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The uraemic toxin phenylacetic acid impairs macrophage function
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Abstract
Background. Nitric oxide (NO) is known to be an
important mediator of macrophage cytotoxicity. NO in
macrophages is generated via the inducible nitric oxide
synthases (iNOS). Macrophage dysfunction is an important
contributory factor for the increased incidence of infections
in uraemia. Recently, we identified phenylacetic acid (PAA)
as a novel uraemic toxin in patients on regular haemodialy-
sis. PAA inhibits iNOS expression. In the present study, we
investigated the impact of PAA on macrophage function.
Methods. RAW 264.7 cells were stimulated by LPS/
IFN-γ in the absence and presence of PAA. iNOS mRNA
was determined by real-time PCR, iNOS protein was ex-
amined by western blotting and the NO degradation prod-
uct, nitrite, by Griess assay. Macrophage phagocytosis was
assessed by FACS and fluorescence microscopy. Further
we quantified the cytotoxicity against intracellular bacteria
(Salmonella typhimurium) by a macrophage-killing assay.
ELISA and Bioplex protein array system was used for the
investigation of iNOS second messenger pathways (NF-κB,
ERK1/2, JNK and p38MAPK). iNOS mRNA half-lifetime
in the presence or absence of PAA was determined by
real-time PCR.
Results. PAA significantly inhibits iNOS mRNA induc-
tion in RAW 264.7 cells by LPS/IFN-γ [6 h: LPS/IFN-γ-
stimulation: 100%; LPS/IFN-γ-stimulation/PAA (1 mM):
68 ± 7%] at concentrations comparable to those of pa-
tients on chronic haemodialysis. iNOS protein expression
and nitrite formation in RAW 264.7 cells were significantly
inhibited by PAA. iNOS mRNA half-lifetime was not af-
fected by PAA. The phagocytic activity of RAW 264.7 was
not significantly affected by PAA, whereas the cytotoxic-
ity against intracellular bacteria was significantly reduced.
Analysis of the iNOS signal transduction pathways pro-
vided evidence that activation of the mitogen-activated ki-
nases ERK1/2 and JNK is significantly blocked by PAA,
whereas activation of p38MAPK is unaffected. The NF-κB
pathway was not affected by PAA.
Conclusions. The present findings show that the uraemic
toxin PAA has inhibitory effects on macrophage-killing
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function, which are mediated by inhibitory effects on tran-
scriptional iNOS regulation. iNOS inhibition by PAA might
affect immunoregulatory processes and could play a role
in aggravation of immunodeficiency of patients with end-
stage renal disease.
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Introduction

Infections are one of the major causes of disease, hospi-
talization and death in patients with end-stage renal dis-
ease (ESRD) [1]. The infection-related hospitalization rate
is known to be 235/1000 patient-months in adult dialysis
patients with an in-hospital lethality of 20–30% [2]. The
increased incidence of infectiological events in ESRD pa-
tients results from a host of factors, including cannulation of
the arteriovenous fistula [3], bacterial affinity to a foreign
material such as PTFE grafts and catheters [4], the dialyz-
ers’ impact on the complement system [5], deficiency and
resistance to vitamin D as an immunomodulatory agent [6],
malnutrition [7] and the assumed immunomodulatory im-
pact of a variety of uraemic toxins [1]. The mechanisms
underlying the immunomodulatory effects of uraemic tox-
ins remain largely elusive.

Macrophage function is a crucial prerequisite for both
specific and unspecific immune response. Macrophages
are supposed to be dysfunctional in uraemia but the un-
derlying mechanisms remain to be determined. One es-
sential event in the bactericidal function of macrophages
is the generation of reactive nitrogen intermediates (RNI)
produced by the inducible nitric oxide synthases (iNOS).
RNI include nitric oxide and its physiological metabolites.
RNI are potent antimicrobial agents in murine and human
macrophages [8]. Numerous studies correlated the levels
of RNI in macrophages with their antibacterial action to
mycobacteria [9].

Recently we identified phenylacetic acid (PAA) as a
novel uraemic toxin in humans with ESRD [10]. We showed
that this substance is a potent inhibitor of iNOS induction in
macrophages. In vivo plasma concentrations of PAA have
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been estimated previously by our group. In ESRD patients
a plasma concentration of 3.49 ± 0.33 mM was measured,
whereas in young, healthy patients PAA was not detectable
[10]. Former research of our group showed that 69.8% of
the PAA is non-protein bound. Thus, the biologically active
concentration is 2.44 mM [10]. In the present work, we in-
vestigated the effect of PAA on macrophage function with
special regard to the bactericidal function of macrophages.
We show that PAA reduces cytotoxicity of macrophages.
In addition, we investigated the underlying pathways of the
PAA-induced iNOS inhibition.

Methods

Preparation and stimulation of RAW 264.7 cells

The murine macrophage cell line RAW 264.7 was obtained
from the European Collection of Animal Cell Cultures
(Salisbury, UK). Cells were kept and cultured as previ-
ously described [10]. Cells were plated at a concentration of
100 000 cells/ml and used for the experiments when they
reached 80% confluence. Cells were then stimulated for
different periods in a humidified incubator at 37◦C and 5%
CO2 with 1-µg/ml LPS (serotype 0111:B4 from E. coli;
Sigma-Aldrich, Taufkirchen, Germany) together with
100 U/ml IFN-γ (Sigma-Aldrich, Taufkirchen, Germany).
Cells were serum starved in a serum-reduced medium for
24 h before use.

Preparation of RNA and real-time PCR

The design of the primers and probes for murine iNOS/β-
actin, the RNA extraction, and the quantitative real-time
PCR (RT-PCR) were performed as previously described
[10].

iNOS protein analysis

Preparation of proteins from RAW 264.7 cells and western
blot analysis were performed as previously described [10].

Measurement of nitrite formation

Measurement of nitrite production as an assay of NO
release was carried out using the Griess reaction.
Aliquots of the culture medium were mixed with an
equal volume of Griess reagent [1% sulphanilamide/0.1%
N-(1-napthyl)ethylenediamine dihydrochloride in 5% phos-
phoric acid], the mixture was incubated at room temperature
for 10 min and the absorbance at 540 nm was measured
using a photometer (iEMS reader; Labsystems, Helsinki,
Finland). Standard curves were constructed using known
concentrations of sodium nitrite.

iNOS mRNA half-lifetime

RAW 264.7 cells were stimulated with LPS (1 µg/ml) and
IFN-γ (100 U/ml) for 6 h in the presence or absence of PAA
(1 mM, 5 mM). For determination of iNOS mRNA half-
life, transcription was inhibited by the addition of 10 mg/ml
actinomycin D (Act D). Cells were harvested for RNA isola-

tion every 2 h for 6 h as described above. iNOS and β-actin
mRNA were measured by RT-PCR. iNOS mRNA levels
were normalized against β-actin to determine half-lifetime.

Fluorescence microscopy

RAW 264.7 cells were cultured on 8-well chamber slides
(Nunc, Germany) in the RPMI 1640 medium (10% FCS)
to subconfluency. Cells were starved for 24 h. After incu-
bation with LPS (1 µg/ml) and IFN-γ (100 U/ml) for 6 h in
the presence or absence of different concentrations of PAA
(1 mM, 5 mM), the cells were treated with a 1:1000 di-
luted fluorescent latex particles (FLP) suspension (Fluo-
resbrite YG carboxylate micropheres, diameter 2 µm, Poly-
science Inc., Warrrington, PA, USA) at 37◦C for 1 h. After
phagocytosis, cells were washed three times with cold PBS
to remove noningested beads. The extent of phagocytosis
was monitored by using an inverted microscope (Axiovert
200M, Zeiss, Oberkochen, Germany) equipped for fluores-
cence microscopy (excitation 470 nm, emission 525 nm).

Quantification of phagocytosis by FACS analysis

RAW 264.7 cells were cultured in 12-well plates to 80%
confluence. Quiescent cells (24 h) were incubated with LPS
(1 µg/ml) and IFN-γ (100 U/ml) for 6 h in the presence or
absence of various concentrations of PAA (1 mM, 5 mM).
After incubation, the cells were treated with 20 µl of a
mixture of 0.2 ml of FLP suspension and 1.8 ml of PBS
at 37◦C for 1 h. For negative control, cells were kept at
4◦C for 1 h. After treatment cells were washed with ice-
cold PBS. The cells were dissociated with Trypsin/EDTA
at 37◦C for 5 min. The cells were centrifuged at 200 g for
5 min, the supernatant was removed and cells were sus-
pended in FACS buffer (PBS, containing 0.5% BSA,
2 mM EDTA). Cell suspensions were analysed by the flow
cytometer BD FACScalibur (Becton Dickinson Labware,
Lincoln Park, NY, USA). The RAW 264.7 cell population
was gated by height and granularity by forward and side
scatter, respectively. The gated cells were analysed by the
fluorescence histogram. The phagocytic activity was deter-
mined as the ratio of RAW 264.7 cells that ingested at least
one FLP, per 50 000 RAW 264.7 cells.

Macrophage-killing assays

100 000 RAW 264.7 cells/well were cultured in RPMI
1640 (Biochrom, Berlin, Germany) and 1% FCS without
antibiotics in 96-well flat-bottom trays (Nunc, Roskilde,
Denmark) at 37◦C and 5% CO2. Twenty-four hours later,
PAA was added at 1 mM or 5 mM, and control cells were
kept in the medium. After 12 h of incubation Salmonella
enterica serovar Typhimurium opsonized by 10%, mouse
serum was added (3–5 × 106 bacteria/well). The plates were
centrifuged for 30 min at 1800 rpm and room temperature
and incubated for another 15 min at 37◦C to enhance the in-
ternalization of bacteria by the cells. The wells were washed
three times with a medium containing 10 µg/ml gentamycin
(Biochrom, Berlin, Germany), incubated for 90 min in the
presence of 50 µg/ml gentamycin, and washed another three
times. PAA was added again at the same concentrations,
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and the cells were incubated at 37◦C and 5% CO2. To de-
termine the numbers of initially internalized bacteria, cells
from some wells were lysed after 3 h with 0.2% Triton X-
100/PBS (Sigma), while the rest of the cells were kept for
24 h at 37◦C before cell lysis. Bactericidal effects by the
Triton X-100 concentration used had been excluded before.
We have performed a serial dilution of the cell lysates. The
lysates were diluted 1:100, 1:1000 and 1:10 000, respec-
tively. One hundred microlitres of each diluted lysate was
plated on a blood agar and incubated at 37◦C for 24 h. The
blood agar with CFUs in the range up to 500 was counted
manually, and the initial bacterial number was calculated
according to the dilution factor. The results are expressed
as percentages of viable bacteria on the basis of CFU ob-
tained at 3 and 24 h after infection. Supernatants were col-
lected from all wells immediately before lysis and plated
on blood-agar plates to exclude considerable quantities of
extracellular bacteria. Numbers of extracellular bacteria did
not exceed 10–30 CFU/well at 3 h and 30–100 CFU/well at
24 h after infection, while numbers of intracellular bacteria
were in a range of 1–4 × 104 CFU/well.

Preparation of nuclear extracts

Cells were harvested, washed in ice-cold PBS and disrupted
by repeated freezing and thawing cycles. Lysis was per-
formed by hypotonic buffer (10 mM HEPES-KOH, 10 mM
KCl, 1 mM DTT, 0.1 mM EGTA, IGEPAL and a pro-
tease inhibitor cocktail). After 10 min of centrifugation
(10 000 g), supernatant, containing cytosolic protein, was
discarded, and the pellet, containing the nuclei, was re-
suspended in a hypertonic nucleus lysing buffer (20 mM
HEPES-KOH, 400 mM NaCl, 50 mM DTT, 1 mM EGTA,
25% Glycerin, IGEPAL and a protease inhibitor cocktail).
After 30 min of centrifugation (13 000 g), nuclear protein,
present in the supernatant, was collected and quantified.

Assessment of nuclear NF-κB p65

Cells were stimulated as described above for various time
points with 1 µg/ml LPS and 100 U/ml IFN-γ to determine
the time response of NF-κB activation in RAW 264.7 cells.
For the time of maximal stimulation, cells were stimulated
in the presence of different concentrations of PAA. Nuclear
protein was extracted. Nuclear NF-κB p65 was assessed us-
ing a commercially available ELISA kit (EZ-Detect Tran-
scription Factor for NF-kB p65, Pierce) according to man-
ufacturer’s instructions. Chemiluminescence was detected
using a luminometer (Mithras, Berthold, Bad Wildbad,
Germany).

Preparation of phosphoprotein and Bioplex protein array
system

Cells were stimulated with LPS (1 µg/ml) and IFN-γ
(100 U/ml) for different time points in the presence
or absence of different concentrations of PAA (1 mM,
5 mM). For negative control, untreated cells were used.
Cells were washed with ice-cold PBS to stop stimulation.
Cells were harvested and lysed in a phosphoprotein-lysis-
buffer (BioRad, Munich, Germany) containing protease and
phosphatase inhibitors. Cells were disrupted by sonication.

After centrifugation (4500 g, 20 min, 4◦C), the supernantant
containing the phosphoprotein was collected.

Different phosphokinases were measured in triplicates
using the Bioplex protein array system (BioRad, München,
Germany), according to the manufacturers’ protocol. The
system is a multiplexed, particle-based, flow cytometric as-
say that utilizes anti-phosphokinases monoclonal antibod-
ies linked to microspheres incorporating distinct propor-
tions of two fluorescent dyes. Phosphorylation levels of
ERK1/2, JNK and p38MAPK could be detected. For nega-
tive control, untreated cells were used.

Patients. To determine the effect of plasma of ESRD pa-
tients on iNOS mRNA expression, we collected plasma of
healthy and ESRD patients.

The study has been carried out in accordance with the
Declaration of Helsinki (2000) of the World Medical As-
sociation and has been approved by the local ethical com-
mittee, and informed consent was obtained. Ten patients
with ESRD undergoing maintenance haemodialysis for
27 ± 8 months were investigated. Patients were stable
and free from intercurrent illness (age: 52 ± 7 years)
and in a good state of health. All patients were routinely
dialyzed for 5 h three times weekly using biocompat-
ible polyamix haemodialysis membranes (Polyflux 17L,
Gambro Dialysatoren GmbH, Hechingen, Germany).
Plasma from patients with end-stage chronic renal fail-
ure was obtained before and after the regular haemodial-
ysis session. Blood was taken from the arterial site of the
haemodialysis fistula and immediately centrifuged at 4000
g and 20◦C for 5 min. Plasma from 10 healthy controls
(age: 47 ± 9 years) was taken as controls. RAW 264.7 cells
were cultured and stimulated with LPS (1 µg/ml) and IFN-
γ (100 U/ml) in the presence of 50% serum of healthy or
ESRD patients. iNOS mRNA was determined as described
above.

NMR spectroscopy

To quantify PAA concentrations in the plasma of the control
and ESRD patients before and after dialysis, proton-NMR
(1H-NMR) measurements were carried out using a Bruker
AMX 400 FT spectrometer (Bruker Analytische Messtech-
nik GmbH, Rheinstetten, Germany) operating at a field
strength of 400 MHz as described previously by our group
[10].

Statistics. Data were analysed using Prism 4.02 (Graph-
Pad Software Inc., San Diego, CA, USA). Data are pre-
sented as mean ± SEM. Differences were analysed for sig-
nificance using the non-parametric Mann–Whitney U-test.
P < 0.05 was considered significant.

Results

PAA inhibits cytokine-induced iNOS expression

Data on iNOS expression and production of nitrite in RAW
264.7 stimulated with LPS have been published previously
by our group [10] and were confirmed in the present
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analysis. Stimulation of RAW 264.7 cells with 1 µg/ml LPS
and 100 U/ml IFN-γ induced a time-dependent increase
in mRNA expression, protein expression and production
of nitrite. iNOS mRNA expression increased significantly
after 2 h of stimulation with a maximum after 6 h of
stimulation (data not shown). Protein expression of iNOS
was found after 12 h and had a maximum after 24 h (data
not shown). Nitrite formation in RAW 264.7 cells showed
a maximum after 24 h of stimulation (data not shown). To
investigate the inhibition by PAA on iNOS mRNA/protein
expression and nitrite formation, PAA was applied at
different concentrations before stimulation. PAA inhibited
stimulated iNOS mRNA expression dose dependently in
RAW 264.7 cells after 6 h (Figure 1A). iNOS protein
expression in RAW 264.7 cells stimulated for 12 h with
LPS/IFN-γ was also significantly reduced in the presence
of PAA (1 mM and 5 mM) [Figures 1B & C; LPS/IFN-γ:
100% and LPS/IFN-γ+ PAA (1 mM): 59 ± 5%]. Lastly,
there was a significantly lower nitrite production in RAW
264.7 cells after 24 h of stimulation with LPS/IFN-γ in the
presence of PAA (1 mM) (Figure 1D; LPS/IFN-γ: 100%
and LPS/IFN-γ+PAA (1 mM): 72 ± 8%).

Effect of PAA on iNOS mRNA degradation

We investigated the effect of PAA on mRNA degradation to
evaluate potential interactions. The half-lifetime of iNOS
mRNA was measured after addition of Act D by RT-PCR.
The half-life of iNOS mRNA induced by LPS and IFN-γ
alone (4.68 h) was not significantly (P < 0.05) different
from the half-life of iNOS mRNA in the presence of PAA
(1 mM: 4.70 h; 5 mM: 4.94 h) (Figure 2).

Effect of PAA on phagocytosis activity of RAW 264.7 cells

We tested the influence of PAA on phagocytosis of RAW
264.7 cells. To determine whether PAA inhibits phagocy-
tosis, we measured the rate of internalization of latex beads
in RAW 267.4 cells (Figure 3A). The amount of ingested
latex beads per cell was measured using FACS analysis.
We could demonstrate that LPS/IFN-γ stimulation for 6-h
significantly increased (P < 0.05) phagocytosis of latex
beads. The presence of PAA (1 mM or 5 mM) did not affect
the LPS/IFN-γ-induced increase in phagocytosis of RAW
267.4 cells (Figure 3B).

Effect of PAA on macrophage-killing function

Next, we measured the survival of Salmonella en-
terica serovar Typhimurium in untreated RAW 267.4
macrophages or macrophages pre-treated with various con-
centrations of PAA for 12 h. Twenty-four hours after in-
fection numbers of intracellular bacteria were significantly
(P < 0.05) increased in the PAA (1 mM and 5 mM)-treated
cells as compared to untreated cells (Figure 3C; control:
100.2 ± 6.3%; 1 mM PAA: 201.9 ± 30.0%; 5 mM PAA:
194.9 ± 17.4%) (n = 6 experiments).

Fig. 1. Expression of iNOS measured by real-time PCR, protein blotting
of iNOS or nitrite formation in RAW 264.7 cells. (A) The iNOS expression
was measured by real-time PCR after 6 h of stimulation by LPS (1 µg/ml)
and IFN-γ (100 U/ml) and in the presence of various PAA concentrations.
Stimulated iNOS expression was set to 100% (n = 6 individual experi-
ments). ∗P < 0.05 compared to stimulation. (B) Representative protein
blotting of iNOS and β-actin after 12 h of stimulation of RAW 264.7 cells
with LPS (1 µg/ml) and IFN-γ (100 U/ml) and in the presence of PAA
(1 mM, 5 mM). (C) Signals of iNOS were quantified and normalized to
those of β-actin using a bioimaging analyzer. Data represent means of trip-
licate determinations from each of four protein preparations. ∗P < 0.05
compared with stimulation (n = 6 individual experiments). (D) The effect
of PAA (1 mM, 5 mM) on LPS/IFN-γ-induced (24 h) nitrite production in
RAW 264.7 cells. Data are means ± SEM (n = 6 individual experiments).
P < 0.05 compared with LPS/IFN-γ stimulation.
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Fig. 2. mRNA iNOS half-lifetime. RAW 264.7 cells were stimulated with
LPS (1 µg/ml) and IFN-γ (100 U/ml) for 6 h in the presence or ab-
sence of PAA (1 mM, 5 mM). Transcription was inhibited by addition of
10 mg/ml actinomycin D (Act D). iNOS and β-actin mRNA were measured
by RT-PCR every hour. iNOS expression after 6 h was set as 100%. iNOS
mRNA levels were normalized against β-actin. Shown is the decrease in
iNOS mRNA every hour (n = 6 experiments).

Effect of PAA on phosphorylation of MAP kinases

To determine the effect of PAA on the phosphorylation of
MAP kinases (MAPKs), we used a bead-based phospho-
rylation assay of the three major MAPKs: JNK, ERK1/2
and p38MAPK. The kinases play an essential role in the
induction of iNOS by LPS and IFN-γ stimulation. First
we stimulated RAW 264.7 cells with LPS (1 µg/ml) and
IFN-γ (100 U/ml) for various time points. Total protein
was extracted and the phosphorylation of different MAPKs
was evaluated. Figure 4A shows a time-dependent phos-
phorylation of ERK1/2 with a maximum at 30 min. JNK
showed maximal phosphorylation at 30 min after stimula-
tion (Figure 4B). The time-dependent phosphorylation of
p38MAPK has also a maximum of stimulation at 30 min
(Figure 4C). Total ERK1/2, JNK and p38MAPK were not
influenced by LPS and IFN-γ stimulation (data not shown).
Next, RAW 264.7 cells were preincubated with different
concentrations of PAA (1 mM, 5 mM). After 30 min of
stimulation with LPS and IFN-γ, total MAPK and phos-
phorylated MAPK were determined. Preincubation with
5 mM PAA significantly reduces the phosphorylation of
ERK1/2 [LPS/IFN-γ (control): 8.2 ± 1.0-fold; LPS/IFN-
γ+PAA (5 mM): 4.4 ± 1.0-fold; P < 0.05 versus control,
n = 9] (Figure 4D). As shown in Figure 4E, PAA signif-
icantly reduced cytokine-induced phosphorylation of JNK
[LPS/IFN-γ (control): 23.5 ± 1.3-fold; LPS/IFN-γ+PAA
(5 mM): 9.2 ± 1.0-fold; P < 0.05 versus control, n = 9]
(Figure 4E). Total JNK and ERK1/2 were not influenced by
PAA (data not shown). The total amount and phosphoryla-
tion status of p38MAPK were not significantly influenced
by PAA (Figure 4F).

Influence of PAA on NF-κB activation

To verify the effect of PAA on NF-κB activation, NF-κB
p65 was measured by ELISA in nuclear extracts. Nuclear
NF-κB p65 was stimulated by LPS (1 µg/ml) and IFN-γ
(100 U/ml) in a time-dependent manner (Figure 5A). The
findings are in accordance with former results of Kim et al.

Fig. 3. PAA does not inhibit phagocytosis of macrophages but increases
surviving of intracellular bacteria. (A) RAW 264.7 cells were stimulated
with LPS (1 µg/ml) and IFN-γ (100 U/ml) for 6 h in the presence or
absence of PAA (1 mM, 5 mM). Cells were then treated with fluores-
cent latex particles (FLP). Ingestion of FLP was monitored by using an
inverted microscope (Axiovert 200M, Zeiss, exc: 470 nm; em: 525nm).
A = unstimulated RAW cells, B = stimulated RAW cells, C and D =
stimulated RAW cells + PAA (C = 1 mM and D = 5 mM). (B) RAW
264.7 cells were stimulated with LPS (1 µg/ml) and IFN-γ (100 U/ml)
for 6 h in the presence or absence of PAA (1 mM, 5 mM). Cells were
then treated with FLP and ingestion of particles was measured by a flow
cytometer (BD FACScalbiur). Phagocytic cell activity of each sample is
shown by percentage compared with control cells (unstimulated). ∗P <

0.05 compared to unstimulated cells (n = 6 individual experiments). (C)
RAW 264.7 cells were cultured for 6 h in the presence or absence of PAA.
S. typhimurium was opsonized and allowed to internalize for 30 min. Af-
ter 24 h, survival of bacteria was measured. Surviving of bacteria in the
absence of PAA (control) was set to 100%. ∗P < 0.05 compared to control
(n = 6 individual experiments).
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Fig. 4. PAA inhibits ERK1/2 and JNK activation. (A–C) RAW 264.7 cells were stimulated with LPS (1 µg/ml) and IFN-γ (100 U/ml) and time-
dependent activation of ERK1/2 (A), JNK (B) and p38MAPK (C) was measured using the Bioplex protein array system. ∗P < 0.05 compared to
unstimulated cells (0 min). n = 4 experiments each. (D–F) RAW 264.7 cells were stimulated with LPS (1 µg/ml) and IFN-γ (100 U/ml) for 30 min in
the presence or absence (pos.) of PAA (1 mM, 5 mM) to measure phosphorylation of ERK-1/2 (D), JNK (E) and p38MAPK (F) was measured using
the Bioplex protein array system. ∗P < 0.05 compared to positive control. n = 9 experiments each.

We found a time-dependent stimulation of nuclear NF-κB
p65, stimulated by LPS (1 µg/ml) and IFN-γ (100 U/ml),
during the first hour of stimulation (Figure 5A), in accor-
dance with former results by Kim et al. [11]. Cotreatment
with different concentrations of PAA did not significantly
influence cytokine-induced NF-κB p65 content in the nu-
cleus after 1 h (Figure 5B). Thus, PAA has no influence on
NF-κB activation in RAW 264.7 cells.

Effect of plasma from haemodialysis patients on iNOS
expression in RAW 264.7 cells

Plasma from healthy subjects did not affect iNOS expres-
sion in RAW 264.7 cells stimulated with LPS and IFN-γ
(6 h). In the presence of plasma (50%) from patients with

ESRD on regular haemodialysis before haemodialysis ses-
sion, iNOS mRNA expression was significantly reduced
(P < 0.05, n = 10 patients) (Figure 6). Post-dialysis serum
inhibited iNOS mRNA expression to a significantly lower
extent compared to pre-dialysis serum (P < 0.05, n = 10 pa-
tients) (Figure 6). The concentration of PAA in the plasma
of the ESRD patients could be determined as 4.6 ± 0.7 mM
pre-dialysis and 2.0 ± 1.6 mM post-dialysis, and the con-
centration of the healthy controls was 0.15 ± 0.25 mM.

Discussion

Recently it was shown that the uraemic toxin PAA is in-
volved in the regulation of iNOS in RAW 264.7 cells by
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Fig. 5. PAA does not inhibit NF-κB p65 translocation. RAW 264.7 cells were stimulated for various time points with 1 µg/ml LPS and 100 U/ml IFN-γ
to determine NF-κB activation by measuring nuclear NF-κB p65 using a commercially available NF-κB p65 ELISA kit. ∗P < 0.05 compared to control
(0 min). n = 5 experiments. (B) RAW 265.7 cells were stimulated for 60 min with 1 µg/ml LPS and 100 U/ml IFN-γ to determine NF-κB activation by
measuring nuclear NF-κB p65 in the absence or presence of PAA. ∗P < 0.05 significant change versus stimulation without PAA. n = 8 experiments.

iNOS mRNA inhibition. The influence on antimicrobial
properties of macrophages and the mechanism of iNOS
inhibition by PAA remains elusive. The aim of the present
study was the investigation of the immunomodulatory prop-
erties of PAA and the identification of the underlying mech-
anism in CRF patients.

PAA causes an impaired macrophage function. The
phagocytosis capacity of RAW 264.7 was not reduced
by PAA, as shown in our phagocytosis experiments. The
macrophage-killing assay reveals a reduced capacity for
killing of ingested bacteria. The iNOS activation is reduced
in a dose-dependent manner as shown in quantitative RT-
PCR, western blotting and nitric measurements. Plasma
from ESRD patients with an active PAA concentration of
2.3 mM (50% serum with a total serum PAA concentra-
tion of 4.6 mM) also inhibited iNOS mRNA expression,
stimulated by LPS and IFN-γ. With regard to the present
findings, it appears possible that PAA is responsible for
this effect, although a contribution of other uraemic toxins
cannot be excluded.

The activation of iNOS is based on two major cascades,
the activation of NF-κB by phosphorylation and degrada-
tion of I-κB, followed by nuclear translocation of p65/p50
and phosphorylation of the MAPKs ERK1/2 and JNK,
respectively. p38MAPK has iNOS inhibitory properties.
Our ELISA and protein array system experiments demon-
strate that the nuclear translocation of p65 is not influ-
enced by PAA. Thus NF-κB activation is not the target
of iNOS inhibition by PAA. The protein array system ex-
periments of MAPKs phosphorylation show that JNK and
ERK activation by phosphorylation is inhibited by PAA in
a dose-dependent manner. Furthermore, these experiments
reveal that the phosphorylation of the third major MAPK
p38MAPK was not influenced by PAA. A decreased JNK
and ERK phosphorylation leads to a reduced formation of
AP-1 and a reduced iNOS transcription due to lacking AP-1
binding site activation.

A toxic effect of PAA resulting in a reduced cell viability
was considered and ruled out to be a potential explanation
for the inhibition of iNOS in former works [10]. Con-
sidering mRNA degradation as a possible mechanism of
iNOS inhibition, our results demonstrate that, crucially, the

half-lifetime of iNOS mRNA was not influenced by PAA.
Thus, the observed iNOS inhibition cannot be explained by
an increased degradation of iNOS mRNA in the presence
of PAA.

The RAW cell line is derived from the monocyte system.
Monocytes are phagocytic cells that produce and release
ROS and RNS in response to phagocytosis or stimulation
with various endogeneous and exogeneous agents. NADPH
oxidase is responsible for the initial ROS production, or
so-called respiratory burst. It yields to a rapid processing
of internalized bacteria, protozoen, helminths, viruses and
tumour cells in the phagosomes [8]. RNS production is gen-
erated by iNOS. It is capable of inducing a sustained pacte-
riostatic phase [12]. A combined effect of NADPH oxidase
and iNOS is the formation of ONOO− by NO. and O2

− [8].
In the case of iNOS inhibition by PAA, one main mech-

anism of processing ingested bacteria is decreased. RNS
production as well as ONOO− formation is decreased by
lacking iNOS activation. This might play a role in the de-
fence and containment of bacterial infection, especially by
facultative intracellular bacteria. It is well known that CRF
patients have increased mortality by infections. Haemodial-
ysis patients have an up to 16 times increased incidence of
tuberculosis (TB) [13]. At least part of this increased risk
of TB is caused by an increase in the likelihood of progres-
sion from silent form to active form, because of the im-
paired cell-mediated immunity in CRF patients [14]. The
reasons for this are mostly unknown. Expression of iNOS
by macrophages is associated with the TH1-dependent
killing of intracellular microbes (e.g. cryptococci, Toxo-
plasma, mycobacteria and Leishmania) [15]. In the murine
model of TB, as a classical example of TH1-mediated im-
mune reaction, NO plays an essential role in the killing
of mycobacterium tuberculosis by mononuclear phagocytes
[9,16,17]. In a mouse strain with genetically disrupted iNOS
(iNOS−/−), infection with M. tuberculosis was associated
with a significant higher risk of dissemination and mortal-
ity compared with the wild type C57BL/6 mice [16,18].
Similar results exist for infection with Leishmania major
and Klebsiella pneumoniae [15,19].

Can the results obtained in murine macrophages be
transferred to human conditions? We have previously
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Fig. 6. Plasma from patients with end-stage renal failure inhibits iNOS mRNA expression measured by real-time PCR. (A) The iNOS expression was
measured by real-time PCR after stimulation of RAW 264.7 cells by LPS (1 µg/ml) and IFN-γ (100 U/ml) and in the presence of plasma from healthy
patients (control, n = 10) and plasma from patients with end-stage renal disease on chronic haemodialysis before and after haemodialysis session (HD,
n = 10). Stimulated iNOS expression was set to 100% (n = 10). ∗P < 0.05 significant change compared to stimulation. All experiments were performed
as triplicates. (B) The concentration of PAA in plasma of healthy and ESRD patients before and after haemodialysis was measured by proton-NMR
measurements (∗P < 0.05, n = 10).

demonstrated that PAA and uraemic plasma can inhibit
iNOS expression in human monocytes [10]. The investiga-
tion of NO and iNOS protein in human macrophages ex
vivo was not feasible. Whereas macrophages that are ob-
tained from patients with inflammatory or infectious dis-
ease invariably express iNOS, peripheral blood-monocyte-
derived macrophages that are obtained from normal donors
and stimulated in vitro generally do not [20]. Further-
more, in vitro cultures of human macrophages lack tetrahy-
drobiopterin (BH4), an essential cofactor for iNOS cat-
alytic activity that is not constitutively expressed in human
macrophages [21]. In vivo human macrophages may obtain
BH4 from other neighbouring cells capable of synthesiz-
ing it, such as activated lymphocytes and endothelial cells
[21], but in vitro this is not possible. In function of the lim-
itations of in vitro systems for human-macrophage differ-
entiation and immunologic activation, the murine cell line
RAW 264.7 is frequently used to elucidate iNOS regulation
[22,23].

CRF patients show a decreased phagocytic capacity
of neutrophils and monocytes [25]. Several uraemic tox-
ins have been isolated and characterized, being involved
in polymorphonuclear leukocytes’ (PMNLs) dysfunction
in uraemic patients, like granulocyte inhibiting protein I
(GIPI), granulocyte inhibiting protein II (GIPII), degranu-
lation inhibiting protein I (DIPI), degranulation inhibiting
protein II (DIPII), immunuglobulin light chain and chemo-
taxis inhibiting protein [26].

In addition to the actions of iNOS-derived RNS and
ONOO− in phagocytosis, iNOS acts as a mediator in sev-
eral T-cell immunoregulatory pathways. iNOS-derived NO
is required for the functional maturation of NK cells in vivo.
NK-cell cytotoxic activity in iNOS−/− mice is almost un-
measurable in mixed lymph note cells, whereas phenotypic
development of NK cells is not affected [27]. iNOS inhibi-
tion by PAA might affect immunoregulatory processes and
could play a role in aggravation of immunodeficiency of
CVD patients.

With regards to former investigations on iNOS regula-
tion in the central nervous system, crucial differences of

iNOS regulation RAW 264.7 cells become evident [28].
Pahan showed in rat primary astrocytes that PAA inhibits
iNOS expression via reduced NF-κB activation [28]. Po-
tential effects of PAA on MAPKs were not investigated.
Conclusively, the second messenger cascade of iNOS reg-
ulation varies essentially in different cell types. Differen-
tial regulatory properties in different tissues enlarge this
tissue-specific second messenger pattern. A tissue-specific
functionality has been shown in NADPH oxidase as well.
NADPH oxidase activation is based on a membrane as-
sembly of several subunits, including gp91phox, p22phox,
p47phox, p67phox, rac and mox [29]. The tissue specific
properties of the enzyme in endothelial cells, vascular
smooth muscle cells and granulocytes are a consequence
of a cell-specific combination of subunits [29]. Thus, one
enzyme can meet the metabolic requirements of different
cell types. With regards to our results, it may be speculated
that iNOS activation is modulated in diverse cell types by
cell-specific activation of different second messenger path-
ways. Further investigations will have to be done to inves-
tigate second messenger pathways in varies cell types.

Conclusion

The present study reveals that the uraemic toxin PAA has an
inhibitory effect on macrophage-killing function. The effect
is mediated via inhibitory effects on transcriptional iNOS
regulation by a reduced phosphorylation of ERK1/2 and
JNK. iNOS inhibition by PAA might influence immunoreg-
ulatory processes and could play a role in aggravation of
immunodeficiency of patients with ESRD.
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