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Abstract
Background. The activation of polymorphonuclear leu-
cocytes (PMNLs) causes inflammation and as a result car-
diovascular disease, which is a main risk factor for
increased morbidity and mortality in patients with chronic
kidney disease. Toxins accumulating in uraemic patients
play a major role in modulating essential PMNL functions
and apoptosis, the latter being crucial for a coordinated
resolution of inflammation. One uraemic toxin is phenyla-
cetic acid (PAA). We therefore investigated whether PAA
contributes to the deranged immune response in uraemia
by modulating PMNL activities.
Methods. PMNL oxidative burst, phagocytosis and surface
expression of the activation markers CD11b and CD18 were
measured by flow cytometry in whole blood from healthy
subjects in the presence and absence of PAA. Spontaneous
apoptosis of isolated PMNLs was assessed by evaluating
morphological features under the fluorescence microscope
and by measuring the DNA content by flow cytometry.
PMNL chemotaxis was tested by the under-agarose method.
Results. PAA significantly enhanced the stimulation of
PMNL oxidative burst by Escherichia coli, phagocytosis of
E. coli by PMNLs and the expression of CD11b and CD18
at the PMNL surface. PAA significantly decreased PMNL
apoptosis resulting in an increased percentage of viable
cells. PAA affected neither the oxidative burst stimulated by
phorbol-12-myristate-13-acetate nor PMNL chemotaxis.
Conclusions. PAA increases the activation of various
PMNL functions and the expression of surface activation
markers, while it attenuates PMNL apoptotic cell death.
Therefore, PAA may contribute to the inflammatory state
and consequently to increased cardiovascular risk in
uraemic patients.
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Introduction

Cardiovascular disease and infections are the main risk
factors leading to increased morbidity and mortality in

patients with chronic kidney disease (CKD) [1]. Both
complications are directly or indirectly linked to a
compromised immune defence. Disturbed functions of
polymorphonuclear leucocytes (PMNLs) play a key role
in the defective non-specific immune response in CKD
[2]. PMNLs, cells of the first-line non-specific immune
defence, migrate to the site of infection along a chemotac-
tic gradient, ingest the invading microorganisms by pha-
gocytosis and kill them with proteolytic enzymes and
toxic oxygen radicals produced during the oxidative burst.
Their normal response can be impaired giving rise to
infectious diseases or can be pre-activated/primed leading
to inflammation and consequently to cardiovascular
disease. Whereas the coordinated removal via apoptosis
of activated immune cells is crucial for the resolution of
inflammation [3, 4], inappropriately high apoptotic rates
lead to a diminished immune response.
Various compounds usually excreted by the kidneys are

retained in uraemic patients. One uraemic toxin is phenyl-
acetic acid (PAA). It was not detected by NMR spec-
troscopy in the plasma of healthy subjects but in the
plasma of CKD patients [5]. PAA in patients with end-
stage renal disease (ESRD) inhibits the expression of
inducible nitric oxide synthase (iNOS) in mononuclear
leucocytes [5]. Total plasma PAA level consists of a
protein-bound fraction and an unbound biologically active
fraction. In ESRD patients, total and free plasma concen-
trations of PAA were found to be 3.49 ± 0.33 and
2.5 ± 0.5 mM, respectively [5]. PAA is the major metab-
olite of the neurotransmitter phenylethylamine and there-
fore also studied in psychiatry. Of note, PAA has been
detected in plasma samples of schizophrenic patients and
also in plasma samples of patients with various neurologi-
cal diseases [6, 7]. However, in both studies, no infor-
mation about the kidney function of those patients was
provided.
PAA impairs macrophage functions such as the intra-

cellular killing of bacteria, as well as lipopolysaccharide
(LPS)/interferon-γ-induced iNOS expression in a murine
macrophage cell line [8].
Uraemic retention solutes have been classified by a

European expert panel [9–12]. One potential uraemic
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toxin is PAA. Several uraemic retention solutes have
already been studied and shown to affect essential PMNL
functions [13–20]. In contrast, so far no study has ad-
dressed the potential effects of the uraemic toxin PAA on
PMNLs. In vitro assays testing the biological effects of
uraemic retention solutes represent a straightforward way
to identify uraemic toxins and to choose candidates for
further in-depth analysis [21]. Thus, we investigated
whether PAA affects PMNL functions such as chemo-
taxis, phagocytosis, oxidative burst and the expression of
surface adhesion markers, and also whether PAA affects
spontaneous PMNL apoptosis using whole blood samples
or isolated PMNLs from healthy subjects.

Materials and methods

Materials

Giemsa was from Merck (Darmstadt, Germany), Ficoll-Hypaque from
GE Healthcare (Uppsala, Sweden) and Hank’s buffered saline from
Gibco (Paisley, UK). PAA and all other chemicals were from Sigma-
Aldrich, St Louis, MO, unless otherwise indicated. The PAA stock sol-
ution was prepared as follows: PAAwas dissolved in ethanol to obtain a
2 M PAA solution. The pH value of this stock solution was adjusted to
7.25 with NaOH dissolved in phosphate-buffered saline (PBS, pH 7.4;
Gibco). The final assay concentration of ethanol was 0.5 v/v % and was
used as control in all assays.

LPS assay

Previous unpublished experiments from our laboratory showed that
PMNL surface expression of adhesion markers are increased in the pres-
ence of 1 EU/mL LPS. Therefore, we tested PAA for potential LPS
contamination.

To check the LPS content of the samples, we used the Limulus
Amebocyte Lysate assay QCL-1000™ (Lonza, Walkersville, MD) which
utilizes a modified Limulus Amebocyte Lysate and a colour producing
substrate to detect endotoxin. No endotoxin was detected in the samples.

Blood donors

There were 21 healthy male and 16 healthy female blood donors with
average ages of 40.3 ± 2.2 and 40.6 ± 2.3 years, respectively. Informed
consent was given by all donors. People taking medication or having in-
fection or inflammation were excluded. The blood donors had no renal,
psychiatric or neurological disease.

Oxidative burst

PMNL oxidative burst was measured in whole blood with the Bursttest®

(Opregen Pharma, Heidelberg, Germany). Ten microlitres of PAA stock
or control solution were added to 90 µL heparinized blood and incubated
for 15 min at 37°C. After stimulation with opsonized Escherichia coli
(Opregen Pharma) at a final concentration of 1.7 × 108 cells/mL, with
phorbol-12-myristate-13-acetate (PMA; Opregen Pharma) at a final con-
centration of 1.35 × 10–6M or with formyl-methyl-leucyl-phenylalanine
(fMLP; Opregen Pharma) at a final concentration of 8.3 × 10−7M, the
incubation was continued for another 10 min and PMNLs were exposed
to the fluorogenic substrate dihydrorhodamine 123 for exactly 10 min
at 37°C. Erythrocytes were lysed for 20 min at room temperature with
lysis buffer (Opregen Pharma). PMNLs were identified by their forward/
sideward scatter properties. The conversion of dihydrorhodamine 123
to fluorescent rhodamine 123 was quantified by flow cytometry (Epics
XL-MCL; Coulter, Hialeah, FL) and measured as mean fluorescence
intensity (MFI).

Phagocytosis

PMNL phagocytosis was measured using the Phagotest® (Opregen
Pharma). To 90 µL heparinized whole blood, 10 µL PAA stock or
control solution was added and incubated for 15 min at 37°C. After
addition of fluorescein isothiocyanate (FITC)-labelled opsonized E. coli
(Opregen Pharma), the incubation was continued for exactly 10 min at
37°C. Escherichia coli uptake was stopped by putting the samples on
ice. Adding quenching solution (Opregen Pharma) allowed the

discrimination between attachment and internalization of bacteria by
quenching the FITC fluorescence of surface-bound bacteria leaving the
fluorescence of internalized particles unaltered. Erythrocytes were lysed
for 20 min at room temperature. The percentage of PMNL that had been
taken up and the amount of ingested E. coli per PMNL measured as MFI
in the absence and presence of PAA was determined by flow cytometry
(Epics XL-MCL).

Expression of CD11b and CD18 on PMNL surface

To 90 µL whole blood anti-coagulated in 10 mL Lithium Heparin Vacu-
tainer tubes (Vacuette®, Greiner bio-one, Kremsmünster, Austria), 10 µL
of a PAA stock or control solution was added and incubated at 37°C for
60 min. Fluorescently labelled antibodies (PC5-anti-CD11b, ECD-
anti-PE-anti-CD18; Coulter International Corp.) were added and the
samples incubated for 10 min at room temperature. After lysis of erythro-
cytes using the automatic sample processing ImmunoPrep Reagent
System (Beckman Coulter, Inc.) and Multi-Q-Prep (Coulter International
Corp.), the samples were immediately analysed. The flow cytometry was
performed on an Epics XL-MCL (Coulter International Corp.). PMNLs
were gated using the forward/sideward scatter characteristics.

Isolation of PMNLs

As previously described [17], PMNLs were isolated from heparinized
blood of healthy volunteers by discontinuous Ficoll–Hypaque density
gradient centrifugation and hypotonic lysis of erythrocytes and finally
suspended in PBS. The viability of the PMNLs obtained by this protocol
was >95% as determined under the fluorescence microscope.

Apoptosis

Incubations. PMNLs isolated under sterile conditions were incubated
at 6 × 106 cells/mL at 37°C for 20 h in PBS supplemented with 100 U/
mL penicillin–streptomycin (GibcoBRL).

Morphological features. After mixing the cell suspension with the flu-
orescent DNA-binding dyes ethidium bromide (GibcoBRL) and acridine
orange (Merck) at a final concentration of 5 µg/mL each, PMNLs were
examined under the fluorescence microscope. Acridine orange binds to
DNA and appears green. PMNLs with a damaged plasma membrane
take up ethidium bromide staining DNA orange to a stronger extent.
DNA in non-apoptotic cells is structured within the nucleus, while DNA
in apoptotic cells is condensed. Therefore, viable non-apoptotic (green,
structured nucleus), apoptotic (green, condensed nucleus) and secondary
necrotic (orange, condensed nucleus) cells can be observed.

Analysis of the DNA content by flow cytometry. As a result of DNA
cleavage by an activated nuclease, apoptotic cells have a lower DNA
content. PMNLs (1.2 × 106/200 µL) were centrifuged at 360g for 10 min
and washed with PBS. To the pellet, 250 µL ice-cold 70% ethanol was
added. After 60 min incubation on ice, centrifugation and washing with
PBS, PMNLs were resuspended in 200 µL PBS containing 250 µg/mL
RNAse (type I-A; Sigma, St Louis, MO) and 50 µg/mL propidium
iodide (Sigma). Samples were kept on ice in the dark until flow cyto-
metric analysis.

Data presentation. Our data are presented as the percentage of viable
PMNLs. Apoptotic PMNLs are in a stage between viability and
secondary necrosis. Under in vivo conditions, apoptotic PMNLs would
be readily phagocytozed. Therefore, viable PMNLs are most important
for the interpretation of our results.

Activity of intracellular kinases

Incubations. PMNLs (3 × 106 in 100 µL) were incubated in the pres-
ence of PAA or control at 37°C for 5 min. Twenty microlitres of PBS or
stimulus were added and incubated for 5 min. For PMA, the final con-
centration was 1.35 µM and for E. coli (from the Bursttest® kit) 1.2 to
2.4 × 108 cells/mL.

Preparation of extracts. PMNLs were suspended in 125 µL lysis buffer
[20 mM Tris, pH7.5; 150 mM NaCl; 1 mM ethylene diamine tetraacetic
acid; 1 mM ethylene glycol tetraacetic acid, 1%(v/v) Triton-X100; 2.5
mM sodium pyrophosphate; 1 mM Na3VO4; 1 µg/mL leupeptin; 1 mM
phenyl-methyl sulphonyl fluoride]. After addition of protease inhibitor
cocktail (6.25 µL), cells were incubated on ice for 5 min and sonicated
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four times for 5 s each. PMNL extracts were centrifuged (4°C, 10 s,
10 000g), and the supernatant was used for western blotting.

Western blotting. A half volume of 3× sample buffer [187 mM Tris,
pH6.8; 6% (v/v) sodium dodecyl sulphate (SDS); 0.03% (w/v)
bromphenol blue; 7.5% (v/v) β-mercapto ethanol] was added to the
lysate. Proteins were then separated by SDS–polyacrylamide gel
electrophoresis (GE Healthcare) and electrotransfered to a nitrocellulose
membrane. Polyclonal rabbit anti-p38 mitogen-activated protein kinase
(MAPK), anti-phospho-p38 MAPK, anti-p44/42 kinase and anti-
phospho-p44/42 kinase (Cell Signaling Technology Inc., Beverly, MA)
were used as primary antibodies and detected by a horseradish
peroxidase-labelled goat-anti-mouse antibody and the enhanced
chemiluminescence detection system (GE Healthcare). The intensity of
the bands was quantified as MFI with the Personal Densitometer SI
(Molecular Dynamics) and the image master 1D software (Amersham
Biosciences).

Enzyme-linked immunosorbent assay. Endogenous phosphorylated and
total c-Jun N-terminal kinase (JNK) in PMNL lysates were detected by
an enzyme-linked immunosorbent assay (ELISA; Cell Signaling Tech-
nology, Inc.). Microtitre plates were precoated with a mouse monoclonal
antibody specific for phosphorylated and total JNK, respectively. JNK in
the lysates was bound to the immobilized antibody. After washing away
unbound substances, a rabbit antibody specific for phosphorylated or
total JNK conjugated to horseradish peroxidase was added. Unbound
reagent was washed away and the substrate tetramethylbenzidine was
added. After stopping the colour development with sulphuric acid, the
OD was quantified with a microplate reader (Anthos Reader HT 3;
Anthos Labtec Instruments; Wals-Siezenheim; Austria) at 450 nm.

Chemotaxis

PMNL chemotaxis was determined by the under-agarose method [17].
Formyl-methyl-leucyl-phenylalanine fMLP dissolved in PBS at a final
concentration of 4 × 10−7M was used as chemoattractant. Five × 105

PMNLs were resuspended in 10 µL control or PAA solution. After incu-
bation for 2 h at 37°C, the cells were fixed with methanol and parafor-
maldehyde and stained with Giemsa (Merck). The distance migrated
under the agarose was measured under the microscope.

Statistical analysis

The Wilcoxon matched-pair signed-rank test was used to analyse data
from at least six independent experiments. When less than six indepen-
dent experiments were performed, data were analysed by paired two-
tailed t-test. Data are presented as mean values ± standard error of the
mean (SEM).

Results

PAA enhances the stimulation of PMNL oxidative burst
by E. coli

The effect of PAA on the oxidative burst was tested in
whole blood obtained from healthy subjects. PAA is not
detectable in serum samples of healthy subjects. There-
fore, different PAA concentrations were added to whole
blood samples obtained from healthy persons [5]. PAA
alone did not affect the basal production of reactive
oxygen species (Table 1). Pre-incubation of whole
blood with PAA significantly increased the subsequent
stimulation of PMNL oxidative burst induced by E. coli
relative to the basal levels (Figure 1). Already a final
level of 2.5 mM, the biologically active concentration of
PAA measured in ESRD patients [22], leads to this
priming effect. A further increase in PAA levels (5 or
10 mM) resulted in an additional dose-dependent in-
crease in oxidative burst stimulation by E. coli. When
PMA was used as a stimulant, no priming by PAA was

observed within the concentration range tested (data not
shown). fMLP did not stimulate the PMNL oxidative
burst, neither in the absence nor in the presence of
PAA (data not shown).

PAA increases the phagocytosis of E. coli by PMNLs

We measured the percentage of PMNL taking up
E. coli bacteria by phagocytosis and the amount of
E. coli taken up per PMNL expressed as MFI.
95.1 ± 0.7% PMNLs took up E. coli and there was no
significant change when PAA was added (data not
shown). However, the number of E. coli taken up per
PMNL was increased in the presence of 2.5 mM PAA
(Figure 2). A further increase in PAA concentration did
not lead to a higher E. coli uptake.

Table 1. Effect of PAA on the basal activity of PMNL oxidative burst
expressed as MFI and the percentage (values in the absence of PAA set
as 100%)

PAA (mM)

0 2.5 5 10

MFI 0.57 ± 0.04 0.54 ± 0.04 0.54 ± 0.03 0.54 ± 0.02
Percentage 100 ± 0 96 ± 2 95 ± 2 96 ± 3

n = 9; mean values ± SEM.

Fig. 1. PAA enhances the stimulation of PMNL oxidative burst by E.
coli. PAA was added to whole blood from healthy persons to final
concentrations of 2.5, 5 and 10 mM. The degree of stimulation relative
to the basal levels (absence of any stimulus) calculated from the MFIs is
shown. Nine independent experiments were performed. **P < 0.01
versus 0 mM PAA, mean values ± SEM.
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PAA increases the expression of CD11b and CD18
on PMNLs

Addition of PAA to whole blood significantly increased
the expression of the activation markers CD11b
(Figure 3A) and CD18 (Figure 3B) on the surface of
PMNLs.

PAA increases PMNL viability by reducing spontaneous
apoptosis

Already a final PAA concentration of 1.25 mM, half of
the biologically active concentration observed in ESRD
patients, reduced spontaneous PMNL apoptosis and as a
result increased the viability of PMNLs as determined by
evaluating morphological features (Figure 4A) and by
measuring the DNA content (Figure 4B). This suggests
that this effect may occur already in early stages of CKD
with a small rise in serum PAA concentration.

PAA does not affect the activation of p38 MAPK, p44/42
MAPK and JNK

We assessed the activation of the intracellular kinases p38
MAPK and p44/42 MAPK by measuring their degree of
phosphorylation via western blotting with specific anti-
bodies. Escherichia coli and PMA significantly induced
the activation of p38 MAPK (Figure 5A and B) and of
p44/42 MAPK (Figure 6A and B). Pre-incubation of
PMNLs with 2.5 mM PAA did not lead to a change in
stimulation by E. coli or PMA. The total amount of p38
MAPK (Figure 5) and of p44/42 MAPK (Figure 6) was
not affected by E. coli, PMA or PAA.

In contrast to PMA, E. coli did not induce an activation
of JNK in PMNLs (data not shown). Incubation of the

cells in the presence of PAA also had no effect on the
phosphorylation status of JNK protein (data not shown).

PAA does not affect PMNL migration

At final concentrations of up to 10 mM, PAA had no effect
on random PMNL movement (chemokinesis) and directed
migration towards fMLP (chemotaxis; data not shown).

Discussion

PAA, a partially protein-bound low-molecular weight sub-
stance, accumulates in the blood of patients with kidney
failure [5, 23, 24]. We tested whether PAA affects essen-
tial functions of PMNLs and thereby contributes to
the deranged immune defence in CKD patients. PAA

Fig. 2. PAA increases the phagocytosis of E. coli by PMNLs. PAAwas
added to whole blood from healthy persons to final concentrations of
2.5, 5 and 10 mM. The uptake of FITC-labelled opsonized E. coli by
PMNLs is shown as MFI. Seven independent experiments were
performed. *P < 0.05 versus 0 mM PAA, mean values ± SEM.

Fig. 3. PAA increases the expression of CD11b and CD18 on PMNLs.
PAA was added to whole blood from healthy persons to final
concentrations of 2.5, 5 and 10 mM. The expression of CD11b (A) and
CD18 (B) on the PMNL surface is shown as MFI. Seven independent
experiments were performed. *P < 0.05 and **P < 0.01 versus 0 mM
PAA, mean values ± SEM.
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enhanced the activation of the oxidative burst, phagocyto-
sis of bacteria and surface expression of β2-integrins.
PAA also increased the viability of those primed PMNLs
and therefore PAA may contribute to the inflammatory
state in CKD and as a consequence to cardiovascular
complications. One could argue that the observed effects,
even though statistically significant, are only relatively
small and of little biological relevance. However, the con-
certed action of several uraemic toxins leads to a more
pronounced effect on essential functions than caused by
the increased concentration of a single compound.

Patients with higher evidence of leucocyte activation
have increased mortality rates [25] and in vivo cell pre-
activation is a risk factor for cardiovascular diseases [26].
In CKD patients, immunodeficiency coexists with the
activation of immune cells contributing to chronic inflam-
mation [27, 28]. The disturbed non-specific immune
system in CKD is mainly a consequence of deranged
PMNL functions [29–31]. Uraemic toxins, substances that
accumulate in CKD patients play a pivotal role in disturb-
ing PMNL activities [17–20, 32, 33].

The newly identified uraemic toxin PAA inhibits iNOS
of mononuclear leucocytes [5]. PAAwas not detectable in
the plasma of healthy people [5]. Of note, PAA, the major
metabolite of the neuromodulator phenylethylamine, has
been previously detected in schizophrenic patients and
subjects with neurological diseases [6, 7]. Plasma levels
of total PAA in ESRD patients are 3.49 ± 0.33 mM. As a
result of protein binding, the free, biologically active con-
centration is 2.44 mM [5]. During haemodialysis, only
one-third of PAA is removed [23]. PAA is also not suffi-
ciently eliminated by haemofiltration because of protein
binding [34] and as a result of fast refilling of the vascular
compartment from the extravascular space [24]. In the
present study, we tested the in vitro effect of PAA on
PMNL functions at concentrations previously shown to
impair macrophage functions [8].
The priming of leucocytes controls host defence

responses leading to a continuum of activation states [35].
During priming, the functional response to a stimulus is
amplified by previous exposure to a priming agent. An in-
appropriate extent of priming contributes to inflammation.
PMNL priming, a key mediator of low-grade inflam-
mation and oxidative stress in CKD patients, is observed
already before the onset of renal replacement therapies
[36]. We showed that PAA primes the stimulation of
PMNL oxidative burst by E. coli and therefore may con-
tribute to inflammation in CKD. Pre-treatment with PAA
not only evoked an increased PMNL oxidative burst after
stimulation by E. coli but also increased the uptake of E.
coli by phagocytosis. In contrast, the phagocytic activity
of the murine macrophage cell line was not significantly
affected by PAA [8].
Adhesion of circulating PMNLs via β2-integrin

expression to activated vascular endothelial cells is a first
step in the pathogenesis of inflammatory conditions
leading to vascular damage [37, 38] and an increased risk
of atherosclerosis [39]. PMNLs of CKD patients show a
high CD11b expression [40] contributing to the pre-acti-
vation of the immune system [41]. PMNLs of patients
with mild CKD already have already an altered PMNL in-
tegrin pattern reflecting a state of PMNL activation related
to the high incidence of cardiovascular events in CKD
[42]. Our results show that PAA increases the expression
of the activation markers CD11b and CD18 on PMNLs
and may therefore account for the inflammatory state of
CKD patients.
While PMNLs contribute to an efficient defence

against infections, any discharge of PMNL cytotoxic pro-
ducts into the extracellular space leads to a prolonged
inflammation and tissue destruction [43]. Therefore, the
coordinated removal of PMNLs via apoptosis is important
for the resolution of inflammation [44]. We previously
identified and characterized free Ig-light chains [16] and
hydroxy-hippuric acid [45] as PMNL apoptosis-attenuating
uraemic toxins [18]. In the present study, we found that
also PAA significantly reduces spontaneous PMNL apopto-
sis (Figure 4). Increasing the viability of primed PMNLs
may represent another effect of PAA contributing to
inflammation in CKD.
Coxon et al. [46] previously showed that pro-apoptotic

effects of CD11b/CD18 activation may be mediated by

Fig. 4. PAA increases PMNL viability by reducing spontaneous
apoptosis. PMNLs isolated from healthy subjects were incubated for 20
h in the absence of PAA (0 mM) or at final PAA concentrations of 0.5,
1.25, 2.5, 5, 7.5 and 10 mM. The percentage of viable PMNLs was
assessed by measuring morphological features (A) and the DNA-content
(B). Six to 8 independent experiments were performed. *P < 0.05 and
**P < 0.01 versus 0 mM PAA, mean values ± SEM.
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oxidants in PMNLs. Our data indicate that increased
CD11b/CD18 expression and enhanced stimulation of the
oxidative burst by E. coli goes along with reduced PMNL
apoptosis rate in the presence of PAA. There are however
several differences in the experimental setup. Coxon et al.
[46] analysed the basal activity of the oxidative burst of
PMNLs from CD11b/CD18-deficient mice. We used an in
vitro assay to test the stimulation of the oxidative burst by

E. coli. In contrast to our experiments, Coxon et al. used
PMNLs transmigrated to the peritoneal cavity. PMNLs
transmigrated through endothelial monolayers have modu-
lated functions and a different tendency to undergo apop-
tosis [47]. Furthermore, there is no difference in apoptosis
rates between normal and NADPH oxidase-deficient
PMNLs, arguing against a role of oxygen radicals in
PMNL apoptosis [48].

Fig. 5. PAA does not affect the activation of p38 MAPK. PMNLs from healthy subjects were incubated in the presence of 2.5 mM PAA or buffer
alone and in the absence or presence of E. coli (A) or PMA (B). The amount of total p38 MAPK (p38) and of phosphorylated p38 MAPK (P-p38) is
shown as MFI. Representative western blots are displayed. Four independent experiments were performed. *P < 0.05 versus unstimulated cells in the
absence of PAA, mean values ± SEM.
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MAPK pathways participate in signal transduction in
many leucocyte effector functions. In the murine macro-
phage cell line RAW 264.7, p44/42 MAPK and JNK
activation was blocked by PAA, whereas p38 MAPK
activation was not affected [8]. We found that in human
PMNLs, the activation of p38 MAPK (Figure 5) and
p44/42 MAPK (Figure 6) by E. coli or PMA was not
altered by PAA, suggesting that the corresponding path-
ways are not affected by PAA. The activation of PMNL

oxidative burst by PMA, a direct activator of protein
kinase C, was not influenced by PAA, indicating that the
target of PAA action is upstream or independent of
protein kinase C.
In line with reports showing that JNK plays a minor

role in PMNLs, JNK was not activated by E. coli. JNK
activation is unnecessary to induce cell migration in
human PMNLs [49], differentiation of HL-60 cells toward
the PMNL phenotype results in a loss of JNK activation

Fig. 6. PAA does not affect the activation of p44/42 MAPK. PMNLs from healthy subjects were incubated in the presence of 2.5 mM PAA or buffer
alone and in the absence or presence of E. coli (A) or PMA (B). The amount of total p44/42 MAPK (p44/42) and of phosphorylated p44/42 MAPK
(P-p44/42) is shown as MFI. Representative western blots are displayed. Four independent experiments were performed. *P < 0.05 and **P < 0.01
versus unstimulated cells in the absence of PAA, mean values ± SEM.
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[50] and LPS activates JNK only in an adherent PMNL
system but not in suspended PMNLs [51].

Whereas PAA has been identified as an inhibitor of
iNOS in a murine macrophage cell line [5], in vitro-stimu-
lated macrophages from normal donors do not express
iNOS [22]. On the other hand, macrophages from infected
or inflamed patients do express iNOS. Similarly, iNOS
has only been detected in PMNLs from urine of patients
with urinary tract infections [52]. Accordingly, we did not
detect iNOS expression in unstimulated or activated
PMNLs (unpublished observation) because we used
human PMNLs from healthy, uninfected donors.

Except for the activation of the oxidative burst, we did
not observe a dose dependency at PAA concentrations
above 2.5 mM, implying that the pathways mediating the
effects on phagocytosis, CD11b/CD18 surface expression
and apoptosis are fully activated at this PAA concen-
tration. This does not exclude the possibility that other
substances act in a synergistic manner with PAA via
different pathways.

In conclusion, the uraemic toxin PAA increases the
activation of the PMNL oxidative burst, phagocytosis and
surface expression of the activation markers CD11b and
CD18, while it attenuates PMNL apoptotic cell death. As
a consequence, PAA gives rise to the prolonged survival
of primed PMNLs and thereby contributes to the inflam-
matory state observed in patients with CKD, leading to an
increased risk for cardiovascular diseases.

Acknowledgements. This study was made possible by an unrestricted
grant from Baxter Healthcare GmbH. The authors acknowledge the
European Uraemic Toxin (EUTox) Work Group, a group of European
researchers involved in studies and reviews related to uraemic toxicity.
EUTox was created under the auspices of the European Society for Arti-
ficial Organs and is composed by 20 research groups throughout Europe.
The authors thank Dr Anthony Winiski for critically revising the
manuscript.

Conflict of interest statement. None declared.

References

1. Kato S, Chmielewski M, Honda H et al. Aspects of immune dysfunc-
tion in end-stage renal disease. Clin J Am Soc Nephrol 2008; 3:
1526–1533

2. Cohen G, Haag-Weber M, Hörl WH. Immune dysfunction in uremia.
Kidney Int Suppl 1997; 62: S79–S82

3. Cohen G, Rudnicki M, Hörl WH. Uremic toxins modulate the spon-
taneous apoptotic cell death and essential functions of neutrophils.
Kidney Int Suppl 2001; 78: S48–S52

4. Filep JG, El Kebir D. Neutrophil apoptosis: a target for enhancing the
resolution of inflammation. J Cell Biochem 2009; 108: 1039–1046

5. Jankowski J, van der Giet M, Jankowski V et al. Increased plasma
phenylacetic acid in patients with end-stage renal failure inhibits
iNOS expression. J Clin Invest 2003; 112: 256–264

6. Davis BA, Shrikhande S, Paralikar VP et al. Phenylacetic acid in
CSF and serum in Indian schizophrenic patients. Prog Neuropsycho-
pharmacol Biol Psychiatry 1991; 15: 41–47

7. Sandler M, Ruthven CR, Goodwin BL et al. Phenylacetic acid in
human body fluids: high correlation between plasma and cerebrosp-
inal fluid concentration values. J Neurol Neurosurg Psychiatry 1982;
45: 366–368

8. Schmidt S, Westhoff TH, Krauser P et al. The uraemic toxin phenyla-
cetic acid impairs macrophage function. Nephrol Dial Transplant
2008; 23: 3485–3493

9. Vanholder R, De Smet R, Glorieux G et al. Review on uremic toxins:
classification, concentration, and interindividual variability. Kidney
Int 2003; 63: 1934–1943

10. Vanholder R, Meert N, Schepers E et al. Review on uraemic solutes
II—variability in reported concentrations: causes and consequences.
Nephrol Dial Transplant 2007; 22: 3115–3121

11. Meert N, Schepers E, De Smet R et al. Inconsistency of reported
uremic toxin concentrations. Artif Organs 2007; 31: 600–611

12. Duranton F, Cohen G, De Smet R et al. Normal and pathologic con-
centrations of uremic toxins, a systematic review. J Am Soc Nephrol
2012; 23: 1258–1270

13. Hörl WH, Haag-Weber M, Georgopoulos A et al. Physicochemical
characterization of a polypeptide present in uremic serum that inhi-
bits the biological activity of polymorphonuclear cells. Proc Natl
Acad Sci USA 1990; 87: 6353–6357

14. Cohen G, Haag-Weber M, Mai B et al. Effect of immunoglobulin
light chains from hemodialysis and continuous ambulatory perito-
neal dialysis patients on polymorphonuclear leukocyte functions.
J Am Soc Nephrol 1995; 6: 1592–1599

15. Cohen G, Rudnicki M, Hörl WH. Isolation of modified ubiquitin as
a neutrophil chemotaxis inhibitor from uremic patients. J Am Soc
Nephrol 1998; 9: 451–456

16. Cohen G, Rudnicki M, Deicher R et al. Immunoglobulin light
chains modulate polymorphonuclear leucocyte apoptosis. Eur J Clin
Invest 2003; 33: 669–676

17. Cohen G, Hörl WH. Retinol binding protein isolated from acute
renal failure patients inhibits polymorphonuclear leucocyte func-
tions. Eur J Clin Invest 2004; 34: 774–781

18. Cohen G, Raupachova J, Wimmer T et al. The uraemic retention
solute para-hydroxy-hippuric acid attenuates apoptosis of polymor-
phonuclear leukocytes from healthy subjects but not from haemodia-
lysis patients. Nephrol Dial Transplant 2008; 23: 2512–2519

19. Cohen G, Ilic D, Raupachova J et al. Resistin inhibits essential func-
tions of polymorphonuclear leukocytes. J Immunol 2008; 181:
3761–3768

20. Cohen G, Raupachova J, Ilic D et al. Effect of leptin on polymor-
phonuclear leucocyte functions in healthy subjects and haemodialy-
sis patients. Nephrol Dial Transplant 2011; 26: 2271–2281

21. Cohen G, Glorieux G, Thornalley P et al. Review on uraemic
toxins III: recommendations for handling uraemic retention solutes
in vitro—towards a standardized approach for research on uraemia.
Nephrol Dial Transplant 2007; 22: 3381–3390

22. Fang FC. Antimicrobial reactive oxygen and nitrogen species: con-
cepts and controversies. Nat Rev Microbiol 2004; 2: 820–832

23. Scholze A, Jankowski V, Henning L et al. Phenylacetic acid and arter-
ial vascular properties in patients with chronic kidney disease stage 5
on hemodialysis therapy. Nephron Clin Pract 2007; 107: c1–c6

24. Jankowski J, Luftmann H, Tepel M et al. Characterization of di-
methylguanosine, phenylethylamine, and phenylacetic acid as
inhibitors of Ca2+ ATPase in end-stage renal failure. J Am Soc
Nephrol 1998; 9: 1249–1257

25. Falke P, Elneihoum AM, Ohlsson K. Leukocyte activation: relation
to cardiovascular mortality after cerebrovascular ischemia. Cerebro-
vasc Dis 2000; 10: 97–101

26. Mazzoni MC, Schmid-Schonbein GW. Mechanisms and conse-
quences of cell activation in the microcirculation. Cardiovasc Res
1996; 32: 709–719

27. Yao Q, Axelsson J, Stenvinkel P et al. Chronic systemic inflam-
mation in dialysis patients: an update on causes and consequences.
ASAIO J 2004; 50: lii–lvii

28. Zoccali C. Traditional and emerging cardiovascular and renal risk
factors: an epidemiologic perspective. Kidney Int 2006; 70: 26–33

29. Chonchol M. Neutrophil dysfunction and infection risk in end-stage
renal disease. Semin Dial 2006; 19: 291–296

30. Mahajan S, Kalra OP, Asit KT et al. Phagocytic polymorphonuclear
function in patients with progressive uremia and the effect of acute
hemodialysis. Ren Fail 2005; 27: 357–360

31. Sardenberg C, Suassuna P, Andreoli MC et al. Effects of uraemia
and dialysis modality on polymorphonuclear cell apoptosis and
function. Nephrol Dial Transplant 2006; 21: 160–165

428 G. Cohen et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/28/2/421/1863220 by guest on 23 April 2024



32. Cohen G, Rudnicki M, Walter F et al. Glucose-modified proteins
modulate essential functions and apoptosis of polymorphonuclear
leukocytes. J Am Soc Nephrol 2001; 12: 1264–1271

33. Cohen G, Rudnicki M, Hörl WH. Uremic toxins modulate the spon-
taneous apoptotic cell death and essential functions of neutrophils.
Kidney Int 2001; 59: S48–S52

34. Boudoulas S, Lush RM, McCall NA et al. Plasma protein binding
of phenylacetate and phenylbutyrate, two novel antineoplastic
agents. Ther Drug Monit 1996; 18: 714–720

35. Swain SD, Rohn TT, Quinn MT. Neutrophil priming in host defense:
role of oxidants as priming agents. Antioxid Redox Signal 2002; 4:
69–83

36. Sela S, Shurtz-Swirski R, Cohen-Mazor M et al. Primed peripheral
polymorphonuclear leukocyte: a culprit underlying chronic low-
grade inflammation and systemic oxidative stress in chronic kidney
disease. J Am Soc Nephrol 2005; 16: 2431–2438

37. Kaysen GA. Role of inflammation and its treatment in ESRD
patients. Blood Purif 2002; 20: 70–80

38. Crockett-Torabi E, Ward PA. The role of leukocytes in tissue injury.
Eur J Anaesthesiol 1996; 13: 235–246

39. Fardon NJ, Wilkinson R, Thomas TH. Rapid fusion of granules
with neutrophil cell membranes in hypertensive patients may in-
crease vascular damage. Am J Hypertens 2001; 14: 927–933

40. Dou L, Brunet P, Dignat-George F et al. Effect of uremia and hemo-
dialysis on soluble L-selectin and leukocyte surface CD11b and
L-selectin. Am J Kidney Dis 1998; 31: 67–73

41. Descamps-Latscha B, Herbelin A, Nguyen AT et al. Immune system
dysregulation in uremia. Semin Nephrol 1994; 14: 253–260

42. Caimi G, Montana M, Carollo C et al. Polymorphonuclear leukocyte
integrins in chronic renal failure. Clin Hemorheol Microcirc 2005;
32: 43–49

43. Heinzelmann M, Mercer-Jones MA, Passmore JC. Neutrophils and
renal failure. Am J Kidney Dis 1999; 34: 384–399

44. Savill J, Fadok V, Henson P et al. Phagocyte recognition of cells
undergoing apoptosis. Immunol Today 1993; 14: 131–136

45. Jankowski J, Tepel M, Stephan N et al. Characterization of p-
hydroxy-hippuric acid as an inhibitor of Ca2+-ATPase in end-stage
renal failure. Kidney Int Suppl 2001; 78: S84–S88

46. Coxon A, Rieu P, Barkalow FJ et al. A novel role for the beta 2
integrin CD11b/CD18 in neutrophil apoptosis: a homeostatic mech-
anism in inflammation. Immunity 1996; 5: 653–666

47. Watson RW, Rotstein OD, Nathens AB et al. Neutrophil apoptosis is
modulated by endothelial transmigration and adhesion molecule en-
gagement. J Immunol 1997; 158: 945–953

48. Remijsen Q, Vanden Berghe T, Parthoens E et al. Inhibition of spon-
taneous neutrophil apoptosis by parabutoporin acts independently of
NADPH oxidase inhibition but by lipid raft-dependent stimulation
of Akt. J Leukoc Biol 2009; 85: 497–507

49. Knall C, Worthen GS, Johnson GL. Interleukin 8-stimulated phos-
phatidylinositol-3-kinase activity regulates the migration of human
neutrophils independent of extracellular signal-regulated kinase and
p38 mitogen-activated protein kinases. Proc Natl Acad Sci USA
1997; 94: 3052–3057

50. Frasch SC, Nick JA, Fadok VA et al. p38 mitogen-activated protein
kinase-dependent and -independent intracellular signal transduction
pathways leading to apoptosis in human neutrophils. J Biol Chem
1998; 273: 8389–8397

51. Arndt PG, Suzuki N, Avdi NJ et al. Lipopolysaccharide-induced c-
Jun NH2-terminal kinase activation in human neutrophils: role of
phosphatidylinositol 3-Kinase and Syk-mediated pathways. J Biol
Chem 2004; 279: 10883–10891

52. Wheeler MA, Smith SD, Garcia-Cardena G et al. Bacterial infection
induces nitric oxide synthase in human neutrophils. J Clin Invest
1997; 99: 110–116

Received for publication: 15.12.2011; Accepted in revised form:
6.8.2012

The uraemic toxin PAA contributes to inflammation 429

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/28/2/421/1863220 by guest on 23 April 2024


