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Abstract. The aim of this study was to investigate the behaviour of uremic toxins and UV
absorbance in respect to low and high flux diayzers during hemodialysis treatments. Ten uremic
patients were investigated using online spectrophotometry, with wavelength of 280 nm, over the
course of 30 hemodialysis treatments. The polysulphone diayzers were used. The taken dialysate
and blood samples were analysed using standard biochemical methods and reversed phase HPLC.
The chromatographic peaks were detected by a UV detector at wavelengths of 254 and 280 nm.
Spiking experiments and UV spectra between 200400 nm allowed to identify predominant uremic
toxins in 5 chromatographic peaks identified as creatinine (CR), uric acid (UA), hypoxanthine
(HX), indoxyl sulphate (IS), and hippuric acid (HA). Moreover, two persistent, but non-identified
peaks, peak 1 (P1) and peak 2 (P2), were detected. There was no significant difference in the
reduction ratio of uremic solutes and the UV absorbance between the low and high flux
membranes. The reduction ratios, estimated by the total area of HPLC peaks at 254 nm and 280 nm
in the serum and by the online UV absorbance at 280 nm, were closest to the removal of small
water-soluble non-protein bound solutes urea, creatinine and uric acid. All studied uremic toxins
and UV absorbance showed similar reduction for the low and high flux membranes during
hemodiaysis.
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1. INTRODUCTION

Hemodialysis is a treatment that performs the functions of normal kidneys,
i.e. removes uremic toxins. To date, along list of possible uremic toxins has been
identified as believed to be responsible for multifactorial and cumulative cause of
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uremic toxicity []. These toxins have different molecular weights and some of
them are bound to proteins. The target of dialysis therapy is adequate solute
removal so that plasma concentrations remain at the most non-toxic levels
possible. Most common indices of dialysis efficiency are based on the blood urea
measurements. Unfortunately, ureais a small molecule weight solute and relying
solely on urea may lead to inappropriately short dialysis during high flux or high
efficiency dialysis. Thus, urea, the traditional marker for dialysis quality, should
not be the only solute used to model the dialysis therapy [?]. At the same time,
there is a need for technigques, which can offer atool for separate monitoring of
several compounds, retained in uremic patients and with potential clinical
significance. Online monitoring of solute removal by dialysis via an optical UV
absorbance-based device represents a valid aternative to the classical and, to
date, expensive online urea monitoring devices[].

For the remova of uremic compounds, different dialysis membranes are
available, which will at least partly determine the efficiency of dialysis
therapy [*]. Advocacy of the more efficient dialysis modalities with the high flux
(HF) and super-flux (SF) membranes stresses the importance to study the
behaviour of non-protein-bound and protein-bound uremic toxins in respect to
their removal characteristics with different membranes[°]. In this study, the
multidimensional effect, how low flux (LF) and HF dialysis membranes can be
implicated in the removal of different uremic compounds and measurements of
the UV absorbance, was examined. Assuming that the dialysate may be a
preferred aternative for continuous monitoring of solute removal and adequacy
of dialysis, the HPLC analysis of both serum and dialysate samples would be
valuable as a source of information.

The aim of this study was to investigate the behaviour of non-protein-bound
and protein-bound uremic toxins and UV absorbance in respect to low and high
flux dialyzers during hemodialysis treatments.

2. SUBJECTS AND METHODS
2.1. Subjects and clinical study

This study was performed after the approval of the protocol by the Tallinn
Medica Research Ethics Committee at the Nationa Institute for Health
Development, Estonia. An informed consent was obtained from all participating
patients. Ten patients, mean age 62.6+18.6 years, receiving thrice-weekly
hemodialysis, were studied during 30 dialysis sessions (three for each patient).
All patients were dialysed with polysulfone membrane dialyzer Fresenius 4008H
(Fresenius Medical Care, Germany): (1) 4 patients by low flux dialyzer F8 HPS
with an effective membrane area of 1.8 m* and an ultrafiltration coefficient of
18 mL/h*mmHg; (2) one patient with a low flux membrane dialyzer F10 HPS
with a membrane area of 2.2 n?, ultrafiltration coefficient of 21 mL/h* mmHg;
(3) 5 patientswith high flux dialyzer FX 80 with effective membrane area of
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1.8 m? and ultrafiltration coefficient of 59 mL/h*mmHg. The dialysate flow was
500 mL/min and the blood flow varied from 245 to 350 mL/min. All treatments
were monitored optically by a spectrophotometer HR2000 (Ocean Optics, Inc.,
USA), which was used to determine the UV absorbance with a specially designed
optical cuvette, connected to the fluid outlet of the dialysis machine with all spent
dialysate passing through during the online experiments. The clinical set-up of
the experiments is shown in Fig. 1. The online absorbance curve during a single
hemodialysis treatment is also presented. UV absorbance was measured in
arbitrary units. The sampling frequency was set to two samples per minute. The
obtained UV absorbance values were processed and presented on the computer
screen by a PC, connected to the spectrophotometer using the Ocean Optics
software (OOIBase32, Ocean Optics, Inc., USA, version 2.0.2.2 for Windows).

2.2. Sampling

Blood and dialysate samples were obtained from dialysis patients. Blood
samples were drawn before the start of dialysis (Bgatr) and immediately after the
treatment (Bens) (Fig. 1) using the slow flow/stop pump sampling technique.
Blood was sampled into a BD Vacutainer® Glass Serum Tube (red cup, Beckton
Dickinson) and was allowed to clot. After centrifugation at 3000 rpm the serum
was separated from the blood cells.

The dialysate samples were taken 10 minutes after the start of the dialysis
session (Dgat), and immediately before the end of diaysis (Deq =210 or
240 min). Also, pure dialysate, used as the reference solution, was collected
before each dialysis session, when the dialysis machine was prepared and the
conductivity was stable.

Patient  Dialysis machine
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Fig. 1. The clinical set-up of the experiments. Time points when the samples were taken for the
later analysis are as follows: Bga —blood sample collected before dialysis session, Bg,g— blood
sample collected at the end of hemodialysis, Dga — diaysate sample collected 10 min after the start
of hemodialysis, Dgg—didysate sample collected at the end of hemodidysis. The online
absorbance measurements after every 30 s are presented by “x”.

97



2.3. Biochemical analyses

The serum and the dialysate samples were analysed immediately at the Clinical
Chemistry Laboratory at North Estonia Medical Centre using standardized
methods. Urea (UR, MW = 60.06 Da), creatinine (CR, MW = 113.12 Da), and uric
acid (UA, MW =168.11 Da) were measured with a Hitachi 912 autoanayzer
(Roche, Switzerland). The determination of creatinine (umol/L) in serum based on
the Jaffe reaction, the intensity of creatinine complex (with pirate) was measured
potentiometrically. Urea (mmol/L) was detected by the kinetic UV assay and uric
acid (umol/L) was detected by the enzymatic colorimetric method. The coefficient
variation (CV) of the methods for the determination of different solutesin diaysate
and blood were: CR 5%; UA 2%; UR 4%.

2.4. Reversed phase HPLC study

Before the HPLC analysis, the serum samples were purified of proteins by
centrifuging with the Microcon centrifugal filters (Millipore, USA) at room
temperature. The dialysate samples were acidified down to pH 4.0 with formic
acid for conformation with the pH of the chromatographic eluent used.

The HPLC system consisted of a quaternary gradient pump unit, a column
oven, and a diode array spectrophotometric detector (DAD, al Series 200
instruments from Perkin Elmer, Norwalk, CT, USA), a manual injector from
Rheodyne (Rohnert Park, CA, USA), and a Zorbax C8 4.6 x 250 mm column
from Du Pont Instruments (Wilmington, DE, USA) with a security guard KJO-
4282 from Phenomenex (Torrance, CA, USA). The eluent was mixed with
0.05M formic acid adjusted to pH 4.0 with ammonium hydroxide (A), HPLC
grade methanol (B) and HPLC-S grade acetonitrile (C), both from Rathburn
(Walkerburn, Scotland), with asix step gradient program as specified in Table 1.

The total flow rate of 1 mL/min was used continuously and the column
temperature was adjusted to 30°C. The UV absorbance was monitored at 280 nm
with a measurement interval of 880 ms, spectra registered between 200400 nm
with a time interval of 1.76 s, and data processed respectively by means of
Turbochrom WS and Turboscan 200 software from Perkin Elmer. The
chromatographic peaks were detected by the UV detector at wavelengths of 254
and 280 nm.

Table 1. Elution program used for HPL C separation of constituentsin the dialysate

Step | Time, | Buffer (A), | Methanol (B), | Acetonitrile (C), | Gradient

min % % %
0 0 100 0 0 -
1 30 60 36 4 Linear
2 5 10 81 9 Linear
3 4 10 8l 9 No grad
4 1 10 0 90 Linear
5 6 10 0 90 No grad
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2.5. Data analysis

Thereduction ratio (RR) (%) of compounds was defined as a function of pre-
dialysis concentration (Cg,,) and concentration at the end of hemodiaysis
(Cona) :

@100%_ (1)

Sart

RR =

Caar and C,y werereplaced by TA HPLC,, and TA HPLC, 4 representing
the total area of the HPLC peaks, measured at the start, and the end samples for
RR from HPLC, respectively.

The results are presented as meantstandard deviation. A non-parametric
Mann-Whitney U Test and Student’ s t-test was used to compare groups of values
while p < 0.05 was considered significant. Two sessions, inadequate due to the
technical failure of the spectrophotometer, were excluded. In the case of HPLC
analysis only these peaks were taken into account, where separation from neigh-
bouring peaks was confirmed by comparison of UV spectra with those of the
reference standards. The number of omitted cases was: 1S (4), HA (4), HX (14),
P1(13), P2(4), TAHPLC 254 nm(3), TA HPLC 280 nm (2), online 280 nm
dialysate (4). The data analyses were performed in Statistica 6.0 (Statsoft, Inc. for
Windows).

3.RESULTS

Figure2 shows the representative HPLC chromatogram of the serum,
measured at the wavelength of 254 nm. A number of higher prevalent peaks,
representing chromophores-uremic toxins, can be observed. Some HPLC peaks
were identified, such as creatinine, uric acid (the highest contribution),
hypoxanthine, indoxyl sulphate and hippuric acid. Absorbing spectra of two
unknown persistent peaks (P1 and P2) were identified at the retention times (RT)
of 15.46 and 15.82 min. Additionally, some unknown peaks between the RT of
21-29 min were detected.

The solute concentrations and the UV absorbance values at the start and end
of treatment in the serum and online in the spent dialysate for the LF and HF
membranes are presented in Table 2. As Table 2 shows, the solute concentrations
and the UV -absorbance values are lower at the end of dialysis (Ceng) compared to
the start concentrations (Cgay). At the same time, the start and end concentrations
and UV absorbance values for different membranes were not statistically
different (p < 0.05).

Table 3 presents the RR (%) of solutes and the total area of the HPLC UV
absorbance peaks at wavelengths of 254 and 280 nm in serum, and for the online
UV absorbance at 280 nm in the spent dialysate, for different types of membranes.
There was no significant difference between the results for RR of LF and HF
membranes (p < 0.05).
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Fig. 2. The representative HPLC chromatogram of the serum, monitored at the wavelength of
254 nm; identified peaks are presented.

Table 2. The start (Cg4t) and end (Cqg) concentrations of solutes and the total area of
the HPLC UV absorbance peaks at the wavelengths of 254 and 280 nm (“TA HPLC
254 nm” and “TA HPLC 280 nm", respectively) in the serum, and the RR of online
UV absorbance at 280 nm in the spent dialysate (“Online 280 nm diaysate”) for HF
and LF membranes; N denotes the number of cases

100

LF HF
Comt | Ce Comt | Cem
Urea, 21.0£4.07 7.03+249 19.4+448 7.11+1.79
mmol/L (N=15) (N=15) (N=15) (N=15)
Creatinine, 735172  311+106  591+204  252+83
pmol/L (N=15) (N=15) (N=15) (N=15)
Uric acid, 356+98 116+51 381+62 130+ 30
pmol/L (N=15) (N=15) (N=15) (N=15)
Indoxyl sulphate, 6.20+2.36 369+1.74 6.83+3.09 3.76+1.26
mg/L (N=15) (N=14) (N=15) (N=13)
Hippuric acid, 29.9+16.4 652+3.95 237+286 9.22+8.10
mg/L (N=15) (N=15) (N=15) (N=11)
Hypoxanthine, 3.00+2.93 142+1.28 254+234 1824252
mg/L (N=11) (N=14) (N=9) (N=12)
P1, 2924159 099+039 247070 1.30+0.62
au. x107? (N=14) (N=12) (N=12) (N=9)
P2, 9624586 399+216 7.58+1.73 3.63+1.10
au. x102 (N=15) (N=14) (N=15) (N=12)
TA HPLC 254 nm, 4004265 1474098 252+0.76 1.16+0.56
au. x10’ (N=14) (N=15) (N=14) (N=14)
TA HPLC 280 nm, 328+1.42 112+049 289+060 1.12+0.21
au. x10° (N=15) (N=15) (N=14) (N=14)
Online 280 nm 153+0.38 0.65+0.22 1.44+0.42 0.60+0.16
dialysate, a.u. (N=15) (N=15) (N=13) (N=13)



Table 3. The RR (%) of solutes and the total area of the HPLC UV absorbance peaks
a the wavelengths of 254 and 280 nm (“TA HPLC 254nm” and “TA HPLC
280 nm”, respectively) in the serum, and the RR of online UV absorbance at 280 nm
in the spent dialysate (“Online 280 nm dialysate”) for different types of membranes;
N denotes the number of cases

| LF | HF

Urea 67.0£8.7 63.2+5.07
(N=15) (N=15)
Cregtinine 58.2+7.7 56.6+5.4
(N=15) (N=15)
Uric acid 67.7+85 65.6+6.7
(N=15) (N=15)

Indoxyl sulphate 42.1+18.0 47.8+14.0
(N=13) (N=12)
Hippuric acid 75.1+115 68.1+9.4
(N=15) (N=10)

Hypoxanthine 42.6+16.0 46.1+18.5
(N=10) (N=8)
P1 62.1+13.0 61.0£5.3
(N=12) (N=7)
P2 59.2+17.5 51.6+5.9
(N=13) (N=12)
TA HPLC 254 nm 60.2+12.5 57.2x7.7
(N=14) (N=13)
TA HPLC 280 nm 65.2+9.6 60.6+7.9
(N=15) (N=14)

Online 280 nm 58.1+8.3 57.0+£104
diaysate (N=15) (N=13)

Figure 3 presents the RR of the uremic solutes and total area of HPLC peaks
(at wavelengths of 254 and 280 nm, “TA HPLC 254 nm” and “TA HPLC
280 nm”, respectively) in the serum, and the RR of online UV absorbance at
280 nm in the spent dialysate (“Online 280 nm”) combining the results from the
start and end samples (Table 3). Three main groups were distinguished according
to the average reduction ratio among the studied solutes. The highest RR (>70%)
had hippuric acid classified as a “High RR” solute. “Medium RR” solute group
(50% < RR < 70%) incorporated the small water soluble compounds uric acid,
urea, creatinine, and peaks 1 and 2. The “Low RR” solutes’ group (RR < 50%)
included the protein bound solute indoxyl sulphate and the small water soluble
compound hypoxanthine. A statistically dissmilar RR was found between the
groups. No statistically different RR was between the solutes within the same
group (p < 0.05), except for the “Medium RR” group, which could be divided
into two subgroups: (1) “Medium 1 RR” solute group (60% < RR < 70%) with
uric acid and ureg; (2) “Medium 2 RR” group (50% < RR < 60%) with creatinine.
The solutes of the subgroups had different removal rates.

All UV absorbance based RR values were higher than the “Low RR” solutes
IS, HX, and lower than HA. However, P1 was a“ centre-medium peak” removed
statistically alike asal “Medium RR” solutes/peaks. The “left side bar” of P1,
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Fig. 3. The RR of solutes and TA HPLC (254 and 280 nm) in the serum and online UV absorbance
in the spent dialysate (online 280 nm). Significant differences (p <0.05) are marked with an
asterisk (*).

RR of “TA HPLC 280", was similar to UA, UR, “TA HPLC 254", and higher
than “Online 280 nm”, CR, and P2, whereas the “right side bar” of P1, RR of
“TA HPLC 254", was lower than UA, UR, and comparable to all other “Medium
RR” solutes/peaks. “Online 280 nm”, CR, and P2 were all removed statistically
similarly and had lower RR than UA, UR, and “TA HPLC 280".

4. DISCUSSION

The present study investigated behaviour of non-protein-bound and protein-
bound uremic toxins and UV absorbance in respect to low and high flux dialyzers
during hemodialysis treatment. The results indicated that: (i) the main identified
solutes responsible for the UV absorbance at 280 nm are the low molecular
weight water-soluble non-protein-bound compounds UA, CR, and the low
molecular weight water-soluble protein-bound compounds HA, IS, HX; (ii) two
persistent, but non-identified HPLC peaks, P1 and P2, were detected from the
HPLC profiles contributing to the UV absorbance, possibly each peak repre-
senting a single uremic retention solute; (iii) the LF (F8 HPS, F10 HPS) and HF
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(FX80) membranes showed similar start and end concentrations for all studied
uremic solutes; (iv) the LF and HF membranes showed comparable RR for all
studied uremic solutes, except for P2, having slightly higher RR value for LF
membranes (p = 0.016); (v) there was no dtatistical difference between intra
diaytic start-end values, and removal efficiency for the LF and HF membranes
estimated by the total area of HPLC peaks at 254 and 280 nm in the serum and
online UV absorbance at 280 nm in the spent dialysate, indicating similar
behaviour of the UV absorbance to the uremic toxins.

A number of the higher prevalent peaks on the HPLC profiles of the serum
(Fig. 2) indicate that there exists a group of compounds, UV chromophores,
which are the main cause of the cumulative and integrated UV absorbance. The
results of our study indicate that the main solute, responsible for the UV
absorbance, is a low-molecular-weight water-soluble non-protein-bound com-
pound uric acid UA. Four additional uremic retention solutes, creatinine,
hypoxanthine, indoxyl sulpate and hippuric acid, were identified from the HPLC
profiles contributing to the UV absorbance. Moreover, two persistent, but non-
identified HPLC peaks P1 and P2 were identified from the HPLC profiles,
contributing to the UV absorbance, possibly each peak representing a single
uremic retention solute.

The present randomized trial comparing HD membranes showed no unlike
removal of the studied uremic solutes for the LF and HF membranes (Table 3) as
presented earlier by Lesaffer et al. []. In this study it was found that the cellulose
triacetate and polysulphone HF membranes removed similarly classical markers
and protein-bound liphophilic solutes as a LF polysulphone membrane. All
studied uremic solutes had similar start and end concentrations for different
membranes (Table2). Comparable results were obtained even with the con-
centrations, corrected by a correction factor, based on the total protein
concentration at the start and at the end of dialysis as used by Lesaffer et al. [“].
Furthermore, there was no statistical difference between intradiaytic start—end
values, and removal efficiency for the LF and HF membranes estimated by the
total area of HPLC peaks at 254 and 280 nm in the serum and online UV
absorbance at 280 nm in the spent dialysate. This indicates that the UV
absorbance is following the behaviour of the UV absorbing compounds — uremic
toxins, which are the origin of the total UV absorbance in the serum and in the
spent dialysate.

The unaffected removal of the uremic toxins compared to LF and HF
membranes can partly be explained by the similar effective blood urea clearance,
characterizing the small molecular weight solutes diffusive transport in the
dialyzers. The effective blood urea clearance invivo is determined by the
dialyzers blood urea clearance in vitro, the dialyzer mass transfer area coefficient
KoA, and by the blood and dialysate flow rates[°]. There was no statistical
difference between the blood and dialysate flow rates, which suppressed the
effect of the higher KoA of the HF dialyzer (about 920 mL/min for LF vs
1263 mL/min for HF) yielding almost the same effective blood urea clearances
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for both LF (202+25 mL/min) and HF dialyzers (217+25 mL/min). Since the
diffusive transport is superior to the convective transport for small non-protein-
bound solutes in the dialyzer during conventional hemodialysis, the transport of
the studied non-protein-bound solutes in the LF and HF dialyzers was alike
regardless of the HF having a higher ultrafiltration coefficient (59 mL/h* mmHg
for HF vs 18 and 21 mL/h*mmHg for LF), and dlightly higher average total
ultrafiltration (UF) (1.95+0.741 for HF vs 1.57+0.421| for LF, ns) during the
study. Although the mechanism for removal of protein-bound solutes is not well
known, diffusion seems to be important [>"]. This is confirmed by the results
from the present study, showing no alteration in the small protein-bound solute
removal as observed by LF and HF dialyzers during conventional hemodialysis.
Moreover, the RR levels were comparable to those reached by the highly
convective hemodiafiltration (HDF) therapies from the study by Meert et a. ['],
considering analogous treatment duration, weight loss, and blood and diaysate
flow rates in both studies. The removal of low molecular weight proteins (e.g.
B2-microglobulin) seems to be dependent on membrane composition and
morphology, and the removal of small solutes may be improved by enhancing
flow distribution in the dialyser [¥].

Some minor effects could arise also from the study design, which benefited
from crossover patient dialysing regarding LF and HF membranes. The current
study used randomly selected patients with equal sample size for the LF and HF
membranes. This caused a slightly higher urea removal rate (URR) value for the
LF membrane group (about 4%, but not statistically significant) indicating a
somewhat higher delivered dialysis dose for the patients in the LF group. This
was primarily due to non-significantly longer dialysis sessions for the patientsin
the LF group (233+15min for LF vs 229+17 min for HF) and the dialysis-
related difficulties (e.g. non-compliance) in the HF group.

Taking into account the removal efficiency (Fig. 3), a characteristic behaviour
can be observed for every uremic toxin group depending on the protein binding.
The removal efficiency was highest (except for HA) for the small water-soluble
non-protein-bound solutes UA, UR and CR and for the unidentified HPLC peaks
P1 and P2, whereas the protein-bound solutes IS and HX had the lowest removal
rate. Both HA, being a protein-bound solute, but also the small non-protein-
bound compound hypoxanthine, have individual removal patterns, which should
be considered when analysing the remova of uremic solutes during hemo-
dialysis. A lower removal of hypoxanthine, compared to urea, is also presented
earlier []. A slightly higher RR value for LF compared to HF membranes
(p=0.016) for P2 was unexpected and the reason must be explained in the
future. The total area of HPLC peaks at 254 and 280 nm in the serum and online
UV absorbance at 280 nm in the spent diaysate tend to estimate RR levels close
to that of the small water-soluble non-protein-bound solutes UA, UR and CR.
This can be due to the large contribution of UA and CR to the total UV
absorbance at 254 and 280 nm. The variation between the reduction ratio of the
total area of HPLC peaks and online UV absorbance at 280 nm can be explained

104



by a different number of detectable chromophores in the serum and in the spent
dialysate and by different sampling times for the serum and the dialysate (the
serum was collected before and the dialysate sample 10 min after the start of the
dialysis). Due to the characteristic absorbing spectra of the UV-chromophores,
the difference in RR at the wavelengths of 254 and 280 nm is seen.

Future studies aim to further identify the remained prevalent peaks on the
HPLC UV absorption profiles of uremic fluids, and to investigate the possibility
for absolute concentration measurements of the uremic toxins utilizing the UV
absorbance.

5. CONCLUSIONS

In conclusion, the present study demonstrated that the studied small water-
soluble non-protein-bound solutes UR, CR, UA and HX, and the protein-bound
solutes HA and IS showed similar removal efficiency for the LF and HF
membranes. Furthermore, the total UV absorbance at 254 and 280 nm seem to
estimate removal efficiency levels close to the small water-soluble non-protein-
bound solutes.
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Ureemiliste toksiinide ja nende UV-absorptsiooni uurimine
vedeliku madala ning koérge labilaskevdimega diallisaatorite
korral

Kai Lauri, Jurgen Arund, Risto Tanner, Jana Jerotskaja,
Merike Luman ja lvo Fridolin

Ureemiliste toksiinide elimineerimiseks organismist kasutatakse erinevat
tilpi — madala ja kdrge vedeliku labilaskevBimega — dialliisi membraane.
Membraani tudbist sdltub osaliselt ka dialliisiravi efektiivsus. K&esolev uuring
néitas, et kasutatud dialGilisravi parameetrite korral elimineerivad madalajakérge
|abilaskevOimega dialliiss membraanid sarnaselt nii véaikese molekulmassiga
vees lahustuvaid valkudega mitte seotud kui ka valkudega seotud aineid. Sarna-
selt elimineeritud ureemilistele toksiinidele vahenes ka kdikide kromatograa-
filiste piikide kogupindala ja UV -absorptsioon.
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