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Increased reduction of dimethylarginines and lowered interdia-
lytic blood pressure by the use of biocompatible membranes.
Hypertension contributes to cardiac and cerebrovascular com-
plications in HD patients. Endogenous inhibitors of nitric oxide
synthase accumulate in renal failure and may interfere with
the regulation of vascular tone. We investigated the elimination
of asymmetric dimethylarginine (ADMA) by using biocompat-
ible Polyamide S™ membranes in low-flux (Polyflux 6L) or high-
flux (Polyflux 14S) hemodialysis or hemodiafiltration (HDF) com-
pared with hemodialysis with cellulosic membranes. Removal
rates for ADMA, symmetric dimethylarginine (SDMA), and
B2-microglobulin significantly increased in HDF. The plasma
total amino acid concentration and the arginine/ ADMA ratio
increased, and the mean 24-hour blood pressure decreased
during the study. In a second study, we investigated whether
plasma amino acids and interdialytic blood pressure are influ-
enced by the use of a biocompatible membrane and HDF.
Seventeen end-stage renal disease patients were treated for six
weeks with hemodialysis using cellulosic membranes, six weeks
with low-flux hemodialysis using Polyflux 6L, and six weeks
with HDF using Polyflux 14S. Only in the diabetic patients
were the hemoglobin concentration (from 10.6 * 1.5 to 11.9
*+ 0.6 mg/dL) and hematocrit (from 33.6 = 1.9t0 36.2 * 1.5%)
increased significantly, whereas the mean 24-hour systolic
blood pressure decreased (from 154 = 22 to 129 = 18 mm Hg).
No significant changes were observed in nondiabetic patients.
We conclude that primarily diabetic patients seem to benefit
from the use of biocompatible membranes—most in HDF—
after a period of six weeks. The regulation of nitric oxide
pathways by ADMA removal and changed ADMA/arginine
ratio might be contributing factors. Further prospective studies
are required to show whether the long-term application of
HDF or other changes of dialysis treatment modalities may
help to improve well-being, morbidity, and mortality in hemo-
dialysis patients.

Hypertension significantly contributes to cardiac and
cerebrovascular complications in hemodialysis (HD) pa-
tients, and the high morbidity in this patient population

Key words: interdialytic blood pressure, hypertension, ADMA, SDMA,
hemodiafiltration, diabetes, nitric oxide.

© 2001 by the International Society of Nephrology

is closely linked to cardiovascular complications [1-3]..
The nitric oxide (NO)-arginine system plays an impor-
tant role in the regulation of blood pressure and vascular
biology [4, 5]. Endogenous inhibitors of NO synthase,
such as dimethylarginines, are able to interfere with the
regulation of vascular tone. Asymmetric dimethylargin-
ine (ADMA) accumulates in renal failure, and elevated
ADMA plasma concentrations are discussed as a possi-
ble cause of hypertension in hemodialysis patients [6].
Data about ADMA levels in patients on hemodialysis
are differing widely, probably because of differences in
dietary intake, treatment modalities, or the applied anal-
ysis methods [7-10].

The aim of our first study was to investigate whether
the removal of dimethylarginines can be influenced by
the efficiency of the treatment. We compared hemodialy-
sis and hemodiafiltration (HDF) using membranes of
different permeability and biocompatibility.

Since the first study was designed to compare the indi-
vidual treatment modes and membranes, it remained
open as to whether the changes observed in amino acid
composition and 24-hour blood pressure were related
to the improved membrane biocompatibility or to the
enhanced convective elimination of uremic toxins. We
addressed this question in a second study with a larger
number of patients.

METHODS
First study

Six (1 female and 5 males) stable, nondiabetic hemodi-
alysis patients [age 54 * 13 years, time on HD 3.8 = 2.8
years (2 months to 7.5 years), body mass index (BMI)
25 + 2, glomerular filtration rate (GFR) 1 = 1 mL/min]
were consecutively treated for two weeks with (7) hemo-
dialysis using a low-flux regenerated cellulose membrane
(LunDia Alpha 600; Gambro, Lund, Sweden), (2) hemo-
dialysis using a synthetic, biocompatible high-flux mem-
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brane, Polyflux 14S (1.4 m? Polyamide S™ membrane;
Gambro, Hechingen, Germany), (3) online HDF (AK
100 ULTRA; Gambro, Lund, Sweden) using the same
high-flux membrane and an infusion volume of 7.5 L,
(4) online HDF using 18 L of infusion, and finally (5)
hemodialysis using a synthetic, biocompatible low-flux
membrane (Polyflux 6L, 1.4 m? Polyamide S™ mem-
brane; Gambro, Hechingen, Germany). Treatment pa-
rameters (blood flow rate 250 to 300 mL/min, dialysate
flow rate 500 mL/min, treatment time of 5 hours) were
kept constant during all study periods. Plasma samples
were taken before and exactly at the end of a treatment
in each study period. Heparinized blood samples were
processed to plasma within 15 minutes after sampling
and were deep frozen in aliquots. Frozen plasma aliquots
were lyophilized for amino acid analysis. Amino acids,
including dimethylarginines, were extracted from the ly-
ophilized samples with 80% methanol and acetate buffer.
After derivatization with an o-phthalaldehyde (OPA)
reagent, the amino acids were separated by reversed-
phase high-performance liquid chromatography with
fluorescence detection [11, 12]. For ADMA and SDMA
analyses, double runs were performed. During one run,
the samples were spiked with known amounts of syn-
thetic ADMA and SDMA (Calbiochem, Bad Soden,
Germany) in order to be able to correct for the limited
recovery of dimethylarginines in high-performance lig-
uid chromatography (HPLC) separation. Urea was ana-
lyzed by standard laboratory methods, and for analysis
of B,-microglobulin in plasma samples, a specific enzyme-
linked immunosorbent assay method (Immundiagnostik,
Bensheim, Germany) was used. Twenty-four—hour blood
pressure was recorded using an ambulant blood pressure
monitor (Spacelabs Medical, Kaarst, Germany) after
each study period, and careful instruction was given to
the patients.

Second study

Seventeen (8 females and 9 males) end-stage renal
disease (ESRD) patients (6 diabetic, age 62 * 14 years,
time on HD 14 * 14 months, body mass index 25 * 4,
GFR 4 * 3 mL/min) were treated as follows: () six
weeks with low-flux hemodialysis using membranes
(LunDia Alpha 600, 1.6 m? regenerated cellulose flat
sheet membrane; Gambro, Lund, Sweden); (2) six weeks
with hemodialysis using a synthetic biocompatible low-
flux membrane (Polyflux 6L, 1.4 m? Polyamide S™ hollow
fiber membrane; Gambro Hechingen, Germany); and (3)
six weeks with online HDF (AK 100 ULTRA; Gambro,
Lund, Sweden) using a biocompatible high-flux mem-
brane (Polyflux 14S, 1.4 m? Polyamide S™ hollow fiber
membrane; Gambro, Hechingen, Germany) and 18 L
infusion volume. All treatments were performed with
ultrapure dialysate and sterile infusion (AK 100 ULTRA;
Gambro, Lund, Sweden) fluid to exclude possible effects
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of bacterial contaminants in the dialysate. Treatment
parameters (the same as during the first study) and medi-
cation including erythropoietin (EPO; 2400 = 2100 TU/
week) were kept constant during the study period. Stu-
dent ¢ test was used for statistical evaluation. Statistical
significance was assumed for P < 0.05.

For both studies, the study protocol was approved by
the local ethical committee, and informed consent of all
patients was obtained prior start of the study.

RESULTS AND DISCUSSION
First study

Figure 1 shows the reduction in plasma concentration
of urea (60 D), ADMA (202 D), SDMA (202 D), and
B,-microglobulin (11,800 D) during treatments per-
formed in the different study periods. Urea reduction
rates were slightly increased during HDF. The B,-micro-
globulin concentration decreased significantly more dur-
ing application of the two HDF modes compared with
the high-flux hemodialysis treatments, reflecting increas-
ing convective transport in HDF. As expected, no sig-
nificant decrease could be observed for the two low-flux
modes, independent from the membrane used.

Asymmetric dimethylarginine and especially SDMA
concentrations were lowered significantly more during
HDF treatments. The reduction rates for ADMA and
SDMA are based on samples taken exactly at the end
of the five-hour treatments (that is, not equilibrated). In
contrast to the dimethylated amino acids ADMA and
SDMA, the decrease in concentrations of the other
amino acids (data not shown; abstract; Artif Org 23:655,
1999) was much less pronounced, with the exception of
taurine and citrulline. Citrulline is the reaction product
when NO is formed from arginine by NO synthases, and
it is also an intermediate compound in the urea cycle.
Taurine is an end product of the cysteine metabolism.
For some amino acids, such as arginine and ornithine,
an increased concentration could be observed after treat-
ment. No systematic pattern with respect to changes
in amino acid concentration could be identified when
comparing the different treatment modes. From these
data, it is obvious that the enhanced convective transport
during HDF does not lead to more pronounced de-
creases in plasma free amino acid concentrations than
with low- or high-flux hemodialysis.

Interestingly, the predialysis concentrations of total
plasma amino acids (Fig. 2, left panel) increased continu-
ously during the 10-week study period, and were signifi-
cantly elevated at the end of the study. It is known that
the Polyflux S™ membranes used during the study peri-
ods 2 to 5 had a very low complement activation (ab-
stract; Blood Purif 16:236, 1998) [13]. Therefore, we
speculate that the increase in plasma total amino acid
concentration might be related to a less catabolic situa-
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Fig. 1. Reduction rates for different solutes during the following treatments in the first study: (1) low-flux hemodialysis with regenerated cellulose
membranes (LunDia Alpha; B); (2) high-flux hemodialysis with Polyflux 14S (£2); (3) hemodialfiltration (HDF) 7.5 L infusion with Polyflux 148
(E); (4) HDF 18 L infusion with Polyflux 14S (E); and (5) low-flux hemodialysis with Polyflux 6L (O) [*P < 0.05 vs. (1); #P < 0.05 vs. (2);

##P < 0.05 vs. 3)].
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Fig. 2. Total amino acid concentration in plasma (A), molar ratio of arginine and ADMA (B) and mean systolic 24-hour blood pressure (C)
during the first study after the study periods: (I) low-flux hemodialysis with regenerated cellulose membranes (LunDia Alpha; W); (2) high-flux
hemodialysis with Polyflux 14S (Z2); (3) HDF 7.5 L infusion with Polyflux 14S (£); (4) HDF 18 L infusion with Polyflux 14S (£); and (5) low-

flux hemedialysis with Polyflux 6L (CJ) [*P < 0.05 vs. (I)].
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tion because of better biocompatibility. This interpreta-
tion would be in line with data about the influence of
membrane biocompatibility on protein catabolism [14].
However, at this point, we cannot exclude the influence
of changes in appetite or dietary food intake. It has been
previously shown in a rat model that the middle molecu-
lar fraction (1 to 5 kD of uremic ultrafiltrates) suppresses
food intake [15], and it is possible that the enhanced
removal of uremic toxins in the middle molecular range
by high-flux hemodialysis and even more by HDF could
have a beneficial effect on the patients’ appetite.

The mean systolic 24-hour blood pressure is shown in
Figure 2 (right panel) for the six patients. When compar-
ing the mean value after the first two weeks (black bars),
where low-flux hemodialysis with regenerated cellulose
membranes has been applied, with the mean value at the
end of the study (white bar), that is, after eight weeks of
use of biocompatible membranes in different treatment
modes, the mean systolic blood pressure significantly de-
creased by 12 mm Hg. A similar decrease was found for
the diastolic value (data not shown). This decrease in
24-hour blood pressure was accompanied by an increase
of the ratio between arginine and ADMA concentration
during these eight weeks. Although ADMA concentra-
tions were not significantly lower at the end of the study,
the increased ratio of arginine to ADMA, that is, the
ratio of the substrate for NO synthesis to the inhibitor
of NO synthesis, could explain an improved situation
for blood pressure regulation. It has been hypothesized
earlier that an imbalance between arginine and ADMA
concentrations might be of interest not only with respect
to blood pressure control, but also with respect to local
vasoconstriction and atherogenesis [6].

Since our first study was designed to investigate the ef-
fect of the individual treatment modes and membranes
(that is, low-flux HD using cellulosic membranes vs. high-
flux HDF and HDF using a synthetic biocompatible mem-
brane) on the removal of low and high molecular weight
compounds, it is not possible to ascribe the changes in
amino acid profile and blood pressure either to the im-
proved biocompatibility or to the enhanced convective
elimination of uremic toxins. This question was addressed
in our second study.

Second study

Predialysis plasma amino acid concentrations were ob-
served during the study (data not shown; abstract; Artif
Org 23:655,1999). Leucine, tryptophane, ornithine, lysine,
valine, taurine, and isoleucine significantly increased
after six weeks of treatment with the biocompatible low-
flux membrane (Polyflux 6L) and remained elevated dur-
ing the HDF phase. The total amino acid concentration
tended to increase; however, the difference was not sta-
tistically significant.

Among the clinical parameters recorded during the
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study [that is, hemoglobin, hematocrit, interdialytic (24
h) blood pressure], no statistically significant changes
could be found when analyzing all study patients to-
gether. However, in a subgroup analysis considering dia-
betic and nondiabetic patients separately, we found sig-
nificant changes. Neither hemoglobin concentrations
(10.4 £ 1.5 vs. 10.6 = 1.2 mg/dL, P = NS) nor hematocrit
(31.8 = 3.7 vs. 324 = 32, P = NS) nor mean 24-hour
systolic blood pressure (136 * 20 vs. 141 = 17 mm Hg,
P = NS) changed in the nondiabetic patients (Fig. 3).
However, in the diabetic patients (Fig. 4), the hemoglo-
bin levels increased during the study (10.6 = 1.6 vs.
11.4 = 0.7 mg/dL, P = NS), and the increase was signifi-
cant after the HDF period (11.9 = 0.6 mg/dL, P < 0.05).
We found similar results for hematocrit levels, but now
the observed increase was statistically significant already
after the six weeks if low-flux hemodialysis with the bio-
compatible Polyflux L membrane (33.6 = 1.9 vs. 34.5 =
1.9%, P < 0.05). Hematocrit levels further increased
during the six-week HDF period (362 = 1.5%, P <
0.05). When looking at the mean 24-hour systolic blood
pressure values, a significant decrease could be observed
after six weeks of Polyflux low-flux hemodialysis (154 =
22 vs. 141 £ 17 mm Hg, P < 0.05) and a further decrease
after six weeks of HDF (129 = 18 mm Hg, P < 0.05).
A similar decrease was found for the diastolic blood
pressure value (data not shown).

SUMMARY AND CONCLUSIONS

Our first study shows that ADMA and SDMA concen-
trations can be significantly reduced during hemodialysis
and HDF treatments, and this decrease is more pro-
nounced in HDF. After two months use of biocompatible
synthetic membranes in different treatment modes, the
concentrations of total plasma amino acids and the argi-
nine to ADMA ratio significantly increased, whereas the
mean 24-hour blood pressure decreased.

In our second study after a six-week treatment period
with low-flux hemodialysis using a biocompatible mem-
brane (Polyflux 6L), mean 24-hour blood pressure de-
creased, and hematocrit levels increased significantly
only in diabetic patients. These improvements continued
during a further six weeks of HDF treatment, using a
biocompatible high-flux membrane (Polyflux 14S), in
addition to an increase in hemoglobin concentration.
None of these changes could be observed in the nondia-
betic group of patients. Although the concentration of
individual amino acids increased during the study, no
significant change in total amino acid concentration
could be observed.

The NO system is modified in hemodialysis patients
with respect to a series of factors related to dialysis treat-
ment [16]: (7) up-regulation of inducible NO synthase
caused by a chronic state of microinflammation, use of
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Fig. 3. Second study. Development of hemoglobin concentration (up-
per panel), hematocrit (middle panel), and mean systolic 24-hour blood
pressure (lower panel) of nondiabetic patients after () six weeks low-
flux cuprophan hemodialysis (low-flux CU), (2) six weeks of low-flux
hemodialysis using Polyflux 6L (low flux PA), and (3) six weeks of
HDF using Polyflux 14S and 18L infusion (HDF PA).

heparin, and platelet activation by extracorporeal blood
circulation; (2) accumulation of guanidino compounds,
such as ADMA, with a reduced arginine/ADMA ratio;
and (3) chronic activation of the endothelium. To sepa-
rate the different factors having an impact on NO regula-
tion in end-stage renal disease is certainly impossible in
a single in vivo study.

Based on the results of these studies, we conclude that
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Fig. 4. Second study. Development of hemoglobin concentration (up-
per panel), hematocrit (middle panel), and mean systolic 24-hour blood
pressure (lower panel) of diabetic patients after () six weeks of low-
flux cuprophan hemodialysis (low-flux CU), (2) six weeks of low-flux
hemodialysis using Polyflux 6L (low-flux PA), and (3) six weeks of
HDF using Polyflux 14S and 18L infusion (HDF PA; *P < 0.05 vs.
preceding period).

primarily diabetic patients seem to benefit from the use
of biocompatible membranes—most in HDF—in a short-
term period. Our studies clearly have an observational
character, but give important insights into future per-
spectives for the design of prospective therapy studies
for specific patient groups. These types of studies must
question whether the long-term application of HDF
could lead to improved morbidity and mortality in hemo-
dialysis patients.
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