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ABSTRACT

Glucose degradation products (GDPs) formed during heat sterilization of peritoneal dialysis (PD) fluids
exert cytotoxic effects and promote the formation of advanced glycation end-products in the peritoneal
cavity. As a result, long-term application of continuous ambulatory peritoneal dialysis is limited. The
composition and concentration of GDPs in PD fluids must be known to evaluate their biological effects.
The present study describes a targeted screening for novel GDPs in PD fluids. For this purpose, dicarbonyl
compounds were converted with o-phenylenediamine to give the respective quinoxaline derivatives,
which were selectively monitored by HPLC/diode array detector. Glucosone was thereby identified as a
novel major GDP in PD fluids. Product identity was confirmed by LC/MSMS analysis using independently
synthesized glucosone as a reference compound. Furthermore, a method was developed to quantify
glucosone in PD fluids by HPLC/UV after derivatization with o-phenylenediamine. The method’s limit
of detection was 0.6 WM and the limit of quantitation 1.1 wM. A linear calibration curve was obtained
between 1.1 and 113.9 uM (R? = 0.9999). Analyzed at three different concentration levels, recovery varied
between 95.6% and 102.0%. The coefficient of variation ranged between 0.4% and 4.7%. The method was
then applied to the measurement of glucosone in typical PD fluids. Glucosone levels in double chamber
bag PD fluids varied between not detectable and 6.7 WM. In single chamber bag fluids, glucosone levels
ranged between 28.7 and 40.7 wM.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Peritoneal dialysis (PD) has become an adequate alternative to
hemodialysis. In PD, the dialysis fluid is administered into the peri-
toneal cavity using the peritoneum as a natural dialysis membrane.
Insufficient biocompatibility of conventional PD fluids, however,
limits the long-term application and may lead to fibrosis and vascu-
lar sclerosis in the peritoneum. As a consequence, severe peritonitis
with impaired remesothelialization occurs, leading to the develop-
ment of a cellular desert and loss of ultrafiltration capacity [1]. Heat
sterilization of PD fluids has been shown to induce formation of glu-
cose degradation products (GDPs). There is growing evidence that
GDPs are a main factor in the toxic effects that PD fluids exert on
the peritoneum. It has also been shown that GDPs in PD fluids are

Abbreviations: PD, peritoneal dialysis; GDPs, glucose degradation products;
AGEs, advanced glycation end-products; DAD, diode array detector; ESI, electrospray
ionization; HR-EI, high resolution electron ionization; OPD, o-phenylenediamine;
diacetylg, diacetylquinoxaline; glucosonegy, glucosonequinoxaline; LOQ, limit of
quantitation; LOD, limit of detection.
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cytotoxic against peritoneal mesothelium cells and retard reme-
sothelialization in vitro [2,3]. Furthermore, GDPs interfere with cell
signaling related to functional and morphological alterations in
peritoneal cells [4,5]. In patients undergoing PD, peritoneal lesions
and increased membrane permeability correlate with the levels of
advanced glycation end-products (AGEs), which are non-enzymatic
protein modifications caused by sugars or other reactive carbonyl
compounds [6,7]. Although GDPs are present at much lower con-
centration than glucose, those highly reactive compounds are the
predominant cause for AGE formation by PD fluids [8]. Finally, apart
from the local effects, there is also evidence that GDPs are absorbed
during PD, resulting in detrimental systemic effects and AGE for-
mation [9,10]. The important role of GDPs in the adverse effects of
PD fluids is further underscored by several clinical or animal stud-
ies showing higher biocompatibility of PD fluids with low GDPs,
but otherwise analogous composition to conventional PD fluids
[11-13].

Detailed knowledge of the composition and concentration
of GDPs in PD fluids is crucially important for the investi-
gation of biological and toxicological consequences. To date,
glyoxal, methylglyoxal, 3-deoxyglucosone, 3,4-dideoxyglucosone-
3-ene, formaldehyde, 5-hydroxymethylfurfural, and 2-furaldehyde
have been identified as degradation products of glucose and
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quantified in PD fluids [8,14-17]. Additionally, acetaldehyde, which
is formed by a glucose dependent mechanism from lactate, has been
detected in PD fluids [18]. With knowledge of the chemical com-
position of GDPs in PD fluids, toxicologically relevant components
can be identified and included in clinical studies, quality control,
and the development of mitigation strategies.

2. Material and methods
2.1. Reagents and samples

For all experiments, water was taken from a Synergi-185
labwater-system (Millipore, Schwalbach, Germany). HPLC-grade
acetonitrile was obtained from Merck (Darmstadt, Germany).
All other chemicals and enzymes were purchased from Sigma
(Taufkirchen, Germany), Fluka (Steinheim, Germany), or Acros
(Geel, Belgium) and were at least of analytical grade, unless noted
otherwise.

For the study, typical 1- or 2-chamber PD fluids were used, each
type with three different glucose concentrations. Unsterilized PD
models were prepared containing either the salts of a conventional
PD fluid alone (PD model free of glucose and glucosone), or the
salts together with glucose (4%, PD model theoretically free of glu-
cosone).

2.2. Instrumentation

The HPLC/diode array detector (DAD) system consisted of a Jasco
(Gross-Umstadt, Germany) 1580 degasser, 1555 autosampler, and
1510 multiple wavelength detector as well as an Agilent (Palo Alto,
CA, USA) 1100 series quaternary pump with control module. The
system was controlled by Chrompass 1.8. A C18 column (Supelco
LC-18-DB, 150 mm x 3 mm, Sigma) was used with the following
gradient: A, ammonium formate buffer (10 mM, pH 3.7), B, ace-
tonitrile:zammonium formate buffer 50:50; flow rate: 1 mL/min;
[time (min)/% A] 0/94, 20/54, 20.1/100, 23/100, 23.1/94, 28/94. The
injection volume was 50 p.L.

For HPLC/DAD/MSMS analysis, a Sciex API 2000 quadrupole
mass spectrometer equipped with an electrospray ionization (ESI)
source (Applied Biosystems, Foster City, CA, USA) was coupled to an
Agilent Series 1100 degasser, binary pump, and diode array detec-
tor and a Perkin Elmer (Boston, MA, USA) Series 200 autosampler.
System control, data acquisition and processing were performed by
Analyst 1.4.1 software.

LC conditions were the same as described for HPLC/DAD, but the
flow of the LC was reduced to 0.4 mL/min prior to MS-injection by
a three-way-splitter. The ESI-MS was run in the positive ion mode
(ion spray voltage: 1500V). Nitrogen was used as drying gas for
solvent evaporation. Source temperature was kept at 500°C.

High resolution electron ionization (HR-EI-)MS data was
acquired using a JMS-GC mate 2 GC/MS system (Jeol, Eching,
Germany) operated in direct-inlet mode with electron impact ion-
ization (positive mode, 70eV). The NMR spectra were recorded
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with an Avance 600 system (600 MHz, Bruker Daltonics, Bremen,
Germany).

2.3. Synthesis of glucosone, glucosonequinoxaline, and
diacetylquinoxaline

For the synthesis of glucosone, 5g D-glucose, 3 mg pyranose
oxidase (9.4 u/mg, Sigma, Taufkirchen, Germany), and 3 mg cata-
lase (1927 u/mg, Sigma, Taufkirchen, Germany) were dissolved in
20 mL water and incubated at 25 °C on a roller mixer for about 48 h.
Every hour, the solution was aerated with compressed air for 3 min.
After removing the enzymes by ultrafiltration (Macrosep Omega,
MW cutoff 10,000 Da, Pall, Dreieich, Germany) and lyophilization,
a palish yellow powder was obtained.

NMR analysis showed, aside from smaller peaks from other
cyclic forms, the a-pyranose form of glucosone as main isomer
with the following chemical shifts (signal assignment according to
Freimund and Koepper [19]; atom numbering refers to Fig. 1, for-
mula 1b): TH-NMR (Dg-DMSO): § 7.48 (d, 1H, OH-1); 5.53 (d, 1H,
OH-4); 5.33(d, 1H, OH-3); 4.89(d, 1H, H-1); 4.58 (t, 1H, OH-6); 4.31
(m, 1H, H-3); 3.93 (m, 1H, H-5); 3.68 (m, 1H, H-6a); 3.55 (m, 1H,
H-6b), 3.35 (m, 1H, H-4); 13C-NMR (Dg-DMS0): § 202.2 (C-2); 93.5
(C-1); 76.1 (C-3); 74.0 (C-4); 72.5 (C-5); 60.4 (C-6). Anal. calcd. for
CgH1006 x 1H0: 37.03% C, 5.99% H. Found: 36.74% C, 6.17% H.

For the synthesis of (1R,2S,3R)-1-(quinoxalin-2-yl)butane-
1,2,3,4-tetraole, the quinoxaline derivative of glucosone, 50 mg
glucosone were dissolved in 2 mL aqueous solution of 20 mg/mL o-
phenylenediamine (OPD). The mixture was allowed to stand light
protected for 2 h at room temperature. The resulting crystals were
removed by centrifugation, washed three times with 1 mL water
and lyophilized.

The dried product was analyzed by NMR (signal assignment
based on H/D-exchange, heteronuclear multiple bond correlation
(HMBC) and heteronuclear multiple quantum correlation (HMQC);
atom numbering refers to Fig. 1, formula 2) and HR-EI-MS.

TH-NMR (Dg-DMSO): 8§ 9.10 (s, 1H, H-1); 8.06 (m, 2H, Ar-H);
7.82 (m, 2H, Ar-H); 5.58 (d, 1H, OH-3); 5.15 (d, 1H, H-3); 4.68
(d, 1H, OH-5); 4.60 (d, 1H, OH-4); 4.37 (t, 1H, OH-6); 3.68 (m,
2H, H-5, H-4); 3.65 (m, 1H, H-6a); 3.47 (m, 1H, H-6b); 13C-NMR
(De-DMSO): § 159.4 (C-2); 145.2 (C-1); 141.0; 140.8; 129.9; 129.2;
128.8; 128.5; 74.3 (C-4); 72.4 (C-3); 71.2 (C-5); 63.5 (C-6); HR-EI-
MS: 250.0954 Da measured; 250.0954 Da calculated.

Diacetylquinoxaline was synthesized analogously to the
quinoxaline derivative of glucosone starting with 200 p.L diacetyl.
In HPLC/DAD/MS analysis, the product appeared as a peak at
18.1 min with a m/z of 159 corresponding to [diacetylquinoxa-
line +H]*; HR-EI-MS: 158.0844 Da measured; 158.0844 Da calcu-
lated.

2.4. Verification of peak identity by LC/MSMS
Aliquots of 325 L each of PD fluid, PD fluid spiked with 51 M

glucosone, or water spiked with 51 wM glucosone were mixed with
75 wL OPD (0.8% in water) and allowed to stand light protected
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Fig. 1. Structure of glucosone in its open chain form (1a), in its a-pyranose form (1b) and the corresponding quinoxaline (2), which is formed after derivatization with OPD.
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Fig. 2. HPLC/DAD chromatograms of a typical PD fluid (A) and synthesized glucosone in water (B) after adding diacetylquinoxaline and derivatization with OPD, recorded at

316 nm.

for approximately 2 h. HPLC/DAD/MSMS was then used to compare
retention times, UV spectra, Q1 spectra, and product ion-spectra of
m/z 251.

2.5. Development of a method to derivatize glucosone with OPD

Aliquots of 400l sample, 50pL diacetylquinoxaline
(diacetylqx) (50 wg/mL in water) and 50 nL of different OPD
solutions were mixed in amber vials. HPLC/DAD analysis was
performed after incubation at room temperature for different
periods of time up to 24 h after mixing as indicated. The reaction
conditions were optimized using 1%, 2% or 4% OPD in water as
reagent and solutions of 51 wM glucosone in unheated PD-fluid or
water as sample.

De novo formation of glucosone during derivatization in a PD
model initially free of glucosone was determined for water, ammo-
nium formate buffer (1M, pH 3.8), sodium phosphate buffer (1 M,
pH 7.0), and HEPES buffer (1M, pH 7.0, 6.5, and 7.5) as solvent
for a 4% OPD solution. Results were calculated as area of glu-
cosonequinoxaline (glucosoneqx) peak/area of diacetylqx peak and
plotted against the derivatization time.

2.6. Quantification of glucosone in PD fluids and validation of the
method

Aliquots of 400 pL of each sample were mixed with 50 pL
diacetylgx (50 pg/mL in water) and 50 wL OPD (4% in 1M HEPES
buffer, pH 7.0), allowed to stand light protected for at least 5h and
used for HPLC/DAD analysis within 24 h after addition of the deriva-
tization reagent. Quantification was carried out with a calibration
curve using the quotient of the areas of glucosoneqx and diacetylgx.
For the calibration curve, a stock solution (1.014 mg/mL glucosone
in water) was prepared and diluted with water to give standard
solutions of 1.1, 2.8, 5.7, 11.4, 28.5, 56.9, and 113.9 uM.

For validation, the following parameters were determined: pre-
cision, recovery, linearity, limit of quantitation (LOQ), and limit of
detection (LOD).

To determine recovery rates, an unheated PD fluid was
spiked with 113.9, 114, or 1.1 uM of glucosone. These sam-
ples and an unspiked fluid were analyzed as described above
after four different derivatization times (5, 11, 17, 24h). The
mean recovery of four experiments for each concentration level
and derivatization time was determined and expressed as: (glu-
cosone concentration-glucosone concentration of the unspiked
sample)/added glucosone concentration x 100%.

Precision was calculated by four independent replicate
measurements and was expressed as standard deviation and coef-
ficients of variation.

LOD was calculated as Ypjank +3.3 x SDpjank and LOQ  as
Yplank * 10 x SDpjank from 10 independent replicate acquisitions
using a PD model mixture without glucose as blank.

The seven-point linearity curve was prepared in four repli-
cates (1.1-113.9 wM glucosone in water). The calibration curve was
obtained by plotting the quotient of the peak areas of glucosonegx
and diacetylgx against the glucosone concentration. The linearity
of the calibration curve was evaluated by linear regression anal-
ysis with a minimally acceptable correlation coefficient of 0.990.
Furthermore, linearity and homogeneous distribution of variances
was confirmed according to Mandel.

3. Results
3.1. Targeted screening for a-dicarbonyl compounds in PD fluids

The purpose of the present study was to screen PD fluids for
the presence of unidentified GDPs with a-dicarbonyl structure.
Samples of PD fluids were derivatized with OPD and analyzed by
HPLC/DAD. OPD efficiently converts a-dicarbonyl compounds into
the corresponding quinoxaline derivative (Fig. 1) that shows a char-
acteristic maximum of UV absorbance at 316 nm. This approach is
very effective for a targeted screening for a-dicarbonyl compounds
in PD fluids. At a retention time of 6.7 min, a major signal with
the characteristic UV spectrum of a quinoxaline appeared, which
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Fig. 3. Product ion scans of the peak at 6.7 min in PD fluid (A), PD fluid spiked with
glucosone (B) and water spiked with glucosone (C) recorded by LC/MSMS; m/z 251
was used as parent ion.

did not correspond to any of the previously identified a-dicarbonyl
compounds in PD fluids [16] (Fig. 2A).

In order to identify the unknown putative a-dicarbonyl com-
pound, the sample was analyzed by LC/MSMS revealing a signal
for m/z 251 in the Q1 spectrum at the corresponding retention
time. Fig. 3A shows the product ion spectrum of the parent ion
m/z 251. The mass of 251 Da indicates the presence of the quinox-
aline derivative of glucosone, an oxidation product of glucose
[glucosonegy + H]*.

3.2. Synthesis of a glucosone standard

To verify the identity of the unknown GDP, glucosone was
synthesized as a reference compound. Huwig et al. reported the
preparation of glucosone by oxidation of D-glucose using pyranose
oxidase and catalase to remove the by-product H,O, [20]. After
some modifications, this method yielded a practically complete
conversion of glucose, at the same time avoiding supplements such
as buffer salts. Thus, pure glucosone could be obtained as a pal-
ish yellow powder without major purification steps. The NMR data
were in good accordance with literature confirming the coexistence
of several ring forms with the a-pyranose form as the main iso-
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Fig. 4. Effect of derivatization time on measured glucosone amount in water (x ) or
unsterilized PD fluid (M, @, a) spiked with 50 wM using different OPD concentrations
in water (x, B 1% OPD; @ 2% OPD; a 4% OPD). Representative time courses of at least
two independent experiments are shown. Note, the curve obtained for the PD fluid
with 1% OPD (M) did not reach a plateau, but a slight slope was recorded between 8
and 24 h derivatization time.

mer in Dg-DMSO [19]. Purity was confirmed by elemental analysis.
Furthermore, the reference compound was converted to the corre-
sponding quinoxaline by derivatization with OPD. Different NMR
experiments as well as HR-EI-MS confirmed that the synthesized
product indeed was glucosone.

3.3. Identification of the unknown GDP as glucosone

To assure that the unknown GDP in the PD fluid was identical
with the synthesized glucosone, equal amounts of glucosone were
added to a PD fluid and water. Furthermore, the PD fluid was ana-
lyzed without any addition of glucosone. After derivatization with
OPD, samples were analyzed by HPLC/DAD/MSMS: All the sam-
ples showed a peak at 6.7 min with identical UV-, Q1- and product
ion-spectra (Fig. 2B, Fig. 3). The peak area of the spiked PD fluid
at 316 nm amounted approximately to the sum of the peak areas
of the unspiked fluid and the aqueous glucosone solution. The UV
spectra showed maxima at 238 and 316 nm, which are character-
istic for quinoxalines. Under the described MSMS conditions, m/z
173, 145, 144, 143, and 60 were identified as the main fragments
of the parent molecule ion (m/z 251).

3.4. Development of a derivatization procedure for quantification
of glucosone

The derivatization conditions were further optimized for a max-
imum derivatization yield while minimizing de novo formation.
Thus, an aqueous solution of glucosone and an unsterilized PD
fluid spiked with glucosone (51 wM) were derivatized with 1%
OPD in water (the final dilution of OPD was 0.1%) and analyzed
by HPLC/DAD. The peak area of the glucosone-derived quinoxa-
line was related to the peak area of the internal standard, the
diacetyl-derived quinoxaline. In order to avoid bias due to different
reaction rates of diacetyl and glucosone with OPD, diacetylquinox-
aline was used instead of diacetyl [21]. Thus, a curve was obtained
for the aqueous solution of glucosone that reached a plateau after
approximately 4 h, indicating that derivatization had been com-
pleted (Fig. 4). In contrast, the curve obtained for glucosone in PD
fluid did not show a plateau. Under these conditions, the reaction
yielded less derivatization product than the reaction in water. This
finding can be explained by other substances in the PD fluid that
react with amine functions of OPD, thus lowering the reaction rate.

To increase reaction rate and yield, the PD fluid was
reacted with higher concentrated OPD. When using 2% OPD,
glucosonegy/diacetylqy ratios were still lower than for the reaction
in water, although a plateau could be observed after 8 h. The appli-
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cation of 4% OPD, however, led to glucosoneqx/diacetylqx ratios that
were even slightly higher than for the water model. As the unsteril-
ized PD fluid itself contains a small quantity of glucosone, this result
was to be expected. A stable plateau was reached after 5 h. Since
5his an applicable reaction time and the limited solubility of OPD
in water hampers the use of higher concentrations, we opted for
4% as the optimal concentration of the derivatization reagent.

To determine a possible de novo formation of glucosone dur-
ing derivatization, the behavior of PD fluids without glucosone was
tested under different derivatization conditions. For this purpose,
unheated model PD fluids were prepared that contained the same
salts as commercial PD fluids and 4% glucose of high purity.

When water was used as solvent for OPD without any additives,
the quotients of glucosoneqy and diacetylgx areas slightly increased
with prolonged reaction time (Fig. 5), which may lead to inaccurate
quantification. To avoid this effect and to improve the robustness
of the process, several buffers were tested as solvent for OPD.
Whereas sodium phosphate buffer (pH 7.0) showed a slope sim-
ilar to that of pure water, buffering with ammonium formate (pH
3.7) led to a dramatic increase of the glucosoneqx/diacetylgx-ratio
up to 2.8 after 24 h (out of scale in Fig. 5), indicating consider-
able de novo formation. In contrast, no incline of the graph, and
thus no de novo formation, was observed when HEPES was used
at pH 7.0. An increase or decrease of the pH by 0.5 did not result
in any noticeable change of the derivatization behavior (data not
shown). A slight basal level of glucosone-derived quinoxaline was
still detected in these samples. This level, however, was depen-
dent on the purity of the used glucose (data not shown). Besides,
the maximum peak area was already reached after a derivatization
time of 1 h without further increase during the 24 h of derivatiza-
tion process. Therefore, it was concluded that the signal is caused
by inevitable glucosone impurities in glucose rather than by arti-
ficial formation during derivatization. Furthermore, the measured
concentrations were lower than the calculated LOD of the method.

Table 2

Table 1
Validation parameters of the HPLC/DAD method for quantification of glucosone in
PD fluids after derivatization with OPD.

Glucosone concentration Derivatizing time [h]

5 11 17 24
113.9 uM glucosone
Glucosone measured (mean, n=4) [uM] 115.0 1153 116.1 1154
Standard deviation [puM] 1.0 0.4 0.5 0.8
Variation coefficient [%] 0.8 0.4 0.4 0.7
Recovery (mean, n=4) [%] 101.0 101.2 102.0 101.3

—_

1.4 uM glucosone
Glucosone measured (mean, n=4) [uM] 11.5 114 115 11.6

Standard deviation [M] 0.3 0.3 0.3 0.3
Variation coefficient [%] 2.3 23 2.2 2.7
Recovery (mean, n=4) [%] 100.6 1003 1009 101.7
1.1 wM glucosone
Glucosone measured (mean, n=4) [uM] 1.1 1.1 1.1 1.1
Standard deviation [M] 0.0 0.1 0.1 0.0
Variation coefficient [%] 2.7 4.4 4.7 2.7
Recovery (mean, n=4) [%] 96.2 97.6 95.6 96.5

Since the reaction rate of a spiked PD fluid was not slower than
the reaction of the aqueous glucosone solution when using 4%
OPD in HEPES (pH 7.0) and a derivatization time of 5-24 h, these
parameters were defined as optimal reaction conditions.

3.5. Validation of the method and quantification of glucosone in
PD fluids

For validation, the parameters precision, recovery, linearity,
LOD, and LOQ were determined. LOD and LOQ were calculated as
0.6 wM (LOD) and 1.1 M (LOQ) by using a blank matrix containing
the salts and buffers of a conventional PD fluid. The seven-point
calibration curve showed a very good linearity over the concen-
tration range of 1.1-113.9 uM (y=0.026x+0.0034; R%=0.9999).
Recovery and precision were determined for four different deriva-
tization times at three different concentration levels (Table 1). In
all cases, the variation coefficient was less than 5% and recovery
did not deviate more than 5% from the actual concentration. The
results verify that the described procedure is a very reliable and
precise method to quantify glucosone in PD fluids in the specified
ranges.

As a last step, glucosone was measured in typical PD fluids with
different glucose concentration (1- and 2-chamber bag fluids) using
the validated method. The results are summarized in Table 2.

4. Discussion

GDPs, which are formed during heat sterilization of PD flu-
ids containing glucose, have been identified as a primary cause
for the low biocompatibility of PD fluids, considerably limiting
the long-term application of this blood purification technique. The

Concentrations of glucosone in 1- and 2-chamber PD fluids. All values are expressed as wM glucosone in ready-to-use PD-fluid + standard deviation.

Type of PD fluid Lot 12 Lot 22 Lot 32 MeanP

Double chamber, lactate buffer, 1.5% glucose 2.2+0.1 32+0.1 n.q. 20+ 13
Double chamber, lactate buffer, 2.3% glucose n.d. 14 +0.1 n.d. 09+ 0.5
Double chamber, lactate buffer, 4.25% glucose 6.7+0.1 15+ 0.1 2.3+0.1 35+28
Single chamber, lactate buffer, 1.5% glucose 31.4+0.8 28.7 £ 0.3 303+1.2 301 +14
Single chamber, lactate buffer, 2.3% glucose 26.6+0.5 282 +09 26.6+0.3 271 +£09
Single chamber, lactate buffer, 4.25% glucose 352+1.0 40.7 + 0.8 40.2+0.6 38.7 £ 3.0

n.d. below LOD (0.6 wM/L); n.q. below LOQ (1.1 wM/L).
@ Standard deviation calculated from 4 replicate experiments.
b Standard deviation calculated from the different lots.
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most common form of PD fluids are single chamber bag fluids, in
which glucose is sterilized in a lactate buffered solution at a pH
of about 5. In order to reduce GDP formation, double chamber bag
PD fluids have been developed, in which the glucose solution is
sterilized at a lower pH of about 3. The physiological pH of the PD
fluid is subsequently obtained by mixing the glucose solution with
a buffer from a separate compartment immediately prior to use
[11,16,22].

The present study was the first to identify glucosone as
an important GDP in PD fluids. Glucosone has been previously
described as a product formed by autoxidative or enzymatic degra-
dation of the Amadori product, which is a primary adduct of glucose
and amines [23,24]. In the absence of amines, glucosone is derived
from glucose, for example by <y-radiolysis or thermal treatment
[25,26].

The different GDP-derived quinoxalines in PD fluids were sep-
arated by a method similar to one described in literature [16].
However, changes of the packaging material, the dimension of the
HPLC column and the gradient considerably reduced analysis time
from 45 to 28 min, without any loss of chromatographic resolution.
Prior to quantification, the kinetics of the derivatization reaction
with OPD were examined in detail to find the best conditions for PD
fluid as matrix. Derivatization with chromophoric agents like OPD
or 2,3-diaminonaphthalene is a convenient method that allows
separation and detection of dicarbonyl compounds by HPLC/DAD.
However, the derivatization conditions must be controlled care-
fully, because incomplete derivatization or de novo formation of
the analyte during the process may lead to incorrect quantifica-
tion [21]. GDPs with large carbon backbone like glucosone show
high sterical complexity. Their hemiacetal ring must be opened
prior to condensation. As a result, the reaction rates are slow and
thus, a strong derivatization agent like OPD is required in high con-
centration. On the other hand, OPD promotes oxidative reactions
during the derivatization process. This may lead to a de novo for-
mation of glucosone from glucose, which is abundant in PD fluids.
Very good validation results proved the reliability of the optimized
derivatization procedure.

The highest glucosone concentrations were detected in heat
sterilized single chamber bag PD fluids. Double chamber bag fluids
contained considerably lower glucosone concentrations. A simi-
lar situation has been observed for other GDPs in PD fluids [16].
The low GDP concentration in double chamber bag fluids has been
attributed to the lower pH value in the respective glucose compart-
ment (<pH 3) in contrast to single chamber bag fluids (~pH 5) [18].
Obviously, the thermally induced autoxidation of glucose to give
glucosone is also significantly inhibited at the low pH present in
double chamber bag fluids. In contrast to other GDPs, however, the
glucosone concentration did not increase with increasing glucose
concentration in the single chamber bag fluids. This result indicates
that other factors, for example the quantity of dissolved oxygen,
may limit glucose oxidation in PD fluids. Further investigations are
now required to identify mechanisms and factors that influence
glucosone formation.

In several studies, the biological effects of glucosone have been
studied. Thus, it has been shown that glucosone generates superox-
ide anion at pH 7 and 37°C [27,28]. Superoxide anion is a reactive
oxygen species that can further react to hydrogen peroxide and
hydroxyl radicals inducing oxidative stress to a wide range of
biomolecules [29,30]. Furthermore, antiproliferating and cytotoxic
effects [31,32], which were mediated by the formation of reactive
oxygen species [33], were reported as well as mutagenic activity of
glucosone in vitro [34]. Further studies are now necessary to deter-
mine the contribution of glucosone to the toxic effects of GDPs in
PD fluids on the peritoneum.

5. Conclusion

Because of the relatively high concentration in PD fluids and
potential physiological implications, glucosone is an important,
novel glucose degradation product that must be monitored. The
newly developed and validated method for the analysis of glu-
cosone in PD fluids proved to be reliable and sensitive and can be
applied to product control and the development of new PD fluids
with higher biocompatibility.
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