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Palmitate induces C-reactive protein expression in human aortic
endothelial cells. Relevance to fatty acid—induced endothelial dysfunction

Yves Mugabo, Yvette Mukaneza, Geneviéve Renier*

Centre Hospitalier de I'Université de Montréal Research Centre (CRCHUM), Notre-Dame Hospital, Department of Medicine, Montreal, Quebec, Canada
Received 3 December 2009; accepted 21 June 2010

Abstract

Circulating levels of free fatty acids are commonly elevated in patients with the metabolic syndrome and exert, through activating
proinflammatory pathways, harmful effects of the vascular endothelium. In this study, we examined the effect of palmitate (PA) on
endothelial C-reactive protein (CRP) expression and the role of CRP in PA-induced nitric oxide (NO) inhibition. Palmitate increased, in a
dose-dependent manner, CRP protein expression and production in human aortic endothelial cells (HAECs). Induction of CRP protein was
mimicked by ceramide, whereas bromopalmitate and other common free fatty acids such as oleate or linoleate were ineffective. Palmitate
also elicited reactive oxygen species production in HAECs, an effect prevented by protein kinase C (PKC) inhibition and adenosine
monophosphate—activated kinase (AMPK) activation. Palmitate-treated HAECs showed increased CRP messenger RNA expression and
nuclear factor (NF)-xB activation. Induction of CRP expression by PA was prevented by antioxidants and normalized by PKC and
mitogen-activated protein kinase inhibitors. Disrupting NF-xB and Janus kinase/signal transducers and activators of transcription pathways
or inducing AMPK activation also suppressed the stimulatory effect of PA on CRP messenger RNA expression. Finally, in HAECs, PA
reduced NO release, an effect reversed by anti-CRP antibody. These data demonstrate that PA-induced endothelial CRP expression
involves PKC-driven oxidative stress, possibly through AMPK inhibition, and activation of downstream redox-sensitive signaling
pathways, including NF-«xB. They further support a role for endothelial cell-derived CRP as mediator of the suppressive effect of PA on

NO production.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Endothelial dysfunction, the earliest event in athero-
genesis, is an important component of the metabolic
syndrome. In insulin-resistant (IR) states such as diabetes
and obesity, endothelial dysfunction has been linked to the
damaging effects of high circulating levels of free fatty
acids (FFAs) on the vascular endothelium [1], resulting in
impaired insulin signaling and reduced endothelial nitric
oxide synthase (eNOS) activity [2-4]. Recent data have
shown that activation of proinflammatory signaling path-
ways plays a critical role in FFA-mediated vascular insulin
resistance. Indeed, it has been demonstrated that IxB-
kinase f (IKKp) mediates the negative effect of palmitic
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acid (PA) on endothelial nitric oxide (NO) production, thus
establishing this inflammatory pathway as a critical
mediator of the deleterious effect of this FFA on
endothelial function [5,6].

Diabetes, obesity, and other IR states are associated
with a systemic inflammatory response characterized by
increased levels of circulating markers of inflammation.
Among these, the prototypic marker of inflammation C-
reactive protein (CRP) has been implicated as an important
etiologic factor in the development of cardiovascular
disease, insulin resistance, and type 2 diabetes mellitus
[7]; and adding high-sensitivity CRP to the definition of
the metabolic syndrome has been shown to improve the
prediction of cardiovascular disease among apparently
healthy women [8]. In addition to being a cardiovascular
risk marker, CRP might have a causal role in atherogenesis
and contribute, through direct effects on vascular cells, to
endothelial dysfunction. Supporting this possibility, an
inverse relationship between CRP levels and endothelial
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function has been documented in patients with diabetes
and coronary artery disease [9,10]; and an inhibitory effect
of CRP on endothelial NO expression and vasoreactivity
has been documented both in vitro and in vivo [11-15].
Vascular endothelial cells are an important component
of the atherosclerotic lesion and do produce CRP in
response to inflammatory and metabolic factors associated
with diabetes and obesity, including proinflammatory
cytokines [16], high glucose [17], and adipocyte-derived
secretory products [17,18]. Thus, high local CRP concen-
trations may occur in the atherosclerotic lesion of patients
with the metabolic syndrome and promote endothelial
dysfunction. To further characterize the regulation of
endothelial cell-derived CRP in IR states, we examined
the effect of PA, the most abundant saturated FFA in
plasma [19], on CRP expression by cultured human aortic
endothelial cells (HAECs) and investigated the signaling
pathways involved in this effect. In view of the striking
similarity in vascular changes induced by PA and CRP, the
role of CRP as mediator of the inhibitory effect of FFA on
endothelial NO production was further evaluated.

2. Material and methods
2.1. Reagents

Fetal bovine serum was purchased from Wisent (St Bruno,
Quebec, Canada). Penicillin-streptomycin, sodium dodecyl
sulfate, glycine, and TRIzol reagent were obtained from
Invitrogen Life Technologies (Burlington, Ontario, Canada).
The antioxidant compounds N-acetyl-L-cysteine (NAC) and
apocynin, the 5’-adenosine monophosphate—activated kinase
(AMPK) activator AICAR, the protein kinase C (PKC)
inhibitors calphostin C and GF109203X, the extracellular
signal-regulated kinases (ERK) inhibitors U0126 and
PD98059, the c-jun N-terminal kinase (JNK) inhibitor
SP600125, the IxBa phosphorylation inhibitor BAY11-
7085, and the Janus kinase (Jak)/signal transducers and
activators of transcription (STAT) inhibitor AG490 were
purchased from Calbiochem (La Jolla, CA). The specific
PKCp inhibitor LY379196 was kindly provided by Eli Lilly
(Indianapolis, IN). Affinity-purified polyclonal antibody
against IxBo and anti-CRP and PKCf antibodies were
bought from Santa Cruz Biotechnology (Santa Cruz, CA).
Antiphosphorylated and unphosphorylated AMPK and
STAT-3 antibodies were kindly provided by Dr Marc
Prentki, CRCHUM, University of Montreal, Canada. E-
TOXATE kit, sodium azide (NaN3), endotoxin- and FFA-
free bovine serum albumin (BSA) fraction V, and 2',7'-
dichlorofluorescin diacetate (DCF-DA) were purchased from
Sigma (St Louis, MO). END-X BI15 endotoxin removal
affinity resin kit was obtained from Seikagaku America
(Falmouth, MA). Highly purified (99%) recombinant human
native CRP was purchased from Calbiochem. CRP was free
of endotoxin, as assessed by the Limulus assay. NaN3 was
removed from the commercial CRP preparation by dialysis

against 500 mL 20 mmol/L Tris-HCI, pH 7.5, 140 mmol/L
NaCl, and 2 mmol CaCl2 at 4°C.

2.2. Preparation of PA-albumin complexes

PA was added to the culture medium as PA-BSA
complex. Briefly, sodium salt PA was dissolved in 10%
FFA-free BSA fraction V at 5 mmol/L. This stock solution
was filter-sterilized and stored at —20°C. PA was added
to the culture medium at final concentrations of 0.05 to
0.3 mmol/L.

2.3. Human aortic endothelial cells

Primary HAECs (2 x 10° cells) were plated in 24-well
cell culture plates (Costar, Corning, NY) and grown in
endothelial growth medium (EGM) under recommended
conditions. The EGM was supplemented with 2% fetal
bovine serum containing 0.2 upg/mL cupric sulfate, 0.01
pg/mL human epidermal growth factor, 0.1% gentamicin
sulfate amphotericin B, 1 pg/mL hydrocortisone, and 12
pug/mL bovine brain extract protein content. At 80%
confluence, cells were incubated in serum- and growth
factor—free media in the presence of PA bound to BSA.
Control cells were incubated with serum-free EGM
containing equal concentrations of BSA as present in
PA-treated cells. HAECs were used in the experiments at
passages 3 to 5.

2.4. Determination of CRP protein expression

HAECs were treated for 24 hours with increasing
concentrations of PA (0.05-0.3 mmol/L) or were stimulated
for 24 hours with PA (0.2 mmol/), bromopalmitate
(0.2 mmol/L), oleate (0.2 mmol/L), linoleate (0.2 mmol/L),
or C,r-ceramide (15 umol/L). In some experiments, HAECs
were pretreated for 1 hour with calphostin C (CAL C)
(0.1 ug/mL), NAC (10 mmol/L), or apocynin (10 umol/L)
and then exposed to PA (0.2 mmol/L) for 24 hours.

At the end of the incubation period, cells were lysed; and
CRP protein expression was determined by Western blot
analysis. Briefly, cell protein extracts (15 ug) were applied
to 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose membrane using a
Bio-Rad (Mississauga, Ontario, Canada) transfer blotting
system at 100 V for 1 hour. Nonspecific binding was blocked
with 5% milk for 1 hour at room temperature. After washing
with phosphate-buffered saline-Tween 0.1%, blots were
incubated overnight at 4°C with anti-CRP (1/1000) or anti-$-
actin antibodies (1/5000). After further washing, membranes
were incubated for 1 hour at room temperature with a
horseradish peroxidase—conjugated donkey anti-mouse im-
munoglobulin (Ig) G (1/5000). Antigen detection was
performed with an enhanced chemiluminescence detection
system (Amersham, Piscataway, NJ).
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2.5. Determination of CRP secretion

The amounts of CRP secreted by the cells exposed to
increasing PA concentrations (0.05-0.3 mmol/L) for 24
hours were measured in 20-fold concentrated supernatants
using a commercially available enzyme-linked immunosor-
bent assay kit specific for human CRP (Bender MedSystems,
Vienna, Austria) according to the manufacturer’s instruc-
tions. The minimum detectable concentration with this assay
is 78 pg/mL. Levels of CRP in the cell supernatants were
normalized to the levels of total cell proteins.

2.6. Measurement of intracellular reactive oxygen species
generation

Intracellular reactive oxygen species (ROS) generation
was determined according to the method of Royall and
Ischiropoulos [20]. HAECs (1 x 10° cells) were plated in
24-well cell culture cluster plates (Costar) in EGM under
recommended conditions. At confluence, cells were incu-
bated in serum- and growth factor—free media and pretreated
or not for 1 hour with appropriate agents before exposure to
PA for a further 3-hour period at 37°C, with addition of the
cell-permeable fluorogenic probe DCF-DA (20 ug/mL)
during the last 20 minutes of incubation. After washing,
cells were trypsinized; and intracellular ROS production was
monitored by measuring fluorescence in an LS50B lumi-
nescence spectrophotometer (Perkin Elmer, Boston, MA)
using excitation and emission wavelengths of 498 and 522
nm, respectively.

2.7. Measurement of CRP gene expression

CRP gene expression was measured by semiquantitative
polymerase chain reaction (PCR) in HAECs incubated with
the combination of interleukin (IL)-15 (25 ng/mL) and IL-6
(10 ng/mL), lipopolysaccharide (LPS) (1 ug/mL), CRP (10
ug/mL), or PA (0.2 mmol/L) for 6 or 24 hours. In some
experiments, CRP messenger RNA (mRNA) levels were
determined in HAECs pretreated for 1 hour with CAL C (0.1
ug/mL), LY379196 (20 nmol/L), GF109203X (20 nmol/L),
PD98059 (10 umol/L), U0126 (20 umol/L), SP600125 (50
umol/L), NAC (10 mmol/L), apocynin (10 umol/L),
AICAR (0.5 umol/L), BAY11-7085 (10 wumol/L), or
AG490 (20 umol/L) before incubation with PA (0.2 mmol/
L) for 24 hours. Total RNA for use in the PCR reaction was
extracted from cells by an improvement of the acid-phenol
technique of Chomczynski. Briefly, cells were lysed with
TRIzol reagent; and chloroform was added to the solution.
After centrifugation, the RNA present in the aqueous phase
was precipitated and resuspended in diethyl pyrocarbonate
water. Complementary DNA (cDNA) was synthesized from
RNA by incubating total cellular RNA (2 ug per reaction)
with 0.1 pg oligodT (Pharmacia, Piscataway, NJ) for 5
minutes at 98°C and then by incubating the mixture with
reverse transcription buffer for 1 hour at 37°C. The cDNA
obtained was amplified by using 0.8 umol/L of 2 synthetic

primers specific for human CRP (5'-TCGTATGCCACCAA-
GAGACAAGACA-3’ and 5'-AACACTTCGCCTTG-
CACTTCATACT-3’) and human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (5/-CCCTTCATT-
GACCTCAACTACATGG-3' and 5'-AGTCTTCTGGGTG-
GCAGTGATGG-3’) used as internal standard in the PCR
reaction mixture. A 440-base pair human CRP cDNA
fragment and a 456—base pair human GAPDH cDNA
fragment were amplified enzymatically by 35 and 20 repeated
cycles, respectively. An aliquot of each reaction mixture was
then subjected to electrophoresis on 1% agarose gel contain-
ing ethidium bromide. The intensity of the bands was
measured by an image analysis scanning system (Alpha
Imager 2000; Packard Instrument, Meriden, CT). Titrating
the cDNA samples ensured that the signal lies on the
exponential part of the standard curve. Results obtained by
semiquantitative PCR were confirmed by quantitative real-
time PCR as previously described [21] using specific primers
for human CRP (5'-GTGTTTCCCAAAGAGTCGGA-
TACT-3’ and 5'-CCACGGGTCGAGGACAGTT-3').

2.8. Western blots for PKC, AMPK, STAT-3, and IkBa
protein expression

Western blotting for PKCp, phosphorylated AMPK,
phosphorylated STAT-3, and IxBa was performed using
isozyme-specific monoclonal antibody against PKCS (1/
1000), anti-phosphorylated AMPK (1/1000) and STAT-3 (1/
1000) antibodies, and affinity-purified polyclonal antibody
against IkBa (1/1000). B-Actin or unphosphorylated total
antibodies were used as internal controls.

2.9. Determination of NO production

NO production by HAECs was determined in the
supernatants of cells pretreated for 1 hour with anti-CRP
antibody (10 pug/mL), anti-IgG antibody (10 ug/mL),
AICAR (0.5 umol/L), or BAY11-7085 (10 umol/L) before
exposure to PA (0.2 mmol/L) for 24 hours. NO production
by HAECs treated with CRP (10 pg/mL) for 24 hours was
also evaluated. The measure of NO released by HAECs
was performed according to the method of Green et al [22].
Results were expressed as nitrite production per total cell
protein content.

2.10. Determination of endotoxin levels

The endotoxin content of the PA preparations (0.2 mmol/L)
was determined by the limulus amebocyte lysate assay and was
consistently found to be lower than 3 pg/mL.

2.11. Determination of protein concentrations

Total protein content was measured according to the
Bradford method using a colorimetric assay (Bio-Rad).



Y. Mugabo et al. / Metabolism Clinical and Experimental 60 (2011) 640-648 643

2.12. Determination of cell viability

To exclude the possibility that PA, at maximal concen-
trations used in this study, may exert cytotoxic effect, cell
viability after treatment with PA was determined by trypan
blue exclusion. It was consistently found to be equal to or
higher than 80% (data not shown).

2.13. Statistical analysis

Statistical analysis of the results was performed by 1-way
analysis of variance followed by the Student-Newman-Keuls
test. Differences were considered to be of statistical signifi-
cance at P < .05. Results are expressed as the mean + SEM.

3. Results

3.1. P4 induces CRP protein expression and production
by HAECs

Incubation of HAECs with PA enhanced, in a dose-
dependent manner, CRP protein expression (Fig. 1A).
Maximal effect of PA on CRP protein expression was
observed at 0.2 mmol/L, with no further increase at higher
concentrations (data not shown). In contrast to PA, the
nonmetabolizable palmitate analog 2-bromopalmitate and the
unsatured FFAs oleate and linoleate showed no inductive
effect (Fig. 1B). Exposure of HAECs to C,-ceramide, a cell
permeable ceramide analog, mimicked the effect of PA (Fig.
1B). Recovery of enhanced amounts of CRP from the culture
media reflected the dose-dependent increase in intracellular
CRP protein expression in response to PA (CRP [picograms
per milligram cell protein per milliliter]: medium: 65.83 £5.9;
BSA: 88.63 +7.7; PA [0.05 mmol/L]: 81.12+ 9.5, P> .05 vs
BSA; PA [0.1 mmol/L]: 194.8 £ 16.8, P < .05 vs BSA; PA
[0.2 mmol/L]: 683.1 £32.6, P <.001 vs BSA; PA [0.3 mmol/
L]: 7514 £ 26.1, P <.001 vs BSA).

3.2. Oxidative stress mediates PA-induced endothelial CRP
expression: role of PKC and AMPK

In HAECs, PA induced a significant increase in ROS
production; and C,-ceramide recapitulated this effect
(Fig. 2A). The increase in ROS production elicited by
PA was prevented by the panspecific and selective classic
PKC inhibitors calphostin C and GF109203X, respectively,
and by the selective PKCp inhibitor LY379196 (Fig. 2A),
whereas mitogen-activated protein kinase (MAPK) inhibi-
tors were ineffective (data not shown). Similar inhibitory
effect was observed after treatment of the cells with the
cell permeable AMPK activator AICAR (Fig. 2A).
Treatment of HAECs with the antioxidants NAC and
apocynin or with the PKC inhibitor calphostin C inhibited
the stimulatory effect of PA on CRP protein expression
(Fig. 2B).
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Fig. 1. Effect of PA on endothelial CRP protein expression. Role of ceramide.
Human aortic endothelial cells were treated for 24 hours with (A) increasing
concentrations of PA (0.05-0.2 mmol/L) or with (B) PA (0.2 mmol/),
bromopalmitate (0.2 mmol/L), oleate (0.2 mmol/L), linoleate (0.2 mmol/L), or
C,-ceramide (15 umol/L). At the end of the incubation period, cells were lysed;
and CRP protein expression was determined by Western blot analysis.
CRP level was normalized to the level of f-actin protein. Data represent the
means + SEM of 5 independent experiments. *P < .05, **P < .01, and ***P <
.001 vs BSA. BrPA indicates bromopalmitate; OA, oleate; LA, linoleate; CER,
C,-ceramide.

3.3. PA up-regulates CRP mRNA expression in HAECs

Barely detectable under basal conditions, levels of CRP
mRNA significantly increased in PA-treated HAECs, as
assessed by semiquantitative reverse transcriptase (RT)—
PCR. Induction of CRP gene by PA was time dependent,
with maximal effect being observed after 6 hours of
incubation (Fig. 3A). Extent of CRP mRNA induction by
PA was greater than that observed with the combination of
IL-1 and IL-6 or with LPS at 6 hours, whereas it was
comparable to that elicited by these CRP stimulatory
agents at 24 hours (Fig. 3A). Quantitative determination of
the induction of CRP mRNA levels by PA using real-time
PCR is presented in Fig. 3B. Preincubation of HAECs
with PKC inhibitors (calphostin C, GF109203X,
LY379196), ERK and JNK MAPK inhibitors (PD98059,
U0126, SP600125), or antioxidants (NAC, apocynin)
decreased PA-induced CRP gene expression, as assessed
by both quantitative (Fig. 3B) and semiquantitative (Fig.
3C) RT-PCR. A similar effect was observed when the cells
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Fig. 2. Role of oxidative stress and PKC in PA-induced endothelial CRP
protein expression. A, Human aortic endothelial cells were treated with PA
(0.2 mmol/L) or C2-ceramide (CER) CER (15 umol/L) alone for 3 hours or
were preincubated for 1 hour with CAL C (0.1 ug/mL), GF109203X (20
nmol/L), LY379196 (20 nmol/L), or AICAR (0.5 umol/L) before being
treated with PA. During the final 20-minute incubation period, 20 pug/mL
DCF-DA was added to the culture medium. Intracellular ROS generation
was quickly monitored by measuring fluorescence. B, Human aortic
endothelial cells were pretreated for 1 hour with CAL C (0.1 ug/mL), NAC
(10 mmol/L), or apocynin (10 umol/L) and then exposed to PA (0.2 mmol/
L) for 24 hours. At the end of the incubation period, cells were lysed; and
CRP protein expression was determined by Western blot analysis. CRP
level was normalized to the level of f-actin protein. Data represent the
means = SEM of 3 independent experiments (A) and 4 independent
experiments (B). ***P < .001 vs BSA. GF indicates GF109203X; LY,
LY379196; Apocy, apocynin.

were incubated with the AMPK activator AICAR (Fig. 3B,
C). In light of the inhibitory effect of LY379196, levels of
PKCp expression were further determined in PA-treated
HAECs using Western blot analysis. As expected, a
significant increase in PKCp protein expression was
observed in PA-treated HAECs (data not shown).

3.4. Role of the nuclear factor—xB and Jak/STAT pathways
in PA-induced endothelial CRP mRNA expression

Transcription factors involved in the regulation of the
CRP gene include the nuclear factor (NF)—«B subunits p50
and p65 and STAT-3. Incubation of HAECs with BAY11-

7085, an inhibitor of IkBa phosphorylation, or with AG490,
an inhibitor of the Jak/STAT pathway, prevented the
stimulatory effect of PA on CRP mRNA expression (Fig.
4A). Reflecting the IxkBo-dependent NF-xB activation
induced by PA, decrease in IkBa protein expression was
documented in PA-treated HAECs (Fig. 4B). PA induced
NF-«B activation was prevented by the antioxidant NAC,
the PKCp inhibitor LY379196, the AMPK activator AICAR,
and the MAPK inhibitors SP600125 and U0126 (Fig. 4B).
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Fig. 3. Effect of PA on endothelial CRP mRNA expression. A,
Semiquantitative RT-PCR. Human aortic endothelial cells were incubated
with the combination of IL-15 (25 ng/mL) and IL-6 (10 ng/mL), LPS (1 ug/
mL), or PA (0.2 mmol/L) for 6 or 24 hours. B and C, Human aortic
endothelial cells were pretreated or not for 1 hour with CAL C (0.1 ug/mL),
LY379196 (20 nmol/L), GF109203X (20 nmol/L), PD98059 (10 umol/L),
U0126 (20 umol/L), SP600125 (50 umol/L), NAC (10 mmol/L), apocynin
(10 umol/L), or AICAR (0.5 umol/L) before incubation with PA (0.2 mmol/
L). At the end of the incubation period, cells were lysed; and CRP mRNA
expression was determined by quantitative (B) and semiquantitative (C) RT-
PCR analysis. Data represent the means + SEM of 3 independent
experiments. **P < .01 and ***P < 001 vs BSA. “P < .05, "P < 01,
and *P < 001 vs PA. GF indicates GF109203X; LY, LY379196;PD,
PD98059; SP, SP600125; apocy, apocynin.
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Fig. 4. Role of the NF-«B and Jak/STAT pathways in PA-induced
endothelial CRP mRNA expression. A, Human aortic endothelial cells
were preincubated for 1 hour with BAY11-7085 (10 umol/L) or AG490
(20 umol/L) before being treated with PA (0.2 mmol/L) for 24 hours. B,
Human aortic endothelial cells were preincubated for 1 hour with NAC
(10 mmol/L), LY379196 (20 nmol/L), AICAR (0.5 umol/L), SP600125
(50 umol/L), or U0126 (20 umol/L) before exposure to PA (0.2 mmol/L)
for 3 hours. At the end of the incubation period, cells were lysed; and
CRP gene (A) and IxkBo protein (B) expressions were determined by RT-
PCR and Western blot analysis, respectively. CRP mRNA and IxBo
protein levels were normalized to the levels of GAPDH mRNA and f-
actin protein. Data represent the means = SEM of 5 independent
experiments. *P < .05 and ***P < .001 vs BSA. BAY indicates BAY11-
7085; LY, LY379196; SP, SP600125.

To further evaluate the role of JAK/STAT in PA-induced
CRP gene expression, the effect of PA on STAT-3
phosphorylation was further examined. As expected, PA
significantly increased STAT-3 activity in HAECs, as
reflected by increased levels of STAT-3 phosphorylation in
these cells (data not shown).

3.5. CRP mediates PA-induced decrease in endothelial
NO production

Exposure of HAECs to PA for 24 hours dramatically
decreased the production of NO by these cells. This effect

was abolished by an anti-CRP antibody, whereas an
irrelevant IgG antibody was without effect (Fig. 5A). The
inhibitory effect of PA on NO release was mimicked by
CRP (Fig. 5A). Anti-CRP treatment significantly decreased
the amount of CRP in the conditioned media, thus
demonstrating the efficacy of immunoneutralization of
PA-induced CRP release with anti-CRP antibody (CRP
[picograms per milligram cell protein per milliliter]: BSA:
91.5 £ 40.3; PA: 1121.0 + 54.9, P < .001 vs BSA; PA +
anti-CRP: 109.7 + 20.9).

3.6. Role of AMPK and NF-«kB in PA-induced inhibition
of NO

To evaluate the role of AMPK and NF-xB in the
suppressive effect of PA on NO production, HAECs were
preincubated with AICAR and BAY11-7085 before expo-
sure to PA. As shown in Fig. 5B, treatment of HAECs with
these agents reversed the inhibitory effect of PA on NO
production. Although neither AICAR nor BAY11-7085 had
an effect on basal NO production on their own, both
compounds increased NO production over basal values in
PA-treated cells (Fig. 5B).
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Fig. 5. Role of CRP in PA-induced decrease in endothelial NO production.
Involvement of AMPK and NF-kB pathways. Human aortic endothelial cells
were pretreated for 1 hour with (A) anti-CRP antibody (10 ug/mL), anti-IgG
antibody (10 ug/mL), or CRP (10 ug/mL) or (B) AICAR (0.5 umol/L) or
BAY11-7085 (10 umol/L) and then exposed to PA (0.2 mmol/L) for 24
hours. At the end of this incubation period, the amounts of NO in the cell
supernatants were determined. Data represent the means + SEM of 4 to 5
independent experiments. *P < .05 and **P < .01 vs BSA. BAY indicates
BAY11-7085.
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4. Discussion

There is now clear evidence that human endothelial cells
express and produce CRP in response to various inflamma-
tory and metabolic factors relevant to diabetes and obesity,
including cytokines, high glucose, leptin, and adiponectin.
The present study demonstrates for the first time that PA, at
concentrations that could be reached in patients with the
metabolic syndrome [23], induces CRP synthesis and
secretion in cultured HAECs. It further points to a
pathogenic role for CRP as mediator of the suppressive
effect of PA on NO production. These observations identify
endothelial cell-derived CRP as a possible determinant of
the vascular damaging effects of FFA.

Data generated herein identify several important steps in
PA-induced endothelial CRP expression (Fig. 6). First, there
is evidence that PA should be metabolized to induce CRP
because the nonmetabolizable analog of palmitate, 2-
bromopalmitate, had no effect. It is well known that saturated
fatty acids are preferentially converted to ceramide, and
recent studies have revealed that de novo ceramide synthesis
mediates several adverse effects of PA in endothelial cells,
including the induction of IL-6 [23] and the inhibition of the
Akt/eNOS signaling pathway [24,25]. Our data that
demonstrate that C,-ceramide mimicked the effect of PA
on CRP expression, whereas oleate or linoleate, which do not
cause ceramide accumulation, had no effect [24-26], strongly
suggest that ceramide is the intermediate molecule mediating
PA-induced CRP expression.

Second, our results with antioxidants and PKC inhibitors
provide clear recognition that PKC-driven oxidative stress
mediates the PA-induced increase in endothelial CRP
expression. Enhanced production of ROS in endothelial
cells is a central mechanism underlying vascular lipotoxicity

Palmitate

Ceramide

o

| AMPK=p PKC

+

ROS

MAPK

NF-«B
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I NO

CRP secretion

Fig. 6. Relationship among the signaling pathways potentially involved in
PA-induced decrease in NO production.

[27], and previous work has shown that PA stimulates ROS
production through PKC-dependent activation of nicotin-
amide adenine dinucleotide phosphate (reduced form) (NAD
[P]H) in endothelial cells [28]. Of the PKC isoforms studied
so far, activation of PKCp appears to occur preferentially in
IR states and shows close relationship with vascular oxidant
stress. In agreement with a key role of PKCp in PA-induced
ROS production, our results demonstrate that the specific
PKCp inhibitor LY379196 abrogates ROS production
elicited by PA in HAECs. Given the deleterious effect of
excessive oxidative stress on endothelial cell function, these
data support the notion that PKCp isoform selective
inhibitors may attenuate FFA-induced vascular oxidative
stress and protect vascular function in IR subjects. In contrast
to PKC, AMPK seems to play an important role in protecting
endothelial cells against glucose and FFA-induced oxidative
stress [29,30]. In agreement with a role of AMPK in the
regulation of ROS production by PA, our results demonstrate
that AICAR, a specific AMPK activator, prevents the
oxidative effect of PA in HAECs and abrogates the
inhibitory effect of PA on AMPK phosphorylation in these
cells (Supplementary data). One mechanism by which
AICAR may suppress PA-induced ROS production is
through the inhibition of the DAG-PKC pathway. Support-
ing this possibility, it has been recently reported that AMPK
mediates the inhibitory effect of thialozidinediones on PKC
activation [30] and suppresses NAD(P)H in neutrophils [31].
If this hypothesis is true, most of the oxidative effect of PA
could be determined by its ability to inhibit AMPK
activation. Experiments aimed at evaluating the oxidative
effects of PA when AMPK is inhibited are under way to
evaluate this possibility.

Endothelial CRP induction in response to PA appears to be
exerted at the transcriptional level, as reflected by the parallel
increase in CRP gene and protein expression in PA-treated
HAECs. Results with pharmacologic inhibitors and antiox-
idants demonstrate that PA-induced CRP gene expression is
mediated through oxidative stress and involves PKC/AMPK-
and MAPK-dependent pathways. Transcriptional activation
of the CRP gene by PA may theoretically involve NF-«xB.
Supporting this possibility, activation of IKKS by PA has
been documented in endothelial cells [8,32,33]; and a binding
site for NF-«B has been located in the regulatory sequence of
the CRP gene [34]. Consistent with a critical role of the IKK 3/
NF-«B pathway in the induction of CRP gene expression by
PA, we found that PA reduces the level of IkBo in HAECs
and that BAY11-7085, an IkBo phosphorylation inhibitor,
totally prevented PA-induced CRP mRNA levels. Activation
of PKC, in particular PKCp, can lead to the activation of NF-
kB through direct phosphorylation of IxBo [35] or by
causing the generation of oxidative stress that can secondarily
activate IKK. Our results showing that antioxidants and the
PKCp inhibitor LY379196 prevent the degradation of IkBa
caused by PA support the notion that NF-kB activation in PA-
treated HAECs involves PKCp-dependent ROS production.
These results are in line with those of Maloney et al [33] who
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recently reported that NAD(P)H oxidase-dependent super-
oxide links PA to NF-«xB signaling in human endothelial
cells. It has been previously reported that AMPK may
function as an anti-inflammatory agent and inhibit FFA-
induced NF-xB activation as well as increase in NF-xB—
mediated gene expression [36]. Furthermore, recent data have
shown that activation of this kinase by adiponectin reduced
CRP synthesis in endothelial cells [16]. In agreement with
these observations, the present study demonstrates that
AICAR prevents the decrease in IkBa levels induced by
PA in endothelial cells and abrogates PA-induced CRP gene
expression. PA is a potent inducer of IL-6 expression [6], and
this cytokine participates in the transcriptional activation of
the CRP gene through activating STAT3 [37]. In endothelial
cells, PA may activate the JAK/STAT pathway through
generating NAD(P)H oxidase-derived ROS [38]. Our data
that demonstrate that AG490, a specific JAK2 inhibitor,
decreases the induction of CRP gene expression by PA
support a role for the JAK/STAT pathway in the transcrip-
tional regulation of endothelial CRP by this FFA. In the
whole, our results suggest that not one transcription factor
alone but multiple redox-sensitive transcription factors
together modulate the transcription rate of CRP in response
to FFA. The potential synergistic impact of these factors on
endothelial CRP transcription needs to be specifically
addressed in future studies.

Extracellular signal-regulated kinase 1/2 and JNK
MAPK are well-known downstream targets of oxidative
stress and are activated by PA. Previous studies have shown
that these kinases mediate PA-induced NF-xB activation
[39], promote STAT3 phosphorylation [40], and contribute
to the inhibitory effect of PA on eNOS [5]. Although
previous studies have demonstrated the involvement of the
ERK1/2-MAPK cascade in the induction of vascular CRP by
endothelin and leptin [18,41], the role of the JNK pathway in
endothelial CRP regulation remains unknown. Our findings
that ERK1/2 and JNK inhibitors prevent both PA-induced
NF-xB activation and CRP expression suggest that MAPK-
dependent NF-xB activation is required for the stimulatory
effect of PA on endothelial CRP expression. They further
stress a potential key role for these kinases as transducers of
the vascular inflammatory effects of FFAs.

Clinical studies have shown that high FFA levels are
associated with impaired endothelium-dependent vasodilation
as reflected by decreased basal and insulin-mediated NO
production [42,43]. The cellular mechanism responsible for
FFA impairment of NO production is not well understood,
but activation of the IKK/ pathway seems to be involved [9].
It has been previously reported that CRP inhibits endothe-
lial NO generation [12-14] and acts as mediator of the sup-
pressive effect of uric acid on NO production [44] by vascular
cells. Our results that demonstrate that anti-CRP antibody
and endothelial CRP inhibitory agents prevent the suppressive
effect of PA on NO production expand these works and support
a role for CRP as paracrine regulator of NO production. This
finding suggests that oxidative or inflammatory signaling

pathways induced by PA are not by themselves responsible
for NO inhibition and that CRP is the fundamental mecha-
nism linking these pathways to endothelial dysfunction.

In addition to PA, several cardiometabolic factors linked
to insulin resistance and endothelial dysfunction enhance
CRP production by endothelial cells [17,18,45]. These
results call for careful consideration of the role of endothelial
cells as significant sources of vascular CRP in the setting of
metabolic disorders such as obesity and type 2 diabetes
mellitus and highlight endothelial CRP induction as an
attractive mechanism for the proatherogenic effects of
inflammatory or metabolic factors associated with the
metabolic syndrome. Clearly, further studies are needed to
determine whether CRP concentration is higher in diabetic
atherosclerotic plaques than in nondiabetic ones and whether
CRP, as a cell-based molecule, is an effector of the
atherosclerotic disease and should be considered as a
potential therapeutic target in diabetic vasculopathy.
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