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Abstract: Advanced glycation end products are a heterogeneous group of compounds yielded from non-
enzymatic glycosylation between proteins and carbohydrate, a process also known as the Maillard reaction.
Advanced glycation end products are thought to be involved in chronic complications of diabetes mellitus and
age-related diseases. Many advanced glycation end products are capable of forming cross-links between
proteins. A large number of them are fluorophores. Studies on the inhibition of advanced glycation end product
formation have received increasing recognition from both a nutritional and medical research standpoint. We
tested the in vitro inhibition of fluorescent advanced glycation end products by urea on bovine serum albumin
and L-lysine, comparing its inhibition capacity with a well-known advanced glycation end product inhibitor,
aminoguanidine. Four different pairs of fluorescence filters were used to analyze the fluorescent intensity of
glycated samples before and after they were treated with urea and aminoguanidine. We found that urea
decreased the fluorescence of glycated samples more effectively than aminoguanidine, suggesting that urea
formed in the urea cycle and in extrahepatic tissues by arginase from L-arginine might be a possible natural
protector of advanced glycation end-products formation.
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INTRODUCTION formed [6], leading to the production of advanced

Non-enzymatic glycosylation occurs when cell As advanced glycation end products have been
proteins are exposed to elevated concentrations of found to be involved in metabolically-related diseases
reducing sugars, comprising a series of chemical events such as diabetes mellitus [8], cataracts [9] or
known as glycation or Maillard´s reaction where a atherosclerosis [10]. Chemical structures [11], formation
heterogeneous group of compounds are yielded [1]. Early pathways [12] and possible inhibitors of advanced
stage of Maillard´s reaction involves a nucleophilic glycation end products [13] had been well studied,
addition of a protein amino group to the aldehyde group including N-carboxyalkyl compounds [14], pyrraline [15],
of an acyclic carbohydrate. A imine called Schiff´s base is imidazolones [16], pentosidine [17], verperlysines [18] and
formed as a result [2] and then a ketohexose called many others. Various novel advanced glycation end
Amadori´s compound via Amadori´s rearrangement is products such as DOGDIC, MODIC and GODIC have
yielded if the reducing sugar is a hexose like D(+)glucose been discovered recently [19]. Immunochemical methods
[3]. During the next stage of glycation, the Amadori have  been  used for the qualification and quantification
compound undergoes multiple self-rearrangements to of advanced glycation end products [20].
produce intermediates with highly reactive carbonyl A wide number of advanced glycation end products
groups [4], such as 3-deoxyglucosone and 4- are formed by cross-linking amino acids and proteins,
deoxyglucosone [5]. After the cleavage of these carbonyl most of these cross-linked advanced glycation end
intermediates, even more reactive intermediates known as products are fluorophores [21]. This phenomenon is
dicarbonyl compounds with two or three carbon atoms are called “Maillard-type fluorescence” [22] and can usually

glycation end products [7].
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be detected under 370 nm excitation and 440 nm emission urea and sodium phosphate salts were purchased from
[23]. The structures of several fluorescent advanced Sigma (St. Louis MO, USA).
glycation end products including pentosidine, crossline,
vesperlysine A, B  and  C and Maillard reaction product Preparation  of  solutions: The  following  solutions were
X, have already been identified. Cross-linked advanced prepared:  0.1  g  ml bovine  serum  albumin;  0.1 g ml
glycation end products have more complex structures L-lysine; 35 mM D(+)glucose; 20 mM aminoguanidine and
than acyclic advanced glycation end products and are 20 mM urea. The bovine serum albumin, D(+)glucose and
more difficult for metabolic systems to catabolize [24]. L-lysine solutions were prepared in 0.2 M phosphate
They are potential uremic toxins which cause renal and buffer solution at pH 7.4; aminoguanidine and urea were
vascular pathogenesis in diabetes mellitus and aging [25]. dissolved in distilled water. Phosphate buffer solution
Numerous proteins had been found associated with was prepared from respective phosphate sodium salts.
fluorescent advanced glycation end products, including
hemoglobin [26], lens crystalline [27], collagen [28], myelin In vitro formation of advanced glycation end products:
[29] and -microglobulin [30]. Advanced glycation end2

products derived from lipids [31] and nucleic acids [32]
have also been mentioned in several studies [33].

Inhibition of advanced glycation end product
formation becomes one of the most interesting tasks in
this area, since aminoguanidine [34] was found to be a
possible inhibitor of Maillard´s reaction. A great number
of chemical agents have been studied as advanced
glycation end product inhibitors such as pyridoxamine
[35], L-arginine [36], polyamines [37] and drugs like
pioglitazone,  metformin  and  pentoxifylline   [38].  Most
of them are nucleophilic compounds containing
guanidine [39] or amino groups [40]. Further classification
has also  been  done base on their mechanism of action
on glycation intermediates [41].

This study was designed to investigate the inhibitory
effect of urea on fluorescent advanced glycation end
product formation in comparison to the classic glycation
inhibitor aminoguanidine. After the discovery of the urea
cycle by Hans Krebs and Kurt Henseleit in 1932 [42], urea
was   then   considered  a  nitrogen intake biological
marker in the bloodstream [43]. Studies related to the urea
cycle  have  been concentrated on cycle intermediates
such as L-ornithine [44], L-citrulline [45], L-arginine [46]
and L-aspartate [47]. However, we found that urea can be
also used as a protector of glycation, especially against
fluorescent advanced glycation end products. In vitro
experiments were carried out by using two targets: bovine
serum albumin, one of the most important blood
circulation proteins, around 9-12 g produced per day in
humans [48] and L-lysine, which is the precursor of most
characterized advanced glycation end products [49].

MATERIALS AND METHODS

Reagents: Bovine serum albumin fraction V, D(+)glucose,
L-lysine dihydrochloride, aminoguanidine hydrochloride,

1 1

Samples were prepared by combining the same volume of
bovine serum albumin 0.1 g ml  with D(+)glucose 35 mM1

and any of the studied substances. For the control,
distilled water was used instead of the studied agents. All
incubations were performed at 37°C for 90 days under
dark conditions after sterile filtration through a 0.22 µm
filter (Millex), according to previous observations [50].

The samples were deoxygenated by perfusion with
nitrogen and kept in capped tubes (Axygen Scientific). At
the end of incubation period, samples were diluted 5, 10,
15, 20 or 25 times in a phosphate buffer solution. Samples
were lyophilized in a Heto FD 4 lyophilizer and stored in
refrigeration until processing. After a period no longer
than 8 weeks, the lyophilized samples were reconstituted
with distilled water for the fluorometer analysis.

Fluorometer analysis: Fluorometer analysis was
performed at 21.4°C in a Fluoroskan Ascent FL 2.2. The
program version used was Ascent Software 2.4.1. Control
solutions of bovine serum albumin, D(+)-Glucose,
aminoguanidine and urea were also diluted 5, 10, 15, 20 or
25 times in a phosphate buffer solution in order to be
compared to glycated bovine serum albumin and L-lysine
samples formed under different experimental conditions.

Statistical analysis: Data were expressed as the
mean±S.D. Program R version 2.2.0 was used for the
ANOVA test and Tukey multiple comparisons, p<0.05
denoted statistical significance.

RESULTS

Hyperglycemia  increases  protein fluorescence due
to the formation of fluorophores known as fluorescent
advanced glycation end products [51], such as
pentosidine   [52]   and crossline [53].  Four  different
pairs  of  fluorescence filters (Excitation 355/emission 460;
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Fig. 1: Fluorescent intensity of Bovine Serum Albumin (BSA) sample at 0.1 g ml and glycated bovine serum albumin1

sample after incubation with 50 mM glucose. Fluorescence standard curves of 50 mM glucose, 20 mM urea and
20 mM aminoguanidine (AG) are also demonstrated here in order to compare with bovine serum albumin and
glycated bovine serum albumin. The incubations were carried out in the presence or absence of glucose in 0.2
M sodium phosphate buffer 7.4 at 37°C for 90 days. Dilutions of all samples on the x-axis were 1:5, 1:10, 1:15, 1:20
and 1:25. Fluorescent intensity appears on the y-axis. The pairs of fluorescent filters used were excitation
355/emission  460 (A); excitation 320/emission 460 (B); excitation 320/emission 538 (C); excitation 485/emission
538 (D) and the studied samples were: Bovine serum albumin plus glucose = black circles, Bovine serum albumin
alone = black triangles, glucose alone = black squares, urea alone = black snowflakes, aminoguanidine alone =
black rhombus

excitation 320/emission 460; excitation 320/emission 538; an excitation/emission wavelength of around excitation
excitation 485/emission 538) are used to detect the 370/emission 440.
fluorescence intensity of standard samples (bovine serum Dilutions of the original samples were established in
albumin, glucose, aminoguanidine, urea) and glycated order to compare the relationship between sample
bovine serum albumin or L-lysine. Diluted samples have concentration and its fluoroscent intensity. The
also been detected using a fluorometer for stabilizing fluorescence value plotted against the diluted sample
standard curves and for quantifying fluorophores present concentration was a straight line. However, the original
at different concentrations. Figure 1 shows that the samples were so concentrated that the fluorescent
fluorescent  intensity  of  glycated bovine serum albumin intensity reached extremely high levels as it can be seen
is  higher  than  for  non-glycated bovine serum albumin in Fig. 1 and 2.
(1.6 times higher before diluted with the pair of Less   fluorescent   intensity   was   seen  in  glycated
fluorescence filters excitation 355/emission 460). In this L-lysine samples than for glycated bovine serum albumin.
study, no fluorescent changes were detected in bovine It seems many fluorescent advanced glycation end
serum albumin original samples when using pairs of products   need   more   amino   acid precursors, such  as
fluorescence filters (excitation 355/emission 460 and L-arginine [54], during their formation. The ANOVA Test
excitation 320/emission 460). However, glycated bovine on the fluorescence intensity of glycated L-lysine and
serum albumin shows more fluorescence in the pair of glycated L-lysine with aminoguanidine showed no
fluorescence filters excitation 355/emission 460 than statistical     differences     between     these     two
excitation 320/emission 460 and less fluorescence groups  (p = 0.62), which means aminoguanidine does not
intensity is detected with fluorescence filter emission 538. lower lysine-derived fluorescent advanced glycation end
Most fluorescent advanced glycation end products have product levels.
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Fig. 2: Tukey multiple comparisons of  different glycated Effects of aminoguanidine on the development of
bovine serum albumin samples. Differences in diabetic  complications  have been previously studied
mean levels of analyzed samples appear on the x- [58]. Further research and clinical results demonstrated
axis, 0 means no difference in both compared that aminoguanidine  neither  counteracted  the increase
samples. Groups of compared samples are shown in blood glucose concentrations, nor decreased the
on the y-axis. A = Bovine serum albumin alone; B formation of early non-enzymatic glycation products [59].
= Bovine  serum  albumin plus glucose; C = Bovine We suggest urea as a novel advanced glycation end
serum albumin plus glucose and aminoguanidine; product inhibitor and we proved in this study that urea
D = Bovine serum albumin plus glucose and urea inhibits fluorescent advanced glycation end product

Aminoguanidine does inhibit fluorescent advanced helped to decrease fluorescent intensity by 51% in
glycation end product formation in glycated bovine serum glycated bovine serum albumin.
albumin samples. However, urea has a better inhibitory Formation of cross-link advanced glycation end
effect than aminoguanidine in three pairs of fluorescence products first require the production of Amadori
filters. Because each set of filters is likely to give compounds after early stages of glycation [60]. Further
approximately the same averaged result, data from glycation can be prevented if reactive carbonyls on
excitation 320/emission 460 and exitation 485/emission 538 Amadori products or dicarbonyl compounds are blocked
are not shown. The fluorescent intensity of glycated by advanced glycation end product inhibitors [61] (Fig. 3).
bovine serum albumin inhibited by aminoguanidine was Several chemical agents with an amino group are able to
45% lower than glycated bovine serum albumin without do this [62]. Aminoguanidine is one of the most well-
applying any advanced glycation end product inhibitor in known advanced glycation end product inhibitors using
original samples using the pair of fluorescence filters this mechanism [63]. Structure similarity between
excitation 355/emission 460, while the fluorescence of aminoguanidine and urea suggests the same route of
glycated bovine serum albumin inhibited by urea was 51% reaction in urea´s case.
lower than glycated bovine serum albumin using the same Urea is produced in periportal hepatocytes and
filters. carried through the bloodstream to the kidneys for

Furthermore, the  statistical  analysis on bovine excretion [64]. It plays an important role in nitrogen
serum   albumin   and  glycated bovine serum albumin in metabolism in humans and animals. The liver contains
the presence or absence of advanced glycation end over 80% of the urea found in the human body [65]. It can
product  inhibitors  (aminoguanidine and urea) provided also be found in kidneys [66] and small intestine [67].
the  same result. Tukey multiple comparisons are shown Presence of urea has also been reported in the brain [68].
in  the  Fig.  2. The greatest difference between two The urea cycle is a normal metabolic regulatory cycle for
groups is seen when comparing samples of glycated ammonia, which can potentially reduce any neurotoxicity
bovine  serum  albumin and glycated bovine serum associated with ammonia [69]. Genetic deficiencies of any
albumin with urea. of  the enzymes involved in the synthesis of urea leads to

DISCUSSION

Studies referring to protein cross-link formation
during non-enzymatic glycosylation processes have
gradually increased in recent years. All cross-link
advanced glycation end products are flourophores which
cause color changes in corresponding tissues after their
formation [55]. Maillard Reaction Product X (MRX) [56]
and glucosepane [57] are examples of novel cross-link and
advanced fluorescent glycation end products discovered
in 1998 and 2002, respectively. Excitation/emission
wavelengths of various classic fluorescent advanced
glycation end products had been mentioned before in
several previous studies.

formation more efficiently than aminoguanidine. Urea
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Fig. 3: Prevention of advanced glycation end product formation by chemical agents with amino group, such as
aminoguanidine (AG) and urea. The upper part of the figure shows normal glycation process, while the inhibition
process appears in the lower part. Inhibition occurs when the reactive carbonyl groups of early glycation
products meet the amino groups of aminoguanidine or urea, as a result, glycation process is inhibited because
the substituted early glycation products are no longer reactive

hyperammonemia or a severe dysfunction of the central inhibitor  should  be  seriously  considered in patients
nerve system [70]. Urea was thought to be a waste with  renal  failure.  However, since  urea  is  formed from
product when proteins are broken down in our bodies L-arginine by arginase in the liver and in extrahepatic
[71], but we have reported here the possibility of using tissues,  these  results  partially  explain  and  reinforce
urea as a natural protector against glycation. our previous  observations  on  the  beneficial  effects of

Normal level of urea helps maintain the metabolic L-arginine in experimental diabetes, not only on the
equilibrium of nitrogen in the human body [72] and may regulation of hyperglycemia and dyslipidemia [75], but
prevent the in vivo formation of fluorescent advanced also on the inhibition of hemoglobin glycation [76].
glycation end product. However, elevated levels of urea In conclusion, we studied here the inhibition of the
in the blood are evidence of decreased kidney function Maillard reaction by determining the fluorescence
known as azothemia [73]. Furthermore, urea can be intensity of glycated bovine serum albumin and L-lysine.
converted to cyanate, a toxic carbonyl compound capable The glucose concentration we prepared was 35 mM,
of modifying lysine residues. There are also studies which which corresponded to 631 mg dL . It was higher than
have reported that an increase in urea and L-arginine normal for diabetic patients to make glycation reactions
levels in liver causes the induction of cytochrome easier. However, diabetic patients with serum glucose
P4502E1 in pathophysiological situations [74], which levels equal to 1000 mg dL  or higher can be found in
translates that administration of urea as a fluorophore clinical  charts  [77]. The  urea  serum  levels  observed in

1

1
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clinical examinations in our hospital can reach 50 mg dL 4. Amore, A., P. Cirina, P. Conti, F. Cerutti, N. Bagheri,1

in healthy individuals and 150 mg dL  in uremic patients.1

The urea concentration we used here was 20 mM, which
corresponded to 120 mg dL , that was similar to the urea1

serum levels under uremic conditions.
We reported our findings on the inhibitory effect of

urea on in vitro formation of fluorescent advanced
glycation end products. Urea decreased fluorescent
intensity more so than aminoguanidine. It is still unknown
whether urea inhibits the yield of non-fluorescent
advanced  glycation  end products, but from the results
we  obtained  in this study, it seems like normal serum
urea levels have a physiological function as a protector
against glycation in the human body. Certainly, more
studies related to structure of the adducts and the
reaction mechanisms are required in order to gather
additional information.
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