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Abstract Intestinal inflammatory diseases are the result of
multiple processes, including mucosal oxidative stress and
perturbed homeostasis between commensal bacteria and mu-
cosal immunity. Toll-like receptors (TLRs) recognize
molecular-associated microorganisms' patterns and trigger in-
nate immunity responses contributing to intestinal homeosta-
sis and inflammatory responses. However, TLRs effects on
redox balance in intestinal mucosa remain unknown. There-
fore, the present study analyzes the effect of TLR2, TLR3, and
TLR4 on both oxidative damage of lipids and proteins, and
the activity of antioxidant enzymes in enterocyte-like Caco-2
cells. The results show that the activation of these TLRs
increased lipid and protein oxidation levels; however, the
effect on the antioxidant enzymes activity is different
depending on the TLR activated. These results suggest that
the activation of TLR2, TLR3, and TLR4 might affect intes-
tinal inflammation by not only their inherent innate immunity
responses, but also their pro-oxidative effects on intestinal
epithelial cells.
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Introduction

The intestinal epithelium is a critical anatomical and immu-
nological barrier between the body and a large variety of
luminal microorganisms (microbiota) activating intestinal in-
nate immunity responses to maintain both the integrity of the
mucosal barrier and the intestinal physiology (Cario 2008;
Mendoza et al. 2009, 2012). One of the mechanisms triggered
by innate immunity is mediated by toll-like receptors (TLRs),
which recognize molecular-associated microorganisms' pat-
terns. TLR2 and TLR4 recognize cell components of gram-
positive (lipoteichoic acid, lipoprotein, lipopeptide, and pep-
tidoglycan) and gram-negative (lipopolysaccharide, LPS) bac-
teria, respectively; whereas TLR3 reacts with viral-derived
double-strand RNA. Intestinal epithelial cells express TLRs,
which after activation lead to the production of anti- or
proinflammatory cytokines contributing to inflammatory re-
sponses (Fukata et al. 2009).

The intestinal epithelium is a major target for oxidative
damage due to constant exposure of reactive oxygen species
(ROS) generated by luminal contents (Ames 1983). This
oxidative stress may lead to intestinal inflammation (Finkel
and Holbrook 2000; Klaunig and Kamendulis 2004) and
inflammatory bowel diseases (McKenzie et al. 1996; Zhu
and Li 2012; Kruidenier et al. 2003). Thus, chronic gut in-
flammation is associated with enhanced production of ROS
(Grisham 1994), and disturbances in redox equilibrium can
lead to a proinflammatory state (Gill et al. 2010).

The effect of TLRs on oxidative stress appears controver-
sial. In fact, TLRs may induce oxidative damage (Kadl et al.
2011; Ko et al. 2011) or protect from it (Frantz et al. 2001;
Patel and Hackam 2013), depending on analyzed tissue. The
oxidative response in intestinal epithelial cells yielded by the
activation of TLRs remains unknown. Therefore, the aim of
the present work has been to determine the contribution of the
activation of TLR2, TLR3, and TLR4 to the oxidative stress in
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the human enterocyte-like Caco-2 cells by measuring the
levels of both lipid peroxidation (MDA +4-HDA) and protein
carbonyls. Moreover, the activity of the antioxidant enzymes
catalase (CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx) was also analyzed.

Experimental
Cell culture and cell homogenate preparation

Caco-2/TC7 cells were cultured at 37 °C in an atmosphere of
5 % CO, and maintained in high-glucose DMEM,
supplemented with 2 mM glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, 1 % nonessential amino acids, and
20 % fetal bovine serum (FBS) (from Life Technologies,
Carlsbad, CA, USA). The experiments were carried out in
the cells 14 days after seeding (9 days after confluence), and
the cell medium was FBS-free 24 h before using the cells. This
condition did not affect the functional differentiation status of
the Caco-2 cells (Mendoza et al. 2009). Specific TLR ligands
were added to cell medium 1 day before the measurement of
oxidative parameters. The concentrations assayed have been
shown to affect the activity of epithelial cells (Mendoza et al.
2009, 2012; Mintz et al. 2013). TNF«x treatment at 5 ng/ml
was used as a reference of prooxidant condition (Al-Shudiefat
et al. 2013).

For cell homogenate preparation, the cells were
resuspended and homogenized with a cold Tris-mannitol
buffer (Tris 2 mM, mannitol 50 mM, pH 7.1, protease inhib-
itors, and 0.02 % sodium azide). Then, the homogenate was
disrupted by sonication (15 1-s bursts, 60 W). Antioxidant
enzymes' activity was measured in the cellular homogenate.
For lipid peroxidation and protein carbonyl analysis, the ho-
mogenate was additionally centrifuged for 10 min at 3,000 g,
and the supernatant was taken for the study. Protein content
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Fig. 1 The effect of the activation of TLR2 on lipid peroxidation (a),
protein oxidation (b), and CAT, SOD, and GPx antioxidant enzyme
activity (c) is as follows. Caco-2 cells were treated during 1 day with
either Pam3CSK4 (TLR2/1 ligand) or Pam2CSK4 (TLR2/6 ligand) at
5 pg/ml, or 50 ng/ml, respectively. Treatment with TNFoc 5 ng/ml was
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was measured by following the Bradford method (Bio-Rad,
Hercules, CA, USA).

Analysis of lipid and protein oxidation and antioxidant
enzyme activity

The level of lipid peroxidation was determined by measuring
the concentration of malondialdehyde (MDA) and 4-
hydroxyalkenals (4-HDA) following the method of
Esterbauer and Cheeseman (1990). Protein oxidation was
analyzed by determining the protein carbonyl level in the cells
following the method described by Wehr and Levine (2013).

Adding enzyme-specific substrate to the cell homogenate
and measuring the rates of disappearance of the substrate by
spectrophotometry determined the activities of the antioxidant
enzymes CAT, SOD, and GPx. CAT activity (Aebi 1984) was
calculated as the reduction of H,O, in nanomole per milligram
protein x minute. For SOD activity (McCord and Fridovich
1969), the production of a superoxide radical was determined
by using a xanthine/xanthine-oxidase system to reduce
cytochrome C, and it was calculated as units per milligram
protein x minute. For GPx activity (Flohé and Giinzler 1984),
the decrease in NADPH during oxidation to NADP was
measured, and it was calculated as NADPH nanomole per
milligram protein x minute.

Statistical analysis

All results are expressed as means + standard error of the
mean. Statistical comparisons were performed using one-
way ANOVA followed by the Bonferroni posttest with a
confidence interval of 95 % (p <0.05). Normal distribution
was previously confirmed with the D'Agostino—Pearson test.
Statistical analysis was carried out by the computer-assisted
Prism GraphPad Program (Prism version 4.0, GraphPad Soft-
ware, San Diego, CA, USA).
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used as a reference of oxidative level. Results were expressed as the
percentage of the control value (100 %) and were indicated as the mean +
SE of five independent experiments in lipid and protein oxidation and
four independent experiments in antioxidant activity enzymes. *p <0.05,
**p<0.01, and ***p <0.001, compared with control
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Fig. 2 The effect of the activation of TLR3 on lipid peroxidation (a),
protein oxidation (b), and CAT, SOD, and GPx antioxidant enzyme
activity (c) is as follows. Caco-2 cells were treated during 1 day with
poly(I:C) (TLR3 ligand) at 1 or 5 pg/ml. Treatment with TNFo 5 ng/ml
was used as a reference of oxidative level. Results were expressed as the

Results and discussion

The present study analyzes the effect of the TLR2, TLR3, and
TL4 activation on the oxidative damage of lipids and proteins
in the intestinal epithelial cell line Caco-2. Since oxidative
damage may appear in the cells resulting from an unbalance
between pro- and antioxidant activities, and the main cellular
defense against free radicals is the activity of antioxidant en-
zymes, we have also analyzed the effect of the activation of
TLR2, TLR3, and TLR4 on the activity of antioxidant enzymes
CAT, SOD, and GPx. Previous studies in our laboratory have
shown that Caco-2 cells expressed TLR3 and TLR4 (Mendoza
et al. 2009, 2012). The expression of TLR2 was also demon-
strated before carrying out the study (data not shown).

The figures' results were expressed as a percentage of the
control value (untreated cells; control 100 %), being the absolute
values obtained under control conditions as follows: 0.30+
0.03 nmol MDA+4-HDA/mg protein (lipid peroxidation),
21.82+2.30 nmol carbonyl groups/mg protein (protein
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Fig. 3 The effect of the activation of TLR4 on lipids peroxidation (a),
protein oxidation (b), and CAT, SOD, and GPx antioxidant enzyme
activity (c) is as follows. Caco-2 cells were treated during 1 day with
LPS (TLR4 ligand) at 3 or 30 pg/ml. Treatment with TNFo 5 ng/ml was
used as a reference of oxidative level. Results were expressed as the
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percentage of the control value (100 %) and were indicated as the mean +
SE of five independent experiments in lipid and protein oxidation and
four independent experiments in antioxidant activity enzymes. *p <0.05,
**p<0.01, and ***p <0.001, compared with control

oxidation), 4.75+0.19 H,O,nmol/mg protein X minute (CAT
activity), 71.40£5.90 U/mg protein x minute (SOD activity),
and 1650.37+123.17 NADPH nmol/mg protein X minute (GPx
activity).

In order to analyze the effects of TLR2 activation, TLR2/1
and TLR2/6 heterodimers were assessed. Thus, Caco-2 cells
were treated during 24 h with Pam3CSK4 (TLR2/1 ligand) or
Pam2CSK4 (TLR2/6 ligand) at 5 pg/ml or 50 ng/ml, respec-
tively. The results show that the activation of TLR2/6 induced a
significant increase in the oxidation of both lipids and proteins
compared with control. However, the activation of TLR2/1
yielded a significant increase in the level of lipid peroxidation
(Fig. 1a, b). Concerning antioxidant enzymes' activity, TLR2/1
and TLR2/6 activation did not modify CAT activity; however,
TLR2/1 activation seemed to significantly stimulate SOD and
GPx activities, whereas TLR2/6 activation significantly in-
creased only GPx activity (Fig. 1c). These results infer that
stimulation of the antioxidant enzymes' activity SOD and GPx
induced by TLR2/1 might avoid an oxidative effect, mainly on
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percentage of the control value (100 %) and were indicated as the mean +
SE of five independent experiments in lipid and protein oxidation and
four independent experiments in antioxidant activity enzymes. *p <0.05,
**p<0.01, and ***p <0.001, compared with control
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proteins. This approach agrees with results obtained in retinitis
pigmentosa, which have shown that SOD (Usui et al. 2009) and
GPx (Lu et al. 2009) reduced protein carbonyl levels. Previous
studies have described TLR2 as a sensor of oxidation, provid-
ing a key link connecting inflammation and oxidative stress in
inflammatory cells (Kadl et al. 2011; Paul-Clark et al. 2009).
TLR2 has also been shown to mediate neural oxidative damage
yielded by virus (Schachtele et al. 2010). According to these
studies, the results of the present study suggest a prooxidant
effect of TLR2 in intestinal epithelial cells that seems to be
different depending on the activation of TLR2/1 or TLR2/6
heterodimers.

Regarding the analysis of TLR3 effects, Caco-2 cells were
treated during 24 h with poly(I:C) (TLR3 agonist) at two
concentrations, 1 or 5 pg/ml. The results showed that TLR3
activation by poly(I:C) yielded a significant increase of oxi-
dative damage of lipids (Fig. 2a) and proteins (Fig. 2b) at the
two concentrations assayed. Moreover, poly(I:C) significantly
reduced CAT activity at high concentration and induced a
reduction of SOD activity at the two concentrations assayed.
However, GPx activity did not seem to be affected by TLR3
activation (Fig. 2c¢). The decrease observed on antioxidant
enzyme activity after poly(I:C) treatment may explain the
prooxidant effect of TLR3 observed on lipids and proteins.
Previous results obtained in airway epithelial cells conclude
that TLR3 stimulates inflammatory and oxidant responses
(Koarai et al. 2010). In contrast, recent studies have demon-
strated neuroprotective and antioxidant effects of TLR3; how-
ever, these effects were obtained after activation with a
poly(I:C) concentration 10 to 20 times higher than in present
study (Patel and Hackam 2013; Borysiewicz et al. 2013).

To study TLR4 effects on oxidative damage, Caco-2 cells
were treated during 24 h with LPS (TLR4 ligand) at either 3 or
30 pg/ml. The results showed that LPS induced a significant
increase of the oxidative level of both lipids (Fig. 3a) and
proteins (Fig. 3b) at the two concentrations assayed.
Concerning the activity of antioxidant enzymes, the activation
of TLR4 decreased the enzymes activity, depending on the
concentration used. Thus, LPS at high concentration has
shown to reduce CAT, SOD, and GPx activities, whereas
LPS at low concentration reduced SOD and GPx activities
(Fig. 3c). These results may explain the high and significant
oxidative damage obtained in lipids and proteins in cells
treated with LPS. Our results agree with recent studies carried
out in different tissues that demonstrate TLR4 activation
induced oxidative stress (Ko et al. 2011; Lee et al. 2012;
Garate et al. 2013).

To summarize, the results of the present work demonstrate
that the activation of TLR2, TLR3, and TLR4 by specific
ligands increased the oxidative status of intestinal epithelial
cells. However, the level of prooxidant effect on lipids and
proteins and the effect on antioxidant enzymes activity seemed
to differ depending on the TLR activated. Thus, TLR3 and
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TLR4 activation has shown a similar pattern on lipid and
protein oxidation, but they show slight differences in the anti-
oxidant enzymes effects. Conversely, activation of TLR2 has
shown a different effect on oxidative damage in Caco-2 cells.
Lipid peroxidation levels were lower than observed in TLR3
and TLR4 activation. Interestingly, GPx activity, which has
been described to reduce oxidized lipids to their nontoxic
metabolites (Buijsse et al. 2012), was significantly increased
by TLR2, whereas it was significantly decreased by TLR3 or
TLR4 activation. These effects on GPx may explain why TLR2
induces less lipid oxidation level than TLR3 and TLR4. Finally
and unexpectedly, protein oxidation yielded by TLR2/6 ligand
was higher than obtained by activation of TLR3 and TLR4.
TLRs activity, triggered by intestinal microbiota, has been
described to contribute to intestinal physiology and pathology.
Thus, in relation to the intestinal physiology, TLRs have been
described to be involved in immune responses by acting on
immunological cells. In this context, the pro-oxidative effect
of TLR2, TLR3, and TLR4 in intestinal epithelial cells might
also contribute to the intestinal physiology by inducing epi-
thelial turnover. In relation to intestinal pathology, TLRs
deregulation has been described to be involved in intestinal
inflammatory processes by TLRs inherent innate immune
responses. Since oxidative stress has been described as con-
tributing to inflammatory processes, pro-oxidative activity of
TLRs might deteriorate the intestinal inflammatory injury.
The results obtained in the study of TLRs effects on intesti-
nal oxidative stress and the analysis of the different antioxidant
mechanisms involved might contribute to the design of specific
therapies in the treatment of intestinal inflammatory processes.
These results also provide a deeper knowledge of mechanisms
triggered by TLRs in intestinal physiology and pathology.
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