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Abstract
Purpose Oxidized fats are known to induce oxidative
stress resulting in the up-regulation of antioxidant

enzymes, with the underlying mechanism being unclear. It
is known, however, that the response of tissues to oxidative
stress is mediated by redox-sensitive transcription factors
such as NF-xB and Nrf2. The aim of this study, therefore,
was to test the hypothesis that ingestion of an oxidized fat
causes activation of these transcription factors in the small
intestinal mucosa.

Methods Female mice were randomly assigned to 2
groups of 12 mice each and administered orally by gavage
either oxidized or fresh fat once per day.

Results After 6 days of treatment, mice were Kkilled,
intestinal mucosa was isolated, and nuclear concentration
of NF-xB and Nrf2 and expression of NF-xB- and
Nrf2-regulated oxidative stress-responsive genes were
determined. Oxidized fat markedly increased nuclear con-
centration of NF-xB and Nrf2 and transcript levels of
oxidative stress-responsive genes, like aldo—keto reductase
1B8, vanin-1, glutathione peroxidase 1, and superoxide
dismutase-1. In addition, oxidized fat increased the con-
centrations of PPAR-regulated genes.

Conclusions The activation of oxidative stress-sensitive
pathways likely reflects an adaptive response of the intes-
tinal mucosa to prevent oxidative damage to the intestinal
mucosa.
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Introduction

Oxidized lipids as components of heated or fried foods play
an important role in human nutrition in industrialized
countries. Animal experiments revealed that ingestion of
heated fats containing lipid peroxidation products provokes
a wide array of biological effects. One of the most fre-
quently reported effects of oxidized fat is induction of
oxidative stress and redox imbalances [1-8]. This has been
evidenced by elevated concentrations of lipid peroxidation
products, reduced concentrations of exogenous (e.g., toc-
opherols, ascorbic acid) and endogenous antioxidants
(e.g., glutathione), and a decreased glutathione/glutathione
disulfide ratio in tissues of animals fed oxidized fat [1-8].
Because the intestinal mucosa is directly exposed to oxi-
dized fats during intestinal passage after ingestion of such
fats, it is not surprising that oxidative stress and redox
imbalances are especially induced by oxidized fat in the
intestinal mucosa [7, 8].

It is generally accepted that reactive oxygen species
(ROS) generated during oxidative stress are important
mediators in the expression of genes involved in antioxi-
dant defense and inflammatory processes [9, 10]. This is
explained by the activation of redox-sensitive transcription
factors, such as nuclear factor-xB (NF-xB), acting as reg-
ulators of genes involved in inflammation and the adapta-
tion to oxidative stress [11]. Intestinal NF-xB has long
been considered to be specifically associated with gut-
associated lymphoid tissue. However, it has now been
established that NF-xB is also present in intestinal epi-
thelial cells, which are the main cellular component of the
intestinal mucosa. Epithelial NF-xB is critical for main-
taining the function and integrity of the gut epithelial
barrier by up-regulating genes involved in antimicro-
bial defense and attenuation of oxidative stress [12].
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Transcription factor nuclear factor-erythroid 2-related
factor 2 (Nrf2) is another important redox-sensitive tran-
scription factor that protects tissues including the intestine
by inducing antioxidant and detoxifying genes in response
to oxidative or xenobiotic stress [13].

A recent study clearly demonstrated that administration
of a thermally oxidized oil strongly induces the expression
of antioxidant enzymes such as glutathione peroxidase 1
(GPX-1) and Co/Zn-superoxide dismutase (SODI1) in the
small intestine of rats being indicative of an adaptive
response of the intestine to the oxidative stress induced by
the ingested lipid peroxidation products [14]. The molec-
ular mechanisms underlying this adaptive response,
however, have not been studied yet. In light of the role of NF-
xB and Nrf2 in mediating the adaptive response to oxidative
stress, we hypothesized that ingestion of an oxidized fats
causes activation of these transcription factors in the small
intestinal mucosa. To test this hypothesis, we performed a
feeding experiment with mice that were treated orally with
an oxidized fat prepared under deep-frying conditions. As
parameters, we considered the nuclear concentrations of the
NF-xB subunit pS0 and Nrf2 and the transcript levels of
genes that are involved in oxidative stress response and
known to be regulated by either NF-xB or Nrf2 or both of
them, such as GPX-1, SOD1, heme-oxygenase 1 (HO-1),
aldo—keto reductase 1B8 (AKR1BS), and vanin-1 [15-18].
Because the peroxidation products of oxidized fats, such as
hydroxy and hydroperoxy fatty acids, were shown to be
ligands and activators of peroxisome proliferator-activated
receptor (PPAR) o and 7y [19, 20], which are known to
interfere with oxidative stress signaling pathways including
NF-kB, we also studied the effect of oxidized fat on the
activation of PPAR« and .

Methods
Animals and diets

Female mice (129S4/SvlmlJ) supplied by Charles River
with an initial body weight of 21.8 + 1.9 g (mean £ SD)
were randomly assigned to 2 groups of 12 mice each. They
were kept individually in Macrolon cages in a room con-
trolled for temperature (22 £ 2 °C), relative humidity
(50-60%), and light (12-h-light/-dark cycle). All experi-
mental procedures described followed established guide-
lines for the care and handling of laboratory animals [21]
and were approved by the council of Saxony-Anhalt. All
mice were orally administered 0.25 mL fresh or oxidized
sunflower oil by gavage once per day on 6 consecutive
days 2 h after the beginning of the light cycle. All mice
were fed a commercial standard basal diet (Altromin 1324,
Altromin, Lage, Germany). According to the declaration of
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the manufacturer, this diet contained (per kilogram) 11.9 MJ
metabolizable energy, 190 g crude protein, 60 g crude fiber,
40 g crude fat, and 70 g crude ash. To standardize food
intake, the diets were fed daily in restricted amounts of 2.5 g/
d equivalent to an intake of 29.8 kJ metabolizable energy per
day. Water was available ad libitum from nipple drinkers
during the entire experiment.

Preparation and chemical analysis of the oxidized fat

The thermo-oxidized oil was prepared by heating sunflower
oil (obtained from a local supermarket) in a domestic fryer
from Bartscher GmbH (GF-8SE, Salzkotten, Germany) at
190 °C for 48 h. The extent of lipid peroxidation was
determined by assaying the peroxide value [22], concen-
tration of thiobarbituric acid substances (TBARS) [23],
concentration of conjugated dienes [24], acid value [22],
and the percentage of total polar compounds [25]. The fatty
acid composition of the dietary fats was determined by gas
chromatography (GC). For that purpose, fats were meth-
ylated with trimethylsulfonium hydroxide to fatty acid
methyl esters (FAME) [26]. FAME were separated by GC
using a Chrompack 9000 system (Fa. Agilent Technolo-
gies, Waldbronn, Germany) fitted with an automatic on-
column injector, a polar capillary column (60 m FFAP,
0.25 mm internal diameter, 0.25 pm particle size, Mache-
rey and Nagel, Diiren, Germany), and a flame ionization
detector [27].

Sample collection

At day 6, mice received the last dose of fresh or oxidized
oil and 0.5 g of the diet 2 h after the beginning of the light
cycle and were killed 4 h later by decapitation under light
anesthesia with CO,. Blood was collected into heparinized
polyethylene tubes. Plasma was obtained by centrifugation
of the blood (1,100 g, 10 min, 4 °C) and stored at —20 °C.
The small intestine was rapidly excised, flushed with ice-
cold 0.9% NaCl (w/v), and opened length-wide. The
mucosa was scraped off and snap-frozen for RNA isola-
tion. All tissue samples were stored at —80 °C pending
further analysis.

RNA isolation and real-time detection RT-PCR
analysis

Total RNA was isolated from mucosa samples using Tri-
zol™ reagent (Invitrogen, Karlsruhe, Germany) according
to the manufacturer’s protocol. Total RNA concentration
and purity were estimated from the optical density at 260
and 280 nm, respectively. Synthesis of cDNA and deter-
mination of mRNA abundance by real-time detection PCR
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was performed as recently described in detail [28]. The
mRNA abundance of genes was measured by real-time
detection PCR using SYBR Green I and the Rotor Gene
2000 system (Corbett Research). Real-time detection PCR
was performed with 1.25 units Taq DNA polymerase,
500 mmol  desoxyribonucleotide triphosphates, and
26.7 pmol of the gene-specific primers (Operon, Koln,
Germany). For determination of mRNA concentration, a
threshold cycle was obtained from each amplification curve
using the software RotorGene 5.0 (Corbett Research).
Calculation of the relative mRINA concentration was made
using the 27**““method with GAPDH as reference gene
as previously described [29]. The relative mRNA concen-
tration of the genes investigated is expressed as fold change
in the oxidized fat group compared to the fresh fat group.
Characteristics of gene-specific primers were as follows
(forward 5’-3', reverse 5'-3’; NCBI GenBank): Adipophilin
(CCCTGTCTACCAAGCTCTGC, CGATGCTTCTCTTC
CACTCC; NM_007408.3), AKR1B8 (CAAACCAAGTC
AAAGAAG CTG, CTTGCTGACAATGAAGAGGTC;
NM_008012.1), GAPDH (TGTTCCTACCCCCA ATGT
GT, GTCATTGAGAGCAATGCCAG; NT_109320.4),
GPX-1 (CTCTTTACCTTCCT GCGGAA, GGACAGCA
GGGTTTCTATGT; NM_008160.5), HO-1 (GATTT
GTCTGAGG CCTTGAAG, CTTAAAGCCTTCTCT
GGACAC; NM_010442.1), PPARa (AGGCAGATG AC
CTGGAAAGTC, ATGCGTGAACTCCGTAGTGG; NM_
011144.3), PPARy (CCAGTT TCGATCCGTAGAAG,
CCATAAAGTCACCAAAGGGC; NM_011146.2), SOD1
(GATG ACTTGGGCAAAGGTGG, CTGCGCAATCCCA
ATCACTC; NM_011434.1), Vanin-1 (GA AGTGGT
ATCTATGCACCC, CTGTAGGTAGTACTGCCCTT;
NM_011704.1).

Immunoblot analysis

Nuclear extracts were prepared from scraped mouse
mucosa with a Nuclear Extract Kit (Active Motif, Rix-
ensart, Belgium) according to the manufacturer’s protocol.
Protein concentrations in the nuclear extracts were deter-
mined by the bicinchoninic acid protein assay kit (Inter-
chim, Montlucon, France) with BSA as standard. Four
nuclear extract pools of each group were prepared with
three animals contributing equally to each pool. From each
nuclear extract pool, 30 pg protein was separated on 10%
SDS-PAGE for NF-kB/p50 and 12.5% SDS-PAGE for
Nrf2 and electrotransferred to a nitrocellulose membrane
(Pall Corporation, Pensacola, FL., USA). Loading of equal
amounts of protein in each line was verified by Panceau S
staining. After incubating the membranes overnight at 4 °C
in blocking solution, membranes were incubated with pri-
mary antibodies against Nrf2 (polyclonal anti-Nrf2 anti-
body; Abcam, Cambridge, UK), NF-xB/p50 (polyclonal

anti-NF-xB/p50 antibody; Santa Cruz, Heidelberg, Ger-
many), and f-actin (monoclonal anti-f-actin antibody,
Abcam, Cambridge, UK) as a housekeeping protein to
control for adequate normalization at room temperature.
The membranes were washed and then incubated with a
horseradish peroxidase-conjugated secondary anti-rabbit-
IgG antibody (Sigma—Aldrich, Steinheim, Germany) at
room temperature. Afterward, blots were developed using
ECL Plus (GE Healthcare, Miinchen, Germany). The signal
intensities of specific bands were detected with a Bio-
Imaging system (Syngene, Cambridge, UK) and quantified
using Syngene GeneTools software (nonlinear dynamics).

Statistical analysis

Treatment effects were analyzed with one-way ANOVA
using the Minitab Statistical software Rel. 13.0 (Minitab).
For significant F-values, means were compared by Fisher’s
multiple range test. Values in the text are means + SD.
Means were considered significantly different at p < 0.05.

Results
Characterization of the experimental fats

Palmitic (16:0), stearic (18:0), oleic (18:1), and linoleic
acid [18:2 (n-6)] were the major fatty acids in both fats
(Table 1). Due to oxidation-dependent loss of PUFA dur-
ing heat treatment of the fat, the oxidized fat had a lower
proportion of linoleic acid and slightly higher proportions
of saturated fatty acids and oleic acid than the fresh fat
(Table 1). The oxidized fat had much higher concentrations
of peroxides (2.9-fold), conjugated dienes (19-fold),

Table 1 Characteristics of the experimental oils

Fresh oil Oxidized oil

Major fatty acids, g/100 g total fatty acids

14:0 0.62 0.78
16:0 5.95 7.03
18:0 3.83 451
18:1 23.5 26.2
18:2 (n-6) 64.0 59.0
18:3 (n-3) 0.13 0.09
22:0 0.91 1.02
Peroxidation products
Peroxide value, mEq O2/kg 2.47 7.16
Conjugated dienes, mmol/kg 6.91 131
TBARS, mmol/kg <0.1 422
Total polar compounds, % 2.87 31.0
Acid value, g KOH/kg 0.20 0.53
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TBARS (422-fold), polar compounds (10.8-fold), and a
higher acid value (2.7-fold) than the fresh fat (Table 1).

Initial and final body weights

Initial (fresh fat, 21.8 4+ 1.98 g; oxidized fat, 21.7 £
1.94 g; n=12; p <0.05) and final (fresh fat, 21.1 £
1.68 g; oxidized fat, 21.4 £ 1.63 g; n = 12; p < 0.05)
body weights did not differ between both groups of mice.

Nuclear concentrations of NF-«xB/p50 and Nrf2 in small
intestinal mucosa

Under basal conditions, NF-xB/p50 and Nrf2 are seques-
tered in the cytoplasm by cytosolic inhibitory proteins in an
inactive state, whereas activation causes dissociation from
inhibitory proteins and translocation into the nucleus and
binding of the active protein to specific sequences in the
regulatory region of target genes. We therefore determined
concentrations of NF-xB/pS0 and Nrf2 in the nuclear
fraction to evaluate activation of NF-xB/p50 and Nrf2 by
the oxidized fat. Mice treated with the oxidized fat had
2.2- and 4.0-fold higher nuclear concentrations of NF-xB/
p50 and Nrf2, respectively, in the small intestinal mucosa
than mice treated with the fresh fat (p < 0.05, Fig. 1).
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Fig. 1 Nuclear concentrations of NF-xB/p50 and Nrf2 in small
intestinal mucosa of mice administered either fresh fat or oxidized fat.
a Representative immunoblots specific to Nrf2 and NF-«xB/p50 are
shown for one of 4 pools per group. Immunoblots for the other pools
revealed similar results. b Bars represent data from densitometric
analysis and represent means = SD (n = 4 pools/group). Bars are
expressed as the percentage of the protein concentration of the fresh
fat group. *Different from mice administered fresh fat, p < 0.05
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Relative mRNA concentrations of NF-xB- and Nrf2-
regulated genes involved in oxidative stress-response
in small intestinal mucosa

To further evaluate activation of NF-xB and Nrf2 by the
oxidized fat, we determined relative mRNA concentrations
of known target genes such as GPX-1, SOD1, HO-1, vanin-
1, and AKR1B8&. Relative mRNA concentrations of GPX-1,
SOD1, vanin-1, and AKR1B8 in small intestinal mucosa
were about 1.5-, 1.6-, 1.9-, and 7.8-fold, respectively,
higher in mice administered the oxidized fat than in those
administered the fresh fat (p < 0.05, Fig. 2). Relative
mRNA concentration of GPX-1 in small intestinal mucosa
tended to be higher (1.3-fold) in mice of the oxidized fat
group than in those of the fresh fat group (p < 0.1, Fig. 2).
Relative mRNA concentration of HO-1 in small intestinal
mucosa did not differ between both groups of mice
(p > 0.05, Fig. 2).

Relative mRNA concentrations of PPAR« and PPARy
and PPAR«/PPARy-regulated genes in small intestinal
mucosa

To evaluate activation of the PPAR« and PPARy pathways
by the oxidized fat, we determined relative mRNA con-
centrations of the receptors and selected PPARo/PPARYy-
target genes. Mice administered the oxidized fat had 3.6-,
2.6-, 5.6-, and 1.5-fold higher relative mRNA concentra-
tions of PPARwa, FATP, CYP4A10, and adipophilin in
small intestinal mucosa than mice administered the fresh
fat (p < 0.05, Fig. 3). Relative mRNA concentration of
PPARy in small intestinal mucosa did not differ between
both groups of mice (p > 0.05, Fig. 3).

Discussion

The present study tested the hypothesis that ingestion of an
oxidized fat causes activation of oxidative stress-sensitive
transcription factors, such as NF-xB and Nrf2, in the small
intestinal mucosa. The oxidized fat used in this study was
prepared by heating sunflower oil at a relatively high
temperature over a short period. This reflects a fat that has
been prepared under conventional deep-frying conditions.
The relatively high concentrations of lipid peroxidation
products (conjugated dienes, TBARS, peroxides, and car-
bonyls) in the oxidized fat indicate that this fat was
strongly oxidized. Such fats generally contain high con-
centrations of secondary lipid peroxidation products such
as aldehydes or ketones and rather low concentrations of
primary lipid peroxidation products such as hydroxy and
hydroperoxy fatty acids.
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The present study shows for the first time that admin-
istration of an oxidized fat activates the transcription fac-
tors NF-xB and Nrf2 in the intestinal mucosa of mice. It is
well known that peroxidation products from oxidized fats
are efficiently taken up by the intestinal epithelial cells [30,
31], and that the cellular exposure to oxidized fats leads to
the generation of ROS [32]. Regarding that NF-xB and
Nrf2 are activated by various stimuli including ROS [13,
33], it is therefore very likely that the ingestion of lipid
peroxidation products and the resulting oxidative stress in
the intestinal mucosa have led to the activation of NF-xB
and Nrf2. This finding in mice is in contrast to a recent
observation in pigs, in which oxidized fat did not activate
NF-xB in the small intestinal mucosa [34]. Although it
cannot be excluded that the effect in mice is a species-
specific phenomenon, it is more likely that differences in
the administration of the oxidized fat are responsible for
the divergent effect between mice and pigs. In the pig
study, the oxidized fat was fed as part of a normal diet,
whereas in the mice study, the oxidized fat was adminis-
tered by gavage. In the latter case, the intestinal mucosa is
probably more directly exposed to the ingested oxidized fat
than in the case that the oxidized fat is virtually diluted by
the other feed components. A further reason for the lack of
response in the pig study might be that the amount of fat
administered to the animals when related to their body
weights was clearly higher in the mice study than in the pig
study. Our study, moreover, showed that administration of
oxidized fat caused an increase in the transcript levels of
several oxidative stress-responsive genes, including SODI,
AKR1B8, vanin-1, and GPX-1, in the intestinal mucosa.
Up-regulation of SOD1 and GPX-1 in the intestine and
other tissues by oxidized lipids has been already observed
in previous studies [14, 35], and up-regulation of these
genes has been generally interpreted as an adaptive,
defensive response of tissues to prevent possible harmful
effects of ROS [36, 37]. A recent study demonstrated that
the feeding of oxidized fat also results in increased activ-
ities of antioxidant enzymes such as catalase and selen-
dependent GPX in the intestine [14] indicating that
transcriptional up-regulation of antioxidant genes is also
translated to the metabolic level. To the best of our
knowledge, up-regulation of AKRI1B8 and vanin-1 by
oxidized fat has not been described yet. AKRs like
AKRIBS8 catalyze the reduction of both environmental
aldehydes and aldehydes generated endogenously from
lipid peroxidation such as 4-hydroxynonenal or core alde-
hydes [38]. Due to these properties, it has been suggested
that AKRI1BS, like GPX-1 and SODI, is an important
component of the cellular antioxidant defense mechanisms
that protect against injurious lipid peroxidation products
[39]. Induction of the epithelial cell-specific vanin-1 is also
indicative of the induction of oxidative stress, because
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cysteamine provided by the pantetheinase activity of this
ectoenzyme acts pro-oxidative in glutathione metabolism
and activates stress pathways. In addition, vanin-1 facili-
tates the intestinal epithelial cells to produce inflammatory
mediators. This likely explains that vanin-1-deficient mice,
which lack tissue cysteamine, show a remarkably increased
resistance to stress and acute intestinal inflammation [40,
41]. We, therefore, postulate that the induction of AKR1B8
and vanin-1 by oxidized fats is probably also part of the
adaptive response of the intestinal mucosa to cope with the
oxidative stress induced by the lipid peroxidation products.

Induction of the above-mentioned oxidative stress-
responsive genes in response to ROS is well known to be
mediated by the binding of activated NF-«xB/p50 and Nrf2
to specific DNA-sequences, called NF-xB response ele-
ment (NF-xB-RE) and antioxidant response element
(ARE), respectively, which are present in the 5'-flanking
regulatory region of those genes. Although we did not
perform gel shift experiments in this study to confirm
increased binding to NF-xB-REs and AREs, we are con-
fident about this because nuclear concentrations of NF-xB/
pS0 and Nrf2 were markedly elevated by the oxidized fat
and the increased nuclear concentrations of these tran-
scription factors correlated well with the increased levels of
NF-xkB-RE- and ARE-mediated gene products. It might be
argued that nuclear protein concentrations of NF-xB/p50
and Nrf2 were elevated due to inadequate normalization
with f-actin which is known to translocate between the
cytosol and nucleus [42] and is therefore present in both
cell fractions. However, f-actin is frequently used as a
housekeeping protein for nuclear proteins [43, 44] and
considered suitable for normalization of nuclear protein
levels provided that it is constitutively and stably expressed
under the specific experimental conditions. Since there is
no evidence from the literature that oxidized fat influences
the intracellular translocation of f-actin, the band intensi-
ties for f-actin were similar between both groups, and
equal amounts of protein were separated by SDS-PAGE,
we are confident that protein levels of NF-«xB/p50 and Nrf2
were adequately normalized. Thus, we propose that the
observed up-regulation of the above-mentioned genes in
the intestinal mucosa of mice administered the oxidized fat
is mediated by the activation of oxidative stress-sensitive
transcription factors such as NF-xkB and Nrf2. Since the
above-mentioned genes are also regulated, at least par-
tially, by other oxidative stress-responsive transcription
factors such as activator protein (AP)-1 [45], it is not
unlikely that activation of the above-mentioned genes by
oxidized fat is mediated in cooperation of NF-xB and Nrf2
with other transcription factors. This has to be clarified in
future studies.

In contrast to the present study, recent studies showed
that Nrf2 activation causes inhibition of NF-xB [46-48].
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The negative crosstalk between these two transcription
factors has been explained by different mechanisms, such
as competition between Nrf2 and NF-«xB for the CREB-
binding protein (CBP) and recruitment of histone deace-
tylase 3, a co-repressor of ARE, through the NF-«xB subunit
p65 and subsequent interaction with CBP or Maf kinases
[49]. The fact that we did not find evidence for a negative
cross-talk between Nrf2 and NF-xB may indicate that
components of oxidized fat, unlike phytochemicals such as
sulforaphane, stimulate a further yet unidentified pathway
preventing inhibition of the NF-«kB pathway by Nrf2.

In contrast to SOD1, GPX-1, AKR1B8, and vanin-1,
HO-1, which is involved in heme catabolism, was not
induced in the intestinal mucosa by the oxidized fat,
although HO-1 is also regarded as a sensitive and reliable
indicator of cellular oxidative stress [50], and the HO-1
gene promoter was shown to contain binding sites for both
NF-xB and Nrf2 [51, 52]. Therefore, we cannot explain
the observation that oxidized fat did not induce HO-1 in the
intestinal mucosa, though the nuclear concentrations of
NF-«xB and Nrf2 were significantly elevated. However, one
can speculate that in the present mice experiment, NF-xB
has inhibited the binding of Nrf2 to the HO-1 promoter by
specifically impeding binding of the above-mentioned CBP
to Nrf2 at the HO-1 promoter.

In the present study, we also considered the PPAR«- and
PPARy-signaling pathways, because it was shown that these
pathways can negatively interfere with oxidative stress sig-
naling pathways including NF-xB. Herein, we showed that
the transcript levels of PPARo/y-responsive genes, like
FATP, CYP4Al, and adipophilin, were strongly increased
by the oxidized fat in the intestinal mucosa of the mice. These
findings are in good agreement with recent studies showing
that oxidized fats cause activation of PPAR« in liver and
intestine of rats and pigs [53—55]. From the present findings,
we cannot distinguish whether up-regulation of FATP,
CYP4Al, and adipophilin was due to activation of PPARG,
PPARYy or both of them, because the components of oxidized
fat supposed to be responsible for PPAR« activation are also
ligands and activators of PPARy and FATP, CYP4A1 and
adipophilin are regulated by different PPAR isotypes [56—
59]. In any case, the present findings clearly indicate that
activation of PPAR-signaling by oxidized fat in the intestinal
mucosa does not counteract the activation of oxidative
stress-responsive pathways such as NF-xB and Nrf2.

In conclusion, the present study shows that ingestion of
an oxidized fat causes a significant up-regulation of several
oxidative stress-responsive genes including SOD1, GPX-1,
AKR1B8, and vanin-1 in the intestinal mucosa which is
likely mediated by the activation of oxidative stress-sen-
sitive transcription factors such as NF-xkB and Nrf2. We
postulate that up-regulation of these genes that have anti-
oxidant, cytoprotective, and detoxifying functions is an

adaptive response of the intestinal mucosa to cope with the
luminal diet-derived oxidants thereby preventing ROS-
mediated damage to the intestinal mucosa. In this context,
we further postulate that oxidized fat, similar to the pre-
viously reported effects of resveratrol and physical exercise
[60, 61], may induce the generation of low levels of ROS
which could comprise a positive “hormetic redox signal”
in the enterocyte thereby enhancing stress resistance. This
is in contrast to the detrimental “cellular stress signal”
induced by high levels of ROS generated from high doses
of ascorbic acid resulting in inactivation of Nrf2 [60].

Acknowledgment This study was supported by a grant from the
Deutsche Forschungsgemeinschaft (DFG; grant no. RI 1537/1-1).

References

1. Izaki Y, Yoshikawa S, Uchiyama M (1984) Effect of ingestion of
thermally oxidized frying oil on peroxidative criteria in rats.
Lipids 19:324-331

2. Kok TS, Harris PG, Alexander JC (1988) Heated canola oil and
oxidative stress in rats. Nutr Res 8:673-684

3. Liu JF, Huang CJ (1995) Tissue a-tocopherol retention in male
rats is compromised by feeding diets containing oxidized frying
oil. J Nutr 125:3071-3080

4. Liu JF, Huang CJ (1996) Dietary oxidized frying oil enhances
tissue a-tocopherol depletion and radioisotope tracer excretion in
vitamin E-deficient rats. J Nutr 126:2227-2235

5. Eder K, Keller U, Hirche F, Brandsch C (2003) Thermally oxi-
dized dietary fats increase the susceptibility of rat LDL to lipid
peroxidation but not their uptake by macrophages. J Nutr
133:2830-2837

6. Keller U, Brandsch C, Eder K (2004) Supplementation of vita-
mins C and E increases the vitamin E status but does not prevent
the formation of oxysterols in the liver of guinea pigs fed an
oxidised fat. Eur J Nutr 43:353-359

7. Tsunada S, Iwakiri R, Fujimoto K, Aw TY (2003) Chronic
exposure to subtoxic levels of peroxidized lipids suppresses
mucosal cell turnover in rat small intestine and reversal by glu-
tathione. Dig Dis Sci 48:210-222

8. Tsunada S, Iwakiri R, Fujimoto K, Aw TY (2003) Chronic lipid
hydroperoxide stress suppresses mucosal proliferation in rat
intestine: potentiation of ornithine decarboxylase activity by
epidermal growth factor. Dig Dis Sci 48:2333-2341

9. Schreck R, Rieber P, Baeuerle PA (1991) Reactive oxygen
intermediates as apparently widely used messengers in the acti-
vation of the NF-xB transcription factor and HIV-1. EMBO J
10:2247-2258

10. Sen CK, Packer L (1996) Antioxidant and redox regulation of
gene transcription. FASEB J 10:709-720

11. Barnes PJ, Karin M (1997) Nuclear factor-xB: a pivotal tran-
scription factor in chronic inflammatory diseases. N Engl J Med
336:1066-1071

12. Ben-Neriah Y, Schmidt-Supprian M (2007) Epithelial NF-xB
maintains host gut microflora homeostasis. Nat Immunol
8:479-481

13. Niture SK, Kaspar JW, Shen J, Jaiswal AK (2010) Nrf2 signaling
and cell survival. Toxicol Appl Pharmacol 244:37-42

14. Olivero David R, Bastida S, Schultz A, Gonzalez Torres L,
Gonzalez-Mufoz MJ, Sanchez-Muniz FJ, Benedi J (2010) Fast-
ing status and thermally oxidized sunflower oil ingestion affect

@ Springer



608

Eur J Nutr (2011) 50:601-609

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

the intestinal antioxidant enzyme activity and gene expression of
male Wistar rats. J Agric Food Chem 58:2498-2504

Rojo Al, Salinas M, Martin D, Perona R, Cuadrado A (2004)
Regulation of Cu/Zn-superoxide dismutase expression via the
phosphatidylinositol 3 kinase/Akt pathway and nuclear factor-xB.
J Neurosci 24:7324-7334

Andreadi CK, Howells LM, Atherfold PA, Manson MM (2006)
Involvement of Nrf2, p38, B-Raf, and nuclear factor-xB, but not
phosphatidylinositol 3-kinase, in induction of hemeoxygenase-1
by dietary polyphenols. Mol Pharmacol 69:1033-1040

Zhou LZ, Johnson AP, Rando TA (2001) NF-«B and AP-1
mediate transcriptional responses to oxidative stress in skeletal
muscle cells. Free Radic Biol Med 31:1405-1416

Malone PE, Hernandez MR (2007) 4-Hydroxynonenal, a product
of oxidative stress, leads to an antioxidant response in optic nerve
head astrocytes. Exp Eye Res 84:444-454

Bull AW, Steffensen KR, Leers J, Rafter JJ (2003) Activation of
PPARY in colon tumor cell lines by oxidized metabolites of lin-
oleic acid, endogenous ligands for PPARy. Carcinogenesis
24:1717-1722

Delerive P, Furman C, Teissier E, Fruchart J, Duriez P, Staels B
(2000) Oxidized phospholipids activate PPAR« in a phospholi-
pase A2-dependent manner. FEBS Lett 471:34-38

National Research Council (1985) Guide for the care and use of
laboratory animals. Publication no. 85-23 (rev.). National Insti-
tutes of Health, Washington

Deutsche Gesellschaft fiir Fettwissenschaften (1994) Ein-
heitsmethoden zur Untersuchung von Fetten, Fettprodukten,
Tensiden und verwandten Stoffen. Stuttgart (Germany), Wis-
senschaftliche Verlagsgesellschaft

Sidwell CG, Salwin H, Benca M, Mitchell JH Jr (1954) The use
of thiobarbituric acid as a measure of fat oxidation. J Am Oil
Chem Soc 31:603-617

Recknagel RO, Glende EA Jr (1984) Spectrophotometric detec-
tion of lipid conjugated dienes. Methods Enzymol 105:331-337
International Union of Pure and Applied Chemistry (IUPAC)
(2000) Determination of polar compounds, polymerized and
oxidized triacylglycerols, and diacylglycerols in oils and fats.
Pure Appl Chem 72:1563-1575

Butte W (1983) Rapid method for the determination of fatty acid
profiles from fats and oils using trimethylsulfonium hydroxide for
transesterification. J] Chromatogr 261:142-145

Brandsch C, Ringseis R, Eder K (2002) High dietary iron con-
centrations enhance the formation of cholesterol oxidation
products in the liver of adult rats fed salmon oil with minimal
effects on antioxidant status. J Nutr 132:2263-2269

Ringseis R, Posel S, Hirche F, Eder K (2007) Treatment with
pharmacological peroxisome proliferator-activated receptor o
agonist clofibrate causes upregulation of organic cation trans-
porter 2 in liver and small intestine of rats. Pharmacol Res
56:175-183

Ringseis R, Muschick A, Eder K (2007) Dietary oxidized fat
prevents ethanol-induced triacylglycerol accumulation and
increases expression of PPARo target genes in rat liver. J Nutr
137:77-83

Penumetcha M, Khan N, Parthasarathy S (2000) Dietary oxidized
fatty acids: an atherogenic risk? J Lipid Res 41:1473—-1480
Staprans I, Rapp JH, Pan XM, Feingold KR (1993) The effect of
oxidized lipids in the diet on serum lipoprotein peroxides in
control and diabetic rats. J Clin Investig 92:638-643

Liu JF, Lee YW (1998) Vitamin C supplementation restores the
impaired vitamin E status of guinea pigs fed oxidized frying oil.
J Nutr 128:116-122

Schoonbroodt S, Piette J (2000) Oxidative stress interference with
the nuclear factor-xb activation pathways. Biochem Pharmacol
60:1075-1083

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Ringseis R, Piwek N, Eder K (2007) Oxidized fat induces oxi-
dative stress but has no effect on NF-kappaB-mediated proin-
flammatory gene transcription in porcine intestinal epithelial
cells. Inflamm Res 56:118-125

Ringseis R, Eder K (2004) Increases expression and activity of
antioxidative enzymes and reduces the concentration of gluta-
thione in the liver of rats. Int J Vitam Nutr Res 74:86-92
Levonen AL, Inkala M, Heikura T et al (2007) Nrf2 gene transfer
induces antioxidant enzymes and suppresses smooth muscle cell
growth in vitro and reduces oxidative stress in rabbit aorta in
vivo. Arterioscl Thromb Vasc Biol 27:741-747

Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH,
Singh S, Aggarwal BB (2003) Hydrogen peroxide activates
NF-xB through tyrosine phosphorylation of IkBa and serine
phosphorylation of p65. J Biol Chem 278:24233-24241
Srivastava S, Harter TM, Chandra A, Bhatnagar A, Srivastava
SK, Petrash JM (1998) Kinetic studies of FR-1, a growth factor-
inducible aldo-keto reductase. Biochemistry 37:12909-12917
Spite M, Baba SP, Ahmed Y, Barski OA, Nijhawan K, Petrash
JM, Bhatnagar A, Srivastava S (2007) Substrate specificity and
catalytic efficiency of aldo-keto reductases with phospholipid
aldehydes. Biochem J 405:95-105

Berruyer C, Pouyet L, Millet V et al (2006) Vanin-1 licenses
inflammatory mediator production by gut epithelial cells and
controls colitis by antagonizing peroxisome proliferator-activated
receptor y activity. J Exp Med 203:2817-2827

Martin F, Penet MF, Malergue F et al (2004) Vanin-1(-/-) mice
show decreased NSAID- and Schistosoma-induced intestinal
inflammation associated with higher glutathione stores. J Clin
Investig 113:591-597

Xu YZ, Thuraisingam T, de Lima Morais DA, Rola-Pleszczynski
M, Radzioch D (2010) Nuclear translocation of B-actin is
involved in transcriptional regulation during macrophage differ-
entiation of HL-60 cells. Mol Biol Cell 21:811-820

Long I, Suppian R, Ismail Z (2011) Increases in mRNA and
DREAM protein expression in the rat spinal cord after formalin
induced pain. Neurochem Res 36:533-539

Sahin K, Tuzcu M, Gencoglu H, Dogukan A, Timurkan M, Sahin
N, Aslan A, Kucuk O (2010) Epigallocatechin-3-gallate activates
Nrf2/HO-1 signaling pathway in cisplatin-induced nephrotoxicity
in rats. Life Sci 87:240-245

Harada H, Sugimoto R, Watanabe A et al (2008) Differential
roles for Nrf2 and AP-1 in upregulation of HO-1 expression by
arsenite in murine embryonic fibroblasts. Free Radic Res
42:297-304

Lin W, Wu RT, Wu T, Khor TO, Wang H, Kong AN (2008)
Sulforaphane suppressed LPS-induced inflammation in mouse
peritoneal macrophages through Nrf2 dependent pathway. Bio-
chem Pharmacol 76:967-973

Liu YC, Hsieh CW, Wenig YC, Chuang SH, Hsieh CY, Wung
BS (2008) Sulforaphane inhibition of monocyte adhesion via the
suppression of ICAM-1 and NF-kappaB is dependent upon
glutathione depletion in endothelial cells. Vasc Pharmacol
48:54-61

Wagner AE, Ernst I, Iori R, Desel C, Rimbach G (2010) Sulfo-
raphane but not ascorbigen, indole-3-carbinole and ascorbic acid
activates the transcription factor Nrf2 and induces phase-2 and
antioxidant enzymes in human keratinocytes in culture. Exp
Dermatol 19:137-144

Liu GH, Qu J, Shen X (2008) NF-xB/p65 antagonizes Nrf2-ARE
pathway by depriving CBP from Nrf2 and facilitating recruitment
of HDAC3 to MafK. Biochim Biophys Acta 1783:713-727
Shibahara S (1988) Regulation of heme oxygenase gene expres-
sion. Semin Hematol 25:370-376

Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, Cook
JL (1999) Nrf2, a Cap’n’Collar transcription factor, regulates



Eur J Nutr (2011) 50:601-609

609

52.

53.

54.

55.

56.

57.

induction of the heme oxygenase-1 gene. J Biol Chem
274:26071-26078

Lavrovsky Y, Schwartzman ML, Levere RD, Kappas A, Abra-
ham NG (1994) Identification of binding sites for transcription
factors NF-kappa B and AP-2 in the promoter region of the
human heme oxygenase 1 gene. PNAS 91:5987-5991

Chao PM, Chao CY, Lin FJ, Huang C (2001) Oxidized frying oil
up-regulates hepatic acyl-CoA oxidase and cytochrome P450 4
Al genes in rats and activates PPAR«. J Nutr 131:3166-3174
Siilzle A, Hirche F, Eder K (2004) Thermally oxidized dietary fat
upregulates the expression of target genes of PPAR« in rat liver.
J Nutr 134:1375-1383

Luci S, Konig B, Giemsa B, Huber S, Hause G, Kluge H, Stangl
GI, Eder K (2007) Feeding of a deep-fried fat causes PPAR«a
activation in the liver of pigs as a non-proliferating species. Br J
Nutr 97:872-882

Zhou XR, Sun CH, Liu JR, Zhao D (2008) Dietary conjugated
linoleic acid increases PPARYy gene expression in adipose tissue
of obese rat, and improves insulin resistance. Growth Horm IGF
Res 18:361-368

Martin G, Schoonjans K, Lefebvre AM, Staels B, Auwerx J
(1997) Coordinate regulation of the expression of the fatty acid

58.

59.

60.

61.

transport protein and acyl-CoA synthetase genes by PPAR« and
PPARy activators. J Biol Chem 272:28210-28217

Bildirici I, Roh CR, Schaiff WT, Lewkowski BM, Nelson DM,
Sadovsky Y (2003) The lipid droplet-associated protein adipo-
philin is expressed in human trophoblasts and is regulated by
peroxisomal proliferator-activated receptor-y/retinoid X receptor.
J Clin Endocrinol Metab 88:6056—-6062

Barclay TB, Peters JM, Sewer MB, Ferrari L, Gonzalez FIJ,
Morgan ET (1999) Modulation of cytochrome P-450 gene
expression in endotoxemic mice is tissue specific and peroxisome
proliferator-activated receptor-o dependent. J Pharmacol Exp
Therap 290:1250-1257

Wagner AE, Boesch-Saadatmandi C, Breckwoldt D, Schrader C,
Schmelzer C, Déring F, Hashida K, Hori O, Matsugo S, Rimbach
G (2011) Ascorbic acid partly antagonizes resveratrol mediated
heme oxygenase-1 but not paraoxonase-1 induction in cultured
hepatocytes—role of the redox-regulated transcription factor
Nrf2. BMC Complement Altern Med 11:1

Ristow M, Zarse K, Oberbach A, Kléting N, Birringer M, Kie-
hntopf M, Stumvoll M, Kahn CR, Blither M (2009) Antioxidants
prevent health-promoting effects of physical exercise in humans.
Proc Natl Acad Sci USA 106:8665-8670

@ Springer



	Dietary oxidized fat activates the oxidative stress-responsive transcription factors NF- kappa B and Nrf2 in intestinal mucosa of mice
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Animals and diets
	Preparation and chemical analysis of the oxidized fat
	Sample collection
	RNA isolation and real-time detection RT-PCR analysis
	Immunoblot analysis
	Statistical analysis

	Results
	Characterization of the experimental fats
	Initial and final body weights
	Nuclear concentrations of NF- kappa B/p50 and Nrf2 in small intestinal mucosa
	Relative mRNA concentrations of NF- kappa B- and Nrf2-regulated genes involved in oxidative stress-response in small intestinal mucosa
	Relative mRNA concentrations of PPAR alpha and PPAR gamma and PPAR alpha /PPAR gamma -regulated genes in small intestinal mucosa

	Discussion
	Acknowledgment
	References


