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ABSTRACT

Bisphenol A (BPA), a component of some dialysis membranes, accumulates in CKD. Observational studies
have linked BPA exposure to kidney and cardiovascular injury in humans, and animal studies have
described a causative link. Normal kidneys rapidly excrete BPA, but insufficient excretion may sensitize
patients with CKD to adverse the effects of BPA. Using a crossover design, we studied the effect of dialysis
with BPA-containing polysulfone or BPA-free polynephron dialyzers on BPA levels in 69 prevalent patients
on hemodialysis: 28 patients started on polysulfone dialyzers and were switched to polynephron dialyzers;
41 patients started on polynephron dialyzers and were switched to polysulfone dialyzers. Results were
grouped for analysis. Mean BPA levels increased after one hemodialysis session with polysulfone dialyzers
but not with polynephron dialyzers. Chronic (3-month) use of polysulfone dialyzers did not significantly
increase predialysis serum BPA levels, although a trend toward increase was detected (from 48.8+6.8 to
69.1+10.1 ng/ml). Chronic use of polynephron dialyzers reduced predialysis serum BPA (from 70.6+8.4 to
47.1+7.5 ng/ml, P<0.05). Intracellular BPA in PBMCs increased after chronic hemodialysis with polysulfone
dialyzers (from 0.039+0.002 to 0.043+0.001 ng/10° cells, P<0.01), but decreased with polynephron dia-
lyzers (from 0.045+0.001 to 0.036+0.001 ng/10° cells, P<0.01). Furthermore, chronic hemodialysis with
polysulfone dialyzers increased oxidative stress in PBMCs and inflammatory marker concentrations in cir-
culation. In vitro, polysulfone membranes released significantly more BPA into the culture medium and
induced more cytokine production in cultured PBMCs than did polynephron membranes. In conclusion,
dialyzer BPA content may contribute to BPA burden in patients on hemodialysis.
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2,2-Bis-(4-hydroxyphenyl) propane (bisphenol A
[BPA]) was synthesized in the 1930s as a synthetic
estrogen,’>? but was displaced by diethylstilbestrol.
Currently, BPA is a component of polycarbonate
plastics and epoxy resins and is considered an en-
vironmental toxin. BPA contains aromatic rings
with structural similarity to phenols, and BPA me-
tabolism and disposal may have common charac-
teristics with uremic toxins such as p-Cresol.> BPA
may be absorbed in the gastrointestinal tract after
ingesting products packed in plastic containers,
polycarbonate bottles, or cans of food and
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beverages. Like other exogenous phenols, BPA is
conjugated by glucuronic acid in the bowel and
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Figure 1. Bisphenol serum and intracellular concentration. (A)
Serum and (B) intracellular BPA in healthy controls and patients on
hemodialysis. *P<<0.05 versus control.
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liver and excreted in urine as BPA glucuronide.* In this regard,
BPA may also be considered a uremic toxin, because it accu-
mulates in CKD and there is evidence that its accumulation is
harmful.?

BPA is a chemical switch in endocrine processes, and may
impact reproduction, weight, and development. Very low con-
centrations of BPA alter steroidogenesis® and cell functions.® In
this regard, BPA exposure has been linked to the development
of obesity, insulin resistance, metabolic syndrome, diabetes,
and atherosclerosis.—?

An epidemiologic association was observed between high
urinary BPA levels and cardiovascular disease. Each increase
in urinary BPA of 4.5 ug/L was associated with a 13% in-
crease in the incidence of coronary heart disease within 10
years, although the significance was lost after adjustment for
traditional cardiovascular risk factors.!? In healthy adult
Americans, urinary BPA levels >4 ug/L were associated
with a 50% increase in the prevalence of hypertension com-
pared with levels <1.5 pg/L.!! Urinary BPA levels >1.4 ug/L
were associated with a 23% higher risk of microalbuminuria
than in healthy adults with levels <0.5 ug/L.1? Experimen-
tal studies have identified potential mechanisms of BPA
nephrotoxicity through injury of glomerular podocytes,
oxidative stress, inflammation, and induction of arterial
hypertension.!3-1>

One argument by government agencies for considering safe
the use of BPA in the general population is the almost complete
and rapid urinary elimination of the conjugated molecule,
which decreases the risks of exposure to BPA.1¢ Thus, BPA
exposure is assessed as urinary BPA concentration in the gen-
eral population because serum levels are
very low when renal function is normal.
However, serum BPA levels increase with
decreasing renal function and are highest
in individuals on hemodialysis,!” reflecting
the accumulation of BPA in CKD. For this
reason, studies on the causes and conse-
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Figure 2. Study design. (A and B) In this crossover study, prevalent patients on he-
modialysis were evaluated and sampled at baseline and next switched to a different
dialysis membrane for 3 months. At that point, samples were taken and the membrane
switched to the baseline one. (C) At 6 months, new sampling took place.
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crossover study the impact of the choice
of dialyzer (BPA-free versus BPA-containing)
on serum and intracellular BPA levels and
on inflammation and oxidative stress
markers.
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RESULTS

Serum and Intracellular BPA Levels
are Higher in Patients on
Hemodialysis than in Healthy Controls
Both serum and intracellular BPA were
higher in patients on hemodialysis than
in healthy controls (35-fold and 12-fold,
respectively; Figure 1, A and B).

Polysulfone Membranes Increase
Serum BPA Levels Following a Single
Hemodialysis Session while Chronic
Use of Polynephron Membranes for

3 Months Decreases Serum BPA

In a crossover design, prevalent patients
chronically dialyzed with polysulfone (base-
line polysulfone, n=28) were switched for 3
months to polynephron and then switched
back for 3 months to polysulfone (Figure 2).
Conversely, patients chronically dialyzed
with polynephron (baseline polynephron,
n=41) were switched for 3 months to poly-
sulfone and then switched back for 3
months to polynephron (Figure 2).

Mean BPA levelsincreased from 46.3+8.5
ng/ml to 78.4%11.0 ng/ml (68% increase
over predialysis baseline values, P<<0.05)
following a single hemodialysis session with
polysulfone dialyzers, while no changes were
observed with polynephron membranes
(Figure 3A). A trend toward an increase in
outflow over inflow BPA levels was also ob-
served with polysulfone, but not with poly-
nephron membranes (Supplemental Figure 1).

The continuous use of a polysulfone
membrane for 3 months tended to increase
predialysis serum mean BPA levels (from
48.8+6.8 to 69.1+10.1 ng/ml, a 44% in-
crease for the combined 0-3 and 3—-6 month
groups, NS). By contrast, chronic use of
polynephron membranes for 3 months re-
duced predialysis serum BPA (from 70.6=*
8.4 to 47.1+7.5 ng/ml, a 33% decrease for
the combined 0-3 and 3-6 month groups,
P<0.05; Figure 3B).

Asmaller study of shorter duration (3 weeks
for each dialyzer) in incident patients disclosed
asimilar trend toward increased serum BPA
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Figure 3. Serum BPA in patients on hemodialysis dialyzed with polysulfone or polynephron
dialyzers. (A) Change in serum BPA following a single hemodialysis session with polysulfone
or polynephron dialyzer. Mean+SEM of postdialysis versus predialysis values. *P<<0.002
versus predialysis values. (B) Mean predialysis serum BPA over time for 6 months.
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Figure 4. Intracellular BPA in PBMCs from patients on hemodialysis dialyzed with polysulfone
or polynephron dialyzers. Predialysis intracellular BPA values over time for 6 months.

levels with polysulfone membranes (Supplemental Figure 2).

Chronic Use of Polysulfone Membranes Increases and of
Polynephron Membranes Decreases Intracellular BPA
Chronic hemodialysis with polysulfone membranes for 3
months increased predialysis intracellular BPA in PBMCs
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(from 0.039%+0.002 to 0.043=0.001 ng/lO6 cells, a 10% in-
crease for the combined 0-3 and 3-6 month groups,
P<0.01), whereas polynephron membranes decreased intra-
cellular BPA (from 0.045%0.001 to 0.036%0.001 ng/lO6
cells, a 20% decrease for the combined 0-3 and 3-6 month
groups, P<<0.01; Figure 4).
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Oxidative Stress and Inflammation Markers

Oxidative stress markers were measured in 10 randomly
selected patients. Oxidative stress activates the nuclear factor
(erythroid-derived 2)-like 2 (N1f2) transcription factor, which
in turn promotes the expression of genes encoding proteins
that protect the cell from oxidative stress, such as heme
oxygenase 1 (HO-1) and peroxiredoxin 1 (Prx-1). The expres-
sion of oxidative stress markers was significantly higher after
3 months of hemodialysis with polysulfone than with polyneph-
ron membranes (Figure 5).

Inflammation markers were assessed in all patients. Three
months of hemodialysis with polysulfone membranes in-
creased circulating C-reactive protein (CRP) and IL-6 while
polynephron membranes decreased CRP and IL-6 (P<<0.001;
Figure 6).
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Changes in the concentration of circulating inflammatory
biomarkers correlated with changes in BPA concentrations and
both inflammatory markers and serum BPA increased when
polysulfone membranes were employed (Figure 7).

BPA and Polysulfone BPA-Containing Membranes
Increase Inflammatory Markers in Cultured PBMCs

BPA dose-dependently increased cytokine mRNA expression
in cultured PBMCs from healthy donors within a concentra-
tion range relevant for patients on hemodialysis (Supplemental
Figure 3).

Coincubation of mashed polysulfone dialyzers dose-
dependently increased cytokine mRNA expression and secre-
tion in cultured healthy donor PBMCs (Supplemental Figure
4, A-D). In this regard, within 24 hours of culture, BPA was
dose-dependently released from polysul-
fone dialyzer fibers into the culture media
(Supplemental Figure 5). Thus, PBMCs
may be exposed both to released BPA and
to BPA within the membrane surface.

DISCUSSION

This is the first prospective study to evaluate
the impact of BPA-free dialyzers on serum
BPA levels in patients on hemodialysis
when compared with state-of-the-art
BPA-containing dialyzers. The main find-
ing is that the choice of dialyzer in terms
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Figure 5. Expression of oxidative stress proteins Nrf2, HO-1, and Prx-1 in PBMCs from
patients dialyzed for 3 months with polysulfone or polynephron membranes. (A) Nrf2
Western blot using nuclear fraction and a histone-3 loading control. (B) HO-1 and Prx-1
Western blot using cytosolic fraction and a GAPDH loading control. (C) Quantification
of Western blotting results. Values expressed as percentage increase over healthy
controls. *P<0.05 versus healthy control; **P<0.001 versus healthy control; ¥P<0.05

versus polynephron; *¥P<0.01 versus polynephron.

J Am Soc Nephrol 27: 1566-1574, 2016

Polysulfone

ered safe enough in the general population,
despite several red flags, as it is readily
excreted in the urine. However, patients on
hemodialysis are unable to excrete BPA in
their urine,!® leading to BPA accumula-
tion.2? Repeated loading of BPA during
hemodialysis with BPA-containing mem-
branes may aggravate the problem.!” We
have found high serum BPA levels in

BPA in Hemodialysis Membranes 1569


http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2015030312/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2015030312/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2015030312/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2015030312/-/DCSupplemental
http://jasn.asnjournals.org/lookup/suppl/doi:10.1681/ASN.2015030312/-/DCSupplemental

CLINICAL RESEARCH | www.jasn.org

p <0.01 p <0.01 p <0.01 p <0.01 patients, the same trend toward increased

3. ! 1 ! 490 - | 1T 1 serum BPA with polysulfone membranes
25 201 po 5 was observed.

5 T 350 - Prior studies have also suggested that

2 27 - ° 250 dialyzer BPA may be released to the circu-

o 15 E © lation, although these were in vitro studies

5 ; = 2107 or tested outdated membranes in only

0 single-dialysis studies. Thus, a single-pass

L 701 saline solution flushing released more

0 ” - \ 0 - W ! BPA from polysulfone membrane dialyzers

Baseline 3 months 6 months Baseline 3 months 6 months . O

with polycarbonate (BPA-containing)

Polysulfone Polynephron Polysulfone  Polynephron housing than from polysulfone membrane

dialyzers with BPA-free polystyrene hous-

p< 0.01 | p< 0.01 | Pp<001  p<001 ing, suggesting a potential role for housing

37 490 7 on modulating serum BPA.'8 However, the

. 2.5 4201 in vitro nature of the study precludes firm

g - I E 3501 $. 3 conclusions. In another study, a single he-

13 g 280 - R modialysis session resulted in increased

& 5 Q@ 5104 serum BPA levels in patients dialyzed with

s 44 % g = 140 polysulfone but not in those dialyzed with

05 i cellulose membranes.?® However, cellu-

o lose membranes are now outdated and in-

Baseline 3 months & months Baseline 3 months 6 months formation is needed on state-of-the art

membranes.
Polynephron Polysulfone Polynephron  Polysulfone While the molecular mass is 228 D, due

Figure 6. Circulating inflammatory biomarkers in patients dialyzed with polysulfone or

polynephron dialyzers for 3 months.

patients on hemodialysis compared with patients with normal
renal function, which is consistent with prior observations
that serum BPA rises when the GFR falls below 60 ml/min.2!
In this regard, our data support the concept that patients on
hemodialysis represent a high-risk population for BPA over-
load, which may require special regulatory status with regards
to BPA-containing medical devices.

BPA may migrate from dialyzers to the blood of patients on
hemodialysis.!® However, no prospective, long-term studies
have assessed the effect of chronic hemodialysis with state-
of-the-art dialyzers with different BPA contents. The only sim-
ilar study in patients on hemodialysis assessed the effect of
hemodialysis for 4 weeks on serum BPA.2! In this prospective
study both dialyzers had BPA-containing polycarbonate hous-
ing. Both the short duration of the study and the fact that both
dialyzers contained BPA may explain the lack of differences
between polysulfone and polynephron membranes.?! By con-
trast, we found differences in serum BPA after 12 weeks of use
of BPA-free and BPA-containing dialyzers. Contrary to the
4-week study, the housing in the BPA-free polynephron dia-
lyzers used in our study is also BPA-free. The combination of a
longer exposure (3 months versus 1 month) and the use of
completely BPA-free dialyzers in one arm of our study allowed
the identification of a significant contribution of dialyzer BPA
to the BPA burden of patients on hemodialysis. In this regard,
in a shorter (3 weeks), smaller (n=7) pilot study in incident

1570 Journal of the American Society of Nephrology

to high protein binding, the removal of BPA
by hemodialysis is limited.?! The protein-
bound fraction of plasma BPA in dialysis
patients was estimated to be 74% *5%,2!
similar to in vitro estimates of 95% binding at low concentra-
tions.22 Moreover, a tissue:blood partition coefficient of 1.4 for
nonadipose tissues and 3.3 for fat tissues further compromises
the dialyzability of BPA.22 Thus, the observed decrease in BPA
concentration following chronic but not acute dialysis with
polynephron dialyzers may have an important component of
decreased passage of BPA from the dialyzer into the blood, in
addition to any removal of the compound.

Bloodlines are another potential source of BPA. All patients
in this study used the same bloodlines made of polyvinyl
chloride, (PVC), as they are the only ones currently available
in our country. Flexible PVC contains BPA as an additive,
although its contribution should be minimal (the manufac-
turer did not specify the BPA content); therefore, bloodlines
are a potential additional source of BPA.

Intracellular BPA levels in PBMCs were higher in patients
on hemodialysis than in healthy controls, suggesting that high
serum BPA results in intracellular accumulation of the toxins in
patients on dialysis. Furthermore, dialysis with polysulfone
dialyzers further increased intracellular BPA, suggesting that
the BPA burden from dialyzers may reach the intracellular
space, where it may modulate gene expression.??

Our study argues against a significant role of hemodialysis in
BPA clearance because no significant reduction of serum BPA
was observed following a single dialysis session. This obser-
vation is in line with the higher serum BPA levels in patients on

J Am Soc Nephrol 27: 1566-1574, 2016
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characterized by increased oxidative stress
and low-level systemic inflammation, best
assessed by measuring CRP or IL-6.25-28
Both uremia itself and hemodialysis ses-
sions may contribute to oxidative stress
and inflammation. BPA exposure has
been linked to inflammation and cardio-
vascular disease in humans and BPA in-
duces oxidative stress and inflammation in
rodents and cultured cells.29,30-33 Oxida-
tive stress was associated with BPA-induced

experimental hypertension.!> BPA induces
mitochondrial dysfunction and this has
been linked to BPA-associated inflamma-
tion.34-37 Urinary BPA concentration, a
marker of BPA exposure in the general
population, is associated with markers
of oxidative stress (malondialdehyde and
8-hydroxydeoxyguanosine) and inflamma-
tion (white blood cell count and CRP levels)
in certain subpopulations such as post-
menopausal and pregnant women.30-38.39
In this regard, we found evidence of higher
oxidative stress and inflammation in pa-
tients on hemodialysis dialyzed with BPA-
containing polysulfone membranes than
with BPA-free polynephron membranes.
Inflammation correlated with changes in
BPA concentrations in response to the dif-
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Figure 7. Correlation between serum BPA levels and inflammatory markers. Mean
values for each group and time point are shown. BPA and inflammatory markers (A) CRP
and (B) IL-6 were assessed in the same samples. Dashed lines represent timelines for
the two independent groups. The first data point (B) along the dashed line represents
baseline values, the second (3) the 3-month time point, and the third (6) the 6-month
time point. Arrows represent the sequence of dialyzers. The dialyzer is color-coded.
This was a crossover study of prevalent patients on hemodialysis and each independent
study group was dialyzed at baseline with a different dialyzer. Thus, one group changed
from polysulfone at baseline to polynephron and back to polysulfone, and the other
group changed from polynephron at baseline to polysulfone and back to polynephron.

hemodialysis than in healthy controls. In addition, our results
suggest that BPA-containing dialyzers may add to the BPA
burden and chronic use of BPA-free dialyzers may decrease
serum BPA levels, probably as consequence of decreased release
of BPA from the dialyzer itself. Repetitive BPA exposure may
lead to BPA accumulation in target organs, because the
intravenous route bypasses the first-pass liver metabolism
that helps detoxify BPA released from food containers and
absorbed from the gastrointestinal tract.

Oxidative stress and inflammation contribute to cardio-
vascular disease in patients with CKD.?* Advanced CKD is

J Am Soc Nephrol 27: 1566-1574, 2016

ferent membranes. The proinflammatory
effect of both BPA and BPA-containing
membranes was also observed in cultured
leukocytes. Furthermore, polysulfone dia-
lyzers released BPA into the cell culture me-
dium. The proinflammatory dose response
of BPA encompasses the range of serum
BPA values found in dialysis patients. Over-
all, the in vitro findings suggest that the BPA
content of dialyzers may impact the inflam-
matory response of circulating leukocytes
in vivo.

In conclusion, patients on hemodialysis
have higherlevels of serum and intracellular
BPA than do healthy controls, and the
choice of dialysis membrane impacts on serum and intracel-
lular BPA levels. Dialyzers with BPA-containing membranes
increase serum BPA levels over 3 months and even following
every single hemodialysis session. The BPA increase after a
single hemodialysis session suggests that hemodialysis does
not compensate for the lack of urine BPA excretion. Rather,
the use of BPA-containing dialysis membranes further adds
to the BPA burden of patients on hemodialysis. In contrast,
the chronic use of BPA-free dialyzers results in decreased BPA
levels. Further studies should reveal the health consequences
of BPA accumulation from dialysis membranes in patients

BPA in Hemodialysis Membranes 1571
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on hemodialysis who cannot excrete excess BPA in urine. Mean-
while, our data suggest that patients on hemodialysis are a
high-risk population for BPA overload, which may require
special regulatory status with regards to BPA-containing
medical devices.

CONCISE METHODS

Clinical Design and Patient Recruitment
In a prospective 6-month, crossover study we compared BPA-free and

BPA-containing dialyzers in 69 prevalent patients on hemodialysis.
BPA-free high-flux polynephron (polynephron) membranes housed
in polypropylene (Eliseo; Nipro Corp., Osaka, Japan) were compared
with high-flux polysulfone (polysulfone) dialyzers that contain BPA
(Fx80; Fresenius, Bad Homburg, Germany). The study was approved
by the IIS-Fundacién Jiménez Diaz Ethics Committee. Patients were
enrolled after providing written informed consent.

Inclusion criteria were as follows: age >18 years; hemodialysis
vintage >3 months; diuresis <0.5 L/24 h; informed consent; and
absence of active inflammatory, infectious, or malignant diseases at
the initiation or during the study. Baseline sampling and data were
collected at consent. Two groups of patients were initially dialyzed for
3 months with a dialyzer different from the one they were previously
using (prestudy dialyzer polynephron in 41 patients and polysulfone
in 28 patients), and after 3 months blood was sampled predialysis and
patients changed to the other dialyzer (crossover) for 3 months. A
third predialysis blood sample was obtained at the end of the study
(Figure 2). Bloodlines were made of PVC (Fresenius Medical Care) in
all cases. Baseline patient clinical and biochemic basal characteristics
are shown in Table 1. In 21 randomly selected patients, intracellular
BPA was also measured. A healthy, age- and sex-matched control
group with normal renal function was also studied.

Dialysis was performed three times a week, with ablood flow >300
ml/min, and ultrapure dialysate flow 500 ml/min. Fasting blood sam-
ples was drawn just prior to a midweek dialysis treatment from the
arteriovenous fistula and frozen at —80°C. Blood from ten patients
was sampled before (predialysis) and after (postdialysis) a single di-
alysis session to determine BPA changes in one session using poly-
nephron and in other session using polysulfone dialyzers. In addition,
blood was sampled at the inflow and outflow of the dialyzer in five
patients.

Basic demographic characteristics and clinical data (age, sex,
hemodialysis vintage, and BP), Kt/V urea, and basic serum bio-
chemistry parameters (calcium, phosphate, parathormone, vitamin
D, cholesterol, triglycerides, CRP, IL-6, and PBMC oxidative stress
markers Nrf2, PRX-1, and HO-1) were assessed.

A pilot (n=7 patients) study in incident patients on hemodialysis
(Supplemental Table 1) evaluated serum BPA levels at baseline and
following three weeks of dialysis with polysulfone and then poly-
nephron membranes.

PBMCs

For coincubation experiments and intracellular BPA measurements,
10 ml of peripheral blood were obtained from healthy volunteers
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Table 1. Baseline clinical and biochemical characteristics

N Mean SD
Age 69 65 13
Dialysis vintage (months) 69 63 92
Kt/V urea 68 1.54 0.38
White blood cells (thousands/ul) 69 5.6 1.6
Hemoglobin (g/dl) 69 11.5 1.3
25-OH-vitamin D (ng/ml) 64 16 10
Total proteins (g/dl) 69 6.6 0.5
Albumin (g/dl) 69 3.76 0.59
Calcium (mg/dl) 69 9.1 0.5
Phosphate (mg/dl) 69 4.8 1.5
Cholesterol (mg/dl) 69 154 36
Triglycerides (mg/dl) 69 127 75
CRP (mg/dl) 69 8.6 14.2
Parathormone (pg/ml)? 69 235 123-414
EPO dose (U/week) 62 of 69 (90%) 5199 7724
Calcium-based P binders 20 of 69 (29%) 1329 859

(mg/day)

Sevelamer (mg/day) 33 of 69 (48%) 4388 2601
Lanthanum (mg/day) 23 of 69 (33%) 2641 764

Magnesium-based P binders 80of 69 (12%) 822 397

(mg/day)

EPO, erythropoietin; P, phosphate.
“Median and interquartile range shown.

(blood bank, IIS-Fundacion Jimenez Diaz) after informed consent.
Blood was drawn into EDTA tubes and cells were collected and used for
isolation of PBMCs by Ficoll density gradient centrifugation.*°

BPA Assessment
BPA was measured by a high-sensitivity ELISA (Abnova), following

the manufacturer’s instructions. The intra- and interassay coefficients
of variation were 6.5% and 10.5%, respectively. For intracellular
BPA measurements, PBMCs were resuspended in 100 ul lysis buffer
(Tris-HCI 50 mM, NaCl 150 mM, EDTA 2 mM, EGTA 2 mM, Triton
X-100 0.2%, NaF 0.2%, NP-40, and PMSF 0.1 mM).

Cell Culture
PBMCs were washed, counted, and adjusted to 2—4 X 10° cellssml ™ 'in

culture medium RPMI 1640 supplemented with 1% FBS containing
100 U/ml™" of penicillin 100 wg/ml ™. PBMCs were incubated with
different amounts of both mashed dialyzers extracts (polynephron
and polysulfone) or BPA (Sigma-Aldrich, St. Louis, MO) for 24
hours.

RNA and Protein Extraction
Total RNA was obtained using the Tripure isolation reagent (Roche

Diagnostic GmbH, Mannheim, Germany) according to the manu-
facturer’s instructions. The quantity and purity of extracted RNA was
assessed by measuring absorbance at 260 nm and the ratio A260:A280
in a UV spectrophotometer (NanoDrop Inc., Wilmington, DE). Only
samples with an A260:A280 ratio up to 1.8 were considered valid for
real-time PCR. Nrf2 translocation analysis were performed using
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
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RT-PCR and Real-Time PCR
Synthesis of cDNA by RT-PCR, and quantitative real-time PCR were

performed as described previously.#! Multiplex real-time PCR
was performed using Applied Biosystems expression assays for
IL-6 (Hs00174131_m1) and TNF-a (Hs00174128_m1). Data were
normalized with 18S eukaryotic ribosomal RNA expression
(4310893E).

Protein Quantitation
ELISA or Western blotting was used to assess protein levels. ELISA

kits were used to quantify IL-6 and TNF-« (Preprotech) according
to the manufacturer’s instructions. Western blotting was performed
on PBMC nuclear and cytoplasmic lysates using 30 ug protein per
lane. Primary antibodies were rabbit anti-human Nrf2 (1:500, sc-722,
Santa Cruz Biotechnology), anti-HO-1 (1:1000, SPA-896;, Enzo),
anti-Prx-1 (1:200, sc-21948, Santa Cruz Biotechnology), anti-
GAPDH (1:5000, MAB 374; EMD Millipore), and anti-histone 3
(EMD Millipore, 09-838, 1:1000), and secondary antibodies were
horseradish peroxidase—labeled anti-mouse (DAKO Cytomation)
or anti-rabbit (Santa Cruz Biotechnology). Quantitation was per-
formed using ImagenQuant TL software (GE healthcare) after
image acquisition on an Image Quant LAS 4000 system (GE
Healthcare).

Statistical Analyses
Variables were described at baseline and at 3- and 6-month follow-up

for each arm of the study as mean and SEM. Changes from baseline to 3
months and from 3 months to 6 months were calculated for each line
of treatment. In addition, pooled data encompassing both periods
using the same dialyzer (the 0—3 months on one dialyzer of patients on
one arm of the study and the 3—-6 months on the same dialyzer of
patients on the other arm of the study) were also analyzed. Compar-
isons between values were performed using paired sample ¢ test or
Wilcoxon signed-rank test. All comparisons used the bilateral hy-
pothesis test and a significance level of 0.05.
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