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Abstract

Data from epidemiological studies suggest that consumption of red and processed meat is a factor contributing to colorectal
carcinogenesis. Red meat contains high amounts of heme, which in turn can be converted to its nitrosylated form, NO-heme,
when adding nitrite-containing curing salt to meat. NO-heme might contribute to colorectal cancer formation by causing
gene mutations and could thereby be responsible for the association of (processed) red meat consumption with intestinal
cancer. Up to now, neither in vitro nor in vivo studies characterizing the mutagenic and cell transforming potential of NO-
heme have been published due to the fact that the pure compound is not readily available. Therefore, in the present study,
an already existing synthesis protocol was modified to yield, for the first time, purified NO-heme. Thereafter, newly synthe-
sized NO-heme was chemically characterized and used in various in vitro approaches at dietary concentrations to determine
whether it can lead to DNA damage and malignant cell transformation. While NO-heme led to a significant dose-dependent
increase in the number of DNA strand breaks in the comet assay and was mutagenic in the HPRT assay, this compound
tested negative in the Ames test and failed to induce malignant cell transformation in the BALB/c 3T3 cell transformation
assay. Interestingly, the non-nitrosylated heme control showed similar effects, but was additionally able to induce malignant
transformation in BALB/c 3T3 murine fibroblasts. Taken together, these results suggest that it is the heme molecule rather
than the NO moiety which is involved in driving red meat-associated carcinogenesis.
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Introduction

Several epidemiological studies suggest that a direct cor-
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supplementary material, which is available to authorized users. white meat, exists in industrialized nations (English et al.
2004; Larsson et al. 2005; Norat et al. 2005; WCRF/AICR
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et al. 1993; Shirai et al. 1995; Ni et al. 2008; Puangsombat
et al. 2012). However, such heat-induced contaminants are
rather unlikely to play a prominent role in increasing CRC
risk specifically associated with red/processed red meat,
as (1) they have been found to occur in all types of heated
meat, i.e. also in white meat, which is not associated with
CRC formation, and (2) their chemical structure often pre-
cludes that significant amounts are taken up by colonic cells.
For instance, in the case of HCAs, bioavailability has been
shown to be typically around 1-2% (Watkins et al. 1991;
Nicken et al. 2010). In addition, extremely high doses are
needed to induce carcinogenic effects in vivo (reviewed by
Stavric 1994) and no malignant cell transformation has been
shown to occur in vitro (Nicken et al. 2015). In the case of
the PAH lead compound benzo[a]pyrene (BaP), a case—con-
trol study performed by Helmus et al. (2013) showed that
the control group was exposed to higher BaP concentra-
tions derived from white meat than the group comprising
the actual CRC cases. Moreover, results from another epide-
miological study have failed to demonstrate a consistent link
between PAH ingestion and CRC (Tabatabaei et al. 2010).
On the contrary, it has been suggested that mutagenic factors
directly arising from red meat itself may in fact play a role
in CRC development (Helmus et al. 2013).

In line with this hypothesis, the International Agency for
Research on Cancer (IARC) has recently classified the con-
sumption of red meat as probably carcinogenic to humans
(Group 2A) and the consumption of processed meat as car-
cinogenic to humans (Group 1; Bouvard et al. 2015). Up to
now, the consumption of white meat has not been evaluated
by IARC regarding its carcinogenicity and meta-analyses
suggest that its consumption does not increase CRC risk
(Huxley et al. 2009; Carr et al. 2016; Etemadi et al. 2018).
In fact, the above-mentioned evidence indicates that red
meat may contain endogenous genotoxic constituents and
several hypotheses have been brought forward to explain
the discrepancy between red and white meat regarding their
antithetical association with CRC, with one being the sig-
nificantly lower heme content in white meat when compared
to red meat (Lombardi-Boccia et al. 2002; Vanden Bussche
et al. 2014; Pretorius et al. 2016).

Heme is a rather large (616 Da) porphyrin-iron complex
(Wright and Nair 2012), whose main function consists in
transporting oxygen through the body as a component of
hemoglobin in red blood cells (Carpenter and Mahoney
1992; Alayash et al. 2001). In spite of its important physi-
ological function, heme may promote the formation of CRC
by different mechanisms, including the induction of hyper-
proliferation and/or the increased formation of genotoxic
compounds (reviewed by Seiwert et al. 2020). A diet rich in
heme (i.e. abundant in red meat) has been shown to increase
the occurrence of reactive lipoperoxides (Bastide et al.
2015) and to promote the growth of azoxymethane-induced
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preneoplastic aberrant crypt foci in the colon of rats (Pierre
et al. 2003, 2004). Further evidence for a carcinogenic
potential emanating from heme was contributed by Gilsing
et al. (2013), who reported a heme-associated increase in
the incidence of APC and KRAS mutations in a cohort study
performed in The Netherlands. The higher heme content in
red meat might also be responsible for the presumed carci-
nogenicity of processed red meat. The term “processed” or
“cured” commonly refers to the addition of nitrite or nitrate
salts to (red) meat, which directly or endogenously react
with various meat components (e.g. heme) to form N-nitroso
compounds (NOCs) such as nitrosylated heme (NO-heme),
which is also known as the “cooked cured meat pigment”
(Stevanovic et al. 2000; Kuhnle et al. 2007; Honikel 2008;
Sun et al. 2009). The bonding of nitric oxide to the cen-
tral iron atom of the heme molecule is a pH-dependent
process (Hornsey 1956). For this reason, it is assumed that
the slightly acidic conditions of prevailing in the proximal
colon (pH 5.4-5.9; Payne et al. 2012; Moon et al. 2016) may
trigger the release of nitric oxide, which, in addition to the
above-mentioned genotoxic properties intrinsic to the heme
moiety, could induce further pro-carcinogenic effects (Cupid
et al. 2004; Gottschalg et al. 2007). This hypothesis is sup-
ported by results coming from a human nutrition study that
showed higher fecal NOC concentrations and an increase in
the number of DNA adducts in exfoliated colonic cells after
red meat consumption, whereby both effects were positively
correlated (Lewin et al. 2006). This suggests that NO-heme
may be a very important factor in the context of processed
red meat-related CRC development.

Although NO-heme has been detected in the gut of
human volunteers that consumed a meat-rich diet (Kuhnle
et al. 2007), its potential mutagenic effects as well as its
involvement in (colorectal) carcinogenesis are still unclear,
as demonstrated by the lack of scientific studies exploring
the potential association of (pure) NO-heme with CRC. This
might be explained by the fact that studies on specific bio-
logical/toxic effects of NO-heme are difficult to perform due
to its insolubility in aqueous media as well as in typical cell
culture-compatible solvents (e.g. ethanol or dimethyl sul-
foxide [DMSOY]) and its reduced stability when exposed to
light and atmospheric oxygen levels (Andersen and Skibsted
1992; Jankiewicz et al. 1994; Moller et al. 2000). Moreo-
ver, NO-heme is not commercially available and most NO-
heme-containing solutions synthesized according to various
elder protocols (Killday et al. 1988; Jankiewicz et al. 1994;
Pegg and Shahidi 1996; Soltanizadeh and Kadivar 2012)
do not only contain the pure compound, but also a mixture
of potentially toxic and/or mutagenic substances as well as
reaction by-products (e.g. nitrite; Stevanovic et al. 2000).

Therefore, the aim of the present study was to generate
purified NO-heme and to evaluate its potential DNA-dam-
aging and cell-transforming effects using various in vitro
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approaches, in order to shed more light on its hypothetical
role in red meat-associated carcinogenesis.

Materials and methods
Cell culture

BALB/c 3T3 clone A31-1-1 cells from the laboratory of M.
Umeda (Hatano Research Institute, Japan) were kindly pro-
vided by Dr. A. Poth (Knoell Germany GmbH, Mannheim,
Germany). The cells were cultured in minimum essential
medium (MEM) supplemented with 10% (v/v) fetal calf
serum (FCS), 2 mM (v/v) L-glutamine, 100 pug ml™! strep-
tomycin and 100 TU ml~! penicillin (all components were
obtained from Biochrom [Merck], Berlin, Germany). Chi-
nese hamster ovary cells (subclone K1, CHO-K1-BH4) were
kindly provided by B. J. Phillips in the context of the Inter-
national Food Irradiation Project (IFIP; Ministry of Agricul-
ture, Fishery and Food, UK 1984) and cultured in McCoy’s
5A medium supplemented with 10% (v/v) FCS, 100 IU ml™!
penicillin and 100 ug ml1~" streptomycin (all components
were obtained from Life Technologies, Darmstadt, Ger-
many). The human colon adenocarcinoma cell line Caco-2
was purchased from the German Collection of Microorgan-
isms and Cell Cultures (DSMZ; Braunschweig, Germany).
These cells were cultured in MEM Eagle’s (EMEM) medium
supplemented with 1% (v/v) non-essential amino acids,
2 mM (v/v) L-glutamine, 50 ITU ml~! penicillin G, 50 pug ml~!
streptomycin (all components were obtained from Lonza,
Verviers, Belgium) and 10% (v/v) FCS obtained from Bio-
west (Nuaille, France). All cell lines were kept at 37 °C in a
humidified atmosphere containing 5% CO,.

Chemicals and control solutions

Sodium nitrite (Carl Roth, Karlsruhe, Germany) and dehy-
droascorbic acid (DHAA; Sigma-Aldrich, Schnelldorf, Ger-
many) were dissolved and diluted in ultrapure water. The
nitrite concentration used in the various in vitro assays is
based on the limit of quantification (LOQ) of the method
used to quantify the residual nitrite content in the purified
NO-heme solution prepared in the present study (see below).
The concentration of DHAA applied in the various test sys-
tems was estimated by dividing the starting concentration
of ascorbic acid in the NO-heme solution as published by
Soltanizadeh and Kadivar (2012) (123.08 mM; see below)
by the purification-based dilution factor calculated for nitrite
under the assumption that DHAA is fully oxidized during
the nitrosylation reaction. In order to obtain adequate solvent

controls for NO-heme and hematin, acetone (99.7%; Carl
Roth) was diluted in ultrapure water (acetone/H,0O) or in
20 mM NaOH (acetone/NaOH) (Carl Roth) to a final con-
centration of 80% (v/v) in the case of the NO-heme solution
and the hematin solution, respectively. Further chemicals
used are mentioned in the respective assay sections below.

Preparation and purification of heme solutions

The chemical structure of the different heme species men-
tioned in this study is shown in Supplementary Fig. 1a.
Impure NO-heme was prepared as previously described by
Soltanizadeh and Kadivar (2012). Briefly, 6.52 mg porcine
hemin (Sigma-Aldrich) were dissolved in 1.88 ml 0.1 M
NaOH and diluted in 8 ml acetone. Then, in order to obtain
a 1 mM hemin solution, 120 pl of a 12.02 M HCI solution
(Carl Roth) were added. Finally, heme nitrosylation was
achieved by the stepwise addition of 217 mg ascorbic acid
(Carl Roth; final concentration: 123.08 mM) and 138 mg
sodium nitrite (final concentration: 200 mM) to the prepared
hemin solution.

In order to subsequently remove nitrite and DHAA
residues and thus produce purified NO-heme, 10 ml of the
above-mentioned solution were dialyzed at 4 °C protected
from light for 24 h against distilled and ultra-pure water
using Slide-A-Lyzer® dialysis cassettes (MWCO: 3500;
Thermo Scientific, Dreieich, Germany). Purified NO-heme
was then obtained as follows: in a first step, the solution in
the dialysis cassette was removed and centrifuged at 2500 rcf
for 10 min, leaving only precipitated NO-heme inside the
cassette. In a second step, 8 ml pure acetone were injected
into the empty dialysis cassette and subsequently removed
once the NO-heme precipitate was (almost) completely dis-
solved. Thereafter, both solutions were combined, divided
into 1.5 ml aliquots and dried for 90 min at 60 °C using
a centrifugal vacuum concentrator (Concentrator 5301;
Eppendorf, Hamburg, Germany). Lastly, all resulting pellets
were dissolved and pooled in a total volume of 600 ul 80%
acetone/H,0, flushed with nitrogen and stored at — 80 °C
protected from light until further use. Immediately before the
respective in vitro assays mentioned below were performed,
NO-heme was quantified a second time and diluted to the
desired concentration using 80% acetone/H,0. The cellular
treatment with NO-heme was always performed in a dark-
ened room with the lamp of the laminar flow cabinet as the
only source of light.

To obtain a 4 mM hematin solution, 13.04 mg porcine
hemin were dissolved in 1 ml 20 mM NaOH and diluted in
4 ml acetone. Thus, hematin contained the same acetone
concentration as the NO-heme solutions, i.e. 80%.
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Fig.1 Chemical characterization of NO-heme. a UV-Vis and b IR
spectra of different heme species. ¢ IR spectrum of NO-heme com-
pared to spectra of educts, by-products and solvents used in the
nitrosylation reaction. d Detection of nitrite in purified NO-heme

Photometric detection and quantification of heme
species

All initial non-nitrosylated hemin as well as the NO-heme
solutions were diluted in 80% acetone and their content
was analyzed by UV-Vis spectroscopy in the range of
350-750 nm using a microplate reader (Infinite M200;
Tecan, Crailsheim, Germany). The concentration of NO-
heme was determined by applying the Beer—Lambert law
and the published extinction coefficient of NO-heme, which
is 11.3 mM~!xcm™" at 540 nm (Hornsey 1956).
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Nitrite spike [uM]

solutions (black and grey symbols; 100-200 uM NO-heme) by means
of the standard addition method by using spiked nitrite standards
(white symbols; 0-200 uM nitrite). Shown is the mean and standard
deviation (SD) of three independent UV—-Vis measurements

Fourier-transform infrared (FTIR) spectroscopy
of heme species, reagents and reaction by-products

In order to further identify the hemin and NO-heme molecules
present in the above-mentioned solutions, nitrogen-dried sam-
ples were analyzed in the range of 4000-400 cm™! using an
FTIR spectrometer (IRAffinity-1S; Shimadzu, Duisburg, Ger-
many). Reference spectra of reagents and reaction by-products
present in the NO-heme solution (e.g. DHAA, sodium nitrite
and hemozoin [obtained from InvivoGen, Toulouse, France])
were recorded using the undissolved (i.e. dry) compounds.
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Stability analysis of NO-heme under different
storage conditions

For the analysis of stability, NO-heme was stored in 15 ml
centrifuge tubes (Greiner Bio-One, Frickenhausen, Ger-
many) under different light and atmospheric conditions.
Briefly, 80 ml of the NO-heme solution were first synthe-
sized, purified and concentrated as described above. The
final solution was further diluted in 80% acetone/H,0 to
a final volume of 12.5 ml and allocated to four centrifuge
tubes containing 3 ml each. Two of the NO-heme samples
were stored in the dark at room temperature, flushed with
nitrogen and additionally sealed with thermoplastic film
(Parafilm® M, Sigma-Aldrich). The other samples were
incubated at room temperature and exposed to sunlight
and air. The NO-heme content of each tube was analyzed
by UV-Vis and FTIR spectroscopy after 0, 2, 4 and 24 h
of incubation.

Nitrite content in NO-heme solutions

The residual nitrite concentration of the NO-heme solu-
tion was measured photometrically and calculated using
the standard addition method, i.e. by adding increasing
amounts of sodium nitrite to identical volumes and con-
centrations of the same NO-heme sample. This method
enables the generation of a nitrite standard curve while
avoiding matrix effects caused by compounds absorbing
light at the same wavelength as the reaction reagents used
to quantify nitrite (e.g. NO-heme itself). The colorimet-
ric quantification of nitrite was performed as reported
beforehand, albeit with slight modifications (Mohamed
et al. 2008). NO-heme was diluted in ultra-pure water and
mixed with 11.61 mM sulfanilamide (Sigma-Aldrich) and
2.51 mM N-(1-naphtyl)-ethylenediamine dihydrochloride
(NED, Sigma-Aldrich) in 96-well plates (TPP, Trasadin-
gen, Switzerland). Both reagents were dissolved in 0.5 M
HCI, with solutions always being freshly prepared when
needed. After the addition of NED, samples in the 96-well
plates were incubated for 15 min at room temperature, fol-
lowed by the measurement of the absorption at 540 nm.
The absorption of the blank sample was determined by
adding 0.5 M HCl instead of sulfanilamide and NED.

To estimate the nitrite content in NO-heme solutions
after dialysis and vacuum concentration, nitrite stand-
ards (0, 100 and 200 uM concentrated in ultrapure water)
as well as solutions of 100 and 200 uM NO-heme were
spiked with nitrite and analyzed as described above.
Thereafter, the nitrite standards were plotted in a dia-
gram and used as indicators for nitrite detection in the
NO-heme samples.

SDS-PAGE and Western blotting

The cellular uptake of NO-heme and hematin was quali-
tatively investigated by using the expression of the intra-
cellular heme-degrading protein heme oxygenase 1 (HO-1)
as surrogate marker. Its expression was analyzed via SDS-
PAGE and Western blotting in NO-heme-treated Caco-2
cells. Beforehand, the cytotoxicity of the heme species as
well as solvents was evaluated using a commercial kit meas-
uring cell viability based on the WST-1 reagent obtained
from Roche Diagnostics (Mannheim, Germany) and per-
formed according to the manufacturer’s instructions. Briefly,
5% 10* cells/well were seeded in 96-well plates (TPP) and
incubated for 24 h. Then, the cells were treated with the test
substances in triplicate for a further 24 h before they were
washed with phosphate buffered saline (PBS) and incubated
for 1.5 h with 100 pl/well medium supplemented with 10%
(v/v) WST-1 reagent. Finally, absorption was measured at
450 nm (with a reference wavelength at 650 nm). For HO-1
expression analysis, Caco-2 cells (3 x 10%/3.5 cm plate)
were treated for 24 h as mentioned above, with 2% acetone/
H,0 and 2% acetone/NaOH serving as solvent controls.
Subsequently, the supernatant and the PBS-washed cellu-
lar fraction were collected, pelleted with trypsinized cells
and resuspended in 1x Limmli loading buffer pre-heated
to 95 °C. Proteins were then separated by SDS-PAGE and
transferred onto a nitrocellulose membrane (Perkin Elmer,
Rodgau, Germany) using a wet-blot chamber (BioRad,
Munich, Germany) as previously described (Seiwert et al.
2017). After blocking the membrane in 5% non-fat dry milk
(Carl Roth) in Tris-buffered saline/0.1% Tween-20 (TBS-T),
incubation with primary antibodies occurred overnight at
4 °C. The membrane was then washed thrice in TBS-T fol-
lowed by an incubation with secondary antibodies for 1 h at
room temperature. After final washings steps, proteins were
detected with enhanced chemoluminescence using an Azure
300 CL imaging system (Azure biosystems, Dublin, USA).
Anti-heat shock protein 90 (Hsp90) a/f (mouse monoclo-
nal; no. sc-13119; Santa Cruz Biotechnology, Heidelberg,
Germany) and anti-heme oxygenase-1 (rabbit polyclonal; no.
GTX101147, GeneTex, Irvine, California, USA) were used
as primary antibodies. Horseradish peroxidase-conjugated
secondary antibodies were purchased from Santa Cruz (anti-
mouse) and Cell Signaling Technologies (anti-rabbit; Frank-
furt am Main, Germany).

Single cell electrophoresis assay (comet assay)

DNA-damaging effects of NO-heme were determined in
Caco-2 and BALB/c 3T3 cells using the single cell electro-
phoresis assay (comet assay). The detection of genotoxic-
ity in BALB/c 3T3 cells was thereby performed to enable a
direct comparison of these results with effects documented in
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the BALB/c 3T3 cell transformation assay (see below). The
comet assay was performed as previously reported (Briviba
et al. 2016), with the following modifications: 2.15 X 10* cells/
well were seeded in 6-well plates (Corning, Kennebunk, USA)
and cultivated for five days. At day six after seeding, the cells
were treated for 1 h with the different test substances diluted
in Hank’s Balanced Salt Solution (HBSS; Lonza). Hydrogen
peroxide and iron sulfate (both from Sigma-Aldrich) served
as positive controls. After treatment, the cells were prepared
as previously published (Briviba et al. 2016) and incubated in
a specific lysis buffer (100 mM Na,EDTA, 1% Triton X-100,
2.5 mM NaCl, 1% lauroyl sarcosine sodium salt, 10 mM
tris(hydroxymethyl)aminomethane [TRIS] and 10% dimethyl
sulfoxide; all purchased from Merck, Darmstadt, Germany)
for 1 h at 4 °C. Then, microscope slides were incubated in
electrophoresis buffer (1 mM Na,EDTA, 300 mM NaOH;
Merck) for 20 min at room temperature, followed by an elec-
trophoresis run at 25 V and 300 mA for 40 min. Thereafter, the
slides were washed three times with TRIS buffer (0.4 M; pH
7.5) and stained using 85 pl of a 4,6-diamidino-2-phenylindole
solution (5 pg ml~'; Merck). For quantification of the results,
100 cells per slide were analyzed using a DM 400 B fluores-
cence microscope (Leica, Wetzlar, Germany) connected to the
Comet Assay II Image Analysis System (Perceptive Instru-
ments, Halstedt, UK).

Bacterial reverse mutation assay (Ames test)

The Ames test was performed according to the pre-incuba-
tion method described by Mortelmans and Zeiger (2000),
albeit with slight modifications. Briefly, the lyophilized
Salmonella typhimurium strains TA100 (lot number 5220D,
Trinova, Gieen, Germany) and TA1535 (lot number 5209D,
Trinova) were cultured overnight in 50 ml nutrient broth no.
2 (Thermo Scientific) at 37 °C. Subsequently, the bacterial
cultures were shaken for two hours at 125 rpm and 37 °C
until the suspension reached an optical density of 1-1.3 at
600 nm. Then, 100 pl of the suspension were mixed with
500 pl of sodium phosphate buffer (final concentrations:
12 mM NaH,PO,, 88 mM Na,HPO, [pH 7.4]; all compo-
nents purchased from Carl Roth) and 50 pl of the test com-
pound. Sodium azide (Sigma-Aldrich) was used as positive
control and dissolved in ultrapure water. The bacteria were
mixed and incubated with the test compounds for 30 min at
37 °C prior to being plated and further incubated for 48 h
at 37 °C. Finally, the number of grown revertant colonies
was counted.

In vitro mammalian cell gene mutation test (HPRT
assay)

The investigation of potential cytotoxic effects induced
by NO-heme in CHO-K1 cells was performed using a
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commercial cell proliferation kit based on the MTT reagent
obtained from Roche Diagnostics and performed according
to the manufacturer’s instructions. Briefly, 3.5 x 10* cells/
well were seeded in 96-well plates (Greiner Diagnostic,
Balingen, Germany). Approximately 24 h later, the cells
were treated with different NO-heme and acetone concen-
trations for another 24 h. Subsequently, cells were incubated
with the MTT solution for 4 h, before 100 ul DMSO (Carl
Roth) were added and absorbance was measured at a wave-
length of 570 nm using a microplate reader (EL600; BioTek
Instruments, Winooski, USA). The mitochondrial metabolic
activity of NO-heme-treated cells was thereby compared to
the vehicle control. The HPRT assay was performed accord-
ing to OECD test guideline no. 476 (OECD 2016) without
exogenous metabolic activation. Briefly, 5x 10° cells per
sample were seeded in a 75 cm? cell culture flask (Greiner
Bio-One) containing 15 ml of McCoy’s 5SA medium. After
24 h, the cells were treated with the different test substances
for 4 h, whereby ethyl methanesulfonate (EMS; Sigma-
Aldrich) served as the mutation-inducing positive control.
Then, the cells were washed with buffered saline, replen-
ished in fresh medium and incubated for another 48 h. In
order to evaluate the expression of the mutant phenotype,
cells were sub-cultured every 48 h for 9 days. On day nine
post treatment, 2 x 10° cells were transferred in triplicate
to new flasks, each containing 6-thioguanine (10 ug ml~!;
Sigma-Aldrich). After another period of 9 days, colonies
resistant to 6-thioguanine were fixed with methanol (Carl
Roth), stained with methylene blue (Carl Roth) and counted.
For the final evaluation of the test, the absolute number of
mutations per one million CHO-K1 cells was calculated.

BALB/c 3T3 cell transformation assay (CTA)

The appropriate concentrations of NO-heme to be used
in the cell transformation assay were determined using a
slightly modified colony forming efficiency (CFE) method
according to Sasaki et al. (2012a). Briefly, 200 BALB/c 3T3
cells were seeded in 60 mm dishes (TPP) filled with 4 ml
MEM medium. After 24 h, the cells were treated with NO-
heme or the control substances for three days. 3-Methyl-
cholanthrene (MCA, Sigma-Aldrich) dissolved in DMSO
was used as positive control. On day 4, the medium was
removed and 4 ml fresh culture medium were added. On
day 9, the cells were washed with saline, fixed with 4 ml
ice-cold methanol (Carl Roth) for 10 min and then stained
with Giemsa solution (Carl Roth) for 30 min. Finally, the
stained dishes were washed with water and air-dried before
cell colonies with a diameter of >2 mm were counted.

The CTA was performed as previously described
(Sasaki et al. 2012a) and began with the seeding of 2 X 10*
BALB/c 3T3 cells in 100 mm dishes (TPP) filled with 10 ml
MEM medium. On day 1, the cells were incubated with
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the test substances for three days, followed by a medium
change on day 4. From now on, the cells were incubated in
DMEM/HAM’s F-12 medium supplemented with 2% (v/v)
FCS, 100 pg ml~! streptomycin, 100 IU m1~! penicillin (all
components were obtained from Biochrom) and 2 pg m1~!
bovine pancreas insulin solution (Sigma-Aldrich). On days
7,10, 14, 17, 21 and 24, the medium was changed and the
cells were finally fixed on day 31 using ice-cold methanol.
Lastly, the plates were stained with Giemsa solution and the
number of type III foci formed was counted using a stereo
microscope (SZX2-ILLT; Olympus, Hamburg, Germany).
Focus characterization and assessment were performed in
accordance with the photo catalogue published by Sasaki
et al. (2012b).

Statistical analysis

All results were statistically analyzed using Prism (version
8.4.1; GraphPad, La Jolla, USA). Prior to the significance
analysis (@=0.05), the data were examined with respect
to normality distribution by using the Shapiro—Wilk test.
Detailed information on the number of replicates and the
used statistic tests are mentioned in the legends of the cor-
responding Tables and Figures.

Results
Analytical characterization of heme species

NO-heme showed absorbance maxima at 480, 540 and
566 nm, whereas the non-nitrosylated hemin solution
showed maxima at 510, 542 and 640 nm in the UV-Vis
spectra (Fig. 1a). As depicted in Fig. 1b, the IR spectra of
NO-heme exhibited bands at 2918.30, 2850.79, 1701.22,
1662.64, 1629.85, 1411.89, 1274.95, 1219.01, 950.91,
840.96, 704.02 and 476.42 cm™!. Although the spectrum
of hemin was similar, with signals at 2916.37, 1697.36,
1662.64, 1408.04, 1278.81, 1209.37, 937.40, 844.82,
704.02 and 478.35 cm™~!, NO-heme showed a maximum
IR absorbance at 1662.64 cm™!, whereas hemin solutions
featured an intensity maximum at 1697.36 cm™!. The IR
spectra of hemin, acetone, sodium nitrite, ascorbic acid and
DHAA were recorded in parallel and served as references
to exclude interfering signals in the NO-heme spectra. As
depicted in Fig. Ic, nitrite showed no bands in the range
of 1500-1900 cm™!, while DHAA showed a maximum IR
intensity at 1774.51 cm™'. In the case of ascorbic acid, bands
at 1753.29 and 1654.92 cm™! were documented. Similar to
the IR spectra of hemin, acetone showed a maximum inten-
sity at 1703.14 cm™.

The efficiency of the NO-heme purification process was
verified by quantifying the residual content of nitrite in

the synthesized solutions. Non-purified 1 mM NO-heme
solutions contained 102.7 + 10.7 mM nitrite (mean + SD;
n==6) or 10.27 mM nitrite when diluted in a 100 uM NO-
heme solution. In comparison, a 100 uM NO-heme solution
subjected to dialysis and vacuum concentration contained
amounts of nitrite below the LOQ (100 puM) of the nitrite
quantification assay (Fig. 1d). This degree of purification
corresponds to a higher than 100-fold dilution of nitrite in
NO-heme solutions produced by the above-mentioned modi-
fied protocol.

Stability of NO-heme solutions

The stability of NO-heme solutions, which were protected
from light and flushed with nitrogen, was not affected over
an incubation period of up to 24 h according to the UV-Vis
and IR spectra depicted in Fig. 2a and b. Storage at -80 °C
additionally helped to maintain stability for at least eight
weeks, as depicted in Supplementary Fig. 2. Exposure of
NO-heme solutions to UV light and oxygen reduced the
respective absorbance signals in the UV-Vis spectrum
within two hours of exposure (Fig. 2c), while additional IR
bands emerged at 1207.44 and 1554.63 cm™! (Fig. 2d). In
addition to these newly appeared bands, the color of the
exposed NO-heme solution changed from red to brown and a
precipitate was formed, which consisted of brown crystalline
structures. IR spectra of these crystals were identical to the
IR spectrum of the heme dimer hemozoin (Fig. 3).

Effects of the heme species in different in vitro
assays

Prior to the analysis of potential toxic effects of hematin
and NO-heme, their cellular uptake was determined using
the heme-degrading protein heme oxygenase 1 (HO-1) as
marker. The experiments showed nearly the same results
for both test solutions, i.e. when compared to control sam-
ples, treatment with 50 and 100 uM hematin and NO-heme,
respectively, resulted in an increased expression of HO-1
during the 24-h incubation period (Fig. 4). Similar to the
HO-1 expression analysis, a dose-dependent increase of
cytotoxicity was seen with comparable effects in Caco-2
cells treated with both heme species (50 uM NO-heme and
hematin reduced the relative cell viability to 43% and 45%
of the control, respectively; Supplementary Fig. 3a).

The genotoxic potential of NO-heme and hematin was
analyzed in the comet assay using BALB/c 3T3 and Caco-2
cells. Cell viability was assessed using a live/dead staining
after the 1-h treatment, a necessary step for cell counting and
seeding on the microscope slides. By doing so, no cytotoxic-
ity was detected for any test substance (data not shown). In
the comet assay using BALB/c 3T3 cells, hematin led to a
dose-dependent increase of the tail intensity with statistically
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Fig.2 Stability of NO-heme under different lighting and atmospheric
conditions after 0, 2, 4 and 24 h of incubation. a UV-Vis and b IR
spectra of NO-heme stored in the dark under a nitrogen atmosphere.

significant effects in the concentration range of 10-100 pM
(Fig. 5a), while the increase in tail intensity induced by NO-
heme was generally lower than that induced by hematin and
not statistically significant. In contrast, Caco-2 cells reacted
more sensitively to the treatment, exhibiting genotoxic
effects when exposed to increasing hematin and NO-heme
concentrations: incubation of Caco-2 cells with 100 pM NO-
heme thereby led to a tail intensity increase of 22%, while
the same amount of hematin reached a mean tail intensity
of 33% (Fig. 5b). For lower concentrations, a statistically
significant DNA-damaging potential was not seen, although
a dose-dependent tendency was noticed.

Except for the positive control NaN; no mutagenic
effects were detected in the Ames test, although concentra-
tions of up to 300 uM NO-heme and hematin were tested
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(Fig. 5c¢, d). Prior to the performance of the HPRT assay,
the cytotoxicity of NO-heme and the solvent acetone/H,0O
was analyzed in CHO-K1 cells using the MTT assay. The
treatment of CHO-K1 cells with NO-heme led to a dose-
dependent decrease of the relative cell viability with val-
ues ranging from 87% viability for 50 uM NO-heme to
59% viability for 200 uM NO-heme, while increasing con-
centrations of acetone/H,0 did not affect cellular viability
(Supplementary Fig. 3b). The results of the HPRT assay
are shown in Fig. 5e. 100 uM as well as 200 pM NO-heme
and hematin induced significantly higher frequencies of
mutations in CHO-K1 cells when compared to the solvent
controls. The effects of both heme species were thereby
similar, with a mutation rate of 56-71 mutations per 10°
cells.
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Fig.3 Analysis of photolyzed NO-heme. The IR spectrum of NO-
heme after exposure to sunlight and air for 24 h in comparison to the
IR spectrum of hemozoin
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Fig.4 Expression of HO-1 in Caco-2 cells exposed to NO-heme (50—
100 uM) and hematin (50-100 uM) for 24 h. The solvent control of
hematin (Ctrl 1) and NO-heme (Ctrl 2) were diluted with cell culture
medium in the same way as the heme species, with the final test con-
centration being 2% acetone/NaOH in case of Ctrl 1 and 2% acetone/
H,O0 in case of Ctrl 2. In addition, NaOH mixed with ultra-pure water
instead of acetone was tested. Hsp90 served as loading control

In a last step, the potential of both heme species under
investigation to induce a malignant transformation of
BALB/c 3T3 cells was analyzed. A concentration of
150 uM hematin, but not NO-heme, induced a significant
increase in the amount of type III foci when compared
to the corresponding solvent control (Fig. 5f). Moreover,
treatment of cells with 150 uM hematin induced a signifi-
cantly higher number of type III foci when compared to
150 uM NO-heme. In spite of these rather high concen-
trations, BALB/c 3T3 cells showed no sign of cytotoxic-
ity up to the maximum concentration of 200 uM used for
both heme species. In contrast, both DHAA and sodium
nitrite showed no cell-transforming potential, although
cytotoxicity was seen starting at fairly high concentra-
tions of 750 uM and 6 mM, respectively (Supplementary
Fig. 3c-f).

Discussion

To our knowledge, this is the first study describing a reli-
able method for the chemical synthesis of purified and sta-
ble NO-heme with a significantly reduced level of contami-
nants and by-products such as nitrite. The UV-Vis spectra
of hemin and NO-heme measured herein were identical with
the spectra measured by Hornsey (1956), Shahidi and Pegg
(1991) and Soltanizadeh and Kadivar (2012), with specific
absorbance maxima at 476—480, 535-540 and 563-566 nm.
IR spectra of hemin and NO-heme showed similar bands
from 3000 to 1700 cm™" and 1600 to 400 cm™". Therefore,
it can be concluded that these bands are specific for the heme
molecule. In contrast, the intensities at 1662.64 cm™! differ
considerably between the two heme species, suggesting a
difference in the iron ligand most probably due to the bind-
ing of a nitric oxide moiety to the heme molecule. In the case
of hemin, the band at 1662.64 cm™! may confirm the exist-
ence of multiple carbon—carbon double bonds within the
heme structure (Morin et al. 1989; Silva et al. 1999), while
in the case of NO-heme, this (low-intensity) band could
be overlapped by a band specific to the Fe—-NO bond and
whose intense stretching appeared at the same wavenumber.
These results are supported by several earlier studies analyz-
ing heme nitrosylation, in which similar IR signals in the
range of 1678-1659 cm™! were reported, and in which the IR
band was specifically attributed to the Fe—-NO bond (Killday
et al. 1988; Jankiewicz et al. 1994; Pegg and Shahidi 1996).
Moreover, in the present study, the interference of bands by
solvents and by-products was excluded by measurement of
reference spectra, whereas sodium nitrite and DHAA as well
as acetone showed no concurrent bands with the signal at
1662.64 cm™! specifically attributed to the Fe-NO bond in
the frame of the present study. Furthermore, the NO-heme
solution was measured in the dry state and showed no band
at 1774.51 cm™, rendering the concurrent detection and thus
the presence of acetone and/or DHAA unlikely, even more
when considering that the starting NO-heme solution was
purified prior to measurement. Ascorbic acid showed a band
at 1654.92 cm™"; therefore, one could speculate that the NO-
heme band seen at 1662.64 cm™' is due to contamination
of the NO-heme solution with ascorbic acid. However, the
second band at 1753.29 cm™!, which is specific for ascorbic
acid (Bichara et al. 2015), was not seen, greatly diminishing
the possibility of interfering bands resulting from ascorbic
acid contamination of the NO-heme solution. Therefore, the
presented IR spectrum is most likely specific for NO-heme,
strongly suggesting that the method used for its synthesis
and purification described herein is suitable for the reliable
production of purified NO-heme.

As described by Hornsey (1957), Soltanizadeh and
Kadivar (2012) and Haile et al. (2013), NO-heme is
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highly sensitive to UV light and oxygen; an exposure to
these results in NO release from the molecule and leads
to changes in the specific UV-Vis and IR spectra within
2 h. While the absorbance maxima of the UV—Vis spectra
disappeared during photolysis, the IR spectra expanded
with further bands appearing at 1554 and 1207 cm™'.
In conjunction with the nitrosyl iron-related band at
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1662.64 cm™! as well as the emergence of brown crystal-
line structures, the appearance of these new bands support
the assumption that the product of photolyzed NO-heme
may be B-hematin or hemozoin. While the term “hemo-
zoin” exclusively describes the heme species synthe-
sized by parasites responsible for causing malaria (e.g.
Plasmodium falciparum), synthetic hemozoin is termed
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«Fig.5 Toxicological characterization of hematin (white bars;
1-300 uM hematin dissolved in 80% acetone/NaOH [Ctrl 1]) and
NO-heme (black bars; 1-300 uM NO-heme dissolved in 80% ace-
tone/H,O [Ctr]l 2]) using various in vitro assay systems. Shown is
the mean and SD of at least three independent experiments, with the
exception of the comet assay performed with Caco-2 cells (n=4)
and the BALB/c 3T3 cell transformation assay (n=10). Statistical
analysis was performed using the Kruskal-Wallis test followed by
Dunn’s multiple comparison post-hoc analysis in the case of comet
assay data as well as the Ames test performed with S. typhimu-
rium strain TA1535. The Ames test performed with S. typhimurium
TA100 as well as the HPRT and the BALB/c 3T3 cell transforma-
tions assays were analyzed by means of a one-way ANOVA followed
by Tukey’s multiple comparison test. a Comet assay performed with
BALB/c 3T3 cells. b Comet assay performed with Caco-2 cells.
¢ Ames test performed with S. typhimurium strain TA100. d Ames
test performed with S. typhimurium strain TA1535. e HPRT assay
performed using CHO-K1-BH4 cells. f BALB/c 3T3 cell transfor-
mation assay. For all assays, the solvent controls Ctrl 1 and Ctrl 2
were adapted to the highest NO-heme or hematin concentration
ranging from 2% in the comet assay to 4% in the HPRT as well as
the BALB/c 3T3 cell transformation assays and 6.15% acetone/H,O
or acetone/NaOH in the Ames tests. The concentrations of the con-
trol substances were as follows: 100 pM NaNO,, 61.54 uM DHAA,
100 pM H,0,, 100 uM FeSO,, 1.54 mM NaN,, 7.69% H,O in the
Ames tests, 5 mM EMS, 0.1% DMSO, 14.91 uM MCA and 0.2%
H,O0 in the case of BALB/c 3T3 cell transformation assay. *p <0.05,
#p <0.01, ¥ <0.001, **¥%p <0.0001. *Occurrence of cytotoxic
effects visually determined by the absence of a background cell
monolayer

B-hematin (Vanderesse et al. 2016). f-Hematin is a mol-
ecule that consists of two heme moieties joined by two
ester linkages (chemical structure shown in Supplementary
Fig. 1b) (Coronado et al. 2014; Vanderesse et al. 2016).
While one propionate side chain of one heme molecule
is connected to the iron atom of the other molecule, the
second side chain can generate intermolecular hydro-
gen bonds with other f-hematin molecules (Egan 2002;
Jaramillo et al. 2009). Thus, insoluble crystal structures
are formed (Butykai et al. 2013; Coronado et al. 2014;
Vanderesse et al. 2016), leading to the formation of the
precipitate observed after NO-heme exposure to sunlight.
In addition, B-hematin-specific IR bands in the range of
1664-1660 cm™" as well as 1211-1207 cm™" attributed to
the ester linkages have been described in several previous
studies (Slater et al. 1991; Egan et al. 1994; Basilico et al.
1997; Huy et al. 2007; Jaramillo et al. 2009; Coronado
et al. 2014; Vanderesse et al. 2016). Therefore, in spite
of the light-induced release of the NO moiety, the band
at 1662.64 cm™! is still detected due to ester bonds exist-
ing between the remaining heme molecules. Finally, the
photolysis-induced formation of p-hematin was verified
by comparison of sunlight-exposed NO-heme solutions
with IR spectra of pure hemozoin, resulting in identical
wavenumber bands for both substances. All in all, these
results strongly suggest that f-hematin is formed after the
light-induced release of NO from the NO-heme molecule,

as reported by Ostera et al. (2011). Based on the analyti-
cal results presented herein, toxic effects induced by pos-
sible contaminants and by-products resulting from the
nitrosylation reaction used to produce the NO-heme
solution are highly unlikely. Hence, all the toxic effects
described herein for the purified NO-heme solution can
be attributed to the main molecule under investigation,
i.e. NO-heme.

The cytotoxicity of NO-heme was analyzed prior to the
in vitro examination of its genotoxic, mutagenic and cell-
transforming potential. The analyses using BALB/c 3T3
cells showed either no cytotoxicity (for NO-heme and hema-
tin) or a reduced cell viability being induced only by a more
than tenfold higher concentration than that used in the comet
assay and the CTA (in case of DHAA and sodium nitrite).
In the CHO-K1 cells used for the HRPT test, NO-heme-
induced cytotoxicity and reduced the relative cell viability
to 59%. However, the OECD test guideline no. 476 (OECD
2016), describing the performance of the HPRT assay,
allows for the use of test compound concentrations reduc-
ing cellular viability to 10-20% of control. Likewise, for
the Western blot analysis on cellular uptake, Caco-2 cells
were treated with hematin and NO-heme at concentrations
that induced cytotoxicity after 24 h of incubation concur-
rently to the corresponding comet assays performed after 1 h
of treatment with these compounds. Thus, the toxic effects
seen may be interpreted as a consequence of DNA damage
occurring at the early stages of the exposure of the cells to
hematin and NO-heme, while the increased expression of
HO-1 strongly indicates that both heme species were indeed
taken up by the Caco-2 cells.

One may speculate that the DNA-damaging and muta-
genic effects induced by both tested heme species is caused
by increased lipid peroxidation. Generally, each lipid mole-
cule found in the cell membrane consists of unsaturated fatty
acids, which could react with reactive oxygen species (ROS)
to form lipid hydroperoxides (Marnett 2000; Ayala et al.
2014). Besides these primary peroxidation products, reac-
tive aldehydes like 4-hydroxynonenal (4-HNE) or malon-
dialdehyde (MDA) can be formed as secondary products
(Ayala et al. 2014). These can directly interact with DNA
and form several DNA adducts (Stone et al. 1990a, 1990b;
Guéraud et al. 2010). Further genotoxic effects induced by
4-HNE are extensive DNA fragmentation, sister-chromatid
exchanges and chromosome aberrations (Brambilla et al.
1986; Esterbauer et al. 1990; Eckl et al. 1993). A sum of
all these toxic effects may finally result in the malignant
transformation of cells exposed to 4-HNE. The heme mol-
ecule and especially the iron atom can indeed trigger the
formation of hydroxyl radicals through the so-called Fenton
reaction (Ayala et al. 2014) and may thus activate pathways
leading to the above-mentioned genotoxic effects, as indi-
cated by the increased formation of ROS in cells treated

@ Springer



3922

Archives of Toxicology (2020) 94:3911-3927

with different heme species (Goldstein et al. 2003). Moreo-
ver, in in vivo studies using rodents, the consumption of
heme-enriched diets led to increased levels of thiobarbituric
acid-reactive substances, whose content correlates with the
MDA concentration (Tsikas 2017) in the colon and feces
of the test animals (Pierre et al. 2004, 2007, 2008; Toden
et al. 2010; Ijssennagger et al. 2013; Bastide et al. 2015) as
well as with a significantly higher occurrence of DNA strand
breaks in isolated colonocytes (O’Callaghan et al. 2012).
Genotoxic effects previously seen in cells treated with heme
(Glei et al. 2002; Glei et al. 2006; O’Callaghan et al. 2012)
are in line with the results seen in the comet assay and sug-
gest that these DNA strand breaks may arise from DNA
adducts caused by heme-induced MDA and/or 4-HNE for-
mation. This mechanism could also be responsible for the
mutagenicity detected in the HPRT assay performed in the
present study. In the case of MDA, Cajelli et al. (1987) were
able to show a mutagenic potential emanating from this com-
pound in the HGPRT assay, which is a test system similar to
the one employed herein, albeit using V79 Chinese hamster
lung fibroblasts. Moreover, Gilsing et al. (2013) previously
described mutagenic effects resulting from heme intake
derived from red meat consumption in an epidemiological
study performed in The Netherlands and linked heme intake
with a higher incidence of G — A transition mutations in
colorectal tumors. ROS formation induced by heme species
resulting in the formation of DNA adducts and mutations
could also be responsible for the malignant transformation
seen in the CTA. The hematin-induced formation of type III
foci infers that this molecule may be involved in processes
increasing cell proliferation and suppressing the cell—cell
contact inhibition normally inherent to BALB/c 3T3 cells
(Sasaki et al. 2012b). Although the test compounds were
able to induce genotoxic effects in test systems using
mammalian cells, both NO-heme and hematin failed to
induce any effects in the Ames test. An explanation for this
finding could be either the absence of nitrosylable com-
pounds in the treatment buffer needed for the formation of
potentially mutagenic NOCs after NO release from NO-
heme, or the absence of bacterial heme uptake mechanisms.
The latter hypothesis is supported by data published by
Arimoto et al. (1980), which showed that the original non-
modified S. typhimurium strain is unable to take up heme,
an ability most probably also lacking in the strains used in
the present study (TA100 and TA1535).

It has been hypothesized that NO-heme induces stronger
toxic effects when compared to non-nitrosylated heme,
mostly due to the reactivity of the NO moiety. For example,
during protein fermentation in the colon, NO might react
with glycine, one of the most abundant amino acids in food
(Harrison et al. 1997), to first form N-nitroso glycine and, in
a next step, after a dehydration reaction, yield diazoacetate
(Cupid et al. 2004; Gottschalg et al. 2007). Diazoacetate
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is highly reactive and may bind to DNA, resulting in the
formation of DNA adducts such as O°-methylguanine or
0S%-carboxymethylguanine (Shuker and Margison 1997;
Anderson et al. 1999; Cupid et al. 2004; Lewin et al. 2006;
Gottschalg et al. 2007). However, as shown in the present
study, the presence of an NO moiety in the heme molecule
does not induce effects beyond those seen for heme alone,
which questions our initial hypothesis and suggests that
the observed effects are principally mediated by the heme
moiety.

While heme and iron can act as pro-oxidants and may
induce ROS formation (Sergent et al. 1997; Goldstein et al.
2003; Puri et al. 2012), nitric oxide can, interestingly, act as
an antioxidant, which, upon reaction with an oxidizing agent,
results in the generation of nitrite (Kanner 1994; Hogg and
Kalyanaraman 1999; Sharpe et al. 2003). Moreover, the
pro-oxidative effects of cysteine and hemoglobin can be
easily modulated by nitrosylation processes emerging from
the antioxidative compounds nitrosocysteine and nitroso-
hemoglobin (Kanner 1979; Kanner et al. 1992). Applica-
tion of this concept to the experimental setup presented here
may speculatively explain the results obtained, i.e. the fact
that NO-heme does not induce stronger genotoxic effects
than hematin. During the treatment of cells with NO-heme,
denitrosylation may occur, thereby leading to the release of
heme. This molecule may in turn increase ROS formation,
while the released nitric oxide may counteract the deleteri-
ous effects of ROS, as has been shown for nitrosomyoglobin
by Kanner et al. (1980). The genotoxic effects induced by
NO-heme may thereby occur independently of the NO moi-
ety, as the heme molecule may still induce DNA damage via
heme or f-hematin-initiated lipid peroxidation processes as
described above (Schwarzer et al. 1992; Carney et al. 2006;
Schrimpe and Wright 2009; Ayala et al. 2014).

While nitrosylation processes promote the formation of
NOCs, which may possess antioxidant properties (Kan-
ner 1979; Kanner et al. 1980, 1992), NO itself is known
to induce DNA strand breaks and mutations in mammalian
cells (Isomura et al. 1984; Nguyen et al. 1992; Tamir et al.
1996). In spite of positive results regarding genotoxicity and
mutagenicity, both Nguyen et al. (1992) and Tamir et al.
(1996) hypothesized that not NO, but rather more complex
nitrogen oxides (NOx), formed in the presence of oxygen,
could be responsible for these effects. Furthermore, Sza-
leczky et al. (2000) questioned the toxicity of NO and sug-
gested that genotoxic and mutagenic effects seen in cells
upon treatment with NO may be attributed to the formation
of NOC:s or reactive ions such as the peroxynitrite anion
(ONOO7™), which can be formed by the reaction of NO
with a superoxide radical (O, ; Liu and Hotchkiss 1995;
Lundberg et al. 2008; Kundu and Surh 2012; Habermeyer
et al. 2015). In the presence of oxygen, NO may also be con-
verted to nitrogen dioxide (NO,), a reactive intermediate that
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subsequently may lead to the emergence of nitrite and nitrate
(Liu and Hotchkiss 1995; Lundberg et al. 2008; Habermeyer
et al. 2015). However, as summarized by Szaleczky et al.
2000 and reviewed by Habermeyer et al. 2015, the mecha-
nisms underlying the toxic and or carcinogenic effects of
NO, nitrite, nitrate as well as their NO-related products are
largely unknown, due to the instability of nitrous and oxy-
gen radicals and their so far unexplored complex reactions
leading to the formation of several DNA-reactive NOCs.
Speculatively, the above-mentioned chemical reactions may
have also occurred in the frame of the in vitro assays used
in the present study. However, although a reaction of NO
with oxygen species after release of the NO moiety from the
heme molecule cannot be ultimately excluded, it is unlikely
that the formation of complex nitrogen oxides underlies
the effects described herein. For instance, at least a tenfold
higher concentration of peroxynitrite (1 mM) is needed to
induce DNA strand breaks when compared to NO-heme
(100 uM; Tamir et al. 1996).

However, it has to be mentioned that nitrite, as a reac-
tion product of NO with ROS, may be formed and trigger
mutagenic effects similar to those caused by the intact NO-
heme molecule. For example, it has previously been shown
that nitrite is mutagenic in the HPRT assay and leads to
the malignant transformation of BALB/c 3T3 cells at con-
centrations ranging from 1-10 mM (Kodama et al. 1976;
Tsuda and Hasegawa 1990; Stevanovic et al. 2000), although
it did not induce DNA single strand breaks in murine cell
lines (Kodama et al. 1976; Gorsdorf et al. 1990). Under
the assumption that all existing NO moieties of NO-heme
reacted with ROS to form nitrite, a maximum concentra-
tion of 1-300 uM nitrite could be reached in the different
incubations of the present study. Therefore, mutagenic and
cell-transforming effects such as those previously described
are unlikely. In this context, it is important to mention that
each assay included a 100 uM nitrite control, which showed
no genotoxic, mutagenic or cell-transforming effects.

In summary, 10-150 uM heme, independently of the
NO moiety, induced a dose-dependent formation of DNA
strand breaks as well as gene mutations and was able to
cause malignant cell transformation. An important factor
in the overall assessment of these data is the comparability
of the tested heme concentrations with dietary concentra-
tions prevailing in the gut after red meat consumption. The
amount of heme found in the gut after red meat consump-
tion depends on the following factors: the colon volume
as well as the amount and type of meat ingested, with the
latter showing high variations in heme content depending
on the animal species under study. In the case of beef, the
heme content varies from 12 to 105 pg g~! (Mistura and
Colli 2009; Pretorius et al. 2016), while poultry meat con-
tains 1.6-6 pg g~! (Vanden Bussche et al. 2014; Pretorius
et al. 2016), resulting in an average heme content of about

59 ug g~! for beef and 4 pg g~! for poultry. In order to calcu-
late heme uptake, in which case additional influencing fac-
tors such as the bacterial uptake of heme are not considered
(Yilmaz and Li 2018), an average colon volume of 561 ml is
assumed (Pritchard et al. 2014). Therefore, the consumption
of 100-500 g meat would theoretically result in an intestinal
heme concentration of 1-6 uM for poultry and 17-85 uM for
beef, which, in the case of the latter, is well in the range of
the concentrations used in the present study (10-200 uM).

Conclusion

A reliable method for the synthesis of pure and stable NO-
heme was established, which enabled a preliminary toxi-
cological characterization of this cured-meat pigment. The
initial hypothesis that the NO-heme molecule shows a higher
pro-carcinogenic potential than non-nitrosylated heme could
not be confirmed. The present results rather suggest that the
heme molecule alone may promote tumor formation, espe-
cially when considering that heme concentrations induc-
ing effects in vitro are in the lower range of concentrations
occurring in the colon in vivo after the consumption of a
typical amount of red meat. Heme thus appears to be one
of the most important factors in the frame of red meat-
associated CRC, although nutrition-related CRC should
be considered a multifactorial event rather than being only
attributed to a single causal element (reviewed by Demeyer
et al. 2016).

Acknowledgements Open Access funding provided by Projekt DEAL.
The authors wish to thank Jutta Barras-Akhnoukh, Nicole Brauer-
Fricke, Sabine Ohlrogge, Joachim Stirke, Barbara Mathony-Holschuh
and Konstanze Schelm for excellent technical assistance. We are also
grateful to Volker Grif and Annika Ostermann for analytical support.

Funding The study was partly supported by the German Research
Foundation (DFG; Grant no. STE 493/21-1 and FA 1034/3-3).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

3924

Archives of Toxicology (2020) 94:3911-3927

References

Alayash Al, Patel RP, Cashon RE (2001) Redox reactions of hemo-
globin and myoglobin: biological and toxicological impli-
cations. Antioxid Redox Signal 3(2):313-327. https://doi.
org/10.1089/152308601300185250

Andersen HJ, Skibsted LH (1992) Kinetics and mechanism of thermal-
oxidation and photooxidation of nitrosylmyoglobin in aqueous-
solution. J Agric Food Chem 40(10):1741-1750. https://doi.
org/10.1021/j£00022a004

Anderson D, Hambly RJ, Yu TW, Thomasoni F, Shuker DEG (1999)
The effect of potassium diazoacetate on human peripheral
lymphocytes, human adenocarcinoma colon Caco-2 cells,
and rat primary colon cells in the Comet assay. Teratog Car-
cinog Mutagen 19(2):137-146. https://doi.org/10.1002/
(sici)1520-6866(1999)19:2<137:aid-tcm6>3.0.c0;2-2

Arimoto S, Negishi T, Hayatsu H (1980) Inhibitory effect of hemin on
the mutagenic activities of carcinogens. Cancer Lett 11(1):29-33.
https://doi.org/10.1016/0304-3835(80)90125-1

Ayala A, Muiioz MF, Argiielles S (2014) Lipid peroxidation: produc-
tion, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid Med Cell Longev 2014:360438.
https://doi.org/10.1155/2014/360438

Basilico N, Monti D, Olliaro P, Taramelli D (1997) Non-iron por-
phyrins inhibit beta-haematin (malaria pigment) polymerisa-
tion. FEBS Lett 409(2):297-299. https://doi.org/10.1016/s0014
-5793(97)00533-4

Bastide NM, Chenni F, Audebert M, Santarelli RL, Tache S, Naud
N, Baradat M, Jouanin I, Surya R, Hobbs DA, Kuhnle GG,
Raymond-Letron I, Gueraud F, Corpet DE, Pierre FHF (2015)
A central role for heme iron in colon carcinogenesis associated
with red meat intake. Cancer Res 75(5):870-879. https://doi.
org/10.1158/0008-5472.CAN-14-2554

Bichara LC, Lanus HE, Marquez MJ, Brandan SA (2015) Charac-
terization of natural orange juices employing physicochemical
properties and FTIR spectroscopy: a study with the storage time.
RRJFPD 3(3):38-51

Bouvard V, Loomis D, Guyton KZ, Grosse Y, El Ghissassi F, Ben-
brahim-Tallaa L, Guha N, Mattock H, Straif K, International
Agency for Research on Cancer Monograph Working Group
(2015) Carcinogenicity of consumption of red and processed
meat. Lancet Oncol 16(16):1599-1600. https://doi.org/10.1016/
S1470-2045(15)00444-1

Brambilla G, Sciaba L, Faggin P, Maura A, Marinari UM, Ferro M,
Esterbauer H (1986) Cytotoxicity, DNA fragmentation and sister-
chromatid exchange in Chinese hamster ovary cells exposed to
the lipid peroxidation product 4-hydroxynonenal and homolo-
gous aldehydes. Mutat Res 171(2-3):169-176. https://doi.
org/10.1016/0165-1218(86)90051-0

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A
(2018) Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 coun-
tries. CA Cancer J Clin 68(6):394-424. https://doi.org/10.3322/
caac.21492

Briviba K, Grif V, Walz E, Guamis B, Butz P (2016) Ultra high
pressure homogenization of almond milk: physico-chemical
and physiological effects. Food Chem 192:82-89. https://doi.
org/10.1016/j.foodchem.2015.06.063

Butykai A, Orban A, Kocsis V, Szaller D, Bordacs S, Tatrai-Szekeres
E, Kiss LF, Bota A, Vertessy BG, Zelles T, Kezsmarki I (2013)
Malaria pigment crystals as magnetic micro-rotors: key for high-
sensitivity diagnosis. Sci Rep 3:1431. https://doi.org/10.1038/
srep01431

@ Springer

Cajelli E, Ferraris A, Brambilla G (1987) Mutagenicity of 4-hydrox-
ynonenal in V79 Chinese hamster cells. Mutat Res 190(2):169—
171. https://doi.org/10.1016/0165-7992(87)90050-9

Carney CK, Schrimpe AC, Halfpenny K, Harry RS, Miller CM, Bron-
cel M, Sewell SL, Schaff JE, Deol R, Carter MD, Wright DW
(2006) The basis of the immunomodulatory activity of malaria
pigment (hemozoin). J Biol Inorg Chem 11(7):917-929. https://
doi.org/10.1007/s00775-006-0147-0

Carpenter CE, Mahoney AW (1992) Contributions of heme and non-
heme iron to human nutrition. Crit Rev Food Sci Nutr 31(4):333—
367. https://doi.org/10.1080/10408399209527576

Carr PR, Walter V, Brenner H, Hoffmeister M (2016) Meat subtypes
and their association with colorectal cancer: systematic review
and meta-analysis. Int J Cancer 138(2):293-302. https://doi.
org/10.1002/ijc.29423

Coronado LM, Nadovich CT, Spadafora C (2014) Malarial
hemozoin: from target to tool. Biochim Biophys Acta Gen
Subj 1840(6):2032-2041. https://doi.org/10.1016/j.bbage
n.2014.02.009

Cupid BC, Zeng ZT, Singh R, Shuker DEG (2004) Detection of
0-6-carboxymethyl-2'-deoxyguanosine in DNA following
reaction of nitric oxide with glycine and in human blood DNA
using a quantitative immunoslot blot assay. Chem Res Toxicol
17(3):294-300. https://doi.org/10.1021/tx0340706

Demeyer D, Mertens B, de Smet S, Ulens M (2016) Mechanisms
linking colorectal cancer to the consumption of (processed)
red meat: a review. Crit Rev Food Sci Nutr 56(16):2747-2766.
https://doi.org/10.1080/10408398.2013.873886

Eckl PM, Ortner A, Esterbauer H (1993) Genotoxic properties
of 4-hydroxyalkenals and analogous aldehydes. Mutat Res
290(2):183-192. https://doi.org/10.1016/0027-5107(93)90158
-Cc

Egan TJ (2002) Physico-chemical aspects of hemozoin (malaria pig-
ment) structure and formation. J Biol Inorg Chem 91(1):19-26.
https://doi.org/10.1016/S0162-0134(02)00372-0

Egan TJ, Ross DC, Adams PA (1994) Quinoline anti-malarial drugs
inhibit spontaneous formation of f-haematin (malaria pig-
ment). FEBS Lett 352(1):54-57. https://doi.org/10.1016/0014-
5793(94)00921-x

English DR, Maclnnis RJ, Hodge AM, Hopper JL, Haydon AM,
Giles GG (2004) Red meat, chicken, and fish consumption
and risk of colorectal cancer. Cancer Epidemiol Biomark Prev
13(9):1509-1514

Esterbauer H, Eckl P, Ortner A (1990) Possible mutagens derived from
lipids and lipid precursors. Mutat Res 238(3):223-233. https://
doi.org/10.1016/0165-1110(90)90014-3

Etemadi A, Abnet CC, Graubard BI, Beane-Freeman L, Freedman ND,
Liao L, Dawsey SM, Sinha R (2018) Anatomical subsite can
modify the association between meat and meat compounds and
risk of colorectal adenocarcinoma: findings from three large US
cohorts. Int J Cancer 143(9):2261-2270. https://doi.org/10.1002/
ijc.31612

Gilsing AMJ, Fransen F, de Kok TM, Goldbohm AR, Schouten LJ,
de Bruine AP, van Engeland M, van den Brandt PA, de Goeij
AFPM, Weijenberg MP (2013) Dietary heme iron and the risk
of colorectal cancer with specific mutations in KRAS and APC.
Carcinogenesis 34(12):2757-2766. https://doi.org/10.1093/carci
n/bgt290

Glei M, Latunde-Dada GO, Klinder A, Becker TW, Hermann U, Voigt
K, Pool-Zobel BL (2002) Iron-overload induces oxidative DNA
damage in the human colon carcinoma cell line HT29 clone 19A.
Mutat Res 519(1-2):151-161. https://doi.org/10.1016/s1383
-5718(02)00135-3

Glei M, Klenow S, Sauer J, Wegewitz U, Richter K, Pool-Zobel
BL (2006) Hemoglobin and hemin induce DNA damage in
human colon tumor cells HT29 clone 19A and in primary


https://doi.org/10.1089/152308601300185250
https://doi.org/10.1089/152308601300185250
https://doi.org/10.1021/jf00022a004
https://doi.org/10.1021/jf00022a004
https://doi.org/10.1002/(sici)1520-6866(1999)19:2<137:aid-tcm6>3.0.co;2-2
https://doi.org/10.1002/(sici)1520-6866(1999)19:2<137:aid-tcm6>3.0.co;2-2
https://doi.org/10.1016/0304-3835(80)90125-1
https://doi.org/10.1155/2014/360438
https://doi.org/10.1016/s0014-5793(97)00533-4
https://doi.org/10.1016/s0014-5793(97)00533-4
https://doi.org/10.1158/0008-5472.CAN-14-2554
https://doi.org/10.1158/0008-5472.CAN-14-2554
https://doi.org/10.1016/S1470-2045(15)00444-1
https://doi.org/10.1016/S1470-2045(15)00444-1
https://doi.org/10.1016/0165-1218(86)90051-0
https://doi.org/10.1016/0165-1218(86)90051-0
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.foodchem.2015.06.063
https://doi.org/10.1016/j.foodchem.2015.06.063
https://doi.org/10.1038/srep01431
https://doi.org/10.1038/srep01431
https://doi.org/10.1016/0165-7992(87)90050-9
https://doi.org/10.1007/s00775-006-0147-0
https://doi.org/10.1007/s00775-006-0147-0
https://doi.org/10.1080/10408399209527576
https://doi.org/10.1002/ijc.29423
https://doi.org/10.1002/ijc.29423
https://doi.org/10.1016/j.bbagen.2014.02.009
https://doi.org/10.1016/j.bbagen.2014.02.009
https://doi.org/10.1021/tx0340706
https://doi.org/10.1080/10408398.2013.873886
https://doi.org/10.1016/0027-5107(93)90158-c
https://doi.org/10.1016/0027-5107(93)90158-c
https://doi.org/10.1016/S0162-0134(02)00372-0
https://doi.org/10.1016/0014-5793(94)00921-x
https://doi.org/10.1016/0014-5793(94)00921-x
https://doi.org/10.1016/0165-1110(90)90014-3
https://doi.org/10.1016/0165-1110(90)90014-3
https://doi.org/10.1002/ijc.31612
https://doi.org/10.1002/ijc.31612
https://doi.org/10.1093/carcin/bgt290
https://doi.org/10.1093/carcin/bgt290
https://doi.org/10.1016/s1383-5718(02)00135-3
https://doi.org/10.1016/s1383-5718(02)00135-3

Archives of Toxicology (2020) 94:3911-3927

3925

human colonocytes. Mutat Res 594(1-2):162—171. https://doi.
org/10.1016/j.mrfmmm.2005.08.006

Goldstein L, Teng ZP, Zeserson E, Patel M, Regan RF (2003) Hemin
induces an iron-dependent, oxidative injury to human neuron-
like cells. J Neurosci Res 73(1):113-121. https://doi.org/10.1002/
jnr.10633

Gorsdorf S, Appel KE, Engeholm C, Obe G (1990) Nitrogen dioxide
induces DNA single-strand breaks in cultured Chinese hamster
cells. Carcinogenesis 11(1):37—41. https://doi.org/10.1093/carci
n/11.1.37

Gottschalg E, Scott GB, Burns PA, Shuker DEG (2007) Potassium
diazoacetate-induced p53 mutations in vitro in relation to forma-
tion of O-6-carboxymethyl- and O-6-methyl-2'-deoxyguanosine
DNA adducts: relevance for gastrointestinal cancer. Carcinogen-
esis 28(2):356-362. https://doi.org/10.1093/carcin/bgl150

Guéraud F, Atalay M, Bresgen N, Cipak A, Eckl PM, Huc L, Jouanin I,
Siems W, Uchida K (2010) Chemistry and biochemistry of lipid
peroxidation products. Free Radic Res 44(10):1098—1124. https
://doi.org/10.3109/10715762.2010.498477

Habermeyer M, Roth A, Guth S, Diel P, Engel KH, Epe B, Fiirst P,
Heinz V, Humpf HU, Joost HG, Knorr D, de Kok T, Kulling S,
Lampen A, Marko D, Rechkemmer G, Rietjens I, Stadler RH,
Vieths S, Vogel R, Steinberg P, Eisenbrand G (2015) Nitrate
and nitrite in the diet: how to assess their benefit and risk for
human health. Mol Nutr Food Res 59(1):106—128. https://doi.
org/10.1002/mnfr.201400286

Haile DM, de Smet S, Claeys E, Vossen E (2013) Effect of light, pack-
aging condition and dark storage durations on colour and lipid
oxidative stability of cooked ham. J Food Sci Technol Mysore
50(2):239-247. https://doi.org/10.1007/s13197-011-0352-x

Harrison KL, Fairhurst N, Challis BC, Shuker DEG (1997) Synthe-
sis, characterization, and immunochemical detection of O-6-
(carboxymethyl)-2'-deoxyguanosine: A DNA adduct formed by
nitrosated glycine derivatives. Chem Res Toxicol 10(6):652-659.
https://doi.org/10.1021/tx960203u

Hasegawa R, Sano M, Tamano S, Imaida K, Shirai T, Nagao M, Sug-
imura T, Ito N (1993) Dose-dependence of 2-amino-1-methyl-
6-phenylimidazo4,5-b-pyridine (PhIP) carcinogenicity in rats.
Carcinogenesis 14(12):2553-2557. https://doi.org/10.1093/carci
n/14.12.2553

Helmus DS, Thompson CL, Zelenskiy S, Tucker TC, Li L (2013) Red
meat-derived heterocyclic amines increase risk of colon cancer:
a population-based case-control study. Nutr Cancer 65(8):1141—
1150. https://doi.org/10.1080/01635581.2013.834945

Hogg N, Kalyanaraman B (1999) Nitric oxide and lipid peroxidation.
Biochim Biophys Acta Bioenerg 1411(2-3):378-384. https://doi.
org/10.1016/s0005-2728(99)00027-4

Honikel KO (2008) The use and control of nitrate and nitrite for the
processing of meat products. Meat Sci 78(1-2):68-76. https://
doi.org/10.1016/j.meatsci.2007.05.030

Hornsey HC (1956) The colour of cooked cured pork. I. Estimation of
the nitric oxide-haem pigments. J Sci Food Agric 7(8):534-540.
https://doi.org/10.1002/jsfa.2740070804

Hornsey HC (1957) The colour of cooked cured pork. II. Estimation
of the stability to light. J Sci Food Agric 8(9):547-552. https://
doi.org/10.1002/jsfa.2740080910

Huxley RR, Ansary-Moghaddam A, Clifton P, Czernichow S, Parr CL,
Woodward M (2009) The impact of dietary and lifestyle risk fac-
tors on risk of colorectal cancer: a quantitative overview of the
epidemiological evidence. Int J Cancer 125(1):171-180. https://
doi.org/10.1002/ijc.24343

Huy NT, Maeda A, Uyen DT, Trang DTX, Sasai M, Shiono T, Oida T,
Harada S, Kamei K (2007) Alcohols induce beta-hematin forma-
tion via the dissociation of aggregated heme and reduction in
interfacial tension of the solution. Acta Trop 101(2):130-138.
https://doi.org/10.1016/j.actatropica.2007.01.001

Ijssennagger N, Rijnierse A, de Wit NJW, Boekschoten MV, Dekker
J, Schonewille A, Miiller M, van der Meer R (2013) Dietary
heme induces acute oxidative stress, but delayed cytotoxicity and
compensatory hyperproliferation in mouse colon. Carcinogenesis
34(7):1628-1635. https://doi.org/10.1093/carcin/bgt084

Isomura K, Chikahira M, Teranishi K, Hamada K (1984) Induction
of mutations and chromosome aberrations in lung cells fol-
lowing in vivo exposure of rats to nitrogen oxides. Mutat Res
136(2):119-125. https://doi.org/10.1016/0165-1218(84)90153-8

Jankiewicz L, Kwasny M, Wasylik K, Graczyk A (1994) Structure
studies on the nitrosyl derivative of heme. J Food Sci 59(1):57—
59. https://doi.org/10.1111/j.1365-2621.1994.tb06896.x

Jaramillo M, Bellemare MJ, Martel C, Shio MT, Contreras AP, God-
bout M, Roger M, Gaudreault E, Gosselin J, Bohle DS, Olivier
M (2009) Synthetic plasmodium-like hemozoin activates the
immune response: a morphology—function study. PLoS ONE
4(9):e6957. https://doi.org/10.1371/journal.pone.0006957

Kanner J (1979) S-nitrosocysteine (RSNO), an effective antioxidant
in cured meat. ] Am Oil Chem Soc 56(2):74-76. https://doi.
org/10.1007/BF02914272

Kanner J (1994) Oxidative processes in meat and meat products:
quality implications. Meat Sci 36(1-2):169-189. https://doi.
org/10.1016/0309-1740(94)90040-X

Kanner J, Ben-Gera I, Berman S (1980) Nitric-oxide myoglobin as an
inhibitor of lipid oxidation. Lipids 15(11):944-948. https://doi.
org/10.1007/BF02534419

Kanner J, Harel S, Granit R (1992) Nitric-oxide, an inhibitor of lipid
oxidation by lipoxygenase, cyclooxygenase and hemoglobin.
Lipids 27(1):46-49. https://doi.org/10.1007/bf02537058

Kazerouni N, Sinha R, Hsu CH, Greenberg A, Rothman N, Hsu
CH (2001) Analysis of 200 food items for benzo[a]pyrene
and estimation of its intake in an epidemiologic study. Food
Chem Toxicol 39(5):423-436. https://doi.org/10.1016/s0278
-6915(00)00158-7

Killday KB, Tempesta MS, Bailey ME, Metral CJ (1988) Structural
characterization of nitrosylhemochromogen of cooked cured
meat: implications in the meat-curing reaction. J Agric Food
Chem 36(5):909-914. https://doi.org/10.1021/j000832a006

Kodama F, Umeda M, Tsutsui T (1976) Mutagenic effect of sodium
nitrite on cultured mouse cells. Mutat Res 40(2):119-124. https
://doi.org/10.1016/0165-1218(76)90006-9

Kuhnle GGC, Story GW, Reda T, Mani AR, Moore KP, Lunn JC, Bing-
ham SA (2007) Diet-induced endogenous formation of nitroso
compounds in the GI tract. Free Radic Biol Med 43(7):1040-
1047. https://doi.org/10.1016/j.freeradbiomed.2007.03.011

Kundu JK, Surh YJ (2012) Emerging avenues linking inflammation
and cancer. Free Radic Biol Med 52(9):2013-2037. https://doi.
org/10.1016/j.freeradbiomed.2012.02.035

Larsson SC, Rafter J, Holmberg L, Bergkvist L, Wolk A (2005) Red
meat consumption and risk of cancers of the proximal colon,
distal colon and rectum: the Swedish Mammography Cohort.
Int J Cancer 113(5):829-834. https://doi.org/10.1002/ijc.20658

Lewin MH, Bailey N, Bandaletova T, Bowman R, Cross AJ, Pollock J,
Shuker DE, Bingham SA (2006) Red meat enhances the colonic
formation of the DNA adduct O6-carboxymethyl guanine: impli-
cations for colorectal cancer risk. Cancer Res 66(3):1859-1865.
https://doi.org/10.1158/0008-5472.CAN-05-2237

Liu RH, Hotchkiss JH (1995) Potential genotoxicity of chronically
elevated nitric oxide: a review. Mutat Res 339(2):73-89. https://
doi.org/10.1016/0165-1110(95)90004-7

Lombardi-Boccia G, Martinez-Dominguez B, Aguzzi A (2002) Total
heme and non-heme iron in raw and cooked meats. J Food Sci
67(5):1738-1741. https://doi.org/10.1111/j.1365-2621.2002.
tb08715.x

@ Springer


https://doi.org/10.1016/j.mrfmmm.2005.08.006
https://doi.org/10.1016/j.mrfmmm.2005.08.006
https://doi.org/10.1002/jnr.10633
https://doi.org/10.1002/jnr.10633
https://doi.org/10.1093/carcin/11.1.37
https://doi.org/10.1093/carcin/11.1.37
https://doi.org/10.1093/carcin/bgl150
https://doi.org/10.3109/10715762.2010.498477
https://doi.org/10.3109/10715762.2010.498477
https://doi.org/10.1002/mnfr.201400286
https://doi.org/10.1002/mnfr.201400286
https://doi.org/10.1007/s13197-011-0352-x
https://doi.org/10.1021/tx960203u
https://doi.org/10.1093/carcin/14.12.2553
https://doi.org/10.1093/carcin/14.12.2553
https://doi.org/10.1080/01635581.2013.834945
https://doi.org/10.1016/s0005-2728(99)00027-4
https://doi.org/10.1016/s0005-2728(99)00027-4
https://doi.org/10.1016/j.meatsci.2007.05.030
https://doi.org/10.1016/j.meatsci.2007.05.030
https://doi.org/10.1002/jsfa.2740070804
https://doi.org/10.1002/jsfa.2740080910
https://doi.org/10.1002/jsfa.2740080910
https://doi.org/10.1002/ijc.24343
https://doi.org/10.1002/ijc.24343
https://doi.org/10.1016/j.actatropica.2007.01.001
https://doi.org/10.1093/carcin/bgt084
https://doi.org/10.1016/0165-1218(84)90153-8
https://doi.org/10.1111/j.1365-2621.1994.tb06896.x
https://doi.org/10.1371/journal.pone.0006957
https://doi.org/10.1007/BF02914272
https://doi.org/10.1007/BF02914272
https://doi.org/10.1016/0309-1740(94)90040-X
https://doi.org/10.1016/0309-1740(94)90040-X
https://doi.org/10.1007/BF02534419
https://doi.org/10.1007/BF02534419
https://doi.org/10.1007/bf02537058
https://doi.org/10.1016/s0278-6915(00)00158-7
https://doi.org/10.1016/s0278-6915(00)00158-7
https://doi.org/10.1021/jf00083a006
https://doi.org/10.1016/0165-1218(76)90006-9
https://doi.org/10.1016/0165-1218(76)90006-9
https://doi.org/10.1016/j.freeradbiomed.2007.03.011
https://doi.org/10.1016/j.freeradbiomed.2012.02.035
https://doi.org/10.1016/j.freeradbiomed.2012.02.035
https://doi.org/10.1002/ijc.20658
https://doi.org/10.1158/0008-5472.CAN-05-2237
https://doi.org/10.1016/0165-1110(95)90004-7
https://doi.org/10.1016/0165-1110(95)90004-7
https://doi.org/10.1111/j.1365-2621.2002.tb08715.x
https://doi.org/10.1111/j.1365-2621.2002.tb08715.x

3926

Archives of Toxicology (2020) 94:3911-3927

Lundberg JO, Weitzberg E, Gladwin MT (2008) The nitrate-nitrite-
nitric oxide pathway in physiology and therapeutics. Nat Rev
Drug Discov 7(2):156-167. https://doi.org/10.1038/nrd2466

Marnett LJ (2000) Oxyradicals and DNA damage. Carcinogenesis
21(3):361-370. https://doi.org/10.1093/carcin/21.3.361

Mistura LPF, Colli C (2009) The effect of irradiation and thermal
process on beef heme iron concentration and color properties.
Food Sci Technol 29(1):195-199. https://doi.org/10.1590/S0101
-20612009000100030

Mohamed AA, Mubarak AT, Fawy KF, El-Shahat MF (2008) Modi-
fication of AOAC method 973.31 for determination of nitrite in
cured meats. ] AOAC Int 91(4):820-827

Moller JKS, Jensen JS, Olsen MB, Skibsted LH, Bertelsen G (2000)
Effect of residual oxygen on colour stability during chill stor-
age of sliced, pasteurised ham packaged in modified atmos-
phere. Meat Sci 54(4):399-405. https://doi.org/10.1016/s0309
-1740(99)00116-3

Moon JS, Li L, Bang J, Han NS (2016) Application of in vitro gut
fermentation models to food components: a review. Food Sci
Biotechnol 25(Suppl 1):1-7. https://doi.org/10.1007/s1006
8-016-0091-x

Morin P, Pichard H, Richard H, Caude M, Rosset R (1989) Super-
critical fluid chromatography of sesquiterpene hydrocarbons
on silica packed-columns with online Fourier-transform
infrared detection. J Chromatogr 464(1):125-137. https://doi.
org/10.1016/S0021-9673(00)94229-8

Mortelmans K, Zeiger E (2000) The Ames Salmonella/microsome
mutagenicity assay. Mutat Res 455(1-2):29-60. https://doi.
org/10.1016/50027-5107(00)00064-6

Nguyen T, Brunson D, Crespi CL, Penman BW, Wishnok JS, Tan-
nenbaum SR (1992) DANN damage and mutation in human
cells exposed to nitric oxide in vitro. Proc Natl Acad Sci USA
89(7):3030-3034. https://doi.org/10.1073/pnas.89.7.3030

Ni W, McNaughton L, LeMaster DM, Sinha R, Turesky RJ (2008)
Quantitation of 13 heterocyclic aromatic amines in cooked
beef, pork, and chicken by liquid chromatography-electrospray
ionization/tandem mass spectrometry. J Agric Food Chem
56(1):68-78. https://doi.org/10.1021/jf072461a

Nicken P, Hamscher G, Breves G, Steinberg P (2010) Uptake of
the colon carcinogen 2-amino-1-methyl-6-phenylimidazo4,5-
bpyridine by different segments of the rat gastrointestinal
tract: its implication in colorectal carcinogenesis. Toxicol Lett
196(1):60-66. https://doi.org/10.1016/j.toxlet.2010.04.002

Nicken P, Willenberg I, von Keutz A, von Elsner L, Hamscher G, Van-
haecke L, Schroder B, Breves G, Schebb NH, Steinberg P (2015)
Intestinal absorption and cell transforming potential of PhIP-
M1, a bacterial metabolite of the heterocyclic aromatic amine
2-amino- 1-methyl-6-phenylimidazo4,5-bpyridine (PhIP). Toxicol
Lett 234(2):92-98. https://doi.org/10.1016/j.toxlet.2015.02.015

Norat T, Bingham S, Ferrari P, Slimani N, Jenab M, Mazuir M,
Overvad K, Olsen A, Tjonneland A, Clavel F, Boutron-Ruault
MC, Kesse E, Boeing H, Bergmann MM, Nieters A, Linseisen
J, Trichopoulou A, Trichopoulos D, Tountas Y, Berrino F,
Palli D, Panico S, Tumino R, Vineis P, Bueno-De-Mesquita
HB, Peeters PHM, Engeset D, Lund E, Skeie G, Ardanaz E,
Gonzalez C, Navarro C, Quiros JR, Sanchez MJ, Berglund G,
Mattisson I, Hallmans G, Palmqvist R, Day NE, Khaw KT,
Key TJ, San Joaquin M, Hemon B, Saracci R, Kaaks R, Riboli
E (2005) Meat, fish, and colorectal cancer risk: the European
prospective investigation into cancer and nutrition. J Natl Can-
cer Inst 97(12):906-916. https://doi.org/10.1093/jnci/dji164

O’Callaghan NJ, Toden S, Bird AR, Topping DL, Fenech M, Conlon
MA (2012) Colonocyte telomere shortening is greater with
dietary red meat than white meat and is attenuated by resist-
ant starch. Clin Nutr 31(1):60-64. https://doi.org/10.1016/].
¢lnu.2011.09.003

@ Springer

OECD (2016) Test no. 476: in vitro mammalian cell gene mutation
tests using the Hprt and xprt genes. OECD guidelines for the
testing of chemicals, section 4. OECD Publishing, Paris

Orlich MJ, Singh PN, Sabate J, Fan J, Sveen L, Bennett H, Knut-
sen SF, Beeson WL, Jaceldo-Siegl K, Butler TL, Herring RP,
Fraser GE (2015) Vegetarian dietary patterns and the risk of
colorectal cancers. JAMA Intern Med 175(5):767-776. https
://doi.org/10.1001/jamainternmed.2015.59

Ostera G, Tokumasu F, Teixeira C, Collin N, Sa J, Hume J, Kumar
S, Ribeiro J, Lukat-Rodgers GS, Rodgers KR (2011) Plasmo-
dium falciparum: nitric oxide modulates heme speciation in
isolated food vacuoles. Exp Parasitol 127(1):1-8. https://doi.
org/10.1016/j.exppara.2010.05.006

Payne AN, Zihler A, Chassard C, Lacroix C (2012) Advances and
perspectives in in vitro human gut fermentation modeling.
Trends Biotechnol 30(1):17-25. https://doi.org/10.1016/j.tibte
ch.2011.06.011

Pegg RB, Shahidi F (1996) A novel titration methodology for elucida-
tion of the structure of preformed cooked cured-meat pigment
by visible spectroscopy. Food Chem 56(2):105-110. https://doi.
org/10.1016/0308-8146(96)00009-X

Pierre F, Tache S, Petit CR, van der Meer R, Corpet DE (2003) Meat
and cancer: haemoglobin and haemin in a low-calcium diet pro-
mote colorectal carcinogenesis at the aberrant crypt stage in rats.
Carcinogenesis 24(10):1683-1690. https://doi.org/10.1093/carci
n/bgg130

Pierre F, Freeman A, Tache S, van der Meer R, Corpet DE (2004)
Beef meat and blood sausage promote the formation of azoxym-
ethane-induced mucin-depleted foci and aberrant crypt foci in
rat colons. J Nutr 134(10):2711-2716. https://doi.org/10.1093/
jn/134.10.2711

Pierre F, Tache S, Guéraud F, Rerole AL, Jourdan M-L, Petit C (2007)
Apc mutation induces resistance of colonic cells to lipoperoxide-
triggered apoptosis induced by faecal water from haem-fed rats.
Carcinogenesis 28(2):321-327. https://doi.org/10.1093/carcin/
bgl127

Pierre F, Santarelli R, Taché S, Guéraud F, Corpet DE (2008) Beef
meat promotion of dimethylhydrazine-induced colorectal car-
cinogenesis biomarkers is suppressed by dietary calcium. Br
J Nutr 99(5):1000-1006. https://doi.org/10.1017/S000711450
7843558

Pretorius B, Schonfeldt HC, Hall N (2016) Total and haem iron con-
tent lean meat cuts and the contribution to the diet. Food Chem
193:97-101. https://doi.org/10.1016/j.foodchem.2015.02.109

Pritchard SE, Marciani L, Garsed KC, Hoad CL, Thongborisute W,
Roberts E, Gowland PA, Spiller RC (2014) Fasting and post-
prandial volumes of the undisturbed colon: normal values and
changes in diarrhea-predominant irritable bowel syndrome meas-
ured using serial MRI. Neurogastroenterol Motil 26(1):124-130.
https://doi.org/10.1111/nmo.12243

Puangsombat K, Gadgil P, Houser TA, Hunt MC, Smith JS (2012)
Occurrence of heterocyclic amines in cooked meat products.
Meat Sci 90(3):739-746. https://doi.org/10.1016/j.meats
¢i.2011.11.005

Puri N, Sodhi K, Haarstad M, Kim DH, Bohinc S, Foglio E, Favero G,
Abraham NG (2012) Heme induced oxidative stress attenuates
sirtuinl and enhances adipogenesis in mesenchymal stem cells
and mouse pre-adipocytes. J Cell Biochem 113(6):1926-1935.
https://doi.org/10.1002/jcb.24061

Sasaki K, Bohnenberger S, Hayashi K, Kunkelmann T, Muramatsu
D, Phrakonkham P, Poth A, Sakai A, Salovaara S, Tanaka N,
Thomas BC, Umeda M (2012a) Recommended protocol for the
BALB/c 3T3 cell transformation assay. Mutat Res 744(1):30-35.
https://doi.org/10.1016/j.mrgentox.2011.12.014

Sasaki K, Bohnenberger S, Hayashi K, Kunkelmann T, Muramatsu D,
Poth A, Sakai A, Salovaara S, Tanaka N, Thomas BC, Umeda


https://doi.org/10.1038/nrd2466
https://doi.org/10.1093/carcin/21.3.361
https://doi.org/10.1590/S0101-20612009000100030
https://doi.org/10.1590/S0101-20612009000100030
https://doi.org/10.1016/s0309-1740(99)00116-3
https://doi.org/10.1016/s0309-1740(99)00116-3
https://doi.org/10.1007/s10068-016-0091-x
https://doi.org/10.1007/s10068-016-0091-x
https://doi.org/10.1016/S0021-9673(00)94229-8
https://doi.org/10.1016/S0021-9673(00)94229-8
https://doi.org/10.1016/s0027-5107(00)00064-6
https://doi.org/10.1016/s0027-5107(00)00064-6
https://doi.org/10.1073/pnas.89.7.3030
https://doi.org/10.1021/jf072461a
https://doi.org/10.1016/j.toxlet.2010.04.002
https://doi.org/10.1016/j.toxlet.2015.02.015
https://doi.org/10.1093/jnci/dji164
https://doi.org/10.1016/j.clnu.2011.09.003
https://doi.org/10.1016/j.clnu.2011.09.003
https://doi.org/10.1001/jamainternmed.2015.59
https://doi.org/10.1001/jamainternmed.2015.59
https://doi.org/10.1016/j.exppara.2010.05.006
https://doi.org/10.1016/j.exppara.2010.05.006
https://doi.org/10.1016/j.tibtech.2011.06.011
https://doi.org/10.1016/j.tibtech.2011.06.011
https://doi.org/10.1016/0308-8146(96)00009-X
https://doi.org/10.1016/0308-8146(96)00009-X
https://doi.org/10.1093/carcin/bgg130
https://doi.org/10.1093/carcin/bgg130
https://doi.org/10.1093/jn/134.10.2711
https://doi.org/10.1093/jn/134.10.2711
https://doi.org/10.1093/carcin/bgl127
https://doi.org/10.1093/carcin/bgl127
https://doi.org/10.1017/S0007114507843558
https://doi.org/10.1017/S0007114507843558
https://doi.org/10.1016/j.foodchem.2015.02.109
https://doi.org/10.1111/nmo.12243
https://doi.org/10.1016/j.meatsci.2011.11.005
https://doi.org/10.1016/j.meatsci.2011.11.005
https://doi.org/10.1002/jcb.24061
https://doi.org/10.1016/j.mrgentox.2011.12.014

Archives of Toxicology (2020) 94:3911-3927

3927

M (2012b) Photo catalogue for the classification of foci in the
BALB/c 3T3 cell transformation assay. Mutat Res 744(1):42-53.
https://doi.org/10.1016/j.mrgentox.2012.01.009

Schrimpe AC, Wright DW (2009) Comparative analysis of gene expression
changes mediated by individual constituents of hemozoin. Chem
Res Toxicol 22(3):433-445. https://doi.org/10.1021/tx8002752

Schwarzer E, Turrini F, Ulliers D, Giribaldi G, Ginsburg H, Arese
P (1992) Impairment of macrophage functions after ingestion
of Plasmodium falciparum infected erythrocytes or isolated
malarial pigment. J Exp Med 176(4):1033-1041. https://doi.
org/10.1084/jem.176.4.1033

Seiwert N, Neitzel C, Stroh S, Frisan T, Audebert M, Toulany M, Kaina
B, Fahrer J (2017) AKT?2 suppresses pro-survival autophagy trig-
gered by DNA double-strand breaks in colorectal cancer cells.
Cell Death Dis 8(8):¢3019. https://doi.org/10.1038/cddis.2017.418

Seiwert N, Heylmann D, Hasselwander S, Fahrer J (2020) Mechanism
of colorectal carcinogenesis triggered by heme iron from red
meat. Biochim Biophys Acta Rev Cancer 1873(1):188334. https
://doi.org/10.1016/j.bbcan.2019.188334

Sergent O, Griffon B, Morel I, Chevanne M, Dubos MP, Cillard P,
Cillard J (1997) Effect of nitric oxide on iron-mediated oxidative
stress in primary rat hepatocyte culture. Hepatol 25(1):122-127

Shahidi F, Pegg RB (1991) Encapsulation of the pre-formed cooked
cured-meat pigment. J Food Sci 56(6):1500-2000. https://doi.
org/10.1111/j.1365-2621.1991.tb08625.x

Sharpe MA, Robb SJ, Clark JB (2003) Nitric oxide and Fenton/Haber—
Weiss chemistry: nitric oxide is a potent antioxidant at physi-
ological concentrations. J Neurochem 87(2):386-394. https://doi.
org/10.1046/j.1471-4159.2003.02001.x

Shirai T, Tamano S, Sano M, Masui T, Hasegawa R, Ito N (1995)
Carcinogenicity of 2-amino-1-methyl-6-phenylimidazo [4, 5-b]
pyridine (PhIP) in rats: dose-response studies. Princess Taka-
matsu Symp 23:232-239

Shuker DEG, Margison GP (1997) Nitrosated glycine derivatives as
a potential source of O-6-methylguanine in DNA. Cancer Res
57(3):366-369

Silva EA, Takahashi JA, Boaventura MAD, Oliveira AB, Boaventura
MAD (1999) The biotransformation of ent-kaur-16-en-19-oic
acid by Rhizopus stolonifer. Phytochemistry 52(3):397-400.
https://doi.org/10.1016/s0031-9422(99)00219-8

Sinha R, Kulldorff M, Gunter MJ, Strickland P, Rothman N (2005)
Dietary benzo[a]pyrene intake and risk of colorectal adenoma.
Cancer Epidemiol Biomark Prev 14(8):2030-2034. https://doi.
0rg/10.1158/1055-9965.EPI1-04-0854

Slater AFG, Swiggard WJ, Orton BR, Flitter WD, Goldberg DE, Cer-
ami A, Henderson GB (1991) An iron-carboxylate bond links
the heme units of malaria pigment. Proc Natl Acad Sci USA
88(2):325-329. https://doi.org/10.1073/pnas.88.2.325

Soltanizadeh N, Kadivar M (2012) Role of globin moiety in the
chemical structure of curing pigment. J] Agric Food Chem
60(18):4718-4724. https://doi.org/10.1021/jf300023s

Stavric B (1994) Biological significance of trace levels of muta-
genic heterocyclic aromatic amines in human diet: a criti-
cal review. Food Chem Toxicol 32(10):977-994. https://doi.
org/10.1016/0278-6915(94)90093-0

Stevanovic M, Cadez P, Zlender B, Filipic M (2000) Genotoxicity test-
ing of cooked cured meat pigment (CCMP) and meat emulsion
coagulates prepared with CCMP. J Food Prot 63(7):945-952.
https://doi.org/10.4315/0362-028x-63.7.945

Stone K, Ksebati MB, Marnett LJ (1990a) Investigation of the adducts
formed by reaction of malondialdehyde with adenosine. Chem
Res Toxicol 3(1):33-38. https://doi.org/10.1021/tx00013a006

Stone K, Uzieblo A, Marnett LI (1990b) Studies of the reaction of
malondialdehyde with cytosine nucleosides. Chem Res Toxicol
3(5):467—-472. https://doi.org/10.1021/tx00017a013

Sun WQ, Zhou GH, Xu XL, Peng ZQ (2009) Studies on the structure
and oxidation properties of extracted cooked cured meat pig-
ment by four spectra. Food Chem 115(2):596-601. https://doi.
org/10.1016/j.foodchem.2008.12.060

Szaleczky E, Pronai L, Nakazawa H, Tulassay Z (2000) Evidence of
in vivo peroxynitrite formation in patients with colorectal carci-
noma, higher plasma nitrate/nitrite levels, and lower protection
against oxygen free radicals. J Clin Gastroenterol 30(1):47-51.
https://doi.org/10.1097/00004836-200001000-00008

Tabatabaei SM, Heyworth JS, Knuiman MW, Fritschi L (2010) Dietary
benzo[a]pyrene intake from meat and the risk of colorectal can-
cer. Cancer Epidemiol Biomark Prev 19(12):3182-3184. https://
doi.org/10.1158/1055-9965.EPI-10-1051

Tamir S, Burney S, Tannenbaum SR (1996) DNA damage by nitric
oxide. Chem Res Toxicol 9(5):821-827. https://doi.org/10.1021/
tx9600311

Toden S, Belobrajdic DP, Bird AR, Topping DL, Conlon MA (2010)
Effects of dietary beef and chicken with and without high amylose
maize starch on blood malondialdehyde, interleukins, IGF-, insu-
lin, leptin, MMP-2, and TIMP-2 concentrations in rats. Nutr Can-
cer 62(4):454-465. https://doi.org/10.1080/01635580903532382

Tsikas D (2017) Assessment of lipid peroxidation by measuring malon-
dialdehyde (MDA) and relatives in biological samples: analytical
and biological challenges. Anal Biochem 524:13-30. https://doi.
org/10.1016/j.ab.2016.10.021

Tsuda H, Hasegawa M (1990) Malignant transformation of mouse
BALB/c 3T3 cells induced by NaNO,. Carcinogenesis
11(4):595-597

Vanden Bussche J, Hemeryck LY, van Hecke T, Kuhnle GGC, Pas-
mans F, Moore SA, van de Wiele T, de Smet S, Vanhaecke L
(2014) OS-carboxymethylguanine DNA adduct formation and
lipid peroxidation upon in vitro gastrointestinal digestion of
haem-rich meat. Mol Nutr Food Res 58(9):1883—-1896. https://
doi.org/10.1002/mnfr.201400078

Vanderesse R, Colombeau L, Frochot C, Archerar S (2016) Inactiva-
tion of malaria parasites in blood: PDT vs inhibition of hemo-
zoin formation. In: Rodriguez-Morales AJ (ed) Current topics in
malaria. IntechOpen. https://doi.org/10.5772/65053. Available
from: https://www.intechopen.com/books/current-topics-in-
malaria/inactivation-of-malaria-parasites-in-blood-pdt-vs-inhib
ition-of-hemozoin-formation

Vanmaanen JMS, Moonen EJC, Maas LM, Kleinjans JCS, Vanschooten
FJ (1994) Formation of aromatic DNA adducts in white blood
cells in relation to urinary excretion of 1-hydroxypyrene during
consumption of grilled meat. Carcinogenesis 15(10):2263-2268.
https://doi.org/10.1093/carcin/15.10.2263

Vargas AJ, Thompson PA (2012) Diet and nutrient factors in colo-
rectal cancer risk. Nutr Clin Pract 27(5):613-623. https://doi.
org/10.1177/0884533612454885

Watkins BE, Esumi H, Wakabayashi K, Nagao M, Sugimura T (1991)
Fate and distribution of 2-amino-1-methyl-6-phenylimidazo-[4,5-
b]pyridine (Phip) in rats. Carcinogenesis 12(6):1073-1078

WCRF/AICR (2007) Food, nutrition, physical activity, and the pre-
vention of cancer: a global Perspective. AICR, Washington DC

Wright JA, Nair SP (2012) The lipoprotein components of the Isd and
Hts transport systems are dispensable for acquisition of heme by
Staphylococcus aureus. FEMS Microbiol Lett 329(2):177-185.
https://doi.org/10.1111/§.1574-6968.2012.02519.x

Yilmaz B, Li H (2018) Gut microbiota and iron: the crucial actors
in health and disease. Pharmaceuticals (Basel). https://doi.
org/10.3390/ph11040098

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.mrgentox.2012.01.009
https://doi.org/10.1021/tx8002752
https://doi.org/10.1084/jem.176.4.1033
https://doi.org/10.1084/jem.176.4.1033
https://doi.org/10.1038/cddis.2017.418
https://doi.org/10.1016/j.bbcan.2019.188334
https://doi.org/10.1016/j.bbcan.2019.188334
https://doi.org/10.1111/j.1365-2621.1991.tb08625.x
https://doi.org/10.1111/j.1365-2621.1991.tb08625.x
https://doi.org/10.1046/j.1471-4159.2003.02001.x
https://doi.org/10.1046/j.1471-4159.2003.02001.x
https://doi.org/10.1016/s0031-9422(99)00219-8
https://doi.org/10.1158/1055-9965.EPI-04-0854
https://doi.org/10.1158/1055-9965.EPI-04-0854
https://doi.org/10.1073/pnas.88.2.325
https://doi.org/10.1021/jf300023s
https://doi.org/10.1016/0278-6915(94)90093-0
https://doi.org/10.1016/0278-6915(94)90093-0
https://doi.org/10.4315/0362-028x-63.7.945
https://doi.org/10.1021/tx00013a006
https://doi.org/10.1021/tx00017a013
https://doi.org/10.1016/j.foodchem.2008.12.060
https://doi.org/10.1016/j.foodchem.2008.12.060
https://doi.org/10.1097/00004836-200001000-00008
https://doi.org/10.1158/1055-9965.EPI-10-1051
https://doi.org/10.1158/1055-9965.EPI-10-1051
https://doi.org/10.1021/tx9600311
https://doi.org/10.1021/tx9600311
https://doi.org/10.1080/01635580903532382
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1002/mnfr.201400078
https://doi.org/10.1002/mnfr.201400078
https://doi.org/10.5772/65053
https://www.intechopen.com/books/current-topics-in-malaria/inactivation-of-malaria-parasites-in-blood-pdt-vs-inhibition-of-hemozoin-formation
https://www.intechopen.com/books/current-topics-in-malaria/inactivation-of-malaria-parasites-in-blood-pdt-vs-inhibition-of-hemozoin-formation
https://www.intechopen.com/books/current-topics-in-malaria/inactivation-of-malaria-parasites-in-blood-pdt-vs-inhibition-of-hemozoin-formation
https://doi.org/10.1093/carcin/15.10.2263
https://doi.org/10.1177/0884533612454885
https://doi.org/10.1177/0884533612454885
https://doi.org/10.1111/j.1574-6968.2012.02519.x
https://doi.org/10.3390/ph11040098
https://doi.org/10.3390/ph11040098

	Synthesis and in vitro characterization of the genotoxic, mutagenic and cell-transforming potential of nitrosylated heme
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Chemicals and control solutions
	Preparation and purification of heme solutions
	Photometric detection and quantification of heme species
	Fourier-transform infrared (FTIR) spectroscopy of heme species, reagents and reaction by-products
	Stability analysis of NO-heme under different storage conditions
	Nitrite content in NO-heme solutions
	SDS-PAGE and Western blotting
	Single cell electrophoresis assay (comet assay)
	Bacterial reverse mutation assay (Ames test)
	In vitro mammalian cell gene mutation test (HPRT assay)
	BALBc 3T3 cell transformation assay (CTA)
	Statistical analysis

	Results
	Analytical characterization of heme species
	Stability of NO-heme solutions
	Effects of the heme species in different in vitro assays

	Discussion
	Conclusion
	Acknowledgements 
	References




