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Abstract

Introduction

Several studies demonstrated that endothelium dependent vasodilatation is impaired in car-

diovascular and chronic kidney diseases because of oxidant stress-induced nitric oxide

availability reduction. The Mediterranean diet, which is characterized by food containing

phenols, was correlated with a reduced incidence of cardiovascular diseases and delayed

progression toward end stage chronic renal failure. Previous studies demonstrated that

both red and white wine exert cardioprotective effects. In particular, wine contains Caffeic

acid (CAF), an active component with known antioxidant activities.

Aim of the study

The aim of the present study was to investigate the protective effect of low doses of CAF on

oxidative stress-induced endothelial injury.

Results

CAF increased basal as well as acetylcholine—induced NO release by a mechanism inde-

pendent from eNOS expression and phosphorylation. In addition, low doses of CAF

(100 nM and 1 μM) increased proliferation and angiogenesis and inhibited leukocyte adhe-

sion and endothelial cell apoptosis induced by hypoxia or by the uremic toxins ADMA, p-

cresyl sulfate and indoxyl sulfate. The biological effects exerted by CAF on endothelial cells

may be at least in part ascribed to modulation of NO release and by decreased ROS pro-

duction. In an experimental model of kidney ischemia-reperfusion injury in mice, CAF signifi-

cantly decreased tubular cell apoptosis, intraluminal cast deposition and leukocyte

infiltration.
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Conclusion

The results of the present study suggest that CAF, at very low dosages similar to those ob-

served after moderate white wine consumption, may exert a protective effect on endothelial

cell function by modulating NO release independently from eNOS expression and phos-

phorylation. CAF-induced NOmodulation may limit cardiovascular and kidney disease pro-

gression associated with oxidative stress-mediated endothelial injury.

Introduction
Nitric oxide (NO) is a potent vasodilator, involved in the regulation of vascular homeostasis.
NO inhibits platelet aggregation and adhesion, leukocyte—endothelial cell interaction and
smooth muscle cell proliferation and migration [1,2]. In the last years, several studies demon-
strated that endothelium-dependent vascular relaxation is reduced in various diseases, such as
diabetes, heart failure, coronary heart disease (CHD), hypertension, atherosclerosis and chron-
ic kidney disease (CKD). In these pathologic conditions, NO bioavailability is reduced by oxi-
dation due to excessive production of superoxide anions in the vascular wall, suggesting that
antioxidant compounds may have a role in the modulation of endothelial-dependent vasodila-
tation [3–5].

Epidemiological studies reported that a diet enriched in vegetables and fruits may contribute
to reduce the incidence of cancer and cardiovascular disease [6,7]. In particular, a significant
reduction in the incidence of CHD was observed in certain areas of France where fat intake is
high, leading to the concept of the “French paradox” [8]. The Mediterranean diet, which is
characterized by food containing phenols, was also correlated with a reduced incidence and de-
layed progression of CKD [9,10]. Further studies evidenced a protective effect of dietary intake
of phenols contained in red [11,12] or white wine [13–15], and olive oil [16,17]. It has been re-
ported that wine-derived phenols may reduce endothelial dysfunction by enhancing NO avail-
ability and/or generation [18–20]. Oral administration of red wine polyphenolic compounds
decreased blood pressure in hypertensive rats. This hemodynamic effect was associated with an
enhanced endothelium-dependent relaxation and stimulation of inducible NO synthase and
cyclooxygenase 2 gene expression within the arterial walls [21]. The cardioprotective activity of
red wine has been ascribed mainly to phytocomplex rich in polyphenols, in particular resvera-
trol (RSV). However, several reports indicated that also white wine may exert cardiovascular
protective effects despite the very low content of RSV [22–25]. White wine contains phenols
with antioxidant properties such as Caffeic Acid (CAF) and Tyrosol (TYR). In particular, Pra-
sad and co-workers [26] reported that CAF significantly reduced lipid peroxidation and de-
creased DNA damage in UVB-irradiated lymphocytes. Furthermore, CAF pre-treatment
significantly maintains antioxidant status and decreased UVB-induced cytotoxicity[26]. More-
over, Khan et al. [27,28] demonstrated that CAF can reduce oxidative stress and inflammation
induced by 12-O-tetradecanoyl-phorbol-13-acetate in vivo. However, the effect of these com-
pounds on NO production has not been extensively investigated.

The aim of the present study was to evaluate whether low doses of CAF comparable to those
assumed with moderate white wine consumption may exert a protective effect on endothelial
injury induced by hypoxia and uremic toxins.
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Materials and Methods

Human Endothelial Cell Culture
Human umbilical vein-derived endothelial cells (HUVEC) were obtained by ATCC (PCS-100-
010—ATCC USA). HUVECs were plated onto flask with EBMmedium supplemented with
10% fetal calf serum and different endothelial growth factors as previously reported [29].

HUVECs were cultured for 24 h into an airtight humidified chamber flushed with a gas
mixture containing 5% CO2, 94% N2, and 2% O2 at 20 atm, 37°C [30] or with the uremic toxins
asymmetric dimethylarginine (ADMA 10 μg/ml from Sigma Aldrich, St. Louis, MO), p-cresyl
sulfate (1 μg/ml from Alsachim, Illkirch Graffenstaden, France) and indoxyl sulfate (10 μg/ml
from Sigma Aldrich, St. Louis, MO).

Analysis of NO generation by endothelial cells stimulated with L-Arginine
and Acetylcholine
NO generation by HUVECs was detected in chemiluminescence, as previously described [31–
32] with some modification. Briefly, HUVECs were cultured in luminometer cuvettes coated
with gelatin in appropriate medium and incubated overnight (o.n.) with TYR 100 nM and 1 μM,
CAF 100 nM and 1 μM. L-Arginine 1 mM and L-NAME 1 mMwere used as positive and nega-
tive controls, respectively. At the end of each experiment, culture medium was removed and
substituted with HEPES-buffered Krebs medium containing 0.5% BSA, luminol 100 μM (Sigma
Aldrich) and hydrogen peroxide (H2O2) 100 nM; then the cuvettes were inserted into a Lumin-
ometer (Berthold, Germany). Baseline chemiluminescence was recorded for 60 seconds and ex-
pressed as mean value. Then the cells were stimulated with Ach 100 μM and chemiluminescence
was recorded continuously for 180 seconds. Results were expressed as relative light unit (RLU).

Quantification of NO generation by the fluorescent probe DAF-2 DA
The cell-permeable NO reactive dye, diaminofluorescein 2 diacetate (DAF-2 DA, Alexis Italia/
Biochem, Vinci, Italy) was used to examine baseline production of NO in HUVECs plated on
gelatin-coated glass-plastic dishes, as previously reported [33].

Cells were washed three times with PBS and were then loaded with DAF-2 DA and/or the
phenols at the concentration reported above. Immediately before use, DAF-2 DA stock solu-
tion (5 mM) was diluted to a final concentration of 5 μM in PBS-BSA 0.25% (working solu-
tion). As control of the eNOS inhibitory activity, HUVECs were incubated with L-NAME for
30 minutes and then with CAF and TYR for 30 minutes.

HUVECs were incubated for 60 min at 37°C within 1 mL/well of the working solution con-
taining L-Arginine (L-Arg) or the phenols and then transferred to a Diaphot inverted micro-
scope (Nikon, Melville, NY) with 20× fluorescent objective in an attached, hermetically sealed
Plexiglas NP-2 incubator (Nikon) at 37°C. The microscope was equipped with a video camera
connected (Leica, Deerfield, IL) to an IBM-compatible computer. The exposure time was 1.76
sec. Sequential exposures of the same microscopic field were acquired. Image analysis was per-
formed with MicroImage analysis system (Cast Imaging, Venice, Italy). L-NAME 1mM was
used as negative control. Quantification of fluorescence intensity was performed by FACS anal-
ysis after DAF-2 DA incubation as described below in more details. Experiments were con-
ducted in triplicate.

FACS Analysis
For FACS analysis, HUVECs were subjected to fixation and permeabilization with 1xPBS con-
taining-1% paraformaldehyde and 0.1% Triton-X, detached with EDTA and stained for 1 h at
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4°C with primary antibodies directed to human Akt, P-Akt, eNOS or P-eNOS (Santa Cruz Bio-
tech, Santa Cruz, CA) or with an irrelevant control antibody. After extensive washing, cells
were incubated with appropriate Alexa Fluor—conjugated secondary antibodies for 45 min at
4°C. All incubation periods were performed using a medium containing 0.25% BSA and
0.0016% sodium azide. At the end of staining, cells were newly washed, fixed in, and subjected
to FACS analysis (Becton Dickinson, Mountain View, CA). Results are expressed as ratio be-
tween P-Akt/Akt and P-eNOS/eNOS percentage of positivity.

ROS production: Lucigenin-enhanced chemiluminescence
Superoxide (O2_

-) production was revealed by chemiluminescence in presence of lucigenin, as
previously described with some modifications [34]. Briefly, HUVECs were cultured in lumin-
ometer cuvettes coated with gelatin in appropriate medium, and incubated overnight with RSV
100 nM and 1 μM, TYR 100 nM and 1 μM, CAF 100 nM and 1 μM. At the end of each experi-
ment, culture medium was removed and substituted with HEPES-buffered Krebs medium con-
taining 0.5% BSA and lucigenin 250 μM (Sigma Aldrich). HUVECs were stimulated with the
calcium ionophore A23187 (Sigma Aldrich), and the chemiluminescence generated was con-
tinuously monitored using a Berthold Luminometer (Germany) for 5 minutes. Results were ex-
pressed as mean relative light unit (RLU).

Image-iT LIVE Green Reactive Oxygen Species (ROS) Detection Kit
Image-iT LIVE Green Reactive Oxygen Species (ROS) Detection Kit was used to analyze oxida-
tive stress on HUVECs as suggested by manufacturer (Life Technologies). Briefly, 5-(and-6)-
carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) was added to HUVECs
in different experimental conditions: after 30 min, cells were fixed with 4% paraformaldehyde
and then counterstained with Hoechst and analyzed by Immunofluorescence or FACS analysis.

In selected experiments, the protective effect of CAF on HUVEC cultured under hypoxic
condition or in presence of uremic toxins was also evaluated.

Cytotoxicity assay—XTT assay
HUVECs were cultured on 24-well plates (Falcon Labware, Oxnard, CA) at a concentration of
5 × 104 cells/well and incubated for 24h with increasing doses of CAF (Sigma Aldrich) in nor-
moxic, hypoxic culture condition or in presence of uremic toxins. Cells were then incubated
with a medium without phenol red additioned with 250 μg/ml XTT (Sigma Aldrich). The ab-
sorption values at 450 nm were measured in an automated spectrophotometer at different time
points. All experiments were performed in triplicate.

Detection of apoptosis—TUNEL assay
HUVECs were incubated for 24h with increasing concentrations of CAF (Sigma Aldrich) in
normoxia, hypoxia or uremic toxins and then subjected to terminal deoxynucleotidyltransfera-
semediated dUTP nick end labelling (TUNEL) assay (ApopTag, Oncor, Gaithersburg, MD)
that identifies DNA fragmentation, a typical feature of apoptotic cells. Green-stained apoptotic
cells were counted in 10 different microscopic fields at ×100 magnification for each experimen-
tal point. All experiments were performed in triplicate.

PBMC Adhesion to HUVECmonolayers
PBMC adhesion to HUVEC monolayers was performed as previously described [35]. PBMC
were collected from healthy volunteers using samples obtained by the local blood bank (Banca
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del Sangue, Azienda Ospedaliera Universitaria Città della Salute e della Scienza di Torino) and
discarded from clinical use. A written informed consent was obtained from all subjects in ac-
cordance with blood bank guidelines. PBMCs were isolated from healthy volunteers by density
gradient and labelled with 10 μmVybrant cell tracer (Life Technologies, Carlsbad, CA).
PBMCs (50 × 106/ml) were added to HUVEC monolayer previously incubated with increasing
concentrations of CAF in normoxic, hypoxic condition or in presence of uremic toxins for 12h.
After extensive washing to remove detached PBMCs, green-stained cells adherent to HUVEC
monolayers were counted in 10 different microscopic fields at ×100 magnification for each ex-
perimental point. All experiments were performed in triplicate.

In vitro angiogenesis on Matrigel
The in vitro property of HUVECs to form capillary-like structures was studied culturing
HUVECs (5 × 104 cells/well) on growth factor—reduced Matrigel (Becton Dickinson. St. Jose,
CA) diluted 1:1 in ice with cold DMEM (Sigma, St.Louis, MO—USA) [36]. After extensive
washing, different concentrations of CAF were added to HUVECs cultured in normoxia, hyp-
oxia or in presence of uremic toxins. Cells were observed under a Nikon-inverted microscope
(Nikon, Kanagawa, Japan). Image analysis was performed with the MicroImage analysis system
(Casti Imaging, Venice, Italy)[31].

Gene array analysis
Human GEarray kit for the study of angiogenesis markers (SuperArray Inc., Bethesda, MD)
was used to characterize the gene expression profile of HUVECs cultured under hypoxic condi-
tion in presence or absence of 1 μMCAF for 24h. RNA extraction and retro-transcription of
total RNA were performed using a commercial kit as suggested by manufacturer (SuperArray).
Microarray data were deposited on European Bioinformatic Institute (EBI) website (www.ebi.
ac.uk/microarray-as/ae/; experiments archive code: E-MEXP-3908).

Experimental model of kidney ischemia-reperfusion injury in C57BL-6
mice
C57BL-6 mice were anesthetized by using an induction chamber with isoflurane and by intra-
peritoneal administration of ketamine (100 mg/kg). Right renal artery and vein were occluded
by using a non-traumatic vascular clamp for 30 min. Animals were divided in the following
groups: 1) Sham-operated; 2) Ischemia-reperfusion injury (right renal pedicle clamp); 3) Ische-
mia-reperfusion injury + Caffeic acid (right renal pedicle clamp + 1μM/ml CAF). Six animals
from each group were sacrificed 24 hr after renal pedicle clamp. For renal histology, 5-mm-
thick paraffin kidney sections were stained with hematoxylin/eosin (Merck, Darmstadt, Ger-
many). Luminal hyaline casts and cell loss (denudation of tubular basement membrane) were
assessed in 30 non-consecutive fields using a x40 objective (high-power field: HPF). TdT-
mediated dUTP nick end labelling assay (Chemicon International, Temecula, CA) for the detec-
tion of apoptotic cells was performed according to manufacturer’s instructions. Granulocyte in-
filtration was evaluated by staining with an anti-granulocyte antibody (Serotec, Oxford, UK) and
immunoperoxidase staining was performed by using an anti-rat HRP (Pierce, Rockford, IL).

Statistical analysis
All data of different experimental procedures are expressed as average±1SD. Analysis of vari-
ance (ANOVA) and Student-Newman-Keuls analysis were used as statistical test where
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appropriated. For all experiments performed by FACS, Kolmogorov Smirnov statistical analy-
sis was performed. For all analysis, a p value<0.05 was considered statistical significant.

Results

Quantification of NO release by chemiluminescence
Ach stimulation increased NO production by HUVECs in respect to baseline. Chemilumines-
cence decreased at every time point recorded even though at the end of observation (180 sec)
remained higher than in unstimulated cells (Fig. 1A-B). However, TYR and CAF induced dif-
ferent responses in HUVECs: 100nM and 1μMTYR did not affect Ach-induced NO release
(Fig. 1A). By contrast, CAF enhanced Ach-induced NO release in a dose-dependent manner
(Fig. 1B). CAF-induced NO production remained at plateau for 25 sec., with a subsequent de-
crease. We then evaluated in HUVECs the effect of different phenols on NO production inde-
pendent by Ach stimulation (Fig. 2). L-Arg and L-NAME were used as positive and negative

Fig 1. Ach induced NO production by HUVECs. Ach stimulation increased NO release, revealed by
chemiluminescence. TYR 1μM and 100nM did not affect Ach-induced NO release (Fig. 1A); CAF enhanced
Ach-induced NO release in a dose-dependent manner (Fig. 1B) (p<0.05 CAF vs. controls or vs. Ach at all
time points considered). Results are expressed as average±1SD of 6 different experiments.

doi:10.1371/journal.pone.0117530.g001
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controls, respectively. NO-generated chemiluminescence confirmed the lack of effect of TYR,
whereas CAF increased NO production in a dose-dependent manner (Fig. 2).

Quantification of NO release by the fluorescent probe DAF-2 DA
NO baseline production by HUVECs was also evaluated by quantitative fluorescence emission
generated by DAF-2 DA oxidation. L-Arg but not L-NAME stimulated fluorescence emission
that peaked at 30 min (Fig. 3A). The analysis of fluorescence intensity showed a significant in-
crease in DAF-2 DA oxidation in respect to L-Arg after incubation with CAF 100nM or 1μM
(Fig. 3B) in a dose dependent manner. TYR did not affect NO baseline production.

Evaluation of eNOS expression and phosphorylation
FACS analysis of HUVECs incubated overnight with TYR and CAF did not show any differ-
ences in eNOS and Akt expression and phosphorylation when compared to controls stimulated
with vehicle alone (Fig. 4).

ROS production
The production of ROS was evaluated by enhancement of lucigenin chemiluminescence.
HUVECs incubated with A23187 significantly increased ROS production compared to cells
challenged with vehicle alone. CAF and TYR significantly inhibited A23187-induced ROS pro-
duction, suggesting an antioxidant activity (Fig. 5).

Quantification of NO release and ROS expression in HUVECs cultured
in hypoxia or in presence of uremic toxins
In selected experiments, the protective effect of CAF was evaluated on HUVECs cultured
under hypoxic condition or in presence of uremic toxins.

Hypoxia or the uremic toxins ADMA, p-cresyl sulfate and indoxyl sulfate reduced NO re-
lease from HUVECs as shown by immunofluorescence studies (Fig. 6A) and FACS analysis

Fig 2. NO-generated chemiluminescence by HUVECs incubated overnight with the phenols.
L-Arginine 1 mM and L-NAME 1 mMwere used as positive and negative controls, respectively. CAF
increased NO production in a dose-dependent manner (*p<0.05 vs controls and L-NAME; § p<0.05 vs CAF
100 nM; # p<0.01 vs controls). Results are expressed as average±1SD of 6 different experiments.

doi:10.1371/journal.pone.0117530.g002

Caffeic Acid Modulates Nitric Oxide Production

PLOS ONE | DOI:10.1371/journal.pone.0117530 April 8, 2015 7 / 21



(Fig. 6B) using the DAF-2 DA probe. By contrast, CAF 1μM restored NO release from
HUVECs cultured in hypoxia or with uremic toxins (Fig. 6A-B).

In addition, hypoxia as well as uremic toxins increased ROS production in HUVECs as
shown by immunofluorescence studies (Fig. 7A) and FACS analysis (Fig. 7B) using the Image-
iT LIVE Green Reactive Oxygen Species (ROS) Detection Kit. CAF 1μM significantly decreased
hypoxia- and uremic toxin-induced ROS production by HUVECs (Fig. 7A-B).

CAF induced proliferation and resistance to apoptosis, reduced
leukocyte adhesion and stimulated angiogenesis of HUVECs cultured
under hypoxia or in presence of uremic toxins
Increasing doses of CAF (100 nM, 1μM, 10μM) significantly increased proliferation (Fig. 8A),
and reduced apoptosis (TUNEL assay in Fig. 8B). In addition, 1μMCAF significantly reduced
PBMC adhesion to HUVEC monolayers cultured under hypoxia, suggesting an anti-inflamma-
tory effect (Fig. 8C). CAF also triggered angiogenesis of hypoxic HUVECs as shown in repre-
sentative micrographs (Fig. 8D) and in count of capillary-like structure formation (Fig. 8E) on
Matrigel-coated plates. To further confirm the pro-angiogenic effect of CAF on hypoxic

Fig 3. DAF-2 DA detected fluorescence. A) L-Arg stimulated fluorescence emission which peaked at 30
min (*p<0.01 vs controls). L-NAME was utilized as negative control (§p<0.05 vs L-Arg). B) CAF 100 nM and
CAF 1 μM enhanced NO dependent fluorescence (*p<0.01 vs controls). CAF 1 μM induced NO release was
significantly (#p<0.05) higher in respect to CAF 100 nM. Results are expressed as average±1SD of 6
different experiments.

doi:10.1371/journal.pone.0117530.g003
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HUVEC, we performed gene array analysis: we found that CAF up-regulated in hypoxic
HUVECs the expression of several genes involved in angiogenesis, cell proliferation and resis-
tance to apoptosis (Fig. 9). A similar protective effect of CAF on proliferation (Fig. 10A), resis-
tance to apoptosis (Fig. 10B), PBMC adhesion (Fig. 10C) and triggering of angiogenesis
(Fig. 10D-E) was also observed in HUVECs cultured in presence of the uremic toxins ADMA,
p-cresyl sulfate and indoxyl sulfate known to induce endothelial injury and apoptosis through
the induction of oxidative stress [37–40].

CAF reduced tubular injury and granulocyte infiltration after kidney
ischemia-reperfusion injury
In comparison to sham-operated animals, mice subjected to kidney ischemia-reperfusion inju-
ry showed histological signs of tubular injury such as formation of hyaline casts, vacuolization,

Fig 4. Evaluation of eNOS activation by FACS in HUVECs. Histograms show the ratio between P-eNOS/
eNOS and P-Akt/Akt in HUVECs incubated with vehicle alone or with TYR 1μM and CAF 1μM. Results are
expressed as ratios of P-eNOS/eNOS and P-Akt/Akt derived from a single FACS experiment. Three different
experiments were performed with similar results.

doi:10.1371/journal.pone.0117530.g004

Fig 5. Superoxide production revealed by lucigenin enhanced chemiluminescence in HUVECs
incubated with the different phenols and stimulated with the calcium ionofore A23187.CAF and TYR
significantly inhibited A23187-induced ROS production (*p<0.001 vs controls, § p<0.01 vs A23187). Results
are expressed as average±1SD of 6 different experiments.

doi:10.1371/journal.pone.0117530.g005
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diffuse necrosis and denudation of basal membrane. When mice were treated with 1μM/ml
CAF, a significant reduction of tubular injury was observed (Fig. 11A and Table 1). In addition,
CAF significantly reduced the number of apoptotic tubular cells (Fig. 11B) and granulocyte in-
filtration (Fig. 11C) within ischemic kidney.

Fig 6. CAF increased NO production by HUVECs cultured in hypoxia or with uremic toxins.
Representative fluorescence micrographs (A) and FACS analysis (B) of DAF-2DA probe on HUVECs
cultured in hypoxia or with uremic toxins in presence or absence of CAF 1 μM. For immunofluorescence
studies, magnification was x400; for FACS analysis, Kolmogorov-Smirnov statistical analysis was performed.
For all assays, 5 independent experiments were performed with similar results.

doi:10.1371/journal.pone.0117530.g006
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Discussion
In the present study, we demonstrated that CAF modulates endothelial NO production in a
dose-dependent manner. These results may suggest a potential role of CAF in the inhibition of
oxidant stress-associated endothelial dysfunction induced by hypoxia or by incubation with
the uremic toxins ADMA, p-cresyl sulfate and indoxyl sulfate. This potential protective effect
of CAF was confirmed in an experimental model of kidney ischemia-reperfusion injury in
which this compound significantly reduced tubular cell apoptosis and granulocyte infiltration.

We first observed that CAF induced an enhancement of basal and Ach-induced NO pro-
duction by HUVECs. This effect was not due to an increased expression of eNOS but rather to
a scavenger. activity of CAF. Indeed, we did not observe an increased phosphorylation of eNOS
in endothelial cells treated with CAF, suggesting that NO production was not directly

Fig 7. CAF decreased ROS expression in HUVECs cultured in hypoxia or with uremic toxins.
Representative fluorescence micrographs (A) and FACS analysis (B) of the Image-iT LIVE Green Reactive
Oxygen Species (ROS) Detection Kit on HUVECs cultured in hypoxia or with uremic toxins in presence or
absence of CAF 1 μM. For immunofluorescence studies magnification was x200; for FACS analysis,
Kolmogorov-Smirnov statistical analysis was performed. For all assays, 5 independent experiments were
performed with similar results.

doi:10.1371/journal.pone.0117530.g007

Caffeic Acid Modulates Nitric Oxide Production

PLOS ONE | DOI:10.1371/journal.pone.0117530 April 8, 2015 11 / 21



Fig 8. CAF induced proliferation and resistance to apoptosis, decreased PBMC adhesion and
triggered in vitro angiogenesis of hypoxic HUVECs. Proliferation (XTT-based assay in A), resistance to
apoptosis (TUNEL assay in B), PBMC adhesion (C) and in vitro angiogenesis on Matrigel coated-plates
(representative micrographs in D, count of capillary-like structures in E) of HUVECs cultured in hypoxia in
presence or absence of CAF. Hypoxia reduced cell viability, increased apoptosis and PBMC adhesion and
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stimulated by this compound. Furthermore, the experiments performed with the pro-oxidant
A23187 confirmed the anti-oxidant and scavenger activity of CAF.

Previous studies demonstrated that CAF has a potential anti-atherogenic activity through
the reduction of cell adhesion molecule expression and chemokine production by HUVECs in-
cubated with inflammatory cytokines such as TNF-α [41]. In the present study, we demon-
strated that CAF, at doses comparable with those observed after moderate white wine
consumption [42–43], induced NO production in endothelial cells [28, 42, 44, 45]. The efficacy
of CAF in modulating NO metabolism has also been recently confirmed in an experimental
model of cerebral infarction in adult male New Zealand rabbits [46]. These results are in accor-
dance with previous studies showing CAF-induced vasorelaxation in isolated rat aorta [47],
whereas other phenols such as TYR were ineffective [48]. TYR is an extensively investigated
phenol present in wine and olive oil, main components of the Mediterranean diet. TYR is
known to exert anti-oxidant activities in different in vitro studies and experimental models
[48]. Our results confirmed the anti-oxidant properties of TYR. However, TYR was less effec-
tive than CAF in NO production by HUVECs, suggesting that CAF may be one of the key me-
diators involved in the reduction of endothelial dysfunction observed in subjects adherent to
Mediterranean diet [49].

The typical endothelial dysfunction could be ascribed either to eNOS inhibition or to an in-
creased superoxide production [50]. In our experiments, the increase of endothelial NO bio-
availability induced by CAF was not due to an enhancement of eNOS expression but rather to
an anti-oxidant activity in accordance with previous studies [51]. Basing on these observations,
we investigated the protective effect of CAF on oxidant stress-induced endothelial dysfunction
in two different in vitromodels using HUVECs cultured under hypoxia or with known uremic
toxins such as ADMA, p-cresyl sulfate and indoxyl sulfate. Indeed, hypoxia as well as uremic
toxins plays a crucial role in CKD progression through a pro-inflammatory, pro-apoptotic and
anti-angiogenic activity on endothelial cells [52].

We observed that increasing doses of CAF reduced the cytotoxic and pro-apoptotic effect
induced by hypoxia on HUVECs. Moreover, CAF significantly reduced the adhesion of leuko-
cytes on hypoxia-stimulated HUVEC monolayers, suggesting a role in the inhibition of the in-
flammatory endothelial response typical of ischemia-reperfusion injury [53]. Indeed, in the
present study, we found that in an experimental model of acute kidney injury (AKI) due to is-
chemia-reperfusion, CAF significantly reduced the percentage of tubular cell apoptosis as well
as the number of infiltrating granulocytes. These results suggest a dual protective role of CAF
on hypoxia-associated tubular injury and inflammation.

Ischemic-induced tissue hypoxia is a condition shared by different pathologic conditions as-
sociated with endothelial dysfunction including AKI, CHD and CKD [53]. Indeed, it has been
shown that alteration of oxygen pathways and NO play a key role in the pathogenesis of acute
kidney injury (AKI) and in the cellular mechanisms of progression toward CKD [54]. In partic-
ular, chronic hypoxia in the renal tubulo-interstitial compartment is responsible for the hemo-
dynamic changes and for the altered oxygen metabolism of resident kidney cells that lead to
the typical histological findings of CKD such as peritubular capillary rarefaction, tubular atro-
phy and interstitial fibrosis [55]. Hypoxia causes endothelial apoptosis and promotes epitheli-
al-to-mesenchymal transition through the increased expression of extracellular matrix proteins

abrogated angiogenesis of HUVECs (#p< 0.05 Hypoxia vs. Normoxia). By contrast, increasing doses of
CAF (100 nM, 1μM, 10μM) increased viability and resistance to apoptosis (*p< 0.05 Hypoxia + CAF 100 nM,
1μM or 10μM vs. Hypoxia), and a fixed dose of CAF 1μM decreased PBMC adhesion and triggered
angiogenesis of hypoxic HUVECs (*p< 0.05 Hypoxia + CAF 1μM vs. Hypoxia). Results are expressed as
average±1SD of 3 different experiments.

doi:10.1371/journal.pone.0117530.g008
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Fig 9. Modulation of gene array profiling of hypoxic HUVECs induced by CAF 1μM (angiogenesis-
related genes). The graph shows the fold variation of angiogenesis-related genes between HUVECs
stimulated with Hypoxia + CAF 1μM vs. Hypoxia in a single experiment. Samples were normalized for the
signals found in housekeeping genes [actin, glyceraldehyde 3 phosphate dehydrogenase (GAPDH)]. Three
independent experiments were performed with similar results. Gene table: AKT1, V-akt murine thymoma viral
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and oxidative genes [56]. Moreover, it has been shown that uremia induces an alteration of ox-
ygen consumption in kidney resident cells leading to the deterioration of renal function
through oxidative stress [55–56]. Our results suggest a protective effect of CAF in the course of
events leading to oxidative stress-induced endothelial injury and CKD progression in presence
of hypoxia. In addition, it has been shown that several uremic toxins, biologically active uremic
retention molecules known to accelerate renal dysfunction, are able to deregulate oxygen me-
tabolism, thus worsening the hypoxic damage and the activation of the renin-angiotensin-
aldosterone system [57]. Among uremic toxins, guanidino compounds are known to induce
endothelial production of ROS, cytotoxicity and calcification [58]. Asymmetric dimethylargi-
nine (ADMA) is a key mediator of uremia-associated endothelial dysfunction and triggering of
atherosclerosis. ADMA is an endogenous L-arginine analogue acting as inhibitor of NO
synthase whose levels are significantly increased in end stage renal disease patients. In addition,
elevated ADMA levels are associated with an enhancement of CKD progression and with an
increased incidence of cardiovascular and cerebrovascular diseases due to oxidative stress dam-
age [59]. Other protein bound uremic toxins such as p-cresyl sulfate and indoxyl sulfate are in-
creased in uremic patients and are known to induce an intense production of ROS and
senescence of endothelial cells [60]. Moreover, indoxyl sulfate inhibits NO production and fa-
cilitate leukocyte endothelial interaction through the up-regulation of E-selectin, ICAM-1 and
MCP-1 on endothelial cell surface [61]. A similar effect of indoxyl sulfate as well as of p-cresyl
sulfate has also been observed on kidney tubular epithelial cells through ROS production, acti-
vation of NF-kB and p53 and production of TGF-beta able to enhance the epithelial-to-
mesenchymal transition [62]. As described for hypoxia-induced damage, we found that CAF,
at low doses present in the white wine, protected endothelial cells from apoptosis and function-
al alterations induced by ADMA, p-cresyl sulfate and indoxyl sulfate at levels found in the ure-
mic milieu. In particular, CAF increased cell proliferation, resistance to apoptosis and in vitro
angiogenesis that were all reduced after treatment with uremic toxins. In addition, CAF signifi-
cantly reduced the adhesion of leukocyte to HUVECs incubated with uremic toxins.

CAF-associated endothelial protection was mainly ascribed to the inhibition of ROS expres-
sion and to the increase of NO release. However, gene array analysis revealed that CAF was
able to modulate the endothelial expression of several genes involved in angiogenesis and inhi-
bition of apoptosis of hypoxic endothelial cells independently by NO production. In particular,
CAF induced the endothelial expression of different growth factors and angiogenic molecules

oncogene homolog 1; ANGPT1, Angiopoietin 1; ANGPTL3, Angiopoietin-like 3; ANGPTL4, Angiopoietin-like
4; BAI1, Brain-specific angiogenesis inhibitor 1; CDH5, Cadherin 5, type 2 (vascular endothelium); COL18A1,
Collagen, type XVIII, α1; COL4A3, Collagen, type IV, α3 (Goodpasture antigen); CXCL10, Chemokine
(C-X-C motif) ligand 10; CXCL9, Chemokine (C-X-C motif) ligand 9; S1PR1, Sphingosine-1-phosphate
receptor 1; EGF, Epidermal growth factor; EREG, Epiregulin; FGFR3, fibroblast growth factor receptor 3;
FIGF, C-fos induced growth factor (vascular endothelial growth factor D); FLT1, Fms-related tyrosine kinase
1 (vascular endothelial growth factor/vascular permeability factor receptor); HAND2, Heart and neural crest
derivatives expressed 2; HGF, Hepatocyte growth factor (hepapoietin A; scatter factor); HPSE, Heparanase;
ID1, Inhibitor of DNA binding 1, dominant negative helix-loop-helix protein; IFNA1, Interferon, α1; IFNB1,
Interferon, β1, fibroblast; IFNG, Interferon, γ; IGF1, Insulin-like growth factor 1 (somatomedin C); IL1B,
Interleukin 1, β; IL6, Interleukin 6 (interferon, β2); IL8, Interleukin 8; KDR, Kinase insert domain receptor (a
type III receptor tyrosine kinase); LAMA5, Laminin, α5; LECT1, Leukocyte cell derived chemotaxin 1; LEP,
Leptin; MMP2, Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase);
NOTCH4, Notch 4; PF4, Platelet factor 4; PGF, Placental growth factor; PLAU, Plasminogen activator,
urokinase; PLG, Plasminogen; PROK2, Prokineticin 2; PTGS1, Prostaglandin-endoperoxide synthase 1
(prostaglandin G/H synthase and cyclooxygenase); SPHK1, Sphingosine kinase 1; STAB1, Stabilin 1; TEK,
TEK tyrosine kinase, endothelial/Tie-2; TGFBR1 transforming growth factor, β receptor 1; TIMP1, TIMP
metallopeptidase inhibitor 1; TIMP3, TIMPmetallopeptidase inhibitor 3; TNF, Tumor necrosis factor;
TNFAIP2, Tumor necrosis factor, α-induced protein 2; VEGFA, Vascular endothelial growth factor A; VEGFC,
Vascular endothelial growth factor C.

doi:10.1371/journal.pone.0117530.g009
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Fig 10. CAF induced proliferation and resistance to apoptosis, decreased PBMC adhesion and
triggered in vitro angiogenesis of HUVECs cultured with uremic toxins. Proliferation (XTT-based assay
in A), resistance to apoptosis (TUNEL assay in B), PBMC adhesion (C) and in vitro angiogenesis on Matrigel
coated-plates (representative micrographs in D, count of capillary-like structures in E) of HUVECs cultured
with the uremic toxins ADMA (10 μg/ml), p-cresyl sulfate (1 μg/ml) and indoxyl sulfate (10 μg/ml) in presence
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or absence of CAF. Uremic toxins reduced cell viability, increased apoptosis and PBMC adhesion and
abrogated angiogenesis of HUVECs (#p< 0.05 Uremic Toxins vs. Vehicle). By contrast, increasing doses of
CAF (100 nM, 1μM, 10μM) increased viabilty and resistance to apoptosis (*p< 0.05 Uremic Toxins + CAF
100 nM, 1μM or 10μM vs. Uremic Toxins), and a fixed dose of CAF 1μM decreased PBMC adhesion and
triggered angiogenesis of uremic toxin-treated HUVECs (*p< 0.05 Uremic Toxins + CAF 1μM vs. Uremic
Toxins). Results are expressed as average±1SD of 3 different experiments.

doi:10.1371/journal.pone.0117530.g010

Fig 11. CAF reduced tubular cell injury and granulocyte infiltration in an experimental model of kidney
ischemia-reperfusion injury in C57BL-6mice. (A) Hematoxylin/eosin staining of representative kidney
sections from different experimental groups of C57BL-6 mice (n = 6 for each group): sham-operated (SHAM);
right kidney ischemia-reperfusion injury (IRI); right kidney ischemia-reperfusion injury + Caffeic acid 1μM/ml
(IRI + CAF). Original magnification was x40. Counts of TdT-mediated dUTP nick end labeling (TUNEL)-
positive cells (B) and of granulocyte infiltration (C) in the different experimental conditions. A significant
increase of apoptotic tubular cells and infiltrating granulocytes was observed in IRI in comparison with sham-
treated animals (#p<0.05 IRI vs. SHAM). CAF induced a significant decrease of apoptotic tubular cells and
granulocyte infiltration in mice subjected to IRI (*p<0.05 IRI + CAF vs. IRI). In B and C, results are expressed
as average±1SD in 30 non-consecutive fields.

doi:10.1371/journal.pone.0117530.g011
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such as angiopoietin-1, EGF, FGF, HGF, IGF-1, IL-6, VEGF, MMP-2 and growth factor recep-
tors including FGF-R, Flt1 and KDR.

In conclusion, the results of the present study suggest that CAF-induced NO bioavaibility
and inhibition of ROS production may explain, at least in part, the potential endothelial protec-
tion associated with moderate white wine assumption typical of Mediterranean diet. The CAF-
induced inhibition of the inflammatory and apoptotic injury and the triggering of angiogenesis
of HUVECs may be responsible for a cardio-protective and reno-protective effect of this phe-
nol due to the limitation of oxidant stress-induced microvascular derangement in presence of
hypoxia and/or uremic toxins.

Supporting Information
S1 Data. Results of experiments.
(XLS)

Author Contributions
Conceived and designed the experiments: MM VC. Performed the experiments: DM ADQ AS
VN. Analyzed the data: MM VC CM AS. Contributed reagents/materials/analysis tools: AAEB
CM. Wrote the paper: MM VC CM. Analysis and interpretation of data: AAEB LG LB VP.

References
1. Furchgott RF (1996) The 1996 Albert Lasker Medical Research Awards. The discovery of endothelium-

derived relaxing factor and its importance in the identification of nitric oxide. JAMA 276: 1186–1188.
PMID: 8827976

2. Loscalzo J, Welch G (1995) Nitric oxide and its role in the cardiovascular system. Prog Cardiovasc Dis
38: 87–104. PMID: 7568906

3. Freiman PC, Mitchell GG, Heistad DD, ArmstrongML, Harrison DG (1986) Atherosclerosis impairs endo-
thelium-dependent vascular relaxation to acetylcholine and thrombin in primates. Circ Res 58: 783–789.
PMID: 3087655

4. Golino P, Piscione F, Willerson JT, Cappelli-Bigazzi M, Focaccio A, et al. (1991) Divergent effects of se-
rotonin on coronary-artery dimensions and blood flow in patients with coronary atherosclerosis and
control patients. N Engl J Med 324: 641–648. PMID: 1994246

5. Zeiher AM, Drexler H, Saurbier B, Just H (1993) Endothelium-mediated coronary blood flow modulation
in humans. Effects of age, atherosclerosis, hypercholesterolemia, and hypertension. J Clin Invest 92:
652–662. PMID: 8349804

6. Kok FJ, Kromhout D (2004) Atherosclerosis—epidemiological studies on the health effects of a Medi-
terranean diet. Eur J Nutr 43 Suppl 1: 2–5.

7. Ghosh D, Scheepens A (2009) Vascular action of polyphenols. Mol Nutr Food Res 53: 322–331. doi:
10.1002/mnfr.200800182 PMID: 19051188

8. Renaud S, de Lorgeri M (1992) Wine, alcohol, platelets, and the French paradox for coronary heart dis-
ease. Lancet 339: 1523–1526. PMID: 1351198

Table 1. Morphologic evaluation of tubular injury in different experimental conditions.

Casts (n/HPF) Tubular necrosis (n/HPF)

Sham 0 0

IRI 10.21 ±3.74 17.54 ±5.09

IRI + CAF 3.63 ±1.82* 7.12 ±3.39*

Abbreviations: IRI, ischemia—reperfusion injury; CAF caffeic acid; n/HPF, number/high-power field.

Results are expressed as average±1SD of 30 non-consecutive fields.

* p<0.05 IRI+ CAF vs. IRI.

doi:10.1371/journal.pone.0117530.t001

Caffeic Acid Modulates Nitric Oxide Production

PLOS ONE | DOI:10.1371/journal.pone.0117530 April 8, 2015 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117530.s001
http://www.ncbi.nlm.nih.gov/pubmed/8827976
http://www.ncbi.nlm.nih.gov/pubmed/7568906
http://www.ncbi.nlm.nih.gov/pubmed/3087655
http://www.ncbi.nlm.nih.gov/pubmed/1994246
http://www.ncbi.nlm.nih.gov/pubmed/8349804
http://dx.doi.org/10.1002/mnfr.200800182
http://www.ncbi.nlm.nih.gov/pubmed/19051188
http://www.ncbi.nlm.nih.gov/pubmed/1351198


9. Trichopoulou A, Costacou T, Bamia C, Trichopoulos D (2003) Adherence to a Mediterranean diet and
survival in a Greek population. N Engl J Med 348: 2599–2608. PMID: 12826634

10. Huang X, Jimènez-Moleòn JJ, Lindholm B, Cederholm T, Arnlov J, et al. (2013) Mediterranean diet, kid-
ney function, and mortality in men with CKD. Clin J Am Soc Nephrol 8: 1548–1555. doi: 10.2215/CJN.
01780213 PMID: 23744002

11. Wollin SD, Jones PJ (2001) Alcohol, red wine and cardiovascular disease. J Nutr 131: 1401–1404.
PMID: 11340089

12. van deWiel A, van Golde PH, Hart HC (2001) Blessings of the grape. Eur J Intern Med 12: 484–489.
PMID: 11711270

13. Cui J, Tosaki A, Cordis GA, Bertelli AA, Bertelli A, et al. (2002) Cardioprotective abilities of white wine.
Ann N Y Acad Sci 957: 308–316. PMID: 12074987

14. Bertelli AA, Migliori M, Panichi V, Longoni B, Origlia N, et al. (2002) Oxidative stress and inflammatory
reaction modulation by white wine. Ann N Y Acad Sci 957: 295–301. PMID: 12074985

15. Bertelli A, Migliori M, Bertelli AA, Origlia N, Filippi C, et al. (2002) Effect of some white wine phenols in
preventing inflammatory cytokine release. Drugs Exp Clin Res 28: 11–15. PMID: 12073763

16. Visioli F, Caruso D, Grande S, Bosisio R, Villa M, et al. (2005) Virgin Olive Oil Study (VOLOS): vasopro-
tective potential of extra virgin olive oil in mildly dyslipidemic patients. Eur J Nutr 44: 121–127. PMID:
15309433

17. Fito M, de la Torre R, Covas MI (2007) Olive oil and oxidative stress. Mol Nutr Food Res 51: 1215–1224.
PMID: 17879994

18. Leikert JF, Räthel TR, Wohlfart P, Cheynier V, Vollmar AM, et al. (2002) Red wine polyphenols enhance
endothelial nitric oxide synthase expression and subsequent nitric oxide release from endothelial cells.
Circulation 106: 1614–1617. PMID: 12270851

19. Anselm E, Chataigneau M, Ndiaye M, Chataigneau T, Schini-Kerth VB (2007) Grape juice causes en-
dothelium-dependent relaxation via a redox-sensitive Src- and Akt-dependent activation of eNOS. Car-
diovasc Res 73: 404–413. PMID: 16962569

20. Wallerath T, Li H, Godtel-Ambrust U, Schwarz PM, Forstermann U (2005) A blend of polyphenolic com-
pounds explains the stimulatory effect of red wine on human endothelial NO synthase. Nitric Oxide 12:
97–104. PMID: 15740983

21. Diebolt M, Bucher B, Andriantsitohaina R (2001) Wine polyphenols decrease blood pressure, improve
NO vasodilatation, and induce gene expression. Hypertension 38: 159–165. PMID: 11509469

22. Cui J, Tosaki A, Cordis GA, Bertelli AA, Bertelli A, et al. (2002) Cardioprotective abilities of white wine.
Ann N Y Acad Sci 957: 308–316. PMID: 12074987

23. Samuel SM, Thirunavukkarasu M, Penumathsa SV, Paul D, Maulik N (2008) Akt/FOXO3a/SIRT1-medi-
ated cardioprotection by n-tyrosol against ischemic stress in rat in vivo model of myocardial infarction:
switching gears toward survival and longevity. J Agric Food Chem 56: 9692–9698. doi: 10.1021/
jf802050h PMID: 18826227

24. Thirunavukkarasu M, Penumathsa SV, Samuel SM, Akita Y, Zhan L, et al. (2008) White wine induced
cardioprotection against ischemia-reperfusion injury is mediated by life extending Akt/FOXO3a/NFkap-
paB survival pathway. J Agric Food Chem 56: 6733–6739. doi: 10.1021/jf801473v PMID: 18642840

25. Dudley JI, Lekli I, Mukherjee S, Das M, Bertelli AA, et al. (2008) Does white wine qualify for French par-
adox? Comparison of the cardioprotective effects of red and white wines and their constituents: resver-
atrol, tyrosol, and hydroxytyrosol. J Agric Food Chem 56: 9362–9373. doi: 10.1021/jf801791d PMID:
18821770

26. Prasad NR, Jeyanthimala K, Ramachandran S (2009) Caffeic acid modulates ultraviolet radiation-B in-
duced oxidative damage in human blood lymphocytes. J Photochem Photobiol B 95: 196–203. doi: 10.
1016/j.jphotobiol.2009.03.007 PMID: 19386510

27. Khan AQ, Khan R, Qamar W, Lateef A, Ali F, et al. (2012) Caffeic acid attenuates 12-O-tetradecanoyl-
phorbol-13-acetate (TPA)-induced NF-kB and COX-2 expression in mouse skin: abrogation of oxidative
stress, inflammatory responses and proinflammatory cytokine production. Food Chem Toxicol 50:
175–183. doi: 10.1016/j.fct.2011.10.043 PMID: 22036979

28. Bertelli AA (2007) Wine, research and cardiovascular disease: instructions for use. Atherosclerosis
195: 242–247. PMID: 17531243

29. Buttiglieri S, Pasqui D, Migliori M, Johnstone H, Affrossman S, et al. (2003) Endothelization and adher-
ence of leucocytes to nanostructured surfaces. Biomaterials 24: 2731–2738. PMID: 12711519

30. Cantaluppi V, Gatti S, Medica D, Figliolini F, Bruno S, et al. (2012) Microvesicles derived from endothe-
lial progenitor cells protect the kidney from ischemia-reperfusion injury by microRNA-dependent repro-
gramming of resident renal cells. Kidney Int 82: 412–427. doi: 10.1038/ki.2012.105 PMID: 22495296

Caffeic Acid Modulates Nitric Oxide Production

PLOS ONE | DOI:10.1371/journal.pone.0117530 April 8, 2015 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/12826634
http://dx.doi.org/10.2215/CJN.01780213
http://dx.doi.org/10.2215/CJN.01780213
http://www.ncbi.nlm.nih.gov/pubmed/23744002
http://www.ncbi.nlm.nih.gov/pubmed/11340089
http://www.ncbi.nlm.nih.gov/pubmed/11711270
http://www.ncbi.nlm.nih.gov/pubmed/12074987
http://www.ncbi.nlm.nih.gov/pubmed/12074985
http://www.ncbi.nlm.nih.gov/pubmed/12073763
http://www.ncbi.nlm.nih.gov/pubmed/15309433
http://www.ncbi.nlm.nih.gov/pubmed/17879994
http://www.ncbi.nlm.nih.gov/pubmed/12270851
http://www.ncbi.nlm.nih.gov/pubmed/16962569
http://www.ncbi.nlm.nih.gov/pubmed/15740983
http://www.ncbi.nlm.nih.gov/pubmed/11509469
http://www.ncbi.nlm.nih.gov/pubmed/12074987
http://dx.doi.org/10.1021/jf802050h
http://dx.doi.org/10.1021/jf802050h
http://www.ncbi.nlm.nih.gov/pubmed/18826227
http://dx.doi.org/10.1021/jf801473v
http://www.ncbi.nlm.nih.gov/pubmed/18642840
http://dx.doi.org/10.1021/jf801791d
http://www.ncbi.nlm.nih.gov/pubmed/18821770
http://dx.doi.org/10.1016/j.jphotobiol.2009.03.007
http://dx.doi.org/10.1016/j.jphotobiol.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19386510
http://dx.doi.org/10.1016/j.fct.2011.10.043
http://www.ncbi.nlm.nih.gov/pubmed/22036979
http://www.ncbi.nlm.nih.gov/pubmed/17531243
http://www.ncbi.nlm.nih.gov/pubmed/12711519
http://dx.doi.org/10.1038/ki.2012.105
http://www.ncbi.nlm.nih.gov/pubmed/22495296


31. Leone AM, Furst VW, Foxwell NA, Cellek S, Moncada S (1996) Visualisation of nitric oxide generated
by activated murine macrophages. Biochem Biophys Res Commun 221: 37–41. PMID: 8660339

32. Wiklund NP, Iversen HH, Leone AM, Cellek S, Brundin L, et al. (1999) Visualization of nitric oxide for-
mation in cell cultures and living tissue. Acta Physiol Scand 167: 161–166. PMID: 10571552

33. Bussolati B, Mariano F, Migliori M, Camussi G (2002) Nitric oxide/platelet activating factor cross-talk in
mesangial cells modulates the interaction with leukocytes. Kidney Int 62: 1322–1331. PMID:
12234302

34. BarbacanneMA, Souchard JP, Darblade B, Iliou JP, Nepveu F, et al. (2000) Detection of superoxide
anion released extracellularly by endothelial cells using cytochrome c reduction, ESR, fluorescence
and lucigenin-enhanced chemiluminescence techniques. Free Radic Biol Med 29: 388–396. PMID:
11020659

35. Cantaluppi V, Biancone L, Figliolini F, Beltramo S, Medica D, et al. (2012) Microvesicles derived from
endothelial progenitor cells enhance neoangiogenesis of human pancreatic islets, Cell Transplant 21:
1305–1320. doi: 10.3727/096368911X627534 PMID: 22455973

36. Cantaluppi V, Biancone L, Boccellino M, Doublier S, Benelli R, et al. (2001) HIV type 1 Tat protein is a
survival factor for Kaposi’s sarcoma and endothelial cells. AIDS Res Hum Retroviruses 17: 965–976.
PMID: 11461682

37. Ito S, Osaka M, Higuchi Y, Nishijima F, Ishii H, et al. (2010) Indoxyl sulfate induces leukocyte-endotheli-
al interactions through up-regulation of E-selectin. J Biol Chem 285: 38869–38875. doi: 10.1074/jbc.
M110.166686 PMID: 20937831

38. Yu M, Kim YJ, Kang DH (2011) Indoxyl sulfate-induced endothelial dysfunction in patients with chronic
kidney disease via an induction of oxidative stress. CJASN 6: 30–39. doi: 10.2215/CJN.05340610
PMID: 20876676

39. Meijers BK, Van Kerckhoven S, Verbeke K, DehaenW, Vanrenterghem Y, et al. (2009) The uremic re-
tention solute p-cresyl sulfate and markers of endothelial damage. AJKD 54: 891–901. doi: 10.1053/j.
ajkd.2009.04.022 PMID: 19615803

40. Antoniades C, Demosthenous M, Tousoulis D, Antonopoulos AS, Vlachopoulos C, et al. (2011) Role of
asymmetrical dimethylarginine in inflammation-induced endothelial dysfunction in human atherosclero-
sis. Hypertension 58: 93–98. doi: 10.1161/HYPERTENSIONAHA.110.168245 PMID: 21518967

41. Moon MK, Lee YJ, Kim JS, Kang DG, Lee HS (2009) Effect of caffeic acid on tumor necrosis factor-
alpha-induced vascular inflammation in human umbilical vein endothelial cells. Biol Pharm Bull
32:1371–1377. PMID: 19652376

42. Vissers MN, Zock PL, Katan MB (2004) Bioavailability and antioxidant effects of olive oil phenols in hu-
mans: a review. Eur J Clin Nutr 58: 955–965. PMID: 15164117

43. Boto-Ordóñez M, Urpi-Sarda M, Queipo-Ortuño MI, Corella D, Tinahones FJ, et al. (2013) Microbial
metabolomic fingerprinting in urine after regular dealcoholized red wine consumption in humans. J
Agric Food Chem 61: 9166–9175. doi: 10.1021/jf402394c PMID: 24044534

44. Simonetti P, Gardana C, Pietta P (2001) Caffeic acid as biomarker of red wine intake. Methods Enzymol
335: 122–130. PMID: 11400361

45. Simonetti P, Gardana C, Pietta P (2001) Plasma levels of caffeic acid and antioxidant status after red
wine intake. J Agric Food Chem 49: 5964–5968. PMID: 11743793

46. AltuğME, Serarslan Y, Bal R, Kontaş T, Ekici F, et al. (2008) Caffeic acid phenethyl ester protects rabbit
brains against permanent focal ischemia by antioxidant action: a biochemical and planimetric study.
Brain Res 1201: 135–142. doi: 10.1016/j.brainres.2008.01.053 PMID: 18308295

47. Cicala C, Morello S, Iorio C, Capasso R, Borrelli F, et al. (2003) Vascular effects of caffeic acid phe-
nethyl ester (CAPE) on isolated rat thoracic aorta. Life Sci 73: 73–80. PMID: 12726888

48. Rietjens SJ, Bast A, de Vente J, Haenen GR (2007) The olive oil antioxidant hydroxytyrosol efficiently
protects against the oxidative stress-induced impairment of the NObullet response of isolated rat aorta.
Am J Physiol Heart Circ Physiol 292: 1931–1936.

49. Carrero JJ, Kyriazis J, Sonmez A, Tzanakis I, Qureshi AR, et al. (2012) Prolactin levels, endothelial
dysfunction, and the risk of cardiovascular events and mortality in patients with CKD. Clin J Am Soc
Nephrol 7: 207–215. doi: 10.2215/CJN.06840711 PMID: 22193237

50. Endemann DH, Schiffrin EL (2004) Endothelial dysfunction. J Am Soc Nephrol 15: 1983–1992. PMID:
15284284

51. Zhang J, Stanley RA, Adaim A, Melton LD, Skinner MA (2006) Free radical scavenging and cytoprotec-
tive activities of phenolic antioxidants. Mol Nutr Food Res 50: 996–1005. PMID: 17039459

52. Malyszko J (2010) Mechanism of endothelial dysfunction in chronic kidney disease. Clin Chem Acta
411: 1412–1420.

Caffeic Acid Modulates Nitric Oxide Production

PLOS ONE | DOI:10.1371/journal.pone.0117530 April 8, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/8660339
http://www.ncbi.nlm.nih.gov/pubmed/10571552
http://www.ncbi.nlm.nih.gov/pubmed/12234302
http://www.ncbi.nlm.nih.gov/pubmed/11020659
http://dx.doi.org/10.3727/096368911X627534
http://www.ncbi.nlm.nih.gov/pubmed/22455973
http://www.ncbi.nlm.nih.gov/pubmed/11461682
http://dx.doi.org/10.1074/jbc.M110.166686
http://dx.doi.org/10.1074/jbc.M110.166686
http://www.ncbi.nlm.nih.gov/pubmed/20937831
http://dx.doi.org/10.2215/CJN.05340610
http://www.ncbi.nlm.nih.gov/pubmed/20876676
http://dx.doi.org/10.1053/j.ajkd.2009.04.022
http://dx.doi.org/10.1053/j.ajkd.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19615803
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.168245
http://www.ncbi.nlm.nih.gov/pubmed/21518967
http://www.ncbi.nlm.nih.gov/pubmed/19652376
http://www.ncbi.nlm.nih.gov/pubmed/15164117
http://dx.doi.org/10.1021/jf402394c
http://www.ncbi.nlm.nih.gov/pubmed/24044534
http://www.ncbi.nlm.nih.gov/pubmed/11400361
http://www.ncbi.nlm.nih.gov/pubmed/11743793
http://dx.doi.org/10.1016/j.brainres.2008.01.053
http://www.ncbi.nlm.nih.gov/pubmed/18308295
http://www.ncbi.nlm.nih.gov/pubmed/12726888
http://dx.doi.org/10.2215/CJN.06840711
http://www.ncbi.nlm.nih.gov/pubmed/22193237
http://www.ncbi.nlm.nih.gov/pubmed/15284284
http://www.ncbi.nlm.nih.gov/pubmed/17039459


53. Fliser D (2010) Perspectives in renal disease progression: the endothelium as a treatment target in
chronic kidney disease. J Nephrol 23: 369–376. PMID: 20349425

54. Aksu U, Demirci C, Ince C (2011) The pathogenesis of acute kidney injury and the toxic triangle of oxy-
gen, reactive oxygen species and nitric oxide. Contrib Nephrol 174: 119–128. doi: 10.1159/000329249
PMID: 21921616

55. Shoji K, Tanaka T, Nangaku M (2014) Role of hypoxia in progressive chronic kidney disease and impli-
cation for therapy. Curr Opin Nephrol Hypertens 23: 161–168. doi: 10.1097/01.mnh.0000441049.
98664.6c PMID: 24378776

56. Mimura I, Nangaku M (2010) The suffocating kidney: tubulointerstitial hypoxia in end-stage renal dis-
ease. Nat Rev Nephrol 6: 667–678. doi: 10.1038/nrneph.2010.124 PMID: 20877304

57. Sun CY, Chang SC, Wu MS (2012) Uremic toxins induce kidney fibrosis by activating intrarenal rennin-
angiotensin-aldosterone system associated epithelial-to-mesenchymal transition. PLoS One 7:
e34026. doi: 10.1371/journal.pone.0034026 PMID: 22479508

58. Schepers E, Glorieux G, Dou L, Cerini C, Gayrard N, et al. (2010) Guanidino compounds as cause of
cardiovascular damage in CKD: an in vitro evaluation. Blood Purif 30: 277–287. doi: 10.1159/
000320765 PMID: 21079396

59. Jourde-Chiche N, Dou L, Cerini C, Dignat-George F, Brunet P (2011) Vascular incompetence in dialysis
patients protein-bound uremic toxins and endothelial dysfunction. Semin Dial 24: 327–337. doi: 10.
1111/j.1525-139X.2011.00925.x PMID: 21682773

60. Niwa T (2010) Uremic toxicity of indoxyl sulfate. Nagoya J Med Sci 72: 1–11. PMID: 20229698

61. Brunet P, Gondouin B, Duval-Sabatier A, Dou L, Cerini C, et al. (2011) Does uremia cause vascular
dysfunction? Kidney Blood Press Res 34: 284–290. doi: 10.1159/000327131 PMID: 21691132

62. Bolati D, Shimizu H, Higashiyama Y, Nishijima F, Niwa T (2011) Indoxyl sulfate induces epithelial-to-
mesenchymal transition in rat kidneys and human proximal tubular cells. Am J Nephrol 34: 318–323.
doi: 10.1159/000330852 PMID: 21849772

Caffeic Acid Modulates Nitric Oxide Production

PLOS ONE | DOI:10.1371/journal.pone.0117530 April 8, 2015 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/20349425
http://dx.doi.org/10.1159/000329249
http://www.ncbi.nlm.nih.gov/pubmed/21921616
http://dx.doi.org/10.1097/01.mnh.0000441049.98664.6c
http://dx.doi.org/10.1097/01.mnh.0000441049.98664.6c
http://www.ncbi.nlm.nih.gov/pubmed/24378776
http://dx.doi.org/10.1038/nrneph.2010.124
http://www.ncbi.nlm.nih.gov/pubmed/20877304
http://dx.doi.org/10.1371/journal.pone.0034026
http://www.ncbi.nlm.nih.gov/pubmed/22479508
http://dx.doi.org/10.1159/000320765
http://dx.doi.org/10.1159/000320765
http://www.ncbi.nlm.nih.gov/pubmed/21079396
http://dx.doi.org/10.1111/j.1525-139X.2011.00925.x
http://dx.doi.org/10.1111/j.1525-139X.2011.00925.x
http://www.ncbi.nlm.nih.gov/pubmed/21682773
http://www.ncbi.nlm.nih.gov/pubmed/20229698
http://dx.doi.org/10.1159/000327131
http://www.ncbi.nlm.nih.gov/pubmed/21691132
http://dx.doi.org/10.1159/000330852
http://www.ncbi.nlm.nih.gov/pubmed/21849772

