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Abstract End-stage renal disease (ESRD) patients exhibit
increased in vivo oxidative stress conceivably contributing
to cardiovascular mortality. The type IIA secretory phos-
pholipase A, (sPLA;) has proatherogenic activity. We
explored the hypothesis that SPLA, contributes to oxidative
stress generation and endothelial dysfunction in ESRD
patients and transgenic (tg) mice. Patients with ESRD had
increased in vivo oxidative stress as assessed by plasma
isoprostane levels (p<0.001). Active sPLA, in plasma was
substantially increased compared with healthy controls
(1,156=+65 versus 184+5 ng/dL, p<0.001) and correlated
with plasma isoprostanes (#r=0.61, p<0.001). Correspond-
ingly, human sPLA, tg mice display increased generation of
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reactive oxygen species within aortic vascular smooth
muscle cells, leading to severe endothelial dysfunction
(maximal vasodilation in response to 10 pmol/L acetylcho-
line, sPLA, 36+8%, controls 80+2% of phenylephrine-
induced vasoconstriction). Increased vascular oxidative
stress in sPLA, tg mice is dependent on the induction of
vascular cyclooxygenase (COX)2 expression. Conversely,
ESRD patients show increased formation of COX2-derived
prostaglandins (p<0.05) correlated with plasma sPLA, (r=
0.71, p<0.05). Our data indicate that increased expression
of sPLA, might represent a novel causative risk factor
contributing to the increased cardiovascular disease mor-
bidity and mortality in ESRD.

Keywords sPLA, - Oxidative stress - End-stage renal disease -
Endothelial dysfunction

Introduction

Cardiovascular disease (CVD) is the single largest cause of
morbidity and mortality in patients with uremia or reduced
kidney function. In patients with end-stage renal disease
(ESRD), age-adjusted cardiovascular mortality increases
about 30-fold compared with the general population, with
sudden death representing the major cardiovascular cause
of death [1]. However, the underlying pathophysiological
basis of these observations is not clear, and several
traditional as well as nontraditional risk factors may con-
tribute to atherosclerotic CVD in patients with ESRD [2].
Excessive oxidative stress is one of these factors that plays
a central role and might represent a link between several
features observed in ESRD patients that have been
associated with cardiovascular morbidity and mortality,
namely an increased inflammatory load and the extent of
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malnutrition [3]. Increased oxidative stress also causally
contributes to a reduced endothelial capacity in patients
with renal insufficiency [4]. Endothelial dysfunction is
thought to play a key role in the development of
atherosclerotic CVD and to have independent prognostic
implications [5]. Importantly, endothelial capacity is re-
duced already in patients with early stages of chronic
kidney disease, resulting in severe endothelial dysfunction
[6].

The type IIA secretory phospholipase A, (sPLA;) is an
acute-phase protein showing increased expression in acute
as well as chronic inflammatory states [7]. sPLA, is
expressed in response to proinflammatory stimuli in various
cell types including vascular smooth muscle cells (VSMCs)
[7, 8] that show constitutive expression of the enzyme that
is dramatically upregulated in atherosclerotic areas [9, 10].

In experimental mouse models, sPLA, has provided a
potential link between the dyslipidemia of inflammatory
states and increased atherogenesis [11, 12]. Interestingly,
plasma sPLA, levels are significantly increased in human
populations with atherosclerotic CVD and normal kidney
function [13] and predict cardiovascular events comparable
or even superior to C-reactive protein [13].

The aim of this study was (1) to investigate if sPLA,
expression might provide a link to oxidative stress
generation in patients with ESRD, a patient population
with a proinflammatory state and an excessive increase in
CVD mortality, and (2) to explore potential pathophysio-

logical consequences of sPLA, expression on vascular
function in transgenic mice.

Methods
Patient recruitment

The study was approved by the local ethics committee, and
informed consent was obtained from all patients. Sixty
patients with ESRD who had been undergoing maintenance
hemodialysis with a median of 40 (range 26-29) months
were enrolled in this study. Of note, taking the average time
these patients were on hemodialysis into account, this
group might represent a selected group of survivors.
Twenty-five subjects with normal renal function were used
as a control group. The clinical and biochemical character-
istics of patients and control subjects are given in Table 1.
Patients were in a stable condition and free from intercur-
rent illness and infection for at least 3 months. As
confirmed by clinical examination, patients were in a good
state of health, notably without signs of malnutrition or
wasting. All the patients were dialyzed on standard
bicarbonate basis for 4-5 h three times weekly using
biocompatible polysulfone hemodialysis membranes (F60,
Fresenius Medical Care, Bad Homburg, Germany). Dialysis
adequacy was estimated using kt/V values [14]. None of the
patients had residual renal function (diuresis over 24 h

Table 1 Clinical and biochemi-
cal characterization of patients

with ESRD and healthy control

subjects

Data are given as median and
its range

#Kt/v values were estimated
according to the DOQI
guidelines [42]

® Coronary heart disease is
assumed in the case of known
heart attack or diagnosed by
invasive procedures

¢ Hypertension for ESRD patients
was defined as blood pressure
above 140/90 mmHg prior to the
hemodialysis session and
hypertension for controls was
defined according to ESH
guidelines 2007

90ut of 60 patients, 42 were on
antihypertensive medication
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ESRD (n=60) Controls (n=25) P
Age (years) 48 (25-59) 52 (34-64) ns
Sex (male/female) 27/33 14/11 ns
Body weight (kg) 75 (58-88) 64 (59-74) <0.05
Body mass index (kg/mz) 23.4 (21.1-27.4) 21.3 (19.8-23.4) ns
Duration of dialysis (months) 40 (26-83) 0
Systolic blood pressure (mmHg) 134 (124-147) 122 (118-128) <0.05
Diastolic blood pressure (mmHg) 75 (66-89) 73 (69-78) ns
Hemoglobin (g/dL) 11.2 (10.2-11.5) 13.3 (12.9-5.6) <0.05
Serum creatinine (mg/dL) 7.4 (5.6-9.8) 1.0 (0.7-1.1) <0.05
Blood urea nitrogen (mg/dL) 29 (24-42) 15 (11-17) <0.05
Total protein (g/L) 66 (52-82) 72 (68-75) ns
Albumin (g/L) 31.3 (26.2-38.8) 36.2 (33.9-39.4) ns
Cholesterol (mg/dL) 241 (199-298) 214 (178-234) <0.05
CRP (mg/L) 5.4 (1.8-7.6) 1.2 (0.7-1.6) <0.05
Ktiv? 1.4£0.2 -
Smoking 7 0 <0.05
Diabetes 23 0 <0.05
Coronary heart disease® 11 0 <0.05
Family history of cardiovascular disease 23 11 <0.05
Hypertension® 2 0 <0.05
Use of acetylic salicylic acid 16 0 <0.05
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below 100 ml). The venous blood sample was drawn at
midweek before dialysis session. Blood was immediately
placed on ice and centrifuged at 4,000xg for 5 min at 4°C;
plasma was stored at —80°C until analysis.

Quantitation of type IIA sPLA, protein mass and activity

Quantitation of sPLA, by ELISA (Cayman Chemical, Ann
Arbor, MI, USA) and the sPLA, activity assay were
performed essentially as previously described [15].

Cell culture studies

Human VSMCs were obtained from Promocell (Heidelberg,
Germany). Cells were kept according to the manufacturer’s
protocol. For serum stimulation experiments, cells were
washed twice with phosphate-buffered saline (GIBCO,
Karlsruhe, Germany) and then incubated for 24 h in DMEM
supplemented with 5% of the respective human sera as
indicated.

Experimental animals

C57BL/6 J mice were obtained from Charles River
(Sulzfeld, Germany). The human group IIA sPLA, trans-
genic mice on the C57BL/6 J genetic background used in
this study have been described previously [11]. All animal
experiments were approved by the responsible ethics
committee of the Landesamt fiir Gesundheit, Erndhrung
und technische Sicherheit Berlin.

Arterial relaxation studies

The direct effects of acetylcholine (ACH) on arterial
relaxation were evaluated in 2-mm rings of thoracic aorta
from 3-month-old male sPLA, transgenic mice and wild-
type controls as previously described [16]. Selected studies
were performed in rings treated with indomethacin, NS398,
SC-560, and tiron.

mRNA expression analyses by real-time quantitative PCR

Total RNA from cells and mouse aortas was isolated using
TRIZOL. Expression analysis by real-time quantitative
reverse-transcription PCR was performed as previously
published [17]. mRNA expression levels presented were
calculated relative to the average of the housekeeping gene
cyclophilin.

Detection of intracellular O, in aortic tissue

The oxidative fluorescent dye hydroethidine was used to
evaluate in situ the production of superoxide [18].

Quantification of isoprostanes and 2,3-dinor-6-keto-PGF

Plasma and aortic levels of the isoprostane 8,12-is0-iPF, -
VI were measured by gas chromatography—mass spectrom-
etry as previously described [19]. To assess cyclooxygenase
(COX)2 activity in mice, urine was collected for 24 h from
groups of animals, and 2,3-dinor-6-keto-PGF, , levels were
quantified by stable dilution isotope gas chromatography/
mass spectrometry [20]. COX2 activity in humans was
measured according to a protocol of Patrignani and
co-workers [21].

Statistical analysis

Statistical analyses were performed using the statistical
package for social sciences (SPSS Inc., Chicago, IL, USA).
Data are presented as means+SEM. Statistical analysis was
performed using the Mann—Whitney U test to compare
different groups; Spearman's rank correlation coefficient
was used to assess possible associations between different
parameters, and the dose—response curves were compared
using Friedman’s test. All P values presented are two-tailed.
Statistical significance for all comparisons was assigned at
P<0.05.

Results

Increased oxidative stress in ESRD patients is correlated
with elevated plasma sPLA; levels

First, we assessed plasma levels of type IIA sPLA, in
patients with ESRD and explored a potential link to
oxidative stress. Compared with controls, ESRD patients
(n=60) undergoing hemodialysis displayed increased in
vivo oxidative stress as assessed by plasma levels of the
isoprostane 8,12-is0-iPF,, (0.81+0.10 vs. 2.73+£0.44 ng/mL,
p<0.001, Fig. la). Patients with ESRD had on average
6.3-fold higher levels of sPLA, compared with healthy con-
trols (n=25; ESRD 1,156+65 versus controls 184+5 ng/dL,
p<0.001, Fig. 1b). Plasma sPLA, activity was 3.4-fold
elevated in patients with ESRD (ESRD 141£16 vs controls
42+2U/mL, p<0.001, data not shown) and correlated well
with plasma sPLA, concentration measurements (r=0.50,
p<0.001, Fig. lc), indicating that sPLA, in patients with
ESRD is catalytically active. Plasma sPLA, levels in ESRD
patients were neither correlated with the time that these
patients had been undergoing maintenance hemodialysis (=
—0.19, ns) nor with hemoglobin (»=-0.10, ns) or serum
albumin levels (¥=—0.12, ns). There was a trend towards a
correlation between plasma sPLA, and CRP levels (r=0.25,
p=0.062). Neither treatment with statins nor ACE inhibitors
or angiotensin II type 1 receptor antagonists was associated
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with a significant change in plasma sPLA, levels. Body
weight in ESRD was higher than in the control group;
however, no influence of body weight on sPLA, levels was
observed. Higher weight in ESRD patients might indicate a
status of relative good health with minor relevance of the
malnutrition/inflammation complex on the observed results.
Importantly, plasma isoprostanes as marker of oxidative
stress were positively correlated with plasma sPLA, levels in
ESRD (»=0.61, p<0.001, Fig. 1d).

sPLA, expression increases vascular oxidative stress
in transgenic mice

Next, we investigated whether increased sPLA, expression
and oxidative stress generation within the vessel wall are

>

* o C57BL/6

F
o
f

(pg/mg tissue)
]
i

8,12-i50-IPF-VI

WT sPLA,

Fig. 2 sPLA, transgenic animals have increased ROS production and
in vivo oxidative stress. a Aortic content of the isoprostane 8,12-iso-
iPF,-VI in sPLA, transgenic mice and controls (n=5). Data are given
as meanstSEM. Asterisk, significantly different from controls (p<
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causatively linked. We investigated these effects in sPLA,
transgenic mice which have no signs of renal failure. The
plasma levels of human sPLA; in these mice are 95+7 pg/dL.
Aortic levels of the isoprostane 8,12-is0-iPF,,-VI are
elevated in SPLA, transgenic mice compared with wild-type
C57BL/6 controls not expressing sSPLA, (40.8+£11.4 vs. 11.9+
1.1 pg/mg, p<0.05, Fig. 2a), suggesting that SPLA, expres-
sion results in increased lipid peroxidation and in vivo oxida-
tive stress within the vascular wall.

As a further measure of vascular reactive oxygen species
(ROS) generation, EtBr fluorescence was determined by
confocal microscopy in aortas from sPLA, transgenic mice
and controls. In contrast to controls, tissue sections of
aortas from sPLA, transgenic mice showed a marked basal
increase in EtBr fluorescence (Fig. 2b), indicating signifi-

sPLA, tg sPLA, tg + tiron

0.05). b In situ formation of superoxide radicals in aortas from sPLA,
transgenic mice (sPLA, tg) and controls (C57BL/6) using the
oxidative dye hydroethidine detected by fluorescent microscopy as
detailed in “Methods”
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cantly increased production of ROS within the media of the
vessel wall of SPLA, transgenic mice. In the presence of the
free oxygen radical scavenger tiron (10 mmol/L), EtBr
fluorescence in aortas from sPLA, transgenic mice was
reduced to levels observed in controls.

Increased vascular oxidative stress in SPLA, transgenic
mice mediates severe endothelial dysfunction

Next, we studied the potential pathophysiological effects of
increased sPLA,-mediated oxidative stress generation by
assessing vascular function in the sPLA, transgenic mice.
There is an established link between increased oxidative
stress and reduced endothelial function [4]. To examine the
effects of ACH (for endothelium-dependent vasorelaxation)
and sodium nitroprusside (SNP; for endothelium-
independent vasorelaxation) on vascular tone in sPLA,
transgenic mice and controls, both substances were added
to aortic rings precontracted with phenylephrine (PE
1 pmol/L; maximal vasoconstriction 8.1+£0.8 mN, n=16).
Maximal vasoconstriction achieved in response to 1 pmol/L
PE was not significantly different in aortas from sPLA,
transgenic mice and controls. ACH and SNP induced dose-
dependent vasodilation in either SPLA, transgenic mice or
controls (Fig. 3a, b). Maximal ACH-induced vasodilation
was significantly lower in sPLA, transgenic mice compared
with controls, indicating severe endothelial dysfunction in
sPLA, transgenic mice (maximal vasodilation in response
to 10 umol/L ACH in sPLA, transgenic mice 36+8% and
in controls 80+2% of PE-induced vasoconstriction, p<
0.05; n=8; Fig. 3a). EC5y of ACH did not differ between
both groups of experimental animals (ECsy [log mol/L]:

Fig. 3 sPLA, transgenic mice
display severe endothelial dys-
function due to increased aortic
ROS formation. Aortic rings
from sPLA, transgenic mice and
controls were precontracted with
PE, and the direct relaxation
response to ACH (a) and SNP
(b) was evaluated (n=8 experi-

= wild-type
H sPLA, tg

vasoconstriction

sPLA, transgenic —6.2+0.5 and wild type —6.3+0.1,
Fig. 3a). Maximal SNP-induced vasodilation in sPLA,
transgenic mice and controls was not significantly different,
indicating normal endothelial-independent vascular func-
tion in sPLA, transgenic mice (Fig. 3b).

We then investigated the effect of the ROS scavenger
tiron (10 mmol/L) on endothelium-dependent vasodilation
in sPLA, transgenic animals and controls. In the presence
of tiron, the endothelium-dependent vasodilation induced
by increasing doses of ACH was significantly improved
(maximal vasodilation in response to 100 pmol/L ACH in
sPLA, transgenic mice 36+8% of PE-induced vasocon-
striction, sPLA, transgenic + tiron (10 mmol/L) 87+5%
(»<0.05) of PE-induced vasoconstriction, Fig. 3c). In
wild-type controls, the endothelium-dependent vasodila-
tion induced by ACH was not significantly affected by the
presence of tiron (10 mmol/L; Fig. 3d). The maximal vaso-
dilation induced by SNP (100 pmol/L) either in sPLA,
transgenic mice or controls was not affected by tiron (data
not shown).

Increased vascular oxidative stress in sPLA, transgenic
mice is dependent on COX2 expression

As a potential mechanism for the increased generation of
ROS and oxidative stress within the vascular wall of SPLA,
transgenic mice, we evaluated a possible functional
coupling between sPLA, and cyclooxygenases. It has been
previously shown in nonvascular cells that sPLA, can
induce and upregulate COX2 expression [22, 23]. No
significant difference was found regarding the expression of
COX1 in aortas of wild-type controls and sPLA, transgenic
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mice (1.00+£0.09 versus 1.21+0.11, respectively, ns, data
not shown). However, expression of COX2 was increased
by 3.3-fold in aortas from sPLA, transgenic mice compared
with controls (3.33+0.19 vs. 1.00+0.05, respectively, p<
0.001, Fig. 4a). PGE, is a major cyclooxygenase product
and has been shown to be involved in the progression of
vascular inflammatory disease [24]. Aortic levels of the
major cyclooxygenase product PGE, were increased by
2.3-fold in sPLA, transgenic mice compared with controls,
further stressing increased cyclooxygenase activity within
the vascular wall in response to sSPLA, overexpression (102+
21 vs. 4419 pg/ug protein, respectively, p<0.05, data not
shown). As further experimental support for increased
vascular COX2 activity, urinary excretion of 6-keto-PGF
was significantly higher in sPLA, transgenic mice compared
with wild-type littermates (wild type 1,258+216 vs. sPLA,
2,033+£212 pg/mg creatinine, p<0.05, Fig. 4b).
Subsequently, we addressed the effects of altered COX
activity within the vascular wall of sPLA, transgenic mice
on aortic ROS production as assessed by EtBr fluorescence.
Aortic ROS formation in sPLA,-overexpressing vessels
was dramatically reduced to the levels seen in controls by

the addition of the unselective COX1/2 inhibitor indometh-
acin (10 pmol/L; Fig. 4c¢).

As a next step, the pathophysiological consequences of
increased COX-dependent ROS formation within aortas of
sPLA, transgenic mice were investigated. By using the
unselective COX1/2 inhibitor indomethacin (10 pmol/L),
the severely impaired endothelial function of sPLA,
transgenic mice could be completely restored to the level
observed in controls (Fig. 4d). In the presence of the
selective COX1 inhibitor SC-560 (1 umol/L), endothelium-
dependent vasodilation in sPLA, transgenic mice did not
change (Fig. 4d), while in the presence of the selective
COX2 inhibitor NS-398 (20 pmol/L) a significant increase
(»<0.05) in endothelium-dependent vasodilation could
be observed in sPLA, transgenic mice (Fig. 4d). In wild-
type controls, the endothelium-dependent vasodilation
induced by ACH was not significantly affected by the
presence of either indomethacin (10 umol/L), NS-398
(20 pmol/L), or SC-560 (1 umol/L; Fig. 4e). These data
demonstrate that the severe endothelial dysfunction in
sPLA, transgenic mice is dependent on increased
vascular COX2 activity.

A B c sPLA,
= i * 2400
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2 © o
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o
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Fig. 4 sPLA, overexpression results in increased vascular COX2
expression and COX2-dependent ROS formation. a COX2 mRNA
expression in aortas from sPLA, transgenic mice and controls
determined by quantitative real-time PCR. b Urinary 2,3-dinor-6-
keto-PGF, levels as marker for vascular COX2 activity measured in
urine collected for 24 h from sPLA, transgenic mice and controls.
Data are given as meanstSEM. Asterisk, significantly different from
controls (at least p<0.05). ¢ In situ detection of superoxide radicals in
aortas from sPLA, transgenic mice with and without addition of the
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41 10 9 8 7 -6 5 -4
ACH (log mol/L)

COX1/2 inhibitor indomethacin (10 pmol/L for 60 min) using the
oxidative dye hydroethidine. d, e Thoracic aortic rings from sPLA,
transgenic mice (d) and wild-type controls (e) were precontracted with
PE, and direct relaxation responses to ACH in the absence or presence
of the COX1/2 inhibitor indomethacin (10 pmol/L), the specific
COX1 inhibitor SC-560 (10 pmol/L), or the specific COX2 inhibitor
NS-398 (20 pmol/L) were evaluated (n=4 experiments each). Data are
given as means=SEM. Asterisk, significantly different from sPLA,
values without added agents (at least p<0.05)
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Increased COX2-dependent PGE2 formation in ESRD
patients is correlated with plasma sPLA, levels

To investigate whether COX2 activity is also increased in
ESRD patients and whether this might be linked to sPLA,
levels, first, COX2-dependent production of PGE, within
blood as a marker of COX2 activity was measured. PGE,
generation was significantly increased in ESRD patients
compared with controls (42.05+£7.01 vs. 19.574+5.59 ng/mL
in controls, p<0.005, Fig. 5a). Interestingly, COX2 activity
was correlated with plasma sPLA; levels in ESRD patients
(r=0.61, p<0.05, Fig. 5b). Next, we investigated the
potential of serum from healthy controls with normal and
ESRD patients with high levels of sPLA, (ESRD 1,462+
78 ng/dL (n=7) versus controls 120+16 ng/dL, p<0.001)
to induce COX1 and COX2 expression in human aortic
VSMCs: no significant difference was found regarding the
expression of COX1 using serum from healthy controls
compared with serum from ESRD patients (1.00+0.09
versus 1.14+0.14, respectively, ns, Fig. 5c). However,
expression of COX2 was increased by 5.4-fold in hVSMC
in the presence of ESRD serum compared with control
serum (5.44+1.01 versus 1.00+0.05, respectively, p<
0.001, Fig. 5d). These data indicate that similar pathophys-
iological mechanisms might be operative in ESRD patients
as delineated in the human sPLA, transgenic mouse.

Discussion

In the present study, we demonstrate that circulating levels
of functionally active sPLA, are dramatically increased in
ESRD patients closely correlated with plasma isoprostanes,
a highly sensitive marker of in vivo oxidative stress. In
addition, using human sPLA, transgenic mice, we provide
for the first time evidence that increased sPLA, expression
negatively impacts on endothelial function via a COX2-

60

[o]
o

mediated increase in oxidative stress. Furthermore, our data
indicate that in ESRD patients similar pathophysiological
mechanisms might be operative.

sPLA, is a cardiovascular risk factor with intrinsic
proatherosclerotic biological activity. Transgenic overex-
pression of sPLA, in mice results in increased atheroscle-
rosis formation already on a chow diet [12]. sPLA,
decreases plasma high-density lipoprotein (HDL) choles-
terol levels by increasing the HDL catabolic rate [11, 25];
sPLA, induces the formation of aggregated/fused low-
density lipoprotein (LDL) particles [26], and sPLA,-
modified HDL loses its protective properties against LDL
oxidation, which has been attributed to a loss of para-
oxonase activity [27]. Macrophage expression of sPLA,
significantly enhances LDL oxidation even in the absence
of HDL particles [17] and is sufficient to increase
atherosclerotic lesion formation [17, 28]. Our present study
extends these observations by showing that sPLA, expres-
sion also contributes to vascular oxidative stress generation,
resulting in severe endothelial dysfunction.

Plasma sPLA, levels are elevated in patient populations
with atherosclerotic CVD, [13, 29] and are predictive for
the risk of future coronary events in patients with normal
kidney function [13, 30]. Notably, plasma sPLA, levels
determined in these patient populations were substantially
lower than the levels we found in ESRD patients. In all
previous studies, there was a considerable overlap in
plasma sPLA, levels between the groups of patients and
controls. In the present study, however, there was a unique
threshold value of circulating sPLA,, clearly identifying the
patients with ESRD.

Endothelial dysfunction is thought to represent an
important independent clinical predictor for atherosclerosis
development as well as cardiovascular events [5, 31]. This
condition is already present in early stages of chronic
kidney disease [6, 32] and highly pronounced in patients
with ESRD [33, 34]. It is also well documented that
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Fig. 5 ESRD patients display increased COX2 activity correlated
with plasma sPLA, levels. a COX2-dependent PGE, production. b
Correlation between plasma sPLA, levels and COX2-dependent PGE,
formation in ESRD (n=8) patients. mRNA expression of COX1 (c)
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patients with ESRD display increased ROS production and
oxidative stress [35, 36] reflected by increased plasma
isoprostane levels [37] that were in our present study
correlated with plasma sPLA, levels. Increased oxidative
stress substantially contributes to endothelial dysfunction
since superoxide anions (O, ) inactivate nitric oxide (NO),
a principal endothelium-derived relaxing factor [34, 38].
Consistently, overexpression of sPLA, in mice results in
reduced endothelial capacity by increasing the production
of ROS within the vessel wall. This increase occurs
specifically within the media, the area of the vessel wall
that is rich in VSMCs, one of the major cellular sources of
sPLA, expression [8].

sPLA, is an extracellular phospholipase that cleaves
phospholipids at the sn-2 position. The sPLA, reaction
mainly yields arachidonic acid, which is then available as
precursor for the production of prostaglandins [39].
Interestingly, aortas of sPLA, transgenic mice show
increased expression of COX2 mRNA, an increased content
of the major COX product PGE,, and increased urinary
levels of 2,3-dinor-6-keto-PGF,,, an eicosanoid indicative
of increased vascular COX2 activity. On the other hand, the
ESRD patients investigated also had increased COX2-
dependent production of prostaglandins correlated with
plasma sPLA, levels, indicating that similar molecular
mechanisms might be operative in human patients. To test
this hypothesis, administration of a COX2-specific inhibitor
to ESRD patients would be desirable. However, for safety
reasons, selective COX2 inhibitors are currently not
indicated in this group of patients, as there were no studies
approving these medications in ESRD. Although in ESRD
patients administration of a COX2 inhibitor to establish
causality is not possible due to ethical considerations,
pharmacological inhibition of COX2 in sPLA, transgenic
mice resulted in a significant decrease of ROS production
and a normalization of the endothelial dysfunction. While
the COX product PGE, has been demonstrated to be
capable of inducing vasoconstriction [40], there is evidence
that in our system the role of PGE, might be minor. Not
only COX inhibition but also ROS scavengers improved
endothelial dysfunction in sPLA, transgenic mice pointing
to COX as a source of ROS rather than of PGE,.

How the increase in COX2 expression is mediated at the
transcriptional level is presently not clear. Studies per-
formed in different contexts noted increased COX2 expres-
sion when synoviocytes [23] and mast cells [22] were
incubated with purified sPLA, enzyme. In addition,
positive feedback regulation of COX2 by PGE, has been
reported [41], and it is therefore tempting to speculate that
this might also contribute to linking sPLA, and COX2
expression in our experimental model. However, at the
current stage, it cannot be excluded that other factors or

@ Springer

uremic toxins contribute to the induction of COX2 in
response to serum from ESRD patients.

In summary, we provide the first evidence for a dramatic
increase in plasma sPLA, levels as well as enzymatic
activity in patients with ESRD tightly correlated with
oxidative stress. Human sPLA, expression in transgenic
mice resulted in a COX2-dependent increase in ROS
generation within the vascular wall and reduced endothelial
capacity. Therefore, pharmacological inhibition of sSPLA, in
patients with ESRD might represent a novel therapeutic
strategy to decrease the oxidative burden in this high-risk
patient group, conceivably translating into a reduction of
cardiovascular morbidity and mortality.

Acknowledgements This study was supported by grants from the
Deutsche Forschungsgemeinschaft (Ti 268/2-1 to U.J.E.T.), the
Netherlands Organization for Scientific Research (VIDI Grant 917-
56-358; to U.J.F.T.), the Sonnenfeld-Stiftung (M.v.d.G), and the Else
Kroner-Fresenius-Stiftung (to M.v.d.G. and U.J.E.T.)

Disclosures None.

References

1. Baigent C, Burbury K, Wheeler D (2000) Premature cardiovas-
cular disease in chronic renal failure. Lancet 356:147-152

2. Ikizler TA (2002) Epidemiology of vascular disease in renal
failure. Blood Purif 20:6-10

3. Himmelfarb J, Stenvinkel P, Ikizler TA, Hakim RM (2002) The
elephant in uremia: oxidant stress as a unifying concept of
cardiovascular disease in uremia. Kidney Int 62:1524-1538

4. Locatelli F, Canaud B, Eckardt KU, Stenvinkel P, Wanner C,
Zoccali C (2003) Oxidative stress in end-stage renal disease: an
emerging threat to patient outcome. Nephrol Dial Transplant
18:1272-1280

5. Davignon J, Ganz P (2004) Role of endothelial dysfunction in
atherosclerosis. Circulation 109(Suppl 1):11127-11132

6. O'Riordan E, Chen J, Brodsky SV, Smirnova I, Li H, Goligorsky
MS (2005) Endothelial cell dysfunction: the syndrome in making.
Kidney Int 67:1654-1658

7. Nevalainen TJ, Haapamaki MM, Gronroos JN (2000) Roles of
secretory phospholipases A2 in inflammatory diseases and
trauma. Biochim Biophys Acta 1488:83-90

8. Hurt-Camejo E, Camejo G, Peilot H, Oorni K, Kovanen P (2001)
Phospholipase A2 in vascular disease. Circ Res 89:298-304

9. Hurt-Camejo E, Anderson S, Standal R, Rosengren B, Sartipy P,
Stadberg E, Johanses B (1997) Localization of nonpancreatic
secretory phospholipase A2 in normal and atherosclerotic arteries.
Activity of the isolated enzyme on low-density lipoproteins.
Arterioscler Thromb Vasc Biol 17:300-309

10. Romano M, Romano E, Bjorkerud S, Hurt-Camejo E (1998)
Ultrastructural localization of secretory type Il phospholipase A2
in atherosclerotic and nonatherosclerotic regions of human
arteries. Arterioscler Thromb Vasc Biol 18:519-525

11. Tietge UJF, Maugeais C, Cain W, Grass D, Glick JM, deBeer FC,
Rader DJ (2000) Overexpression of secretory phospholipase A2
causes rapid catabolism and altered tissue uptake of high density
lipoprotein cholesteryl ester and apolipoprotein A-1. J Biol Chem
275:10077-10084



J Mol Med (2010) 88:75-83

83

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ivandic B, Castellani LW, Wang XP, Qiao J-H, Mehrabian M,
Navab M, Fogelman AM, Grass DS, Swanson ME, deBeer MC,
deBeer F, Lusis AJ (1999) Role of group II secretory phospho-
lipase A2 in atherosclerosis. 1. Increased atherogenesis and altered
lipoproteins in transgenic mice expressing group Ila phospholi-
pase A2. Arterioscler Thromb Vasc Biol 19:1284-1290
Kugiyama K, Ota Y, Takazoe K, Moriyama Y, Kawano H, Miyao
Y, Sakamoto T, Soejima H, Ogawa H, Doi H, Sugiyama S, Yasue
H (1999) Circulating levels of secretory type II phospholipase A2
predict coronary events in patients with coronary artery disease.
Circulation 100:1280-1284

Daugirdas JT (1995) Simplified equations for monitoring Kt/V,
PCRn, eKt/V, and ePCRn. Adv Ren Replace Ther 2:295-304
Tietge UJF, Kozarsky KF, Donahee MH, Rader DJ (2003) A
tetracycline-regulated adenoviral expression system for in vivo
delivery of transgenes to lung and liver. J] Gene Med 5:567-575
Nofer JR, van der Giet M, Tolle M, Wolinska I, von Wnuck
Lipinski K, Baba HA, Tietge UJF, Godecke A, Ishii I, Kleuser B,
Schafers M, Fobker M, Zidek W, Assmann G, Chun J, Levkau B
(2004) HDL induces NO-dependent vasorelaxation via the
lysophospholipid receptor S1P3. J Clin Invest 113:569-581
Tietge UJF, Pratico D, Ding T, Funk CD, Hildebrand RB, van
Berkel TJ, van Eck M (2005) Macrophage-specific expression of
type IIA secretory phospholipase A2 results in accelerated early
atherogenesis by increasing oxidative stress in LDL-receptor
deficient mice. J Lipid Res 46:1604—1614

Tolle M, Pawlak A, Schuchardt M, Kawamura A, Tietge UJF,
Lorkowski S, Keul P, Assmann G, Chun J, Levkau B, van der
Giet M, Nofer JR (2008) HDL-associated lysosphingolipids
inhibit NAD(P)H oxidase-dependent monocyte chemoattractant
protein-1 production. Arterioscler Thromb Vasc Biol 28:1542—
1548

Pratico D, Tangirala RK, Rader DJ, Rokach J, FitzGerald GA
(1998) Vitamin E suppresses isoprostane generation in vivo and
reduces atherosclerosis in apoE-deficient mice. Nat Med 4:1189—
1192

Cyrus T, Yao Y, Rokach J, Tang LX, Pratico D (2003) Vitamin E
reduces progression of atherosclerosis in low-density lipoprotein
receptor deficient mice with established vascular lesions. Circu-
lation 107:521-523

Patrignani P, Panara MR, Greco A, Fusco O, Natoli C, Iacobelli S,
Cipollone F, Ganci A, Creminon C, Maclouf J (1994) Biochem-
ical and pharmacological characterization of the cyclooxygenase
activity of human blood prostaglandin endoperoxide synthases. J
Pharmacol Exp Ther 271:1705-1712

Tada K, Murakami M, Kambe T, Kudo I (1998) Induction of
cyclooxygenase-2 by secretory phospholipases A2 in nerve
growth factor-stimulated rat serosal mast cells is facilitated by
interaction with fibroblasts and mediated by a mechanism
independent of their enzymatic functions. J Immunol 161:5008—
5015

Bidgood MJ, Jamal OS, Cunningham AM, Brooks PM, Scott KF
(2000) Type IIA secretory phospholipase A2 up-regulates
cyclooxygenase-2 and amplifies cytokine-mediated prostaglandin
production in human rheumatoid synoviocytes. J Immunol
165:2790-2797

Cheng Y, Wang M, Yu Y, Lawson J, Funk CD, Fitzgerald GA
(2006) Cyclooxygenases, microsomal prostaglandin E synthase-1,
and cardiovascular function. J Clin Invest 116:1391-1399
deBeer FC, Connell PM, Yu J, deBeer MC, Webb NR, van der
Westhuyzen DR (2000) HDL modification by secretory phospho-
lipase A2 promotes scavenger receptor class B type I interaction
and accelerates HDL catabolism. J Lipid Res 41:1849—1857

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Hakala JK, Oorni K, Pentikainen MO, Hurt-Camejo E, Kovanen
PT (2001) Lipolysis of LDL by human secretory phospholipase
A2 induces particle fusion and enhances retention of LDL to
human aortic proteoglycans. Arterioscler Thromb Vasc Biol
21:1053-1058

Leitinger N, Watson AD, Hama SY, Ivandic B, Qiao J-H, Huber J,
Faull KF, Grass DS, Navab M, Fogelman AM, deBeer FC, Lusis
Al, Berliner JA (1999) Role of group II secretory phospholipase
A2 in atherosclerosis. 2. Potential involvement of biologically
active oxidized phospholipids. Arterioscler Thromb Vasc Biol
19:1291-1298

Webb NR, Bostrom MA, Szilvassy SJ, van der Westhuyzen DR,
Daugherty A, de Beer FC (2003) Macrophage-expressed group
IIA secretory phospholipase A2 increases atherosclerotic lesion
formation in LDL receptor-deficient mice. Arterioscler Thromb
Vasc Biol 23:263-268

Kugiyama K, Ota Y, Sugiyama S, Kawano H, Doi H, Soejima H,
Miyamoto S, Ogawa H, Takazoe K, Yasue H (2000) Prognostic
value of plasma levels of secretory type II phospholipase A2 in
patients with unstable angina pectoris. Am J Cardiol 86:718-722
Boekholdt SM, Keller TT, Warecham NJ, Luben R, Bingham SA,
Day NE, Sandhu MS, Jukema JW, Kastelein JJ, Hack CE, Khaw
KT (2005) Serum levels of type II secretory phospholipase A2
and the risk of future coronary artery disease in apparently healthy
men and women: the EPIC-Norfolk Prospective Population Study.
Arterioscler Thromb Vasc Biol 25:839-846

. Landmesser U, Drexler H (2005) The clinical significance of

endothelial dysfunction. Curr Opin Cardiol 20:547-551

Chade AR, Lerman A, Lerman LO (2005) Kidney in early
atherosclerosis. Hypertension 45:1042—1049

Ghiadoni L, Cupisti A, Huang Y, Mattei P, Cardinal H, Favilla S,
Rindi P, Barsotti G, Taddei S, Salvetti A (2004) Endothelial
dysfunction and oxidative stress in chronic renal failure. J Nephrol
17:512-519

Passauer J, Pistrosch F, Bussemaker E, Lassig G, Herbrig K,
Gross P (2005) Reduced agonist-induced endothelium-dependent
vasodilation in uremia is attributable to an impairment of vascular
nitric oxide. ] Am Soc Nephrol 16:959-965

Vaziri ND (2004) Oxidative stress in uremia: nature, mechanisms,
and potential consequences. Semin Nephrol 24:469-473

Ikizler TA, Morrow JD, Roberts LJ, Evanson JA, Becker B,
Hakim RM, Shyr Y, Himmelfarb J (2002) Plasma F2-isoprostane
levels are elevated in chronic hemodialysis patients. Clin Nephrol
58:190-197

Handelman GJ, Walter MF, Adhikarla R, Gross J, Dallal GE,
Levin NW, Blumberg JB (2001) Elevated plasma F2-isoprostanes
in patients on long-term hemodialysis. Kidney Int 59:1960-1966
Hamilton CA, Brosnan MJ, McIntyre M, Graham D, Dominiczak
AF (2001) Superoxide excess in hypertension and aging: a
common cause of endothelial dysfunction. Hypertension 37:529—
534

Kudo I, Murakami M (2002) Phospholipase A2 enzymes.
Prostaglandins Other Lipid Mediat 68—69:3—58

Tazzeo T, Miller J, Janssen LJ (2003) Vasoconstrictor responses,
and underlying mechanisms, to isoprostanes in human and porcine
bronchial arterial smooth muscle. Br J Pharmacol 140:759-763
Vichai V, Suyarnsesthajorn C, Pttiayakhajonwut D, Sriklung K,
Kirtikara K (2005) Positive feedback regulation of COX-2
expression by prostaglandin metabolites. Inflamm Res 54:163—
172

National Kidney Foundation (1997) DOQI NKF clinical practice
guidelines for hemodialysis adequacy. National Kidney Foundation,
New York, pp 4246

@ Springer



	Increased type IIA secretory phospholipase A2 expression contributes to oxidative stress in end-stage renal disease
	Abstract
	Introduction
	Methods
	Patient recruitment
	Quantitation of type IIA sPLA2 protein mass and activity
	Cell culture studies
	Experimental animals
	Arterial relaxation studies
	mRNA expression analyses by real-time quantitative PCR
	Detection of intracellular O2− in aortic tissue
	Quantification of isoprostanes and 2,3-dinor-6-keto-PGF1α
	Statistical analysis

	Results
	Increased oxidative stress in ESRD patients is correlated with elevated plasma sPLA2 levels
	sPLA2 expression increases vascular oxidative stress in transgenic mice
	Increased vascular oxidative stress in sPLA2 transgenic mice mediates severe endothelial dysfunction
	Increased vascular oxidative stress in sPLA2 transgenic mice is dependent on COX2 expression
	Increased COX2-dependent PGE2 formation in ESRD patients is correlated with plasma sPLA2 levels

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


