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Abstract

Aims: This study investigated on (i) the role of gp91phox/NOX2 in reactive oxygen species (ROS) generation in
hemodialysis (HD) patients, and (ii) the link between clotting activation and ROS production in this setting.
Results: The study was performed on peripheral blood mononuclear cells (PBMCs) isolated from HD patients
randomized to polysulphon/polyamide (S-group, n = 30) or ethylene-vinyl-alcohol (EVAL) membrane (E-group,
n = 30) treatment and from healthy subjects (control group, n = 15). ROS generation was increased in PBMCs of HD
patients compared with healthy subjects. S-group showed higher levels of intracellular ROS generation than
control, whereas E-group did not. In addition, S-group displayed an increase in nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity compared with E-group and healthy subjects. A further increase in NADPH
activity shortly after HD treatment was observed only in S-group. The plasma levels of the prothrombin fragment
F1+2, a marker of in vivo clotting activation, were significantly higher in S-group than in E-group. Moreover, a
heightened thrombin generation was recorded in the plasma of S-group. Intracellular ROS production correlated
with NADPH oxidase activity and coagulation priming in HD patients. The in vitro validation study demonstrated
that incubation of PBMCs with activated FX induced a significant increase in intracellular ROS production,
superoxide generation, and gp91phox/NOX2 expression. Innovation: The pivotal role of NADPH oxidase in the
upregulation of ROS in HD patients makes this enzyme a potential target for therapeutic intervention in the
treatment of HD-related oxidative stress. Conclusion: The EVAL membrane, by reducing clotting activation,
inhibits gp91phox/NOX2-related ROS production in HD patients. Antioxid. Redox Signal. 16, 428–439.

Introduction

Oxidative stress plays a critical role in the pathogenesis
of vascular disease (5). In hemodialysis (HD) patients,

reactive oxygen species (ROS) are overproduced and antiox-
idant defense mechanisms are impaired (5).

The nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase complex is the major source of superoxide production in
phagocytes and vascular tissue (28). An upregulation of the
NADPH oxidase activity leads to oxidative stress (2, 34).

The NADPH oxidase complex is an enzyme that consists of
several subunits: gp91phox/NOX2 and p22phox, the membrane
bound subunits; p47phox, the ‘‘organizer subunit’’; p67phox, the
‘‘activator subunit’’; p40phox and GTPase Rac, the cytosolic

factors of the complex. Upon activation, there is an exchange
of GDP for GTP on Rac leading to its activation. Phosphor-
ylation of p47phox induces conformational changes allowing
interaction with p22phox. The movement of p47phox brings
with it p67phox and p40phox, to form the active enzyme com-
plex able to produce superoxide (3, 15, 33).

Activation of the clotting system commonly occurs during
HD leading to the generation of thrombin and activated fac-
tor X (FXa) (29). Subclinical clotting activation contributes to
HD-related chronic microinflammation, and thus the use of a
less thrombogenic membrane, such as ethylene-vinyl-alcohol
(EVAL), may improve this condition (27). EVAL is a syn-
thetic polymer having both hydrophilic and hydrophobic
segments. The hydrophilic segments are considered to reduce
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blood–membrane interaction and prevent adsorption of pro-
teins, platelets, medication, and anticoagulant (4). Dialysis
with EVAL is associated with a lower degree of platelet re-
activity and neutrophil/monocyte activation (31). Thrombin
induces oxidative stress in hippocampal neurons in vivo
through the upregulation of gp91phox/NOX2, p47phox, and
p67phox and the consequent activation of microglial NADPH
oxidase complex (6). It has recently been demonstrated that in
human endothelial cells thrombin stimulates ROS generation
by activating NADPH oxidase (15).

The aim of our study was to investigate the involvement of
the NADPH oxidase in overproduction of ROS in patients
treated with HD membranes with different biocompatibility
and to evaluate the possible link between coagulation priming
and ROS production.

Results

Polysulphon/polyamide membrane increases ROS
production in HD patients

We measured ROS production in peripheral blood mono-
nuclear cells (PBMCs) freshly isolated from HD patients and
healthy subjects. ROS generation was significantly greater in
HD patients than in controls (Fig. 1A). However, when HD
patients treated with polysulphon/polyamide (S-group) or
EVAL membranes (E-group) were analyzed separately, only
the S-group showed a significantly higher ROS production
compared with controls (Fig. 1C). Preincubation with the ROS
scavenger, N-acetylcysteine (NAC), and NADPH oxidase
inhibitor diphenyleneiodonium chloride (DPI) significantly
inhibited ROS production (Fig. 1B–D). To investigate the in-
volvement of the mitochondrial respiratory complexes in ROS
generation, we incubated PBMCs isolated from HD patients
and controls with a specific mitochondrial inhibitor Rotenone.
Rotenone did not reduce ROS production in both E- and S-
groups (Fig. 1E).

NADPH oxidase activity is increased in patients
treated with synthetic membrane

To investigate the role of NADPH oxidase in ROS genera-
tion, we tested its activity in PBMCs of HD patients. NADPH-
dependent superoxide generation was significantly increased
in PBMCs of HD patients compared with controls (Fig. 2A).
Interestingly, S-group showed an increase in NADPH oxidase
activity compared with both E-group and control group (Fig.
2B). No difference between E-group and control group was
observed (Fig. 2B). Incubation with DPI and superoxide dis-
mutase (SOD) significantly decreased NADPH oxidase ac-
tivity in the E-group (Fig. 2C). Treatment with Rotenone
produced a slight, but not significant, reduction in NADPH-
dependent superoxide generation in the E-group, suggesting
a role for NADPH oxidase in ROS production in these patients
(Fig. 2C). Next, we analyzed NADPH-dependent superoxide
generation at the beginning (t0) and at the end (t240 min) of
HD treatment. A significant increase of the NADPH oxidase
activity after HD treatment was observed only in the S-group
(Fig. 2D). We evaluated the change in NADPH/NADP + ratio
in HD patients and controls and we observed a significant
decrease in both E- and S-groups compared with control
group, confirming that in these patients there is a continuous
waste of NADPH due to chronic stimulation by HD (control
group: 9.19 – 2.54; E-group: 2.75 – 1.76; S-group: 1.87 – 0.8;
p = 0.002 vs. E-group; p = 0.001 vs. S-group).

NADPH oxidase complex protein expression
is upregulated in PBMCs of HD patients

The expression of the NADPH oxidase subunits, gp91phox/
NOX2 and p22phox, was investigated by Western blot analysis
in PBMCs isolated from HD patients and healthy subjects. HD
treatment significantly increased both gp91phox/NOX2 and
p22phox protein expression (Fig. 3A, C). An upregulation of
these subunits was observed both in S- and E-groups (Fig. 3B,
D) confirming a continuous production of NADPH oxidase
subunits.

The use of polysulphon/polyamide membranes
induces NADPH oxidase complex activation

To verify the activation of NADPH oxidase complex we
immunoprecipitated Rac, a small GTPase that leads to the
activation of the complex, followed by immunoblotting to
gp91phox/NOX2. We observed a significant increase of
gp91phox/NOX2 association with Rac in the S-group compared
with E and control groups (Fig. 3E). The activation of the
NADPH oxidase complex requires translocation of cytosolic
factors to the membrane surface. To confirm this process, we
analyzed the localization of NADPH oxidase subunits,
gp91phox/NOX2, p67phox, and Rac, in PBMCs isolated from HD
patients and controls by triple immunofluorescence. The colo-
calization of the three subunits on the membrane surface was
observed only in PBMCs isolated from S-group (Fig. 4A–C).
These findings further confirm that NADPH oxidase complex
is activated only in patients treated with S membranes.

Clotting activation is increased in patients
treated with polysulphon/polyamide membrane

We evaluated the in vivo activation of coagulation mea-
suring the plasma levels of prothrombin F1 + 2, a fragment

Innovation

Oxidative stress plays a critical role in the pathogenesis
of atherosclerosis. Poor biocompatibility of dialytic sys-
tems has been suggested to play a key role in the en-
hancement of reactive oxygen species (ROS) production
during hemodialysis (HD). In the current study we dem-
onstrate, for the first time, that gp91phox/NOX2-based
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is involved in HD-induced ROS production by
peripheral blood mononuclear cells (PBMCs), and provide
evidence suggesting an association between clotting acti-
vation, in particular, FXa generation, and oxidative stress.
Moreover, we show that the use of ethylene-vinyl-alcohol,
a synthetic membrane displaying lesser clotting activity
than polysulphon/polyamide membranes, is associated
with little oxidative stress and clotting activation. Finally,
the central role of NADPH oxidase in the upregulation of
ROS in HD patients suggests that this enzyme may rep-
resent a molecular target for therapeutic intervention in the
treatment of HD-related oxidative stress. Long-term pro-
spective studies are warranted to confirm the link between
the molecular mechanism identified in our study and the
HD-related cardiovascular complications.
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FIG. 1. ROS production in HD patients and healthy subjects. Intracellular ROS levels were investigated by DCF-DA in
PBMCs isolated from healthy subjects (controls, n = 15), and HD patients treated with polysulphon/polyamide (S-group,
n = 30) and EVAL (E-group, n = 30) as described in Material and Methods section. ROS generation was significantly increased
in PBMCs from HD patients as compared with control *p = 0.001 (A). S-group, but not E-group, showed significantly higher
levels of intracellular ROS generation than control *p = 0.03 (C). Preincubation with an ROS scavenger NAC (5 nM) and
NADPH oxidase inhibitor DPI (10 lM) significantly inhibited ROS production in PBMCs isolated from control, HD patients,
S-group, and E-group as compared with NAC, DPI condition, p < 0.01 (B, D). A slight, but not significant, reduction in ROS
production was observed in PBMCs isolated from control, S-group, and E-group treated with a mitochondrial inhibitor
Rotenone (10 lM). S-group treated with Rotenone showed significantly higher levels of intracellular ROS production than
controls treated with Rotenone **p = 0.02 (E). Results are means – SD. DCF-DA, 2¢,7¢-dichlorodihydrofluorescein diacetate;
DPI, diphenyleneiodonium chloride; EVAL, ethylene-vinyl-alcohol; HD, hemodialysis; NAC, N-acetylcysteine; NADPH,
nicotinamide adenine dinucleotide phosphate; PBMCs, peripheral blood mononuclear cells; ROS, reactive oxygen species;
SD, standard deviation.
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FIG. 2. NADPH-dependent superoxide generation in HD patients and controls. NADPH oxidase activity was measured by
lucigenin-enhanced chemiluminescence in PBMCs isolated from HD patients and healthy subjects (controls) and HD patients
subsequently treated with polysulphon/polyamide (S-group) and EVAL (E-group). NADPH oxidase activity was significantly
increased in PBMCs from HD patients *p = 0.04 versus control (A). S-group showed an increase in NADPH-dependent superoxide
generation as compared with E-group and control group (*p = 0.01 vs. control; �p = 0.05 vs. E-group; B). Preincubation with NADPH
oxidase inhibitor DPI (10 lM) and SOD (50lg/ml) significantly decreased NADPH oxidase activity in PBMCs isolated from control,
HD patients, S-group, and E-group *p < 0.01 (C). Pretreatment with Rotenone (10lM) produced a slight, but not significant,
reduction in NADPH-dependent superoxide generation in PBMCs from control, HD patients, S-group, and E-group. HD patients
and S-group treated with Rotenone showed an increase in NADPH-dependent superoxide generation compared with E-group and
control group treated with Rotenone (**p = 0.03 vs. control; ¤p = 0.04 vs. E-group; C). Results are shown as means– SD. NADPH-
dependent superoxide generation was analyzed at the beginning and at the end of HD treatment. An increase of enzyme activity
after HD treatment was observed only in the S-group (*p = 0.04). Results are shown as fold change– SEM (D); control group n = 15;
E-group n = 30, S-group n = 30. SEM, standard error of the mean; SOD, superoxide dismutase.
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released from prothrombin during FXa-catalyzed conversion
to thrombin. F1 + 2 levels were significantly higher in S-group
than in E-group (Fig. 5A). Moreover, we assayed the endog-
enous thrombin potential using a functional assay that mea-
sures the kinetics of thrombin generation and disappearance
in plasma upon activation of coagulation by a low concen-
tration of tissue factor (16). The peak of thrombin generation
was significantly higher in S-group, suggesting a greater
thrombin-forming capacity (Fig. 5B).

Intracellular ROS production correlates with NADPH
oxidase activity and coagulation activation in HD patients

NADPH oxidase activity and plasma levels of prothrombin
F1 + 2 directly and significantly correlated with intracellular
ROS production in HD patients (r = 0.57, p = 0.04; and r = 0.85,
p = 0.03, respectively). Moreover, NADPH oxidase activity
directly correlated with coagulation priming in HD patients
(r = 0.89, p = 0.0006).

FIG. 3. NADPH oxidase complex protein expression. Gp91phox/NOX2 and p22phox protein expression was analyzed by
immunoblotting in PBMCs isolated from HD patients treated with polysulphon/polyamide (S-group), EVAL (E-group), and
controls. Quantification of gp91phox/NOX2 immunoblotting: *p = 0.0009 versus control (A); *p = 0.02 versus control, �p = 0.005
versus control (B). Quantification of p22phox immunoblotting: *p = 0.0002 versus control (C); *p = 0.0008 versus control,
�p = 0.00004 versus control (D). Immunoprecipitation for Rac followed by immunoblotting to gp91phox/NOX2 showed the
activation of NADPH oxidase complex. We observed an increase of gp91phox/NOX2 in S-group as compared with controls
and E-group. Quantification of gp91phox/NOX2 immunoblotting/Rac1 immunoprecipitation: *p = 0.01 versus control and
�p = 0.04 versus E-group (E). Results are means – SD; control group n = 15; E-group n = 30, S-group n = 30.
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FIG. 4. Coexpression of gp91phox/NOX2, p67phox, and Rac in HD patients and healthy subjects. Representative image of
PBMCs isolated from HD patients treated with EVAL (E-group) (B), polysulphon/polyamide (S-group) (C), and control (A)
showing a colocalization of NADPH oxidase subunits, gp91phox/NOX2 (green), p67phox (blue), and Rac (red), by triple
immunofluorescence. Nuclei were stained with Sytox (cyan). The arrows indicate the enlarged cells in the zoom. Magnifi-
cation · 63. Control group n = 5; E-group n = 5, S-group n = 5.
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FXa increases NADPH oxidase activity
and protein expression in cultured PBMCs

To investigate whether the coagulation activation is in-
volved in intracellular ROS production and in the NADPH
oxidase complex activation, we stimulated PBMCs isolated
from healthy subjects with FXa (10 nM) at different time pe-
riods (10, 20, 30, and 60 min). Intracellular ROS production,
NADPH-dependent superoxide generation, and gp91phox/
NOX2 protein expression peaked at 30 min and decreased
after 60 min of FXa incubation (Fig. 6A, C, E). Preincubation
with NAC and DPI significantly inhibited ROS production in
PBMCs stimulated with FXa for 30 min (Fig. 6B). Preincuba-
tion with Rotenone did not significantly reduce ROS pro-
duction and NADPH-dependent superoxide generation (Fig.
6B, D). Preincubation with DPI and SOD significantly in-
hibited NADPH oxidase activity in PBMCs stimulated with
FXa (Fig. 6D).

Discussion

In the current study we demonstrated for the first time that
gp91phox/NOX2-based NADPH oxidase is involved in HD-
induced oxidative stress and provided evidence suggesting

that such event is associated to the activation of the coagula-
tion cascade. Accordingly, the use of EVAL, a low coagula-
tion-activating membrane, significantly reduces NADPH
oxidase activity and ROS generation.

Archetypal cardiovascular risk factors have been associ-
ated with high incidence of cardiovascular disease–featuring
HD patients (18). These traditional risk factors, however, ap-
pear to explain only partially the increased burden of car-
diovascular disease in these population (32). Oxidative stress
has been proposed as a nontraditional cardiovascular risk
factor in this setting, and has been well documented in HD
patients (21, 22, 26).

The generation of ROS, including nitric oxide and perox-
ynitrite, during HD is associated with PBMC activation (21,
22, 26). The bioincompatibility of the dialytic system has been
suggested to play a key role in the enhancement of ROS
production (8, 9, 12). We previously demonstrated that JNK
phosphorylation, an oxidative stress-induced protein kinase,
is strikingly increased in PBMCs of patients treated with cel-
lulosic membrane. This process may represent an important
mechanism in PBMC activation during HD using bioincom-
patible devices (26). In the current study, we observed an ROS
overproduction by PBMCs isolated from HD patients. In
particular, patients treated with polysulphon/polyamide
membranes showed a significant increase of ROS production,
although these dialyzers have been shown to reduce the
priming of the complement cascade and the activation of
PBMCs compared with cellulose-based membranes. Inter-
estingly, ROS generation in patients treated with EVAL
membranes did not differ from control group, suggesting that
the use of EVAL could reduce the oxidative stress in HD pa-
tients through mechanisms other than direct or complement-
mediated PBMC activation.

NADPH oxidase is an example of enzyme potentially re-
sponsible for ROS overproduction. Mitochondria stand at the
center of cellular ROS metabolism being, at the same time, the
major producer and the primary target of prooxidant mole-
cules. The activated NADPH oxidase complex catalyzes the
reduction of molecular oxygen to superoxide anion, which, in
turn, dismutates to form hydrogen peroxide, a reaction cata-
lyzed by SOD. Measurement of NADPH oxidase activity is
traditionally performed on the plasma membrane fraction.
Although we feel that this approach would have been useful
to confirm our working hypothesis, to measure NADPH ox-
idase activity directly on plasma membranes requires ap-
proximately 3–4 · 108 cells, corresponding to 200 ml of whole
blood (1). Harvesting this blood volume from anemic HD
patients (mean Hb of our patient population is 10.2 g/dl) is
ethically challenging. In the attempt to overcome this limit
NADPH oxidase activity was measured in whole cell fractions
in the presence and in the absence of enzyme and mitochon-
drial inhibitors (DPI and Rotenone, respectively). We ob-
served a significant upregulation of NADPH-dependent
superoxide generation in PBMCs isolated from patients trea-
ted with polysulphon/polyamide membranes compared
with EVAL-treated patients and healthy subjects. Interest-
ingly, a further increase in NADPH oxidase activity was ob-
served at the end of HD treatment only in patients treated
with polysulphon/polyamide membranes, confirming the
hypothesis that the activation of this prooxidative pathway is
directly linked to the use of a specific membrane. To confirm
the activation of NADPH oxidase complex we analyzed

FIG. 5. Coagulation activation in HD patients. Plasma
levels of prothrombin fragment F1 + 2 were higher in S-group
than in E-group ( p < 0.01, n = 30 per group), suggesting a
greater in vivo clotting activation (A). In vitro thrombin
generation curves in plasma challenged with a low concen-
tration of tissue factor. Peak thrombin activity was signifi-
cantly higher in S-group as compared with E-group
(*p = 0.02, **p = 0.02, n = 10 per group; B). Results are
means – SD.
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FIG. 6. Coagulation activation induced NADPH oxidase complex. PBMCs isolated from buffy coat were incubated with
FXa (10 nM) for 10–60 min. Intracellular ROS levels were investigated by DCF-DA. *p = 0.01 versus basal; n = 4 (A). Pre-
incubation with NAC and DPI significantly inhibited ROS production in PBMCs stimulated with FXa for 30 min as compared
with NAC, Rotenone, and DPI condition, *p < 0.01, n = 3 (B). Preincubation with Rotenone (10 lM) did not significantly
decreased ROS production and these cells showed a significant upregulation compared with basal pretreated with Rotenone,
**p = 0.03, n = 4 (B). NADPH oxidase activity was measured by lucigenin-enhanced chemiluminescence. *p = 0.01 versus basal;
n = 3 (C). Preincubation with DPI (10 lM) and SOD (50 lg/ml) significantly inhibited NADPH oxidase activity in PBMCs
stimulated with FXa for 30 min, *p < 0.01, n = 3 (D). Preincubation with Rotenone did not significantly decrease NADPH
oxidase activity and these cells showed a significant upregulation compared with basal pretreated with Rotenone, **p = 0.02,
n = 3 (D). Gp91phox/NOX2 protein expression was studied by immunoblotting for gp91phox/NOX2. *p = 0.03 versus basal;
n = 3 (E). Results are means – SD.
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gp91phox/NOX2 and p22phox protein expression and im-
munoprecipitated Rac, a small GTPase that leads to the
activation of the enzymatic complex, followed by immuno-
blotting with specific anti-gp91phox/NOX2 antibodies. A
similar pattern of protein expression was observed both in E-
and S-groups. This observation might be explained by the
chronic microinflammation featuring HD, which has been
shown to be associated with a positive feedback of continuous
p22phox synthesis (11). However, the colocalization of
NADPH subunits, gp91phox/NOX2, p67phox, and Rac, on the
membrane surface of PBMCs isolated only from S-group,
further confirmed that NADPH oxidase complex is activated
in patients treated with these synthetic dialytic membranes,
but not in those treated with EVAL. Next, we observed a
nonsignificant reduction of NADPH/NADP + ratio in S-
group as compared with E-group, supporting the hypothesis
that there is a continuous waste of NADPH in HD patients.

HD-related oxidative stress relies on two major compo-
nents of the dialysis system: the dialyzer (35), and the mi-
crobial contamination and/or the pyrogen content of the
dialysate. In particular, the presence of LPS in the dialysate
may activate monocytes/macrophages (19, 20) and NADPH
oxidase complex upregulation (21, 25, 30). Recently, Morena
et al. showed that the lowering dose of systemic LMW heparin
in patients dialyzed with a new heparin-coated Evodial was
associated with a prevention of oxidative status. Moreover,
the authors stated that heparin may act as a prooxidant agent
increasing oxidative stress, but the use of unfractionated
heparin has not been tested in this work (23). In a previous
study, we demonstrated that subclinical clotting activation
caused an increased CCR2 gene expression in uremic PBMCs;
the use of EVAL improved this condition by reducing specific
FXa and MCP-1 cell surface receptors (27). In this study we
showed that patients treated with EVAL had significantly
lower plasma levels of prothrombin F1 + 2, suggesting a low
blood clotting activation. Moreover, we demonstrated that
the in vitro thrombin-forming capacity was lower in the E-
group than in the S-group, suggesting a more pronounced
hypercoagulable state in the latter. Thus, it is conceivable that
the increased NADPH activity observed in the S-group might
be linked to the heightened activation of the coagulation
cascade. This hypothesis is supported by the direct and sig-
nificant correlation between intracellular ROS production,
NADPH oxidase activity, and coagulation activation.

NADPH oxidase activation may play a crucial role in
perpetuating the thrombogenic cycle in the injured vessel
wall (17). Thrombin-induced ROS production and vascu-
lar smooth muscle cell proliferation were significantly
reduced after downregulation of NoxA1, a functional homo-
log of p67phox (24). In addition, thrombin stimulates NOX-
dependent ROS generation in endothelial cells, through Rac1
activation and gp91phox/NOX2 upregulation, promoting en-
dothelial proliferation and angiogenic response (10). It has
been demonstrated that thrombin induces the upregulation of
gp91phox, p47phox, and p67phox proteins and causes the
translocation of cytosolic NADPH oxidase subunits (p47phox,
p67phox, and Rac1) to the plasma membrane in microglia
within the hippocampus in vivo (6). Our in vitro experiments
would suggest that thrombin is not the only coagulation
factor promoting ROS generation. Indeed, in our in vitro ex-
periments we observed that FXa was able to induce intracel-
lular ROS production, NADPH-dependent superoxide

generation, and gp91phox/NOX2 protein expression in
PBMCs isolated from healthy subjects.

In conclusion, our data support the hypothesis that sub-
clinical clotting activation may cause an increase of NADPH-
related ROS production in PBMCs of HD patients. The use of
EVAL membrane improves this condition likely by reducing
the generation of FXa. The pivotal role of NADPH oxidase in
the upregulation of ROS makes this enzyme a potential target
for therapeutic intervention in the treatment of HD-related
oxidative stress occurring in uremic patients.

Materials and Methods

Patients

Thirty HD patients, after giving a written informed consent
according to the declaration of Helsinki, were enrolled based
on the following inclusion/exclusion criteria: > 18 years, sta-
bly on HD for at least 1 year, no signs of liver disease, dys-
regulations of coagulation system, diabetes, systemic
inflammatory disease, vasculitides, or neoplasia. Underlying
diseases leading to end-stage renal disease were chronic glo-
merulonephritis in 8 patients (26.6%), hypertensive nephro-
sclerosis in 12 (40%), polycystic kidney disease in 4 (13.3%),
tubulointerstitial nephritis in 5 (16.6%), and unknown disease
in 1 (3.3%). HD patients (12 women and 18 men; mean age
46.5 – 10.8 years) were dialyzed for at least 6 months with
synthetic membranes (polysulphon, Fresenius, Bad Hom-
burg, Germany; or polyamide, Gambro, Bologna, Italy;
S-group, n = 30). The patients were switched from polysul-
phon/polyamide to EVAL (Kuraray, Tokyo, Japan; E-group,
n = 30) for 36 treatments and vice versa for another 36 treat-
ments. Fifteen healthy subjects (eight women and seven men;
mean age 43.2 – 11.2 years) were used as control group. HD
patients and controls were matched for gender and age. No
medications (antiinflammatory and antihypertensive drugs,
corticosteroids, and vitamin C-E) potentially interfering with
the parameters under investigation were administered
throughout the study. All patients received 1250 U/h of so-
dium heparin infusion during HD. No difference in the dose
of erythropoiesis-stimulating agents was present between E
and S-groups. No significant difference in the proportions of
lymphocytes/monocytes in each sample was observed. HD
efficiency, as indicated by urea reduction rate, remained un-
changed during the study periods. Dialyzers were not reused.
Endotoxin content of the dialysate, as shown by colorimetric
Limulus Amebocyte Lysate assay (Coatest Kabi Vitrum,
Stockholm, Sweden), was constantly < 0.05 EU/ml.

Antibodies

The primary antibodies used in this study recognize
NADPH oxidase complex subunits: rabbit polyclonal anti-
human gp91phox/NOX2 (1:200) used for Western blot and
immunoprecipitation analysis (Millipore, Bedford, MA),
mouse monoclonal anti-human gp91phox/NOX2 used for
immunofluorescence, mouse monoclonal anti-human p67phox

(BD Biosciences, Franklin Lakes, NJ), rabbit polyclonal anti-
human p22phox (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA), mouse monoclonal anti-human Rac1 clone23A8 (1:1000)
used for immunoprecipitation, rabbit polyclonal anti-human
Rac1b used for immunofluorescence (Millipore); mouse
monoclonal anti-human b-actin, used for Western blotting
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(clone AC-15, 1:10,000; Sigma-Aldrich, St. Louis, MO). Sec-
ondary antibodies used in this study were as follows: horse-
radish peroxidase-conjugated antibodies (goat anti-rabbit IgG
sc-2004 for gp91phox/NOX2 and p22phox, respectively, 1:1000
or 1:5000, from Santa Cruz Biotechnology; goat anti-mouse
IgG for b-actin and Rac1 clone 23A8 1:50,000, from Bio-Rad
Laboratories, Hercules, CA).

PBMC isolation

Whole blood was collected from all subjects. For HD pa-
tients the blood samples were obtained at the beginning (t0)
and at the end (t240) of the second HD session of the week.
PBMCs were isolated by density separation over a Ficoll-
Paque (GE Healthcare, Stockholm, Sweden). Cells were
counted and their viability was assessed by trypan blue ex-
clusion ( > 90% PBMCs were viable). For the in vitro study,
PBMCs were isolated from buffy coat obtained from healthy
subjects.

In vitro experiments

PBMCs isolated from healthy subjects were preincubated
in serum-free RPMI-1640 (Lonza, Milan, Italy) overnight and
then exposed to FXa (10 nM; Calbiochem, La Jolla, CA) for the
indicated time periods. In separate experiments PBMCs were
preincubated with NAC (5 nM; Sigma, Milan, Italy), Rotenone
(10 lM; Sigma), or DPI (10 lM) for 1 h.

Measurement of intracellular ROS production

The oxidation-sensitive fluorescent probe 2¢,7¢-dichlorodihy-
drofluorescein diacetate (DCF-DA; Molecular Probes, Eugene,
OH) was used to detect the generation of intracellular ROS as
described previously (13). PBMCs were maintained in culture
medium (RPMI-1640; Sigma) supplemented with 10% fetal
bovine serum (Sigma), 1% penicillin–streptomycin, and 2 mM
L-glutamine for 2 h. The cells were, then, washed with Hanks’
balanced salt solution (HBSS) without phenol red and incubated
with 10lM DCF-DA for 30 min in the dark at 37�C. DCF fluo-
rescence was detected at excitation of 495 nm and emission of
525 nm wavelengths, with a fluorescence reader ( JASCO-FP-
6200, Tokyo, Japan). Emitted fluorescence was normalized to
the total amount of proteins.

NADPH oxidase assay

NADPH oxidase activity was measured by the lucigenin-
enhanced chemiluminescence method as reported previously
(14). PBMCs were washed in PBS and harvested in lysis buffer
(20 mM KH2PO4, pH 7.0; 1 mM EGTA; 1 mM PMSF; and 8 lg/
ml leupeptin) on ice. Homogenates were subjected to a low-
speed centrifugation (800 g) at 4�C for 10 min to remove cell
debris, and used immediately. One hundred microliters of
homogenates was added to 900 ll of 50 mM phosphate buffer,
pH 7.0, containing 1 mM EGTA, 150 mM sucrose, 5 lM luci-
genin, and 100 lM NADPH (Roche Diagnostic, Mannheim,
Germany), when required SOD (50 lg/ml) was added to the
assay. Photon emission in terms of relative light units was
measured every 30 s for 7 min in a luminometer. A buffer blank
was subtracted from each reading. Superoxide production was
expressed as the rate of relative chemiluminescence (light) units
per min per lg of protein (RLU/min*lg). Protein content was
measured using the Bradford method (Bio-Rad Laboratories).

NADPH/NADP + assay

NADPH/NADP + ratio was evaluated in PBMCs freshly
isolated from HD patients and controls by a commercially
available kit (Abcam, Cambridge, UK).

Western blot and immunoprecipitation

Cells were lysed with RIPA buffer. The lysates were kept on
ice for 30 min and centrifuged at 10,000 g at 4�C for 10 min.
Protein concentration was determined by the Bradford
method (Bio-Rad Laboratories). Aliquots containing 80 lg of
proteins from each sample were subjected to SDS–PAGE on a
10% gel under reducing conditions, electrotransferred onto
polyvinylidene fluoride (PVDF) membrane (Millipore), and
immunoblotted with the antibodies indicated previously. The
signal was detected using the ECL-enhanced chemilumines-
cence system (Amersham, Piscataway, NJ). The film was ac-
quired using a scanner EPSON Perfection 2580 Photo and
quantified by NIH ImageJ software (http://rsbweb.nih.gov/
ij/). All samples (control, S-group, and E-group) were run in a
single gel and b-actin band intensity was used for equal
loading control and for normalization. A total of 200 lg of
protein was immunoprecipitated using the protein G immu-
noprecipitation kit (Sigma). The proteins were first incubated
with 1 lg of anti-Rac1 clone 23A8, overnight on a rocking
platform at 4�C, and then with protein G Sepharose for 3 h at
4�C. The immunoprecipitated proteins were eluted in sample
buffer (2-b-mercaptoethanol, 10% SDS, 10% glycerol, 0.5 M
Tris-HCl [pH 6.8], and 0.05% blue-bromophenol), boiled,
separated by electrophoresis on a 10% polyacrylamide gel,
transferred onto a PVDF membrane, and immunoblotted
with the antibodies indicated as described previously. The
ECL system was used for detection. All samples (control, S-
group, and E-group) were run in a single gel and Rac1 clone
23A8 band intensity was used for normalization.

Assay of prothrombin F1 + 2 fragment

In vivo blood clotting activation was evaluated by assaying
the plasma levels of the prothrombin fragment F1 + 2 by a
commercially available ELISA (Dade Behring, Marburg,
Germany), according to the manufacturer’s instructions.

Thrombin generation assay

The profile of thrombin generation induced by physiolog-
ical concentrations of tissue factor was determined as previ-
ously reported (7). Briefly, a mixture consisting of 0.5 ml
defibrinated plasma, 5 pM Tissue factor (Recombiplastin; In-
strumentation Laboratory, Milan, Italy), and 10 mM CaCl2
was incubated at 37�C. At predetermined intervals, a 50 ll
aliquot was taken and transferred to a prewarmed tube con-
taining 100 ll human fibrinogen (6 mg/ml) dissolved in cit-
rate-Tris buffer (0.38% sodium citrate). The clotting time was
determined by the manual (tilt tube) technique, and thrombin
activity was calculated by reference to a calibration curve
constructed with purified human thrombin (Sigma).

Cell immunofluorescence and confocal
laser-scanning microscopy

The colocalization of gp91phox/NOX2, p67phox, and Rac
was evaluated by indirect immunofluorescence and confocal
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microscopy, on PBMCs fixed in 3.7% paraformaldehyde. Cells
were permeabilized in PBS with 0.25% Triton X-100 for 5 min,
washed in PBS, and then blocked with 2% bovine serum al-
bumin (BSA) in PBS for 1 h at RT. Cells were incubated
overnight at 4�C with a primary antibody against gp91phox/
NOX2 (1:20), p67phox (1:50), and Rac1b (1:400), following
incubation for 1 h with the appropriate secondary anti-
body (Alexa Fluor 488 goat anti-mouse IgG1, 1:200; Alexa
Fluor 633 goat anti-mouse, 1:400; and Alexa Fluor 555 goat
anti-rabbit, 1:200, respectively; Molecular Probes) at RT.
PBMCs were washed in PBS after each step, counterstained
with Sytox� (Molecular Probes), mounted in GEL/MOUNT
(Biomeda Corp., Foster City, CA), and sealed with nail
varnish. Negative controls were performed by omitting the
primary antibodies. Specific fluorescence was acquired by a
Leica TCS SP2 (Leica, Wetzlar, Germany) confocal laser-
scanning microscope.

Statistical analysis

Data are expressed as the mean – standard deviation or
mean – standard error of the mean. Differences between
control, HD (S + E-groups), E-, and S-groups were analyzed
by ANOVA. Pearson’s correlation test was used to study
continuous variables. A p-value < 0.05 was considered statis-
tically significant. Statistical analysis was performed using the
Statview Software package (5.0 version; SAS, Inc., Cary, NC).
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Abbreviations Used

DCF-DA¼ 2¢,7¢-dichlorodihydrofluorescein
diacetate

DPI¼diphenyleneiodonium chloride
EVAL¼ ethylene-vinyl-alcohol
HBSS¼Hanks’ balanced salt solution

HD¼hemodialysis
NAC¼N-acetylcysteine

NADPH¼nicotinamide adenine dinucleotide
phosphate

PBMCs¼peripheral blood mononuclear cells
PVDF¼polyvinylidene fluoride

ROS¼ reactive oxygen species
SD¼ standard deviation

SEM¼ standard error of the mean
SOD¼ superoxide dismutase

NADPH OXIDASE AND COAGULATION IN HEMODIALYSIS 439


