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ABSTRACT

Glycation is a multi-step process that occurs spontaneously without the presence of enzyme, leading to
the formation of AGEs — Advanced Glycation End-products. Glycation occurs in living organisms as well
as in the food under the influence of heat treatment and long-term storage. In a healthy body the ma-
jority of AGE is metabolized and excreted. With time, some amounts of these compounds accumulate
in tissues resulting in the development of many chronic diseases.

One of AGEs is pentosidine. It is formed by reaction of lysine and/or arginine with reducing sugar.

The aim of the study was to collect information on pentosidine and to present a review of already ap-
plied and the latest methods of its determinations in biological samples.

Studies described in literature provide information on the quantification of pentosidine by: immunoas-
say (ELISA), high performance liquid chromatography (HPLC) mostly coupled with various detectors.
However, the opinions of researchers are divided regarding choosing the best method of pentosidine
analysis. Pentosidine has been so far determined in the blood, urine, saliva, bone, skin tissue, articular
cartilage. It plays an important role in the etiopathogenesis of many diseases (diabetes, kidney damage,
rheumatoid arthritis, osteoarthritis, asthma). The concentrations of pentosidine in the blood of healthy
individuals, described in the literature range from 0.21 pmol to 1.4 pmol/mg protein and in the case of
patients suffering from the disease mentioned above it can reach the concentration up to 27.3 pmol/
mg protein.
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Metody oznaczania pentozydyny — produktu
zaawansowanej glikacji biatek

Stowa kluczowe: pentozydyna, wysokosprawna chromatografia cieczowa, techniki immunoenzyma-
tyczne

STRESZCZENIE

Glikacja to wieloetapowy proces, ktéry zachodzi spontanicznie bez udziatu enzymoéw i prowadzi do po-
wstawania AGEs (Advanced Glycation End-products), czyli zaawansowanych (koncowych) produktow
glikacji. Proces ten zachodzi w zywych organizmach, a takze w zywnosci pod wptywem obrdbki ciepl-
nej oraz dtugotrwatego i nieprawidtowego jej przechowywania. W zdrowym organizmie wiekszos¢ AGE
jest metabolizowanych i wydalanych. Z czasem jednak pewne ilosci tych zwigzkéw odktadajg sie w tkan-
kach, powodujgc rozwéj przewlektych schorzen.

Jednym z koncowych produktow glikacji jest pentozydyna. Powstaje ona w wyniku reakgcji lizyny i/lub ar-
gininy z cukrem redukujgcym.

Celem pracy byto zebranie informacji na temat pentozydyny oraz przedstawienie przeglgdu stosowa-
nych dotychczas i najnowszych metod jej oznaczen w prébkach biologicznych.

W pismiennictwie mozna znalez¢ informacje na temat ilosciowego oznaczania pentozydyny za pomoca:
testu immunoenzymatycznego ELISA (enzyme-linked immunosorbent assay) i wysokosprawnej chro-
matografii cieczowej HPLC z réznymi detektorami. Jednak zdania autoréw co do wyboru najlepsze;j
metody sg podzielone. Pentozydyna oznaczana jest gtdwnie we krwi, moczu, slinie, kosciach, skérze i
chrzgstce stawowej. Odgrywa ona wazng role w etiopatogenezie wielu jednostek chorobowych (cukrzy-
ca, uszkodzenia nerek, reumatoidalne zapalenie stawdw, zwyrodnienia stawow, astma). Stezenia pento-
zydyny we krwi oséb zdrowych, oznaczone technikami immunochemicznymi lub chromatograficznymi,
opisane w dostepnym piSmiennictwie, mieszczg sie, w zaleznosci od metody analizy, w zakresie od 0,21
pmola do 1,4 pmola w przeliczeniu na mg biatka, natomiast w przypadku wymienionych jednostek cho-

robowych osiggajg wartosci nawet do 27,3 pmol/mg biatka.

1. STAGES OF PROTEINS GLYCATION AND ITS
EFFECT ON AN ORGANISM

The term glycation mainly refers to non-enzymat-
ic binding of sugars to proteins. This description
made it possible to distinguish this process from
the enzymatic glycosylation.

The essence of this reaction is the formation of
a covalent bond between the carbonyl group or
hemiacetal group of reducing sugars and the free
amino group of proteins, amino acids, peptides,
phospholipids or nucleic acids [1]. Glycation is
a spontaneous reaction that occurs in the living
organisms, as well as in the food due to the heat
treatment and the long-term storage. The reac-
tion between sugars and amino acids was first
described in 1912 by Louis Maillard (Fig. 1) [2].
The process of glycation is a multistep one which
rate depends, inter alia, on the concentration of
the reactants and time of their reaction. The first
step is a reversible reaction of the carbonyl group
of sugar with a primary amino group, followed by
elimination of water and formation of Schiff base
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(aldimine). This process reaches an equilibrium
state within a few hours. The formed compound
undergoes the rearrangement to form Amadori
1-amino-1-deoxyketose (PPA — Amadori rear-
rangement product). It may form the conforma-
tion of the cyclic pyranose or furanose. This reac-
tion reaches the equilibrium stage approximately
after 28 days. As the result of the described trans-
formations so called early glycation products are
formed. If the reaction concerns proteins of long
half-life the further chemical transformations
such as oxidation, dehydration, fragmentation
and condensation of other amino groups take
place, which may last for several months or even
years [3].

The Maillard reaction may also take place in the
presence of oxygen and in this case PPA conver-
sions may occur, which result in the formation
of 1- and 3-deoxydicarbonyl compounds. During
these transformations the reactions of dehydra-
tion, oxidation can occur and numerous transfor-
mations leading to the release of reactive oxygen
species (ROS), organic radicals, and dicarbonyl
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Figure 1 The fundamental equation of Maillard reaction [2]

compounds such as glyoxal, methylglyoxal, 3-de-
oxyglucosone [1]. The resulting compounds are
highly reactive and therefore they react with ami-
no groups of proteins to form advanced glycation
end-products AGEs. These compounds may bind
with each other and with some proteins, form-
ing cross-bonds, thereby disrupting the activity of
most cells and tissues of the body [4].

Glycation end-products may accumulate in or-
gans and tissues, which in turn leads to serious
diseases such as: osteoarthritis, osteoporosis and
many neurodegenerative diseases [6-10].

Some proteins that undergo glycation may lose
their original function. In case of albumin, this
process leads to reduction of its ability to trans-
port bilirubin and long chain fatty acids. Eryth-
rocyte membrane protein loses its elastic prop-
erties and its deformation ability in the capillar-
ies. Glycated cathepsin B shows reduced activity
which leads to disturbances in the conversion
of proinsulin to insulin. As a result of condensa-
tion of antithrombin Il with reducing sugars the
processes of coagulation prevail over fibrinolysis.
Furthermore, glycation inhibits the activity of su-
peroxide dismutase, which contributes to the for-
mation of oxidative stress.

Due to glycation processes of collagen, cross-link-
ing of the tissue structure occurs and cross-bonds
are formed resulting in the increased stiffness of
the collagen fibers, reduced solubility of fibers as
well as their susceptibility to enzymatic digestion
and collagen regeneration. The nucleic acids are
characterized by long half-life and may also un-
dergo glycation which, in turn, leads to changes
in the genetic material [8].

The aim of the study was to collect information
on pentosidine — one of advanced glycation prod-

ucts, and to provide a review of already applied
the latest methods of its determinations in bio-
logical samples.

2. PENTOSIDINE — A PRODUCT OF AGES AD-
VANCED STAGE OF THE MAILLARD REACTION

Pentosidine is one of the advanced glycation end-
products. It is formed in the reaction between
lysine, arginine and reducing sugar. Besides pen-
toses, glucose also can be the substrate for its
formation [8]. Pentosidine, for the first time, was
described in 1989 by Sell and Monnier, who iso-
late it from the meninges [5]. This compound has
also been identified in thermally processed food
for example in roasted coffee, bakery and dairy
products [2, 11]. In the tissues the concentra-
tion of pentosidine increases linearly with age.
Its concentration depends on the transformation
processes of collagen — its high concentration is
observed in tissues characterized by a very slow
changes of collagen structure (e.g. trachea), and
lower in tissues with a faster transformation of
collagen (e.g. dura mater, aorta, renal medulla,
skin) [8].

In the human body predominates protein-bound
form of pentosidine formed by arginine cross-
linked with lysine in the presence of carbonyl
derivatives. Free pentosidine, which molecular
weight is 379 (molecular formula C_H,.N,O,), is
composed of a imidazole-pyridine ring, with side
chains of lysine and arginine (Fig. 2), and it is
formed by hydrolysis of the protein [5].

Sell and Monnier [12] found that the absorbance
of UV radiation by pentosidine occurs at a wave-
length of 320 nm and it is pH-dependent. The
maximum absorbance is observed at pH 12 and
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Figure 2 Structure of free pentosidine [5]

minimum at pH 2. Molar absorptivity of synthetic
and native pentosidine, dissolved in 0.1 M HCI,
equals 4195 and 4522 AU [dm3xmol*xcm?] re-
spectively. This compound shows maximum fluo-
rescence at the excitation wavelength of 335 nm
and emission — 385 nm. The fluorescence inten-
sity is also pH-dependent and its maximum is ob-
served at pH =2, and the minimum at pH =9 [12].

3. DETERMINATION METHODS OF PENTOSI-
DINE CONCENTRATIONS

It is possible to detect pentosidine at a very low
concentration since it is stable under acid hydro-
lysis conditions of proteins and due to its fluores-
cent properties. Therefore, this compound may
be one of the biomarkers of glycation end-prod-
ucts (AGEs) [17].

From the literature it is known that determina-
tion of pentosidine can be performed by: en-
zyme-linked immunosorbent assay (ELISA) [6, 13-
16] and high performance liquid chromatography
(HPLC) coupled with different detectors [5, 18-21,
27, 28, 30-31, 38] including tandem mass spec-
trometry (MS/MS) [33, 34, 36].

According to Scheijen et al. [17] the use of the an-
tisera to immunoassays for AGEs determination
is doubtful. These authors claim that reproduc-
ibility and sensitivity of these methods are not
optimal since the specificity of the antibodies is
often difficult to define. Another problem is the
fact that not all AGEs epitopes in a protein can
interact with the antibodies due to the steric re-
strictions [17]. Currently, it is possible to purchase
commercial immunoassay kits for the determina-
tion of pentosidine [14, 15].

According to the authors cited above [17], sensi-
tive method of quantification of pentosidine can
be achieved using different chromatographic sys-
tems [5, 30]. One such method was developed
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by Slowik-Zylka et al. [5], where the chromato-
graphic system consisted of Vydac 218TP54 col-
umn 250 x 4.6 mm (5 mm particle size) and pre-
column Vydac 218GCC 20 x 4.6 mm.

Application of ion exchange chromatography by
Saito et al. [35] significantly prolonged the time
of analysis, additionally low repeatability of re-
tention times was observed.

Pentosidine was also determined using reversed-
phase ion-pair chromatography [28]. This tech-
nique was applied by Spacek et al. [28] with the
use of a compact CGC glass column Separon SGX
C18 (Manufacturer: Tessek Ltd., Prague, Czech
Republic), 150 x 3 mm? (particles with a diameter
of 7 um).

In turn, in the method proposed by Florid et al.
[38] additionally, prior to HPLC analysis (column,
Spherisorb ODS2, 5 mm, 15 x 0.4 cm (Waters, Mil-
ford, MA, USA) samples were cleaned up using
solid phase extraction (SPE) [38].

Scheijen et al. [17] described three main disad-
vantages of above mentioned methods: long
time of analysis, complicated sample prepara-
tion steps and the use of expensive equipment
LC-MS/MS. Therefore, the authors developed
a fast (30 minutes), simple and sensitive RP-HPLC
method where column Allsphere ODS-2 (150 mm
X 4.6 mm, 3 um) was applied which enabled to
achieve clear chromatograms and high repeat-
ability of retention times.

Slowik-Zylka et al. [5] pointed out that pentosi-
dine, in the plasma samples, is most commonly
determined by high performance liquid chro-
matography. It is usually one-step procedure
where reverse phase ion pair chromatography
(IP RP-HPLC) is used with octadecylsilane (C18
ODS) columns such as Supelcosil LC-318 column
(Supelco), Vydac 218 TP [22], TSK-GEL ODS-80T
(Tosoh) [7, 37], Wakosil-1l 5C18AR (Wako) [23] or
Hi-Pore RP-318 (Bio-Rad) [26]. However, accord-
ing Slowik-Zylka et al. [5], one-step analysis shows
poor specificity, moreover artifacts formed in acid
hydrolysis may interfere with pentosidine [5]. To
solve this problem, some authors used Sephadex
C-25 column [24] or cellulose CF-11 column [23]
in order to clean the sample before its separation
on C18 column. The second stage of separation,
on cation exchanger SP-5PW (Waters) [19], is
more useful, but increases significantly the total
time of analysis.

Slowik-Zylka et al. developed a sensitive and spe-
cific method for the determination of total pen-
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tosidine concentration in the plasma using two
chromatographic systems with the same C18 col-
umn — Vydac 218TP54 — first mobile phase con-
tained trifluoroacetic acid, while the second elu-
ent contained heptafluorobutyric acid, and total
time needed to obtain chromatograms was 30
min. Pentosidine was determined using fluores-
cence detector — excitation wavelength 330 nm
and emission 373 nm —the maximum absorbance
was observed at wavelength of 325 nm [5].
Pentosidine in urine is mostly determined by
HPLC, samples do not require hydrolysis since this
compound is present in the free form in urine.
Vos et al. [32] analyzed pentosidine in the urine
of patients in end stage of osteoarthritis. After
dilution (1: 1 in 0.025% H,SO,), samples (volume
50 mL) were separated on Whatman partisil 10
SCX (250 x 4.6 mm) column. Samples were eluted
using gradient of solvents containing solutions of
0.025% H_SO, and 100 mM AL(SO,), in 0.025%
H_SO,. The column temperature was maintained
at 60°C. Pentosidine samples were analyzed using
a fluorimeter Jasdo FP-1520 at wavelength of 328
nm (ex) and 378 nm (em) [32].

Sanaka et al. [6] considered the determination
of pentosidine by HPLC as time consuming and
requiring a complicated procedure of sample
pre-treatment, as well as expensive equipment.
Therefore, they indicated a need to develop
a simple and rapid method of ELISA for pento-
sidine determination. lzuhara et al. [16] applied
this technique to determine the concentration of
pentosidine in the plasma of patients with dia-
betes (mean value of determined biomarker was
0.18 nmol/mL of plasma), patients on hemodialy-
sis (1.52 nmol/mL) as well as in the control group
(0.16 nmol/mL). RP-HPLC (C18 column, Waters,
Tokyo, Japan) analysis was performed to compare
the results. Authors obtained the same mean
concentration of pentosidine for both groups of
patients, whereas in the control group the result
was slightly lower — about 0.02 nmol/mL lower
concentration.

Recent scientific reports suggest the possibility of
using ELISA kits for determination of pentosidine
in biological material. Kerkeni et al. [14] used
this technique to determine the concentration
of pentosidine in patients with type 2 diabetes.
Microplates were pre-coated with an antibody
specific for human pentosidine. After addition
of the sample, incubation and washing step, the
plates were incubated with horseradish peroxi-

dase (HRP), then 3,3’,5,5-tetramethylbenzidine
(TMB) was used as a substrate for the reaction
and the absorbance was read at the correspond-
ing wavelength [14].

4. PENTOSIDINE LEVELS IN BIOLOGICAL FLU-
IDS AND HUMAN TISSUES

Pentosidine is determined mainly in blood [17,
18, 25, 29], less often in urine [25, 28, 32, 33, 37],
saliva [15], collagen [32], bones, skin, cartilage
[28, 35]. It is analyzed, inter alia, in patients with:
diabetes [14], osteoarthritis [25, 28, 32], renal
failure, dialysis and kidney transplant [13, 14, 17,
18, 33, 36, 37], in diabetic retinopathy [14, 16,
29] and in patients with asthma [15].

This compound can be determined both as free
form and bound to protein. The concentrations
of pentosidine in the blood of healthy subjects, as
described in the literature, vary from 0.21 pmol
to 1.4 pmol/mg of protein [5, 17, 19, 29, 38] for
a total pentosidine and from 0.25 ng/mL to 3.3
ng/mL [14, 15] or from 0.79 pmol/mL to 151
pmol/mL for the free pentosidine [13, 16, 33,
36]. These differences may result from the type
of method applied for pentosidine determination
and selection of control groups.

According to various authors, the concentration
of pentosidine in the urine of healthy individuals
is about 14 pmol/mL [33]; 5.2 nmol/mmol cre-
atinine [37]; or 6.2 nmol/mmol creatinine [28].
Takahashi et al. determined pentosidine concen-
tration in urine samples of patients with diabetes
(8.7 nmol/mmol creatinine), osteoporosis (7.9
nmol/mmol creatinine) and patients with chronic
renal failure — 36.1 nmol/mmol creatinine [37].
Scheijen et al. [17] marked concentration of pen-
tosidine bound to protein in plasma of patients
with end-stage of renal failure. In this group of
patients the mean concentration of pentosidine
was 3.05 pmol/mg protein, whereas in the con-
trol group 0.21 pmol/mg protein.

Other authors, Floridi et al. [38], also conducted
similar studies in the group of hemodialysis pa-
tients. In this case, the mean concentration of the
analyzed biomarker was 27.3 pmol/mg protein
(in the control group — 1.4 pmol/mg).
Slowik-Zylka et al. [18] monitored the changes
of pentosidine concentration in the plasma of
patients after kidney transplantation, and in this
case the decrease of the analyzed compound was
observed (from 27.7 to 6.48 pmol/mg of protein
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at 60 day after transplantation, in the control
group the mean concentration of pentosidine
was 1.27 pmol/mg). At the same time the authors
determined the concentration of free pentosi-
dine and again the reduction in the concentration
of analyte was observed (from 22.1 to 1.39 pmol/
mL, control group — 0.79 pmol/mL).

Salman et al. [29] studied the pentosidine con-
centration in the blood in patients with diabetes
(mean concentration of 6.9 pmol/mg protein in
the study group; in control group — 0.9 pmol/mg).
Kerkeni et al. [14] determined concentration of
pentosidine in the serum of patients with diabetic
nephropathy and retinopathy, and the mean con-
centration of studied compound was 287.58 and
337.79 pg/mL, respectively (controls — 246.03
pg/mL). The authors of the cited study found that
determination of the pentosidine concentration
may be a biomarker for monitoring the course of
microvascular complications in patients with type
2 diabetes.

Mitsuru Saito et al. [35] analyzed concentration
of pentosidine in articular cartilage samples, skin,
and diaphysial femur and obtained the values of
0.002; 0.001 and 0.01 mol/mol collagen, respec-
tively.

However, Kanazawa et al. [15] found that the
concentrations of pentosidine in induced spu-
tum were significantly higher in asthma patients
(mean concentration of 23.9 ng/mL) than in con-
trols (3.3 ng/mL). These authors also observed
higher concentrations of pentosidine in older

people comparing to younger individuals, and in
smokers than in non-smokers (young non-smoker
— 1.9 ng/mL, elderly non-smoking individuals —
9.6 ng/mL, and young smokers — 5.3 ng/mL).

5. SUMMARY

The problem of the choice of method for the de-
termination of pentosidine has been discussed
for many years. The use of a specific analytical
technique depends on many factors such as: the
type of material for analysis, sample preparation,
analysis of costs and the time required for analy-
sis performance. Aiming for the use of the sample
minimal volume and reduction of the use of toxic
solvents, as well as cost and time of analysis, also
requires the need of high specificity of method of
pentosidine determination in biological material.
Chromatographic methods dominate and out-
perform the immunochemical technique in this
respect, especially when they involve the use of
tandem mass spectrometers.

Developing a standardized and validated proce-
dures for determination of pentosidine in the
specific biological material as well as for the spe-
cific disease could provide the basis for a reliable
database. Future use of pentosidine as a sensitive
and specific biomarker of the exposure to com-
pounds of advanced stages of Maillard reaction
(especially these ones from the group of AGEs)
entails the need for such data based on standard-
ized analytical procedure.
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