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Summary

Introduction: Advanced glycation end-products play an important role in diseases related to diabetes
and aging processes. Model compounds are synthesized in order to prepare the diagnos-
tic and experimental tools for studying the mechanisms of pathogenesis. The objective of
the present study was to accelerate glycation and upgrade its efficiency under high-pres-
sure conditions.

Materials Aqueous solutions of proteins were kept with carbohydrates under a pressure of up to 850 
and Methods: MPa for several hours. Then the high-pressure glycation (HPG) products were fraction-

ated on a Sephadex G-200 column and characterized with SDS-PAGE and MALDI-TOF
mass spectrometry.

Results: The low-molecular-mass fraction of glycated proteins was separated from the two frac-
tions containing high- and intermediate-molecular-mass cross-linked products of glyca-
tion. The products were then compared with those obtained with the high-temperature
glycation (HTG) procedure carried out in dry conditions with a lyophilized mixture of
substrates. The fractionated products were used to prepare rabbit sera.

Conclusions: The immunoblotting experiments showed that the epitopes on the cross-linked glycation
products formed in solution under high pressure differed from those originating in dry
conditions at high temperature. Sera against the HPG products were specific to homolo-
gous material and did not interact with the fractions obtained by HTG. The antibodies
against HTG products recognized HTG but not HPG products.
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INTRODUCTION

Advanced glycation end-products (AGEs), which
form during the non-enzymatic glycation (Maillard
reaction28) of proteins in organisms are involved in
diabetic complications and aging processes5, 25, 26.
Glycation begins with the reaction of the aldehyde
group of sugar with a free amino group of protein7,
and a reversible Schiff base occurs which slowly
undergoes a rearrangement to the Amadori adduct.
Additional dehydration, oxidation, and rearrange-
ments lead to the structurally heterogeneous prod-
ucts, irreversibly bound to proteins. The AGEs accu-
mulated in living tissues on several long-lived pro-
teins, such as collagen24, hemoglobin6, and serum
proteins4, 11, 22, play an important role in protein
turnover, tissue remodeling, and the pathologies of
different diseases.

The group of glycation products consists of many dif-
ferent structures. They induce many cellular respons-
es by binding to a specific receptor for the AGEs13.
Only a few of the possible existing structures, for
example pentosidine, carboxymethyllysine, car-
boxymethylarginine, pyrraline, and several other
species, have been defined so far28. They are usually
synthesized in vitro by long exposure of proteins to
sugars or sugar fragmentation products23 at 37°C or
high temperature3. Another way to enhance the reac-
tion can be the application of high-pressure or ultra-
sonic waves, which affect the internal interactions
exclusively by changing the distances (volumes) of
the components at constant temperature2 and by
which some unique products with new properties
could be obtained12, 18.

The aim of our study was the application of high-
pressure in the synthesis of model AGEs and their
characterization by serological analysis compared
with those of the known high-temperature synthesis.
The mixture of the products was fractionated into
a group of low-molecular-mass products and two
groups of a cross-linked material, which are consid-
ered to be the intermediate- and high-molecular-
mass AGEs. With the reported procedure of prepa-
ration it was possible to obtain the AGEs within
a relatively short time (a few hours) and to carry out
the reaction at lower temperature. The glycated
products appeared to be immunogenic in rabbits but,
interestingly, the antibodies against high-pressure
glucation (HPG) products recognized only high-
-pressure products, being immunochemically distinct
from the products formed in the dry reaction at high
temperature.

MATERIALS AND METHODS

Glycation reactions 
and fractionation of the products

Monomeric bovine serum albumin (BSA) was pre-
pared from Cohn fraction V suitable for RIA (Sigma,
A7888, Poland) by gel filtration on a 1.6×100 cm
Sephadex G-200 column (Pharmacia, Sweden) equi-
librated with phosphate-buffered saline (PBS) con-
taining 0.02% (w/v) NaN3, pH 7.5. The product ana-
lyzed by SDS-PAGE was separated from the high-
-molecular-mass material and was found to contain
<0.25% of the carbohydrate material, as shown in
sugar analysis by gas liquid chromatography-mass
spectrometry (GLC-MS). Myoglobin from equine
skeletal muscle (Sigma, M0630) was used without
purification.

For the HPG, unless otherwise indicated, an equal
amount by weight of sugar (18 mg of lactose, ribose
or fructose) was added to a solution of protein (BSA
or myoglobin) in water (18 mg/1.5 ml). The plastic
Eppendorf tubes with the reaction mixtures were
dipped in hexane and compressed to a pressure
which ranged 300–860 MPa at 4°C or room tempera-
ture for 2–14 h, using an apparatus produced at the
Institute of Physical Chemistry, Polish Academy of
Sciences, Warsaw. After decompression, the prod-
ucts obtained were separated from the unreacted
substrates on a gel filtration column of Sephadex 
G-200 equilibrated with PBS containing 0.02% (w/v)
NaN3, pH 7.5. The fractionated material was exten-
sively dialyzed against distilled water and lyophilized
or kept as water solutions frozen at –20°C. The frac-
tions were analyzed by SDS-PAGE and MALDI-
-TOF mass spectrometry.

HTG was carried out according to the method of
Boratyñski and Roy3. Briefly, proteins and sugars
were dissolved in water at a ratio of 2:5 (w/w) and
2.5% dimethylformamide was added. The samples in
plastic Eppendorf tubes were frozen at –70°C,
lyophilized, and then heated at 116–120°C for 30
min. After cooling, the material was dissolved in 1 ml
of water, centrifuged (5 min at 14,000 rpm) to remove
the insoluble material, and fractionated on a chro-
matography column as above.

Spontaneous glycation in solution was also per-
formed by incubation of BSA (15 mg) in water (1 ml)
containing lactose (15 mg) and 0.02% (w/v) NaN3 at
37°C for 4 weeks. Following incubation, the sample
was dialyzed to remove unbound sugar and kept
frozen at –20°C until assayed. 
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Preparation of antibodies, SDS-PAGE
and immunoblotting

Immune sera were obtained after multipoint intrader-
mal 3-fold immunizations of rabbits with the conju-
gates in PBS, suspended in Freund’s complete adjuvant
(1:1, v/v)20. Animals were sacrificed on the 7th–9th day
after the last injection and the prepared sera were heat-
ed at 56°C for 35 min to inactivate the complement.

SDS-PAGE was performed according to the
Laemmli method15 in a 15, 12.5, or 10% polyacry-
lamide gel, as described elsewhere10. The conjugate
solution (1 mg/ml) in sample buffer 1 (100 mM Tris-
-HCl pH 6.8, 20 mM EDTA, 8% SDS, 20% glycerol,
0.005% bromophenol blue) or 2 (62.5 mM Tris-HCl
pH 6.8, 2% SDS, 10% glycerol, 5% β-mercap-
toethanol, 0.005% bromophenol blue) was boiled for
5 min, and 2 µg conjugate samples were placed onto
the gel. After electrophoresis, the gels were stained
with Coomassie Brilliant Blue or were transferred to
Immobilon P (0.45 µm; Millipore, USA) as described
in reference14. Briefly, gels after electrophoresis were
transferred onto a membrane in 10 mM Tris, 150 mM
glycine, 20% (v/v) methanol, pH 8.3, at 100 V for 1 h.
The membrane was dried from methanol and incu-
bated at 36°C for 1 h with rabbit antiserum diluted
1:100 with 20 mM Tris-HCL, 50 mM NaCl, 0.05%
Tween-20 buffer (TBS-T), pH 7.5, containing 1%
(w/v) BSA. After washing 3 times with TBS (20 mM
Tris-HCl, 50 mM NaCl, pH 7.5) for 10 s, the blot was
incubated with goat antibodies anti-rabbit IgG conju-
gated with horseradish peroxidase diluted 1:10,000 with
TBS-T, at 36°C for 1 h. The blot was washed 3 times
with TBS for 10 s, followed by staining with a 4-chloro-
-1-naphthol substrate solution in the presence of H2O2.

MALDI-TOF mass spectrometry

MALDI mass spectra were recorded on a TOF
instrument of Kratos PCKompact SEQ type. Spectra
were recorded from 22–50 laser shots (nitrogen laser,
337 nm) with an accelerating voltage of 20 kV in a lin-
ear mode. As a matrix, 10 mg/ml of 3,5-dimethoxy-4-
-hydroxy-cynamminic acid was dissolved in an
aqueous acetonitrile solution (50%). Then 1 µl of the
matrix was added to 1 µl of the sample. The sample
was placed on a plate and allowed to dry either by itself
or in a gentle stream of nitrogen. The spectra were cal-
ibrated using a solution of myoglobin (m/z 16,957) or
BSA (m/z 66,500) and cytochrome c (m/z 12,358).

Analytical methods for glycation assaying

Total neutral sugar was determined with the phenol-
-sulfuric acid reagent8 and the quantification of free

amino groups was performed with 2,4,6-trinitroben-
zenesulfonic acid (TNBS) reagent16. Sugar composi-
tional analysis was performed as previously
described9. Oligo- and polysaccharide samples were
hydrolyzed with 1 M HCl at 100°C for 4 h, followed
by evaporation under a stream of N2. For GLC-MS
analysis, use was made of a Hewlett-Packard 5971A
system equipped with an HP-1 glass capillary column
(0.2 mm × 12 m), a temperature program of 8°/min
from 150 to 270°C, and 70 eV ionization potential.
Fluorescence emission spectra of advanced glycation
end-products in samples were recorded using a Lu-
minescence Spectrophotometer LS50B (Perkin-
Elmer, USA). The samples, dissolved in water
(0.5 mg/ml), were subjected to excitation at 370 nm
and the emission was read at a wavelength of 440 nm.
Fluorescence is expressed as arbitrary intensity fluo-
rescence units per 0.5 mg protein from a representa-
tive experiment. Each value is averaged from 3 scans.

RESULTS

Preparation of glycation products 
under the high pressure and their analysis

A commercial preparation of BSA was purified on
a Sephadex G-200 column prior to conjugation, and
only a pure homogeneous fraction of the monomer
(data not shown) was used for experiments. Samples
of an aqueous solution, each containing BSA and
lactose (lac), were kept at 4°C under different con-
ditions of time and pressure, namely under 300 or
400 MPa for 3 h and under 800 MPa for 1 h. After
the experiment, all samples retained the form of
clear solutions. Then the reaction mixtures were
subjected to gel filtration chromatography on
a Sephadex G-200 column. A typical chromatogram
is shown in Fig. 1A. Three major fractions were dis-
tinguished (BSA-lac-1–3), which were then analyzed
in the SDS-PAGE assay with 10% polyacrylamide,
as shown in Fig. 1a. The yield of the fractions BSA-
-lac-1, BSA-lac-2, and BSA-lac-3 from the initial pro-
tein used for conjugation was 16, 12.7, and 71.2%,
respectively (Table 1). The MALDI mass spectrum
(not shown) suggests that the material present in the
fraction BSA-lac-3 contained glycated BSA; its ion
peak has an average m/z of 66,852 Da compared
with the average m/z of 66,500 Da of the ion peak of
the original purified BSA. Fractions BSA-lac-1 and
BSA-lac-2 are cross-linked glycation products when
compared with the BSA standard, as can be inferred
from SDS-PAGE (Fig. 1A, a). Further ex-
periments were performed with a mixture of ribose
(rib) and myoglobin (Mb) from horse muscle,
which was exposed to a pressure of 600 or 860 MPa
for 4 h. Fractions Mb-rib-1 and Mb-rib-2 from
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Sephadex G-200 (Fig. 1B) contained high- and low-
molecular-mass material, as shown with 15% poly-
acrylamide gel in SDS-PAGE (Fig. 1b). Similar
results were obtained for lactose-modified Mb (data
not shown).

Comparative analysis of the products formed 
under high pressure and at high temperature 

In order to compare the products obtained in HPG21

with another method of glycation, the substrates
described above were subjected to HTG reaction3. In
contrast to HPG carried out in water solution, the
HTG is a dry reaction of lyophilized samples. Gel fil-
tration chromatography on a Sephadex G-200 column
revealed differences in the chromatographic patterns
and yields of the products between the two methods.

The results are presented in Fig. 2. The fraction BSA-
-lac-3 (HPG) was eluted in a volume of lower molecu-
lar mass than was the fraction BSA-lac-III (HTG; Fig.
2A), which was confirmed by SDS-PAGE (10% poly-
acrylamide gel; Fig. 2B, lanes III, 3). In general, HPG
products had a lower molecular mass than did HTG
products. When an Mb-lac mixture was subjected to
HPG and, for comparison, to HTG, the pattern was
similar to the one observed in previous experiments
with BSA: the HPG products were eluted from the
Sephadex G-200 column in a larger volume than were
the HTG products (Fig. 3A). The MALDI mass spec-
trum of fraction Mb-lac-3 (HPG) contained an ion
peak corresponding to a molecular mass of 17,106 Da,
that of fraction Mb-lac-III (HTG) had a peak related
to a molecular mass of 19,721 Da (Fig. 3B), and that of
the Mb standard showed an ion peak of m/z 16,957 Da.
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Figure 1. Fractionation on Se-
phadex G-200 column (1.6×100 cm)
with PBS as an eluent (A, B) and
inserted SDS-PAGE patterns
stained with Coomassie Brilliant
Blue R250 (a, b) of glycation prod-
ucts. A, a – BSA and lactose (14 h,
600 MPa); 1 – BSA-lac-1; 2 – BSA-
-lac-2; 3 – BSA-lac-3;B, b – myoglo-
bin and ribose (4 h, 600 MPa and
then 4 h, 860 MPa); 1 – Mb-rib-1;
2 – Mb-rib-2; 3 – Mb-rib-3.

Table 1. Yields of products obtained by two methods, expressed as the percentage of protein taken for synthesis 

Product Percentage of fraction

HPG HTG Insoluble 1 I 2 II 3 III
material

Mb-lac 0 4.8 16.5 38.3
Mb-rib 0 17.5 8.0 36.0
Mb-fru 0 4.0 20.0 45.5

Mb-lac 33.8 13.0 14.5 12.3
BSA-lac 0 16.0 12.7 71.2

BSA-lac 13.9 15.0 5.0 45.0
Average 0 23.9 10.6 14.0 14.3 9.8 47.8 28.7

Fractions 1, 2, and 3 were obtained by the HPG method and I, II and III were synthesized by the HTG procedure. 

B b
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The yields of the fractions obtained with both the
methods are summarized in Table 1. These data indi-
cate that the HPG method is as efficient as the HTG
procedure with regard to the comparable yields of
total soluble cross-linked products from the HPG
(fractions 1 and 2; 24.9%) and the HTG method (frac-
tions I and II; 23.8%). The average yield of the low-
-molecular-mass products from the HPG method
(fraction 3; 47.8%) is higher than that from the HTG
(fraction III; 28.7%), while at the same time the HTG
procedure gave about 30% of insoluble material.

Analysis of the content of amino groups in the BSA-
-lac fractions from the HTG and HPG methods

(Table 2) indicated that the highest level of primary
amino group modification was in the fractions BSA-
-lac-I–III and BSA-lac-2. Interestingly, fraction BSA-
-lac-II obtained with the HTG method, with a 77%
loss in amino groups, expressed the highest intensity
of fluorescence (Table 2). Generally, the fluorescent
AGEs content, higher in HTG than in HPG prod-
ucts, was compatible with the higher level of sugar
and of the modification of amino groups.

Serological study of glycation products

In order to produce polyclonal antibodies against
AGE cross-linked antigens, rabbits were immunized
with BSA-lac-2 (HPG), BSA-lac-III (HTG) or Mb-
-lac-II (HTG) products. Serological analysis based on
SDS-PAGE – immunoblotting experiments (Fig. 4)
revealed the following: serum anti-BSA-lac-III
(HTG) reacted with Mb-lac-II (HTG; Fig. 4B, lane
2), BSA-lac-II (HTG; Fig. 4B, lane 4), and BSA-lac-
-III (Fig. 4B, lane 5), but there was no reaction with
the corresponding HPG products (Fig. 4B, lanes 1,
6), and serum anti-BSA-lac-2 (HPG) did not react
with the BSA-lac-II (HTG) products (Fig. 4D, lane
4). Similar results were obtained with serum anti-Mb-
-lac-II (HTG; Fig. 4C), which reacted with the HTG
products and did not react with the HPG products.
Antibodies against HTG products recognized epi-
topes on modified BSA and Mb. It is interesting to
note that there was only a trace response to carrier
proteins. 

DISCUSSION

AGEs accumulate in several tissues during life, but
their accumulation is more extensive in diabetes
patients5–7, 22, 24–26. It is very important to monitor the
process in order to predict potential complications.
The use of markers, possibly correlated (in terms of
presence and concentration) with the development of
the disease, seems to be well suited for this purpose.
Although there are many possible products of glyca-
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Figure 2. Comparison of BSA-lactose
products obtained with two methods,
high-pressure glycation (HPG) and
high-temperature glycation (HTG): A –
fractionation on Sephadex G-200 col-
umn (1.6×100 cm) of HPG products
marked with the thin line (fractions 1,
2, 3) and HTG products marked with
the thick line (fractions I, II, III); B –
SDS-PAGE analysis pattern of the
fractions: (HTG) BSA-lac-III (III), BSA-
-lac-II (II); (HPG) BSA-lac-3 (3) and
BSA-lac-2 (2). Staining of elec-
trophoretic gel with the Coomassie
Brilliant Blue R250 reagent.

Figure 3. Comparison of myoglobin-lactose products obtained
with two methods, high-pressure glycation (HPG) and high-tem-
perature glycation (HTG): A – separation of HPG (thin line) and
HTG (thick line) products on Sephadex G-200 column (1.6×100
cm) and PBS as an eluent. B – MALDI mass spectra of Mb-lac-3
(HPG), Mb-lac-III (HTG) and Mb.

A B
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tion, only a few of them have been identified28. It is
believed that one of the best approaches to the deter-
mination of the AGEs in living tissues is immuno-
chemistry1. A key issue is therefore the availability of
such synthetic products that can help produce specif-
ic antibodies and may also be used as molecular diag-
nostic probes. A known procedure for such synthesis
includes incubation of an aqueous mixture of protein
and sugar at 37°C for several days27, 29, which is
extremely time consuming. Much shorter is the heat-
ing of a lyophilized mixture of substrates3, where the
early glycation products are efficiently formed. When
AGEs are to be used as markers, the HPG process
may be used as an alternative (Table 1). This has two
major advantages: the yield of cross-linked AGEs is
good and the time of the reaction can be reduced to
only a few hours. In the one-step reaction without
chemical reagents added, the obtained products were
soluble and highly cross-linked, possessing distinct
serological properties. In the advanced products, the
protein molecules were cross-linked by modified sug-

ars and could still be depolymerized by pronase (data
not shown). The HPG process involves substrates in
aqueous solution and temperatures below 25°C,
which prevents protein damage. The HPG procedure
is preferred also when advanced products are needed
from defined small substrate molecules which are
volatile or hygroscopic and cannot be lyophilized,
such as methylglyoxal. This method is milder than the
HTG process and stimulates the formation of soluble
cross-linked material; in the standard HTG proce-
dure, about 30% of the protein obtained is insoluble
(Table 1).

The chemical characterization of fractions obtained
from gel filtration chromatography revealed that the
highest content of fluorescent AGEs was in the HTG
fraction with intermediate molecular mass (fraction
BSA-lac-II). The total neutral sugar determination
seems not to be reliable for analysis of glycation due
to the possibility of interference of color from glyca-
tion products.

Arch Immunol Ther Exp, 2005, 53, 71–78

76

Table 2. The analysis of glycated proteins with chemical and spectroscopic methods

Sample
Total neutral sugara (%) IFUb Free amino groupsc (%)

HTG HPG other

BSA-lac-I 3.8±0.4 34.0 20
BSA-lac-II 13.3±3.1 82.0 23
BSA-lac-III 4.4±0.6 23.0 15

BSA-lac-1 2.8±0.9 (1.6) 19.0 54
BSA-lac-2 1.8±0.9 (0.6) 7.0 15
BSA-lac-3 0.8±0.6 (0.3) 11.0 65

Mb-lac-I ntd 15.0 nt
Mb-lac-II nt 14.0 nt
Mb-lac-III nt 13.0 nt

Mb-lac-1 nt 28.0 nt
Mb-lac-2 nt 2.5 nt
Mb-lac-3 nt 1.9 nt

BSA-lace nt 25.0 84
BSA 2.1±0.7 (0.25) 37.0 100
Mb nt 0.5 nt

a Total neutral sugar determined by the phenol/sulfuric acid reagent; in parentheses are values from sugar analysis determined by the GLC-MS
method.
b Intensity of the fluorescence emission at 440 nm after excitation with a wavelength of 370 nm, expressed as the arbitrary intensity fluorescence
units (IFU) per 0.5 mg protein from a representative experiment. Each value is the average of 3 scans.
c Percentage of free amino groups in relation to the unmodified protein, average of two repeated determinations.
d Not tested; in the case of Mb, the interference of the hem group disabled the colorimetric determinations.
e Product obtained by spontaneous glycation in solution at 37°C for 4 weeks.

Figure 4. Serological analysis of glycation prod-
ucts 1 – Mb-lac-2 (HPG); 2 – Mb-lac-II (HTG); 3 –
Mb; 4 – BSA-lac-II (HTG); 5 – BSA-lac-III (HTG); 6
– BSA-lac-2 (HPG); 7 – BSA. A – 12.5% SDS-poly-
acrylamide gel electrophoresis; B – immunoblot-
ting with rabbit serum anti BSA-lac-III; C –
immunoblotting with rabbit serum anti Mb-lac-II; D
– immunoblotting with rabbit serum anti BSA-lac-2. 
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A key issue in the synthesis of the glycation model
adducts is the appropriate choice not only of the
sugar, but also of the protein. Commercial proteins
should be checked for sugar contaminants. It has
been previously reported that commercial prepara-
tions of BSA are naturally glycated19. We also
observed in our preliminary experiments that BSA
originally contained some modified molecules, as
revealed by SDS-PAGE (data not shown). GLC-MS
analysis of alditol acetates disclosed the presence of
man, glc, and gal in molar ratios of 1:1.6:1, respec-
tively, in our native preparation of BSA. Even when
the commercial BSA was separated on the Sephadex
G-200 column, the residual sugar participated in the
glycation reaction. Unlike BSA, the preparations of
Mb were free of carbohydrate contaminants.

The conditions of glycation in solution are known to
influence the reactivity of the substrate and the
extent of degradation17. In our experiments, the sera
specific to glycation products formed under different
methods did not show cross-reactivity. Different con-
ditions of glycation created various epitopes. Further
experiments with HPG products as markers for the
analysis of tissue samples are underway. Remarkably,

high hydrostatic pressure yielded products which dif-
fered from those of the reaction of a dry mixture of
a lyophilized material at high temperature. However,
it is worth noting that the HPG procedure has more
advantages than does the related, commonly used
spontaneous glycation in solution, which takes as
long as several weeks. The comparison of the two
procedures of glycation presented here suggests that
they may be regarded as being complementary.

In summary, the conditions of HPG of proteins have
been established and, compared with HTG, the
method gives entirely soluble cross-linked products.
We observed that, as evidenced from decreased
amino groups and increased fluorescent AGEs con-
tent, the products formed with these two methods
are different, presumably in that fluorescent prod-
ucts are formed by the HTG method. Interestingly,
the fluorescent AGEs have intermediate molecular
mass. The most relevant observation is that quite dif-
ferent epitopes are formed under the conditions of
these two methods of HTG and HPG. Further
experiments are planed to verify the possible use of
AGEs produced to study glycation-related patholo-
gies.
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