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a b s t r a c t

The end products of polyunsaturated fatty acid (PUFA) peroxidation, such as malondialdehyde (MDA),
4-hydroxynonenal (HNE), and isoprostanes (8-iso-PGF2α), are widely used as systemic lipid oxidation/oxidative
stress biomarkers. However, some of these compounds have also a dietary origin. Thus, replacing dietary
saturated fat by PUFAs would improve health but could also increase the formation of such compounds,
especially in the case of a pro-oxidant/antioxidant imbalanced diet. Hence, the possible impact of dietary fatty
acids and pro-oxidant compounds was studied in rats given diets allowing comparison of the effects of heme
iron vs. ferric citrate and of ω-6- vs. ω-3-rich oil on the level of lipid peroxidation/oxidative stress biomarkers.
Rats given a heme iron-rich diet without PUFA were used as controls. The results obtained have shown that
MDA and the major urinary metabolite of HNE (the mercapturic acid of dihydroxynonane, DHN-MA) were
highly dependent on the dietary factors tested, while 8-iso-PGF2α was modestly but significantly affected.
Intestinal inflammation and tissue fatty acid composition were checked in parallel and could only explain the
differences we observed to a limited extent. Thus, the differences in biomarkers were attributed to the
formation of lipid oxidation compounds in food or during digestion, their intestinal absorption, and their
excretion into urine. Moreover, fecal extracts from the rats fed the heme iron or fish oil diets were highly toxic
for immortalizedmouse colon cells. Such toxicity can eventually lead to promotion of colorectal carcinogenesis,
supporting the epidemiological findings between red meat intake and colorectal cancer risk.

Therefore, the analysis of these biomarkers of lipid peroxidation/oxidative stress in urine should be used
with caution when dietary factors are not well controlled, while control of their possible dietary intake is
needed also because of their pro-inflammatory, toxic, and even cocarcinogenic effects.

& 2015 Elsevier Inc. All rights reserved.

Introduction

Replacement of dietary saturated fat by polyunsaturated fatty
acids (PUFAs), especially ω-3 fatty acids, would improve health,

particularly cardiovascular and cognitive functions [1]. However,
PUFAs, particularly ω-3 fatty acids with a high double bond index
(DBI), are prone to oxidation by dietary oxidants like heme iron,
giving rise to secondary lipid peroxidation compounds.

These lipid oxidation products and their metabolites can be
assayed in blood, urine, and tissues as markers of endogenous lipid
peroxidation/oxidative stress. For instance, malondialdehyde
(MDA) comes from the oxidation of fatty acids bearing more than
two methylene interrupted double bonds [2]. Urinary MDA has
been used to reflect the lipid peroxidation occurring in vivo in the
case of oxidative stress due to, for instance, CCl4 poisoning,
vitamin E deficiency, or iron nitriloacetate administration [3].
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In the same way, elevated levels are associated with hypertensive
disorders of pregnancy [4], ageing [5], and with exposure to
polycyclic aromatic hydrocarbons and particulate matters [6].
However, Draper’s group pointed out that urinary MDA could be
a useful indicator of endogenous lipid peroxidation only when
peroxidation of dietary lipids is precluded [3], because precursors
of MDA are also found in the diet. Kanner’s group reported the
increase of plasmatic MDA after a red meat-rich meal that can be
prevented by coffee or red wine polyphenols [7,8]. The mercap-
turic acid of dihydroxynonane (DHN-MA) is the major urinary
metabolite of 4-hydroxynonenal (HNE), an end product of ω-6
fatty acids oxidative breakdown, which is a well-known bioactive
marker of lipid peroxidation involved in cell growth regulation
and signaling [9]. Thus DHN-MA has also been used as a marker of
oxidative stress/lipid peroxidation in BrCCl3- [10] or CCl4-treated
rats [11] and in smokers with or without vitamin C supplementa-
tion [12]. Rats given a diet containing heme iron and ω-6 fatty
acids, in the form of hemoglobin or red meat and safflower oil,
excrete huge quantities of DHN-MA, indicating the formation of
HNE in diet or during digestion [13,14]. HNE is present in food
containing heme iron and PUFAs [15]. Another group reported an
important formation of HNE in thermally oxidized oils or in food
fried in these oils, but these studies did not report any measure-
ment of HNE metabolite in urine of animals fed on diets made
with those oils [16,17].

In the early 1990s, the determination of isoprostanes marked a
new era in the field of oxidative stress biomarkers. Their unique
precursor is arachidonic acid, and their formation is believed to be
independent of the lipid content of the diet [18]. They appear to be
more specific of lipid peroxidation than MDA. As for MDA and
urinary metabolites of HNE, their excretion increase under condi-
tions of oxidative stress [10]. For these reasons, isoprostanes are
still regarded now as gold standards of lipid peroxidation/oxida-
tive stress biomarkers and are widely used for this purpose.

In addition, secondary lipid oxidation reactive aldehydes are
cytotoxic and genotoxic compounds, while some of them,
especially HNE, are known also as second messengers of free
radicals [1,2,19]. Their presence in the diet could have a toxic
effect, especially on the digestive tract, which is the first target
of such dietary compounds. In a previous work, we had
observed that, after initiation of colorectal carcinogenesis,
animals -fed a heme iron and ω-6 fatty acid-rich diet, presented
more preneoplastic lesions in their colon than rats -fed a control
diet without heme iron. These results demonstrate the promot-
ing effect of heme iron on colorectal cancer in these animals
[20,21]. The cytotoxic activity of the fecal extracts from those
rats on immortalized, but not cancerous, mouse colon epithelial
cells was much more important when rats were given a heme
iron-rich diet than control diet. Moreover a heme iron-rich diet
induced a selective selection of preneoplastic cells [22]. This
could be related to the epidemiological link existing between
red meat, containing an important concentration of heme iron,
and colorectal cancer in humans.

In the present study, we have tested the effect of two edible
oils, containing predominantly ω-3 fatty acids for fish oil and ω-6
fatty acids for safflower oil, combined with heme iron or ferric
citrate, with different pro-oxidant properties, on MDA, DHN-MA,
and 8-iso-PGF2α urinary excretion in rats, in order to study the
impact of a “peroxidable” diet on oxidative stress biomarkers. We
used in a control diet coconut hydrogenated oil containing no
polyunsaturated fatty acids. Hemin was used in a concentration
that is in the same range as the one used in studies representing a
meat-based Western diet by our group [20] or by Van der Meer
and co-workers [23,24]. In addition, the cytotoxic activity of the
fecal extracts of rats given the diets was evaluated on two colon/
rectal cell lines.

Materials and methods

Unless specified elsewhere in this section, reagents were pur-
chased from Sigma (Saint-Quentin-Fallavier, France).

Animals and diets

Four-week-old female Fisher 344 rats (6 rats/group) were pur-
chased from Charles River. Animal care was in accordance with our
local ethic committee (number TOXCOM/0006/FG). They were
housed individually in plastic metabolic cages and allowed for a
week of acclimatization to their cage and the acclimatization diet
before the start of the experimental diets. The room was kept at a
temperature of 22 1C on a 12 h light–dark cycle. Animals had free
access to tap water and to their respective diet. Diets were given each
day at the end of the afternoon in order to limit oxidation. Feces and
urine were collected each day. Food consumption and rat weight
were recorded at Days 0, 1, 2, 3, 4, 7, and 10 and at Day 17, when the
animals were euthanized. Colon and liver were excised and placed in
liquid nitrogen before being stored at �80 1C.

The acclimatization and the five experimental diets were based on
a modified AIN-76 diet prepared and formulated in a powdered form
by UPAE (INRA, Jouy-en-Josas, France). All diets were low-calcium
diets (0.8 g/kg) and contained 5% of oil: either corn oil for acclimatiza-
tion diet (MP Biomedicals 901414) or hydrogenated coconut oil (MP
901404), safflower oil (MP 102888), and Menhaden fish oil (MP
960120), for experimental diets. In addition, experimental diets
contained either hemin (0.94 g/kg) (Sigma H5533) or ferric citrate
(0.36 g/kg) (F6129) purchased from Sigma and had a similar content of
iron (80 mg/kg). Major fatty acid composition of the oils used in the
different diets is shown in Table 1.

Oxidative stress biomarker assays

Twenty-four hour urine was collected in plastic tubes placed on
ice during collection. Tubes contained 1 ml of 360 mM ethanolic
solution of butylated hydroxytoluene (BHT). Urine was stored
at �20 1C until use.

MDA determination
Urinary MDA was measured after a derivatization procedure using

diaminonaphtalene as previously described for HPLC-UV quantitation
[25], except that the detection was carried out with a single quadru-
pole mass spectrometer in the positive electrospray ionization mode.
This enables the introduction of phenyl-benzimidazole (PBI) as an
internal standard. PBI, which has the same molecular weight as the
MDA derivative, exhibited a very similar chromatographic and ioniza-
tion behavior as the diazepinium of MDA. Measurements were made
with a P4000 liquid chromatograph connected to an autosampler AS
3000 and a single quadrupole mass Navigator Aqua detector (Thermo

Table 1
Major fatty acid (410%) composition of the PUFA containing dietary oils.

16:0 16:1n-9 18:1n-9 18:2 n-6 20:5n-3 22:6
n-3

DBI

Corn oil 11% 25% 60% 146
Safflower
oil

11–13% 70–80% 170

Menhaden
fish oiln

15% 12% 9% 16% 11% 244

DBI (double bond index – % of each fatty acid � number of double bond).
Hydrogenated coconut oil contained 98.4% of saturated fatty acids (mainly lauric
acid), its DBI was 3.

n A total composition of ω-3 and ω-6 fatty acids in Menhaden fish oil was: ω-3:
32.15 and ω-6: 9%.

F. Guéraud et al. / Free Radical Biology and Medicine 83 (2015) 192–200 193



Finnigan) with a silica-based C18 UP3BioP2 column (150�2mm,
5 mm) (Interchim, Montluçon, France) held at 50 1C. The injected
sample volume was 5 ml and the flow rate was 230 ml/min. Analyses
were performed following the mobile phase: 85% of ammonium
acetate (final concentration: 5 mM, pH 1.8), and 15% of methanol/
acetonitrile (50/50, v/v).

The chromatograms were recorded as a total ion current (TIC)
and in a single ion monitoring (SIM) mode at m/z (MþHþ)
equaled to 183.2 and 195.2 for the diazepinium of acetaldehyde,
MDA, and PBI, respectively.

DHN-MA determination
DHN-MA assay was performed as previously described [26] by

competitive enzyme immunoassay (EIA), using DHN-MA link-
ed acetylcholinesterase as tracer. Diluted urines (from1/200 to
1/20,000 in phosphate buffer depending on the group) were
assayed in duplicates. Detection was recorded at 414 nm using a
plate reader (Thermo Labsystems, Cergy-Pontoise, France).

8-iso-PGF2α determination
The assay is based on competitive EIA [27,28] with 8-iso-PGF2α-

linked acetylcholinesterase enzyme as tracer. Diluted urines (1/40
to 1/400 in phosphate buffer) were assayed in duplicates. Detec-
tion was recorded at 414 nm too. Reagents for competitive EIA
were purchased from Bertin Pharma (Montigny-le-Bretonneux,
France).

Hepatic fatty acid analysis

Lipid extraction was carried as described by Folch et al. [29].
Around 1 g fresh liver samples was weighed and crushed using a
Polytron in 25 ml of methanol/chloroform (1/2, v/v) containing
0.02% (wt/v) BHT. Aliquots were stored overnight at 4 1C before
being filtered. Saline solution (5 ml) was added to the filter extract,
and then vortexed. After centrifugation for 20 min at 1200g, the
chloroform phase was filtered and evaporated to dryness.

The fatty acid methyl esters (FAMEs) were prepared as fol-
lowed: to 10 mg of sample, 200 ml of internal standard (4 mg
C19:0/ml dichloromethane) and then 2 ml of methanolic NaOH
0.5 M were added and placed for 10 min at 90 1C and then cooled
for 6 min. Then 3 ml acetylchloride 10% (v/v) was added and the
mix was placed for 10 min at 90 1C and cooled for 6 min. Finally,
5 ml water and 1.6 ml hexane were added before tumbling and
centrifuging for 10 min at 1200g.

FAMEs were separated and identified using a gas chromato-
graph (Agilent Technologies, Model 6890 N, Santa Clara, USA)
equipped with a flame ionization detector and a CP Sil-88 capillary
column, 100 m � 0.25 mm i.d., 0.2 mm film (Agilent Technologies,
Middleburg, The Netherlands). The chromatographic conditions
were as follows: injector temperature 255 1C and detector tem-
peratures 260 1C; oven temperature with initial temperature at
60 1C for 2 min, increased to 150 1C at 8 1C/min, held 12 min,
increased at 175 1C at 2 1C/min, held 20 min, increased at 225 1C at
5 1C/min held 10 min, and increased at 240 1C at 10 1C/min and
held at 240 1C for 10 min. Peaks were identified by comparison
with authentic FAME standard (Larodan Fine Chemicals, Malmö,
Sweden). Automated expression of data was performed with Peak
Simple software (Version 3.28, SRI-Instruments Europe GmbH, Bad
Honnef, Germany).

Hepatic HNE-His protein adducts

HNE-histidine (HNE-His) adducts were measured in homoge-
nized tissues in phosphate buffered saline (PBS) according to
Borovic et al. [30] for cultured cells, using a standard curve of

HNE-albumin adducts. Mouse monoclonal primary antibody was a
generous gift from Dr. G. Waeg [31].

Myeloperoxidase (MPO) assay

MPO (EC 1.11.2.2.) activity, a marker of polymorphonuclear
neutrophil primary granules, was measured in colonic tissues,
according to the method of Bradley et al., slightly modified [32].
After euthanasia, a sample of colon was suspended in potassium
phosphate buffer (44 mM KH2PO4, 6 mM K2HPO4 �3H2O, pH 6.0)
and homogenized on ice by using a Polytron. After 3 cycles of
freezing and thawing, suspensions were centrifuged at 6000g for
15 min at 4 1C. Supernatant fractions were discarded and pellets
were resuspended in hexadecyl trimethylammonium bromide
buffer (HTAB 0.5%, wt/v, in 50 mM potassium phosphate buffer,
pH 6.0), a detergent inducing the release of MPO from neutrophil
primary granules. These suspensions were sonicated on ice and
then centrifuged at 6000g for 15 min at 4 1C. Supernatants were
assayed spectrophotometrically for MPO activity. Supernatant was
diluted in potassium phosphate buffer (pH 6.0) containing
0.167 mg/ml of O-dianisidine dihydrochloride and 0.0005% H2O2.
Changes in absorbance at 450 nm were recorded every 30 s over
2 min. One unit of MPO was defined as the quantity of MPO
degrading 1 μmol H2O2 min�1 ml�1 at 25 1C. Finally, MPO act-
ivity was expressed as units of MPO activity per gram of proteins
(Units/g protein).

C-reactive protein assay

The C-reactive proteinwas measured in rat plasma, at Day 17, using
the high-sensitivity CRP (PTX1) Rat ELISA Kit (ab108827, Abcam,
Cambridge, UK) according to the manufacturer instructions.

TBARS and viability assays

Fecal extract preparation for TBARS and cytotoxicity assay
For TBARS (thiobarbituric acid reactive substances) assay and

cytotoxic activity on epithelial cells, fecal waters were prepared
from feces collected during 24 h in each metabolic cage, as
described previously [21]. TBARS were measured in fecal water
and in diet (left 24 h at room temperature to represent the
maximal oxidation in diet) according to Ohkawa et al. [33], exactly
as described previously [20].

Cell culture and treatment
We used cells obtained previously from an immortomouse [34]

and the mouse rectum carcinoma CMT93 cell line (European
Collection of Cell Cultures (ECACC)). Cells used for cytotoxicity
assay of fecal water were seeded into 96-well culture plates at a
seeding density of 3.2�104 and 1.6�104 cells per well in DMEM
culture medium, for immortomouse deriving cells and CMT93
cells, respectively. The immortomouse deriving cells were cultured
at 33 1C with interferon γ until subconfluence, and transferred at
37 1C without interferon γ for 24 h. Under these conditions, they
behave as primary cells. After 24 h, these cells were at confluence.
CMT93 cells were cultured for 48 h. The culture medium was
replaced with diluted and filtered (0.2 mm) fecal water in DMEM
culture medium (1/10 for all fecal waters). After adding fecal
water, cells were incubated at 37 1C for another 24 h. Analyses
were done on fecal waters pooled by group, on 6 replicates.

MTT assay
Cells were then washed, 100 ml of MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) solution (0.45 mg/ml in
PBS) was added to each well and the cells were incubated at 37 1C
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for another 4 h. The reaction product was solubilized in 100 ml lysis
buffer (SDS 10%, NaOH 0.01 M) before the color of the reaction
product was quantified using a plate reader at 570 nm.

Statistical analyses

The effects of the different diets were analyzed using one-way
ANOVA and Student’s t tests. Datawere transformed into log to correct
for unequal variance when necessary. Means were compared using
Tukey’s multiple comparisons test. Different letters between groups
represent statistical differences with at least P o 0.05. Statistics were
performed using GraphPad Prism 6 software.

Results

Body weight and food consumption

Heme-containing diets, particularly the one with fish oil, were
less accepted by the animals, probably because of their rancid
odor, even though new food was given each day at the end of the
afternoon (Fig. 1).

As a consequence, animals fed on those diets gained signifi-
cantly less weight during the experimental period (P¼ 0.03, at
Day17).

Urinary oxidative stress biomarkers

Urinary MDA, DHN-MA, and iso-PGF2α were measured at Day 0,
before the starting of the experimental diets, at Days 1 and 4 and at
the end of the experimental period. Fig. 2 shows the results obtained
at Day 17 and at Day 0 (end of the acclimatization period).

Urinary MDA levels were dependent on both dietary para-
meters: the type of oil used and the type of iron source. The most
prominent effect was seen for fish oil, which had a 130- and a 30-
fold increase with heme iron and ferric citrate, compared to urine
taken at Day 0 (acclimatization diet), respectively. Safflower oil
had a less pronounced enhancing effect with only a 5-fold increase
in the urinary excretion of MDA, when combined to heme iron.
Heme iron induced a 5-fold increase in the urinary excretion of
MDA when combined to fish and safflower oil, when compared
with the corresponding ferric citrate diets. Interestingly, heme iron
had no effect on MDA urinary excretion when combined to
coconut oil. Besides, the significant effect of fish oil was also
observed at Days 1 and 4 (data not shown).

For urinary DHN-MA, PUFA-rich oils and heme iron had an
increasing effect but with a predominant effect of heme iron
which increased the excretion by a 30-fold and a 300-fold factor
for fish oil and safflower oil, respectively, when compared to urine
taken at Day 0. An 8-fold and an 80-fold factor increase was

obtained when heme effects were compared to the data obtained
for the respective ferric citrate diets. When combined to ferric
citrate, the two oils increased 4-fold the excretion of DHN-MA
compared to urine taken at Day 0. It should be also noted that the
most impressive factor of a 1000-fold increase of urinary DHN-MA
was observed on the Day 4 for a diet comprising safflower oil and
heme iron (data not shown), compared to urine taken at Day 0,
and the difference was also significant between Day 1 and Day 0.
Again, heme iron had no effect on DHN-MA urinary excretion
when combined with the saturated coconut oil.

As expected, the diets had much less pronounced effects on
8-iso-PGF2α urinary excretion. However, significant differences
were observed, notably with the presence of heme iron in diet
that induced a 1.5-fold and a 5-fold increase with fish oil and
safflower oil, respectively, when compared to the corresponding
ferric citrate diets, while heme iron induced no increase when
combined to coconut oil. A significant increase with heme iron and
unsaturated oils was also observed at Days 1 and 4.

As rats presented loose stools with heme iron and polyunsatu-
rated fatty acid-containing diets, and to tentatively explain the
increase in 8-iso-PGF2α excretion by factors other than formation
from dietary precursors, we measured MPO in colon tissue, as a
marker of colonic inflammation (Fig. 3). We observed a significant
increase in MPO activity with heme iron/PUFA diets compared to
safflower oil combined to ferric citrate or to coconut oil/heme iron
diets. However, this increase did not correlate with either 8-iso-
PGF2α or to MDA and DHN-MA excretion. However, this supported
the assumption of pro-inflammatory effects of the heme iron/PUFA-
containing diets, in particular if combined with fish oil. We also
measured plasmatic C-reactive protein as a marker of inflammation
but no differences were observed with the different diets (Fig. 4).

Because the most impressive differences of the urinary bio-
markers of lipid peroxidation were observed for DHN-MA, which
is the major urinary metabolite of HNE, we measured by genuine
ELISA the levels of HNE-His adducts in the liver of the rats fed on
the different diets (Fig. 5). As can be seen, a moderate but
significant HNE-increasing effect of the combination of safflower
oil and heme iron was detected when compared to fish oil and
ferric citrate diet, which was in agreement with the findings of the
urinary DHN-MA determinations, although the increase observed
on HNE-His was far less important (Fig. 2).

To evaluate further if the different diets could modify the fatty
acid composition of rat tissues, and thereby influence the forma-
tion of the endogenous lipid peroxidation biomarkers, the percen-
tages of the precursors of HNE (ω-6 fatty acids), 8-iso-PGF2α
(arachidonic acid), and MDA (fatty acids with at least three double
bonds) were evaluated in the liver (Table 2).

The urinary excretion of 8-iso-PGF2α roughly paralleled the
presence of its precursor, arachidonic acid (20:4 n-6), in liver for
hemin groups, while this was not the case for ferric citrate groups.

Fig. 1. Weight and diet consumption of the rats (in g) during the experimental period. CO He, hydrogenated coconut oil/hemin diet; FI He, fish oil/hemin diet; SA He,
safflower/hemin diet; FI Fe; fish oil/ferric citrate diet; SA Fe; safflower/ferric citrate diet. n¼6 animals.
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On the other hand, the huge difference observed between
hemin and ferric citrate groups for DHN-MA urinary excretion
was not observed between these groups for ω-6 fatty acid
composition, although we observed more ω-6 fatty acids (around
40% more) in hemin groups than in ferric citrate ones. A similar
increasing effect of hemin was observed in safflower groups for
ω-3 fatty acids.

Finally, the differences between groups observed for MDA
urinary excretion were not reflected by the composition of MDA
precursors in the liver, or by the DBI.

In order to study the consequences of heme iron and PUFA-rich
diets in terms of potential toxicity in relation to colorectal cancer
development, we performed additional in vitro experiments using

Fig. 2. Urinary excretion of three lipid oxidation products at Day 0 and at Day 17.
ACC: urine taken before the start of the experimental diets at Day 0 (acclimatiza-
tion diet). Experimental diets: CO He, hydrogenated coconut oil/hemin diet; FI He,
fish oil/hemin diet; SA He, safflower/hemin diet; FI Fe; fish oil/ferric citrate diet; SA
Fe; safflower/ferric citrate diet. Different letters between groups show significant
statistical differences with at least P o 0.05. n¼6 Animals.

Fig. 3. Myeloperoxidase (MPO) activity in rat colon. CO He, hydrogenated coconut
oil/hemin diet; FI He, fish oil/hemin diet; SA He, safflower/hemin diet; FI Fe; fish
oil/ferric citrate diet; SA Fe; safflower/ferric citrate diet. Different letters between
groups show significant statistical differences with at least P o 0.05. n¼6 animals.

Fig. 4. C-reactive protein in rat plasma. CO He, hydrogenated coconut oil/hemin
diet; FI He, fish oil/hemin diet; SA He, safflower/hemin diet; FI Fe; fish oil/ferric
citrate diet; SA Fe; safflower/ferric citrate diet. The same letter between groups
shows no significant statistical differences. n¼6 animals.

Fig. 5. HNE-histidine protein adducts in rat liver. CO He, hydrogenated coconut oil/
hemin diet; FI He, fish oil/hemin diet; SA He, safflower/hemin diet; FI Fe; fish oil/
ferric citrate diet; SA Fe; safflower/ferric citrate diet. Different letters between
groups show significant statistical differences with at least P o 0.05. n¼6 animals.
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conditionally immortalized mouse colon epithelial cells and a
mouse rectum carcinoma cell line (CMT93). The cells were
exposed to sterilized fecal waters collected from the rats that
had received the different diets. At the same time, we have
measured the concentration of TBARS in those fecal extracts and
in the different diets (Fig. 6).

Fish oil with both forms of iron as well as safflower oil
combined to heme iron in diet had a pronounced cytotoxic effect
on both cell lines exposed to the respective fecal waters, while
safflower oil combined to ferric citrate or heme iron combined to
coconut oil had no deleterious effect. In parallel, the respective
TBARS content was very high in the fecal water of rats fed a diet
with fish oil/hemin and was less increased in the case of safflower
oil/hemin and fish oil/ferric citrate diets if compared to safflower
oil/ferric citrate or to coconut oil/hemin diets. We observed a

similar TBARS profile in the diets, except that coconut oil/hemin
diet presented less TBARS than safflower oil/ferric citrate one.

Discussion

The major aim of our study was to point out that most urinary
lipid peroxidation/oxidative stress biomarkers are dependent on
the diet, mostly on its lipid nature, and especially in the presence
of iron in the heminic form that is believed to have more efficient
catalytic properties toward lipid oxidation. For this purpose, we
used unsaturated oils that are prone to oxidation, but from
different types representing the precursors of the lipid oxidation
biomarkers that we wanted to test, namely ω-6 fatty acids for
HNE/DHN-MA, and fatty acids with more than two double bonds

Table 2
Liver fatty acid composition of the rats fed the different diets for 17 days.

CO He FI He SA He FI Fe SA Fe

SFA 49.572.1 a 49.771.9 a 48.172.5 a 49.671.3 a 50.672.1 a

MUFA 37.373.2 a 22.772.4 b 17.271.2 c 22.171.4 b 27.874.0 d

PUFA 13.272.2 a 27.672.1 b 34.772.1 c 28.372.1 b 21.672.9 d

Σ ω-6 10.571.8 a 15.471.5 b 30.071.9 c 9.471.1 a 20.072.6 d

Σ ω-3 2.770.4 a 12.271.2 b 4.770.6 c 19.071.0 d 1.670.3 e

DBI 91.777.9 a 147.378.7 b 153.179.7 b 159.077.1 b 102.877.2 a

20:4n-6 6.671.3 a 10.571.0 b 17.571.5 c 5.970.7 a,d 8.471.4 a,e

MDA prec. 1172.3 a 24.071.2 b 27.272.2 c 25.671.5 b,c 13.372.1 a

SFA, sum of saturated fatty acids (%); MUFA, sum of monounsaturated fatty acids (%); PUFA, sum of polyunsaturated fatty acids (%); Σ ω-6, sum of ω-6 fatty acids (%); Σ ω-3,
sum of ω-3 fatty acids (%); DBI (double bond index, sum of (% of each unsaturated fatty acid � number of double bond in the same fatty acid)); MDA prec., MDA precursors,
sum of PUFAs with at least three double-bonds (%); CO He, Coconut oil/hemin diet; FI He, fish oil/hemin diet; SA He, safflower/hemin diet; FI Fe; fish oil/ferric citrate diet; SA
Fe; safflower/ferric citrate diet. Different letters between groups show significant statistical differences with at least P o 0.05. n¼6 animals.

Fig. 6. Top: Viability of immortalized epithelial colon cells and CMT93 cell line on exposure to pooled fecal waters of rats fed the different diets; Bottom: TBARS
concentration in those fecal waters and in diet. CO He, hydrogenated coconut oil/hemin diet; FI He, fish oil/hemin diet; SA He, safflower/hemin diet; FI Fe; fish oil/ferric
citrate diet; SA Fe; safflower/ferric citrate diet. Different letters between groups show significant statistical differences with at least P o 0.05 (6 replicates).
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for MDA. In addition, we aimed to show that the situation was
rather different for 8-iso-PGF2α because its unique precursor was
hardly found in diet. So we used the ω-6-rich safflower oil as an
HNE/DHN-MA provider and the long-chain unsaturated fish oil as
MDA provider. The results obtained in the present study highlight
the importance of the presence of heme iron together with the
type of dietary oil, in the formation of secondary lipid oxidation
products that are well known as oxidative stress biomarkers. The
urinary excretion of DHN-MA and MDA strongly depended on the
type of oil used in diets. This was expected since MDA comes from
the peroxidation of PUFAs that bear at least three double bonds,
while HNE and its major urinary metabolite DHN-MA are gener-
ated through peroxidation of fatty acids of the ω-6 family. There-
fore, 5% dietary fish oil, containing long-chain polyunsaturated
fatty acids, increased dramatically MDA excretion while 5% saf-
flower oil, containing mainly linoleic acid, increased dramatically
DHN-MA excretion. It is important to note that 5% is an amount
that is conventionally used for rodent diets. These increases were
even more important when these oils were associated with iron in
its heminic form, although iron concentration was the same as in
ferric citrate diets. The hemin concentration we used in the diets
was in the range of a possible human consumption. Interestingly,
this effect of heme iron disappeared when heme iron was
combined to a saturated oil that provided no precursor for lipid
peroxidation, highlighting the prominent role of heme iron as an
oxidation catalyst.

Heme iron has been reported to be a very effective catalyst of
lipid peroxidation [35,36]. In a previous work, the urinary excre-
tion of MDA, DHN-MA, and 8-iso-PGF2α was measured before and
after treatment of rats with BrCCl3, a well-known inducer of lipid
peroxidation in the liver. Such a treatment resulted in a 3-fold
increase of urinary excretion for DHN-MA and 8-iso-PGF2α and a
5-fold increase for MDA, 48 h following the treatment. Thus, we
concluded that all three biomarkers reflected the BrCCl3-induced
liver lipid peroxidation in a similar manner [10]. In the present
study, the increase in MDA or DHN-MA urinary excretion due to
the experimental diet was much more important than the one
observed previously with BrCCl3. To be sure that this increase was
mainly due to lipid peroxidation occurring in diet or in intestinal
lumen during digestion, several points were checked.

First, as the diets could provoke intestinal inflammation due to
the presence of irritant lipid peroxidation products, as shown by
fecal TBARS assay (Fig. 6), colonic MPO assay was performed and
revealed an increased colonic inflammatory process with heme
iron/PUFA diets, compared to the safflower oil/ferric citrate or to
the coconut oil/heme iron ones. This inflammation could be due to
microbiota modification. Indeed, IJssennagger et al. have observed
a modification of microbiota of mice after a heme-rich diet [37].
These authors simultaneously investigated the effects of dietary
heme on colonic microbiota and on colon mucosa of mice. They
observed that heme iron increased Bacteroidetes and decr-
eased Firmicutes in colonic contents. This shift was observed with
a Westernized diet (40% fat (mainly palm oil), low calcium
(30 mmol/g) supplemented with 0.5 mmol/g heme iron) and was
most likely caused by a selective susceptibility of Gram-positive
bacteria to heme cytotoxic fecal water, which is not observed for
Gram-negative bacteria, allowing expansion of the latter. However,
these authors did not show any appreciable immune response
detected in the heme-fed mice, nor modification of inflammation
pathways. Interestingly, in the present study, we reported no
cytotoxicity of fecal waters from rats fed heme iron and the
saturated coconut oil. So, we think that the increase in MPO is
mainly due to lipid peroxidation, as reflected by the fecal TBARS
assay. However, this increase in MPO activity, high with a fish oil/
hemin diet and moderate with a safflower oil/hemin, did not
parallel the urinary excretion of any of the biomarkers tested here.

Nevertheless, we may assume that such a moderate inflammation
in the colon probably contributed to the formation of MDA and
DHN-MA, but certainly not to such extent to explain the effect of
diets on their urinary excretion.

On the other hand, as diet could change the composition of
cellular membrane fatty acids and subsequently provide more
precursors for endogenous lipid peroxidation, the liver fatty acid
composition was used as an indicator of fatty acid status of the
animals in this study. The increase in urinary MDA, however, did
not reflect an increased cellular formation due to a modification of
membrane fatty acids, as the proportion of fatty acids in liver that
are precursors of MDA (i.e., bearing at least three double bonds)
were not more pronounced in rats given fish oil than in rats given
safflower oil. Opposite to that, the pattern of DHN-MA excretion
followed the proportion of ω-6 fatty acids in the liver that
indicated more ω-6 fatty acids with safflower oil than with fish
oil and, interestingly, more ω-6 fatty acids with heme iron than
with ferric citrate. We can conclude accordingly, that at least a
small amount of this urinary DHN-MA could come from the higher
amount of cellular ω-6 fatty acid undergoing basal lipid peroxida-
tion and further HNE formation, as was also shown by the
increased presence of HNE-His protein adducts in animals fed a
safflower and heme iron diet. Since HNE is mostly generated
during oxidation of linoleic and arachidonic acid, and since this
particular diet group had the highest levels of ω-6 and 20:4n-6, it
is logical that the same animals had also the highest levels of HNE-
His adducts. It should be also noted that HNE-His adducts are
considered as relatively stable modifications of various proteins,
that might affect essential biological processes of proliferation,
differentiation, and apoptosis, while in liver they might be
associated with both nonviral hepatitis, cirrhosis, and carcinogen-
esis [38,39].

However, it seems reasonable to think that this increase in
MDA and DHN-MA was mainly due to formation in diet or during
digestion, as reflected by TBARS measured in fecal extracts and in
diet. In a recent study, Larsson et al. [40] reported the huge
formation of TBARS in an in vitro simulated gastrointestinal
digestion after addition of heme iron, in the form of hemoglobin,
to a cod liver oil emulsion, rich in ω-3 PUFAs, while Kanner’s group
reported that the human stomach was a suitable medium for lipid
peroxidation, especially in the presence of red meat [41]. With the
current study we confirmed these findings, in an animal model,
with an original comparison of two forms of dietary iron, while we
have to stress that the effect of dietary heme iron on the
proportion of ω-6 fatty acids in the liver has never been reported
before. We think that the formation of lipid oxidation products
occurred in diet and during digestion because we have shown that
HNE given to rats orally was hardly found in the distal part of the
intestine, indicating absorption of this compound in the upper
parts of the intestine (unpublished results). In parallel, when a
hemin/safflower oil or a hemin/fish oil diet is given to rats,
significant amounts of HNE/HHE are found in the fecal extracts,
this with two different mass spectrometry methods (article in
preparation). Taken together, those results indicate that there is a
luminal formation of those lipid oxidation products during diges-
tion, after consumption of a hemin/safflower or fish oil diet,
because most of the lipid oxidation products present in diet are
absorbed before reaching the distal parts of the intestine.

The case of 8-iso-PGF2α is somehow different because its
urinary excretion was increased only by a 1.5- and 5-fold factor
with fish oil- and safflower oil hemin-rich diet, respectively,
compared to respective ferric citrate diets. This increase was
similar to the one observed after BrCCl3 treatment in our previous
study [10]. The unique precursor of 8-iso-PGF2α is arachidonic acid
[42], which is absent in safflower oil and generally in common
plant oils and is found in very little quantities in fish oils. In the
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present study, the formation of 8-iso-PGF2α was very limited in
diet, or during digestion. The differences observed in urinary
8-iso-PGF2α excretion should then be due to either an inflamma-
tory process or an important modification of tissue fatty acids
leading to an increase of arachidonic acid in tissues, which would
be also be utilized as a source of endogenous HNE production, in
particular under circumstances of oxidative stress. 8-iso-PGF2α
urinary excretion did not mirror the differences observed in MPO
activity, so we assume that inflammation was not a major
pathophysiological process generating 8-iso-PGF2α in the case of
the diets used. On the other hand, it reflected quite well the
proportion of arachidonic acid found in the liver, so it is reasonable
to assume that even if both processes contributed to 8-iso-PGF2α
urinary excretion, the colonic inflammation was moderate enough,
as confirmed by the absence of modification of the plasmatic
concentration of C-reactive protein, to be blurred by the effect on
tissue fatty acid composition.

It is noteworthy that meat contains arachidonic acid either in
tissue membranes, particularly in poultry meat, or in “visible” fat
that could give dietary formation of 8-iso-PGF2α [43]. However,
this may be very limited as we previously showed that rats fed
meat-containing diets (60% freeze-dried chicken or beef) did not
undergo any increase in 8-iso-PGF2α urinary excretion [14]. More-
over, Halliwell’s group reported that the diet contribution of 8-iso-
PGF2α after a single meal would not influence its plasma concen-
tration in humans [44]. But these studies did not note a possible
long-term effect of ω-6 fatty acid-rich diets through modification
of tissue fatty acid composition as a source of precursors for
endogenous 8-iso-PGF2α formation.

As a result of the data obtained in the present study, urinary
MDA and DHN-MA should be used cautiously as systemic lipid
peroxidation/oxidative stress biomarkers, and only under condi-
tions in which food consumption is carefully controlled, because
both compounds are formed on precursors that can be found in
diet. Opposite to that, urinary 8-iso-PGF2α might be considered as
a “golden standard” biomarker reflecting systemic lipid peroxida-
tion/oxidative stress, because this compound may be formed only
in very small quantities on lipid peroxidation in diet. However, it is
important to keep in mind that an indirect effect of diet could not
be ruled out, through modification of the fatty acid proportions in
tissue membranes, particularly of arachidonic acid. The increase in
urinary excretion we showed in the present study with a safflower
oil/heme iron diet is in the same range as the one observed after a
strong inducer of liver lipid peroxidation [10].

In this work, we observed an important increase of TBARS,
reflecting dietary aldehydes deriving from lipid peroxidation as
MDA and perhaps also HNE, in fecal extracts with heme iron diets
compared to ferric citrate ones (around 5-fold increase). This
important effect of the heminic form of iron on the formation of
these secondary oxidation products can be explained by a high
catalytic efficiency of heme in lipid peroxidation of PUFAs as
explained above. Thus, the maximal luminal TBARS formation
occurred with a fish oil/hemin diet in which there is an efficient
lipid peroxidation catalyst together with the highest double bond
index. Heme iron is present in high concentration in red meat,
causing lipid peroxidation [45]. Red and processed meats are the
only foodstuffs considered as a convincing cause of colorectal
cancer by the World Cancer Research Fund panel [46]. Heme iron
could explain the epidemiological link existing between red meat
and processed meat consumption and colorectal cancer risk. We
showed here that fecal extracts from rats fed a diet containing
heme iron and PUFAs were more toxic to epithelial colon cells than
fecal extracts from rats fed on diets containing ferric citrate or on a
diet containing heme iron but no PUFAs. It is worth noting that
recent in vitro experiments using an artificial gut model revealed
that HNE, present in heme iron-rich foodstuffs [15], can increase

permeability of the intestinal barrier [47], which could further
increase absorption of deleterious compounds, including lipid
oxidation products, from the gut.

Usually, fish oil and its ω-3 PUFAs are associated with beneficial
health effects, due to their anti-inflammatory, antiproliferative, pro-
apoptotic properties and their role in cell immune functions. Concern-
ing cancer, fish oil and ω-3 fatty acids are believed to have preventive
and adjuvant therapeutic properties [48]. However, epidemiological
studies of colorectal cancer show conflicting results and meta-analyses
on prospective cohort studies showed no or a very weak protective
effect of fish or ω-3 fatty acid consumption [49–51]. The effect of ω-3
fatty acids could reflect their indirect and mild anti-inflammatory
effect, due to competition of eicosapentaenoic acid (EPA) with
arachidonic acid for the enzymatic production of eicosanoids which
have anti-inflammatory or pro-inflammatory properties, depending
on their precursor [52]. Furthermore, ω-3 PUFAs are also known to
modify cell membrane composition and fluidity and particularly lipid
raft composition, which are related to cancer [53]. However, ω-3
PUFAs are unstable and prone to oxidation [54] and this fact should be
considered with respect to lipid peroxidation toxic end-product
formation. Moreover, in an in vivo study on mice, Awada et al. showed
an increase in plasma inflammation markers with a high-fat diet with
oxidized ω-3 PUFAs and an accumulation of 4-hydroxyhexenal, the
ω-3 PUFA specific lipid oxidation product in blood [55]. To our
knowledge, there were no in vivo studies of ω-3 PUFAs combined
with the presence of heme iron into diet in rodent models. When
heme iron is present, the dramatically enhanced luminal formation of
potentially cytotoxic and genotoxic lipid oxidation products that we
observed in the present study could counterbalance the beneficial
effects of ω-3 fatty acids. It is noteworthy that fecal extracts from fish
oil diet-fed rats have cytotoxic properties on colon epithelial cells, even
in the absence of heme iron. We have observed that 4-hydroxyhex-
enal, the ω-3 PUFA specific lipid oxidation product, had the same
cytotoxic, genotoxic, and “selective toward preneoplastic cells” proper-
ties as HNE on epithelial colon cells [56]. Taken together, these facts
could provide an explanation for the rather disappointing and
conflicting effects of dietary ω-3 PUFA observed in epidemiological
studies, in which the heme iron consumption is not taken into
account. In conclusion, the risk associated with the simultaneous
intake of very-long-chain unsaturated fatty acids and heme iron, as
myoglobin-rich fishes (tunas) or as “omega3” dietary complements
together with a red meat-rich diet, should be reconsidered. Accord-
ingly, we suggest that extensive rodent and other in vivo carcinogen-
esis studies be carried out to make sure that a diet containing fish oil
plus heme iron does not promote colorectal cancer.
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