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A B S T R A C T

This work investigated the capacity of (−)-epicatechin to prevent the renal damage induced by LPS
administration in rats. Male Sprague Dawley rats were fed for 4 days a diet without or with supplementation
with (−)-epicatechin (80 mg/kg BW/d), and subsequently i.p. injected with lipopolysaccharide (LPS). Six hours
after injection, LPS-treated rats exhibited increased plasma creatinine and urea levels as indicators of impaired
renal function. The renal cortex of the LPS-treated rats showed: i) increased expression of inflammatory
molecules (TNF-α, iNOS and IL-6); ii) activation of several steps of NF-κB pathway; iii) overexpression of TLR4,
and iv) higher superoxide anion production and lipid peroxidation index in association with increased levels of
gp91phox and p47phox (NOX2) and NOX4. Pretreatment with dietary (−)-epicatechin prevented the adverse
effects of LPS challenge essentially by inhibiting TLR4 upregulation and NOX activation and the consequent
downstream events, e.g. NF-kB activation.

1. Introduction

Chronic inflammation is a common feature on many cardiometa-
bolic diseases such as obesity, insulin-resistance and dyslipidemia
[1,2]. All these conditions contribute to the development of chronic
kidney disease [3]. In addition, inflammatory processes are deeply
involved in acute kidney failure, a frequent clinical problem in
hospitalized patients, characterized by a sudden loss of kidney ability
to excrete wastes, maintain fluid balance, etc. [4].

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB) comprises a family of pleiotropic transcription factors that play an
important role in regulating the expression of genes involved in
different cell processes, including inflammation [5,6]. NF-κB activation
is considered a hallmark in chronic as well as in acute inflammatory
processes [5]. Lipopolysaccharide (LPS) is a component of the outer
membrane of Gram-negative bacteria used in experimental models of
inflammation. LPS is a potent ligand for toll-like receptor 4 (TLR4),
leading to the canonical activation of NF-κB, and the associated
expression of proinflammatory mediators, such as tumor necrosis
factor α (TNFα), and interleukin-6 (IL-6) [5,7].

Additionally, it was reported that LPS triggers a NADPH oxidase
(NOX)-dependent oxidant generation. LPS administration has been
proposed to activate NOX via TLR4 [8,9]. The molecular associations
between TLR4 and NOX2 are not elucidated, but for NOX4 a direct
interaction of the NOX4 protein with the COOH-terminal region of
TLR4 has been proposed as the activating mechanism [10].

The beneficial effects of fruits and vegetables on human health can be in
part attributed to their high content of flavonoids [11,12]. Epidemiological
and experimental data demonstrate that dietary flavonoids and their
metabolites contribute to the prevention and/or amelioration of the risk
factors for cardiometabolic diseases [13–15]. Many in vitro and in vivo
studies in various tissues support the anti-inflammatory effects of the
flavanol (−)-epicatechin by attenuating the activation of the NF-κB
signaling pathway [16–19].

The aim of this work was to evaluate the capacity of (−)‐epicatechin
to mitigate the kidney dysfunction induced by LPS administration in
rats. Our results show that (‒)-epicatechin supplementation prevented
kidney functional alterations induced by LPS administration by
inhibiting the activation TLR4-NF-κB pathway and the NOX-depen-
dent oxidant production.
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2. Materials and methods

2.1. Materials

Primary antibodies for inducible nitric oxide synthase (iNOS)
(#7271), TNFα (#1350), heterogeneous nuclear ribonucleoprotein A1
(hnRNP A1) (#32301), IL-6 (#1265), TLR4 (#30002), p47phox

(#7660), gp91phox (#5827), NOX4 (#21860) and β-actin (#47778),
and secondary antibodies rabbit anti-goat IgG-HRP (#2768), mouse
anti-rabbit IgG-HRP (#2357), and goat anti-mouse IgG-HRP (#2005)
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
primary and secondary antibodies for IκB kinase α/β (IKKα/β)
(#11930), p-IKKα/β (Ser176/180) (#2697), inhibitor of κBα (IκBα)
(#4814), p-IkBα (Ser32) (#2859), NF-κB p65 (#8242) and p-NF-κB
p65 (Ser536) (#3033) were from Cell Signaling Technology (Boston,
MA, USA). The primary antibody for rat CD 68, clone ED1 (MCA341R)
was from BioRad Laboratories Inc. (Hercules, CA, USA).
(−)-Epicatechin, LPS from Escherichia coli serotype 0127: B8,
NADPH, 2-thiobarbituric acid, N,N′-dimethyl-9,9′-biacridinium dini-
trate (lucigenin), and superoxide dismutase (SOD) were from Sigma
Chemical Co. (St. Louis, MO, USA).

2.2. Animals, diets and experimental design

All procedures were in agreement with standards for the care of
laboratory animals as outlined in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 85-
23, Revised 1996) and were approved by the Secretary of Science and
Technology of the School of Pharmacy and Biochemistry, University of
Buenos Aires (EXP-FYB n° 0067147/2015). Male Sprague Dawley rats
were housed under conditions of controlled temperature (21–25 °C)
and humidity, with a 12 h light/dark cycle. Rats were randomly divided
in 2 groups: one group receiving tap water ad libitum and a standard
rat chow diet and the other receiving tap water ad libitum and the
standard rat chow diet supplemented with (−)-epicatechin (80 mg/kg
BW/d). After 4 days on the respective diet, half of the animals that
received standard rat chow were administered LPS from Escherichia
coli serotype 0127: B8 (4 mg/kg BW) i.p. (L group) and the other half
were administered saline solution i.p. (C group). All the animals that
received the diet supplemented with (−)-epicatechin were administered
LPS i.p. (4 mg/kg BW) (LE group) (n=8 for all groups). After 6 h, the
animals were weighed and euthanized with CO2. A group with rats
receiving only (−)-epicatechin was not included because the objective
of the model used was to establish if (−)-epicatechin can prevent LPS-
mediated damage through a mechanism that is only operative under
inflammatory conditions. Blood was collected from the abdominal
aorta into heparinized tubes, plasma was obtained after centrifugation
(600×g, 15 min, 4 °C), and frozen at −80 °C. Kidneys were excised and
renal cortex was immediately isolated and processed for immunohis-
tochemistry, Western blot analysis, and biochemical determinations.

2.3. Plasma determinations

Creatinine and urea levels in plasma were measured using com-
mercially available kits from Wiener Lab. (Rosario, Argentina). All the
determinations were performed following the manufacturers’ proto-
cols.

2.4. Immunohistochemistry of renal cortex

Renal cortex portions were fixed in 10% formaldehyde in PBS
(7.6 mM KH2PO4, 42.4 mM K2HPO4, 150 mM NaCl, pH: 7.4), and
embedded in paraffin. Three-micron sections were cut and subjected to
immunochemistry. Briefly, the sections were deparaffinized with
xylene, rehydrated through graded series of ethanol to water, and then
incubated in blocking solution (PBS plus 1% bovine serum) at room

temperature for 1 h. Then the sections were incubated overnight at
4 °C with primary antibodies against the monocyte and macrophage
marker ED1 (1:400 in PBS in blocking solution), or against IL-6 (1:100
in PBS in blocking solution). Immunostaining was carried out with an
avidin-biotin-peroxidase complex kit and hematoxylin counterstaining
as described [20], and quantified as the percentage of positive staining
per area from 20 random images viewed at x400 magnification. Section
analysis was done using a light microscope Nikon E400 (Nikon
Instrument Group, Melville, NY, USA) equipped with a digital camera.
All measurements were carried out using an image analyzer, Image-Pro
Plus version 4.5 for Windows (Media Cybernetics, LP, Silver Spring,
MD, USA).

2.5. Western blot analysis

A portion of the renal cortex was homogenized in lysis buffer
(150 mM NaCl, 50 mM Trizma-HCl, 1% (v/v) NP-40, pH: 8.0) in the
presence of protease and phosphatase inhibitors, and centrifuged at
600×g for 20 min. The supernatant was collected and used as total
homogenate. Cytosolic and nuclear fractions were isolated as described
previously [21]. Protein content was measured by the Lowry method
[22]. Total homogenates, and cytosolic and nuclear fractions were
added with a 2X solution of sample buffer (62.5 mM Tris-HCl, pH: 6.8
containing 2% (w/v) SDS, 25% (w/v) glycerol, 5% (v/v) β-mercap-
toethanol, and 0.01% (w/v) bromophenol blue) and heated at 95 °C for
2 min. Sample aliquots containing 30 μg of protein were subjected to
reducing 10% (w/v) polyacrylamide gel electrophoresis, and then
transferred to polyvinylidenedifluoride membranes. Colored molecular
weight standards (GE Healthcare, Piscataway, NJ, USA) were run
simultaneously. Membranes were blotted for 2 h in 5% (w/v) nonfat
milk, and incubated overnight in the presence of the corresponding
primary antibody (1:1000 dilution in PBS). After a subsequent
incubation for 90 min at room temperature in the presence of the
corresponding HRP-conjugated secondary antibody (1:5000 dilution in
PBS), complexes were visualized by chemiluminescence. Films were
scanned and a densitometric analysis was performed using Image J
(National Institute of Health, Bethesda, Maryland, USA). Total homo-
genate and cytosolic protein bands were normalized to the β-actin
content. Bands from the nuclear fractions were normalized to the
hnRNP A1 content.

2.6. Determination of NADPH-dependent superoxide anion
production

A portion of the renal cortex was homogenized in PBS, and
centrifuged at 600×g for 20 min at 4 °C. Supernatants were centrifuged
at 10,000×g for 20 min at 4 °C to obtain mitochondria-free homo-
genates that were stored at −80 °C until analysis. Protein content was
measured by the Lowry method [22]. Lucigenin-enhanced chemilumi-
nescence was measured according to Li et al. [23]. Briefly, aliquots of
mitochondria-free homogenates were added to vials containing 1 ml of
50 mM potassium phosphate at 37 °C, pH: 7.4 containing lucigenin

Table 1
Effects of (‒)-epicatechin on metabolic and renal function parameters from LPS-treatad
rats.

Parameter C L LE

Body weight (g) 255 ± 15 241 ± 6 230 ± 8
Kidney weight/body weight (mg/g) 9.2 ± 0.2 9.3 ± 0.2 9.9 ± 0.3
Plasma creatinine (mg/dl) 0.45 ± 0.04 0.58 ± 0.03* 0.46 ± 0.01#

Plasma urea (mg/dl) 28 ± 3 56 ± 7* 34 ± 2#

C: control, L: LPS, and LE: LPS‐(‒)-epicatechin groups. Values are expressed as means`
± SEM; n=8 rats/group.

* p < 0.05 respect to C.
# p < 0.05 respect to L.
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Fig. 1. Effect of dietary (−)-epicatechin on monocyte and macrophage infiltration and IL-6 expression in renal cortex from LPS-treated rats. Representative images and quantification of
ED1 (left panels) and IL-6 (right panels) immunostaining in renal cortex from C: control; L: LPS, and LE: LPS-(−)-epicatechin groups. Values are expressed as means ± SEM; n=8 rats/
group. *p < 0.05 respect to C, #p < 0.05 respect to L.
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and NADPH (5 μM and 40 μM final concentrations, respectively) in the
absence or the presence of 400 U of SOD. Light emission was measured
every 10 s for 10 min using a LKB Wallac 1209 Rackbeta Liquid
Scintillation Counter (Turku, Finland) in the chemiluminescence
mode. Superoxide anion produced by NADPH-dependent enzymes
was calculated as the difference between the areas under the curve in
the absence and in the presence of SOD.

2.7. Determination of malondialdehyde (MDA) content

A portion of the renal cortex was homogenized in PBS and
centrifuged at 600×g for 20 min at 4 °C. Supernatants were used for
determination of MDA content by HPLC-analysis after derivatization
with thiobarbituric acid as previously described [24]. Briefly, samples
were mixed with 0.2% (w/v) BHT in ethanol and 6% (v/v) perchloric
acid and the resulting suspension was centrifugated at 4000×g for
10 min for 4 °C. The obtained supernatants were added 0.6% (p/v) 2-
thiobarbituric acid, heated at 95 °C for 45 min, cooled and filtered
through 0.22 µm filters. Derivatized MDA was resolved by HPLC with
an Agilent 1100 Series equipment from Agilent Technologies (Santa
Clara, CA, USA) in reverse phase with a column Luna C-18 (length:
100 mm, diameter: 4.6 mm, particle size: 3 µm) from Phenomenex

(Torrance, CA, USA) using a mobile phase consisting of 65% (v/v)
50 mM KH2PO4, pH: 7.0 and 35% (v/v) methanol. Detection was done
fluorometrically (λex: 515 nm; λem: 555 nm), and characterized by the
retention time of the adduct MDA-TBA. 1, 1, 3, 3-
Tetramethoxypropane was used to prepare MDA.

2.8. Statistical analysis

Results are shown as mean ± SEM. Except for immunohistochem-
istry, data were analyzed by one-way analysis of variance (ANOVA)
using StatView 5.0 (SAS Institute, Cary, NC, USA), and Fisher's
significance difference test was used to examine differences between
group means. Immunhistochemical data were analyzed by nonpara-
metric Kruskal-Wallis test and Dunn's multiple comparisons test using
absolute values processed through GraphPad Prism 5.01 (GraphPad
Software, Inc. San Diego, CA, USA), and Dunn´s multiple comparison
test. A value of p < 0.05 was considered statistically significant.

Fig. 2. Effects of dietary (−)-epicatechin on TNFα, iNOS and IL-6 expression in renal cortex from LPS-treated rats. TNFα (A), iNOS (B), and IL-6 (C) expressions were determined by
Western blot in renal cortex homogenates from C: control, L: LPS, and LE: LPS-(−)-epicatechin groups. Values are expressed as means ± SEM; n=8 rats/group. *p < 0.05 respect to C, #p
< 0.05 respect to L.
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3. Results

3.1. (−)-Epicatechin mitigated LPS-induced kidney damage and
inflammation

Body weight and the renal weight/body weight ratio were similar
among the different experimental groups. Plasma creatinine and urea
contents were measured as markers of kidney functional damage. In
the L group, creatinine and urea plasma levels were significantly higher
than in both C group (30% and 102%, respectively) and LE group (27%
and 59%, respectively) (Table 1).

ED1 positive cells and IL-6 were evaluated as inflammation markers in
renal cortex by immunohistochemistry (Fig. 1). The number of ED1
positive cells was 4.3-fold higher in the L group respect to the C group,
while the LE group did not show this increment. In the case of IL-6, a
stronger staining was observed in the renal cortex from L group animals
respect to the C (5.0-fold) and to LE (2.2-fold) groups.

The expression of pro-inflammatory markers was evaluated by
Western Blot in kidney cortex. Significantly higher levels of TNF-α
(92%), iNOS (38%), and IL-6 (34%), were observed in the L group
respect to C and LE groups (Fig. 2).

Fig. 3. Effects of dietary (−)-epicatechin on different effectors of NFkB activation in renal cortex from LPS-treated rats. IKKα/β content (A), IKKα/β phosphorylation in Ser(176/180) (B),
IkB content (C), IkBα phosphorylation in Ser(32) (D), NF-κB p65 phosphorylation at Ser536 (E) and nuclear/cytosolic NFkB p65 content (F) determined by Western blot in
homogenates of renal cortex from C: control, L: LPS, and LE: LPS-(‒)-epicatechin groups. Values are expressed as means ± SEM; n=8 rats/group. *p < 0.05 respect to C, #p < 0.05
respect to L.
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3.2. (−)-Epicatechin prevented LPS-induced NF-κB activation and
TLR4 expression

To explore a possible activation of the NF-κB pathway in the renal
cortex, several components of this via were evaluated (Fig. 3). IKKα/β
phosphorylation at Ser(176/180) (p-IKKα/β) was higher in the L group
respect to the C and LE groups (46% and 40% respectively, p < 0.05)
(Fig. 3B). Total content of IκBα, which is degraded upon NF-κB
activation, was lower in the L group respect to C and LE groups
(approximately 21% for both) (Fig. 3C). Levels of IkBα phosphorylation
at Ser32 (p-IκBα), were higher in the L group respect to C and LE
groups (38% and 30%, respectively) (Fig. 3D). NF-κB p65 phosphor-
ylation at Ser(536), as well as the nuclear/cytosolic NF-κB p65 ratio,
both parameters of nuclear translocation, were higher in the L group
compared to C and LE groups (Figs. 3E and 3F). Fig. 4 shows the
expression of TLR4 in renal cortex total homogenates, which was 48%
higher in the L group compared to C and LE groups.

3.3. (−)-Epicatechin prevented LPS-induced NOX expression and
activation

NADPH-dependent superoxide anion production was evaluated ex
vivo in mitochondria-free homogenates from renal cortex through a
chemiluminescence assay in the absence and presence of SOD. The
production of superoxide anion was significantly higher in the L group
than in the C group (107%) and the LE group (92%) (Fig. 5A).

Expression of NOX2 and NOX4 subunits were measured in total
homogenates. The expression of gp91phox, the constitutive and
catalytic subunit of NOX2, resulted higher in both L and LE groups
respect to C group (46% and 38%, respectively). The expression of
p47phox, one of the activating subunits of NOX2, was higher in the L
group respect to C and LE groups (66% and 25%, respectively)
(Figs. 5B and 5C). The expression of NOX4. catalytic subunit of
NOX4, was higher in the L group respect to C and LE groups (47%
and 22%, respectively) (Fig. 5D). Consistently, a higher content of lipid
peroxidation products in kidney cortex was observed in the L group as
compared to C group (174%) and LE group (72%) (Fig. 5E).

4. Discussion

In the present study, we demonstrated that in rats subjected to LPS-
mediated inflammation, dietary administration of (−)-epicatechin
prevented the associated renal dysfunction, inflammation, activation
of TLR4-NF-κB pathway, and NOX-dependent oxidant production.

Firstly, we observed that the pretreatment of the rats with
(−)-epicatechin protected them from LPS-mediated kidney dysfunction
and inflammation. Comparable anti-inflammatory actions have been
previously reported in several in vivo models of endotoxemia when
using flavonoid-rich plant extracts, as well as for isolated flavonoids or
their metabolites [25–29]. Regarding the actions of (−)-epicatechin, we
have previously reported that in fructose-fed and in high fat-fed rats
inflammatory markers were mostly normalized by the presence of
(−)-epicatechin in the diet [30,31]. Then, the present results are
confirmatory of an anti-inflammatory action of (−)-epicatechin, in this
case associated with improved kidney function.

In terms of mechanisms of action and in view of the relevance of the
TLR4-NF-κB pathway in the damage induced by LPS, we first determined
the expression of TLR4 in renal cortex. The high levels of TLR4-expression
induced by LPS were not present in the animals receiving (−)-epicatechin.
The augmentation in TLR4 levels following LPS challenge can be related to
an inflammatory cytokine-mediated increase in the receptor expression
[29,32–34]. Then, the observed suppression of the increase in TLR4
expression in the kidneys of rats fed with (−)-epicatechin could be due
to: i) a prevention of the LPS-induced upregulation of TLR4, as was
suggested by dietary administration of a flavonoid-rich supplement [29],
and/or ii) a stimulation of TLR4 degradation, as was shown to occur with

the addition of epigallocatechin gallate to LPS-treated adipocytes [35]. In
addition, the observed positive effects associated with (−)-epicatechin
supplementation can also be related to the regulation of the LPS-mediated
TLR4 activation by: i) blocking the access to TLR4, as was shown for
oligomerized (−)-epicatechin inhibiting the binding of LPS in HEK293 cells
[36]; ii) inhibiting the capping of lipids rafts, as was shown for quercetin
and luteolin in macrophages stimulated with LPS [37]; and iii) inhibiting
TLR4 dimerization, as was shown for the flavonoid isoliquiritigenin, in Ba/
F3 cells [38].

The LPS-dependent activation of the NF-κB canonical pathway
downstream of TLR4 was prevented by (−)-epicatechin as evidenced by
the inhibition of the different steps in the NF-κB cascade. The levels of
the intermediates of the NF-κB activation were consistent with the
levels of TLR4 expression and also with the expression of cytokines
related with this transcription factor, i.e. TNFα, iNOS and IL-6. This
suggests that the effect of (−)-epicatechin on TLR4 expression could be
a major upstream event cancelling the LPS-mediated NF-κB activation
in the kidney.

In terms of oxidant production, rats receiving (−)-epicatechin
previous to LPS showed that the capacity of their kidney cortex to
produce superoxide anion was similar to control values. Such regula-
tion of oxidant production corresponded with the inhibition of the in
vivo lipid peroxidation determined in the kidney of these rats.
(−)-Epicatechin has been suggested to be able to modulate oxidative
stress following NOX-dependent oxidant production by: i) scavenging
superoxide anion and related oxidants [39,40], and/or ii) inhibiting the
activity of the enzymatic complex through a reaction rather specific for
(−)-epicatechin [39]. Taking into account the submicromolar concen-
tration that (−)-epicatechin reaches in tissues [41,42], the possibility
for this compound to act as a free radical scavenger in vivo in the
kidney is unlikely [11,43]. Then, indirect antioxidant mechanisms, as
the inhibition of NOX activity and/or assembly are expected to be
operative in the kidney. Our results are compatible with the hypothesis
that (−)-epicatechin downregulates LPS-induced NOX activity by
translational and post-translational modifications. For NOX2, (−)-epi-
catechin prevented the increase in the expression of the modulating
protein p47phox; agreeing with previous reports [31,44], but did not
affect the increased expression in the catalytic subunit (gp91phox). For
NOX4, the effect of (−)-epicatechin was on the expression of the
catalytic subunit. A similar pattern for the expression of NOX subunits

Fig. 4. Effects of dietary (−)-epicatechin on TLR4 expression in renal cortex from LPS-
treated rats. TLR4 determined by Western blot in homogenates of renal cortex from C:
control, L: LPS, and LE: LPS-(‒)-epicatechin groups. Values are expressed as means ±
SEM; n=8 rats/group. *p < 0.05 respect to C, #p < 0.05 respect to L.
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was observed in the kidney cortex of fructose-fed rats treated with
(−)-epicatechin [31]. Then, it can be concluded that the actions of
(−)-epicatechin on oxidant metabolism in the kidney are more related
to limiting oxidant production than to scavenging already formed
radicals. With regard to NF-κB activation, even when the observed
effects of (−)-epicatechin in this model appear to be associated with the
inhibition of TLR4 overexpression, a regulation of NF-κB activation
triggered by NOX-derived oxidants cannot be ruled out [45,46].

In summary, (−)-epicatechin dietary administration protected

against the renal dysfunction induced by LPS, by preventing both the
activation of TLR4-NF-κB pathway and the NOX activation and the
consequent inflammatory damage. Although more studies are neces-
sary to understand the mechanisms finally mediating (−)-epicatechin
actions, the presented results reinforce the idea that appropriate
dietary components could benefit health, both when an acute inflam-
mation is triggered, and in the cases of systemic low-grade inflamma-
tion.

Fig. 5. Effects of dietary (−)-epicatechin on NADPH-dependent oxidant species, NOX2 and NOX4 subunits expressions and MDA content in renal cortex from LPS-treated rats.
NADPH-dependent chemiluminescence measured in mitochondria-free homogenates of renal cortex (A), expression levels of gp91phox (B), p47phox (C) and NOX4 (D) determined by
Western blot and MDA content determined by HPLC in renal cortex homogenates (E) from C: control, L: LPS, and LE: LPS-(‒)-epicatechin groups. Values are expressed as means ±
SEM; n=8 rats/group. *p < 0.05 respect to C, #p < 0.05 respect to L.
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