cell types by measuring metabolic activity, the differences between the cytotoxic potentials of the compounds are not as apparent. In this case, already low concentrations
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of both compounds (≥100 M) reduced metabolic activity in HT29 clone 19A cells and in primary colon cells. This may reflect different cellular kinetics for intracellular toxic activities in comparison to extracellular caused membrane damage. Genotoxic effects were caused by hemin in both cell types at 1000 M, which was a cytotoxic concentration according to the measurements used in this study. In contrast, hemoglobin was genotoxic also at lower concentrations (≥10 M in primary colon cells, ≥500 M in HT29 clone 19A cells). These concentrations were non-cytotoxic in primary human colon cells, which here were used as models for possible mechanisms related to initiation of cell transformation. It is important to relate the employed concentration ranges and the genotoxic/cytotoxic effective concentrations of hemoglobin and hemin to the possible exposures found in the gut lumen. One thousand micromolars was the highest concentration that has been tested. This amount is only threefold more than the levels that had been reported to occur in the gut lumen after iron supplementation. Thus, the genotoxic dose of only 10 M is well within the physiological concentration range [12,31]. For example, Lund et al. reported that the concentration of water-soluble iron in the gut lumen is normally around 25 M, but can rise to >100 M in human feces, with a total concentration of iron in the intraluminal pool reaching 350 M after oral supplementation of ferrous sulfate [12,31]. Pierre et al. fed rats (treated with azoxymethane) with meat containing low, medium and high heme levels and with ferric citrate and hemoglobin [32]. They found that the heme content in freeze-dried feces and fecal water correlated to the intake and reached levels of 19–1097 M. In a study by Sesink et al., the feeding of rats with a purified diet supplemented with 1.3 mol/g of hemin resulted in significantly higher fecal levels of iron (257 M) than in the controls (80 M) [28]. Thus in both cases the reported fecal iron concentrations were also within our cytotoxic and genotoxic concentration ranges. Our studies additionally provide evidence, that hemoglobin also exerts genotoxic effects via the generation of free radicals, since its genotoxicity was markedly impaired in the presence of increasing concentrations of the radical scavenger DMSO. It is possible that reactive oxygen species were formed from peroxides or lipids by the catalytic activity of heme iron [33,34]. Also, radicals arising directly from hemoglobin have been reported to occur [35]. With our studies, it cannot be estimated at which proportion hydroxyl radicals were generated. They should cause pro-oxidative activities with H2 O2 , which was not observed here. The finding however points to a possible mechanism of dietary chemoprotection



against iron-mediated effects in the colon, in vivo. On the basis of generally accepted knowledge, it could now be expected that consumption of vegetable and fruits, which are high in antioxidant food ingredients, could counteract the activities of iron in the gut by scavenging free radicals. This has not directly been demonstrated yet. Indirectly, however, it has been shown that the fecal matrix is capable of generating reactive oxygen species in abundance [11]. The free radicals may be dietaryrelated since another group demonstrated an enhanced formation of free radicals in fecal water of subjects consuming a diet rich in red meat and fat. There was a 13-fold higher production of reactive oxygen species in comparison to fecal water from the same individuals who in a later intervention phase consumed a diet high in dietary plant foods [36]. Using the comet assay, we studied the same fecal waters for their genotoxic activities in human colon cells. We were able to observe a reduced level of DNA damaging agents in the fecal water from the vegetable intervention phase in comparison to the fecal waters derived during the high meat/fat consumption period [37]. More recently we have performed an intervention trial with breads supplemented with prebiotics ± antioxidants and determined different biomarkers of genotoxicity and oxidative DNA damage [38]. The measurements included fecal water genotoxicity, which reflects the exposure situation in the colon lumen. Fecal water genotoxicity was reduced in non-smokers although there was no detectable difference between fecal waters from subjects consuming prebiotic breads and those consuming breads additionally supplemented with antioxidants. Presently, these studies do not answer the specific question on whether dietary antioxidants are capable of reducing damage from hemoglobin-derived radicals in the human gut lumen. They do, however, point to the possibility that this mechanism could take place, although it will be necessary to perform more focused intervention trials in the future to resolve the issue. According to the hypothesis, cellular absorption of iron is the basis for detecting genotoxic potentials of hemoglobin and hemin in human colon cells. The results presented here indeed do indicate that exposure with hemin and hemoglobin can lead to increased cellular concentrations of iron in HT29 clone 19A cells. After 15 min treatment, already 8 and 36% of the supplemented iron had been absorbed from hemoglobin and from hemin, respectively. Compared to this, the treatment of HT29 clone 19A cells with Fe-NTA (250 M) resulted in an uptake of almost 50% of the same dose after 15 min [13]. These relative absorption values (FeNTA > hemin > hemoglobin) are inversely related to the
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molecular weights of the compounds, which may be of importance for cellular bioavailability. Absorption of iron mainly takes place in the duodenum and proximal jejunum, a process, which is well controlled since specific iron-excretion pathways do not seem to exist. In rats fed purified control diets, or purified diets supplemented with 1.3 mol/g of hemin, protoporphyrin IX, ferric citrate, or bilirubin (n = 8/group) for 14 days Sesink et al. have studied iron absorption and effects of iron in the colon lumen. They showed that the apparent iron absorption (occurring in the small intestine) was about 12% of dietary intake in the control group and that the additional uptake of iron from supplemental hemin and ferric citrate was very low [28]. This means that the majority of dietary heme iron and iron from ferric citrate reached the colon. The authors were then able to conclude that heme iron and not inorganic iron was probably responsible for the fecal water cytotoxicity and increased colonic epithelial proliferation observed in that study. Heme-iron is absorbed by the intestinal mucosa as the intact heme complex [26,30] and Fe (II) is then liberated in the cell via hemoxygenases [39]. Bioavailability of heme in humans was estimated to be up to 35% and at least 65% of total ingested heme iron reaches the colon (reviewed in [26]). In biological systems iron frequently exists as its insoluble ferric Fe (III) form, which may arise by decomposition of heme and which is thus also related to red meat. The cellular uptake of inorganic iron is mediated by transport systems, which require the presence of the ferrous Fe (II) ion, which is very unstable and quickly oxidizes to ferric iron. To enable absorption, specialized transmembrane electron transport systems evolved, known as ferric-chelate reductases. They function by reducing ferric Fe (III) to the ferrous Fe (II) form at the extracellular surface, thus allowing the cell to take up the ferrous iron [40]. This can then be transported into the cell by the transport protein DMT1 (divalent metal transporter 1) [41]. HT29 clone 19A cells express DMT1 [42], which contributes to the efficient cellular uptake we have demonstrated here. Whether or not primary colon cells, as used here, are better equipped to take up the heme complex from hemoglobin, as suggested by our findings, is not known and will need to be resolved in future studies. In conclusion, the data here presented show that hemin was cytotoxic to human colon cells. There was also a marked genotoxic potential of hemoglobin in primary colon cells at non-cytotoxic concentrations. The studies of mechanisms revealed that hemin and hemoglobin increased iron concentrations in human colon tumor cells and that the observed genotoxicity is probably related to formation of radicals. Thus our stud-
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