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ABSTRACT

Endotoxin-retentive filters are used to purify the dialysate used for hemodialysis, but endotoxin
fragments whose molecular weight is below the molecular weight cut-off point of the filter may
pass through the filter. The objective of the present study was to determine whether lipid A, an
endotoxin fragment, is sufficiently removed by an endotoxin-retentive filter. A filtration test for
lipid A was carried out using an endotoxin-retentive filter. The filtrate was tested for the presence
of lipid A by a biochemical analysis: the Limulus lysate test and a bioassay: the lymphocyte stimu-
lation test. The endotoxin-retentive filter removed lipid A to below the limit of detection by the
Limulus lysate test. However, the filtrate stimulated lymphocytes, suggesting that a small amount
of lipid A whose concentration was below the limit of detection by the Limulus lysate test had
passed through the filter. In conclusion, the endotoxin-retentive filter was capable of removing
lipid A to a concentration below the limit of detection by the Limulus lysate test but the filtrate still
stimulated lymphocytes.
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1. Introduction

Hemodiafiltration (HDF) enhances the potential of
dialysis membranes by effectively using both diffusion
and convection as driving forces to achieve the larger
amount of blood purification over a wide spectrum
of molecular weights [1]. On-line HDF, in which the
dialysate is used as the replacement fluid, has been
favored because it ensures an unlimited amount of
replacement fluid at low cost and has been demon-
strated to efficiently remove B2-microglobulin and lar-
ger solutes [2-4]. However, because a large volume of
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dialysate flows directly into the bloodstream during
on-line HDF, ultrapure dialysate that fulfills the quality
requirements of commercially available infusion
solutions should be used in on-line HDF [5].

The endotoxin concentration of ultrapure dialysate
must be below 1 EU/L, which is the limit of detection
by the Limulus lysate tests in Japan [6]. Ultrapure dialy-
sate is prepared in many dialysis centers by periodical
chemical cleaning of the tube in which dialysate flows
and the use of an endotoxin-retentive filter. Endotoxin-
retentive filters are usually placed after the water purify-
ing process, after the dialysate making process, and in
front of the dialyzer. Endotoxin-retentive filters can
remove large amounts of endotoxins, but endotoxin
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fragments whose molecular weight is below the
molecular weight cut-off point of the filter may pass
through it.

The objective of the present study was to determine
whether lipid A, an endotoxin fragment, is sufficiently
removed by an endotoxin-retentive filter. To this end, a
filtration test for lipid A was carried out using an
endotoxin-retentive filter. The filtrate was evaluated
by a biochemical analysis: the Limulus lysate test and
a bioassay: the lymphocyte stimulation test.

2. Materials and methods

2.1. Sensitivity of the Limulus lysate test as a means of
measuring endotoxins and lipid A

An endotoxin standard (CSE-L, Seikagaku Corpora-
tion, Tokyo, Japan) was diluted in a vial with
endotoxin-free distilled water to prepare a standard
solution (0.06 ng/vial). The standard solution was used
to prepare 1 mL volume of endotoxin solution having
concentrations ranging from 1.0 to 10 pg/L by diluting
with ultrapure water (made by Gradient-A10, Nihon
Millipore, Tokyo, Japan). Chemically synthesized lipid
A [7,8] (Peptide Institute, Inc., Osaka, Japan) was
diluted with 560 pL of DMSO in a vial to prepare a
standard solution having a concentration of 0.1 mg/
vial. The standard solution was used to prepare 1 mL
volume of endotoxin solution having concentrations
ranging from 1.0 to 10 pg/L by diluting with the ultra-
pure water.

Endotoxins are bacterial lipopolysaccharides, and
their fatty acids and sugar structures vary from species
to species. The molecular weight of endotoxin mole-
cules is approximately 8,000, and they form dimers or
micelles in aqueous solution. The molecular weight of
the lipid A used in this study is 1,798. We compared the
endotoxin activity of the endotoxin standard and lipid
A on the basis of their molar concentrations.

Endotoxin activity in each sample was measured in
endotoxin units (EU/L) by a turbidimetric kinetic assay
[9]. Limulus amebocyte lysate (Limulus ES-II, Wako Pure
Chemical) was used in this assay. The turbidity of the
sample reacted with the lysate was measured by a Tox-
inometer (ET-201, Wako Pure Chemical).

2.2. Lymphocyte stimulation by lipid A solutions of different
concentrations

Fresh porcine blood obtained from a slaughter-
house in Tokyo (Tokyo Shibaura Zoki, Tokyo, Japan)
on the morning of the day of the experiments was
carefully transferred in a cool box to our laboratory.
Lymphocytes were isolated from the whole porcine

blood by a density gradient centrifugation method
[10-12] wusing lymphoprep™ (Axis-S hield, Oslo,
Norway). The concentrations of the isolated lympho-
cytes were adjusted to 2.5 cells/mL by suspending in
Hanks” balanced salt solution (without calcium,
magnesium, or phenol red, Cambrex Bio Science,
Walkersville, MD, USA) with 10 v/v% of porcine
plasma obtained from the same blood. After adding
80 pL of lymphocyte solution, 20 uL of sample solution
(lipid A solution at concentrations ranging from 3,000
to 0.03 EU/L) and 20 pL of WST-8 solution (Dojindo
Laboratories, Kumamoto, Japan) to each well of a
96-well endotoxin-free microplate, the solution was
incubated for 1 h at 37°C in a humid CO, (5%)
incubator, and the absorbance of the sample solution
in each well was then measured at 450 nm (reference
wavelength: 655 nm) with a microplate reader (model
680, BlORad) WST-S, C20H13N6N301182, which is
reduced by dehydrogenase in cells and produces a
water-soluble formazan dye [13,14], was used to detect
dehydrogenase activity in the cells. A sample prepared
by adding 20 pL of 5 pg/mL concanavalin A (Con A)
solution instead of lipid A solution was used as a posi-
tive control, and a sample prepared by adding 20 pL of
ultrapure water instead of lipid A solution was used as a
negative control.

2.3. Removal of lipid A by the endotoxin-retentive filter as
measured by the Limulus lysate test and the lymphocyte
stimulation test

The endotoxin-retentive filter we used in the resent
study was a micro-particle cut filter (EF-01, Nikkiso,
Tokyo, Japan), which is the most commonly used type
of endotoxin-retentive filter in Japan. The membrane
material is a polyester polymer alloy (PEPA), and the
area of the membrane is 1.2 m” The endotoxin-
retentive filter was connected to the circulation circuit
composed of silicone tubes, and the circuit connected
to the filter was then chemically cleaned by circulating
0.4% sodium hypochlorite solution through it for 48 h,
after which the circuit was thoroughly rinsed with
ultrapure water. The endotoxin concentration of a sam-
ple of the solution in the circuit was confirmed to be
below the limit of detection by the Limulus lysate test
(<0.6 EU/L), and the lipid A filtration test was carried
out by adding lipid A to the circulating water at con-
centrations ranging from 10 to 100 EU/L. The lipid A
solution was filtered from the shell-side to the lumen-
side of the filter for 4 h at a flow rate of 30 L/h
(500 mL/min). During the course of filtration, the fil-
trate was continuously returned to the tank (filtrate
recycle-dead end filtration), and the solution was
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Fig. 1. Experimental apparatus for evaluation of the endotoxin-
retentive filter. Filtration tests for lipid A were carried
out by adding lipid A to the circulating water to
concentrations ranging from 10 to 100 EU/L. The
endotoxin-retentive filter was connected to a circulation
circuit composed of silicone tubes. The lipid A solution
was filtered from the shell-side to the lumen-side of the
filter for 4 h at a flow rate of 30 L/h.

sampled from the inlet of the filter (sampled from the
tank) and outlet of the filter at 10, 30, 60, 90, 120, 180,
and 240 min after the start of filtration (Fig. 1).

The endotoxin activity of each sample was mea-
sured in endotoxin units (EU/L) by using Limulus ame-
bocyte lysate. Endotoxin activity was determined from
the turbidity of the sample mixed with Limulus amebo-
cyte lysate by preparation of a standard curve for each
measurement. In the standard curve, endotoxin activ-
ity was well correlated with the turbidity if the endo-
toxin activity was over 0.6 EU/L, indicating that the
limit of detection was 0.6 EU/L. Therefore all the
values of endotoxin activity that were below 0.6 were
treated as 0.6. The sample was also evaluated by using
a lymphocyte stimulation test to confirm whether the
filtrate contained a small amount of lipid A.

2.4. Statistical analysis

All data are reported as the mean + SD. The
statistical significance of differences in paired samples
was determined by using paired Student’s t-test.
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Fig. 2. Sensitivity of the Limulus lysate test as a means of mea-
suring endotoxin and lipid A. Endotoxin activity measured
by the Limulus lysate test at the same molar concentrations
was higher for lipid A than for the endotoxin standard. This
finding indicated that the activity of lipid A measured by the
Limulus lysate test was greater than that of the endotoxin
standard.

A probability value (p-value) of less than 0.05 was
considered statistically significant.

3. Results

3.1 Sensitivity of the Limulus lysate test as a means of
measuring endotoxin and lipid A

The sensitivity of the Limulus lysate test for lipid
A was assessed by comparing it to its sensitivity for
measuring an endotoxin standard. Endotoxin activity
measured by the Limulus lysate test for the same molar
concentrations of both substances was higher for lipid
A than that for the endotoxin standard (Fig. 2), indicat-
ing that the activity of lipid A was greater than that of
the endotoxin standard.

3.2. Lymphocyte stimulation by lipid A solutions of different
concentrations

To determine whether the lymphocyte stimulation
test can be used to detect low concentrations of lipid
A, we tested the effect of different concentrations of
lipid A on lymphocytes, especially of concentrations
below the limit of detection by the Limulus lysate test.
The dehydrogenase activity of the lymphocytes to
which lower concentrations of lipid A solution were
added was significantly higher than in the absence of
lipid A (negative control), indicating that the small
amount of lipid A in the solutions is capable of stimu-
lating lymphocytes. Even when the concentration of



28 K. Kokubo et al. / Desalination and Water Treatment 17 (2010) 25-30

n=6
mean + SD
*P < 0.05 vs. without Lipid A

I Below the limit of detection
|—>

3100 310 31 31 031 0.031 without Con A
Lipid A concentration [EU/L] Lipid A

Fig. 3. Lymphocyte stimulation with lipid A solutions of dif-
ferent concentrations. Even when the concentration of lipid A
was 1/100 of the limit of detection by the Limulus lysate test,
the dehydrogenase activity of the lymphocytes after addition
of the lipid A solution was significantly higher than in the
absence of lipid A (negative control), indicating that a small
amount of lipid A below the level of detection by the Limulus
lysate test can stimulate lymphocytes

lipid A was 1/100 of the limit of detection by the
Limulus lysate test, lipid A significantly stimulated the
lymphocytes (Fig. 3).

3.3. Removal of lipid A by the endotoxin-retentive filter

The endotoxin concentration of the filtrate was mea-
sured by the Limulus lysate test. Irrespective of the
initial concentration of lipid A, it was removed until
the endotoxin activity of the filtrate was below the limit
of detection at every time point measured (Fig. 4). The
lipid A concentration of the solution at the filter inlet
also decreased to almost below the limit of detection
after 30 min of filtration, indicating that the filter had
removed lipid A by adsorption.

Although lipid A was removed by the endotoxin-
retentive filter to a concentration below the limit of
detection by the Limulus lysate test, it was still
unknown whether the small amount of lipid A had
passed through the filter. A sample of the solution in
the tank (inlet of the filter) and a sample of the filtrate
(outlet of the filter) were evaluated by the lymphocyte
stimulation test. The solution in the tank and filtrate
both significantly increased the dehydrogenase activity
in the lymphocytes in comparison to a solution con-
taining no lipid A (Fig. 5), even though the concentra-
tion of the filtrate was below the limit of detection by
the Limulus lysate test. These results suggest that a
small amount of lipid A had passed through the filter.
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Fig. 4. Removal of lipid A by the endotoxin-retentive filter.
Irrespective of the initial concentration of lipid A it was
removed until the endotoxin activity of the filtrate was below
the limit of detection at every time point measured. The lipid
A concentration of the solution at the filter inlet also
decreased to almost below the limit of detection after 30 min
of filtration, indicating that the filter had removed lipid A by
adsorption.
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Fig. 5. Stimulation of lymphocytes by the filtrate of the
endotoxin-retentive filter. All filtrates whose lipid A concen-
tration was below the limit of detection by the Limulus lysate
test significantly increased lymphocyte dehydrogenase activ-
ity in comparison with a solution that did not contain lipid A,
indicating that the lymphocytes had been stimulated. The
sample of solution from the tank also stimulated the lympho-
cytes. These results indicate that the small amount of lipid A
that had passed through the filter stimulated the
lymphocytes

4. Discussion

To determine whether a lymphocyte stimulation
test can be used to detect a small amount of lipid A,
a wide range of lipid A concentrations was tested for
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their ability to stimulate lymphocytes. The results
showed that especially at the lower concentrations,
including below the limit of detection by the Limulus
lysate test, lipid A can be detected by the increase in
dehydrogenase activity of the lymphocytes in vitro.
Their activity was measured with WST-8, which was
developed to measure the dehydrogenase activity of
cells as an indicator of cell viability [13,14]. Many types
of dehydrogenase are present in cells, and become acti-
vated in response to various stimuli. For example, acet-
aldehyde dehydrogenase acts in the process of
metabolism of the mitochondria and converts NAD™"
into NADH [15]. The activation of dehydrogenase in
the cells detected by WST-8 was occurred via many
activation pathways, so that this test can only detect
whether the stimuli had existed or not. Therefore, this
test is inappropriate for quantitative analysis, but had
much higher sensitivity than the Limulus lysate test.
In this study, we performed this bioassay with porcine
lymphocytes as well as the Limulus lysate test to detect
the small amount of lipid A that may pass through the
filter. Our results also indicates that it will be necessary
to increase the sensitivity of the Limulus lysate test or
develop another method of analysis to detect the small
amount of endotoxin fragments which may pass
through the filter.

A filtration test for lipid A was carried out using the
endotoxin-retentive filter. Firstly, the filtrate and solu-
tion in the tank were subjected to the Limulus lysate
test. Lipid A is an endotoxin fragment whose molecu-
lar weight is below the molecular weight cut-off point
of the filter, and thus it can pass through the filter if the
size exclusion is the only mechanism to determine the
solute retention of the filter. However, lipid A can be
removed by the endotoxin-retentive filter to a concen-
tration below the limit of detection. The endotoxin con-
centration of the solution in the tank also decreased to
below the limit of detection. Therefore, lipid A was
concluded to have been removed by the endotoxin-
retentive filter mainly by adsorption.

Since endotoxins are likely to form micelles in the
dialysate, almost all the endotoxins are large enough
to be removed by the filter. Only a small fraction of
endotoxins in the dialysate considered to be endotoxin
fragments like lipid A. Therefore, little attention has
been given to the small amount of endotoxin fragments
in clinical situations. However, the results of the lym-
phocyte stimulation test indicated that the filtrate of
the endotoxin-retentive filter contained a small amount
of lipid A if the inlet solution contains endotoxin frag-
ments. Therefore, if dialysate is contaminated by endo-
toxin fragments, the fragments possibly pass through
the filter though the amount is small. Since the dialy-
sate flows directly into the bloodstream during on-

line HDF, purifying the dialysate to an endotoxin
concentration at least below 0.01 EU/L (1/100 of the
limit of detection by the Limulus lysate test) would be
desirable to ensure safety. Because a single passage
through the endotoxin-retentive filter decreased the
lipid A level to 1/100 of the inlet concentration, practi-
cal solution to reduce the possibility of flowing the
endotoxin fragments into bloodstream in on-line HDF
is that the endotoxin-retentive filter is used to purify
a dialysate whose endotoxin concentration has already
been reduced to below the limit of detection. It is
recommended that the use of two endotoxin-retentive
filters connected in series in front of dialyzer.

Many previous clinical studies have shown that
using ultrapure dialysate in hemodialysis has pro-
vided many clinical benefits, including a decrease in
proinflammatory cytokine production [16], delays in
the development of carpal tunnel syndrome and amy-
loidosis [17,18], a decrease in plasma pentosidine, a
marker of carbonyl stress [19,20], an increase in hema-
tocrit, and reduction in the dose of recombinant human
erythropoietin [21,22]. The molecular weight cut-off
point of the highly permeable dialysis membrane used
in the previous study was equivalent to that of the
endotoxin-retentive filter. Therefore, if the dialysate
had been contaminated by a small amount of endo-
toxin fragments, endotoxin fragments would have flo-
wed into the blood through the dialysis membrane.
These results indicate that ultrapure dialysate should
not only be used in on-line HDF but in hemodialysis
as well.

4. Conclusions

A endotoxin-retentive filters removed lipid A to a
concentration below the limit of detection by the
Limulus lysate test, but the filtrate still stimulated
lymphocytes, suggesting that a small amount of lipid
A passed through the filter. It will therefore be neces-
sary to increase the sensitivity of the Limulus lysate test
or develop another method of analysis to detect the
small amount of endotoxin fragments that may pass
through the filter.
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