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1.INTRODUCTION TO THE
MAILLARD REACTION

1.1 HISTORY

The first investigation about the reaction of
reducing sugars with amines was performed 85
years ago. In 1912, Professor Louis Camille
Maillard reported the formation of colored
products in the reaction of amino acids and
sugars (Maillard, 1912). Prior to this research,
Arthur R. Ling, in 1908, reported a work on the
influence of heat in color formation in brewing
processes. Despite the conclusions drawn by
Maillard have been confirmed progressively, the
importance of his contribution in medicine has
not been recognized until recent times. Several
investigators, mainly in the field of food
chemistry, have contributed to the knowledge of
Maillard reaction chemistry. Amadori, and the
ulterior studies of Kühn and Weygand
established the structure of the first adducts
formed in this reaction. Later, Heyns reported
that similar reactions were present between
ketoses and amino acids. Further contributions
for the chemical elucidation of the Maillard
reaction were performed by Hodge, Anet, Led!,
Feather and Kato. Obviously, the efforts of other
scientists, not listed here, but recognized
elsewhere (Kawamura, 1983; Led! & Schleicher,
1990), have also contributed to the research in
this field.

The electrophoretic heterogeneity of human
hemoglobin (Hb) (Allen et al., 195 8) prompted to
initiate the research about Maillard reaction in
vivo (Bunn et al., 1976). This heterogeneity was
observed, by chance (or serendipity?), as
increased in the blood of diabetes patients
(Rahbar et al., 1969), and it was reproduced by
(Flückiger & Winterhalter, 1976) by the
incubation of glucose with Hb.

On the early 80s, the groups of Cerami, Monnier
and Baynes have been performing an active
research about the influence of this reaction in
vivo, focused in the pathogenic properties of the
heterogeneous group of compounds formed, its
chemistry, as well as the possibility of
pharmacological modulation of this reaction.

1.2 CHEMISTRY OF THE MAILLARD
REACTION

1.2.1 OVERVIEW

The Maillard reaction includes not only one
reaction but an enormous network of different
reactions, not requiring enzymatic catalysis,
which is their common and emblematic
characteristic. Although the long time passed
after the first reports of the Maillard reaction,
and the many results that have been gathered in
this time, it is still not possible to offer a
complete reaction scheme. This is due to the high
number of reaction products, the very different
amounts in which they are formed, the implicit
low stability of some of the intermediaries and
the high heterogeneity of models used, among
others. This variability is increased studying in
vivo Maillard reaction, where, apart of sugar
concentrations, pH and temperature, which are
controlled in a limited range of values, several
actors, such as O2, presence and type of metals,
type of sugars, the influence of the vicinal
residues to amino groups, enzymatic activities
over the reactants, and reaction time affect
significantly the rates of reaction.

Despite this complexity, the Maillard reaction
may be schematized in a relatively simple
fashion (Figure 2). The first stage, named early
or initiation phase, proceeds when the sugar
aldehyde or ketone group condenses with a free
amino group, preferentially a primary amine, via
Schiff base formation. The first stable product, a
ketoamine, is also known as Amadori product.

The reactions leading to this compound are
considered as reversible, and despite initial
assumptions reporting Amadori product
irreversibility, the in vitro studies have revealed
that a significant percentage of Amadori product
reverts into free amino group and sugar (Zyzak
et al., 1995). Later, Amadori product is also
reordenated, rendering dicarbonyl compounds,
with higher reactivities than the initial reactants.
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Rgure 2.The Maillard reaction: general scheme.

This phase is known as propagation phase or
intermediate stage of the Maillard reaction.
Finally, these dicarbonylic compounds react with
amino groups, resulting in the formation of the
advanced Maillard reaction products, also
known as AGE products. These AGE products
are similar to the compounds precluding
melanoidines formation in food chemistry.

1.2.2 EARLY STAGE: REACTANTS

All reducing sugars, whether aldoses or ketoses
are considered as Maillard reaction initiators.
The reactivity in Schiff base formation of a
sugar correlates roughly with its percentage of
open chain forms in dissolution (Figure 1). Other
compounds with carbonyl groups, such as
ascorbate, and their degradation products, could
also initiate this reaction.

All molecules
such as

containing
proteins,

free amino groups,
nucleic acids,

aminophcspholipids or low molecular weight
amines can react as nucleophiles in the early
stage of the Maillard reaction. The reaction of
these compounds, via an addition to the carbonyl
group of the sugar, leads to the formation of a
Schiff base that, in the Maillard reaction context

undergoes further reactions, rearranging into the
aminoketose or Amadori product '.

In the case of ketoses, these compounds react
with amines to form aminoaldoses,the so-called
Heyns compounds, that may react further
reordering into Amadori products (Figure 3).

HX—NH-R

h
HO-CH

I
HC-OH

I
HC-OH

I
HjC-OH

Amadori product

HC=0
I

HC-NH-R
I

HO-CH
I

HC-OH
I

HC-OH
I

HjC-OH

Heyns product

Figure 3. Early stage: Heyns and Amadori compounds
from fructose and glucose, respectively.

D Schiff Base formation
• Chromophore formation

Ara 2DG

Rgure 1 Relative reactivities in Schiff base formation and chromophore formation of several reducing sugars ( Values
are relativized to glucose reactivity, quantified as /). Glu: Glucose; Man: Manose; Gai: Galactose; Xyi: Xylose; Fru:
Fructose; Ara: Arabinose; 2DG: 2-Deoxy-glucose. Modrfied from Bunn & Higgins ,1981; Monnier, 1989

The formation of Amadori product will be denominated along this
work as gtycation. which may be used as a synonim of non-

enzymatic glycosytation.
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1.2.3 INTERMEDIATE STAGE

Several deoxyketoses and deoxyaldoketoses are
formed as degradation compounds of the
Amadori product. These compounds undergo
further reactions more rapidly than the original
reactants, suffering enolization, cyclization,
cleavage and dehydration. The rate and type of
degradation from the Amadori product is
strikingly dependent on the concentrations of
transition metal and amino compound, and on
pH values, besides other factors. Most of these
degradation products, specially the cleavage-
derived are very reactive, readily undergoing
condensation reactions with amino groups or
with other carbohydrate derived molecules.

antioxidants and metal chelators, it has been
proposed that the in vivo formation of these
products require oxidative conditions. For this
reason, an alternative nomenclature has been
developed in order to denominate these products,
being named as glycoxidation products (Baynes,
1996). Besides CML and pentosidine, other
advanced Maillard reaction products, such as N-
e- (3-lactate) lysine (Ahmed et al., 1988), N-e-
carboxy-methyl-hydroxy-lysine (Dunn et al.,
1991), and imidazolysine (Nagaraj et al., 1996)
may be included in this group. Despite the later
compound arises from methyl-glyoxal (MG)
without oxidative reactions, MG formation from
glucose is favored in autoxidative conditions.
Thus, the formation of this product from glucose
may be considered as a glycoxidative process.

1.2.4 ADVANCED STAGE

Once formed, the degradation products arising
from intermediate stage could react with amino
groups again. It is commonly accepted that the
resulting products are stable, being often
associated with fluorescence on chromophore
development and crosslinking, in proteins. The
target groups of the advanced reaction might
include lysine, arginine, histidine, tryptophan and
their derivatives, besides other non-proteic amino
groups. Due to their high stability in vivo, these
products are known collectively as AGE
products (Monnier et al., 1984).

1.2.5 ROLE OF OXYGEN IN THE
MAILLARD REACTION IN VIVO

Most of the products described in food chemistry
are formed far away from the physiological
values of temperature, pH and reactant
concentrations. Thus, despite some of the
described compounds in food chemistry have
been found in vivo, the finding of some others
remains improbable. On the other hand, some of
the characterized AGE products were previously
unknown for food chemists, as Pentosidine or N-
e-carboxy-methyl-lysine (CML) (Figure 4).
These facts may be explained by the requirement
of oxygen-derived free radical reactions, that
have remained relatively unexplored in food
chemistry. Since pentosidine and CML
formation from glucose is inhibited by

-̂CH,

H.N

MdaaolysK

Figure 4. Structures of the glycoxidation products.
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The stage/s of the Maillard reaction where the
oxygen-derived species are involved remain
unknown. At present, despite considerable
debate about these issues continues (Glomb &
Monnier, 1995; Wells-Knecht et al., 1995), the
existing hypotheses may be classified into three
groups (Figure 5).

First, the AGE would be derived from the
addition reaction between amino groups and
intermediates formed from Amadori product
degradation, in accordance with Hodge (Hodge,
1953). Second, prior to Amadori reordenation
the degradation of the Schiff base produces
molecules with free radical characteristics, that
would react with the target amino groups
(Hayashi & Namiki, 1986). Third, the products
of glucose autoxidation, that occurs in the
presence of trace amounts of transition metals
and oxygen, would be the direct precursors of
AGE products, as proposed by Wolff and
coworkers (Wolff & Dean, 1987) .

The contribution of each of the three pathways to
glycoxidation depends on reactant concentrations
and reaction conditions. Thus, despite Schiff
base and Amadori product autoxidation is easier
than that of glucose (a fact that would favour
Namiki and Hodge pathways), the higher amount
of this later compound may compensate its
relative lower autoxidability (a fact that would
favour Wolff pathway). There are experimental
evidence proving that glucose autoxidation
precedes crosslinking formation and browning in
collagen-glucose incubations (Chace et al., 1991;
Wolff et al., 1991), but other data, reinforcing
the pathway of Hodge, demonstrate that
glycation antecedes oxidation and Maillard
reaction protein fragmentation (Hunt et al.,
1993). In this line, using CML as a marker of
glycoxidation, it has been established that the in
vitro formation of this product is derived from
Amadori and glucose autoxidatien, depending
the relative contribution on phosphate, transition
metals and glucose concentration. At high
metal/glucose/phosphate concentrations, the

HC=
I

HC-
I

HO-CH

HC—
I

HC—
i

H2C-

Me+
O,

O

OH

OH

OH

OH

HjN-R

HC=N-R

HC-OH

HO—CH
1

HC-OH

HC-OH
I

HjC-OH

Namiki Pathway

HC—NH-R

-OH

HO—CH
I

HC-OH

HC-OH
I

H,C—NH-R

h
HO—CH

HC-OH

— R

Autoxidative
Glycosylation
(Wolff-Hunt Pathway)

OH

OH

Mo o

figure 5. Oxidative pathways of the Maillard reaction. Me*: Presence of transition metals; 02: Step dependent on oxygen
derived free radicals.
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contribution of glucose autoxidation is very high,
whereas at lower concentrations, closer to those
physiological, the contribution of Amadori
product autoxidation and degradation reactions
becomes more important (Wells-Knecht et al.,
1995).

Glycoxidation requirements: sugars and
metals

With reference to the initiator sugar, several
sugars could react with proteins to generate
glycoxidation products. CML may be derived
from hexoses, pentoses, tetroses (Dunn et al.,
1990) and glyoxal (Wells-Knecht et al., 1995;
Glomb & Monnier, 1995). Pentosidine may arise
from hexoses, pentoses, and other
compounds(Grandhee & Monnier, 1991; Dyer et
al., 1991). Both CML and pentosidine may arise
from the carbonyl compounds, such as
ascorbate, its degradation products, several
intermediates of glycolysis and even lipid
peroxidation-derived aldehydes, in the case of
CML (Fu et al., 1996).

The role of transition metals in the in vivo
glycoxidative processes remains controversial.
Thus, the in vivo concentration of transition
metals is far away from the used in the
incubations. However, metal concentration could
be locally increased (Ookawara et al., 1992).
Other oxidative, metal-independent processes,
such as hypochloryte production, peroxynitrile
radical formation, could also contribute to
glycoxidation.

Pharmacological approaches to
glycoxidation research In vivo

The concentration of glycoxidation products is
strictly correlated with browning and glucose-
derived crosslinking in several proteins. Due to
the relationship between glycoxidation and
diabetes long term complications, a series of
pharmacological approaches, based on the
inhibition of glycoxidation, have been developed.
The compounds used may be classified into
antioxidants and dicarbonyl-chelating
compounds (Table 1).

Despite the positive results of their use in
experimental diabetes, the relative inespecificity
of their actuation mechanisms does not support
exclusively Mafllard reaction as the sole source
of diabetes complications. These inespecific
actions include their role as antiinflamatory
drugs, the affectation of prostanoid metabolism,
as well to lipid peroxidation. Even
aminoguanidine. purpoused as an specific AGE-
formation inhibitor, could exert some of their
positive effects through the inhibition of amino
oxidase, and nitric oxide (NO) synthase
activities, or through the chelation of lipid
peroxidation-derived aldehydes (Picard et al.,
1992; Requena, 1994).

PTB has been recently developed as a
pharmacologie agent with a new mechanism of
action. This compound reverses, instead of
preventing, Maillard reaction-crosslink
formation (Vasan et al., 1996).

Table 1 Glycoxidation inhibitors with a potential pharmacologie use

Mechanism Agents
Antioxidants

Metal chelating agents

Reducing agents
Free radical chelating agents

Dicarbonyl related agents
Low molecular weight amines
Aldose-reductase inhibitors
Crosslink removing agents

Diethytenetriaminepentacetic acid (DETAPAC), Ettrytendiaminotetracetic
acid (EDTA), Phytic acid, Penicilamine
Ditiothrertol, Gluthatione (GSH), Penicilamine, Upo« acid
Thiourea, Salicilates

Aminoguanidine, D-Lysine, Taurine, L-Arg
Sorbin«
N-Phenacytthiazolium bromide (PTB) ^___
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2.THE MAILLARD REACTION IN VIVO

2.1 INITIAL STAGE: AMADOR!
PRODUCTS IN PROTEINS

2.1.1.DETERMINANTS OF AMADORI
PRODUCT CONCENTRATION IN
PROTEINS

Overview

Although the in vivo Maillard modification of
free amino acids is possible, this reaction has
been thoroughly studied in proteins, due to the
importance of their structure-related, functional
properties. Several factors, besides protein half-
life, sugar type and concentration, influence the
rate of protein glycation, in pH and temperature
physiological ranges. These factors include steric
conditions, amino group pK; buffer type and
concentration; and other factors

Steric determinants and pK conditions

In the Schiff base formation. The amino pK
of a particular residue influences the Schiff base
formation. This was early recognized studying
hemoglobin A (lib) in vivo or ribonuclease
(RNAse) in vitro glycation, where only few of
the several available amino groups of these
proteins were readily glycated. In contrast, other
data suggest that pK is not the major Schiff base
formation determinant. As an example, N-
terminal Val residues of Hb a and ß chain, show
very different reactivies (Shapiro et al., 1980)
despite their similar pK. This phenomenon is
also shown in RNAse or

Lysozime N-terminal Lys residues. This fact is
attributed to the vicinal residues influence (other
than in pK), which could facilitate hydrogen
bond formation, among other interactions
(Watkinsetal., 1985).

In Amadori rearrangement rate. The
Amadori rearrangement is influenced by the
vicinal residues of its Schiff base precursor, not
only by sterical influences, but also for local
acid-base catalysis phenomena, hydrogen bond
formation, and possibly other effects (Table 2).
Thus, it is accepted that the tridimensional
structure of the microdomains where Schiff base
is formed is the major determinant for Amadori
rearrangement in proteins (Acharya &
Nacharaju, 1994).

Buffer type effects and other factors
»

Buffer type and concentration influence the
specificity and kinetics of Maillard reaction
initial steps. It has been reported that anionic
buffers accelerate glycation and change its
specificity, due to protein cationic residues, as
observed for cytochrome C, human serum
albumin (HSA), lysozime and Hb (Watkins et
al., 1987).

Variations in Û2, COj, and transition metal
concentrations in physiological ranges, as well as
substrates and cofactors presence and amount, in
the case of enzymes, modify glycation rate and
specificity (Lowrey et al., 1985).

7776 decomposition of Amadori product

At present, Amadori product concentration is
accepted as a function of its formation and its
reversibility/transformation reactions. The in
vivo existence of these later reactions could
explain the similar Amadori product
concentration in proteins with notoriously

Table 2. Protein structural determinants for Amadori product formation: The Glycation "Hot-Spots"

Structural determinants Reference
Primary structure

Lys-Lys
Lys-His
Lys-His-Lys
Lys-Lys-Lys

Higher order structure (nearest neighbor three
dimensional effects)

Vicinai acidic groups
NH; groups vicinal to residues above

I berg & Fluctóger, 1987
Idem; Shilton & Walton, 1991
Iberg&FiQcWger, 1987
Idem

Shapiro et al.. 1980; Gartick et al., 1983
Flockiger, 1987, Mìyataetal., 1994
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differing turnover rates (Led! & Schleicher,
1990; Baynes et al., 1989) (Table 3)

Table 3. Differences in glycation (expressed as nmoi
gluc/mg protein) between proteins with afferent
turnover rates.

Protein
Fibrinogen
HSA
Skin collagen
Lens protein

[Amadori product]
0.86
3.6
3.7
0.76

Half-life
3 days
17 days
Months
Lifetime

These differences in Amadori product
concentration are explainable by differences in
its formation due to protein structural
determinants, but in vitro data demonstrate that
Amadori product reversal has to be accounted
(Zyzak et al., 1994). Several factors, as reported
for the formation, could influence Amadori
product degradation, such as amino pK, vicinal
groups, concentrations of buffer, transition metal
concentration, Oz, etc.

These factors could affect degradation by
influencing Amadori product cyclic to linear
form transition. Similarly to fructosyl-
aminoacid, Amadori product is found (in
decreasing frequence) as ß-piranose » a-
furanose = ß-furanose > a-piranose » open
chain form (Neglia et al., 1985).

Glucose derived Amadori product reversal on
protein renders the same array of products as the
free form, mainly 6 C sugars, but also,
depending on the oxidative conditions, 5,4,3 and
2 C molecules, usually reactive aldehydes
(Wells-Knecht et al., 1995a; Zyzak et al., 1995).

2.1.2 PATHOPHYSIOLOGY OF THE
INITIAL STAGE OF THE MAILLARD
REACTION

2.1.2.1 AGEING

Overview

The Amadori product formation on slow turn-
over proteins might contribute to the age-related
impairment. However, the clearer correlations
with ageing have been observed for the advanced
stage of the Maillard reaction. Thus, the reported
data for glycation increases during ageing can be
explained partially by giycaemic control
impairment during ageing.

Lens proteins

Lens proteins turn-over, if existant, is considered
to be very low, assuming that some lenses
proteins possess the indivual age. Most of the
changes observed in vivo with ageing or
cataractogenesis could be reproduced with the in
vitro incubation of lens proteins and glucose or
glucose-6-P, but in most cases these changes are
attributable to the advanced stage of the Maillard
reaction (Table 4)

Glycation levels shows change with ageing
(Table 5), specially when particular proteins,
such as CUjZn-superoxide-dismutase (SOD) or
a-crystalline is accounted. It is considered that
glycation could collaborate with other stress
factors, such as oxidation, in the genesis of the

Table 4. Age- and senile cataract related- changes in lens proteins: reproducibility by glycation

Age or senil cataract related changes Reproducible by ReferenceReproducible by
glucose incubation

Progressive yellowing /
Fluorophore acquisition /
t High molecular weight aggregates /
Conformational changes /
Insolubilization
T Free peptides /
4-Na-KATPase activity /
I Sulfhydryl (-SH) residues /
iGluthatione (GSH) levels /
t Amino acid oxidation /
t Crosslinks

Imino propene type
Glu-Lys
His-Ala
Lantionine
Pentosidine /

Monnier & Cerami, 1983; Kamei & Kato, 1991
van Boekel & Hoenders, 1991
Monnier & Cerami, 1981
Perry et al., 1987
Lerman & Borkman, 1976
Srivastava, 1988; Gamer et al., 1990
Gamer et al., 1987:1990
Anderson & Spector, 1978; Monnier et al., 1979
Kodama & Takemoto, 1988
GamerS Spector, 1980

Sell & Monnier, 1995
Sell & Monnier, 1995
Kanayama et al.,1987
Bessems et al., 1987
Nagaraj et al.. 1991
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Table 5. Age-related changes in lens protein glycation.

Overall Change
Î
t
Î
No change
No change
t

Specie
Bovine
Bovine
Human
Rat
Human
Rat

Comment
Localized in lens nucleus
i Associated SH
t Associated (HMW) aggregates
Only slight increase at the adult age
t HMW and o-crystalline glycation
t Cu,Zn-SOD gtycation

Reference
Chiouetal., 1981
Garland et al., 1986
Garlick et al., 1983
Swamy & Abraham, 1987
van Boekel & Hoenders, 1992
Takataetal., 1996

modifications observed during ageing and senile
cataractogenesis.

Extracellular matrix proteins (ECM)

Collagen, Glycation levels in collagen generally
do not suffer age-related changes. This has been
reinforced -at least for skin and tendon collagen-
(Garlick et al., 1988), despite initial evaluations
proved age-related increases in glycation (Kohn
& Schiùder, 1982). It has to be stated that
protein structural determinants of the glycation
hot spots of collagen do not change with ageing
(Reiser et al., 1992).

Osteocalcin. An age-related increase in
osteocalcin glycation levels has been reported
(Gundberg et al., 1986). This increase is
attributable to ageing-related changes in bone
turn-over rate.

Other proteins

Other studies have reported slight changes with
ageing on several organ-specific proteic
fractions. These include proteins from aortic and
sciatic nerve homogenates (Oimomi et al., 1986).
It has been recently reported that an accurate
glyemic control may reverse these changes
(Taylor et al., 1995), so it becomes apparent that
these changes should be related with late-
manifested forms of glucose intolerance or
diabetes.

2.1.2.2 DIABETES CHRONIC
COMPLICATIONS

Overview

The Amadori product formation rate, increased
by the characteristic sustained hyperglycemia,
could contribute to structural, and hence
functional changes in several proteins in

diabetes. This accumulative damage, at the long
term, may contribute to the pathogenesis of the
chronic complications of this disease. It has to be
stated, however, that protein glycation does not
always imply malfunction or integrated function.
It is accepted that the glycation stress is, in most
of cases, surpassed by the functional-
homeostatic reserve mechanisms (Baynes et al.,
1989).

Among the proteins potentially implicated in the
pathogenesis of diabetes chronic*complications,
glycation has been studied for the following

Lens proteins
Collagen and other ECM proteins
Detoxifying enzymes
Neuronal proteins
Erythrocyte proteins
Plasma proteins
Other

Glycation of lens proteins

Glycation of lens proteins could contribute to
diabetic cataract development, by several
mechanisms, including changes in structure,
enzymatic and chaperone-like activities (Table
6). It has to be stated, however, that other
processes, besides Amadori product formation
contribute to lens opacification in diabetes, such
as HMW formation, sorbitol-related osmotic
stress, etc (Spector & Roy, 1978; Bron, 1993).

Glycation of collagen and other ECM
proteins

Collagen. Amadori product formation in
collagen has been implied in the diabetes long-
term complications development, mainly as a
precursor for the advanced stage products, or
possessing a direct pathogenic role. In this line,
diabetes-related increases in glycation of rat
arterial collagen (Rosenberg et al., 1996) rat
(Cohen et al., 1981) and human glomerular
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Table 6. Changes in lens proteins in <f abetes attributed to glycation.

Changes Reference
Structural

t Reducible HMW

Tertiary sfructure changes
r-Crystafon desestabilization and a-Crystallin, attributtable to
gtyeation-induced pi changes

Functional
4- in chaperone-like activity in the interaction with

ß-crystaffin
glucose-6-P-deshydrogenase

Transmembrane permeability changes, secondary to gap-junction
component glycation (MIP26)
4- Cu,Zn-SOD activity

Stevens et al., 1978; Monnier et al., 1979; Perry et
al., 1987.
Liang & Chakrabati, 1981
Luthra & Balasubramaniam, 1993

Cherian & Abraham, 1995;1995b
Ganea & Harding, 1995
Swamy & Abraham, 1992

Takataetal., 1996

basement membranes (Uitto et al., 1982) bave
been described. The modification in mechanical
and charge properties of this collagen could
affect glomerular filtration charge and molecular
weight selectivity properties, and cell-to-matrix
interactions (Kawano et al., 1990), leading to
increased proliferative rates. Moreover, an
extensive study of Amadori product
concentration in skin collagen reveals that this
index is related with the presence of nephropathy
and retinopathy (McCance et al., 1993).

Other ECM proteins. Fibronectin and laminin
glycation have been reported as increased in
diabetes. This modification affects their in vitro
interactions with collagen and heparin,
potentially contributing to alterations in the
basement membrane homeostasis (Tarsio et al.,
1988;1988a).

Glycation of detoxifying enzymes

The glycation of enzymes has been thoroughly
studied in diabetes. Glycation induces changes in
substrate or co-substrate affinity, tissular
distribution leading to decreased activities and/or
to changes that are hypothetically related to the
pathogenesis of the long term diabetes
complications This modification is increased in
the diabetic status for several reducíase enzymes
and antioxidant enzymes (Table 7).

Glycation of neuronal proteins

The role of glycation in the pathogenesis of
diabetic neuropathy has been evaluated in
several studies. The results obtained have
established the in vivo increase of glycation of
several proteins, hypotethically lined to this
patology. These studies have focused mainly on

cytoskeletal proteins glycation and the effects of
this modification in the hematoneural
permeability properties.

Cytosolic />ro/ems.Tubulin and actine glycation
has been reported as increased in diabetes. These
findings, observed in sciatic nerve, contribute
potentially to alterations in axonal transport
(McLean et al., 1992). Despite these findings, no
major changes are reported in fibrile formation
by glycated G actin (Pekiner et al., 1993) or
glycated microtubular protein-assembling
capacities (McLean et al., 1992).

Increases in hematoneuronal barrier permeability
during diabetes are attributable to glycation.
This change would lead to a perineuronal
deposition of glycated proteins, with potential
harmful effects (osmotic, citotoxic, autoxidative,
immunologically-mediated) (Poduslo & Curran,
Í992).

The Amadori product formation in proteins from
central nervous system has also been established,
in reference to other pathologic conditions, such
as Alzheimer disease. These studies have
reported the glycation of several proteins such as
microtubule-associated T protein, specially in its
insoluble fraction, that induces changes in its
interaction with other structural proteins,
eventually leading to its aggregation and
deposition (Ledesma et al., 1994; 1995).

Glycation of erythrocyte proteins

Hemoglobin. Rates of Hb glycation are
increased in diabetes mellitus patients. This fact
is currently used as an index of long-term
glycaemic control (Abraham, 1985). In
functional terms, despite glycation of Hb affects
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Table 7. Glycation of detoxifying enzymes in diabetes

Enzyme In vivo Effect of glycation Reference
Oxido-reductases

Human liver alcohol dehydrogenase •/
Human liver alcohol dehydrogenase

Rat kidney aldehyde reducíase /
Rat liver aldehyde reducíase •/

Antioxidant enzymes
Extracellular-secretable SOD, fraction /
C
Extracellular-secretable SOD, fraction </
B
Cu, Zn-SOD /

Gluthatione reducíase

Not reported
4- Activity by interference with the NAD
binding site
4-Activity (35%)
Not reported

4- Heparin affinity, t % Plasma free form

4- Heparin affinity

Site-specific and random fragmentation
Cu release to the media
DNA damage
4-Activity

Shilton & Walton, 1991
Walton & Shilton, 1993

Takahashi et al., 1995b
Yamaokaetal.,1995

Adachietal., 1992

Adachietal., 1991

Ookawara et al., 1992
Ookawara et al., 1992
«aneto, 1994
Blackytny& Harding. 1992

its oxygen binding capacity (McDonald et ai.,
1979), blood oxygen saturation curves remain
essentially unchanged in diabetes.

Other proteins. Ths glycation of several proteins
in erythrocyte, besides Hb, bas been reported. In
general, all these changes have been reported to
contribute, hypothetically, to a shortage of the
erythrocyte life-span. The proteins studied
include gliceraldehyde-3-phosphate
dehydrogenase, with a loss in its activity due to
changes in the active site conformation (He et
al., 1995); Ca^-ATPase, showing that the in
vitro glycation impairs its transport activity in
erythrocyte ghost (Gonzalez-Flecha et al., 1993)
and membrane proteins, demonstrating the in
vivo diabetes-induced increase of glycation
(Miller et al., 1980).

Glycation of plasma proteins

Albumin. Albumin glycation reaches almost 30%
in poorly controlled diabetes mellitus patients
(Guthrow et al., 1979), in front of 6-9% in
healthy individuals (Wada, 1996). This
modification induces changes in its drug binding
capacities (Table 8), but overall
pharmacokinetics are not affected by this
phenomenon.

Table 8. Glycation-induced changes of albumin binding
properties

Metabolite/Drug
Bilirrubin
Pannane acid
Salicilato
Sulphonylurea
Palmitic acid

Changes
4-
1
4-
4-
No change

Reference
Sha Wai et al., 19S4
Idem
Mereisch et al., 1981
Tsuchiya et al., 1984
MurtiasnawÄ
Winterhalter, 1986

Albumin glycation has also been proposed as an
indicator of medium term (2 weeks) glycaemic
control (Dolhofer & Wieland, 1979).

Low-Density Lipoprotein (LDL) and High-
Density Lipoprotein (HDL). Glycation of proteic
and lipid components of LDL has been proposed
as a contributor for the high atheromatosis
prevalence present in diabetes mellitus patients.
The glycation of LDL apolipoprotein B (ApoB)
Lys residues is increased in diabetes
(Steinbrecher & Witzum, 1984). This leads to
changes in its cellular recognition and catabolism
(Witzum et al., 1982; Steinbrecher et al., 1983),
possibly shifting from the ApoB receptor-
mediated LDL uptake to the scavenger receptor-
mediated one (Lopes-Virella et al., 1988). All in
all, glycated LDL are less readily metabolized in
vivo, increases macrophague cholesterol
synthesis (Lyons et al., 1987) and enhances
cholesteryl esther accumulation in these cells
(Lopes-Virella et al., 1988). In contrast with
these data, other authors have reported that LDL
glycation at in vivo levels does not induce
changes in the in vitro fibroblast or
macrophague cholesterol metabolism (Schleicher
étal., 1985).

With reference to the involvement of LDL
glycation in diabetic nephropathy, it has been
demonstrated that LDL glycation interferes with
mesangial cell LDL recognition, with a
concomitant increase in the ECM deposition of
this lipid particle, specially when ECM proteic
components are glycated (Gupta et al., I992).
This phenomenon depends also on collagen type
(Kalantetal., 1993).
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Glycated and glycoxidated LDL have been
proved as cytotoxic agents for endothelial cells
and pericytes, leading to an overall increase of
the hematoretinal barrier permeability (Lyons et
al., 1994), that may be included in the
retinopathy early pathogenic events.

HDL glycation, preferentially present in the Apo
A-I residue, leads in vivo to an increase in its
clearance (Witzum et al., 1982a). This feet may
contribute to the decreased HDL/LDL ratio
observed in diabetes.

Immunoglobin (Ig) and Complement Factors. It
has been proposed that Ig glycation could
contribute to the decrease in the immune system
effectivity reported in diabetes mellitus patients
(Morin et al., 1987; Kammes et al., 1990). In
this line, it has been proved that diabetic patients
IgG showed increased glycation (Danze et al.,
1987). Moreover, in vitro glycated IgG exhibits
decreased antigen binding and complement
activation capacities (Niemann et al., 1991;
Hennessey et al., 1991). However, it has been
recently reported that glycation is not related to a
loss in functionality of IgG in diabetic patients
(Dolhofer-Bliesner et al., 1994).

Coagulation factors. The glycation of
coagulation and fibrinolysis factors could induce
a procoagulant status, which may contribute to
the increase in thrombotic and atherosclerotic
events observed in diabetes. Thus, antithrombin
ÏÏÏ (AT-III) factor glycation impairs thrombin-
mediated initiation of the fibrinolysis (Brownlee
et al., 1984; Ceriello et al., 1987). The changes
in this factor activity have been correlated with
glycemia transient changes, suggesting that
Schiff base formation or associated processes
were implicated in AT-III functionality changes.

It may be considered, from the data above, that
Schiff base formation -or associated processes-
Deluding autoxidation reactions) could
constitute a more serious challenge to overall
homeostasis than Amadori product formation,
due to the quickness of the former, not allowing
an efficient answer.

Other proteins

Myosin and other myofibrilar proteins. The in
vitro glycation of myosin has been demonstrated,
resulting in a loss of ATPase activity, an

increased Km value for actine and an impairment
of G actine polimerization (Brown & Knull,
1992). A similar decrease in ATPase activity has
been reported for in vitro glycated myofibrilar
proteins (Lai et al., 1996), which may contribute
to diabetes pathogenesis, despite that myocytes
are insulin-dependent cells.

Ubiquitin and ubi qui tin-dependent proteases. It
has been proved that glycation interferes with the
ubiquitin-mediated proteolysis pathway. Using
glycated lysozyme as a model substrate, it has
been found that both ubiquitin conjugation and
protein degradation are impaired by glycation
(Takizawa et al., 1993). Exemplified by
oxidative modification (Dice et al., 1988), it may
be proposed that postranslational nonenzymatic
modifications could serve as a signal for
damaged protein removal. Despite this data, no
studies are available about the role of an
hypothetical glycation-signaled proteolytic
process in the chronic complications of diabetes.

Growth factors and hormones. Disturbances in
growth factors by direct modification of these
factors or the transport proteins have remained
unknown until recently. The in vitro glycation of
growth factor binding proteins changes its
transport effectivity. This has been observed for
insulin-like growth factor binding protein
(IGFBP), which, after glycation, retains a higher
amount of IGF, leading to a loss of in vitro
release of this factor (Cortizo & Gagliardino,
1995).

In relationship to insulin glycation, recent data
indicate that insulin is readily glycated and
secreted from insulin-secreting cells under
hyperglycaemic conditions in culture (Abdel-
Wahab et al., 1997). Moreover, glycation of
insulin and proinsulin occurs within the
pancreatic islets and is elevated in both insulin-
deficient and insulin-resistant diabetic animal
models (Abdel-Wahab et al., 1996).

Current studies are focused in the role of insulin
glycation on the diabetes pathogenesis, which
may contribute to the observed insulin resistance
in type II diabetes mellitus.
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2.1.2.3 CELLULAR INTERACTIONS WITH
GLYCATED PROTEINS

Overview
Several evidence involve a cellular response
towards glycated proteins in the chronic
complications of diabetes (Ziyadeh & Cohen,
1993). These works have been focused mainly in
two cell populations, namely endothelial and
mesangial cells, implicated in the diabetic
nephropathy. Other works have also described
cellular interactions on pericyte, involved in
diabetic retinopathy (Lyons et al., 1994), and in
mononuclear cells, partially responsible for
ECM renewal (Krantz et al., 1993). In contrast
with AGE-cell interaction, where the
"physiological" ligand remains structurally
unknown, glycated protein cellular interaction is
commonly restricted to glycated albumin. In this
context, hyperglycemia-induced overglycation of
albumin would lead to changes in cellular
physiology (maybe sinergically with other
complication pathways as protein láñase C-
dependent, sorbitol accumulation), in form of
growth factor and ECM secretion, cellular
phenotype, that might preclude pathological
changes in structure and function.

Endothelial cells. Glycated albumin interaction
with endothelial cells induces modifications in

the cellular catabolism, mainly loss on
proliferation and phenotypic changes such as
increased fibronectin expression, which may be
interpretated as an stress signal (Figure 6),
potentially contributing to diabetic vasculopathy
(Cohen et al., 1996). These changes, inhibible by
an anti-glycated albumin monoclonal antibody,
are possibly mediated by a recently characterized
receptor (Wu & Cohen, 1993; 1994; Cohen et
al., 1995). Although the molecular mechanism is
less clear, in vitro glycation of the ECM also
changes endothelial cell functional
characteristics, inducing loss of adhesion, actine
desorganization and several features suggesting
that both soluble protein and ECM fixed
glycation may contribute to pathogenesis of
diabetic nephropathy (Hasegawa et al, 1995).

Mesangial cells. Glycated albumin induces
changes in mesangial cell metabolism, which
could collaborate in the pathogenesis of diabetic
nephropathy. These changes, inhibible again by
the same anti-glycated albumin monoclonal
antibody described for endothelial cells, are
mediated possibly by a receptor (Wu et al.,
1995). The interaction of glycated albumin,
specifically, with mesangial cells induces
changes in proliferation and in ECM gens
expression (Figure 7), which potentiate in vivo
mesangium expansion, one of the key
pathological features of diabetic nephropathy

f Fibronectin
Synthesis

Patène Pnosphoimxi

+ Collagen
Synthesis

Rgure G. Changes in endothelial cell metabolism induced by glycated proteins. (gECM: Glycate ECM;gHSA; Glycated
HSA; RgHSA Receptor for glycated HSA; A717: Monoclonal antibody to glycated albumin; changes induced in cursive)
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(Ziyadeh & Cohen, 1993; Cohen & Ziyadeh,
1994; Cohen et al., 1995a). Moreover the
injection of glycated albumin antagonists to
diabetic animals, ameliorates its nephropathy
(Cohen et al., 1994; Cohen et al., 1995).
Mesangial cells also variate its interaction with
glycated ECM, leading to diminished adhesion
(Anderson et al, 1994), and decreased secretion
of metalloproteinases, leading to an inbalance in
the mesangial matrix production, favorable to
accumulation (Andersson et al., 1996).

Retinal vascular cells. Incubation of retinal
pericytes and endothelial cells with glycated
basement membrane induces pericitic loss and
endothelial proliferation, attributed to glycated
type rv collagen and glycated laminine,
respectively (Kalfa et al., 1995). Moreover, it
has been established the cytotoxicity of glycated
and glycoxidated LDL to these cells (Lyons et
al., 1994). Besides cytotoxicity, modified LDL
also change the secretion of tissue plasminogen
activator by retinal endothelial cells (Jokl et al.,
1992; 1992a), leading to disturbances in the
vascular homeostasis. These data allow to
establish that endothelial and perivascular cell
may be implicated in the pathogenesis of chronic
diabetic vasculopathy where glycation of plasma
or ECM proteins plays a key role as a
continuous stress.

Monocyte-Macrophague. Monocytic cells also
exhibit specific binding sites for glycated
proteins (Kranz, et al. 1993), but the
interindividual distribution of these receptors is
unequal (Salazar et al., 1995). One of the
binding sites has been identified as a membre of
ARN-binding proteins (Kranz et al., 1995),
similar to nucleolin. The interaction of this
protein with Amadori product, in aminoàcid or
proteins, induces IL-1 and TNF secretion
(Salazar et al., 1995). These data imply the
macrophage- Amadori product receptor as a part
of the tissular turn-over mechanism for glycated
proteins.

Prokaryotic cells. Bacteria, under selective C
source pressure, express Amadori product
binding proteins, non found in eukaryotic
(Gerhanrdinger et al., 1994), and amino-ructosil-
n-alkyl oxidase activities (Gerharinger et al.,
1995). These studies have been performed with a
Pseudomonas sp. strain selected for its grow
using Amadori product as the sole C source.
This enzyme, located in membranal fractions has
been recently identified as 1-deoxyfructosyl alkyl
amino acid oxidase (EC 1.5.3) (Saxena et al.,
1996)

Other studies, with a Fusarium Oxysporum Sl-
F4 strain show the presence of an autoclaved
lys-glucose mixture inducible fructosyl-lysine
oxidase activity (Sakai et al., 1995). Previously,
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metajloproteìnases

4-Adhesion «-¥

f Fibronectín
Synthesis ¿Spreading capacity H ß integrin Interaction
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Rgure 7. Changes in mesangial cell metabolism induced by glycated proteins. (gECM; Glycated ECM; gHSA: Glycated
HSA; RgHSA: Receptor for glycated HSA; A717: Monoclonal antibody to glycated albumin; changes induced in cursive)
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similar systems have been demonstrated in
Corynebacterium sp., Pénicillium, Aspergi ¡lus
sp. All these enzymes have FAD as common
cofactor, producing HaOi and glucosone from
Lys Amadori product. Recently several enzymes
for this activity have been isolated in Aspergillus
sp.(Takahashi et al., 1997). It has to be
remarked that their activity over glycated
proteins is lower than for glycated amino acids.

2.2 PROPAGATILE STAGE OF
MAILLARD REACTION IN VIVO

2.2.1 OVERVIEW

Amadori product in vivo could undergo
autoxidative degradation, addition and
fragmentation reactions (see Appendix). The
resulting molecules belong to a family of
compounds viewed as the Maillard reaction
propagators, due to their high reactivity,
attributed to the carbonyl groups (Figure 8). The
reaction of these molecules with amino groups
results in formation of brown, fluorescent
products, some with crosslink characteristics.

Among these products, the glucose derived 3-
deoxyosones, as well as glyoxal and
methyiglyoxal have been thoroughly studied, as
the major derivatives from Amadori product
(Kato et al., 1989), despite several reports have
stressed the importance of other products, such
as glucosone and 1-deoxyglucosone (Kawakishi
et al., 1991). As previously described, Amadori
product degradation reactions on proteins are
dependent on oxidative and buffer conditions.
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2.2.2 IN VIVO FORMATION O F THE
MAILLARD REACTION
INTERMEDIATES

2.2.2.1 3-DEOXYGLUCOSONE (3-
DEOXY-HEXOS-2-ULOSE), 3-DG.

Several chemical pathways may lead to 3-DG
formation in vivo. In the Maillard reaction
context (see Appendix), 3-DG is derived from
the Amadori product degradation. These
reactions are catalized by phosphate buffer in
vitro. In vitro studies reveal that 1-
deoxyglucosone ( 1 -deoxy-hexos-2-ulose; 1-DG)
formation from Amadori product is favored over
3-DG production (Feather, 1981) at a
physiological pH, although the incubation of
glucose with amino group at a neutral pH reveals
that 3-DG derived products are among the major
amino modifications (Njoroge et al., 1987).

Enolization from fructose or fructose-amino
reactions could also give 3-DG (Led! &
Schleicher, 1990). Fructose-3-phosphate (F3P)
degradation also renders 3-DG (Szwergold et
al., 1990). F3P is the result of a fructose 3-
quinase activity shown in lenses (Lai et al.,
1993) and in erythrocytes (Peterson et al., 1990).
This enzymatic activity has been localized in
lenses from mammalian species after sustained
hyperglycemia (Lai et al., 1995), producing F3P
from fructose, which can be derived from
glucose by the sorbitol pathway (Figure 9).

t=o
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CH>
HC-OH

2.2.2.2 GLUCOSONE.

Despite the in vivo presence of glucosone has not
been reported, in vitro data suggest that
glucosone is the major oxoaldehyde derived from
Amadori product oxidative degradation in
biomimic conditions (Kawakishi et al., 1991).
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Rgure 8. Structures of Amadori product-derived Maillard reaction propagators.
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The lack of detection of this molecule may be
due to the high reactivity of this molecule in the
presence of transition metal trace amounts
(Cheng et al., 1992).

Aleksandrovskii, 1992). These reactions may be
important in ketoacidosis, such as the caused by
diabetes.

2.2.2.3 METHYLGLYOXAL (MG)

Methylglyoxal could be derived from several
sources (Figure 10). The trióse isomerase
glucolitic pathway, specially in increased glucose
influx, may originate MG (Richard, 1991).
Moreover, the metabolism of fructose renders
MG (Taylor & Agins, 1988). MG could also be
derived from the Maillard reaction, mainly
throughout free radical mediated fragmentation
mechanisms (Thornalley, 1990;
Aleksandrowskii, 1992). All these phenomena
may be specially important in the diabetic status.

Myeloperoxidase activity on cetonie bodies, as
well as cytochrome p450 action over acetone,
also give MG as a result (Casazza et al., 1984;

2.2.2.4 OTHER MAILLARD REACTION
INTERMEDIATES

Glyoxal and glycolaldehyde have been
characterized as fragmentation-derived aldehydes
from Schiff base retroaldolic rearrangement
(Hayashi & Namiki, 1986), by free-radical
intermediaries. The oxidative degradation of
ascorbate originates several aldehydes, such as
3-deoxyxylosone and xylosone. Threose is one of
the more reactive products derived from ascorbic
acid degradation. Finally, it has to be stated that
3,4-dideoxy-3-n-glucosone presence in vivo has
been suggested, as a possible product from
Amadori product degradation (Rato et al.,
1994).

KETONE BODIES
\

Myeloperoxidase

ACETONE
H

Cytochrome
p450

TRIÓSE PHOSPHATES

nose Phosphate
Isomerase

GLUCOSE
Maillard reactionO

O

MG

Figure 10. In wwmethylglyoxal sources.(Modffied from Vander Jagt et al., 1994).
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2.2.3 METABOLISM OF THE
MAILLARD REACTION
INTERMEDIATES

2.2.3.1 METABOLISM OF 3-DG

2-oxoaldehyde reducíase (2-OAR)
The presence of a 3-DG NADPH dependent-
reducing activity, which catalize the conversion
of 3-DG into 3-DF, a less reactive intermediate,
has been reported (Kato et al., 1990). The
enzyme is known as 2-oxoaldehyde reducíase
(Liang et al., 1992), and in contrast with other
NADPH-dependent redactases, the cataiized
reaction is irreversible, due to the change in
redox potential from the dicarbonyl to
monocarbonyl transition (Ray & Ray, 1984). 2-
OAR is characterized as a 38 Kd monomer,
localized mainly in kidney and liver, possessing
Km values in the mM order for MG, 3-DG and
glucosone (Shin et al., 1991).

2-OAR is used as a enzymatic defensive system
in several situations. On one hand, due to Km
differences between 2-OAR and glyoxalase
system (Table 9) for MG, it has been
hypothesized that the former would be useful as
a "second line" of enzymatic defense, useful if
the glyoxalase system is saturated. On the other
hand, 2-OAR is the major enzymatic system for
3-DG NADPH reduction, due to the low activity
of the glyoxalase system activity for 3-DG
(Jellum, 1968).

Aldehyde reducíase (ALR) and dimeric
dihydrodiol dehydrogenase (DD)
As reported by other authors (Kanazu et al.,

1991), 3-DG is reduced by aldehyde reducíase
(ALR) (EC 1.1.1.2) and dihydrodiol
dehydrogenase (DD) (EC 1.3.1.20). The rat,
porcine and human liver 3-DG NADPH-
dependent reductive activity is due mainly to
ALR activity, with a minor component attributed
to the dimeric form of DD. ALR is an enzyme
implicated in the myo-inositol catabolism, the
biosynthetic pathway of ascorbate, the
corticoesteroidal metabolism and in the synthesis
of some prostaglandins. It has been recently
confirmed that ALR is the major NADPH
dependent, reducing enzyme (Takahashi et al.,
1993).

The extrahepatic 3-DG reductive metabolism is
localized mainly in kidney, being performed by
DD. This enzyme catalizes the NADP-dependent
oxidation of dihydrodiol molecules such as
transcyclohexanediol or dihydrodiol derivatives
of napthalene and benzene. In the presence of
NADPH this enzyme reduces several Maillard
reaction derived aldehydes (Table 9) (Sato et al,
1993; 1994). Thus, DD may have a role in the
enzymatic reduction of Maillard reaction
intermediates in those tissues with a lower ALR
content, such as brain or heart.

Aldose reducíase (AR)
Aldose reducíase (EC 1.1.1.21) is the major
enzyme responsible for NADPH dependent- 3-
DG reduction in several tissues, according other
authors (Matsuura et al., 1995), such as dog
suprarrenal glandule. This enzyme, previously
described to catalyze the NADPH- dependent
glucose reduction to fructose (Figure 9), is also
active in reducing threose to threiiol, specially in
lenses. Due to the low Km values exhibit in

Table 9. Enzymatic degradation of Maillard reaction intermediates. Values represent Km (mM) (taken from
Sato et al., 1993; Kanazu et al., 1991; Vanderjagt et al., 1992}

Substrate

Glucose
Glucuronate
Glucosone
3-DG
Threose
MG
Dihydroxyacetone
Glyceraldenyde
Lactaldehyde
Aceta Idehyde
Xytosone
3-deoxyxytosone

Porcine
2-OAR

9.8
2.1

3.3

Human
ALR
2500
10
4

1.6

1.3
26.9
6.4
0.8
1.5
2.6
2.7

Monkey
DD

0.91

1
5.4

Human
AR
40
1.2

0.167
0.059

0.01
2.5

0.038
0.05

0.234
0.078
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Rgure 11. Hepatic and extra-hepatic 3-DG reductive
metabolism

human tissues (Table 9), it has been suggested
that AR is one of the major enzymes in the
NADPH-dependent reduction of 3-DG.

In the diabetic status, specially in the insulin
independent tissues, the increased glucose
amount would compete with 3-DG for AR-
reduction. In such a case, then other enzymes, as
dimeric DD or ALR, with lower activitiy
towards glucose, would contribute to 3-DG
reduction (Figure 11).

2-oxoaldehyde dehydrogenase (2-OAD)

2-oxoaldehyde dehydrogenase catalyzes the
NAD-dependent 3-DG oxidation to 3-deoxy-2-
keto-gulonic acid (3-DGA) (Figure 12). This
activity has been observed in the kidney, the liver
and in erythrocyte lysates (Oimomi et al., 1989).
The concentration of 3-DGA in erythrocyte is
50-fold higher than that of the plasma,
suggesting either that erythrocyte produces a
high amount of 3-DGA and can not export to
plasma this intermediate, or that erythrocyte
owns an efficient plasma 3-DGA accumulating
activity (Fujii et al., 1995).

3-DG plasma levels

3-DG is found in plasma with absolute levels
ranging, in healthy individuals, 1 ng/ml (Knecht
et al., 1992) to 325 ng/ml (Niwa et al, 1993).
These differences are attributable to
methodological variances.

The [S-DGlpi^na/ß-DFlpiuma ratio is lower than
0.2, showing that more than 85% of the 3-deoxy-
hexoses in plasma are 3-DF (Knecht et al.,
1992). With reference to other compartments,
the [S-DGluriw/ß-DFlunne ratio is lower than
0.01, so that 3-DF accounts for more than the
99% of 3-deoxy-hexoses, suggesting the
metabolic role of the kidney 3-DG reducing
activity. By the enzymatic characteristics
described above, it is also conceivable that
kidney reducing activity is extended to other
Maillard reaction-derived aldehydes.

2.2.3.2 METABOLISM OF MG AND
OTHER ALDEHYDES

Aldose redactase

AR catalyzes the NADPH-dependent reduction
of MG in skeletal muscle (Table 9). The
resulting compound, acetol, is also a reactive
aldehyde. The incubation of acetol with proteins
leads to the development of Maillard reaction-
type fluorescence (VanderJagt et al., 1992),
being considered as a toxic intermediate
(Skutches et al., 1990). AR also catalyzes
glucosone, 3-deoxyxylosone and xylosone
NADPH-dependent reduction (VanderJagt et al.,
1993).
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Rgure 12. 3-DG oxidative metabolism
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Aldehyde reducíase

ALR activity is able to reduce MG, glucosone,
xylosone and deoxyxylosone, but Km values are
2 order of magnitude above the reported for AR
(Table 9).

Glyoxalase
Glyoxalase system catalyzes the reduction of
MG to lactate, using GSH as a cofactor (Figure
13). It seems that linear form of MG is a
requisite for this enzyme, because the efficacy of
this enzymatic system on other aldehydes is
roughly proportional to the open chain form
percentage. Despite this apparent specificity,
glyoxalase I includes substrates such as
hydroxvpyruvaldehyde, its phosphate, glyoxal,
phenylglyoxal and many other alkyl- and aryl-
glyoxals (Thornaliey, 1990).

Other systems
Besides these enzyme-based systems for
Maillard reaction intermediate metabolism, the
presence of low molecular amines, through its
reaction with these reactive aldehydes could
"chelate" these compounds. The resulting
modified amines would be eliminated by renal
function (Monnier et al., 1989).

2.2.4 BIOLOGICAL EFFECTS OF THE
MAILLARD REACTION
INTERMEDIATES

2.2.4.1 3-DG

It has been established that 3-DG incubation
with proteins leads to structural and functional
modifications (Table 10). 3-DG modifies protein

Table 10. Protein structural modifications induced by 3-
DG

Change
tCrosslinking

tEnzymattc digestibility
tCaotropic solubility
tFluorophore
accumulation

Model
Collage
n
Idem
Idem
Idem

Reference
Shin et al., 1988

Katoetal.,1989
Idem
Katoet et
al..1989;Igatóetal.,
1990

structures by several mechanisms, including
cross-Unking and formation of aldehyde-protein
adducts, such as pyrraline (Njoroge et al., 1987),
specially reacting with Arg, Lys or Trp residues
(Konishi et al., 1994) (Figure 14).

Figure 14.Structures of 3-DG reaction products with lysine
and arginine.

The 3-DG induced modification of proteins
allows its differential interaction with cells. In
vitro data prove that monocyte/macrophage cells
posses binding sites for 3-DG modified proteins.
These binding sites belong to the macrophage
scavenger receptor family (MSR), due to the
competence of malondialdehyde (MDA)-
modified proteins, a well recognized MSR
ligand, for these sites. This cross-reactivity is
explainable by the similar isoelectric point
changes induced by both agents on proteins.
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Accordingly, cellular lines transfected with
MSR-type I show interaction with 3-DG
modified proteins (Shinoda et al, 1993).

3-DG itself inhibits cell proliferation at the DNA
syntheses step. Proliferation of 3Y1 cells, a
fihroblast derived line, is affected by added 3-
DG in a dose-dependent fashion. The intrinsic
mechanism of this cell-cycle inhibition are
unknown, but they affect S-phase early events,
mediated by an oxidative-related free GSH-loss
(Shinoda et al., 1994). Moreover, 3-DG and
glyceraldehyde stop hepatoma cell Une
proliferation, an effect powered by AR
inhibition. It has been suggested that 3-DG
resistance in these cells could improve their
survival chances. Hypothetically, the inhibition
of AR could contribute to hinder proliferation of
some tumors, a property that may be be
exploited for antineoplasic pharmacological
approaches (Takahashi et al., 1995a).

Table 11. Protein structural modfications induced by MG

Changes Reference
Arginine-iimJazoJ fluorescence Westwood &
development Thomalley, 1995
Isoelectric point lowering Idem
t CrosslinMng Idem

Reducible at low (<0.5mM) MG
concentrations
Non reducfcte at higher MG
concentrations

Free radical species Yimetal., 1995

marked changes in protein structure. These
changes include cross-unking, mainly by the
formation of imine-type cross-links (Figure 16),
which are also reproducible by the incubation
with other intermediates, such as threose.
Moreover, a serie of elegant experiments show
that CML is originated from glyoxal and the
oxidative degradation of glycoaldehyde (Glomb
& Monnier, 1995)

R N=CH—HC=N—R' R—HN-CHj-

2.2.4.2 MG

Methylglyoxal produces several estructural oiyax«i-derivedimmecrow!ink
protein modifications (Table 11). These include
the formation of several compounds (Figure 15),
cross-Unking (Westwood & Thomalley, 1995),
and free radical species formation (Yim et al.,
1995).

OH

Carboxy-mcthyl-«mÍDC

Rgure 16. Structures of gfyoxal derived reaction products in
amino-acids and proteins.

2.2.4.5 OTHER MAILLARD REACTION
DERIVED ALDEHYDES

2.2.4.3 GLYOXAL AND One of the major reactive aldehyde arising from
GLYCOALDEHYDE the Amadori product reordenation, glucosone,
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Rgure 15. Structures of MG derived reaction products in amino-adds and proteins
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or iron trace amounts and oxygen, glucosone is
decomposed, generating oxygen-derived free
radicals (Hunt et al., 1988), specially hydroxyl
radical. These free radical species are able to
induce protein fragmentation (Cheng et al.,
1992).

Other reactive aldehydes, such as 3-
deoxyxylosone or xylosone also modify proteins.
These sugars, as well as ribose, induce the
formation of LM-1, a product of the advanced
stage of Maillard reaction. This product has been
identified in senescent and cataractous lenses
(Nagaraj & Monnier, 1992).

3,4-dideoxy-3-n-glucosone (DGE) influences T
lymphocytes proliferation and other
immunological cells in vitro. DGE incubation
with these cells leads to diminished T cell
proliferation, antibody production by plasmatic
cell, and IL-1 macrophage production. These
effects were not observed in bone marrow stem
cells, fibroblastoma or melanoma derived cell
unes (Kato et al., 1994). These results might be
related to the higher amount of reducing enzyme
observed in cell populations with a high mytotic
index, and could be related to the diabetes related
immunodeficience (Takahashi et al., 1995a).

2.2.5 PATHOPHYSIOLOGY OF THE
MAILLARD REACTION INTERMEDIATES

2.2.5.1 AGEING/LONGEVITY

It has been suggested that life-span could be
influenced by the specie-specific aldehyde red-ox
enzymatic equipment (Hata et al., 1988). In this
context interspecific differences in enzymatic
activities for a specific organ have been
described. As examples, porcine liver DD offers
an increased activity than that of human liver
DD; in contrast ALR is responsible for the major
NADPH-dependent 3-DG reducing activity in rat
liver (Kanazu et al, 1991). Moreover liver 2-
OAD activity shows significant differences
between several species.
Thus, while rat 2-OAD activity is similar to the
reported for rabbit, pig, bovine or chicken 2-
OAD activities are below the 70% of the one
described for the former animals (Fujii et al.,
1994).

The concentration of 3-DG precursors in lenses
increases in an age-related fashion (Lai et al,
1995a). These precursors include fructose and
F3P, because glucose levels in the lenses of aged
rats are not increased (Lai et al., 1995a).
Moreover, pentosidine (Sell et al., 1996) and
CML (Dunn et al., 1990a), as well as other
products that, in a similar way, may arise from
3-DG and other Maillard reaction reactive
intermediates increase its concentration in
several tissues with age ( Kato et al., 1989; Igaki
étal., 1990).

2.2.5.2 DIABETES.

3-DG

The lens concentration of 3-DG precursors
increases in the diabetes status (Szwergold et al.,
1990; Lai, et al., 1995). Moreover, in the
extracellular compartment, diabetes induces an
increase in the plasma concentration of 3-DG
(Yarnada et al., 1994). Thus, despite the
absolute levels differ among different works,
diabetes and renal function influence 3-DG
plasma concentration (Table 12). It has to be
remarked the high standard deviation of the
measurement, specially manifested in diabetes
patients. With reference to the therapies used in
these patients, it has to be stated that the increase
in lens 3-DG concentration is attenuatile by
insulin treatment (Lai et al., 1995), whereas
hemodialysis treatment reduces significantly
(67%) plasma 3-DG concentration (Niwa et al.,
1995).

3-DF can be used as a metabolic fingerprint of
3-DG. Plasma correlates with urine 3-DF,
showing higher concentrations in diabetes
patients. Moreover, these parameters correlate
with the HbAlc levels, reinforcing the
relationship between glycaemic control and the
intermediate stage of the Maillard reaction.
Thus, an adequate metabolic control would not
only limit glycation, but also other Maillard
reaction stages (Wells-Knecht et al., 1994).
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Tafte 12. Effect of diabetes in the levels of 3-DG and its metabolites in plasma (expressed as ng/ml).

Specie Healthy Diabetic Nephropathy Method Reference
Human 31S±54 513±269 1235±645 GC-MS Niwaet al., 1993; 1995
Rîrt 61.55±11 152.3±20 HPLC Yamadaet al.. 1994

With reference to changes in 3-DG metabolism
during diabetes, it has to be stated that one of the
major enzymes responsible for 3-DG reduction,
ALR, is glycated in vivo. This glycated form
shows unpaired activity (Takanashi et al.,
1995b). The percentage of glycated ALR
increases in diabetes, contributing to the
Maillard reaction damage. The glycation of other
enzymes for Maillard reaction intermediates
reduction has been reported. Glycation-induced
changes in AR activity remain not conclussive,
finding both decreased (Srivastava et al., 1985)
and unchanged (Yamaoka et al., 1995) Km
values. It is possible that the metabolism of
Maillard reaction intermediates may be impaired
by the hyperglycemia itself. This would start a
positive feed-back, pathogenic system (Figure
17).

3-DGA levels are also increased in diabetes.
Both plasma and erythrocyte 3-DGA levels
increase six- fold in diabetic patients. The
interindividual differences in this metabolite,
specially marked in the diabetic population,
where some patients do not show 2-OAD
activity, may reflect differences in glycaemic
control and/or metabolizing enzyme expression
(Fujii et al., 1995)

REDUCING SUGARS
DIABETES

MAUJLARDREACTION
INTERMEDIATES

METABOLIZING ENZYMES

T1SSULARDAMAGE

Rgure 17. Hypothetical positive feed-back of Mailland
reaction pathogenity in diabetes

MG

Diabetic status induces an increase in the MG
concentration, probably throughout increase
glucose influx in the pentose-shunt pathway and
from polyol-pathway-derived increased fructose
concentration. This has been established for
erythrocyte and whole blood (Thornalley, 1990).

MG metabolism is altered in diabetes.
Erythrocyte glyoxalase I activity decreases up to
50% of control values, whereas glyoxalase n
activity increases up to 20-30% of control values
(Thornalley, 1990). These changes might be
related in the glyoxalase synthesis in erythrocyte
precursors or in post-translational modifications
in red blood cells, such as glycation .

The glyoxalase activity is influenced by the
presence of diabetic nephropathy and
retinopathy. When studying blood glyoxalase
activities, it is found that patients with
complications show changes in glyoxalase
activities. These changes consist in higher
glyoxalase I and lower glyoxalase n activities.
The increased glyoxalase I activity would
contribute to a pro-oxidative status, due to GSH
depletion. Accordingly, this trend is reproduced
in monocyte glyoxalase activity in diabetes,
without changes in GSH-peroxidase or GSH-S-
transferase (Ratliff et al., 1996), that would
compensate GSH consumption.

It is well-known that AR status influences the
development of diabetes long term
complications. Besides sorbitol derived osmotic
effects, the increased AR activity would
contribute to the pathogenesis of the diabetes
through the increase of the intracellular fructose
concentration. This sugar is several times more
reactive than glucose in the Maillard reaction
initiation (Suarez et al., 1989). Other possible
deleterious effect of AR would be its activity
over MG that renders reactive acetaldehyde, a
toxic intermediate (Skutches et al., 1990) which
is able to react with proteins non-enzymatically.
Thus, if the increased MG concentration by
diabetes saturates glyoxalase system, AR



INTRODUCTION 22

activity would increase acetaldehyde levels
(Reichard et al., 1986). Moreover, glycated AR
can be less inhibible by physiological or
pharmacological modulators (Srivastava, 1989),
so AR activity may increase pathogenically.

Diabetes-long term complications influence
leucocyte AR activity. Thus, it has been
described that AR activity is increased in
patients showing complications, but this feet is
restricted to monocytes (Ratliff et al., 1996).

In conclusion, studies on glyoxalase or AR
activities have shown differences between
diabetic patients with long term complications

respect non complicated, age-matched
individuals. Thus, differences in the expression
of enzymes for the metabolism of Maillard
reaction intermediates would contribute to the
individual differences in sensibility to
hyperglycemia. Figure 18 shows the
hypothetical relationship between
hyperglycémie stress and Maillard reaction
related damage, with reference to the metabolism
of Maillard reaction intermediates.

SDH

MACROMOLECULAR
MODIFICATION

OtWSO

""""""fCfSc
CETONIC COMPOUNDS

EMACIATE

Figure 18. Hyperglycémie stress and Maillard reaction intermediate metabolism (Cyt p450: Cytochrome p450; F3K:
Fructose 3-Kinase; Glx: Glyoxalase system; Gpx: GSH peroxidase; Gr GSH reducíase MR: Maillard reaction; MPx:
Myeloperoxidase; SDH: Sorbito) dehydrogenase; TPI: Trióse phosphate pathway
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2.3 ADVANCED STAGE OF THE
MAILLARD REACTION IN VIVO

2.3.1 PRODUCTS OF THE ADVANCED
STAGE OF THE MAILLARD REACTION-
ADVANCED GLYCATION END
PRODUCTS

2.3.1.1 OVERVIEW

One of the major characteristics defining AGE
molecules is their irreversibility and chemical
stable nature. Thus, from a chemical perspective,
advanced glycation end-products are defined as a
heterogeneous family of end-products, derived
from reducing sugars and amino acids, through a
series of complex reactions after Amadori
product reordenation. These reactions include
dehydration, oxidation, finally resulting in the
covalent binding of the sugar derivative to an
amino group (Brownlee et al., 1988; Vlassara,
1994). This definition counts with some pitfalls:
on one hand, pentosidine and CML, in
accordance with this definition, could be
considered AGE. On the other hand, due to the
fact that CML could arise from non-sugar
precursors (Fu et al., 1996), this molecule may
not be denominated AGE.

Other AGE definition includes that these
molecules must be accumulated during aging and
diabetes. AGE may be defined as any product of
in vivo Maillard reaction, different of Amadori
product, suffering accumulation during aging
and diabetes. In this case, AGE qualification
depends on the modified molecule half-life.

The molecule studied in the present work,
pyrraline, according these définitions should not
be viewed as a typical AGE, but rather as a
product of the advanced stage of Maillard
reaction in vivo. No data, except for sclerosed
mesangial ECM (Miyata & Monnier, 1992), are

reported for an age-related pyrraline
accumulation, nor is a stable product. In order to
obviate these language problems, the term of
product of the Maillard reaction in its advanced
stage, can be used for several of these products,
provided they are formed late from Amadori
product reordenation.

The advanced stage of Maillard reaction leads in
vitro to modifications in several physical and
chemical characteristics of proteins. These
include changes in UV and fluorescence spectral
properties, cross-linking and immunogeneicity
(Table 13). Most of the in vitro experiments
render protein modifications similar to the age or
diabetes-related changes observed in low turn
over proteins, despite buffer type and
concentration, oxygen concentration and sugar
reactant used for generate AGE have not been
constant. Despite that, it has been developed a
series of neologisms concerning these aspects,
including AGE-type fluorescence, AGE-
unmunoreactivity, etc.

2.3.1.2 AGE ANALYSES

As mentioned above, a series of "specific"
properties have been used for AGE
measurement, including immunoreactivity to
anti-AGE and AGE-fluorescence (Table 13).
Fluorescence measurement, as a marker of
modification by the advanced stage of Maillard
reaction, has a limited use. Several lipid
peroxidation-derived aldehydes, such as 4-
hydroxynonenal (4-HNE) or MDA, modify
proteins giving fluorescent products that overlap
in their spectra the AGE fluorescence (Odetti et
al., 1994). Other pitfalls of this measurement are
the fluorescenct impurities often contained in
commercial preparations of collagenase, the
entrapment of different proteins (Vlassara, 1994)
or AGE-modified proteins into AGE-modified
ECM (Brownlee et al., 1983) and other factors
(Makita et al., 1991). Moreover, Maillard
reaction-derived changes in proteins do not lead

Table 13. Common physicochemical changes in sugar-protein incubations attributed to the advanced stage of
the Maillard reaction

Property
Cross-linking
Fluorescence
UV-visible changes
Immunogeneicity

Characteristics
Intra- and inter-molecular
Excitation ranging 330 to 370 nm./Emission ranging 390 to 440 nm.
Brown-Yellow
Presence of a common epitope for different proteins incubated with different sugars
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Table 14. Structures identified as AGE in vivo

Molecule
1 -Alkyl-2-fortnyl-4-diglycosyt
pyrrol
Pyrraline

Pentosidine

Imidazolysine
Grossîmes
LM-1
CML

Method
Immunological

Immunological
Chemical
Chemical
Immunological
Chemical
Immunological
Chemical
Chemical
Immunlogical

Reference
Vlassara, 1994

Hayase et al., 1989
Present work
Sed &Monnier, 1989
Taneda & Monnier, 1994
Nagarajetal., 1996
lenaga et al., 1996; Obayashi et al., 1996
Nagaraj & Monnier, 1992
Ahmedetal., 1986
R eddy et al.. 1995

always to fluorescence development. Only a
minor part of the Maillard reaction-derived
crosslinks are fluorescent products. This concept
is based on the comparison of crosslinkg and
fluorescence development (Fu et al., 1994), or on
the higher sensitivity of immunological methods,
when compared with fluorescence measurement
(Makita et al., 1992; Nakayama et al, 1989).

Several immunoassays have been developed for
AGE analysis. These assays rely on antibodies to
proteins (Keyhole Limpet Hemocyanin (KLH),
Bovine serum albumin (BSA), RNAse) modified
by the incubation with high concentrations of
reducing sugars (0.2 M-4 M glucose, ribose,
glucose-6-phosphate) during long periods (2-3
months) (Nakayama et al., 1989; Makita et al.,
1992). The antibodies obtained cross-react with
several proteins from aged individuals and
diabetes patients (Makita et al., 1992; Horiuchi
et al., 1991). Despite the heterogeneous nature of
the reactions leading to the formation of AGE
products, the in vitro experiments show that a
major "AGE" epitope exists (Horiuchi et al.,
1991), which has been identified as CML
(Reddy et al., 1995; Dceda et al., 1996).

The structural characterization of the AGE
products remains very difficult, because its
heterogeneous nature, instability to hydrolytic
treatments and the low amount present in vivo.
The methods used for in vivo identification of the
known products of advanced Maillard reaction
include immunological and/or chemical
techniques (Table 14). However, once
established the correct analytical method, the
approximations given by the measurement of
these products are more reliable than the generic
AGE fluorescence or AGE immunogenity
measurement.

Most of the structures of AGE products have
been long unknown, and there are still doubts
about the major/s AGE present in vivo (despite
immunolgical evidences suggest that CML is the
best candidate (Bceda et al., 1996)). Accordingly,
there are no data about the structural influences,
such as steric determinants of tfie protein for
AGE formation, in contrast with data reported
for Amadori product formation. It is accepted
that AGE formation is preferentially done in
proteins with low turnover, such as collagen or
crystallins. Despite that, there are a number of
reports indicating AGE presence in proteins with
a higher turn-over, such as proteins from
cytoplasma, membrane, or plasma proteins.

2.3.2 PATHOPHYSIOLOGY OF THE
MAILLARD REACTION ADVANCED
STAGE

2.3.2.1 AGEING AND LONGEVITY

Overview

The modification of slow turnover proteins by
the advanced stage of Maillard reaction
contributes to age and ageing-related changes.
Thus, there are numerous evidence correlating
ageing and modifications by the advanced stage
of Maillard reaction in these proteins (for a
excellent review see Sell & Monnier, 1995). It
has to be kept in mind that protein turn-over is a
major restraint for the accumulation of Maillard
reaction products. Accordingly, the major
changes noted in aging are referred to collagen
and lens crystallins. The aging process, at the
molecular level, is associated with the
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acquisition of several physiochemical
characteristics in proteins, resembling partially
the changes produced by the incubation of these
proteins with reducing sugars.

Collagen

Age-related changes in collagen concentration of
Advanced Maillard reaction products

General properties

Fluorescence of collagen increases with age in
several tissues and organs (Table 15). The
spectral properties of this fluorescence are very
similar to those obtained incubating collagen
with reducing sugars for long time periods
(weeks/months). Moreover, this age-related
increase is reinforced by diabetes. These data
suggest that this fluorescence, at least partially,
is due to advanced Maillard reaction products.
Life-span complete or partial dietary restriction
inhibits the age-related fluorescence increase,
reinforcing the relationship between the aging
process and the fluorescence accumulation
(Masoro et al., 1989; Reiser, 1994)

AGE immunoreactivity of collagen is increased
with aging. The AGE immunoreactivity of rat
aortic collagen increases from 7 to 17 months,
whereas the AGE fluorescence levels are not
significantly increased (Makita et al., 1992).

Characterized products of the advanced
stage of the Maillard reaction

The concentration of characterized advanced
Maillard reaction products in collagen increases

Table 15. Tissues with age-related increases in
collagen-linked Maillard type fluorescence.

Tissue/Organ
Human

Skin
Subcutaneous tissue
Intervertébral disk

Aorta
Mesentheric artery
Sclera
Cornea
Duramater

Other species
Skin (rat)
Tail tendon (rat)
Lung (rat)

Reference

Monnier et al., 1986
Odettietal., 1992a
Uchiyama et al.,
1991;Pokhamaetal., 1992
Nishimotoetal.,1989
Balsftis et al., 1992
Malik et al., 1992
Malik et al., 1992
Sell & Monnier, 1 989.

Reiser, 1994
Richardetal., 1990
Bellmuntetal., 1995a

with age. Thus, several fluorescent products,
with established Chromatographie properties
increment its levels in collagen with aging.

Pentosidine concentration in collagen increases
with aging in several tissues (Table 16). The
absolute levels differ considerably among the
different tissues studied (Figure 19) as well as its
rate of accumulation. These factors are belived
to be strongly influenced by differences in
collagen turnover.

CML concentration increases with ageing in
collagen. This glycoxidation product increases
its concentration in skin collagen in a linear
fashion with ageing (Dunn et al.,1991; Dyer et
al., i 993). Although the absolute levels are much
higher than pentosidine, its presence in collagen
has not been so extensively studied, until
recently, using immunological methods
(Schleicher et al„ 1997).

Table 16. Age-related changes in the pentosidine content of collagen.

Organ/tissue
Duramater
Skin
Cartilage
Intervertébral disk

Lung

Specie
Human
Human
Human
Human
Desert rat
Rat

Age-related shape
Linear
Curvilinear
Curvilinear
Linear
Linear
Curvilinear

Reference
Monnier et al., 1992
Monnier et al., 1992; Dyer et al.,
Monnier et al., 1992
Uchiyama et al., 1991
Pokhama et al., 1993
Bellmunt et al., 1995

1993
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Skin Renal Cortex Renal Medule Aorta Duramater Trachea

Rgure 19. Pentosidne concentration in the collagen of a 52 year-old human (modified from Monnieret al., 1992).

35 an important determinant of these changes
(Sell & Monnier, 1994).

Among the chemical and biochemical changes
observed in aging, it has been reported that
collagen solubility is decreased. AGE
modification of collagen includes a increase in
the inter or intra-molecular crosslinking, which is
considered as the molecular basis of thermic and
chemical stability. The mechanisms for collagen
crosslinking from glucose include oxidative
pathways, with the necessary presence of H202

(Elgawish et al., 1996). Besides these solubility
changes, it has been described that collagen
modified by the advanced stage of the Maillard
reaction shows increased interaction with BSA,
IgG (Brownlee et al., 1983) and LDL (Brownlee
et al., 1985), potentially leading to deposition of
these proteins. These proteins still remain

Table 17. Age-related changes in the collagen physicochemical properties attributed to the advanced stage of
the Maillard reaction.

Potentially pathogenic mechanisms of
the advanced stage of Maillard reaction
in collagen

The collagen modification by the advanced stage
of the Maillard reaction includes changes in
several physicochemical characteristics. These
include mechanic and chemical properties (Table
17). Conversely, the changes in some of the
physical variables influenced by aging, such as
stiffness, thermic stability, are directly related
with the advanced stage of the Maillard reaction.
Despite these data, some works include glycation

Properties Collagen type Comment Reference
T Stiffness
t Mechanic stability

t Urea breaking time and
thermic stability

¿Solubility

Interference with protein
interaction
Interference with heparin,
laminine and fibronectine binding
t Interaction with Lys, BSA, IgG
t Immunogeneicity of the protein
deposits resulted from the
property above
t LDL entrapment

Nitric Oxide (NO) chelauon

Intermolecular expansion

Recognition by cells

1,111

IV

I. IV
IV

Also observed in diabetes Andreassen et al., 1981
Not related with glycaton Andreassen et al., 1988
Appearance of HMW peptides Kent et al.,1985
after cyanogen bromide
solubilization
Attributed to glycation, explained Yueet al., 1984
by the advanced stage of the
Maillard reaction
Correlated with pentosidine Bellmunt et al.,1995
content

Related with glycation Tarsio et al.,1988;1988a

I

IV

In vitro Brownlee, 1983
Possible basis of immunocomplex Sensi et al., 1986
deposition

In vitro, associated with the Brownlee, 1985
Advanced stage of the Maillard
reaction
Loss of endothelial dependent Bucala, 1991; MonnierUROL
vasodilation; implicable In age-
related penile disfunction
Induced by ribose with site Tanakaetal.,1988
specific cross-linking
Inflamatory-like response Vlassara et al., 1988a; Pokhama et

al, 1992.
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antigenic (Sensi et al., 1986), thus hypothetically
potentiating damage by Maillard reaction.

Pentosídine in the aging-related changes

Pentosidine only accounts for a minor percentage
of the Maillard derived crosslinks, as proved by
in vitro and in vivo quantification, accounting
less than 1% of the collagen cross-links (Fu et
al., 1994). These levels are minor than that
derived from the lysil-oxidase activity. Despite
that, whereas pentosidine concentration in
collagen correlates with age, lysil-oxidase does
not show age-related changes. Thus, pentosidine
has been proposed as a probe for Maillard
reaction derived crosslinking. Reinforcing this,
pentosidine is preferentially located in the
collagen more insoluble fractions both in vitro
and in vivo. Moreover, these fractions and its
pentosidine concentration increase with age in
several tissues (Monnier et al., 1992; Bellmunt et
al., 1995).

The role of pentosidine as a direct pathogenic
agent remains unclear. In intervertébral disks can
be associated with the accumulation of other
products, which may induce interleukyne
secretion by condrocytes, thus potentiating
ulterior collagenase secretion by fibroblast, thus
contributing to disk senile degeneration (Figure
20). (Vlassara et al., 1988a; Pokhama et al.,
1992)

Pentosidine, or other products associated with
the advanced stage of Maillard reaction could
chelate NO (Bucala et al., 1991), thus interfering
with its functions. This implies AGE products in

Figure 20. Hypothetical role of AGE products in the senile
degeneration of intervertébral disk collagen. The
renovation of AGE-modfied collagen would impair with
ageing.

a general age-related loss of endothelial-
dependent vasodilation, observed both in vitro
and in vivo, (Bucala et al., 1991). At a local
level, the pentosidine accumulation in penile
tissues could be related to senile penile
disfunction (Jiaan et al., 1995).

Longevity, ageing and collagen
pentosidine concentration

The longevity of a specie, or maximum-lifespan
is a variable genetically encoded, being
modulated its expression in each individual by
genetica! and ambiental influences (aging
process). It has been proposed that the Maillard
reaction influences the aging process, thus
conditioning overall longevity. The Maillard
reaction would contribute, as oxygen -derived
free-radicals do, to an interspecific-universal
process of aging (Monnier, 1990). This
constitutes the Maillard reaction theory of aging.

The Maillard reaction-derived damage, measured
as pentosidine accumulation in skin collagen, is
correlated with the species-specific longevity.
Thus, the more longevous species show
significantly lower rates of pentosidine
accumulation than the less longevous species
(Sell et al., 1996). This result does not support a
direct pathogenic role for pentosidine itself. For
example, the levels of pentosidine of young
individuals in each specie, whose skin collagen
functionality should not be very different, ranges
from 12 pmcl/mg collagen to 0.5 pmol/mg
collagen. These results also show that, besides
collagen structure and glycemia, other factors, as
oxygen consumption and collagen turn over
affect significantly the rate of accumulation of
the products from the advanced stage of Maillard
reaction.

The aging-retarding treatments, such as dietary
restriction, influence the concentration of the
Advanced Maillard reaction products in
collagen. AGE-related fluorescence intensity is
decreased in the collagen of dietary-restricted
animals (Reiser, 1994). Moreover, dietary
restriction induces decreases in the rate of
accumulation of skin collagen pentosidine (Sell
et al., 1996), as well as in the pentosidine
concentration of tissues (Reiser, 1994).
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Figure 21. Hypothetical mechanism of AGE formation by ascoltate in lenses.

Lens proteins

Role of ascorbate and its oxidation
products in the modification of lens
proteins by the advanced stage of the
Maillard reaction

Generally, glucose is considered to be the major
initiating sugar of the Maillard reaction in the
ECM. Despite that, ascorbate might be the sugar
implicated in the age and cataract-related
browning of lenses. The incubation of lens
proteins with ascorbate remedes the age related
changes observed in lenses, specially
fluorescence, browning and cross-Unking (Table
18).

Despite the direct reaction between Lys and

Table 18. Age-related changes in the structure of
crystallines reproducible by ascorbate incubation

Change Reference
Fluorescence development
t Non-reducible cross-linking
Fragmentation

Benschetal., 1985
Idem
Garland et al., 1986

ascorbate has been proved (Larisch et al., 1996),
other data prove that dehydroascorbate (DHA),
the ascorbate oxidized form, is a very effective
browning agent for lens proteins (Prabahkaram
& Orthwerth, 1991). Accordingly, the presence
of trace amounts of transition metals is a
necessary requisite for ascorbate-derived
changes in lenses. Besides DHA, their
degradation products, such as di-keto-gulonic
acid (DKG), xylosone (Shin & Feather, 1990)
and threose (López & Feather, 1990), are very
reactive aldehydic compounds. The incubation of
lens proteins with these degradation products
leads to the rapid development of fluorescence
and crosslinking, several times faster than that
induced by ascorbate or glucose (Figure 21)

The age-related accumulation of advanced
Maillard reaction products in lenses may be
caused by an age-related increase in ascorbate
oxidation. This accumulation of advanced
Maillard reaction products could contribute to
the pathogenesis of cataractogenesis. In this line,
it has been described a loss of GSH in
cataractogenesis (Pau et al, 1990). This loss can
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be atributed to the age-related decrease in GSH
reducíase activity (Ohrloff et al., 1984).
Moreover, GSH has been used as an inhibitor of
the oxidative stages of the advanced stage of
Maillard reaction in lens proteins (Orthwerth &
Olesen, 1988). With reference to this, besides
GSH antioxidant properties (regenerating
ascorbate from DHA), GSH would inhibit
Maillard reaction as a dicarbonyl chelanting
agent, such as aminoguanidine or taurine.
Accordingly, both taurine and GSH lens
concentrations have been found decreased in
galactosemic animals, where cataract has a very
fest development (Kasuya et al., 1992). These
galactosemic animals show increased
fluorescence and cross-Unking, proving that
galactose is a potent initiator of the Maillard
reaction in vivo.

Fluorescence and
changes during aging

immunoreactivity

The fluorescence of lens proteins increases with
aging (Monnier & Cerami, 1991). This
fluorescence is associated with the presence of
HMW polymers, such as the denominated
fraction 3 (Swamy & Abraham, 1991) whose
fluorescence and crosslinking characteristics are
reproducible by the incubation of a-crystaUin
with glucose. With reference to other non-
specifical AGE properties, anti AGE
immunoreactivity increases in an exponential
way with aging in lenses (Araki et al., 1992).

Characterized products of the advanced
stage of the Maillard reaction

The pentosidine and CML concentrations in lens
proteins increase with age. Ascorbate and its
oxidative degradation products might be
pentosidine and CML precursors in lenses (Dunn
et al, 1990; et Nagaraj, et al., 1991; Slight et al.,
1992). Ascorbate (in oxidative media), DHA and
DKG are potent precursors of pentosidine in
vitro, when compared with glucose (Nagaraj et
al. 1991). Other sugars (such as fructose or
glucose) could serve as pentosidine precursors,
so it may be postulated that these sugars may
contribute to the diabetes-related increase in lens
concentration of pentosidine and CML, but not
to the age-related browning of lenses. Ascorbate-
oxidation derived carbonyls should play a major
role in the later phenomenon.

The direct role of pentosidine or CML in lenses
pathogeny has not been established. Pentosidine
contributes as a cross-link, possibly indicating
the presence of other cross-links, in major
concentration. In relationship with pentosidine
and cataract, pentosidine correlates with the
degree of cataract pigmentation in ageing
(Nagaraj et al., 1991), reinforcing the relation
between lens opacification and the advanced
stage of the Maillard reaction.

2.3.2.2 CHRONIC COMPLICATIONS OF
DIABETES

Overview
Recent epidemiological studies have stressed the
importance of a strict glycaemic control for the
prevention of diabetes long term complications
(DCCT, 1993). Thus, the sustained
hyperlgycemia is considered the major
ethiopathogenic factor for the development of the
chronic complications of diabetes. It is very
suggestive that both, hyperglycemia and long
time are the requisite for the formation of the
advanced Maillard reaction products. Therefore,
the pathogenical link between hyperglycemia and
long term diabetes complications could include
the accumulation of these products in proteins
through a direct effect or through their
interaction with cells. Reinforcing this
hypotheses, the age-related changes observed in
slow turn-over proteins, such as collagen or
lenses are reproduced, at a higher rate, in
diabetes patients.

Collagen

Fluorescence and immunoreactivity

The intensity of the fluorescence attributable to
the advanced stage of the Maillard reaction is
increased in the skin collagen obtained from
diabetic patients, when compared with healthy,
age and sex-matched individuals (Monnier et al.,
1986; Dyer et al., 1993). Moreover, the AGE-
fluorescence intensity correlates with time after
diagnosis, suggesting that the level of collagen
modifications attributable to Maillard reaction
correlate with the disease duration.

Collagen fluorescence is related to the diabetes
chronic complications development. The age-
adjusted levels of AGE-fluorescence are related
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to the retinopathy presence, arterial wall and
articular stiffness, as well as to hypertension in
diabetic patients (Monnier et al., 1986). Despite
the rate of accumulation of fluorescent products
does not show significant differences between
diabetes patients and healthy individuals, this
rate is directly related to degree of retinopathy.
Accordingly, it is hypothetized that diabetes
patients with low rate of accumulation of
fluorescent products, despite possesing higher
levels than healthy individuals would have less
probability for retinopathy development. These
data reinforce the relationship between the
advanced stage of the Maillard reaction and the
development of long-term diabetes
complications, in contrast with the initial stage,
whose levels in collagen or Hb are not associated
with retinopathy. (Monnier et al., 1986;
Dominiczak et al., 1990; Dyer et al., 1993)

Pentosidine and CML concentration

The concentrations of pentosidine and CML in
collagen are increased in diabetes patients.
Several reports reinforce this feet (Table 19),
despite the type of collagen, and consequently,
turnover rates must be taken into account. When
studying the concentration of pentosidine in skin
collagen, no significant differences are found
between the diabetes type n patients and healthy
individuals. In contrast, the concentration of
pentosidine in collagen front glomerular
basement is increased in these patients (Sell et
al., 1993).

The diabetes-related increase in concentration of
glycoxidation products can be either explained
by hyperglycemia or by increased oxidative
stress. To address this issue, theoretical
estimations of glycoxidative damage have been
done accounting age, CML and pentosidine
concentrations at diabetes onset, as well as mean

HbAlc during the disease duration. These
calculations suggest that the increased
glycoxidation of skin collagen during diabetes is
mainly due to hyperglicemiapcr se (McCance et
al., 1993).

Relationship with glycaemic control

Glycaemic control at short/medium term does
not influence the collagen concentration of
glycoxidation products, despite recent reports
stress the positive influence of long/chronic
glycaemic control (Nagaraj et al, 1996a; Odetti
et al., 1996). After a short (4 months) period of
strict glycaemic control, Amadori product
concentration of collagen decreases, whereas
fluorescence intensity, CML and pentosidine
concentrations do not change (Lyons et al.,
1991). Moreover, after 1-3 years the most
favourable glycaemic control obtains only a
reduction of 10% of collagen fluorescent
products (Beisswenger et al., 1993a; Salmela et
al., 1995). In contrast, longer and stricter periods
of glycaemic control affect positively AGE
collagen accumulation. A Diabetes Control and
Complications Trial Research Group (DCCT)-
associated study shows that intensive treatment
leads to collagen-linked fluorescence and
pentosidine lower than that of patients on
conventional treatment (Monnier et al., 1995). In
animal models the strict glycaemic control,
obtained by accurate insulin therapy can prevent
the accumulation of advanced Maillard reaction
products (measured as collagen AGE-related
fluorescence and pentosidine concentration)
(Odetti et al., 1996). Reinforcing the influence of
glycaemic control in collagen pentosidine levels,
individuals with higher HbAlc levels show
higher pentosidine skin concentration (Sell et al.,
1992). A recent work demonstrates the existence
of tissue specific effects of hyperglycemia, in
therms of pentosidine accumulation. Pentosidine
increased accumulation requires an

Table 19. Effect of diabetes in the collagen concentration of advanced Maillard réaction products

Effect
t Pentosidine concentration

No changes in pentosidine
concentration
t Pentosidine concentration

tCML concentration

Organ/tissue
Skin

Skin

Gkxnenilar basement membrane

Skin

Comment
Type 1 Diabetes Mellrtus patients

Type II Diabetes Mellrtus patients

Type II Diabetes Mellrtus patients

Type 1 Diabetes Mellrtus patients.
Correlation between collagen
fluorescence, pentosidine CML and
Amadori product

Reference
Sell et al.,
1992
Sell et al.,
1993
Sell et al.,
1993
Dyer et al.,
1993
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Table 20. Relationship between the concentration of advanced Maillard reaction products in skin collagen
and chronic diabetes complications.

Maillard reaction
product

Pentosidine

Pentosidine

Pentosidine, CML

Complication

Retinopathy, arterial
stiffness, articular
stiffness

Nephropathy,
retinopathy

Retinopathy,
microalbuminuria

Comment

Type I Diabetes Mellitus patients,
Pentosidine concentration correlates
with AGE-fluorescence

Type 1 Diabetes Mellitus patients,
pentosidine concentration correlates
with the presence of the nephropathy
and retinopathy early stages.

Insulin-dependent diabetes meffitus
patients, CML and pentosidine are
included in a logistic regression
model as predictor variables

Reference

Sell et al., 1992

Beisswenger et al., 1993

McCance et al., 1993;
Dyer, etal.1993

"hyperglycémie threshold" in lenses, whereas
LM-1 not. These effects are different in collagen
(Nagaraj et al, 1996a). Overall, these facts
reinforce the low reversibility of glycoxidative
changes in collagen.

Relationship with the long-term
complications of diabetes.

Pentosidine and CML concentrations in skin
collagen are related to the presence and degree of
long term diabetes complications. Sustained
hyperglycemia, the major causal factor for the
development of chronic complications can exert
its effects through Maillard reaction. Thus,
pentosidine and CML levels (a measure of the
hyperglycémie damage) in skin collagen
correlate with the presence and the degree of
several chronic complications, such as
retinopathy and nephropathy (Table 20)

Skin collagen concentrations of CML and
pentosidine, diabetes duration and age can be
included in a logistic regression model as "risk
factors" for retinopathy and nephropathy. These
data confirm that sustained hyperglycemia leads
to an accumulation of AGE products in collagen.
The in vitro data about free radicals in
glycoxidation products formation, allow to
postulate the role of oxidative stress as
"fixative" of the glycémie damage, being these
modifications difficultly reversible (McCance et
al., 1993).

Effects of the advanced stage of Maillard
reaction in collagen

The damage of collagen by the advanced stage of
the Maillard reaction could contribute to the
pathogenesis of the long-term diabetic
complications by several mechanisms, most of
them in common with the observed in aging
(Table 17) . These include changes in the
mechanic properties of collagen, leading to
increase stiffness (clinically observed in joints
and arteries), as well as in the chemical
properties,such as disturbances in the
interactions with other ECM molecules or cells,
LDL entrapment, and NO chelation. With
reference to collagen crosslinking, the
mechanisms by which this collagen becames
crosslinked are related to the formation of
Amadori products and its oxidative degradation,
being impücated H2O2 (Elgawish et al., 1996).
With reference to the relationship AGE-NO,
incubation of proteins modified by AGE-
products with NO leads to an chelating effect,
directly related to the AGE concentration
(Buccala et al., 1991). This fact is reinforced by
in vivo data, being shown that the maximum
losses of endothelial vasodilator responses in
diabetes is coincident with the maximum amount
of AGE immunoreactivity (Bucala et al., 1991).
Moreover, periodic injection of AGE peptides
leads to defective vasodilation in normoglycetnic
animals (Vlassara et al., 1992). These data
reinforce the role of advanced Maillard reaction
in the vascular relaxation deffects observed in
diabetes and ageing (Oyama et al., 1986; Meraji
étal., 1987).



INTRODUCTION 32

Lens proteins

In diabetic animals, polyol pathway (Figure 9)
activation increases the concentration of
advanced Maillard reaction products, by
increasing intralenticular concentration of
fructose and other reactive sugars such as F3P.
The inhibition of one of the polyol pathway
enzymes (aldose reducíase) leads to lower
fluorescence and pentosidine concentration in
lens proteins. The increased activity of aldose
reducíase, besides generating reactive sugars,
with higher reactivity than the Maillard reaction
initiators, may induce ihe accumulation of
advanced Maillard reaction products through
GSH depletion. This GSH depletion would lead
to decreased ascorbate regeneration, and
increased ascorbate oxidation by producís, such
as DKG, etc. (Nagaraj & Monnier, 1994).

Pentosidine concentration in lens proteins is
related with glycaemic control. Pentosidine
concentration in lenses were only increased in
animals under poor glycaemic control,
suggesting ihe presence of a "sustained
hyperglycémie" threshold for pentosidine
formation, whereas fluorescence or LM-I
reflected more closely glycaemic conlrol
(Nagaraj et al., 1996).

Other proteins

The products of the Maillard reaction advanced
stage have been studied in other proteinic
fractions with reference to diabetes. The studied
proteins include plasma proteins, lysates of
erythrocytes, lipoproteins as well as intracellular
proteins such as hemoglobin, growth factors, etc.
However, the unknowledge about AGE
structures, as well as their low amount in
proteins with low turn-over, have difficulted the
work with oiher proteins.

Plasma proteins

The absolute concentration of pentosidine in
plasma (1 pmol/mg) is several times lower than
that in collagen. This is attributable to
differences in turnover between these proteins.
The pentosidine concentration in plasma is

increased in diabetic individuals, being the higher
levels observed in end-stage renal disease
patients (Odetti et al., 1992).

Erythrocyte proteins

The presence of immunoreactive AGE has been
reported for Hb, despite the product/s
responsible for this characteristic remain
unknown. This modification accounts for a
minor percentage of the total Hb amount
(0.42%), ten-fold lower to ihe reported for
glycated forms (Malata et al., 1992a).

In diabetic individuals, the percentage of Hb-
AGE increases (0.75%) (Makita et al., 1992a).
Despite the short term (4 weeks) glycaemic
control does not decrease Hb-AGE, the strict
glycaemic control during longer times (3 months)
leads to decreased Hb-AGE levels. Accordingly,
it has been suggested ihat HbAGE may be used
as an indicator of the in vivo rate of advanced
Maillard reaction, integrating glycémie levels at
a longer term than glycaled Hb (Wolffenbuttel et
al., 1996)

Pentosidine is found in the hemolysate, although
in a lower concentration than the plasmatic ones.
The lower intraerythrocytic pentosidine
concentration might be explained by the presence
of system for metabolism of pentosidine
precursors (Odetti et al., 1992).

The pentosidine concentration in hemolysate is
not increased in diabetic individuals. In contrast
with this fact, pentosidine concentration in the
hemolysate of uremie indivuals is increased
respect thai of healthy subjects (Odetti et al.,
1992). This data, as well as plasmatic
pentosidine measurements, suggests that renal
function is necessary for clearance of the
advanced Maillard reaction precursors. In this
line, in accordance with the high prevalence of
atherosclerosis in urémie patient, it is reasonable
to associate the advanced stage of Maillard
reaction products and atheromatosis.

LDL

LDL modification by the advanced stage of ihe
Maillard reaction leads to potentially pathogenic
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changes in several ceil populations, related to the
pathogenesis of long term diabetes
complications. On one hand, glycoxidized LDL
induce retinopathy-related changes in retina
endothelial cells and perycytes (table 21),
including changes in proliferation rate and
fibrinolityc homeostasis, losses on
hematorethinal impermeability and concomitant
increases in trombogeneity. Hypothetically, the
increased permeability would lead to increased
extravascular deposition of plasmatic molecules,
that would induce perycyte loss by direct toxic
effects. On the other hand, it has been proved
that the modification of LDL lipid or protein
components by the advanced stage of the
Maillard reaction increases lipid peroxidation
(Bucala et al, 1993; 1994) thus contributing to
atherosclerosis.

Protein turnover and sugar reactivity

The accumulation of advanced Maillard reaction
products intracellularly is limited by the
presumibly high turnover of the proteins in this
location, when compared with the extracellular
localized ones or with the intracellular proteins
without turnover (such as crystallines). This
restraint may be surpassed by the reactivity of
some intracellular carbohydrates (Figure 22).
These include several glycolitic intermediates,
such as glyceraldehyde-3-phosphate, (whose
concentration in insulin independent cells may be
increased in diabetes (Mullokandov et al.,
1994)), or other reactive sugars, such as
fructose.

Table 21. Potential pathogenic effects of LDL
(notifications by the advanced stage of Maillard reaction
in the development of diabetes long-term complications.

Effects
Endothelial cell and pericyte citotoxicrty
tPlasminogen activator Inhibitor Factor I activity
No changes in tissue plasminogen activator secretion
tLDL deposition
tLDL oxidation

Advanced stage of the Maillard reaction in
the intracellular compartments

The intracellular modification of proteins by the
advanced stage of Maillard reaction has been
demonstrated in several cells with higher protein
turnover than that of erythrocytes or lenses. This
modification has been implicated in the
pathogenesis of the long-term diabetes
complications.

Evidence
reaction

of intracellular advanced Maillard

" The incubation of cells in hyperglycémie media
leads to the modification of intracellular proteins
by AGE. Endothelial cell culture in media with
glucose concentration similar to the plasmatic in
diabetes individuals leads to AGE accumulation.
Among several proteins modified in this system,
basic fibroblast growth factor is one of the major
targets of immunogenically detectable-AGE
formation. The modification of this growth
factor with AGE reduces its mitogenic activity in
a 70% (Giardino et al., 1994). Besides growth
factor modification, recent data states that AGE
intracellular formation induces an increase in
oxidative stress (Giardino et al., 1996). These
data provide evidence for the potential

F6P F1.6P GA3 DHAC 6A F1P

Rgure 22. Reactivity of the glycolitic and polyd pathways intermediate metabolites in the formation of immunogenically
detectable AGE-BSA (BSA was incubated in 5 mM of each intermediate for 14 days; DHAC: Dyhydroxyacetone;
RFructose; F6P: Fructose 6-Phosphate FÎR Fructose 1P; F1.6P: Fructose 1,6 Diphosphate ; GA3: Glyceraldehyde 3
phospate; GA; Glyceraldehyde) (Modified from Mamada et al., 1996.)
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relationship between diabetic complications and
intracellular advanced Maillard reaction

The AGE-fluorescence in histones obtained from
liver of diabetic rats is higher that that observed
in the histones of healthy rats (Giuglucci &
Bendayan, 1995). These data reinforce the
intracellular presence of advanced Maillard
reaction products in vivo in cells with protein
turn-over.

Moreover, recent data demonstrates that protein
modification by the advanced stage of the
Maillard reaction in a pancreatic ß-cell line,
which occurs in vivo under chronic
hyperglycemia, specifically suppresses insulin
gene transcription and thus can explain part of
the ß- cell glucose toxicity (Matsuoka et al.,
1997).

ONA damage by Maillard reaction

DNA can be accounted among the targets of
intracellular advanced Maillard reaction. Despite
an unequivocal evidence for DNA glycation or
glycoxidation in vivo is missing, in vitro DNA
modification by AGE has been reported. The
AGE-modified DNA would induce DNA
transposition in procaryotic and eucaryotic cells
(Bucala et al., 1984). These modifications, as
well as the reported for histones, would
contribute to diabetes-linked theratogenesis
(Giuglucci & Bendayan, 1995).

2.3.2.3 CELLULAR INTERACTION WITH
PROTEINS MODIFIED BY THE
ADVANCED STAGE OF MAILLARD
REACTION

Overview

The cellular interactions with proteins modified
by the advanced stage of Maillard reaction are
explored as a possible pathway for damaged
proteins removal, and also as a
pathophysiological mechanism for age and
diabetes-related complications. Besides the direct
effects on the protein structure and function, the
modification of proteins by the advanced stage of
Maillard reaction changes the characteristics of

their cellular interactions. This change has been
specially studied in the ECM proteins, where the
in vivo modification by advanced Maillard
reaction has been confirmed (Vlassara et al
1985; 1987; 1988a)

The research of cellular interactions with AGE-
proteins is affected by several drawbacks. On
one hand, the changes in cellular physiology are
often evaluated with proteins modified by the
advanced Maillard reaction in vitro. On the other
hand, the advanced Maillard reaction structure/s
potentially "recognized" by cells remain
unknown. In this line, it would be more
informative a survey for the receptors of
pentosidine, pyrraline, CML-modified proteins,
instead of using inespecifically modified "AGE-
proteins" as a potential ligands. Moreover, it is
known that inespecific changes in viscosity and
adherence influence cell comportment. Thus,
these physical properties can explain some of the
results reported for the interaction between
AGE-protein and cells (Shaw & Crabbe, 1994).

The modification of proteins by the advanced
Maillard reaction may be a signal for the protein
renewal by cells. Accordingly, these AGE-
marked proteins would be selectively removed,
metabolized and the resulting AGE-residues
eliminated by renal filtration (Vlassara et al.,
1988; Makita et al., 1992) (Figure 23), despite
some authors (Vlassara, 1994a) postulate the
reactivity of some of these circulating AGE
moieties.

Several cells count with putative AGE-binding
proteins (Table 22). These include cells related
to ECM maintenance, such as macrophages,
microglial cells, fibroblasta or mesangial cells.
Some other cells, such as vascular smooth
muscle cells, lymphocytes, hepatocytes, and even
neurons also show binding structures for AGE

Rgure 23. Hypothetical AGE metabolism in extracellular
matrix and origin of circulating AGE moieties.
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Tabte 22. Cd! populations with AGE-binding proteins

Cell Binding protein/receptor Reference
Hepatocyte
Endetterai cell
Vascular smooth muscle cell
Neuronal

PC12
Developing cortical neurones
Alzheimer disease cortical neurones

Microglial cefi
Lymphocyte
Fibroblast
Monocyte/macrophage

AGE-R p60 (OST-48) & p90 (HMW80)
RAGE-LF
RAGE-LF

RAGE-LF
RAGE-LF
RAGE-LF
RAGE-LF
AGE-R
AGE-R
RAGE

AGE-R

MSR type II

Yang et al., 1991; Li et al., 1996
Brett et al.-, 1993
Brett et al., 1993

Brett et al.. 1993
Mori et al., 1995
Yanetal., 1996
Yanetal., 1996
I mani et al., 1993
KJrsteinetal., 1990
Schmidt et al., 1993a; Brett et al.,
1993
Radoff et al., 1988; Yang et al.,
1991; U et al., 1996
El Khourì et al., 1994; Arala et al.,
1995

proteins. The AGE-binding cellular proteins are
classifiable into several categories, including the
macrophage-scavenger receptor (MSR), the
AGE-receptor (AGER) and the receptor for
AGE/Lactoferrine complex (RAGE-LF)

Extracellular matrix cells

Monocyte/macrophage

Overview

Monocyte/macrophage and some of their derived
lines exhibit membrane proteins with capacity
for binding AGE-proteins. These cells would
incorporate the AGE-modified structure,
initiating then a series of events with the tissue
renovation as the final goal.

Chemotaxis

The proteins modified by the advanced stage of
Maillard reaction in vivo or in vitro induce
monocyte and macrophage chemotaxis. LDL,
myéline and HSA isolated from diabetic
individuals are more potent chemotactic factors
than those obtained from healthy individuals
(Vlassara et al., 1985). The in vitro modification
of these proteins by the advanced Maillard
reaction confers them chemotactic properties
(Kirstein et al., 1990). RAGE, a protein initially
described in endothelial cells (see the endothelial
cell subpart) mediates AGE induced chemotaxis

(Schmidt et al., 1993). Moreover, AGE-RAGE
interaction mediates the diapedesis in monocyte
cells. Once arrived to the chemotaxes source, the
macrophages are fixed by immobilized AGE-
proteins (Schmidt et al., 1993).

The structure of the major chemotactics AGE
remains to be established. Moreover, it has to be
studied how the protein/s modified by the
advanced Maillard reaction (initially insoluble)
reach circulation, in order to constitute real
chemotactics. The resident macrophages may
contribute to this function.

Binding

Several membrane proteins (Table 22) interact
with AGE proteins in macrophages, monocytes
and macrophage derived lines (Vlassara et al.,
1985; Viassar et al.a, 1986). These include a 90
kD protein localized in RAW-264.7 a
monocyte/macrophage derived line (Radoff et
al., 1988; Radoff et al., 1990); two proteins of
60 kD and 90 kD, initially reported in the liver
(Yang et al., 1991), thermed collectively as
AGE-R. These proteins would mediate in the
interaction of AGE-modified proteins with
macrophages.

Monocytes/macrophages are able to interact
specifically with cells whose structures are
modified by the advanced stage of the Maillard
reaction in vitro (Vlassara et al., 1987). This
interaction would be needed for the removal of
cells damaged by this reaction. These include
cells with low protein turnover, such as the
erythrocyte. This mechanism, would contribute
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for the lower circulation time of erythrocytes in
diabetes, besides cytoesqueletal protein
modification by Maillard reaction, and other
factors.

RAGE complexes with lactoferrin (LF) also
mediate the binding of AGE-modified proteins in
monocyte/macrophages. This binding is inhibióle
by an anti-RAGE antibody and/or by soluble
RAGE moiety (sRAGE), demonstrating its
specificity (Schmidt et al., 1993).

Macrophage scavenger receptors (specially the
type II) mediate the binding of AGE proteins (el
Khouri et al., 1994; Araki et al., 1995). Antì
MSR-I and MSR-II antibodies limit the
interaction of collagen modified by the advanced
stage of the Maillard reaction in vivo with
macrophages. The interaction between MSR-II
and AGE-proteins has been located at the protein
fragment placed between the MSR-II residues
327-343. This interaction inhibits the binding of
acetylated LDL (a common MSR-type II ligand)
to these cells, probably by direct competition.
Moreover, transfection of type n-MSR to cells
without this protein, permits their binding to
AGE-modified proteins. This binding is inhibible
by anti-MSR-n or by acetylated LDL (Araki et
al., 1995). In summary these data suggest that
MSR-n plays a role in the interaction between
AGE-proteins and monocyte/macrophage. These
AGE modified proteins may compete with
oxidatively modified LDL for MSR-n binding
sites, thus contributing to their increased
plasmatic levels in diabetes.

Regulation of the expression of AGE-
binding proteins

The expression of AGE-binding proteins in
macrophage and macrophage-derived cell lines is
regulated by hormones and local messengers,
including insulin and other factors.

Insulin.lt is known that insulin downregulates
AGE-R expression in vitro and in vivo.

Macrophages isolated from db/db (C57B1/6)
hiperinsulinemic diabetic mice, exhibit less
AGE-binding activity (50%) than the
macrophages isolated from their
normoinsulinemic counterpart (Vlassara et al.,
1988). These phenomena may be of relevance in
hyperinsulinemic type II diabetes mellitus
patients.

Tumor necrosis factor (TNF).TNF leads to an
increase in binding, endocytoses and degradation
of AGE-albumin in vitro, besides macrophage
proliferation. It also induces a decrease in the
circulation time of erythrocytes modified with
Maillard reaction products (Vlassara et al.,
1989). In accordance with AGE-induced TNF
secretion by macrophages (see Table 23), it may
be hypothesized that AGE induces TNF
secretion, and this factor, in an autocrine
fashion, would increase AGE-R expression,
adjusting it in accordance with local demands
(Vlassara et al., 1989).

Effects of AGE binding

The interaction between proteins modified by the
advanced stage of the Maillard reaction and
monocytes/macrophages induces the synthesis
and release of cytoquines and growth factors.
Among these, one should count several
mediators (Table 23) that may participate in
tissue remodelling. Both, soluble and ECM AGE
proteins induce this secretion.

Besides growth factor and cytoquine secretion,
the interaction of macrophages with AGE
proteins, through MSR-II, induces changes in the
plasminogen activator activity. These changes
consist mainly in an increase in their urokinase-
type activity, throughout GM-CSF secretion.
These mechanisms, implicable in tissue
remodelling, would play a potential role in the
increased atherogenesis observed in diabetes
(Saishoji et al., 1995).

Table 23. Factors secreted by the macrophage after AGE-protein binding

Factor Reference
TNF
Interteucin-l-p (IL-IP)
Platelet derived growth factor (PDGF)
Insulin-like growth factor type 1 (IGF-1)
Granutocyte-monocyte colony stimulatig factor (GM-CSF)

Vlassara et al., 1988a
Vlassara et al., 1988a
«Meinet al., 1990a
KJrsteinetal., 1992
Yuletal.. 1994
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These data are in accordance with the hypothesis
of advanced Maillard reaction as a signal for
tissue renewal inducing the synthesis and release
of cytoquine and growth factor synthesis. This
process, that may be overcharged by the
hyperglycémie stress of diabetes, would
contribute in the pathogenesis of its long term
complications.

Lymphocytes

Lymphocyte express AGE-R. Human T cells,
and murine CD4+,CD8+ cells express binding
sites to AGE proteins, decreasing K¿ values after
phytohemaglutinin stimulation (Imani et al.,
1993). The interaction between AGE proteins
and T cell induces secretion of y-interferon. This
factor may mediate in the collaboration between
macrophages and T cell in tissue renovation.
This hypothesis is reinforced by the finding of
activate T cells in atherosclerotic lesions, thus
suggesting that T cells participate in the
extracellular matrix changes implicated hi this
disease (Libby & Hanson, 1991; Stemme et al.,
1991).

Table 24 Effect of AGE proteins in the mesangial œil
expression of ECM genes.

t Lévete nRNA of type IV collagen
t Levels nRNA of Laminins A, Bi, BÎ
t Heparar sulphate synthesis

As described for the macrophages, these changes
are dependent on PDGF signaling (Striker et al,
1991), ifaus suggesting that this growth factor
play a key role in the increased ECM secretion
induced by AGE, which may be in the basis of
diabetic glomerulosclerosis. Neither PDGF alone
nor in combination with IGF-1 leads to increase
the expression and secretion of type IV collagen
by mesangial cells, suggesting that AGE
concurrence is a necessary factor. In contrast
with these data, several works suggest that
hyperglycemia per se leads to increased ECM
expression and synthesis (Lorenzi, 1992;
Hamadaetal., 1991).

Vascular tissues

Endothelial cells

Fibmblast and mesangial cells
Binding

Fibroblast and fibroblast-derived cellular lines
(FS4) interact with AGE-proteins. These cells
express binding sites with low Kj values, in the
nM range. The interaction of AGE with
fibroblast induces epithelial growth factor (EGF)
expression and secretion. Moreover, AGE
interaction with fibroblast also leads to the
expression of EGF-receptor, suggesting that
AGE may be a signal for an EGF-autocrine-
based proliferative mechanism.

Mesangial cell interaction with AGE protein
induces changes in its level of ECM gene
expression. AGE binding sites have been
reported in these cells, belonging to the AGE-R
family (Skolnik et al., 1991). The interaction of
these cells with AGE proteins leads to changes in
synthesis and secretion of several ECM
molecules (Table 24) (Doi et al, 1992),

Endotheüal cells express several systems that
interact with proteins modified by the advanced
stage of Maillard reaction. This interaction has
been extensively studied in the case of the
complex formed between RAGE (for Receptor of
AGE proteins) and lactoferrin (LF) (Figure 24)

Chemotaxis
Free Racfcal generation

NF-«B franscription
Phagocytosis

Figure 24. Schematic representation of RAGE-IF
complexes and AGE products interaction
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Table 25. AGE-induced changes in endothelial cells

Change
t Permeability

t Oxidative stress
t Tromboplastin activity
1 Trombomodulin activity
t Migration
t Intef1eucirv€ secretion
t Soluble vascular adhesion molecule (VCAM) secretion
t Endothelin 1 secretion

Ligand characteristics
AGE-BSA

RAGE-specific
RAGE rC"=cific
RAO1-.-.->2Cific
AGE-BSA
RAGE-specific
RAGE-specific
RAGE-specific

Observed in vivo Reference
S Esposto et al., 1989;

Wautieretal., 1996
/ Wautieretal.,. 1996

Idem
Idem
Tezukaetal., 1993
Schmidt et al., 1994

/ Schmidt et al., 1996
Wautieretal., 1996

(Schmidt et al., 1992; Neeper et al., 1992,
Schmidt et al., 1993).

RAGE has a sequence highly homologous with
the members of the Ig receptors superfamily, so
it has been hypothesized that AGE is an
accidental Ugand (Brett et al., 1993). The
structure and distribution of RAGE suggest its
role as an intercellular or cell-matrix adhesion
molecule. Moreover, it has been suggested a
possible function as a receptor for cytoquines
and growth factors, similarly to other members
of the superfamily, as the intercellular adhesion
molecule I (ICAM-I) (Schmidt et al., 1993). This
role is confirmed in neuronal populations, but
has not been proved in endothelial cells.

With reference to LF, the binding capacity of
RAGE-LF complex is independent of the iron
binding of LF. LF interaction with AGE requires
the integrity of a 17 residues loop, bridged by
Cys-Cys. This motive is common with lysozyme
and other antimicrobial proteins, so that
interaction between lysozime or LF and AGE
proteins occurs. Moreover, it has been
demonstrated that this interaction impairs their
antimicrobial potential. This would contribute to
the high susceptibility to bacterial infections in
diabetes patients (Li et al., 1995).

Effects of AGE binding

The interaction of endothelial cells with AGE
proteins results in changes in its metabolic,
functional and secretory characteristics (Table
25). These changes consist mainly in increased
permeability and secretion of several factors,
leading to a leak-prone and pro-thrombotic
endothelia. These changes may contribute to the
pathogenesis of diabetic microangiopathy.

Increase in permeability. The AGE-RAGE
interaction induces an increase in the

permeability of endothelial cell monolayers. This
is due to the formation of pores with diameters
ranging 1 to 3 urn. This situation is reversible
and mediated by a RAGE specific increase in the
oxidative stress. The AGE-bearing molecule can
be pinocytosed, and is accumulated in lisosomal
vesicles as well as deposited subendothelially.
Locally, these subendothelial particles may
produce toxic effects, such as free radical
generation (Wautier et al., 1996).

*
Increase in oxidative stress. Endothelial cell
interacts with erythrocytes modified by the
advanced stage of Maillard reaction (Table 25).
This interaction, which is RAGE-dependent,
increases the adherence of erythrocytes to
endothelial cells, also leads to changes in the
endothelial cell metabolic characteristics, mainly
through an increase in oxidative stress (Wautier
et al., 1994; Van et al., 1994).

Table 26. AGE-erythrocyte induced changes in endothelial
cells in vivo

t Ttobarbituric acid reactive products (TBARS) concentration
t NF-icB (transcription factor) levels
t Heme-oxydase activity
t Matondiaktehyde-protein adducls concentration

The increase in oxidative stress induced by
AGE-RAGE interaction may be explained by
several phenomena. On one hand, AGE-protein
or AGE-protein precursors could generate free
radical intermediates (Hunt et al., 1988). In this
line, RAGE would anchor a free radical source
to the cell. On the other hand, it is conceivable
that AGE-RAGE interaction may start a signal
transduction pathway, that may end in an
increased expression of pro-oxidant enzymes
such as heme-oxygenase.

It can be stated, however, that the AGE-modified
erythrocytes are not formed in sufficient amounts
in vivo. Erythrocytes isolated from diabetic
animal specimens, when infused into healthy
animals, induce an increase in TBARS in liver,
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as well as an increased clearance rates, in a
RAGE-specific fashion (Yan et al., 1994a).

A recent work shows that RAGE expression in
endothelial cells is enhanced in several
pathological situations. TTiese include
arteriosclerosis, atheromatosis, and associated
vasculitis, not being restricted to diabetes (Abel
et al., 1995; Greten et al., 1996)

Smooth muscular cells

Vascular smooth muscular cells express RAGE.
This expression is enhanced in animals infused
with AGE-erythrocytes. Moreover, smooth
muscular cells and myocite in culture express
mRNA for RAGE (Brett et al, 1993). The
effects of the interaction between AGE-RAGE in
this cell population remain unknown. Recent
data state that the interaction of AGE proteins
with smooth muscular cells induces chemotaxis
(Higashi, 1997).

Neurons and glia

Neurons

Several neuronal populations (such as
motoneurons, cortical and periferie nerve
neurons) as well as neuroblastoma Unes (PC 12)
express RAGE. In developing cortical neurons,
RAGE is a receptor for amphoterin (Hori et al.,
1995), a neuronitogenic pohpeptide. The
interaction between RAGE and amphoterin leads
to neuronitogenesis. Moreover, rats during
development co-express RAGE and amphoterin
mRNAs. The signal pathway of this system
remains unknown, as well as the role of
amphoterin on other cells expressing RAGE,
such as endothelial cells or macrophages. It is
also unknown whether RAGE-amphoterin
interaction increases oxidative stress in neurons
or whether in situ formed AGE could compete
for amphoterin in the developing brain.

It has been recently proved (Yan et al., 1996)
that RAGE interacts with ß-amyloid (ßA). This
interaction increases oxidative stress and NF-KB
expression in neurons and endothelial cells. The
RAGE gen contains a promotor with sites for

NF-KB binding, thus suggesting that RAGE
expression could be under a positive
autoregulation (Yan et aL, 1996) in Alzheimer
disease patients.

Microglial cells

Microglial cells express RAGE. This expression
may be important in Alzheimer disease
pathogenesis. RAGE-ßA interaction induces the
excretion of TNF by nñcroglial cells, which
could contribute for the chronic inflamatory
component observed in this pathological
condition (Yan et al., 1996).

Conclusion

Data exposed above suggest the presence in vivo
of a biological system linked to the advanced
Maillard reaction with a dual function. On one
hand, the adherent and chemotactic properties of
AGE for endothelial and macrophage cells, as
well as the AGE induced
endoc\toses/transcytoses, would allow these
cells to initiate a removal process of AGE
proteins. On the other hand, the cytoquines and
growth factors released by macrophages,
mesangial or fibroblast would stimulate
extracellular matrix production in order to
replace removed molecules. This elegant process
would be compromised both by hyperglycemia
(resulting in increased AGE synthesis) and by a
functional loss on ageing (that may be related
with the advanced Maillard reaction itself).

2.3.2.4 ORGANIC EFFECTS OF
ADVANCED MAILLARD REACTION
PRODUCTS

The infusion of proteins modified by the
advanced stage of Maillard reaction to otherwise
healthy animals causes pathology. Thus, short
term (2-4 weeks) injection of an enzymatic lysate
of AGE proteins causes several effects. These
changes, induced at a concentration of these
AGE-peptides equal to the observed in diabetic
animals, are mainly localized in the vascular
system (Table 27) (Vlassara, 1992).
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Table 27. In vivo effects of AGE peptides

Effect Specie
Short term

T Vascular permeability
Mononuclear cell extravasation (both lymphocyte and monocyte)
4- NO vascular sensitivity

Long term
Renal hypertrophy
Glomerular hypertrophy
Tubular hypertrophy
Albuminuria
Arteriolar and glomerular basement membrane hypertrophy
ÎLaminine and collagen type IV expression
tGrowth factor secretion

Rabbit, rat
Rabbit, rat
Rabbit, rat

Rabbit, mice
Rabitt, mice
Rabit, mice

Mice
Rat, mice

Mice
Mice

Long term injections (2 months) induce further
pathological changes, besides the modifications
described above. These changes (Table 27) show
some interspecific differences, but are very
similar to pathological events present in diabetic
nephropathy (Puh et al., 1992), with secretion of
tpe IV collagen and laminin (Yang et al., 1994).
Treatment with AGE formation inhibitor
aminoguanidine prevents these changes, although
the AGE injected are supposedly not reactive.
These changes also include, in a functional level,
albuminuria. Despite the previous evidence for
PDGF role in nephropathy development, no
increase in the levels of this factor can be
observed in this model (Yang et al., 1994).

These data reinforce the direct pathogenic role of
in vitro and possibly in vivo advanced Maillard
reaction, as a cause of the functional and
structural pathogenic changes in
glomerulosclerosis, besides the hyperglycemia
itself (Vlassara, 1994; 1994a).

2.3.2.5 RENAL FUNCTION AND
ADVANCED STAGE OF THE MAILLARD
REACTION

Overview

The activation of extracellular or intracellular
proteolysis on proteins modified by the advanced
stage of the Maillard reaction results in the
dumping of immunologically detectable AGE-
peptides or AGE-aminoacids to the plasma.
These low molecular weight AGE, ranging 2 to 6
kD (LMW-AGE) would be eliminated through
glomerular filtration. With reference to the first
steps of these phenomena, the proteolysis, the in
vivo agents that digest AGE-modified proteins

remain still unknown, but several indices point to
the macrophages. In any case, the resulting
products are excreted by the renal function.
Accordingly, the plasmatic LMW-AGE
concentration correlates with renal function
(Makitaetal., 1991; 1994).

Diabetic nephropathy

This AGE-clearance function is maintained on
early diabetes. However, the progressive loss of
renal functionality, attributable to the advanced
Maillard reaction itself, specially in mesangial
ECM, or to the cellular reaction to these AGE,
leads to increased LMW-AGE concentration in
plasma. Thus, the immunogenically detectable
AGE levels increase eight-fold at the end-stage
of the renal disease (Makita et al., 1994). This
data is confirmable by chromatography of
glicoxidation products. The concentration of
plasmatic pentosidine increases by twenty-fold in
uremie individuals (Odetti et al., 1992).

The role of kidney function in AGE elimination
may be explained by several mechanisms. The
filtration of LMW-AGE eliminates directly these
potentially toxic products and their precursors.
Moreover, kidney contains a high amount of
dicarbonyl reducing enzymes. In this line,
urinary [3-DG]/[3-DF] ratio is significantly
minor than the plasmatic one. In uremie
individuals, the concentration of 3-DG increases,
suggesting that both losses in filtration and in
reducing activities are associated to renal
insufficiency (Niwa et al., 1995).
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Dialysis treatments

2.3.2.6 ALZHEIMER DISEASE AND THE
ADVANCED STAGE OF THE MAILLARD
REACTION

Dialysis modality treatments differ on their
efficiency on eliminating LMW-AGE. When
comparing AGE and creatinine clearance values,
the conventional hemodialysis treatments result
in lower LMW-AGE elimination. The higher
efficiency is observed for high-flow hemodialysis
(Makita et al., 1994). These data reinforce the
role of the kidney as an AGE-precursor
metabolizing organ, because the rapid rise in the
levels of these LMW-AGE after dialysis could
be explained by an excess of AGE precursors
(Makita et al., 1994). Renal transplantation is
the only therapy that leads to normalization of
the LMW-AGE plasmatic concentration

Uremia is associated with extrarenai morbidity
(specially cardiovascular), through the presence
of the so-called uremie toxins. The LMW-AGE
may contribute to these toxins (Vlassara,
I994a). It is well-known that the incidence and
prevalence of cardiovascular disease in the
diabetic patients affected of renal insufficiency is
very high (Friedman, 1992). The interaction of
LMW-AGE or its precursors with vascular
tissues, may multiply the deleterious effects of
hyperglycemia. Accordingly, AGE-peptides
isolated from uremie individuals react in vitro
with collagen or LDL, modifying collagen
mechanic properties and recognition,
respectively (Makita et al., 1994). Similarly
modified LDL are found in uremie individuals,
showing defective recognition by macrophages
(Bucala et al., 1994).

The characteristic insolubility properties of the
Alzheimer disease (AD) characteristic
neurofibrillary tangles and senile plaques are
partially attributable to their modification by the
advanced stage of the Maillard reaction. The
immunohistochemical studies reveal that
hippocampal sections of AD affected individuals
are reactive to pyrraline and pentosidine (Smith
et al., 1994). These advanced Maillard reaction
products are (»localized with ßA, specially in
the neuritically involved zones. The in vivo
presence of pyrraline and pentosidine might be
explained by a post-depositional process. Thus,
ßA would be insolubilized (maybe for ßA
glycation), and then modified by the advanced
stage of the Maillard reaction, contributing to its
insolubility (Table 28). Alternatively, the
characteristic precipitation may be caused by the
advanced Maillard reaction. Thus, Maillard
reaction and oxidative processes associated with
the reaction could contribute to the
insolubilization process (Figure 25)

The modification of several proteins associated
with AD with AGE induces pathogenic changes
in vitro, t protein modification by the advanced
Maillard reaction leads to the induction of
oxidative stress, including the presence of MDA-
Lys adducts, heme-oxygenase expression, which
finally impairs neuronal function (Yan et al.,
1994). The interaction of AGE-modified i
protein with neurons induces the secretion of ßA
precursor and abnormal ßA. (Yan et al., 1995).

Glycation
¡Oxidation
Racemization
Altered interaction
with other proteins

Advanced stage of Maillard
Reaction

Figure 25. Hypothetical role of Maillard reaction in the ßA insolubilization.
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Due to the expression of NF-icB transcription
factor, it may be suggested that RAGE is
implicated in this process. The AGE
modification of ßA iself induces the formation of
Aggregation nucleum, initiating the precipitation
of soluble ßA (Vitek et al., 1994).

Table 28. Common characteristics between advanced
Maillard reaction modified proteins and ßA in Alzheimer
disease

High resistance to proteolto'c enzymes
High resistance to macrophage digestion
Low urea solubility
Presence of non-reducible cross-links

Relationship of AGE with oxidative stress in
Alzheimer disease.

Several age-related diseases, such as
artheriosclerosis, diabetes, reumathoid arthritis,
and Alzheimer disease have in common the
possible implication of oxygen-derived free
radical species. In this Une, initial stages of
Maillard reaction generate Superoxide radicals
(Hunt et al., 1988; see Appendix), specially in
the presence of transition metals, a condition
demonstrated in the ßA accumulating neurons.
Moreover, glycated proteins contain often
oxidative modifications. In this une, Maillard
reaction in lipids leads to peroxidation and
generation of reactive aldehydes (Bucala et al.,
1992), which are able to modify proteins.
Accordingly Maillard reaction modified proteins
and lipids induce the modification of
neurofibrillar tangles by MDA in vitro (Van et
al., 1994).

2.3.2.7 HEMODIALYSIS ASSOCIATED
AMYLOIDOSIS AND ADVANCED
MAILLARD REACTION

The modification of ß-2-microglobulin (ß2m) by
the advanced stage of the Maillard reaction is
present in patients with hemodialysis associated
amyloidoses (HAA). This form of ß2m can be
reproduced in vitro by the incubation with
reducing sugars, rendering the characteristic
AGE properties, which comprise fluorescence
and browning. Moreover, the acidic form of ß2m
isolated from HAA patients shows
immunoreactivity to antiAGE and anti glucytol-
lyisine (Miyata et al., 1993). AGE-ß2m contains

pentosidine and possibly CML, besides Amadori
product (Miyata et al., 1996).

The interaction between AGE-ß2m and cells
elicits an inflammatory-like response, proving
the direct influence of AGE products in HAA.
Incubation of human monocytes with AGE-ß2m
induces a selective, concentration-dependent
change in cell motility and cytoquine secretion
(Table 29), increasing the sinovia! cell
collagenase secretion and morphological features
of osteoclastogenesis and bone résorption.

Table 29. Cellular effects of AGE-ß2m

Ceti Effect
Monocytes

Macrophagues

t Chemotaxis
t Chemoquinesis
t TNF-o secretion
t (UP secretion
t IL-6 secretion

These facts as well as the preferential
localization of AGE-ß2m in carpal ligaments
affected from tunnel carpal syndrome, suggest
that AGE-ß2m might function as an
inflammatory source, attracting mononuclear
cells, leading to arthrolysis and osteolysis
(Miyata et al., 1994; lida et al., 1994). In
contrast with these data, some authors purpose
that ß2m acidic isoform is composed by several
subunits, being found that this modified form
may arise by other sources, besides Maillard
reaction (Argiles et al., 1995).

2.3.3 PYRRALINE: A PRODUCT OF THE
ADVANCED STAGE OF THE MAILLARD
REACTION

Overview

The incubation of simple amines, such as
neopentylamine, and glucose, at physiological
pH, is used as in an approximation to the
structural elucidation of advanced Maillard
reaction products. Numerous (>24) products
absorbing at a 254 run. are described after
several days. The major compounds found after
extraction with organic solvents contain
previously known pyrrolic structures (Lewis &
Doty, 1947;Cerrutti et al., 1985) (Figure 26),
being 5-hydroxy-methyl-l-neopentyl-2-
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Figure 26. Major products obtained by neopentylamine and glucose (from Njoroge et al., 1987)

carbaldehyde [2] one of the main products
(Njoroge et al., 1987). The compound [4] is
similar to the formyl-threosyl-pyrrole (FTP),
described recently as result of lysine
modification by threose (Nagaraj & Monnier,
1995). The formation of these pyrroles could be
derived from glucose-derived aldehydes
(essentially 3-DG) condensation with amino
groups or with other aldehydes, and dehydration
(Njoroge et al., 1987). The carbaldehyde [3] is
also found in Lys incubations with glucose,
being denominated in this case "pyrraline".

Several authors have established the in vivo
presence of pyrrolic compounds derived
hypothetical!}' from amino-reducing sugar
reactions. It has been described die presence of a
pyrrolic compound in collagen and elastin, with
a complex structure (Scott et aL, 1983).
Moreover, the presence of pyrrolic compounds in
glucose-protein incubations is known (Ghiggeri
et al., 1985).

Pyrraline measurement and formation in
vitro.

Several methods are available for pyrraline
quantification. This product shows a high
sensitivity to acid hydrolysis. Because of this
properties, several methods relying on antibodies
have been developed using caproil pynaline
coupled to poly-L-Iysine as immunogen (Hayase
et al., 1989). This polyclonal antibody, despite
showing some dependence on the alkyl radical of
the pyrraline molecule, reacts with epitopes
formed in vitro and in vivo.

By means of a competitive ELISA, using
pyrraline coupled to BSA as a competitor, it has
been established that BSA incubated with
glucose shows cross-reactivity with the
policlonal anti-pyrraline antibody. These
experiments show that immonoreactivity
increases until 10 days after initiation of the
incubation, then being stabilized. This
stabilization is independent of glucose
concentration, being explained by the reactivity
of pyrraline with other molecules, or by changes
in the tertiary structure of BSA, that may hinder
pyrraline epitopes (Hayase et al., 1989).

In order to elucidate pyrraline formation
mechanisms in vivo, the kinetics of formation of
this product in BSA incubations with fructosyl-
lysine and 3-DG, at two pH values have been
analyzed. Pyrraline formation in BSA from
fructosyl-lysine is accelerated by acidic pH
(5.4), reaching higher maximum values (400
pmol/mg protein at pH 5.4 vs 300 pmol/mg
protein at pH 7.4). Pyrraline formation in BSA
from 3-DG takes place even faster, proving that
-DG is a pyrraline precursor (Figure 27).
Previous digestion of the incubated BSA with the
proteolitic enzyme pronase E diminishes
pyrraline recognition by the policlonal antibody,
suggesting that vicinal residues to pyrraline
affect pyrraline-antibody interaction. Due to the
fact that 3-DG formation could be assumed as a
non-oxidative process, pyrraline can be
considered as a product of the non-oxidative
advanced stage of the Maillard reaction (Hayase
étal., 1989; Hayase et al., 1996).
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Presence ofpyrraline in vivo

The presence of pyrraline in vivo is
demonstrated by the use of the competitive
ELISA explained above. The mean plasmatic
concentration ofpyrraline is 25 pmol/mg protein,
measured in an albumin-rich plasma fraction
(Hayase et al., 1989). Due to the relative low
sensitivity of the assay for pyrraline, it is
hypothesized that its concentration should be
higher than the values reported. Diabetes induces
a increase in pyrraline plasma concentration, in
accordance with the higher levels of circulating
glucose and 3-DG.

The comparison between pyrraline concentration
in vitro and in vivo, taking into account glucose
concentration in both situations, proves that
pyrraline formation is favoured in vivo. This
result may be explained by the in vitro
occupation of the available Lys residues by other
products, such as glycoxidation products, whose
formation would be catalized by the phosphate
buffer present in the incubations. Accordingly,
the formation of these oxidative products would
be somehow lower in vivo, where metal and 02

concentrations are controlled strictly.

establish that the major reactivity is localized in
kidney ECM. The overall degree in staining does
not show differences between diabetic patients
and healthy invididuals, with the exception of
those patients with pathological signs of diabetic
glomerulosclerosis (Kimmelstiel-Wilson
disease), where fibrosed glomeruli as well as
esclerosed periarterial zones are marked
intensively. In relationship with aging, the
immunostaining increase in the sclerosed
intestitium, glomeruli and arteria intimai of aged
individuals (Miyata & Monnier, 1992).

Using the same antibody, the presence of
pyrraline epitopes has been established in lens
capsule and in Descemet membrane, and it has
been studied in relationship with aging. In
accordance with the reported data for crystalline
AGE concentration, the immunoreactivity of
these tissues shows increases with aging. The
incubation of these tissues with glucose, or other
3-DG precursors, increases overall reactivity to
the anti-pyrraline antibody (Marion & Carlsson,
1994). This antibody has been also used to
demonstrate the presence of pyrraline in
neurofibrillar tangles and senile plaques of AD
patients (Smith et al., 1994).

The use of a monoclonal antibody for pyrraline
permits a increased specificity for its analyses
(Miyata & Monnier, 1992). By means of this
method, it has been established that plasmatic
pyrraline concentration increases after 2 weeks
of experimental diabetes induction in rats.

Immunohistochemistry

The immunohistochemical studies, performed
with the monoclonal anti-pyrraline antibody,
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Controversy about pyrraline.

Despite these facts demonstrating pyrraline
presence in vivo, one work using similar
techniques (Smith et al., 1993) failed to show
pyrraline formation in vitro and in vivo. Using
polyclonal antibodies, the authors do not find
immunoreactivity in BSA incubated with
glucose, in fructose-lysine degradation or in
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explained by the high amount of haptene used on
immunization, the lack of pymline positive
controls (to assess antibodies affinity), or by the
possible occurrence of oxidative reactions in
vitro, leading to modification of lysine residues
by giycoxidation products.

Thus, the previous data about pyrraline presence
in vivo, despite having solid evidence favouring

this fact, require the confirmation by independent
methods. Besides this, the changes in pyrraline
concentration during ageing and diabetes, as well
as the relationship between pyrraline
concentration and influence of diabetes long term
complications may be also studied. Moreover,
once confirmed the presence in vivo of pyrraline,
it may be examined whether plasmatic pyrraline
suffers any metabolism
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The present work has been designed in order to accomplish the following objectives:

l.To develop and validate a Chromatographie system for the measurement of pyrraline in
biological samples, including:

Synthesis, purification and structural confirmation of the pyrraline standard
Optimization oftheprechromatographic steps for samples of different sources, namely extracellular
matrix proteins, plasma proteins and urine.
Optimization of the Chromatographie system for these samples.

2.To evaluate the reactivity of pyrraline in biomimical conditions, including:

Model incubations of pyrraline
Model incubations of pyrraline with hydroxyl-containing amino acids
Model incubations of pyrraline with sulphydryl-containing amino acids andpeptides.
Characterization of the products derived from pyrraline reaction with hydroxyl-containing amino

acids
Characterization of the products derived from pyrraline reaction with sul/hydryl-containing amino

acids andpeptides

3. To evaluate the formation of pyrraline in several experimental models, including:

Model incubations of Lys with pyrraline precursors
Model incubations of soluble proteins (HSA, BSA) with pyrraline precursors

4.To investigate the presence and distribution of pyrraline in vivo, with special attention to
pyrraline excretion, including:

Demonstration of the pyrraline presence and its quantification in skin collagen
Demonstration of the pyrraline presence, its distribution and its quantification in plasma proteins
Demonstration of the pyrraline presence, its distribution and its quantification in urine

S.To evaluate the influence of diabetes and ageing in the concentrations of pyrraline of
several compartments, including

Influence of ageing in the pyrraline concentration of skin collagen
Influence of ageing in the urine pyrraline concentration.
Influence of the diabetic status in the pyrraline concentration of plasma proteins
Influence of the diabetic status, including glycémie control parameters, in the urine pyrraline
concentration in a diabetes patients group
Relationship between long term diabetes complications and pyrraline concentration in a diabetes

patients group.
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ARTICLE I
Chromatographie evidence for pyrraline formation during

protein glyeation in vitro and in vivo
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Abstract

Pyrraline (í-2-(formyl-5-hydroxymethyl-pyrrol-l-yl)-L-norleucine) is an advanced Maillard reaction product formed from 3-de-
oxyglucosone in the non-enzymatic reaction between glucose and the epsilon-amino group of lysine residues on proteins. Although its
presence in vivo as well as in in vitro incubations of proteins with sugars has been documented by immunochemical methods using
polyclonal and monoclonal antibodies, its formation in proteins has recently been questioned by similar methodology. To clarify this
issue, we investigated pyrraline formation in proteins following alkaline hydrolysis and quantitation by high-performance liquid
chromatography on a C,8 reverse-phase column. Time- and sugar concentration-dependent increase in pyrraline formation was noted in
serum albumin incubated with either 100 mM glucose or 50 mM 3-deoxygIucosone. Formation of pyrraline from 3-deoxyglucosone was
rapid at slightly acidic pH, confirming its synthetic pathway through this Maillard reaction intermediate. Low levels of pyrraline ( < 10
pmol/mg protein) were also detected in a pool of human skin collagen by this method, but no age effect was apparent. Using a slightly
different approach, pyrraline-like material was detected in human plasma proteins following enzyme digestion and analysis by high
performance liquid chromatography. Plasma from diabetic patients showed a significant increase in pyrraline-like material compared to
controls. The levels in diabetic and normal individuals were 21.6 ± 9.56 and 12.8 ± 5.6 pmol per mg protein, respectively (P — 0.005),
reflecting thereby the elevated levels of the immediate precursor of pyrraline, 3-deoxyglucosone, in diabetic plasma.

Keywords: Non-enzymatic glycosylation; Maillard reaction; Collagen; Plasma protein; Diabetes; Aging

1. Introduction

Pyrraline (€-2-{formyI-5-hydroxymethyl-pyrrol-l-yD-
L-norleucine) is an advanced Maillard reaction product
which was originally described by Nakayama et al. [i] and
Jurch et al. [2] in model systems of browned foods.
Subsequently, pyrraline was isolated from a model reaction
at 37°C in phosphate buffer which involved neopenty-
lamine and D-glucose [3). Its lability toward acid hydroly-
sis led us to develop immunologica! techniques for its

Abbreviations: BSA, bovine serum albumin; HSA, human serum
albumin: PBS, phosphate-buffered saline; TFA, trifluoroacetic acid;
HFBA, heptafluorobutyric acid; 3-DG, 3-deoxyglucosonc ; HPLC, high-
performance liquid chromatography.

* Corresponding author. Fax: +1 (216)8441810.
1 Present address: Facultat de Medicina, Dept. de Ciències Mediques

Basiques, 25006-Lleida. Spain.

quantitation in biological tissues [4j. Using a polyclonal
rabbit antibody and an enzyme-linked immunoassay
(ELISA), pyrraline was detected in glucose-incubated
bovine serum albumin, as well as in elevated levels in
plasma proteins from diabetic individuals [4]. Monoclonal
antibodies were then developed which allowed in situ
detection of pyrraline in tissues from humans with diabetes
and uremia [5]. Immunohistochemistry revealed particu-
larly intense staining of extracellular matrix in sclerosed
glomeruli and arterioles from kidneys with Kimmelstiel-
Wilson disease. Other tissues rich in collagen such as skin,
lung bronchioles, brain microvessels and trachea! cartilage
also showed varying degrees of staining [5Î. Utilizing the
same antibody and immunogold labelling technique, Mar-
ion and Carlson [6] described increased immunostaining in
bovine lens capsule and Descemet's membrane incubated
with glucose, fructose or 3-deoxyglucosone, as well as
increased immunoreactivity in old vs. young membrane.

0167-4838/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDI 0167-4838(94)00209-6
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Recently, pyrraline ¡mmunoreactivity was detected in neu-
rofibrillary tangles and plaques from brains from subjects
with Alzheimer's disease [7].

Amid these reports suggesting in situ formation of
pyrraline in vivo and upon exposure to pyrraline precur-
sors in vitro, Smith et al. [8] failed to confirm pyrraline
immunoreactivity in vitro and in vivo using an ELISA
based on rabbit polyclonal antibodies raised against pyrra-
line conjugate to KLH. This negative report prompted us
to reinvestigate the relationship between pyrraline and the
advanced Maillard reaction in vivo and in vitro. The
methods described here to detect and quantify pyrraline in
proteins are based on alkaline hydrolysis of proteins, or
enzyme digestion followed by HPLC analysis. The former
approach was based on the discovery that pyrraline is
stable toward alkaline hydrolysis [9].

2. Material and methods

2.1. Synthesis of pyrraline

Pyrraline (FHP-Lys) was prepared by the method de-
scribed by Hayase et al. [4], with slight modifications.
Eighty-four grams of L-Iysine and 166 g of glucose were
heated under reflux in 400 ml of distilled water for 6
hours. After cooling to room temperature. 300 g of Dowex
50 X 4-400 (H+form) was added, and the resin was washed
extensively with distilled water. The resin was then treated
with pyridine acetate l M at pH 5.5 and the eluted fraction
was rotary-evaporated. The resulting crude extract was
redissolved in butanol/acetic acid/water (8:1:1) and
loaded onto a silica gel G-60 glass column 4 X 15 cm. The
column was eluted with butanol/acetic acid/water (8:1:1),
and the eluent was monitored for reaction with ninhydrin
after spotting on a filter paper. The first fractions positive
for ninhydrin were pooled. After rotary evaporation the
material obtained was subjected to HPLC in a Waters
(Waters chromatography Div., Milford, MA) system
equipped with 510 double pump system, and a model 484
UV absorbance detector. The column used was a Vydac
CI8 semiprep column (250 mm, 10 /¿, The Separations
Group, Hesperia, CA) and the elution was carried out with
water/acetonitrile ( + 0.1% TFA) linear gradient (0-100%
acetonitrile in 5-30 min, after 5 min initial wash with
water, flow rate 2 ml/min). The major peak, which showed
a UV spectrum compatible with pyrraline was collected,
freeze-dried and dissolved in D2O for NMR analysis.

3-Deoxyglucosone used was a generous gift from Drs.
M. Glomb and M. Feather. It was also synthesized accord-
ing to the method of Khadem et al. [IO]. A refined method
is also available [11].

2.2. Incubation experiments

Bovine serum albumin (Sigma, #6003, St. Louis, MO.,
essentially fatty acid free) 50 mg/ml was incubated with

100 or 500 mM D-glucose in 0.2 M NaH:PO4 buffer in pH
7.4 for up to 90 days. Incubations with 3-deoxyglucosone,
at 50 or 100 mM concentration was carried out at pH 5.5
(PBS adjusted to pH 5.5 by 1 N HC1) for 30 days with
human serum albumin (Sigma, essentially fatty acid free
50 mg/ml) or bovine serum albumin (100 mg/ml). All
the incubation experiments were performed at 37°C and
under dark after sterile filtration of samples through 0.2
fj.m filter (Gelman Sciences, Ann Arbor, MI). Aliquots
were taken at 7, 14, 20, and 30 days or as indicated in
Section 3. At the end of the incubation period, samples
were dialyzed against PBS for 48 h and stored at -80°C,
until processing.

2.3. Alkaline hydrolysis of proteins

Alkaline hydrolysis was performed in screw-capped
teflon-lined tubes following the method of Delhaye and
Landry [12]. Briefly, samples containing 3 to 5 mg of
protein were dissolved with 0.8 ml of water containing
0.43 g of barium hydroxide octahydrate [Ba(OH)2 • 8H,O].
After degassing with N-,, hydrolysis was performed at
130°C for 16 h. After cooling to room temperature, the
samples were neutralized to pH 7 using 4 N sulfúric acid,
and dissolved to a final volume of 3 ml with water. After
vortexing, the hydrolysate was centrifuged at 3000 rpm.
The clear supernatant was transferred to a borosilicate
glass tube and evaporated to dryness in a Savant Speed-Vac
Concentrator (Hicksville, NY).

2.4. High-performance liquid chromatography

The dry hydrolysates reconstituted in 0.5 ml of water
and filtered, Aliquots of 0.1 ml were injected into a Waters
HPLC system equipped with a Vydac CI8 analytical col-
umn (2ÍO mm X 10 /xm). The column was eluted with
water/acetonitrile gradient. The eluate was monitored for
absorption at 298 nm. Two programs were used. Program
A: solvent A was 0.1% TFA in water, solvent B was
acetonitrile/water(l:l). Solvent B was changed from 0%,
15%, 20%, 100%, and 0% at 1, 10, 30, 35, 40 and 45 min,
respectively. Program B: solvent A was heptafluorobutyric
acid (HFBA) in water (1.6 ml/1) and solvent B was HFBA
in acetonitrile/water (1:1); the gradient was identical for
both the programs. Flow rates were 1.2 ml/min. Ab-
sorbance at 298 nm for pyrraline was linearly correlated
with its concentration over a range from 5 pmol to 2000
pmol (r = 0.99). Pyrraline content of the samples was
expressed in relationship to tryptophan content, which is
stable to base hydrolysis. For confirmation of pyrraline
structure, material coeluting with pyrraline standard was
collected for recording of the characteristic UV spectrum
of pyrraline using a diode array detector (model 1040A,
Hewlett Packard, Wilmington, DE).
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Fig. l. 'H-NMR spectrum of pyrraline purified from the incubation mixture of L-lysine and D-glucose as described in Section 2. The insert shows the
typical UV spectrum of the synthetic compound.

2.5. Quantification of pyrraline in human plasma proteins

Plasma from 13 normal subjects and 18 diabetic pa-
tients (Type I and I!) were collected from the Clinical
Chemistry laboratory of University Hospitals of Cleveland.
Diabetic plasma were chosen in which glycohemoglobin
(HbA,) value was 10% (range 10-18%). To 1 ml plasma
from each, 1 ml cold 10% trichloroacelic acid was added,
mixed and let stand at 4°C for 2 h. Precipitated proteins
were pelleted by centrifugation at 2500 X g for 15 min. To
the pellet 2.0 ml diethylether was added and mixed. After
10 minutes, ether layer was separated by centrifugation at
2500 x g for 10 min. The resultant pellet was first dried
for 24 h in a desiccator connected to vacuum, followed by
lyophilization. To 10 mg of lyophilized protein from each
sample, 0.02 mg peptidase (Sigma, from porcine intestine,
St. Louis, MO) (2%, w/w) was added in 1.0 ml PBS
( + 0.025% NaN3) and incubated for 16 h at 37°C in a
shaker incubator. The buffer with NaN3 was filtered
through a 0.2 /A filter before dissolving the enzyme.
Digestion was continued for additional 8 h with the second
addition of peptidase (Sigma, from streptomycex gríseas
2%, w/w). Further digestion was achieved by the addition
of pronase E (Sigma, 2%, w/w, 16 h, Sigma). After
digestion, samples were clarified by centrifugation at 2000
x g for 10 min. The supernatant obtained was then filtered
through a 0.2 pm pore size filter. Twenty-five microliter
from each sample was taken in 2.0 ml water for the
estimation of amino acids by the ninhydrin method of
Moore and Stein [13] using L-leucine as standard.

The enzyme digested samples (100 ¿il each) were
assayed for pyrraline by HPLC. HPLC was performed with
a Water HPLC system and a Vydac C18 reverse-phase
column. The column eluate was monitored for absorbance
at 298 nm. Standard pyrraline (25 pmol in 50 /il) was
injected after each 5 sample injections. A gradient of water
acetonitrile (50%) with 0.13% HFBA was used to elute the

column at a flow rate of 1.2 ml/min. The gradient pro-
gram used in which concentration of acetonitrile gradient
was as follows: 0-10 min: 0-15%, 10-40 min: 15-25%,
40-45 min: 100%. Pyrraline eluted at 31.5 min. Pyrraline
values were adjusted to 10 /¿mol leucine equivalent of
amino acids.

3. Results

Highly pure pyrraline was obtained from the reaction of
L-lysine and D-glucose following sequential purification by

7.S 15.0 225 30.0
Time (min.)

Fig. 2. HPL chromatograms showing pyrraline peak in serum albumin
incubated with sugars and hydrolyzed using barium hydroxide. (A)
bovine serum albumin incubated with 0.1 M glucose at pH 7.4 for 1 day
and (B) for 90 days, (C) human serum albumin incubated with 0.5 M
glucose at pH 7.4 for 7 days, (D) human serum albumin incubated with
SO mM 3-deoxyg!ucosone at pH 5.4 for 30 days.
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Fig. 3. Formation of pyrraline in human serum albumin incubated with
(A) SO mM 3-deo*yglucosone at pH 5.4 and (B) 0.5 M glucose at pH 7.4.

cation exchange, silica gel and high performance liquid
chromatography. The 'l·l-NMR spectrum (Fig. 1) revealed
signals identical with previous data [4] and absence of
contaminants. The UV spectrum (Fig. 1 inset) confirms the
pyrrolic nature of the synthetic pyrraline.

The formation of pyrraline in protein incubated at 37°C
with pyrraline precursors such as glucose and 3-deoxyglu-
cosone was investigated by reversed phase HPLC in alka-
line hydrolysates. Recovery studies (not shown) revealed
that more than 75% of pyrraline hydrolyzed in Ba(OH), •
8H ,O could be recovered by the procedure adopted in this
study.

Typical chromatograms of such hydrolysates are shown
in Fig. 2. A well separated peak eluting just before tyro-
sine is present in bovine serum albumin incubated with 0.1
M glucose at pH 7.4 for 1 and 90 days (Fig. 2A and B), or
for 7 days with human serum albumin and 0.5 M glucose
at pH 7.4 (Fig. 2C), or 50 mM 3-deoxyglucosone at pH 5.4
(Fig. 2D). UV diode array spectroscopy of these peaks
revealed spectrum typical for pyrraline, as shown in Fig. I.
Quantitative analysis in a time-course experiment showed
that pyrraline formed rapidly from 3-deoxyglucosone (50
mM) under conditions of acid catalysis, i.e., at pH 5.4
(Fig. 3A). Ten-times lower levels were observed for pyrra-
line formation in human serum albumin incubated with 0.5
M glucose at pH 7.4 (Fig. 3B). In an experiment in which
bovine serum albumin was incubated with 100 mM glu-
cose for 90 days (Fig. 4), a marked delay in pyrraline
formation was observed. However, such a lag period was
not observed when glucose concentration was 0.5 M (Fig.
3B), suggesting that sugar concentration plays an impor-
tant role on pyrraline formation rate.

Presence of pyrraline in the material coeluting with the

standard was confirmed by on-line UV diode array spec-
troscopy. The insert in Fig. 4 shows the UV spectrum of
pyrraline with its maximum at 298 nm and the character-
istic shoulder at 260 nm for the peak at 16.5 min from
BSA incubated with 0.1 M glucose for 90 days.

The data in Fig. 3 and 4 have been expressed in
pmol/nmol tryptophan using the tryptophan peak as an
internal standard. Very similar patterns were observed
when tyrosine or protein content were used as denomina-
tor. In the latter case, the extent of modification at 30 days
reached 4.5 nmol/mg protein for HSA incubated wiih 50
mM 3-DG at pH 5.4, and approximately 200 pmol/mg for
HSA incubated with 0.5 M glucose (Fig. 3A and B).
Similar values were obtained for BSA incubated with 0.1
M glucose for 90 days (Fig. 4).

To better resolve pyrraline peak in collagen samples,
HFBA instead of TFA was used as counterion in HPLC.
This increased the retention time of pyrraline from 16.5 to
27.0 min and separated pyrraline peak from other contami-
nants. Using this program, we investigated the presence of
pyrraline in a pool of skin collagen ( = 30 mg). Following
repetitive injections and collection of pyrraline-like mate-
rial from base hydrolysate and reinjection using program
B, a major peak at 27 min. was obtained which had a
typical pyrraline UV spectrum (Fig. 5, inset). Levels of
pyrraline in skin specimens from six donors of various age
(22-65 y) were below 10 pmol/mg collagen and did not
vary with age.

The presence of pyrraline in human plasma proteins
was investigated after alkaline hydrolysis and HPLC.
However, this method failed to show pyrraline. Failure to
detect pyrraline was thought to be due to the absence of
pyrraline in plasma proteins or presence of very low levels
in plasma proteins, such that upon alkaline hydrolysis and
vacuum concentration, pyrraline is destroyed and the re-
maining amounts are below HPLC detection limit. In order
to clarify the lattei possibility, an alternate approach using
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Fig. 4. Time-course formation of pyrraline in bovine senim albumin
incubated with 0.1 M glucose for up to 90 days. Note the initial lag
period of 18 days in pyrraline formation, and the slow rate of formation
compared to Fig. 3. The insert shows the typical UV spectrum of
pyrraline at 90 days.
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Fig. 5. Detection of pyrraline in human skin collagen. Pooled human skin

collagen was digested with barium hydroxide and injected to HPLC.

Pyrraline containing fractions were collected and reinjected into a C|8
reverse-phase column using HPLC. The inset shows the absorption

spectrum of standard pynaline (smooth line) and pyrraline (rugged line)
in collagen.

enzyme digestion was employed. A well resolved peak,
that co-chromatographed with standard pyrraline (Fig. 6)
was observed (retention time 31.5 min.). When plasma
protein sample was mixed with standard pyrraline and
injected, a single homogenous peak with expected additive
peak area was observed (not shown), suggesting that the
peak observed in plasma proteins is indeed pyrraline.
Quantification of pyrraline by this method showed a signif-
icant increase in diabetic plasma (Fig. 7, P = 0.005) com-
pared to controls. The values were expressed as pmol per
10 ¿imol of leucine equivalent of amino acids. This corre-
sponds to one mg protein, if the average molecular weight
of plasma proteins is considered as 100000. The levels in

SO
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NORMAL CHAOTIC
Fig. 7. Quantification of pyrraline-like material in plasma proteins of

diabetic and control individuals. Mcan±S.D. was 2I.6±9.56 and 12.87

±5.63 pmol/10 ¿imo) Icucine equivalent amino acids (1 mg protein),

respectively (P *• 0.005).

diabetic and normal individuals were 216 ± 9.56 and 12.8
± 5.6 pmol/mg protein, respectively.

4. Discussion

The primary purpose of this study was to clarify the
existence of pyrraline in proteins exposed to glucose in
vitro and in vivo. The data presented in this study provide

Pyrraline

10 30 40 SO
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20 30 40 so
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Fig, 6. H PL chromatograim of enzyme digested human plasma proteins. Note the modest but significant increase in pyrraline peak in diabetic plasma

compared to other peaks in the chromatogram which can serve as internal standard.
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strong evidence for presence of pyrraline in proteins incu-
bated with glucose at physiological pH. and presence of
pyrraline in human skin collagen and plasma. The evi-
dence is based on co-chromatography of native pyrraline
with standard pyrraline in two Chromatographie systems,
as well as identity of the typical UV spectra of both
compounds. In contrast, our previous data obtained with
human plasma proteins with monoclonal antibodies re-
vealed levels that were = 150-times higher than those
observed in this study [5]. These differences in absolute
amounts are most likely explained by the encountered
difficulties in standardizing the protein-bound levels in the
ELISA [5], since the antibodies which exhibited high
affinity toward the free hapten, e-caproyl pyrraline, had
low affinity toward protein-bound pyrraline.

There may be a number of reasons why Smith et al. [8]
failed to find pyrraline immunoreactiviry in their experi-
ments. The authors have used an antibody raised against
caproyl-pyrraline conjugated to KLH and caproyl pyrraline
as a coating agent. The conjugation ratio of the latter was
1:92. Since only 59 lysine residues are available in BSA
for coupling, this suggests that considerable side-reactions
have occurred and that the polyclonal antibody contained
specificities unrelated to pyrraline, but possibly related to
the coupling agent. In fact, their study did not present a
positive physiological control showing that their antibody
was able to recognize native pyrraline, e.g., formed through
reaction of 3-deoxyglucosone with BSA, or free pyrraline
itself. Furthermore, in vitro glycalion experiments were
carried out with 0.23 mM glucose, i.e., a concentration
100-times lower than that of diabetic individuals.

The presence of pyrraline immunoreactivity in bovine
lens capsule and Descemet's membrane exposed to glu-
cose in vitro and in vivo was recently confirmed by
Marion and Carlson (6). Utilizing our monoclonal pyrraline
antibody, these authors found increased immunogold label-
ing of membranes exposed to glucose, 3-deoxyg!ucosone
or fructose for up to 3 months, as well as a 2-3-fold
increased labelling of bovine purified old vs. young lens
capsule and Descemet membrane. Preincubation with syn-
thetic caproyl pyrraline abolished the staining. In another
study, pyrraline immunoreactivity was detected in tangles
and plaques of brains from patients with Alzheimer's
disease, the staining of which was also abolished by
blocking the antibody with free pyrraline [7].

Presence of pyrraline in extremely small amounts, both
in collagen and plasma proteins raises the question of
whether pyrraline, once formed, undergoes further modifi-
cations. Previous observations by Nyhammar et al. [14j
suggest that pyrraline could undergo dimerization to form
ether or méthylène bridged molecules. Indeed, in studies in
progress, we are able to isolate significant amounts of
pyrraline ether from pyrraline solutions stored in the frozen
state, and demonstrate its rapid condensation with L-cy-
steine (Monnier et al., unpublished results). Studies by
others have also shown that pyrroles derived from e-amino

lysine and 2.3-hexanedione, which is formed in hexane-in-
duced neuropathy, are extremely sensitive toward oxida-
tion [15,16]. Thus, it is apparent that pyrraline is not a
stable product of the advanced Maillard reaction. In addi-
tion, the slightly alkaline pH of the organism does not
favor its formation which is expected to be strongly depen-
dent on 3-deoxyglucosone and acid catalysis [17,18].

The extremely slow reactivity of glucose in pyrraline
formation (Fig. 4) coupled with the relative fast turnover
of plasma proteins suggests that glucose is not a major
precursor. Evidence for the presence of 3-deoxyglucosone
in plasma and urine from human and, in elevated levels in
diabetes was recently brought by Knecht et al. [17] and
Niwa et al. (18). Although glucose through the advanced
Maillard reaction was originally thought to explain pyrra-
line formation in vivo, [4,5], the discovery of the sorbito!
3-phosphate pathway in lens and other tissues [19,20] has
suggested a new source for 3-deoxygJucosone formation in
vivo. In fact, the strong dependence on acid catalysis for
3-DG formation from glycated precursors [21] favors fruc-
tose 3-phosphate as the immediate 3-DG precursor
throughout dephosphorylation [22]. Io a recent report, Lai
et al. [23] found high levels of fructose-3-phosphate (1.5
mM) in diabetic rat lenses, could constitute a source of
pyrraline through 3-deoxyglucosone formation in the lens.
Based on these findings, possible synthetic pathways of
pyrraline in vivo are shown in Fig. 8.

Glucose

\
Sorbitol

PDH|
Amadori product

Fructosa

F-3-P-Wnas«!

Fructose-3-phosphate\ /
3-deoxyglucosone

-»C-CH-HH-"-

O
Pyrraline

Fig. 8. Enzymatic and noncnzymalic pathways for the in vivo formation
of 3-dcoxygiucosone. the pyrtaline precursor Fructose is formed through
the aldose reducíase (AR)/polyol dchydrogenase (PD) pathway, followed
by fructose 3-phosphokinase. Fructose -'-phosphate can form sponta-
neously 3-deoxyglucosone.
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In summary, we have clarified the recent discrepancy
surrounding the existence of pyrraline in vivo using alter-
native methodology to ELISA. Repeated determinations
(not shown) of pyrraline in protein hydrolysates using
ELISA as previously reported [4,5] showed that the im-
munologie technique is prone to interference and that the
assay needs to be carefully controlled. In contrast, determi-
nation of chromophore by HPLC is reliable, provided
contaminants have been removed. Whatever technique is
utilized, however, levels are very low and therefore diffi-
cult to quantitate accurately, especially since pyrraline is
susceptible to destruction when procedures for enrichment
are used.
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Pyrraline (e-2-(foi-myl-5-hydrorymethyl-pyrroM-yl)-
L-norleucine) is an advanced Maillard reaction prod-
uct derived from the reaction of glucose with lysine
amino group on proteins. Its presence in plasma and
tissue proteins has been established by immunologi cai
and Chromatographie methods. The purified prepara-
tion of pyrraline obtained from the reaction of glucose
with lysine when stored at room temperature or at
refrigeration turned pink in color, suggesting sponta-
neous formation of degradation products. These prod-
ucts were analyzed by high-performance liquid chro-
matography and one of the products was isolated to
purity. The structure of the compound was established
to be a dipyrraline formed by an ether bond between
two pyrraline molecules. This finding led us to investi-
gate the reactivity of pyrraline with thiol and hydrory
amino acids. The hydrory amino acids were in general
nonreactive, except hydroxy lysine and hydrory pro-
line which formed minor condensation products.
While the reaction of cysteine resulted in the forma-
tion of two distinct thioethers, the reaction of glutathi-
one resulted in the formation of two major unidenti-
fied compounds which gradually degraded upon incu-
bation. These data suggest that pyrraline formed in
vivo can further react with other amino acids on pro-
teins to form crosslinks, which may explain in part
increased protein crosslinking associated with aging
and diabetes, c iwe /ubarmi* fnm. tac.

Key Word»: nonenzymatic glycation; Maillard reac-
tion; advanced glycation end products; 3-deoxygluco-
sone; protein aging; diabetes.
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Nonenzymatic glycation (Maillard reaction) by re-
ducing sugars is hypothesized to play a major role in
chemical aging of proteins and development of compli-
cations in diabetes (1, 2). Several glycation end prod-
ucts have been detected in tissue as well as plasma
proteins (3, 4). Advanced glycation end products
(AGEs)3 have been shown to accumulate progressively
on proteins in normal aging and an accelerated rate in
diabetes and uremia (5-7). Specific receptors for ad-
vanced glycation end products have been identified in
several tissues and on macrophages (8, 9). Binding of
AGE-containing proteins to receptors initiates the re-
lease of cytokine and growth factors. These biochemical
events are believed to play a significant role in tissue
remodeling and pathogenesis of complications in aging
and diabetes (10,11). Sequestration of the initial glyca-
tion product by immunological method (12) and the
inhibition of advanced glycation by chemical means
(13) result in attenuation of diabetic complications. By
the same token, exogenous administration of advanced
glycation end products to normal healthy animals re-
sults in the development of pathologies similar to dia-
betes (14). These data clearly implicate glycation in
aging and pathogenesis of diabetic complications.

Several studies have shown that 3-deoxygIucosone
(3-DG) is a major intermediate in the formation of ad-
vanced glycation end products by glucose (15, 16). 3-
DG forms from Amadori product during protein glyca-
tion. It can also form from the polyol pathway metabo-
lites in diabetes (17, 18). The concentration of 3-DG
has been shown to increase in plasma of diabetic pa-
tients and in experimental diabetes (19, 20). We have
previously identified pyrraline as one of the major ad-
vanced glycation end products formed in the reaction

' Abbreviations used: AGEs, advanced glycation end products; 3-
DG, 3-deoryglucosone; TFA, trifiuoroacetic acid.
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of 3-DG with proteins (21). The presence of pyrraline
in tissue and plasma proteins and lens capsule and
Descemet's membrane has been established by either
immunochemical or Chromatographie method (22-24).
Recently, using monoclonal antibodies, the presence of
pyrraline was established in the neurofibrillary tangles
of Alzheimer disease brains (25). However, Smith et al.
(26) were unable to demonstrate pyrraline immunore-
activity in proteins based on an ELISA using polyclonal
antibodies to pyrraline conjugated to KLH. The possi-
ble reasons for this discrepancy are discussed else-
where (23).

The purified preparation of pyrraline on storage ei-
ther at ambient temperature or at low temperature
(-20°C) turned pink in color with the concomitant de-
crease in native pyrraline, suggesting the degradation
of pyrraline. We sought to elucidate the chemical na-
ture of the products formed, with the objective of under-
standing the chemical pathways of advanced Maillard
reaction in vivo. Chromatography of the stored samples
of pyrraline by high-performance liquid chromatogra-
phy (HPLC) and characterization of the major modified
product revealed the formation an ether formed be-
tween hydroxymethyl groups of two pyrraline mole-
cules. This led us to hypothesize that pyrraline may
react with -OH- and -SH-containing amino acids on
proteins. We have investigated pyrraline reactivity
with several -OH-containing amino acids and cysteine
and glutathione.

MATERIALS AND METHODS

Reagents. All the chemicals used were of highest quality analyti-
cal grade unless otherwise stated. Lysyl pyrraline and caproyl pyrra-
line were prepared as described previously (21).

Analysis of pyrraline incubation sample. Lysyl pyrraline was
stored in phosphate-buffered saline at a concentration of 1.0 mg/ml
at -20°C. After 9 months, the sample appeared deep pink in color.
This sample was subjected to HPLC (Waters Chromatography Divi-
sion, Milford, MA) on a C,8 reversed-phase analytical column. The
column was eluted at a flow rate of 1.0 ml/min with a linear gradient
of acetonitrile/water. The following program was used to elute the
column: Pump A, water +0.1% trifluoroacetic acid (TFA); and pump
B, 50% acetonitrile in water and 0.1% TFA; 0-100% linear gradient
of B in 0-30 min. The column eluate was monitored for absorbance
at 298 nm (abs„„ for pyrraline, 298 nm. Fig. 2) and at 500 nm in a
diode array detector (Hewlett-Packard Co., Wilmington, DE, Model
1040 A). The major peak (peak D) was purified by HPLC using a
semipreparative C,8 column, with the same instrument setting as
that for analytical column except the flow rate was 2.0 ml/rain.

Incubation of pyrraline with -OH amino acids. Lysyl pyrraline
(0.9 mg/ml) was incubated with 10 mg each of serine, threomne, and
hydroxylysine in 0.1 M phosphate buffer, pH 7.4, at 37°C for 30 days.
Lysyl pyrraline incubated without amino acids served as control. The
reaction mixtures were analyzed by HPLC on a C,« reversed-phase
column using a linear gradient of water/acetoni true with 0.13% hep-
tafluorobutyric acid (0-30 min; acetonitrile gradient, 0-25%). The
column eluate was monitored for absorbance at 298 nm.

Incubation of caproyl pyrraline with N-a-acetyl cysteine and gluta-
thione. Caproyl pyrraline (2.5 mM, a pyrraline analog, Fig. 6) (19)
was incubated with 12.5 mM JV-a-acetyl cysteine in 0.05 M sodium

phosphate buffer, pH 7.4, for 1 month at 37°C under sterile condi-
tions. Caproyl pyrraline without cysteine was incubated simultane-
ously. The reaction was monitored by taking aliquota on Days 0, 3,
7, 15, and 30 and subjecting them to thin-layer Chromatography
(TLC) on a silica plate (solvent: butanol:acetic acid:water, 70:15:15).
The plates were developed by ninhydrin or Ehrlich reagent. Two
distinct spots, one major (/?/• 0.77, Rf for caproyl pyrraline 0.96) and
a minor (Rf 0.57), were detected. To isolate these products, the incu-
bation mixture was subjected to preparative TLC on silica plate I Uni-
versal Scientific, Inc., Atlanta, GA; size 20 x 20 cm, 100 urn}. The
band corresponding to the major product (detected by visualization
under UV light) was scrapped from the plate and taken in 10.0 ml
water, stirred overnight, and centrifuged at 20,OOQg for 30 min. This
fraction was concentrated to 2.0 ml and subjected to semipreparative
HPLC as described for dipyrraline purification. The two peaks corre-
sponding to major and minor products were collected and dried by
lyophilization. Both products showed an absorption spectrum similar
to that of native pyrraline. The major product was further character-
ized by 'H NMR and FAB-mass spectroscopy.

Glutathione (50 mg) was incubated with caproyl pyrraline (50 mg)
in 3.0 ml 0.05 M sodium phosphate^bufler, pH 7.4, in the dark at
37*C for up to 3 weeks. Aliquota were taken out on Days 0, 3, 6, 9,
and 21 and subjected to HPLC on a Cta reversed-phase column using
a water/acetonitrile (+0.1% TFA) linear gradient (5-45 min). The
column eluate was monitored for absorbance at 250 nm.

Spectroscopy. Sample for proton NMR spectroscopy was ex-
changed twice with deuterium oxide and taken in a 5-mm NMR tube.
The spectrum was obtained by a 400-MHz spectrometer (MSL 400,
Broker Instrument, Inc., Billerica, MA). 13C NMR spectrum (in D,O)
was obtained using a Bruker WH-400 NMR spectrometer operating
at 100 MHz, equipped with quadrature-phase detection and inter-
faced with an ASPECT 3000 data system. Mass spectrometry was
performed by Dr. Douglas Gage at the Department of Biochemistry,
Michigan State University (East Lansing, MI). Molecular weight waa
determined by FAB-spectroscopy with a JEOL HX 1100HF double-
focusing mass spectrometer. Analysis was initially conducted at low
resolution (1000) at an accelerating voltage of 10 kV. Sample was
dissolved in 0.1% trifluoroacetic acid and mixed with equal volume
of glycerol. Ions were formed by FAB with a 6-keV beam of Xe atoms.
FAB high-resolution mass analysis was performed at a resolution of
20,000 by peak matching on the glycerol matrix ion at mlz 369.
Absorption spectra were recorded with a UV/VIS diode array spectro-
photometer (Model 8452A, Hewlett-Packard, Inc., Avondale, PA»
or a Beckman UV/VIS apectrophotom¿£fcr (Model DU-70, Beckman
Instruments. Inc., Fullerton, CA).

RESULTS

Purification and characterization of dipyrraline.
HPLC of the pink material of pyrraline showed three
major peaks when monitored for absorbance at 298 nm
(Fig. 1A). The unmodified native pyrraline eluted at
14 min and the modified pyrraline compounds eluted
between 16 and 22 min. Most of the pink material
eluted at the end of the chromatogram, in the column
wash as minor unresolved peaks (retention time be-
tween 22 and 24 min). In addition, the chromatogram
showed a minor peak at retention time 16.2 min. This
peak (peak B) was the dominant peak when the eluate
was monitored for absorbance at 500 nm (Fig. IB).
However, this peak accounted for less than 1% of total
pyrraline. Peaks A, C, and D had absorption maximum
at 298 nm, from the pyrrole ring (Fig. 2). However,
peaks B and E showed absorption between 450 and 525
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FIG. 1. High-performance liquid chromatograms of a pyrraline in-
cubated sample on a C„ reversed-phase column. The column eluate
was monitored for absorbance at 298 nm (A) and 500 nm (B). The
material in peak D was purified by semipreparative HPLC and char-
acterized.
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FIG. 3. 'H NMR spectra (400 MHz, in D2O) of purified lysyl pyrra-
line (A) and dipyrraline (B).

was collected by repeated injections, concentrated to
dryness, and analyzed by 'H NMR and FAB-mass
spectrometry. The 'H NMR spectra of native lysyl pyr-
raline and those of the modified pyrraline are shown
in Fig. 3. The signals were identical in both spectra
and identical to the previous reported spectrum for pyr-
raline (20). These data suggest that the aldehyde group
and the two protons on the pyrrole ring are present in
the modified pyrraline, like the native pyrraline. The
FAB mass spectrum (Fig. 4) showed M -l-1 at mlz 491.3.
Thin-layer chromatography of this material on a silica
plate (solvent: butanolracetic acid:water, 8:1:1) showed
one single spot (stained by ninhydrin) with a R f of 0.30

300 400 500 600
Wavelength (nm)

FIG. 2. Absorption spectra for peaks (A-E) in HPLC. The spectra were obtained by an on-line photodiode array detector during HPLC.

nm in addition to the characteristic pyrraline absorp-
tion, suggesting significant modification of the pyrrole
ring. The major peak due to pyrraline modification
(peak D) was purified by HPLC using a semiprepara-
tive column for structural characterization. The peak

(Rf for unmodified lysyl pyrraline, 0.46). Based on these
data the compound was identified as dipyrraline
formed through an ether bond between hydroxymethyl
groups of two pyrraline molecules (Fig. 5). This com-
pound was a major modification of pyrraline since
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FIG. 4. F AB mass spectrum of dipyrraline.

quantification of the peak area revealed that it ac-
counted for 53% of total pyrraline.

Since the hydroxymethyl group of pyrraline was
found to be reactive, we hypothesized that other amino
acids with -OH or -SH groups may also form ethers
with pyrraline. HFLC of the incubation of mixtures
showed the formation of minor condensation products
with OH-proline and OH-lysine (not shown). On the
other hand, incubation with cysteine resulted in the
formation of a dark mixture within a day. Thin-layer
chromatography revealed the formation of two new
products. Purification and characterization of these
new products are described below.

Purification and characterization of a thioether of
pyrraline. Incubation of caproyl pyrraline with N-a-
acetyl cysteine showed two products as determined by
TLC (Rf values 0.77 and 0.57). The absorption spectra
for both the products were similar to those of native
pyrraline (not shown). Based on the data from HPLC
and thin-layer chromatcgraphy it was calculated that
nearly 50% of pyrraline was converted into the major
thioether product under the incubation conditions
used. The major spot (Ä/-0.77) was purified after elution
from the TLC plate (with distilled water) by HPLC and

H*

IVI

r• \
COOH

A
IV COOH

lytyl pyirakw ljr»yt PirrrUn« »ft«

characterized by spectroscopy. 1H NMR spectroscopy
of the major product showed signals corresponding to
2V"-a-acetyl cysteine (Fig. 6) and caproyl pyrraline (20).
'H NMR signals were 6 2.09 (t, 2H, y CHZ), 2.33 (t, 2H,
ß CH2), 2.48 (t, 2H 0 CH2), 2.72 (s, 3H, g, CH3-CO),
3.10 (t, 2H a CH2), 3.63, 3.78 (dd, 2H, e, -S-CH2), 4.64
(m, 1, f, a-CH-cysteine), 5.06 (t, e CH2), 7.09 (d, IH, C,
CH-CH), 7.85 (d, IH, b, CH-CH), 10.04 (s, IH, a, CHO).
The aldehyde group and the two protons on the pyrrole
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FIG. 5. Formation of dipyrraline from two pyrraline molecules.

FIG. 6. 1H NMR spectra (400 MHz, in D,O) of caproyl pyrraline
(A) and pyrraline thioether (B). Pyrraline thioether was purified from
the incubation of JV-a-acetyl cysteine and caproyl pyrraline by thin-
layer chromatography followed by HFLC. Peak assignments are de-
scribed under Results.
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FIG. 7. FAB mass spectrum of pyrraline tbioether.

ring were present on the modified pyrraline as in the
native pyrraline, suggesting that cysteine binds to the
hydroxymethyl group of pyrraline through a thioether
bond. This was confirmed by FAB mass spectrum (Fig.
7), which showed M + 1 at m/z 385.3.

The reaction between pyrraline and glutathione re-
sulted in the formation of two major compounds and
several minor products as determined by HPLC (Fig.
8). The two major modifications accounted for 10-15%
each of total pyrraline after 7 days of incubation. Time-
course study revealed that these two compounds
reached highest levels after 3 days and then gradually
degraded. The chemical nature of these products was
not identified.

DISCUSSION

The purpose of this study was to characterize the
spontaneous degradation products of pyrraline. A ma-

jor product of pyrraline modification was purified and
characterized. This product was identified as dipyrra-
line, formed by ether bonding between hydroxymethyl
groups of two pyrraline molecules. The material in the
peak which showed absorption maximum at 500 nm
(peak B in Fig. IB) appears to arise as a result of sig-
nificant modification to the pyrraline ring itself, since
it had low absorption at 298 nm when compared to
absorption at 500 nm. Although we have not chemically
characterized it, we believe it may be an important
modification of pyrraline on proteins.

Although in this study dipyrraline was isolated from
a pyrraline preparation stored for a long period of time,
it is likely that such a modification reaction can occur
¿n vivo for the following reasons: (i) Dipyrraline could
form spontaneously from pyrraline preparation when
stored at low temperature (-20°C). Therefore, it is con-
ceivable that this reaction could proceed at a much
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FIG. 8. HPL chromatograms of glutathione (A), caproyl pyrraline incubated with glutathione (B), and caproyl pyrraline alone <C). The
arrows indicate modified pyrraline products.
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FIG. 9. Conceptual mechanisms of pyrraline ether formation on proteins. Pyrraline precursor 3-deoxyglueosone can form from Amadori
product and through polyol pathway metabolites. Pyrraline formed on proteins may react with other pyrraline molecules and cysteine
residues on proteins to form intra- and intermolecular crosslinks.

faster rate under physiological conditions. This is based
on our observation that pyrraline when incubated at
37°C in phosphate-buffered saline turned pink in color
after 1 week. Although we have not quantified dipyrra-
line in these incubations, the fact that pink color ap-
pears in such a short period of time suggests that the
oxidative degradation is accelerated under these condi-
tions; (ii) The pyrraline precursor 3-deoxyglucosone has
been shown to be present in vivo and in significant
amounts in diabetes (16, 19, 20); and (iii) Advanced
glycation end products principally accumulate in long-
lived proteins like lens crystallins and collagen and are
therefore expected to remain on these proteins for a
considerable length of time. However, pyrroles are sus-
ceptible to oxidation reactions and therefore it is rea-
sonable to expect pyrraline to undergo further modifi-
cations through oxidation and form protein crosslinks.

The physiological significance of protein-bound pyr-
roles may indeed be linked to their ability to undergo
oxidation. For example, the pyrrole formed by the reac-
tion of 2,5-hexanedione with proteins can undergo au-
tooxidation and induce protein crosslinking both in
vitro and in two (27). Such crosslinking of proteins is
believed to play a key role in hexane-induced neuropa-
thy (28). Oxidation of methyl pyrroles results in the
formation of polymerized products, through pyrrole-
pyrrole crosslinking (29,30). Similar mechanisms have

also been proposed for crosslinking of neurofilaments
(31). It is thus conceivable that pyrraline degradation
by oxidation can lead to protein crosslinking in vivo.
This may be significant in diabetes, where oxidative
stress is believed to be enhanced (32).

Identification of dipyrraline ether led us to investi-
gate whether pyrraline can react with nucleophiles
such as the -SH group of cysteine and glutathione to
form thioethers a'nd ether bond with the OH group of
serine, threonine, hydroxylysine, and hydroxyproline.
The sulfhydryl group of cysteine was the most reactive
to form a thioether of pyrraline. The reaction of thiols
with other pyrroles results in substitution on the ring
carbons (33). In our case, however, this was excluded
based on 'H NMR spectroscopy which showed intact
protons on the pyrrole ring.

In summary, oxidation of pyrraline may induce pro-
tein crosslinking through formation of ether bonds with
cysteine and other pyrraline molecules on proteins in
vivo. The absence of pyrraline immunoreactivity with
antibodies to advanced glycation end products (34) and
the inability to uptake pyrraline by a receptor for glyca-
tion end products (35) may be due to its in situ oxida-
tion and modifications as described in the present
study. Conceptual mechanisms for protein crosslinking
by pyrraline through the formation of ethers are shown
in Fig. 9. Specific assays for the detection and quantifi-
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cation of pyrraline ethers are needed to assess their
precise role in protein aging and in the pathogenesis
of diabetic complications.
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Abstract In this article we review recent progress and
controversies relating to three areas of the field of advanced
glycosylation end-products (AGE). A controversy exists as to
whether pyrraline, an AGE detectable by
imrnunohistochemistry in kidneys from palíente with renal
failure, exists in vivo. Recent data from the authors' laboratory
revealed that pyrraline is present in alkaline or protease
digests from human skin and plasma. However, the amounts
are very low and pyrraline was found to undergo further
reactions to form an ether with itself (dipyrraline) as well as a
thioetber with cysteine. This high reactivity of pyrraline may
explain the difficulty of quantitating it accurately in biological
material. In contrast, the glycoxidation products
carboxymethyUysine (CML) and pentosidine are stable, very
resistant to acid hydrolysis and easy to quantitate. They are
present in elevated concentrations in the extracellular matrix
in diabetes mellitus and ageing. In the diabetic human lens,
CML is not elevated, in contrast to pentosidine, suggesting a
different mechanism of formation. Recent data in diabetic
dogs have shown that pentosidine is elevated only in lenses
from poorly controlled dogs, in contrast to LM- I, a
fJuorophore thought to arise from ascortate. Further studies
are needed to clarify the intracellular mechanism of
glycoxidation. The greatest concentrations of AGEs and
glycoxidation products are found in patients with end-stage
renal disease, and they are almost completely normalized by
renal transplantation. Comparison of peritoneal dialysis (PD)
with haemodialysis (HD) showed that PD is associated with
lower plasma protein pentosidine, possibly due to selective
transport of pentosidine-rich protein across the peritoneal
wall. Fractionation of plasma proteins from ESRD patients by
size showed that 90% of pentosidine is linked to HMW protein

Correspondence and request for offprints to: Dr V. Monnier,
Institute of Pathology, Case Western Reserve University, Cleveland,
OH 44106, USA

and 1-2% is in free form. The mechanism of accelerated
glycoxidation in ESRD is still not understood.

Key words: diabetes mellitus; end-stage renal disease;
glycoxidation; pentoside; peritoneal dialysis; pyrraline

Introduction

The traditional scheme of the Maillard reaction implicates
Amadori products, the major products resulting from the
condensation of glucose with primary amines, as the sole major
precursor of advanced gtycation end-products (AGEs) [1]. This
view was challenged when Hayashi et al [2] discovered that the
Schiff base adduci could undergo fragmentation to form glyoxal,
C-3 fragmentation products and fairly stable pyrazine radicals.
More confusion arose when Wolff and Dean [3] showed that
glucose could autoxidize in the presence of trace metals, thus
leading to reactive compounds that were recently shown to
correspond to glyoxal and arabinose [4]. One study in the
authors' laboratory showed that -50% of the glycoxidation
product, carboxymethyUysine (CML), originates from cleavage of
Amadori products, 40% from a stage intermediate of glucose
autoxidation and the Amadori products, i.c a possible Schiff base
adduci, and <10% from spontaneous oxidation of glucose (5].
Similar results with more emphasis on glucose autoxidation were
reported by Wells-Knecht et al. [6]. From another perspective,
several studies have shown that not only CML but also
pentosidine, the other glycoxidation product, can originale
through pathways that involve multiple sugars, various
fragmentation mechanisms of Amadori products or ascoltate
[7,8]. The composition of the products obtained depends
substantially on the reaction conditions (molar ratios of reactants,
type of buffer, presence of chelating-agents, etc.).

All in all, great progress has been achieved recently in our
understanding of the synthetic pathways leading to

© 1996 European Dialysis and Transplant Association-European Renal Association



the formation of the advanced Maillard reaction products that
are currently assayed in vivo. However, the discovery of
multiple pathways for the formation of advanced Maillard
reaction products increases the complexity of possible
intrepreting results from biological studies. Much emphasis
has been placed on the role of oxidative modifications,
especially in protein crosslinking and fluorescence formation
[9]. As a result, the classical, non-oxidative pathway of
degradation of Amadori products which are the major in vivo
modifications of the Maillard reaction has become neglected,
in part due to the paucity of simple assays for this arm of the
advanced Maillard reaction.

Below, we first discuss recent progress on the biochemistry
of pyrraline, an AGE formed nonoxidatively from Amadori
products. We then address the problem of the source and
mechanism of formation of glycoxidation products in the lens,
a model of intracellular glycation. Finally, we present very
recent data elucidating mechanisms of glycation and
pentosidine formation in patients with end stage renal disease.

2. The pyrraline controversy

Pyrraline, also called pyrrole-rysine, is a major product
resulting from the reaction between glucose and primary
amines when heated under reflux [10]. At slightly acidic pH,
pyrraline yield can reach 10% if the reactant is E-amino
caproic acid [11]. Pyrraline was isolated from a reaction
mixture of glucose and lysine at 37* C after 7 days of
incubation in yields of approximately 1% [12].

Because of its lability to acid hydrolysis, poly- and then
monoclonal antibodies were raised which allowed quantitation
of pyrraline by ELISA in diabetic plasma from rat and human
[11, 13]. Immunocytochemical studies with monoclonal
antibody revealed immunostaining of sclerosed glomeruli and
arterioles in the extracellular matrix from end stage renal
disease kidneys, as well as from basement membranes in brain
microvessels, bronchioles and skin collagen [13]. In addition,
positive immunostaining was found in lesions from brains of
patients with Alzheimer's disease [14]. In each of these
studies, the immur.ostaining could be blocked by
preincubati ng the antibody with as low as 25 mM
concentration of the free hapten. Furthermore, independent
investigators studying the inununoreactivity of pyrraline in
purified Descemet and lens capsule basement membranes from
cows confirmed the role of 3-deoxyglucosone as pyrraline
precursor, and also noted an age-related increase in pyrraline
immunoreactivity [15]. Again, preincubation with hapten
blocked all binding.

These data were challenged by the report of Smith et al.
[16] who failed to detect pyrraline immunoreactivity in
glucose-incubated protein and in plasma protein from diabetic
patients. The assays, however, were performed using proteins
incubated with submillimolar glucose concentrations in the
incubation mixtures, and the incubation duration was too short
for significant amounts of Amadori products to build up.
Furthermore, a positive control with
3-deoxyglucosone-incubated protein was not performed, thus
making it difficult to assess whether the antibody had
sufficient affinity to recognize native protein-bound pyrraline.

A report stating that pyrraline was stable to alkaline
hydrolysis (IT) led us to use both this method and proteolytic
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Figure 1. Proton NMR spectrum of capryol pyrraline
flop) and caproyl pyrraline cysteinyl tkioether.

digestion to detect and quantitate pyrraline in glucose-incubated
protein and in biological tissues. Reverse phase HPLC was used
to determine the time course of pyrraline formation in protein
incubated at 37° C with 200 mM glucose [18]. Pyrraline formed
only very slowly after a lag period. Incubation with
3-deoxyglucosone dramatically catalyzed pyrraline formation.
Repetitive injections and peak collections of digest from skin
collagen led to identification of a pyrraline peak, the UV
spectrum of which overlapped with that of authentic pyrraline.
Levels, however, were below 10 pmol/mg collagen and showed
no age-related increase. Similarly, pyrralinelike material was
recovered from human plasma, and its HPLC peak was elevated
in plasma digest from diabetic patients, thus strengthening the
previous finding of increased pyrraline immunoreactivity in
plasma from diabetic patients. The latter results are not
surprising since 3-deoxyglucosone, the immediate pyrraline
precursor is found present in nuuoìar concentration in plasma
from diabetic individuals [19,20]. Although these findings are
suggestive of pyrraline formation in vivo, massspectral data
would be required to prove unequivocally the presence of
pyrraline in biological tissues.

The low levels of pyralline found in vivo, and the difficulty
encountered in purifying large quantities of native pyrraline from
tissue for spectral analysis (unpublished observation) may relate
to the high reactivity of the pyrrole group of pyrraline. A
pyrraline sample that was recovered from the freezer at -80°C
after one year of storage was found to be pink in color [21].
Reverse phase HPLC of this material revealed several new peaks
besides pyrraline. The major peak absorbing at pyrraline
wavelength (295 run) was isolated and analyzed by NMR and
FAB-MS. The results indicate that it was a pyrraline ether, i.e.
two molecules of pyrraline condensed with each other. We
therefore investigated whether another pyrraline ether could form
with residues of serine, treonine, hydroxylysine and
hydroxyproline. We found no major modifications with these
amino acids [21]. In contrast, extensive pyrraline degradation
was observed after just 24 hrs in pyrraline incubated with
N-acety! L-cysteine. From this reaction mixture, a thioether



involving a cysteine residue linked to the pyrrole
hydroxymethyl carbon 4 was isolated (Fig. 1). Its structure was
confirmed by NMR and MS-spectroscopy (21].

From the data above it is now clear that pyrraline is not a
very stable product. Considerable degradation can be expected
whenever HPLC fractions are concentrated, a procedure which
leads to increased concentration of the poorly volatile acids
present in the solvent. Thus, these may act as catalyst for
pynaline degradation. At the present time, data are needed on
whether dipyrraline or pynaline thioether exist in vivo. Such
data would be helpful to investigate the non-oxidative
advanced pathways of the Maillard reaction in vivo.

2. Glycoxidation and ¡ntracellular AGEs

The oxidative degradation of Amadori products leads, in
vitro, to the formation of the "glycoxidation" products
pentosidine and carboxymethyllysine (CML) [7,8,9], As
pointed out earlier, however, these advanced Maillard
products are not specific for glucose, and most, if not all
reducing sugars tested so far were able to act as precursor
compounds of glycoxidation products. Furthermore, ascorbate,
which oxidizes in the presence of free metals into the highly
labile dehydroascorbate, undergoes further decomposition to
form pentoses and tetroses [22] which can also serve as
pentosidine precursors [23].

Recent studies on the in vivo mechanism of formation of
CML have shown that at least 50% form from a step prior to
the Amadori product when glucose is incubated with a protein,
and at most 6-7% from glucose autoxidation [5]. That step
appears to be identical with the Namiki pathway. Yet, another
study suggests that only 20% of CML comes from glycated
protein when reincubated with glucose, and that up to 80%
originates from a step before the Amadori product, perhaps in
part from glucose autoxidation [6]. Thus, these recent
developments clearly emphasize the great complexity of the
pathways leading to glycoxidation products. At the same time,
however, they may facilitate our understanding of the
biosynthetic mechanism of in vivo glycoxidation, while
concomitantly helping to clarify the nature and impact of
altered cellular and extracellular processes.

Quantitäten of glycoxidation products in lenses from
diabetic humans and animals, or animals exposed to high
levels of reducing sugars as in galactosemia, revealed
surprising findings. For example, levels of pentosidine were
found elevated in one study [24], but not in another [23]. In
the former study, CML levels were normal in diabetic lenses
in spite of highly elevated levels of glycated crystallins. Thus,
obviously, pentosidine in the diabetic lens must be forming
through a mechanism different from CML. As to the
discrepancy between the outcome of pentosidine determination
in the two studies with diabetic patients, recent data from the
authors' laboratory revealed the presence of a glycémie
threshold for pentosidine formation in diabetic dog lens [25]
(Fig.2). Whereas crystallin-bound fluorescence and the
ascorbate/ribose-derived fluorophore LM-1 [26] were elevated
in lenses from chronic diabetic dogs in moderate control of
glycemia (HbAI = 8,0%). pentosidine levels were normal in
such lenses. In contrast, pentosidine was elevated only in
lenses from poorly controlled dogs (HbA, above 8.0 %). Thus,
crystallin-bound fluorescence and LM-I cannot form through
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Figure 2 Qvantitation of pentosidine and LM~l in the
insoluble protein fraction from lenses of dogs without
diabetes, or Hi/A good, moderately or poorly controlled
diabetes for a period of five years. Whereas LV/- 1
levels are elevated in dogs \vith moderate glycemia,
pentosidine levels are normal, suggesting presence of a
glycémie threshold for pentosidine formation in the
lens.

the same mechanism as pentosidine. In fact, in vitro studies have
shown that ascorbate is a precursor for both compounds, but that
only LM-I can form under deaerated conditions from
dehydroascorbate. Furthermore, glucose and fructose were not
found to be precursors of LM-1. It can therefore be concluded
either that ascorbate is a most likely the precursor of LM-1 in the
lens. However, pentosidine formation in lenses from poorly
controlled dogs may also be linked to membrane permeability
increase and increased crystaliin glycoxidation [25]

These data clearly indicate that the biosynthetic mechanisms
for the formation of advanced Maillard reaction products is
unclear, and that their precursor may vary according to ambient
glucose concentration. In light of the renewed interest in the role
of glycémie thresholds in the pathogenesis of diabetic
complications, advanced products of the Maillard reaction may
become very useful as markers of metabolic pathways that are
differentially influenced by glycémie stress.

3. Glycation and glycoxidation io end stage renal disease

The first evidence for a dramatic acceleration of the advanced
Maillard reaction in end stage renal disease came to light when it
was found that pentosidine levels were highly elevated in diabetic
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Figure 3 Quantitation ofAmadori products (fio-asine) and
pentosidine in plasma and in dialysis bag proteins from
patients undergoing peritoneal dialysis.

patients who were suffering from end stage renal disease [27].
Subsequent studies using immunoreactive AGEs confirmed
this finding [28], and further demonstrated that renal
transplantation almost completely normalized plasma AGE
levels including pentosidine [28,29].

A detailed study on the kinetics of glycation and
pentosidine formation was performed by the authors in
patients treated with chronic ambulatory peritoneal dialysis
[31]. This treatment modality offers a unique opportunity for
in vivo kinetic studies of glycation and advanced glycationl
since it consists of filling the peritoneal cavity with a high
glucose solution (130 mM) in order to promote solute
exchange through osmotic effect. Samples of dialysate can be
retrieved at various time interval for analysis. Over the course
of a typical dialysate "dwell" period, mean peritoneal glucose
concentration is estimated at SO mM.

Using this approach, we first found that the glycation rate
of peritonea] proteins (measured as furosine [31]) increases
rapidly, i.e. within two hours of infiusing a fresh bag of
dialysate. Surprisingly, whereas glycation levels were identical
with those firom plasma proteins at time zero, levels of
pentosidine were already highly elevated (Fig. 3), suggesting
either in situ formation of pentosidine, or selective passage of
pentosidine- rich proteins from the blood into the peritoneum.
In order to clarify these possibilities, rates of glycation and
pentosidine formation were determined by incubating normal
plasma as well as in patient peritoneal proteins isolated from
patients treated by peritoneal dialysis with 2.5% Dianeal*, i.e.
the commercial peritoneal dialysate solution. Whereas protein
glycation increased within hours of incubation, only a minor

i:
Figure 4 Biogel P6 gel filtration chromatography of pooled
plasma proteins from patients undergoing nemo- or
peritoneal dialysis. The chromatograms in the insets show
the high molecular weight fraction from a Biogel P30
column. Full circles = before dialysis, empty circles = after
dialysis. The major peak at fraction # 24-25 corresponds to
free pentosidine.

change was noted in pentosidine levels. Intfiestingly, glycation
rate was slower than in peritoneal proteins in plasma proteins
incubated with Dianeal, suggesting possible protein as a basis for
the accelerated glycation rate of peritoneal proteins.

Whereas the rapid increase in furosine, an acid hydrolyzed
product of Amadori compounds, is readily explained based on
the presence of glucose in the dialysis bag, the high pentosidine
levels at time zero may reflect the selective passage of
pentosidine-rich proteins from the plasma into the peritoneal
cavity. Alternatively, this gradient may stem from the trapping of
AGE-proteins by the peritoneum. In order to further clarify the
increase in peritoneal protein pentosidine, we have determined
furosine and pentosidine levels in peritoneal fluid proteins
aspirated from normal women at the time of laparoscopie tubai
ligation. The results showed that whereas furosine levels were
identical in plasma and peritoneal fluid proteins, there was a
7-fold increase in pentosidine levels in peritoneal fluid, thereby
strongly suggesting a role for the peritoneum in the formation of
pentosidine-rich proteins in peritoneal fluid, in normals as well
as patients treated by peritoneal dialysis.

The distribution of pentosidine in pooled plasma fractions
from patients with hemo-and peritoneal dialysis was investigated
by fractionation using Biogel P-30 and P-6 chromatography. The
insets in fig. 4 show that neither treatment modality had an effect
on pentosidine linked to high molecular proteins greater than
40,000 daltons. In contrast, there was a marked decrease in



pentosidine immediately following hemodialysis, but not
peritonea] dialysis. Whereas this finding could be interpreted
to indicate that hemodialysis is more effective at removing
pentosidine from plasma, mean steady state levels of total
pentosidine in peritoneal dialysis patients are 30 to 40% lower
than in hemodialysis, again suggesting that active or transport
or release of PD rich proteins may occur at the peritoneal wall.

The rapid effect of HD in decreasing plasma pentosidine
without affecting HMW-protein linked pentosidine suggests
that a fraction of pentosidine is present in free form. Indeed,
the major peak in Fig. 4 was found to coincide with free
pentosidine, and a time-related increase in free pentosidine
could be measured over the course of peritoneal equilibration
of fresh dialysate (not shown). Similarly, free plasma
pentosidine levels fell after a hemodialysis treatment, whereas
no change was observed in peritoneal dialysis patients after a
dialysis exchange because of the steady stae nature of
peritoneal dialysis. Interestingly, investigation into the nature
of pentosidine distribution in peritoneal fluid revealed that
approximately 15% is in free form, 20% linked to low
molecular weight protein and 65% linked to HMW. However,
in both HD and PD, more than 95% of total plasma
pentosidine is protein bound.

In summary, determination of kinetics of glycation and
advanced glycation in peritoneal dialysis patients has shown
that 1) mean levels of plasma pentosidine are lower in
peritoneal than hemodialysis, 2) active passage through or
release of pentosidine-rich proteins from the peritoneal wall
exists, and that 3) most plasma pentosidine is protein-bound
regardless of mode of therapy.

4. Conclusions

Structure elucidation and kinetic studies on the formation
of advanced Maillard reaction products have shown that
pyrraline undergoes further modifications in vivo, especially
in the presence of sulfhydryl agents such as cysteine. The
biological significance of this modification remains to be
assessed. Intracellular levels of glycation and glycoxidation
products do not follow an expected pattern as a function of the
degree of hyperglycemia as revealed in experimental animals.
Glycation and glycoxidation (pentosidine) are enhanced only
in poorly controlled diabetic dog lens, whereas LM- 1, is
elevated already at moderate levels of hyperglycemia. Thus,
ascorbate may lead to more rapid formation of AGEs more
rapidly than glucose at equivalent concentrations, e.g. as
found in the lens. Finally, the dramatic acceleration of AGE
formation in plasma from patients with end stage renal disease
is lower in peritoneal dialysis compared to hemodialysis.This
observation seems paradoxic in view of the inlraperitoneal
diabetic state induced by glucose containing dialysate
associated with increased intraperitoneal levels of glycated and
pentosidine-rich proteins. In both treatment groups most
pentosidine is present in the high molecular weight protein
fraction. Approximately 5% of total pentosidine is in free
form, the origin of which remains to be determined.
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Summary

The presence of pyrraline. a non-oxidative glucose-derived Maillard reaction
product in plasma proteins has been established previously. In this study we have
investigated the presence of pyrraline in human urine to determine whether
pyrraline-containing proteins are metabolized or selectively retained. Pyrraline was
detected by means of HPLC, and its presence was confirmed by UV and
electrospray-mass spectrometry. The quantification of pyrraline in urine from
healthy individuals showed 1.21 ±0.4 ug/mg creatinine. In urine from diabetic
patients, pyrraline levels varied considerably, although the mean level was higher
than in healthy subjects (1.37±0.6 ug/mg creatinine). These data further support the
presence of a catabolic pathway for advanced non-oxidative Maillard reaction
products in vivo and suggest their role in the pathogenesis of diabetes.

Key Words: urine, Maillard reaction, pyrraline, diabetes

An accumulation of Maillard reaction products contributes to age-dependent chemical
modification and cross-linking of tissue proteins (1), as well as to the pathogenesis of the long
term complications of diabetes (2-5). The first step of this reaction involves the addition of a
reducing sugar to free amino groups on protein, leading to the formation of aminoketoses
(Amadori products) (6,7). The Amadori product forms the Advanced Maillard reaction products
(or advanced glycation end-products. AGE), through a series of reactions which involve
dehydration, oxidation and rearrangement (8). At present, a few AGE structures have been
identified. These are classifiable into tuo categories: the glycoxidation products (GOPs) (9), that
require oxidative conditions for synthesis (pentosidine (10,11). N'-icarboxymethyOlysine (11.12)).
and those that do not require oxidative conditions for synthesis, such as pyrraline (13,14).

'* Address correspondence to: Dr. Manuel Portero-Otin, Metabolic Phsyiopathology Research
Group. Department of Basic Medical Sciences. University of Lleida, Lleida. SPAIN E-25198.
Phone:+34-73-702408. Fax:+34-72-702426.
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Pyrraline is formed by the reaction of 3-deoxy-hexos-2-ulose (3-deoxyglucosone, 3-DG)
and lysine e-amino group (14) on proteins. In vivo. 3-DG could be derived from the Amadori
product (14) and fructose-3-phosphate (15). Several independent studies have established the
presence of 3-DG in plasma (16-18). Pyrraline has been found in collagen, albumin, lens
crystallins and other proteins (19-21). Moreover, a recent work suggests that pyrraline may
crosslink proteins by ether formation (22). Because pyrraline is labile to acid hydrolysis, a
Chromatographie method of quantification has been developed which involves alkaline hydrolysis.
A previous study which demonstrated an increase in pyrraline level in the plasma proteins of
diabetic patients utilized this method ( 13).

Recently, specific receptors for advanced Maillard products formed from glucose have
been identified on macrophages and several tissues (23-25). However, it is still not clear whether
pyrraline containing proteins are taken up by such receptors or degraded through normal metabolic
pathways like their unmodified protein counterparts. To shed light on these issues, we have
investigated the presence of pyrraline in human urine. Our results show that pyrraline is excreted
in the urine and its levels are higher than other known Maillard products present in urine.

Samples:

Urine samples from 15 healthy volunteers, aged 17-35 years old. with no history of
diabetes and no known diseases were collected. Urine from age and sex matched- diabetes
mellitus, type I patients was also collected (n=15). Diabetes duration and HbAlc mean values were
9 ± 3 years and 8.9 ± 2 %, respectively (mean ± SD). No participant showed micro or
macroalbuminuria. In all cases, the urine was collected from the second daily void after fasting
overnight (26). After collection, urine samples were stored at -80° C until analysis. HbAlc was
evaluated from capillary blood samples by means of the DCA2000TM-HbAlc system (Miles.
Diagnostics Divison. Elkhart, IN, USA).

Reagents:

All the reagents used were obtained from Sigma (St Louis, MO, USA), unless stated
otherwise. HPLC-grade acetonitrile and n-trifluoroacetic acid were obtained from Merck
(Darmstatd, Germany).

Urinary creatinine:

The urinary creatinine content was determined using the Sigma Creatinine Diagnostic Kit
in 2 aliquota for each sample.

Pyrraline preparation:

Pyrraline was prepared from the incubation of glucose with lysine as previously described
(13).



Vol. 60, Nos. 4/5,1997 Pyrraline in Hunnn Urine 281

HPLC analysis and sample preparation:

Forty ni of solvent A was added to 40 ni of sample, centrifuged at 5000 x g for 10 min.
filtered with a 0.4 urn PVDF membrane filter, and 40 \tl were injected to the HPLC system. The
system consisted of two Waters 510 pumps (Waters Chromatography Div., Milford, MA, USA), a
Waters 665 PDA photodiode array detector, and an U6 K injector controlled by the Millenium R

workstation, equipped with a 30 x 150 mm Nova-Pak C-18 cartridge (5 urn). The system was
equilibrated in 0.01 M ammonium acetate pH 5.95 (referred as solvent A). The solvent B was 0.1
% TFA in water.acetonitrile (50:50), and the gradient employed consisted of ¡socràtic elution in
100% A at 1.0 ml/min until 4.5 min, to 90 % A in 22 min. and then washing with 100% B for 5
min, and equilibration in 100% A for 6 min. The UV absorbance spectra were obtained by diode
array scanning from 220 run to 400 nm and were recorded at every 0.1 s. For pyrraline detection
and quantification absorbance at 298 nm was used. A linear relationship was observed between the
amount of pyrraline standard injected and the HPLC peak area <r=0.99). in amounts ranging 10 to
2000 pmol. The resulting calibration curve was used for pyrraline quantification in urine samples.

Alkaline and acid hydrolysis:

The peak eluting at the same retention time as that of purified pyrraline standard was
collected from several samples, dried, redisolved in water and aiiquots were submitted to acid and
alkaline hydrolysis as previously described (13).

Mass-spectroscopy:

Pyrraline was purified from urine after alkaline hydrolysis and dried in a Savant Speed Vac
concentrator (Savant Instruments, Farmingdale, NY. USA). Authentic pyrraline standard was
submitted to the same procedures. The resulting peaks were submitted to electrospray-mass
spectrometry (ES-MS) on a Finnigan TSQ-700 triple quadrupole Mass Spectrometer, using an
Electrospray interface (Finnigan Mat 355, River Oaks Parkway. San José, CA. USA).

Statistic:

Data are expressed as mean±SE. Student's T test has been used for evaluating the
difference between groups, considering significance when p<0.05.

Results

Figure la shows the Chromatographie profile for a pyrraline standard obtained by
monitoring HPLC eluate at 298 nm. In urine, a well-resolved peak was present at the pyrraline
retention time (figure Ib). The peak area increased in an additive fashion when the sample was
mixed with a known amount of pyrraline standard (figure le). The UV absorbance spectrum for
this peak obtained by on-line detection using a diode array detector, was fully compatible with
purified pyrraline. with an absorbance maximum at 298 nm and a shoulder at 265 nm. The
pyrraline peak was collected from several injections of samples and submitted to alkaline and acid
hydrolysis. The hydrolyzed material was subjected again to HPLC. Acid hydrolysis completely
destroyed the peak, while alkaline hydrolysis did not change the Chromatographie profile (data not
shown). This was compatible with our previous observation that pyrraline is stable to alkaline but
not to acid hydrolysis (13,14).

Figure 2 shows the ES-MS of pyrraline purified from urine and the pyrraline standard
treated as the sample. The two spectra show signals at a m'z 255.3 which correspond to the
molecular weight of pyrraline (254.284+1) and at a m/z 277.3 which can be attributed to the
sodium salt of pyrraline.
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Fig. 1
Chromatographie profile of a urine sample and pyrraline standard monitored for
absorbance at 298 nm. Absorption spectra for the peaks marked by the arrows are
shown in the inset. A) Pyrraline standard; b) urine sample; and c) urine sample
spiked with pyrraline standard.

The excreted amount of pyrraline, quantified in urine of young adults, was equal to
1.21±0,40 ug pyrraline/mg creatinine, corresponding to 0.98±0.36 ug pyrraline/ml urine. The
quantification of pyrraline in urine from diabetic patients showed considerable variation (range
0.24-4.01 ug pyrraline/mg creatinine or 0.22-5.33 ug pyrraline/ ml urine). However, the mean
level (1.37±0.6 ug pyrraline/mg creatinine or 1.47±0,7 ug pyrraline/ml urine) was higher
compared with normal samples (figure 3). Statistical comparisons between urinary pyrraline mean
values of control and diabetes mellirus patients showed no significant differences (p=0.131).
Although that when diabetes mellitus patients were divided into two groups, according their
HbAlc levels (HbAIc<9%, n=7; HbAlc>9%, n=8) significant differences in urinary pyrraline
were observed (p<0.04; 0.81±0.25 ug pyrraline/mg creatinine vs l.96±0.7l ug pyrraline/mg
creatinine). Moreover, when comparing the high HbAlc group with control group, significant
differences were observed (p<0.05).
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Upper pannel: ES-MS spectrum for the material in urine with retention time similar
to that of purified pyrraline; lower pannel: ES-MS spectrum for pyrraline standard.
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Fig.3
Pyrraline levels in human urine from healthy subjects and insulin-dependent
diabetes mellitus patients. Horizontal lines denote the mean levels in each group.
Triangles: Diabetes mellitus patients showing HbAIc values higher than 9%;
circles: Diabetes mellitus patients showing HbAIc values lower than 9%.

Discussion

In human urine, the HPLC method showed a well resolved peak at the same retention time
as authentic pyrraline and its UV absorption spectrum was compatible with that of the pyrraline
standard. Moreover, ES-MS spectrum from the collected peak showed a signal at the expected
molecular weight of pyrraline. While acid hydrolysis completely destroyed the product, alkaline
hydrolysis did not affect its Chromatographie and UV absorbance properties. Taken together, these
data confirm the presence of pyrraline in human urine.

Unlike pentosidine and CML, the other two well characterized advanced Maillard reaction
products formed in vivo, pyrraline does not require oxidative conditions for its formation (13,14).
When compared with pentosidine and CML, the excreted amount of pyrraline is quite
considerable. The mean pyrraline levels are similar to CML ones (27) (1.2 ug pyrraline/mg
creatinine vs 1.0 ug CML/mg creatinine), and about two orders of magnitude higher than the
values reported for pentosidine (26) (1.2 ug pyrraline/mg creatinine vs 15 ng pentosidine/mg
creatinine).
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Thus, total daily pyrraline excretion would be between 1.09 mg to 3.39 mg, if the urinary
creatinine level is considered to be 0.9 to 2.8 g for 24 h. Pyrraline levels in plasma proteins, on the
other hand, are comparable to that of pentosidine (14,28). This suggests that pyrraline-containing
proteins are metabolized at a higher rate or possibly taken up preferentially by cellular receptors (if
present) and degraded.

Figure 4 shows a proposed scheme for pyrraline formation and its excretion. As explained
in the scheme, 3-DG formed from glucose or from fructose-3-phosphate. reacts with lysine to form
pyrraline. The pyrraline-modified proteins might crosslink, as previously shown, and/or be
metabolized. The pyrraline-mediated crosslinking through the formation of dipyrraline or
cisteinyl-pyrraline crosslinks (22) may result in protein structural and functional changes. Once the
protein is degraded, the resulting pyrraline may not be recognized as an amino acid and may be
eliminated in the urine instead of being reincorporated into protein. It is conceivable that urinary
pyrraline may arise as resuit of its formation in glomerular filtrate or subsequent urine formation
steps. However, the scarce amount of 3-DG present in urine (less than 0.295 nmol/ mg creatinine)
(16) in contrast with plasmane levels, could only account for a minor, urinary origin of pyrraline.
Whatever be the origin of free pyrraline, the resulting pyrraline may be filtered trough the
glomerular basement membrane, and excreted, probably because of the inability of the tubular
amino acid recovery system for its uptake (29). Further studies are needed to clarify whether
pyrraline formation is an epiphenomenon or if it has any role in protein recognition by specific
receptors and further catabolism.

F-3-P

Maillard
Reaction

--..x J
Maillard
Reaction

Glomerular filtration

•* »Tubular aminoàcid recovery

Urinary Pyrraline

Fig. 4
Proposed scheme for pyrraline formation and its excretion.
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The wide variation of pyrraline levels in the urine of diabetic patients and healthy
individuals may be due to variations in plasma and tissue pyrraline, as reported previously
(13,14,19), or to differences in the metabolism of 3-DG. The enzymes, aldose reducíase and
aldehyde reducíase have been shown to metabolize 3-DG (30). The activity of aldose reducíase is
shown to vary significantly in diabetic patients (31). Moreover, it has been found that a glycated
form of aldehyde reducíase, which shows decreased activity towards 3-DG is formed in diabetic
subjects (32). It is well recognized that among patients with comparable degree of metabolic
control there exists a heterogeneity in the development of diabetic complications (5). This
heterogeneity might be explained, at least partially, by differences in the expression of the
enzymatic mechanisms against intermediale Maillard reaction and/or differences in ihe expression
of receptors for AGEs. One should note that the difference observed between control and diabetic
individuals in this study is similar to the one observed for CML in a previous study, where CML
levels in diabetic individuals were not much higher than in normal subjects (27). It remains to be
studied how pyrraline urinary levels could be affected by the presence of long term diabetes
complications, and which is the role, if any, of pyrraline in the development of these
complications. It could be possible that long term diabetes patients with extensive complications
show a higher extent of pyrraline formation, due to the failure of enzymatic defenses against 3-DG
and passing through an inefficient glomerular barrier, this pyrraline would be found at a higher
levels in urine. On the other hand, it is also possible that pyrraline would crosslink with
extracellular matrix proteins at a higher level, lowering its urinary excretion, and thus contribute to
a positive feed-back pathogenic mechanism. In any case the interpretation of urinary pyrraline
concentralions should be supported by a deeper knowledge about in vivo pyrraline formation and
metabolism.

In conclusion, the data presented here show ihe presence of pyrraline in human urine,
possibly as a result of its elimination from plasma. The failure or decline of such an excretion
mechanism, may contribute in part to the pathophysiology of diabeles, uremia, or aging. Further
research involving ihe estimation of glycooxidation products in the urine and correlation with
pyrraline may offer insight into the relative significance of oxidative and non-oxidative Maillard
reactions in diabetes.
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ABSTRACT

The presence of pyrraline in human urine has been recently described. By means of

reverse phase high performance liquid chromatography, we have measured the urinary

pyrraline in 45 insulin-treated diabetic patients with preserved renal function, and 30 age and

sex-matched healthy subjects. The relationship of urinary pyrraline with metabolic control

parameters in the diabetic population (glycemia, fructosamine, haemoglobin A)c, and one year

mean haemoglobin AI^ was evaluated. The mean urinary level of pyrraline from diabetic

patients was slightly higher than the one from healthy subjects (0.93 ± 0.3*5 umol/mmol

creatinine vs 0.75 ± 0.2 ^mol/mmol creatinine). There is a significant correlation between the

pyrraline urinary level and the glycemia (p<0.008), the haemoglobin A!c (p<0.01), and the one

year mean haemoglobin A|C values (p<0.007), but not with fructosamine. The results of the

present work prove, for first time, that glycémie status influences circulating levels of

advanced Maillard reaction products.

Keywords: Glycémie control, Maillard reaction, pyrraiine, urine, HbAlc



INTRODUCTION

The Diabetes Control and Complications Trial (DCCT) has confirmed that strict blood

glucose control can delay the onset and slow the progression of complications in patients with

diabetes mellirus [1]. Thus, long term hyperglycemia is considered to be the major factor for

the development of these complications [2,3]. Among the mechanisms by which

hyperglycemia leads to these complications, increasing evidence support the role of

non-enzymatic glycosylation or Maillard reaction of tissue macromolecules with reducing

sugars [4-6]. Maillard reactions in vivo proceed when glucose reacts with a free amino group.

The first stable products formed (that lead in hemoglobin to HbAIc formation) undergo a

complex series of reactions, which involve oxidation, dehydration, rearrangement and

fragmentation, among other [7]. The products formed by these pathways have been show to

accumulate over aging and in a major extent in diabetic tissular proteins [6]. Among these

products, one might find oxidative derived ones, called GOPs (glycoxidation products) [8]

such as carboxymethyllysine (CML) [9,10] and pentosidine [11-13], and other which do not

need oxidative conditions to be formed, as pyrraline [14].

Pyrraline was characterized from a mixture of lysine and glucose at physiological pH

[15]. Due to its inestability to acid hydrolysis, an immunological method was developed for

its detection and quantification [14]. By using this method, increased levels were found in

plasma from diabetic individuals, and it was found in the sclerosed matrix of glomeruli

affected by diabetic nephropathy [16]. Its presence was demonstrated, by Chromatographie

methods in human collagen and plasma protein [17], confirming the finding of elevated levels



in diabetic individuals. Moreover, using the same methodology, pyrraline has been recently

described in the eye lens, both normal and cataractous [18].

We have recently reported its presence in human urine, demonstrating, for first time,

the urinary excretion of a non oxidative Maillard reaction product [19]. Moreover, it has

established the presence of its free from in plasma, being found increased levels in uremie

individuals [20]. However, no relationship has been established between glycémie control and

the elimination of this non oxidative Maillard reaction product. In previous reports,

pentosidine [21] and CML [22] levels in urine were higher in diabetic patients, despite that, in

the case of pentosidine, no relationship with the glycémie control was offered. In this work we

have evaluated the excretion of pyrraline in a diabetic group, and compared its levels with the

ones observed in sex- and age-matched healthy subjects. Moreover, we have evaluated the

relationship between several metabolic control parameters, such as glycemia, fructosamine,

HbA|C, one year mean HbA(C with urinary pyrraline levels. The observed relationships suggest

that pyrraline or pyrraline forming processes are related to metabolic control, thus they may

be in the basis of long term diabetic complications development.

SUBJECTS, MATERIALS AND METHODS

Subjects

Forty-five (20 females, 25 males) with insulin-treated diabetes mellitus aged 10 to 86

years old (mean ± SD 43 ± 12 yr), and diabetes duration ranging 3 to 25 year (mean ± SD 11

± 6 yr) were randomly selected following routine visits to the Diabetes section at the Health

Care Center "Prat de la Riba" (Lleida, Spain). As an age and sex matched control group, 30

healthy volunteers (17 females and 13 males) aged 17 to 87 years (mean ± SD 53 ± 17 yr)



were chosen. Participants in this control group were elected in basis of their absence of

personal or familiar diabetes antecedents history, pharmaceutical treatment, renal disease and

inflamatory. All control group participants showed overnight-fasting glucemia values below

5.8 mM.

No participant showed clinical history of renal disfunction, plasma creatinine greater

than 115 nmol/L or proteinuria greater than 20 ug/min. Informed consent of patients was

obtained, and the study was approved by the Institutional Human Subjects Review Board.

Urine samples were collected into a sterile container which contained 20 ul of toluene as

preservative, in the morning between 08.00 and 11.00 hours, after an overnight fast, and

stored at -80°C until analysis. Capillary blood samples for HbAlc quantiation were obtained

after finger punction. Sera was obtained from blood extracted by venipuncture in Serum

n

Vacutainer tubes, being immediately analyzed for urea, creatinine, glucose and fructosamine.

Reagents and analytical determinations.

Glucose, fructosamine and urea in serum were analyzed using, respectively, the

colorimetrie enzymatic test Peridochrom Glucose Method GOD-GAP, the TestCombination

Fructosamine, based in the reduction test of nitroblue tetrazolium (NBT) and the BUN test (all

three from Boehringer, Manheim, Germany) in a Hitachi 717 autoanalyzer (Hitachi, Tokyo,

Japan). Coefficients of variance (CV) intra and interanalysis were respectively, for glucose

determination 2.66% and 3.12%; for fructosamine 1.84% and 3.22%; and for urea 2.33% and

3.74%. Hemoglobin Ale levels were determined using the DCA 2000TM Hemoglobin Ale

System (Miles, Diagnostics Division, Elkhart, IN, USA) which measures the HbAlc

concentration by means of inhibition of latex agglutination [23]. CV intra and interanalysis



were 2.3% and 3.6%. Serie and urinary creatinine content was determined using the Sigma

Creatinine Diagnostic Kit (Sigma, St Louis, MO, USA) in 2 aliquots of each sample. CV intra

and interanalysis were 2.57% and 3.83% for serie creatinine being 3.4% and 4.2% for urinary

creatinine.

Pyrraline standard was prepared from the incubation of glucose with lysine, and its

purity was assessed as previously described [17]. HPLC-grade acetonitrile, n-trifluoroacetic,

and n-heptafluorobutiric acid were obtained from Merck (Merck Chemicals, Darmstatd,

Germany). All water used in these experiments was purified using a Muli Q, Water

Purification System (Millipore corporation, Bedford, MA, USA). All the other reagents used

in this work were of analytical grade, and obtained from Sigma (Sigma, St Louis, MO, USA).

Urinary pyrraline analysis

One hundred ul of sample was centrifuged at 5000 x g for 10 min, filtered with a 0.4

urn PVDF membrane filter, and 40 ul were placed in a Waters 715 WISP autoinjector (Waters

Chromatography Div., Milford, MA, USA). The HPLC system consisted of a Waters 616

Multi Solvent Delivery System connected to a 30 x 150 mm Nova-Pak C-18 cartridge (5 urn),

a Waters 665 PDA photodiode array detector, and a Redirac Pharmacia fraction collector

(Pharmacia, Uppsala, Sweden), all controlled by the Millenium Workstation. The first solvent

system used consisted in 0.1% trifluoroacetic acid (TFA), referred as solvent A, and 0.1%

TFA in 50% acetonitrile, referred as solvent B. The Chromatographie system was equilibrated

in solvent A and the gradient employed consisted of elution to 80% A in 22 min, at 0.8

•
ml/min, then washing at 1 ml/ min with 100% B for 5 min, and equilibration in 100% A for

10 min. The eluate from 18 to 22 min was collected in a tube containing 0.5 ml phosphate



buffer 0.5 M at pH 7. Two hundred ni of the collected fractions was injected in the same

HPLC system with the second solvent system. This second solvent system consisted in 1.6%

heptafluorobutiric acid (HFBA), referred as solvent A, and 1.6% HFBA in 50% acetonitrile,

referred as solvent B. The Chromatographie system was equilibrated in solvent A and the

gradient employed consisted in a elution to 60% B in 23 min, washing for 4 min at 60% B,

and then reequilibration in 100% A for 10 min with the flow held constant at I ml/min. The

UV absorbance spectra were obtained by diode array scanning from 220 nm to 400 nm and

were recorded at every 0.1 s. For pyrraline detection and quantification absorbance at 298 nm

was used.

Statistical analyses •

Data processing and statistical analyses were performed with the SPSS-PCR program

for WindowsR. The results are expressed by mean ± S.E.M. Variable normal distribution was

tested by the Kolmogorov-Smimov test. The correlation between non-normally distributed

variables was evaluated with non parametric statistics by the Spearman rank-correlation

method, using the Pearson correlation coefficient test to evaluate correlation between

normally distributed variables. Differences in a variable between two groups were evaluated

by Student's T test, in normally distributed variables, and by U-Mann Whithney test in the

non-normally distributed ones. In all the test, significance was considered when p<0.05.
•

RESULTS

Typical chromatograms of urinary pyrraline from a diabetic patient are shown in Fig.

1. The chromatogram in Fig. 1A shows the 298 nm absorbance profile in the first solvent

system. Eluate collection time is marked in the box. Fig. IB chromatogram shows the result of



injecting the collected fraction in the second solvent system. As shown in the inset, a peak

with the retention time equal to the one of the pyrraline standard (21.36 min, Fig. 1C)

appeared, showing a UV absorbance spectra fully compatible the one of authentic pyrraline.

A calibration line was constructed by assaying nine pyrraline standards ranging 2

pmol-1.2 nmol of pyrraline. Linear-regression analysis showed the linearity of the calibration

curve (r=0.999). The analytical recovery of added pyrraline was 96.4 ± 2.1%. CV intra and

inter-analysis were, respectively, 2.3% (n=5) and 5% (n=5) for a pyrraline standard of 3

pmol/ul.

»

In order to evaluate the influence of the urinary volume, the relationship between

urinary pyrraline concentration and urinary creatinine was examined. Pyrraline concentration

and urinary creatinine concentration correlated significantly (Pyrraline (pmol/ul)=2.71 x

Urinary creatinine (umol/L) x 10"* + 4.24, pO.006, r=0.4), suggesting a relationship between

renal function and urinary pyrraline excretion. In line with this, negative correlation of urinary

pyrraline with plasmatic urea (Pyrraline (pmol/^l)= -0.424 x Plasmatic urea (mmol/L) + 9.93,

p=0.05, r=0.21) and plasmatic creatinine (Pyrraline (pmol/ul)= -24.9 x Plasmatic creatinine

(fimol/L) x 10"3 + 3.89, p<0.03, r=0.27) were observed.

Diabetic and control groups showed glucemia values significantly different (12.7 í

1.98 mmol/L vs 5.17 ± 0.66 mmol/L, pO.OOl). The mean value of creatinine adjusted urinary

pyrraline in diabetic population was 20% greater than the one of control subjects, although the

difference did not reach significance (0.93 ± 0.35 umol/mmol creatinine vs 0.75 ± 0.2



Hmol/mmol creatinine, p=0.1). However, when analyzing the correlation of urinary pyrraline

with the glucemia in the study group, a significant relation was observed (p<0.008) (Fig. 2).

In order to evaluate the influence of glycémie control on urinary pyrraline, metabolic

control parameters, such as fructosamine, HbAlc, and last year mean HbAlc were measured

and compared with adjusted urinary pyrraline in the diabetic group (mean ± S.E.M. values:

Fructosamine, 387.5 ± 11 umol/L; HbAlc, 9.39 ± 0.29%; last year mean HbAlc, 9.49 ± 0.29

%). The results obtained prove that urinary pyrraline correlates significantly with last year

mean HbAlc (p<0.007; Fig. 3A), with HbA,c (p<0.01; Fig. 3B) but not with fructosamine

(Fig. 3C). These results point for a relationship between glycémie control and urinary

pyrraline in patients with a conserved renal function.

To exclude any age-dependent bias in the interpretation of our data, we compared

urinary pyrraline concentration versus age. There was no significant change in the

concentrations of urinary pyrraline in the control, diabetic or combined groups with age

(Fig.4).

DISCUSSION

In order to fulfill the main goal of this work, to establish the relationship between

urine pyrraline and glycémie control, a reliable method for pyrraline quantification was

needed. Pyrraline was directly quantifiable from the first chromatography, according to our

previous method [19], but in some urine samples the presence of UV-absorbing contaminants

co-eluting at the pyrraline retention time compromised its quantification. A second



chromatography of the material collected at pyrraline retention time allowed us to separate the

pyrraline from other UV-absorbing substances, thus making possible its quantification.

Pyrraline concentration in urine correlated with urinary creatinine. In order to avoid

influence of the urine volume, pyrraline values were normalized to the urinary concentration

of creatinine. By using the present reverse phase high performance liquid chromatography

method, the observed mean value for urinary pyrraline excretion, 0.75 umol pyrraline/mmol

creatinine in non-diabetic, is equivalent to 0.137 umol pyrraline x kg'1 x 24 h" assuming a

daily excretion of 12.3 mmol creatinine for a 70-kg healthy subject. The normalized urinary
*

concentration of pyrraline is in accordance with recent data of Odani et al.[20] that have

shown a plasmatic concentration, in normal subjects, of 80 pmol/ml plasma. This, assuming a

plasmatic creatinine concentration of 97.3 umol/L, would imply a plasmatic pyrraline

concentration of 0.82 umol/mmol creatinine, which is quite similar to the one observed in the

present work. These data reinforce the role of kidney function on plasmatic pyrraline

elimination and allow us to assume that urinary pyrraline is mainly derived from plasmatic

pyrraline clearance.

The data obtained proves, for first time, that pyrraline urinary levels (as may be

assumed for other Maillard reaction products) is related to glycémie status. Assuming the

results of Odani eta al, these levels reflect plasmatic concentration in individuals with a

conserved renal function. The lack of relationship between fructosamine values and urine

pyrraline could be attributable to methodological drawbacks of fructosamine determinations

[24,25].

10



It is commontly accepted that the link between hyperglycemia and diabetes

complications comprises several, non-excluding pathogenic mechanisms [26]. Among them,

the Maillard reaction in vivo explains, with enough experimental basis, some of the

extracellular matrix-related complications, such as connective tissue abnormalities, diabetic

glomerular hypertrophy, etc. [27]. Thus, the relationship between the extracellular

matrix-linked Maillard reaction products pentosidine and CML with the presence and severity

of diabetic complications, has been proved by several works [28-30], despite the relationship

of these products with glycémie control is controversial [31-33]. Thus, the present study

constitute the first report linking glycémie control and the urinary concentration of a Maillard

reaction product, pyrraline.

Pyrraline is derived from the reaction of 3-deoxiglucosone (3-DG), a Maillard derived

dicarbonyl sugar, with lysine [7]. Increased levels of 3-DG have been reported in diabetic

population, but no relationship with glycémie control was proven [34,35], although Wells-

Knecht et al. have described the relationship between glycémie control, expressed as HbAlc

and plasma and urinary 3-deoxyfructosone, a metabolic fingerprint of 3-DG [36]. The data

presented here support the concept that 3-DG formation is increased in individuals with a

lower level of glycémie control. These increased levels of 3-DG, through its reaction with

biomolecules, seem to contribute to the long-term complications of diabetes [34]. In this line,

it has been previously shown that several detoxifying enzymes could use 3-DG as a substrate

[34]. The interindividual variability in the enzymatic activity has been proposed as a source of

variability in the link between hyperglycemia and diabetic complications [27]. Assuming

pyrraline levels as a function of 3-DG formation, the worst controlled individuals would have

an increased charge of 3-DG, hypothetically surpassing their capacity of dealing with this

11



reactive sugar. Moreover, the high variation of pyrraline values observed here might be, at

least partially, explained by this interindividual variability [27].

The role of pyrraline as a toxic factor has been proposed [18], but no mechanisms of

such a toxicity have been described. Thus, while pyrraline seems to be an useful marker of

non-oxidative Maillard reactions in vivo, its paper as a direct agent on the pathophysiology of

diabetic complications has not been evaluated. At present, no known receptor that shows

affinity with in vitro formed advanced Maillard reaction products, has been proved to

recognize pyrraline or pyrraline modified proteins. The only proved possible pathogenic
*

mechanism is its ability as a cross-linker agent, specially with cysteine residues [37]. It has to

be remembered that sclerosed matrix from nephropathy affected kidneys were among the

tissues preferentially stained by the pyrraline antibody. This pattern may be derived from

crosslinking of filtered pyrraline to extracellular matrix proteins. Whatever its role in the

pathogeny of diabetic complications, the data presented here point for a relationship between

the glycémie control of diabetic individuals and pyrraline formation and ulterior elimination.

It could be inferred, from this relationship a role of Maillard reaction in the development of

diabetic complications. Finally, despite glycémie control has been shown to affect only

modestly the concentration of advanced Maillard reaction products in the extracellular matrix

[31-33], here is shown to influence clearly advanced Maillard reaction in vivo in a more

dinàmic compartment such as plasma/urine.

Due to the fact that both the HbAlc and last year mean HbAlc concentration are

among the better correlated variables with urinary pyrraline concentration, and due to the

kinetics of formation of pyrraline, a product derived from stages after Amadori reordenation,

12



it may be studied whether pyrraline in urine can be used as an long term glycémie control

index, as anticipated for AGE-Hb [38].

More work has to be done to evaluate the relationship of pyrraline with the pathogeny

of diabetic complications, both in the biochemical and in epidemiological basis. These

knowledge would provide basis for a better therapeutic approach of diabetes and its

complications.
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FIGURE LEGENDS

Figure 1. RP-HPLC Chromatographie profile from human urine. A) Urine sample

chromatogram from a diabetic patient, at 298 nm absorbance. Arrow indicates the pyrraline

retention time in this system, and square box defines the time window collected for second

chromatography (see "Research Design and Methods" section for further details), B)
»

Chromatogram of the collected material injected onto the second system. Arrow indicates the

pyrraline retention time, inset: UV spectra of the marked peak, obtained by on-line analysis

with the Diode Array Detector, and C) Chromatogram of authentic pyrraline treated as the

sample, inset: UV spectra of authentic pyrraline, obtained by on-line analysis with the Diode

Array Detector.

Figure 2. Comparison of urinary pyrraline concentration (adjusted to urinary creatinine

concentration) and plasma glucose concentration in diabetic (filled circles) and non diabetic

(white circles) subjects. Line, least-squares fit to data for all the samples with equation

Pyrraline (umol/mmol creatinine) = 0.061 x Glucemia (mmol/L) + 0.19 (r=0.45, p<0.008)

Figure 3. Comparison of urinary pyrraiine concentration (adjusted to urinary creatinine

concentration) and glycémie control parameters in diabetic subjects: A) Pyrraline

concentration and last year mean HbAlc. Line, least-squares fit to data for the samples with

equation Pyrraline (umol/mmol creatinine) = 0.11 x Mean HbAlc (%) - 0.24 (r=0.36,

p<0.007), B) Pyrraline concentration and HbAlc. Line, least-squares fit to data for the

samples with equation Pyrraline (umol/mmol creatinine) = 0.15 x HbAlc (%) - 0.53 (r=0.46,

p<0.01), C) Pyrraline concentration and fructosamine concentration. Line, least-squares fit to

20



data for the samples with equation Pyrraiine (umol/mmol creaturine) = 1.82 x Fructosamine

(umol/L) x IO'3 + 0.22 (r=0.032, p=0.38, n=33).

Figure 4. Comparison of urinary pyrraline concentration (adjusted to urinary creatinine

concentration) and age of the donors. Line, least-square fit to all the samples. No correlations

were statistically significant within combined groups (r=0.13, p=0.42) or diabetic (filled

circles) (r=0.14, p=0.41) and control (white circles) (r=0.12, p=0.43) populations separately.

Line has equation Pyrraline (umol/mmol creatinine) = - 4.44 x Age (yr) x IO"3 + 1.15.
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DISCUSSION OVERVIEW

In order to study the pyrraline as a product of the
advanced Maillard reaction in vivo, the
development of Chromatographie methods for its
quantification was a necessary step. After this, it
has been investigated the role of pyrraline as a
crosslink precursor. Due to the well-known
relationship between renal function and AGE
levels in vivo, it has been also studied its
elimination in urine. Finally, the elimination of
pyrraline with reference to diabetes has been
examined.

1 PYRRALINE SYNTHESIS AND
PURIFICATION

1.1 SYNTHESIS

The first objective of the present work has been
to simplify the procedures for pyrraline
synthesis, departing from previous methods
(Kato et al., 1992; Hayase et al., 1989).

The initial reactants in this synthesis are lysine
and glucose. However, in common synthetic
pathways, a-amino group of lysine are blocked
by tert-butyloxycarbonyl (tBOC), acetyl or
hyppuril groups, among others (Glomb &
Monnier, 1995). The use of these groups
increases specificity of the reaction. Moreover,
the use of UV absorbing or fluorescent blocking
groups facilitates detection of reaction products
and hence its isolation (Smith & Thornalley,
1992). The steps for deprotecting these amino
groups usually include acid hydrolysis. For this
reason, due the high sensitivity of pyrraline to
acid pH, the use of protecting agents is avoided
in the present method.

The synthesis proceeds by refluxing a 2.33 M
glucose and 1.44 M lysine dissolution during 6
hours. The resulting mixture is submitted to ion-
exchange chromatography, in order to separate
glucose. In the previous method (Hayase et al.,
1989), this chromatography was performed in a
column, whereas in the present work (Article I)
the same ion-exchange resin is used in a batch
mode. This modification increases the overall
purification speed and the amount of reactants
that can be processed.

After ion-chromatography, the resulting eluate is
submitted to the same type of silica-gel based
flash-chromatography reported in the prior work
(Hayase et al., 1989), in order to separate
pyrraline from lysine and other compounds. In
Article I, the eluate is spotted in filter paper and
revealed with ninhydrin. The first ninhydrine
positive fraction, using the Chromatographie
conditions described, also show an UV
absorbance spectra compatible with pyrraline.
The prior method (Hayase et al., 1992)
monitorized for UV absorbance the eluate. The
modification introduced increases quickness of
detection. After checking the pyrraline presence
by UV absorbance, the first ninhydrine positive
fractions are pooled and submitted to the final
step. The last step of pyrraline purification in the
present work (Article I), a reverse-phase semi-
preparative HPLC, is the same used previously
(Hayase et al., 1989).

Overall, the purification procedure described
here reproduces the previous method (Hayase et
al., 1989) with slight modifications. These
improve the purification by allowing the use of
major amount of reactants.

The use of an alternative method for pyrraline
synthesis and purification has been recently
proposed (Henle & Bachmann, 1996) . This
method uses the pyrraline precursor 3-DG and
a-tBOC-lysine as reactants. After heating at
70°C during 2 hours, this procedure leads to
pyrraline formation in a 30% yield, higher than
the obtained in the present method (Article I).
The pyrraline purification is accomplished by
reverse phase preparative HPLC, and the
resulting a-tBOC-pyrraline is deprotected by
acetic acid treatment. However, no data is
offered for the possible pyrraline hydrolysis.
Despite the yield of this procedure is higher than
that of other methods, it requires the use of 3-
DG, whose synthesis and purification may be
considered laborious. 3-DG synthesis and
purification (Madson & Feather, 1981) based
in the glucose to 3-DG conversion, via
benzoylhydrazone requiring a higher background
in organic synthesis than the necessary for the
pyrraline synthesis and purification method
described here.
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1.2 STANDARD PURITY AND
STRUCTURE ASSESSMENT

The purity of the obtained substance is
confirmed by several Chromatographie and
spectrometric methods. A single peak absorbing
at 298 nm is observed in the HPLC profile.
Moreover, the analysis of the HPLC-resulting
peak by thin-layer chromatography in two
different solvent systems (Butanol: acetic acid:
water 8:1:1; Isopropanol: ammonium hydroxide
7:3), shows a single major spot after charring
with H2S04. The same spot is reactive to
ninhydrine and to Ehrlich reagent, demonstrating
the presence of amino groups and heterocycles.
The analyses of the UV spectra showed a
product with a maximum at 298 nm and a
shoulder at 267 nm.

After the Chromatographie steps for purity
assessment, the spectrometric analyses confirm
the structure of the compound obtained (Table
30). The results of proton nuclear magnetic
resonance (H-NMR) spectrometry and fast atom
bombardment mass spectra (FAB-MS) are
compatible with the pyrraline structure (Article
I). However, the presence of several peaks in
FAB-MS differing for pyrraline strongly
suggests that during the process of sample
preparation for spectrometry, non-controlled
hydrolysis may occur. These hydrolysis are
attributable to the low pH value of the HPLC
eluate, due to the presence of trifluoroacetic acid
(TFA) in the purification step. Despite these
hydrolysis reactions do not lead to a complete
destruction of pyrraline standard, they could
compromise pyrraline measurement (Article III).

2 QUANTITATIVE ANALYSES OF
PYRRALINE

2.1 PRECHROMATOGRAPHIC
TREATMENTS

2.1.1 FREE PYRRALINE

The presence of pyrraline not bound to protein
("free pyrraline") is demonstrable in several
samples. The pre-chromatographic treatment of
these free-pyrraline containing samples includes
methods for deproteinization and pyrraline
concentration.

Urine

Pyrraline is found in its free form in urine
(Article IV). The preparation of the samples
consists in centrifugation and filtration. Several
assays of solid phase extraction have been
performed (C-18, cation-exchange, silica-gel),
showing the recovery of added pyrraline to urine
in values ranging 50-70%. Despite that, due to
the optimal recoveries (>95%) of the double
HPLC method described in Article V, the
research on solid phase extraction for urine
samples has not been continued.

Plasma

The searching of free pyrraline in plasma is
prompted by the finding of free pyrraline in urine
to confirm its plasmatic origin. In order to
analyze free plasmatic pyrraline, several
deproteinization methods have been assayed.
Protein precipitation with organic solvents
(methanol, acetonitrile, isopropanol) does not
offer reproducible results. This may be derived
from pyrraline entrapment into the precipitated
protein. As an alternative to the organic solvent
precipitation, 6% percloric acid as well as 5%
TCA have been tried out, offering good pyrraline
recoveries (>80%).

Table 30. Pyrraline chemical characteristics

Name

Composition
Formula
Molecular Weight 254.58

E-2-{formyl-5-hydroxymethyl-pyrrol-1 -yl)-l-
norteucine __ _ __ _ ____
C (56.68%)"Hf(7.13%) N (1 í.02%) Ò (25.17%)
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been tested. The use of 10000 Kd cut-off filters
on plasma allows the detection of added free
pyrraline (90%), but the coelution of several
substances with pyrraline interfere with the
Chromatographie analysis. In contrast with this
data, the use of 3000 Kd cut-off filters is
propounded to determinate free pyrraline in
plasma (Odani et al., 1996). In this case, the use
of a mass-spectra detector increases the
specificity.

The solid phase extraction of protein free plasma
extract has been also performed, in several solid
phase matrix (C-18, cation-exchange, silica-gel),
showing that reproducibility of the added
standard is not consistent. Current efforts are
being performed to standardize plasma free
pyrraiine measurement by using a combination
of these methods.

Other samples

In order to quantify free pyrraline, the
prechromatographic treatment of other samples,
such as food includes protein precipitation with
zinc sulfate and potassium ferrocyanide
(Chiang, 1988). Powdered milk, cheese and
chocolate snacks are some of the foods where
free-pyrraline is detectable by this method. These
assays have not been tried out for measurements
of pyrraline in plasma or urine.

2.1.2 PROTEIN BOUND PIRRALYNE

The optimization of the hydrolysis procedures
for quantitative analyses of pyrraline in proteins
is a novel aspect offered in the present work.
These hydrolysis procedures include alkaline and
enzymatic hydrolysis, due to the sensitivity of
pyrraline to acid hydrolysis.

Enzymatic hydrolysis

The method elected for a high sensitivity and
precise pyrraline quantification is the enzymatic
hydrolysis after protein precipitation using
trichloroacetic acid (TCA) (Article I). The
enzymatic hydrolysis for subtotal or total protein
digestion consists of the sequential use of
intestinal peptidase, Streptomicex Griseus
peptidase and pronase E. By using this method,
the presence of a substance coeluting with
pyrraline standard in biological samples is
demonstrable.

Plasma
The processing of plasma samples for pyrraline
quantification is performed following the
enzymatic hydrolysis protocol, despite several
alternative approaches, depending on the
pyrraline quantification methodology, are also
useful for this goal. The methods for the
immunological measurement of pyrraline
concentration use an albumin rich fraction. This
fraction is obtained separating fibrin and
immunoglobulins by selective albumin
precipitation (Chang et al., 1985). In this case
the pyrraline is analyzed by a competitive
ELISA (Hayase et al., 1989). This method,
despite proving pyrraline presence in vivo, could
be interfered by pH changes during precipitation
of the samples, that may lead partially to some
pyrraline degradation. The same method is
applied in other works for immunological
pyrraline analyses (Smith et al., 1993). The
method described in the Article I is also used in a
recent work (Odani et al., 1996), analyzing
pyrraline presence in plasma with reference to
renal insufficiency. In this case, plasma proteins
are precipitated by 5% TCA, and ulterior
elimination of TCA by diethyl ether extraction.
After that, the enzymatic hydrolysis protocol is
used. However, the efficacy of the hydrolysis
treatment is not reported. For the samples used
in the Article I, the enzymatic hydrolysis in
plasma proteins leads to an 87-92% of total
digestion (referred to amino reactivity after acid
hydrolysis). In accordance with the high amount
of AGE-products observed in plasma from
uremie patients (Odetti et al., 1992; Makita et al.
1994), it would be useful to establish the yield
enzymatic hydrolysis in these plasma, due to the
close relationship between advanced Maillard
reaction and crosslinking, hence resistance to
enzymatic digestion.

Other samples
The enzymatic hydrolysis is used for pyrraline
quantification in cereal and lacteal-derived foods
(Henle & Klostermeyer, 1993). In this case, a
combination of four enzymes is used
(aminopeptidase, carboxypeptidase, pronase E
and tripsine). The same method is useful for
pyrraline determination in other foods, such as
bakery foods and pasta (Henle et al., 1994).
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Alkaline hydrolysis

The method elected for alkaline hydrolysis offers
several advantages for the preparation of
samples prior to HPLC analyses. Barium
hydroxide-based hydrolysis, when compared
with other hydrolysis, such as sodium or
potassium hydroxie-based ones, shows an easier
neutralization and salt elimination procedures
using sulfúric acid as the neutralizing agent.
Sodium hydroxide-based hydrolysis, with
hydrochloric acid neutralization renders a higher
amount of soluble salts than the barium
hydroxide-hydrolysis. Thus, the HPLC analyses
would be impaired by this high salt
concentration.

After neutralization, in order to reduce the
amount of possible contaminants, the method
initially assayed, using sodium hydroxide,
included an extraction step using diethyl-ether.
This extraction does not achieve a high pyrraline
recovery (<10%) despite retaining a very low
salt amount. This drawback is overcome by the
use of several alcohols (methanol, ethanol,
propanol, isopropanol, butanol). The best solvent
assayed for pyrraline recovery with a low
amount of salt retained is butanol. However, its
use has been dismissed because its evaporation
at low temperature-vacuum systems (Speed-Vac)
is difficult due to its boiling point.

The sulfúric acid neutralization on barium
hydroxide hydrolysates leads to the formation of
barium sulfate salts, that have a very low
solubility in water. The recovery studies in BSA
models show that the soluble phase contains the
major amount of amino acids and pyrraline
(approx. 75%). Despite that, a fraction of
pyrraline is lost by the adsorbance/trapping of
amino acids in the insoluble saline matrix.

Urine

The alkaline hydrolysis protocol is also used in
the demonstration of the presence of pyrraline in
urine (Article IV). The alkaline hydrolysate of
the urine from fasting individuals shows a peak
coinciding in retention time and UV absorbance
spectra as pyrraline standard.

However, some urinary samples are altered by
alkaline hydrolysis. This alteration consists in
changes in color, giving a brown tone, with
concomitant losses of pyrraline and other peaks
in the HPLC profile. The mechanisms of this
phenomena remain unknown, but is restricted to
some samples of diabetic individuals.
Apparently, these characteristics can be
reproduced adding glucose to the urine of healthy
individuals, so that it is hypothesized that
glucose above a threshold level (not determined)
interferes with alkalyne hydrolysis in urinary
pyrraline quantification.

Other samples

Other authors have also used alkaline hydrolysis
for preparation of the analyses of BSA
incubations with glucose (Sengl et al., 1989).

Comparison between alkaline and
enzymatic hydrolysis

These hydrolysis methods have not been
compared in urine or plasma samples but this
comparison has been done in a model reaction of
a-crystallin and 3-DG (Nagaraj & Sady, 1996).
It is shown that alkaline hydrolysis leads to
pyrraline loss, which may account for 60%, in
this model (Figure 28).

Alkaline Enzymatic

Figure 28. Comparison between alkaline and enzymatic
hydrolysis for pyrraline quantification in a model system.
Pyrraline formation in a-crystallin (100 mg/ml) incubated with
3-DG (100mM) in PBS, after 19 days at 37°C. Enzymatic
hydrolysis was performed by the sequential use of intestinal
peptidase and pronase E. (Modified from Nagaraj & Sady,
1996)

Despite the utility of enzymatic hydrolysis in
several samples, others still show a very high
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resistance to enzymatic digestion. Thus, model
reactions of protein with glucose or 3-DG,
collagen isolated from aged individuals, or
brunescent lenses, due to their high cross-linking
degree, are not completely digestible by
enzymatic hydrolysis. These limitations are
overcome by the harsher alkalyne hydrolysis
treatment. Thus, the pyrraline content of
brunescent lenses has been only quantifiable by
alkaline hydrolysis (Nagaraj & Sady, 1996). In
this line, the enzymatic digestion of BSA
incubated with glucose does not allow pyrraline
quantification, due to the incomplete digestion.
These samples, after alkaline hydrolysis, present
pyrraline in the HPLC profile.

2.2 HPLC ANALYSIS OF PYRRALINE

After the corresponding treatment, the samples
are analyzed by HPLC. The stationary phase
elected is a reverse phase (C-18), using as a
mobile phase a gradient of acetonitrile in water
with counterion, or gradients of acetonitrile in
ammonium acetate buffer. The use of HPLC for
the analyses of advanced Maillard reaction
products is common, being currently used in the
measurement of pentosidine (Odetti et al., 1992;
Sell et al., 1996), LM-1 (Nagaraj et al., 1996b),
and imidazolysine (Nagaraj et al., 1996). Despite
the reference method of CML is GC/MS, some
works have also used HPLC for its
quantification (Glomb & Monnier, 1995).

In this work, several HPLC procedures have
been tested for pyrraline analysis, including
reverse phase, cation exchange and silica gel
stationary phases, due to the necessary
optimization of the analysis to the different
samples that have been analyzed. Thus, the first
method (Article I) employed is useful for model
studies of pyrraline formation. The albumin
incubations with glucose or 3-DG contain
higher pyrraline amounts, and a lower level of
contaminants, when compared with other
samples, such as plasma or urine. The
demonstration of the presence of pyrraline in
these samples requires, for the major amount of
coeluting substances, the reinjection of the
collected fraction in a second system (Article I
and V). This is also true for the measurement of
other, fluorescent, AGE products, where in order
to avoid the interference of fluorescent
hydrolysis byproducts, two chromatographies

are used, as in the case of pentosidine (Odetti et
ai., 1992)

The Chromatographie methods assayed differ
from the previously used methods. Thus, a
cationic exchange-based amino acid analysis is
used with slight modifications for pyrraline
analyses in food samples (Henle et al., 1993;
Henle et al., 1994). In this line, other authors
(Sengl et al., 1989) have also employed cationic
exchange chromatography to quantify pyrraline
in the alkaline hydrolysates of glucose incubated
BSA. Other authors use a reverse-phase
chromatography for the same goal. Thus, a C-8
stationary phase is used for the analyses of
pyrraline in food (Chiang, 1988). Pyrraline in
human lenses is measured using a very similar
method to the reported in the Article I.
Moreover, an isocratic system in C-18 is also
used in plasma pyrraline determination (Odani et
al., 1996).

The heterogeneity of pyrraline Chromatographie
analyses may be attributed to the differences in
detection systems, being diode-array detector
(DAD) systems the most used for pyrraline
detection. This detector allows to perform the
UV and visible absorbance spectra of the eluate.
Due to the fact that pyrraline contains a
pyrrolaldehyde group with characteristic UV
absorbance, the combination between HPLC
resolution and spectrophotometric specificity,
gives a high analytical performance to the
technique used in the present work.

The use of other detectors for pyrraline analyses
are also reported. Due to the heterocycle and the
aldehyde presence, pyrraline is an electroactive
substance. Thus, an electrochemical detector is
also used, with a detection limit (2 pmol/ul)
slightly minor than the observed in the present
work (3 pmol/ul) and the reported for UV
absorbance detector in other works (Henle et al.,
1994). At present, the advancement of HPLC
coupled to Electro-Spray Mass Spectrometry
techniques allows the analysis for molecular
weight of the eluate. Thus, the molecular weight
of pyrraline is used as a characteristic property
for pyrraline quantification in plasma
hydrolysates (Odani et al., 1996).
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2.2.1 IMMUNOLOGICAL METHODS FOR
PYRRALINE ANALYSIS vs HPLC

The first evidence for pyrraline presence in vivo
and consequently the first quantitative analysis
arose from a competitive ELISA assay (Hayase
et al, 1989). The polyclonal antibody employed
is specific for KLH modified with caproyl
pyrraline, showing some influence by the
pyrraline alkyl chain. In a similar work, Smith et
al. failed to find pyrraline reactivity, using an
antibody obtained with the same methodology
(Smith et al., 1993). This failure is attributable
to a relative inespecificity of the antibody. In this
line, no positive control for lysil pyrraline was
used. In accordance with the influence of the
alkyl chain in these antibody systems, it may be
hypothesized that caproyl pyrraline carboxyl
has a role in the antibody interaction. In this line,
propyl-pyrraline or butyl-pyrraline show very
different reactivities despite the similarity
between these molecules (Figure 29).

The development of a monoclonal antibody to
caproyl-pyrraline has contributed to increase the
knowledge of the immunological recognition
mechanism of this product (Miyata & Monnier,
1992). It is demonstrated that this antibody
shows a high specificity for the pyrrol-aldehyde
group, but still depends on the alkyl chain
characteristics. By the competition experiments,
this antibody would recognize pyrraline
emerging from the protein matrix, because in
proteins the Lys u-amino group would be
compromised in the peptide bond. The
competitive ELISA method, due to its relatively
low affinity for lysil-pyrraline (when compared

with other pyrrol-aldehydes) seems to be, in
protein hydrolysates, less sensitive than HPLC
pyrraline measurement.

2.3 COMPARATIVE EVALUATION OF
THE METHODS FOR QUANTIFICATION
OF ADVANCED MAILLARD REACTION
PRODUCTS

2.3.1 PENTOSIDINE

The methodological difficulty of the HPLC
method for pyrraline measurement is similar to
that of the procedures used in the quantitative
determination of other advanced Maillard
reaction products. Thus, « a double
chromatography with fluorescence detection is
used in the pentosidine measurement of plasma
and hemolysate (Odetti et al., 1992), in lung
collagen (Bellmunt et al., 1995) in skin collagen
(Sell et al., 1996) or in lenses (Nagaraj et al.,
1991). Other authors propound the use of gel
filtration at a low pressure as a pre-
chromatographic step of the reverse-phase
HPLC for pentosidine determination in plasma
and urine acid hydrolysates (Takahashi et al.,
1993a; Takahashi et al., 1993b). This technique
can be automatized by column switching
procedures (Takahashi et al., 1996), in the acid
hydrolysate of several connective tissues. The
measurement of pentosidine concentration can be
achieved even by a single Chromatographie,
reverse-phase HPLC step in the acid hydrolysate
of skin collagen (McCance et al., 1993).
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Figure 29. Concentration of several pyrraline analogues for 50% inhibition in the competitive ELISA of pyrraline.
Polyclonal: method of (Hayase et al., 1989); Monoclonal, method of (Miyata & Monnier, 1992).
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Alternatively, the measurement of pentosidine
can be achieved by a competitive ELISA, using
antibodies raised against KLH conjugated with
this AGE (Taneda & Monnier, 1994). This
method has been validated by the HPLC
measurement being also used for pentosidine
determination in amyloid ß2m fibrils (Miyata et
al., 1996).

2.3.2 CML

The standard method for CML measurement
consists on the GC/MS analyses of CML from
acid hydrolysates after derivatization. This
method has been applied in lens (Dunn et al.,
1990a), urine (Liardon et al., 1987; Knecht et
al., 1991) and skin collagen (Dunn et al., 1991).
This procedure possesses the advantages of
higher sensitivity and specificity, due to the use
of a [2H]-labeled CML as internal standard,
which lead to an excellent analytical
performance.

Other methods for CML measurement include
HPLC with post-chromatographic derivatization
(Glomb & Monnier, 1995), and an ELISA
analysis (Gempel et al., 1994) which has been
recently used in CML measurement for the
assessment of in vitro LDL oxidation (Kato et
al., 1996).

The derivatization and analysis of pyrraline have
been tried due to the GC-MS sensitivity and
specificity properties. However, the instability of
pyrraline in several derivatization (methylation,
reduction) conditions has precluded the
development of this procedure.

Conclusions

The results about the quantification of pyrraline
by HPLC coupled to DAD offered in this work
support the use of this method in several
samples. The Chromatographie treatment of
these samples may include either
deproteinization, in the cases where free
pyrraline presence is suspected, either
enzymatic hydrolysis, or alkaline hydrolysis in
those samples with extensive crosslinking that
precludes the use of enzymatic digestion.

3 PYRRALINE AS A PRODUCT OF
THE ADVANCED STAGE OF THE
MAILLARD REACTION IN VITRO

3.1 KINETICS OF IN VITRO FORMATION
OF PYRRALINE

The concentration of pyrraline in BSA incubated
with glucose during 30 days at a physiological
pH and temperature is increased respect day 0,
when measured with the polyclonal antibody
competitive ELISA (Hayase et al., 1989). The
shape of this rise is complex, showing a first
major increase until day 5, then decreasing levels
to day 10 and finally increasing until day 30.
These results are not observed at pH 5.4, in
conditions where pyrraline formation is favored,
showing lineal increases in pyrraline reactivity.
The use of a monoclonal antibody based-
competitive ELISA in HSA incubations with
glucose does not reproduce the biphasic shape
(Miyata & Monnier, 1992). By means of HPLC
analyses (Article I) it is proved that 0.1 M
glucose incubations with BSA induce a time-
dependent accumulation of pyrraline in the
protein, with a delay phase, attributable to
Amadori product formation and degradation to
3-DG. This delay phase is not observed in 0.5 M
glucose, being demonstrable an exponential
increase in pyrraline concentration at this high
glucose concentration. This fact may be
explained by protein steric changes induced by
the Maillard reaction that would expose more
residues for pyrraline formation.

The use of 3-DG as a pyrraline precursor in
HSA has been examined by monoclonal
competitive ELISA, and HPLC. The ELISA
method shows that pyrraline concentration in
HSA incubated with 3-DG increases
exponentially with time. These results are
reproduced by the HPLC analyses of BSA
incubated with 3-DG. This phenomena may be
explained by similar reasons to the reported for
0.5 M glucose incubations

The differences observed between ELISA and
HPLC analysis can be attributed to the fact that
the antibody would bind the exposed pyrraline
residues that are projected outside the protein
inner matrix. In contrast, pyrraline HPLC
measurements, being done after complete
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Table 31. Formation of pyrraline In vitro: Comparison between ¡mmunological and HPLC quantification

Method

ELISA polyclonal
ELISA monoclonal
HPLC

Protein

BSA
HSA
H SA

Pyrraline concentration (pmol/mg protein)
Glucose 0.5 M

pH 5.4 pH 7.4
22 24
n.d.
200

30
n.d.

3-DG 50 mM
pH 5.4 pH 7.4

450 400
2000 750
n.d. 4500

Protein was incubated during 30 days at 37 "C with several precursors in 0.2 M phosphate bufler.n.d.:Not determined (ELISA values
taken from Hayase et al., 1989; Miyata & Monnier, 1992).

hydrolysis, offer a global evaluation of this
modification.

3.2 PYRRALINE CONCENTRATION

3.3 COMPARATIVE KINETICS OF IN
VITRO FORMATION OF OTHER
ADVANCED MAILLARD REACTION
PRODUCTS.

The total amount of pyrraline formed in albumin
incubated with glucose shows no differences
when determined by polyclonal and monoclonal
antibody-based competitive ELISA (Table 31).
In contrast, the absolute amount of pyrraline, in
3-DG incubations, shows differences between
these two methods, being increased the pyrraline
concentration in the monoclonal antibody-based
competitive ELISA (Hayase et al., 1989; Miyata
& Monnier, 1992). These differences in results,
besides protein variations (BSA for polyclonal
and HSA for monoclonal antibodies), may be
explained by the major sensitivity of the measure
by the more specific, monoclonal antibody-based
method.

The pyrraline concentration when measured by
HPLC is higher than the reported for competitive
ELISA, due to the prechromatographic
hydrolysis of the sample, that allows to quantify
all pyrraline residues. These results show that
after 30 days of incubation with 0.5 M glucose
at pH 5.5, the pyrraline modification affects only
1.5% of BSA molecules. These values are far
away from the 5% of glycated albumin observed
in vivo (Guthrow et al., 1979)

The incubation of albumin with 3-DG (50 mM),
the immediate precursor of pyrraline, at
physiological pH during 30 days induces a major
modification, increasing up to 30% of BSA
molecules. These data support the important role
of conversion of Amadori product to 3-DG in
pyrraline formation.

PENTOSIDINE

Pyrraline concentration in albumin incubations
with glucose is higher than that with pentosidine.
Accordingly, it may be established that pyrraline
formation is favored over the pentosidine
formation whenever the initiating sugar is
glucose (Grandhee & Monnier, 1991). For
albumin incubated during 30 days with the same
concentration of glucose, phosphate buffer, pH
and temperature, pentosidine yield is 10 time
lower than that of pyrraline (14 pmol
pentosidine/mg protein vs 200 pmol
pentosidine/mg protein). This difference in
formation may be explained by the fact that
pentoses are the plausible precursors of
pentosidine, being considered that oxidative
degradation of glucose or other hexoses is a
necessary requisite for pentosidine formation
from these sugar sources (Dyer et al., 1991).
Besides this fact, Arg-Lys crosslinking may not
be favored in albumin.

CML

The comparison between CML and pyrraline
concentrations in proteins demonstrates that in
oxidative conditions, the CML formation is more
important than that of pyrraline. In experiments
with glycated lysozyme it has been proved that
up to 35% of the lysozyme Amadori products
suffer transformation to CML after 4 weeks
(Ahmed et al., 1986). This would represent that
CML is formed at a higher amounts than those
of pyrraline.



DISCUSSION 135

CROSSLINE

Crosslines have been identified as products of
the advanced Maillard reaction in glucose
incubations with a-acetyl-lysine (lenaga et al.,
1996). The in vivo existence of immunologically
detectable crosslines has been also reported
(Obayashi et al., 1996). The importance of these
products is emphasized due to the fact that they
constitute a glucose-derived fluorescent
crosslink. When comparing crossane and
pyrraline concentration in HSA incubations with
glucose, the amount of the former is similar to
the pyrraline concentration reported in the HPLC
analyses (100 pmol/mg HSA).

IMIDAZOLYSINE

The rate of imidazolysine generation from its
precursor MG in HSA is higher than the
formation of pyrraline derived from 3-DG in the
same model. This indicates that MG reactivity
may be higher than that of 3-DG (Nagaraj et al.,
1996). These results indicate that the number of
lysine residues potentially available to
modification by the advanced stage of the
Maillard reaction are even higher than the
modified by pyrraline in the most favorable
conditions of pyrraline formation. By this fact,
due to the high number of Lys residues in
albumin that can participate in Maillard reaction,
it may be deduced that the reaction products of
3-DG with this protein in vitro are not limited to
pyrraline.

OTHER 3-DG DERIVED PRODUCTS

The existence of other, besides pyrraline, 3-DG
derived reaction products is known. The
incubation of proteins (HSA) with 3-DG at
physiological conditions leads to a 30% loss on
Lys residues (Kato et al., 1987). A concomitant
40% loss of Arg residues is also observed. In
this line, it has been identified an imidazolic
compound derived from 3-DG and Arg, but its
presence in vivo has not been proved (Konishi et
al., 1994).

Conclusions

From the data stated above, the formation of
pyrraline in vitro can be assessed by HPLC.
These data confirm the presence of pyrraline in
incubations of protein and with reducing
sugars, such as glucose and 3-DG. These
kinetics confirm that the pyrraline formation
from 3-DG is faster thant that departing from
glucose. Moreover, the comparison of the final
concentrations reached in these incubations
•with those of other AGE products implies that
pyrraline formation from glucose is higher than
that of pentosidine and similar to that of
crosslines, despite being lower than that of
CML.

4 PYRRALINE AS A CROSSLINK
PRECURSOR

Pyrraline, by the hydroxymethyl structure is able
to react with hydroxyl or sulphydryl-containing
molecules, leading to ether or thioether bound
formation, respectively. The hypothetical basis
of this cross-linking mechanism were already
indicated (Njoroge & Monnier, 1989). Article II
in this work is the first study reporting the
reaction of pyrraline with hydroxyl or sulphydryl
containing amino acids.

4.1 HYDROXYL CONTAINING AMINO
ACIDS

The incubation of pyrraline with threonine,
serine and hydroxylysine renders, after a
relatively short time (one week), several
compounds, Ehrlich reagent positive, with Rf
values different of pyrraline (data not shown).
Moreover, the HPLC analyses of this samples
reveal the appearance of several peaks with UV
absorption spectra similar to pyrraline but with
different retention time. Threonine is one of the
most reactive products. The formation of these
products requires the hydroxyl group of these
molecules, since alanine or glycine did not
induce the formation of these compounds. It
remains to be confirmed that these substances
are the ether bound seryl, threonyl or
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H,N

OH

HjN

OH OH

Seryl-pyrraline Threonyl-pirraline Hydroxylysil-pyrraline

Figure 30. Structural formula of the possible ether bonded-amino acid pyrraline derivatives.

hydroxylysil derivatives of pyrraline (Figure 30).
These structures, if confirmed in proteins, could
constitute crosslinks, contributing to the
crosslinking characteristic of the advanced stage
of the Maillard reaction.

4.2 SULPHYDRYL CONTAINING AMINO
ACIDS AND PEPTIDES

The incubation of pyrraline with cysteine or
GSH leads to rapid (<24 h) reaction of the
hydroxymethyl group of pyrraline and the
cysteine sulphydryl group (Article II). The
amount of free pyrraline diminishes faster than
in the hydroxyl-containing amino acid
incubation. This phenomenon is explained by the
higher reactivity of sulphydryl group. The
structures formed that have been explored using
caproyl pyrraline, could hypothetically lead to

protein crosslinking (Figure 31).

4.3 PYRRALINE-PYRRALINE
REACTIONS

Pyrraline incubation in physiological conditions
induces severe changes in coloration. As referred
in Article II, this change is related with the
appearance of several substances absorbing at
515 nm. Its Chromatographie characteristics
indicate that is a less polar compound, and
several experiments indicate that its formation is
catalyzed by oxidative conditions

Pyrraline is able to generate, besides
chromophores, dipyrraline ether compounds,
specially at acidic pH. Despite this reaction is
favored by acid pH, it has also been observed at
neutral pH, so it might be possible to find it in
vivo in proteins highly modified with pyrraline.

o

OH

Cysleinyl-pyrraline Glutathionyl-pirraline

Figure 31. Structural formula of the thioether bonded-amino acid pyrraline derivatives.
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The presence of several compounds preserving
its pyrrol-aldehyde ring is also observed. These
products show slight shifts in their maximum
absorbance, and by their Chromatographie
performance, may be pyrraline-derived
polymers.

Conclusions

It remains to be studied whether these
modifications, related to pyrraline oxidation or
not, also occur in protein incubated with
glucose or 3-DG. The formation of these
crosslinks could contribute to the 3-DG induced
protein crosslinking. It is also unknown the
influence of antioxidant, free metal, O2,
phosphate and reaciant concentrations in the
pyrraline degradation in physiological models.
Finally, it would be necessary to start the in
vivo survey for these products, once established
the structure of the major ones and its analysis
methodology. The experiments of caproyl-
pyrraline or pyrraline incubation with amino
acids and peptides demonstrate that the
pyrraline, in a sensu strictu is not an end-
product of the Maillard reaction.

5 PRESENCE OF PYRRALINE IN
VIVO

Advanced Maillard reaction in vivo

The presence of advanced Maillard reaction
products has been focus of intense investigation
during the past decade, being found their
relationships with several physiological and
pathological process. The ageing phenomenon is
associated with the accumulation of advanced
Maillard reaction products. Several evidence
indicate the influence of its cellular recognition
on the age-related accumulation. In the
pathology field, the accumulation of advanced
Maillard reaction products is associated with the
development of diabetes long term
complications, with the hemodialysis associated
amyloidoses, and even with Alzheimer disease.

The first indices for the presence of advanced
Maillard reaction products in vivo are crystalline
fluorescence in lenses of aged individuals
(Monnier & Cerami, 1981), a property that was
reproducible by glucose incubation. AGE-related

fluorescence can be considered as a good
indicator of the advanced stage of Maillard
reaction in vitro, but it may be considered a less
specific marker in vivo, due to the interference of
lipoperoxidation derived fluorescent products
(Odetti et al., 1994). Despite the use of anti-
AGE antibodies, which probably measure CML
or CML-like structures (Reddy et al., 1995),
may increase its specificity, the quantification of
characterized products provides a more reliable
evaluation of advanced Maillard reaction status
in vivo.

The first evidence of the in vivo presence of
advanced Maillard reaction products is due to
the identification of CML as a product of the
oxidative degradation of Amadori product in
lenses, collagen and urine (Ahmed et al., 1986).
Later, the accumulation of this product in ageing
was demonstrated (Dunn et al., 1991). Previous
data, that characterized a imidazolic compound
(FFI), were proved as artefactual (Horiuchi et
al., 1988; Njoroge et al, 1988). However, CML
does not contribute directly to the properties of
glucose modified proteins, since it is not
fluorescent and it does not constitute a cross-
link.

Alternatively, the characterization of the
products present in vivo has led to pentosidine
structural characterization, performed by Sell
and Monnier, using the duramater collagen of
aged individuals as the AGE source. Using
fluorescence as the characteristic of the
advanced Maillard reaction products, these
authors elucidated the pentosidine structure (Sell
et al., 1989). Later, the s'ame group (Grandhee et
al., 1991) and independent investigators (Dyer et
al., 1991) have reproduced the formation of
pentosidine in vitro.

In this context, the protein modification by
pyrraline has been studied in several situations,
either by immunologica! (Hayase et al., 1989;
Miyata & Monnier, 1992; Marion & Carlson,
1994) or by Chromatographie methods, based on
Article I and used by other authors (Nagaraj &
Sady, 1996; Odani et al., 1994).

The first evidence for in vivo pyrraline presence
come from its immunoreactivity observed in a
plasmatic albumin rich fraction (Hayase et al.,
1989). This finding constitutes a methodological
and a conceptual breakthrough.
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Methodologically, this assay is the first
immunological test for a characterized AGE
product. Conceptually, all previous or
contemporaneous characterized AGE products
had been localized in ECM, since the presence of
plasma CML and pentosidine were unknown.
Plasma protein turnover is higher than those
where AGE presence had been studied, such as
crystalline, collagen or Hb (Led! & Schleicher,
1990). For this reason, the probability of AGE
formation from glucose in plasma is lower than
that in ECM.

The following assays for pyrraline detection and
quantification, using a monoclonal antibody
against caproyl-pyrraline coupled KLH,
confirmed the previous results, and demonstrated
the immunoreactivity of ECM matrix (Miyata &
Monnier, 1992). This immunoreactivity is
specially prominent in the Kimmelstiel-Wilson
glomerulosclerosis-affected kidneys, typical of
long term diabetes. Pyrraline immunostaining
follows closely the sclerosis development, even
in sclerosis non- related with diabetes, such as
senile sclerosis. The staining is not limited to the
glomerular zone, but also hypertrophie
peritubular ECM in nephropathy affected
diabetes patients shows increased staining
(Miyata & Monnier, 1992).

At the vascular localization, all renal vasculature
affected by severe arteriolosclerosis show high
immunoreactivity periferical to sclerosed area.
This staining is extended to subendothelial
spaces on medium size arteries. The
imunoreactivity is also observed in basement
membrane of cutaneous, pancreatic, cerebral
vessels, as well as in traqueal and bronchial
ECM. The age of the individual and diabetic
status do not influence the staining intensity or
distribution. The major intracellular staining is
observable in the tubular cells of a child that
received hypernutrition (Miyata & Monnier,
1992). With reference to renal
immunohystochemical studies using AGE
antibodies, these studies show similar results
(Nishino et al., 1995). Using an uncharacterized
anti-AGE antibody, it has been described the
staining of nodular and diffuse lesions on
kidneys affected of diabetic nephropathy. Again,
hyaline arteriolar deposits show a high staining
(Nishino et al, 1995).

In this context, the results of Article I provide
Chromatographie evidence for the in vivo
presence of this molecule. A peak that coelutes
with pyrraline in different HPLC systems and
shows pyrraline UV absorption spectra can be
found in the alkaline hydrolysates of collagen or
plasma (Article I). Moreover, the finding of an
urinary substance with equal characteristics and
a compatible ES-MS spectra confirms the
presence of pyrraline in vivo (Article IV).
Besides that, an independent group has detected
a plasma molecule showing pyrraline
Chromatographie characteristics and mass-
spectra, thus reinforcing the in vivo existence of
this product (Odani et al., 1996), despite the lack
of reproducibility about pyrraline
immunodetection in plasma (Smith et al., 1993)
raised doubts about pyrraline existence in vivo.

6 PYRRALINE IN COLLAGEN AND
LENSES

6.1 PHYSIOLOGICAL STATUS

6.1.1 PYRRALINE IN COLLAGEN

The results about pyrraline concentrations in
several proteins contrast with initial hypotheses.
If immunohistochemical studies demonstrate the
presence of pyrraline in ECM (Miyata &
Monnier, 1992), the Chromatographie analyses
of cutaneous collagen, as well as aortic collagen,
indicate a low amount of pyrraline (Article I),
when compared with other advanced Maillard
reaction products, such as pentosidine or CML.
Thus, pyrraline concentration in skin collagen
from diabetic individuals does not surpass 10
pmol/mg collagen. It can be deduced that the
formation of glycoxidation products in skin
collagen is favored over that of pyrraline.
Pentosidine and CML concentrations in adult
individuals in this protein are higher than those
of pyrraline (Dunn et al., 1991; Dyer et al.,
1993).

The results of initial studies demonstrating that
possible age-related increase in the skin collagen
pyrraline is not existant remain to be confirmed
in a higher population (Article I). Again,
glycoxidation products in skin collagen show
clearer results. Pentosidine increases its
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concentration in skin collagen from 5 pmol/mg at
10 year-old to 60 pmol/mg at 50 year-old, being
observed similar phenomena in CML Dyer et al.,
1993; Sell et al., 1996).

The relative low levels of pyrraline in skin
collagen, may be derived, indirectly, by the high
rates of oxidative modifications, considering that
pyrraline formation is not favoured by oxidative
conditions. This hypothetical high rate of
oxidation would favor pentosidine and CML
formation over pyrraline if these compounds
have a common precursor. Moreover, this pro-
oxidative imbalance would catalyze pyrraline
oxidative modification. In this line, the
incubation of caproyl pyrraline in oxidative
media promotes pyrraline polymerization with
changes in color (data not shown). Thus, the low
levels of pyrraline in skin collagen (Article I)
could be derived from its oxidative degradation.

Besides pro-oxidative imbalance, other factors,
such as the type of collagen, may contribute to
the relative low levels of pyrraline in collagen.
As observed for pentosidine, the accumulation of
advanced Maillard reaction products shows
organ specificity. Pentosidine concentrations in
duramater, trachéal cartilage (Monnier et al.,
1992) or lung collagen (Bellmunt et al., 1995) is
three-fold higher than that observed in skin
collagen (Monnier et al., 1992). The higher
staining intensity for pyrraline are found in renal
ECM. Moreover, as exposed in Article IV,
pyrraline may be cleared from plasma by renal
function. By these data, it may be suggested that
pyrraline concentrations in ECM of
extracutaneous tissues, specially kidney, are
higher than that observed in skin collagen.

6.1.2 PYRRALINE IN LENSES

A recent work demonstrates the presence of
pyrraline in lenses (Nagaraj & Sady, 1996). The
mean pyrraline concentration in lenses is 30
pmol/mg protein, thus 0.09% of total Lys
residues are modified by pyrraline (approx 1 of
each 1000 crystalline molecules). Since these
results are obtained using the alkaline hydrolysis
protocol, the actual concentration of pyrraline
may be higher. The concentration of pyrraline in
lenses shows a high standard deviation (30%),
ranging 0 to 269 pmol/mg protein. According to
the authors, this high deviation may be explained

by the hypothetical interindividual variability in
oxidative stress and antioxidant-defense systems
(mainly glutathione), that would modulate the
pyrraline formation and degradation rates in lens

The comparison of pyrraline with other products
of the advanced Maillard reaction found in
lenses, shows that, inversely to skin collagen,
pyrraline accumulation may be favored over
pentosidine one. Pentosidine concentration in
lenses of healthy donors is 3 pmol/mg crystalline
(Nagaraj et al., 1991). This lower concentration
of pentosidine may be explained by several
hypotheses. These include a possible major
control of oxidative stress in lenses versus in
skin collagen; the slightly acid pH value in lenses
(Nagaraj & Sady, 1996), that would favor and
pyrraline formation; or the possible lower level
of pentosidine precursors, when compared with
3-DG (Lai et al., 1995a). Taking into account
that the amount of CML in lenses is higher than
that of pentosidine or pyrraline (Dunn et al.,
1990a), the possibility of oxidative control can
be dismissed. Finally, the concentration of
crossline in lenses shows slightly lower levels in
rat lenses (15 pmol/mg) (Obayashi et al., 1996).

6.2 RELATIONSHIP WITH AGEING

The lack of accumulation of pyrraline in skin
collagen can be explained by the high reactivity
of pyrraline, besides high oxidative stress. As
previously suggested by the
immunohistochemical studies (Miyata &
Monnier; 1992), and demonstrated by the results
of Article II, pyrraline reacts with hydroxyl or
sulphydryl bearing molecules. Thus, pyrraline in
the biological context might be not considered as
an end-stage product. It remains to be
demonstrated, by Chromatographie methods if, as
suggested by immunological studies, pyrraline is
accumulated in glomerular basement membranes
with ageing, due to its lower turnover (Sell &
Monnier, 1995). In contrast with pyrraline, it is
known that the concentration of pentosidine
(Dyer et al., 1993; Sell et al., 1996) and CML
(Dunn et al., 1991; Dyer et al., 1993) in skin
collagen increases with age. This fact is
extensible to pentosidine of other collagen
sources (Monnier et al., 1992; Bellmunt et al.,
1995)
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In lenses, despite showing higher concentration,
the age-related accumulation of pyrraline has not
been demonstrated (Nagaraj et al., 1996), in
contrast with CML concentration, that shows a
clear relationship with age (Dunn et al., 1990a).
Pentosidine concentrations are not related with
age in the insoluble fractions of lenses, where
pentosidine is preferentially found (Nagaraj et
al., 1991).

CML and pentosidine are considered as "final"
products, with low reactivities in physiological
conditions. This characteristic may contribute to
its accumulation with aging. The concentration
of pentosidine and CML can be considered as the
result of the imbalance between formation,
catalyzed by oxidative reactions, and its
elimination, which can be conditioned only by
the turnover of protein matrix, where these
products are deposited. With reference to
formation, the influence of aging in the
concentration of pentosidine and CML
precursors remains unknown. Since these
precursors may arise from glucose and
ascorbate, via oxidation, it can be hypothesized
that oxidative stress is increased during the
ageing process. With regard to elimination, it can
be postulated that the mechanisms for protein
turnover are impaired during aging (Sell et al.,
1996). With reference to pyrraline formation, no
data are available about 3-DG metabolism in the
aging process. Concerning the elimination, the
non-enzymatic transformation of pyrraline
product should be added to the possible turnover
mechanisms (which may show parallel effects to
those observed in pentosidine), explaining in this
way the low levels of pyrraline in skin collagen.

6.3 RELATIONSHIP WITH DIABETES

At present, an extensive evaluation of pyrraline
concentrations in ECM proteins by
Chromatographie methods has not been
published. It may be presumed that, similarly to
plasma proteins, the levels of pyrraline in ECM
are increased in diabetes. This is assumed from
the fact that 3-DG concentration is increased in
this situation (Niwa et al., 1993; Wells-Knecht et
al., 1994). In comparison with other advanced
Maillard reaction products, it has to be stated
that the concentrations of CML and pentosidine

are increased in the collagen of diabetes patients
(Sell et al., 1992; Dyer et al., 1993).

Pentosidine is increased in the skin collagen of
type I diabetes mellitus patients (Sell et al.,
1992), despite initial results do not prove
increases in type II diabetes mellitus patients
(Sell et al., 1993). Independent groups also
report the increase of pentosidine in skin
collagen in type I diabetes mellitus patients
(Dyer et al., 1993; Beisswenger et al., 1993). It
remains to be explored why type II diabetes
mellitus patients, although showing
hyperglycemia, do not show clear increases in
pentosidine levels. It may be hypothesized that
these patients, of older age, would "saturate"
pentosidine formation sites in collagen, previous
to the disease development.

The pyrraline concentration in lenses of diabetic
patients is not increased respect healthy age- and
sex- matched individuals (Nagaraj et al., 1996).
This fact can be considered as surprising since
the concentration of the pyrraline precursors,
glucose and fructose, is increased in the diabetic
status. The lack of increase may be explained by
higher oxidative stress in lenses during diabetes
(Ann Yeh et al., 1990). This fact would catalyze
the oxidative degradation of pyrraline. This
hypothesis may be confirmed when the
knowledge about the structures of pyrraline
oxidative reordenation would allow to the
development of analytical techniques for its
measurement.

The data about other advanced Maillard reaction
products reinforce the higher incidence of this
stage in diabetes. Pentosidine concentrations in
lens show less clear increases its concentration
during diabetes, when compared with ECM, with
the exception of experimental diabetes with a
poor glycémie control (Lyons et al., 1991;
Nagaraj et al., 1996a). CML lens concentration
is increased in diabetes (Lyons et al., 1991a),
reinforcing the concept of increased oxidative
stress. Crosslines, as demonstrated recently, in
rat lenses increase its levels by 5-fold (Obayashi
etal, 1996).
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6.3.1 LONG TERM COMPLICATIONS OF
DIABETES AND CATARACT
DEVELOPMENT

It remains to be explored the relationship
between pyrraline in ECM and the presence and
degree of long term complications of diabetes.
The studies with glycoxidation markers, such as
pentosidine or CML show positive relationships
with diabetes complications. Pentosidine
concentration in skin is related to retinopathy
presence and degree; to joint stiffiiess; and to
nephropathy degree, even in the initial stages of
this condition (Sell et al., 1992; Dyer et al.,
1993; Beisswenger et al., 1993). CML
concentrations in skin collagen is increased in a
similar extent in diabetes, being demonstrated
that patients with long term complications,
mainly nephropathy and retinopathy show higher
levels of CML (Dyer et al., 1993).

The concentration of advanced Maillard reaction
products, including pyrraline, is increased in
cataractous lenses. Pyrraline concentration
increases up to 48 pmol/mg protein (30 pmol/mg
in normal lenses). This modification implies the
change from 0.09% of lysine residues to 0.13 %
(Nagaraj & Sady, 1996). This data, under a
quantitative point of view, states that pyrraline
modification in lens proteins is not an important
factor in the observable insolubilization. This
phenomenon is also observable with pentosidine.
Despite pentosidine concentration is correlated
with cataract pigmentation degree and opacity
(Nagaraj et al., 1991), their levels, even in the
more pigmented cataracts (increased four-fold
from normal levels) are lower than those of
pyrraline. In the case of CML, its values do not
show changes with the presence of cataract
(Lyons et al., 1991a).

Conclusions

The presence of pyrraline in collagen and its
relationship with ageing and diabetes has been
explored. The results obtained using the
Chromatographie methodology for pyrraline
determination demonstrate the presence of
pyrraline in skin collagen and lenses but do not
support its age-related accumulation.

The concentration of pyrraline in skin collagen
suggests that oxidative degradation of
pyrraline or pyrraline precursors, as well as
protein turnover or other factors, impedes the
accumulation of this product, showing lower
levels than other advanced Maillard reaction
products, such as pentosidine and CML.

Moreover, the studies about pyrraline
concentration in skin collagen of diabetic
individuals neither demonstrate accumulation
of this product.

7 PYRRALINE IN PLASMA AND
URINE

7.1 PHYSIOLOGYCAL STATUS

7.1.1 PROTEIN BOUND PLASMA
PYRRALINE

The previous immunological studies demonstrate
the presence of pyrraline in plasma (Hayase et
al. 1989; Miyata & Monnier, 1992). For this
reason, as well as by the intrinsic dynamism of
this fraction, when compared with ECM,
pyrraline presence in plasma has been explored
by Chromatographie methodology. The first
methodological approaches show mean values
higher than those obtained by HPLC (Hayase et
al., 1989) (27 pmol/mg plasma protein in
competitive ELISA vs 12.8 pmol/mg plasma
protein in HPLC (Article I)). Other authors
(Odani et al., 1996) demonstrate, using an
adaptation of the Chromatographie methodology
described in Article I, plasmatic pyrraline
concentrations (34 pmol/mg protein) higher than
those observed by ELISA. The differences in
pyrraline concentration between plasma and
ECM reinforce an hypothetical tissular
specificity of pyrraline formation (<10 pmol/mg
skin collagen vs 34 pmol/mg plasma protein)
(Odani et al., 1996; Article I).

The concentration of plasma pyrraline is a
parameter showing a high interindividual
variability. This fact is reinforced by the high
standard deviations of pyrraline concentrations
in urine (60%) (Article IV) or in lenses (55%)
(Nagaraj & Sady, 1996). This high variability in
pyrraline concentrations could be attributable to
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differences in the metabolism of Maillard
reaction intermediates and/or to differences in
the turnover of plasma proteins or pyrraline
modified plasma proteins. The plasma
concentration of 3-DG is l ng/dL (Knecht et al.,
1992). Thus assuming normal proteinemia value
(6.9 g/dL), pyrraline concentration in proteins is
fourteen-fold higher than 3-DG. Even in the case
that 3-DG plasma concentration is 30 ug/dL
(Niwa et al., 1993), the levels of 3-DG are three-
fold lower than plasma pyrraline concentration.
This disproportion between precursor and
product may be explained by the major stability
of pyrraline, or by other hypotheses. It is
possible that plasma pyrraline concentration is
higher than 3-DG one because a part of the
plasma pyrraline would be derived from
extraplasmatic compartments, such as ECM.
Another possible explanation is to assume that a
considerable amount of 3-DG formed reacts with
proteins, forming pyrraline, among other
products. Thus, the detected 3-DG would be the
remaining of these processes. This hypothesis is
reinforced by the fact that pyrraline is not the
only product formed by 3-DG in proteins. All in
all, these calculations suggest that 3-DG
formation is higher than the detectable values
allow to suppose. This point is strenghtened by
the measurements of 3-DF, the product of 3-DG
metabolism, in plasma (Knecht et al., 1992;
Wells-Knecht et al., 1994), showing 6.7 ug 3-
DF/dL plasma . The addition of 3-DF and 3-DG
values results in a concentration of 7.7 ug/dL
previous enzymatic reduction. To these values, it
should be added 8.27 Hg/dL 3-DGA
concentration, the product of oxidative
metabolism of 3-DG (Fujii et al., 1995). Thus,
3-DG concentration, accounting all metabolism,
would be 16 ug/dL. This concentration is still
lower than plasmatic pyrraline. The comparison
between plasma pyrraline concentration and
plasma 3-DG, as well as the presence of other
products derived from 3-DG reaction with
proteins, and the amount of free pyrraline,
suggest the concept that 3-DG synthesis is major
than the previously supposed. Moreover, these
facts reinforce the possibility that 3-DG reaction
with lysine to form pyrraline is a pathway
quantitatively as important as the enzymatic
metabolism. Due to the probable entry of
extraplasmatically formed pyrraline to
circulation, it remains to be explored the
concentrations of 3-DG in several tissues. In this

line, the only estimation of 3-DG concentration
in extraplasmatic compartments, by the
quantification of the intraerythrocyte
concentration of the metabolite 3-DGA (Fujii et
al., 1995), offers values forty-fold higher than
the plasma concentrations.

Due to the apparently high conversion of 3-DG
to pyrraline, and to the fact that the formation of
3-DG is possible without oxidative steps, it is
proposed, along the different Articles in this
memorandum, that pyrraline is a marker of the
non-oxidative advanced Maillard reaction in
vivo.

The levels of pyrraline are higher than the
reported for other markers of the advanced
Maillard reaction in plasma. Pentosidine
concentration is about I pmol/mg plasma protein
(Odetti et al., 1992; Takahashi et al., 1993a).
These data, awaiting plasma CML

ucentration, suggest that the pyrraline
modification in plasma is quantitatively more
important than pentosidine formation. It has to
be stated that the plasma levels of imidazolisine,
the crosslink derived from lysine and MG, show
261 pmol/mg protein as mean plasma
concentration, demonstrating that MG may react
non-enzymatically with proteins in vivo (Nagaraj
et al., 1996). Crossline presence in plasma
proteins has not been established (Obayashi et
al., 1996).

7.1.2 PLASMA FREE PYRRALINE

Pyrraline, as shown by Article IV is also found
in its free form in urine. These data have been
reinforced by the recent finding of free pyrraline
in plasma (Odani et al., 1996). The origin of free
plasma pyrraline remains unknown, but it could
be derived from dietary absorption of pyrraline,
from the reaction of 3-DG with free lysine in
plasma or from the catabolism of proteins
modified with pyrraline. The data existing with
other Maillard reaction products allow the
speculation about these pathways.

No data are available about the contribution of
pyrraline absorption to plasma free pyrraline, if
any. The food digestibility is impaired by
pyrraline presence. It has been reported that
pyrraline inhibits the action of aminopeptidase N
and carboxypeptidase A (Oste et al., 1987).
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Moreover, this product in food could induce loss
of nutritional value on proteins (Oste et al.,
1987). Preliminary studies performed after 36 h.
fasting state show that pyrraline urinary
elimination is maintained in healthy humans
(data not show). In contrast with these data,
other authors (Liardon et al., 1987) have
propound that the major source of free CML is
dietary absorption. Recent data states that free
pentosidine in plasma is derived mainly from
dietary absorption (Miyata et al., 1996a). It
remains to be determined which are the
mechanisms used for AGE protein digestion and
AGE absorption. Hypothetically, due to its
structure, pyrraline would enter into plasma by
means of aromatic-amino acid carriers in the
enterai cells, as phenylalanine, tyrosine or
tryptophan do. It has to be reminded that
pyrraline content is appreciable in some
aliments, such as pasta or toasted cereals. Due to
all these data, the contribution of dietary
pyrraline to plasma free pyrraline can not be
discarded.

Free plasma pyrraline may be derived from the
reaction of 3-DG with lysine. It has been
hypothesized that concentrations of aldehyde
groups are similar to concentrations of free
amino in amino acids (Monnier, 1990). If this
mechanism contributes significantly to the
formation of free pyrraline, it may be viewed as
a defensive mechanism, in a similar fashion to
the free radicals scavenging role of ascorbic acid
and vitamin E. Thus, reaction of 3-DG with
lysine or other free amino acid would avoid the
addition of this dicarbonyl to amino groups on
proteins where the potential functional
compromises would be higher.

Finally, the cataboiism of proteins modified by
pyrraline would contribute to the presence of free
pyrraline in plasma. Thus, if the digestion of
these proteins is complete, the pyrraline residues
would not be reusable for protein synthesis. In
this line, the results of Article I as well as other
works (Nagaraj et al., 1996; Odani et al., 1996)
state that free pyrraline could be obtained by the
in vitro combination of proteolytic enzymes in
plasma proteins or a-crystalline. In contrast with
these results, a recent work states that the
presence of pyrraline in proteins impairs its
cataboiism by macrophages (Miyata et al.,
1997). In any case, this study demonstrates that
pyrraline modified proteins may be interiorized

and digested by macrophages. It remains to be
established which are the major proteic sources
of pyrraline (hypothetically, it may be proposed
glomerular ECM, due to its high values on the
immunohistochemical study (Miyata & Monnier,
1992). Moreover, these data would generate
information about the sites of protein
modification by pyrraline, in order to establish
whether exists a sequence target for pyrraline
formation.

Assuming that, at least partially, plasma free
pyrraline arises from the cataboiism of proteins
modified by products of advanced Maillard
reaction, it remains to be studied where this
modification is done, considering intracellular
and extracellular locations.

The intracellular modification of proteins by the
advanced stage of Maillard reaction has been
studied in "cellular" localizations with low (or
inexistant) protein turn over, such as erythrocyte
and lenses, where pentosidine (Odetti et al.,
1992), AGE immunoreactivity (Makita et al.,
1992) and CML (Dunn et al., 1990a) have been
found. It remains to be established whether
pyrraline formation takes place in these and
other cells. In this line, several works reinforce
the possibility of pyrraline intracellular
formation in neurons (Smith et al., 1994) in AD,
or in neurons from substantia nigra and
neocortex respectively in Parkinson disease or
Lewy body accumulation disease (Castellani et
al.. 1996). The finding of pyrraline in these
localizations suggests that intracellular advanced
Maillard reaction is implicated in the
insolubilization process of neuronal
cytoesqueletal proteins.

If intracellular modification by pyrraline is
possible, it remains to be studied which proteins,
if any, are preferentially modified. The
modification of an intracellular protein (besides
Hb and crystalline) by advanced Maillard
reaction has not been described until recently
(Giardino et al., 1994; 1996) where the
modification of basic fibroblast growth factor by
the advanced Maillard reaction has been
established immunologically.

It remains also to be explored the mechanisms
of renewal for the proteins modified by advanced
Maillard reaction. It has been established that
glycation of ubiquitine dependent and
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independent proteolytic systems (Takizawa et
al., 1993) impairs its function. The recent results
of Miyata et al. reinforce the fact that proteolysis
is compromised by pyrraline presence, despite
not clearing whether there is a specific
proteolytic pathway for pyrraline (Miyata et al.,
1997).

Alternatively, plasma free pyrraline may be
derived from the degradation of extracellular
proteins modified with pyrraline. In this case, the
extracellular compartment could be divided in
interstitial, including ECM, and plasmatic. The
presence of pyrraline in ECM proteins has been
established by Chromatographie (Article I) and
immunological methods (Hayase et al., 1989;
Miyata and Monnier, 1992). The higher level of
pyrraline bound to proteins in circulating
proteins may be a considerable source of free
pyrraline after hydrolysis. It remains, as in
intracellular proteins, to be established whether a
recognition system for pyrraline modified
proteins exists, similarly to oxidatively damaged
proteins (Dice, 1987). It is also unknown which
of the known mechanisms for extracellular
protein turnover (if any) actuates over pyrraline
modified proteins. In this line, the
Chromatographie analyses of urine used in
Article V allow the separation of several peaks
whose UV absorption spectra is fully compatible
with the one of pyrraline, differing in retention
time with the standard (data not shown). These
substances might be peptides with pyrraline
structure, arising from the uncompleted digestion
of pyrraline containing proteins (Miyata et al.,
1997). Alternatively, these products may
represent elimination of pyrraline-derived
crosslinks.

The comparison of plasma free pyrraline with
other products of the advanced Maillard reaction
can only be performed with pentosidine, because
the presence of free CML, imidazolysine or
crossline in plasma has not been reported. Thus,
the concentration of plasma pentosidine in
healthy subjects is lower than the described for
pyrraline (0.5 pmol pentosidine/ml plasma vs 80
pmol pyrraline/ml plasma) (Takahashi et al.,
1993a; Odani et al., 1996). The data about
molecular weight distribution of pentosidine in
plasma (Article III), demonstrate that more than
99% of pentosidine is linked to fractions
weighting more than 10 kDa (Friedlander et al.,
1996).

The quantification of pyrraline in free and
protein linked forms allows the determination of
a protein-linked pyrraline/ free pyrraline ratio,
that, in healthy individuals would account for 11
pmol protein-linked pyrraline/pmol free
pyrraline, assuming a proteinemia of 6.9 g/dL.
This value is lower than that obtained from
pentosidine whose protein-linked to free form
ratio is 154. In percentages, 10% of pyrraline is
found in free form in plasma, higher than the
0.3% of free pentosidine in plasma. If free
pyrraline and pentosidine are mainly derived
from the degradation of pyrraline- or
pentosidine-modified proteins, the mechanisms
for catabolism of pyrraline containing proteins
function more efficiently than those for
catabolism of pentosidine containing proteins.

7.1.3 PYRRALINE IN URINE

The presence of free pyrraline in urine may be
explained by the filtration of free plasmatic
pyrraline, as discussed in Article V, or by the in
situ formation of pyrraline by the reaction of
glucose, Amadori product or 3-DG with lysine.
As explained in the Article IV, the amount of 3-
DG in urine is lower than that of pyrraline
(Knecht et al., 1992). This fact may be derived
from the 3-DG consumption in the formation of
pyrraline. Thus, in situ formation, departing
from Amadori products or 3-DG eliminated by
urine, is possible. In contrast with this
hypothesis, the data about free pyrraline in
plasma, allow to suppose that an important part
of urinary pyrraline is derived from plasma
clearance. Thus, the concentration of pyrraline
respect creatinine in plasma is similar to the
concentration of pyrraline in urine respect
creatinine. These data reinforce the relationship
between plasma and urine concentrations of free
pyrraline (Article V).

With reference to the other advanced Maillard
reaction products eliminated in urine, the
presence of free CML in lysine has not been
reported, despite the levels of CML after
hydrolysis have been quantified (Knecht et al.,
1991). In healthy individuals, the urine
concentration of pyrraline is similar to the
observed for CML (1.21 ug pyrraline/mg
creatinine vs 1.00 ug CML/mg creatinine).
Pentosidine concentration, is lower than that of
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pyrraline (1.21 ug pyrraline/mg creatinine vs 15
ng pentosidine/mg creatinine). Logically, the
ratio of free pentosidine vs hydrolysate
pentosidine is increased in urine, from 0.3 % in
plasma to 10% in urine. The results about
pyrraline concentration in the urine alkaline
hydrolysates suggest that, in healthy individuals,
free pyrraline accounts for 90% of total
pyrraline found in urine.

The shift in the ratios of free form vs hydrolysis
released forms are probably derived from the
molecular weight selectivity characteristics of
renal filtration. It may be suggested, that kidney,
besides filtering action, shows proteolytic
activities over peptides or proteins modified by
AGE products. The filtration and metabolism of
AGE peptides have been studied in vivo, by
immunocytological studies (Giugliucci &
Bendayan, 1996). The injection of AGE proteins
and peptides to healthy rats, shows that most of
proteins modified by AGE remain in vascular
spaces and mesangial ECM. In contrast, AGE
peptides suffer filtration and endocytoses-
mediated reabsorption by tubular cells in
proximal convoluted tubule. Once endocytosed,
these AGE peptides are localized in lysosomes
and residual endosomes. A considerable part of
the AGE peptides are eliminated by urine, since
the urine from rats injected with AGE peptides
shows AGE immunoreactivity (Gugliucci &
Bendayan. 1996). The possible specificity of
these mechanisms by one of the characterized
AGE structures remains unknown.

Conclusions

The comparison between the concentrations of
pyrraline in ECM, crystalline, plasmatic
proteins and free forms in plasma and urine
suggests the existence of a catabolic system that
contribute to eliminate pyrraline from proteins.

7.2 PLASMA PYRRALINE AND
DIABETES

The concentration of protein-bond pyrraline in
plasma is increased in diabetes (Article I).
Pyrraline mean values are increased from 12.8
pmol pyrraline/mg protein in healthy subjects to
21.6 pmol/mg protein in diabetes mellitus

patients. This 68% increment in the
concentration of pyrraline is close to the
observed by immunological methods, that
demonstrate a 59% increment in plasma
pyrraline concentration (Hayase et al., 1989).
These increases fit well with the 63% rise in the
plasma 3-DG concentration observed in diabetes
patients. The increase of magnitude is lower than
the observed for plasma pentosidine
concentration, which is doubled by the diabetic
status (Odetti et al., 1992). With reference to
CML, no data are available about the influence
of diabetes in plasma concentration.
Imidazolysine also increases significantly with
diabetes, but increase at a lower level than
pyrraline (Nagaraj et al., 1996).

The measurement of the plasma pyrraline
concentration in diabetes patients shows higher
deviation than the observed in healthy
individuals (Article I). This high deviation,
previously observed by immunological methods
(Hayase et al., 1989) may be attributable to the
high range of 3-DG plasma concentration (Niwa
et al., 1993). This high variation in 3-DG levels
could be caused by the hypothetical
interindividual heterogeneity of expression for 3-
DG reducing enzymes. Similarly, the analysis of
pentosidine plasma concentration shows high
standard deviation.

The diabetes induced increase of pyrraline in
plasma proteins is explainable by the increase in
pyrraline precursors. Thus, hyperglycemia
would influence 3-DG concentration by several
pathways. Hyperglycemia increases the
concentration of Amadori products, the classical
3-DG precursor. Moreover, fructose and F3P
intracellular concentrations are increased by
polyol pathway activation (Lai et al., 1995).
Thus, the degradation of* these sugars would also
contribute to the increase of 3-DG.

The influence of diabetes in the levels of plasma
free pyrraline has not been studied. However, the
close relationship between plasma and urine free
pyrraline concentrations supports the hypothesis
that pyrraline changes in urine reflect those in
plasma (Article V).

The direct pathogenic role of pyrraline remains
unknown. Thus, the pyrraline formation in
specific protein residues may induce structural
changes affecting its function, as observed for
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immunologically detectable AGE in
apolipoprotein B or by pentosidine and CML in
AGE-ß2m implicated, respectively in
arteriosclerosis (Bucala et al., 1994) and HAA
(Miyata et al., 1993; 1996). The data about a
potential "hot spot" for pyrraline formation in
proteins are unknown. Alternatively, if the
protein modification by pyrraline is inespecific,
it may contribute to diabetes pathogenesis as a
crosslink precursor, as discussed in Article II.

Other potentially pathogenic mechanism exposed
for AGE products, such as receptor- mediated
cellular changes, may be applied to pyrraline.
Thus, despite initial approaches (Miyata et al.,
1997) do not prove the presence of receptors or
binding proteins for pyrraline modified albumin
in macrophage, this research may be continued
in other cell populations. Despite the
characterized AGE receptors do not recognize
the structures of advanced Maillard reaction
products (Schmidt et al., 1992), it has not been
proved whether proteins or peptides modified by
these products are potentially recognized by
these binding proteins. Similarly, despite initial
results about AGE immunoreactivity
demonstrate the presence of a common epitope
(Horiuchi et al., 1991), different of CML, recent
reports describe that CML in proteins may be
recognized as this common epitope (Reddy et al.,
1995; Dceda et al., 1996).

7.3 PYRRALINE IN URINE AND AGEING

The relationship between elimination of pyrraline
and age has been studied. The results do not
support the influence of age in the renal
elimination of pyrraline in healthy subjects,
despite the approximation used (single
measurement) is not the optimal. Studies in
animal models of aging are required to establish
whether pyrraline elimination by urine is related
to aging (measuring pyrraline excretion during
life span). Thus, in healthy individuals, free
pyrraline levels, assuming that is not affected
('irectly by diet, may remain relatively constant
j.iring life span. This steady state level may be
affected by excessive formation (hyperglycemia)
or protein degradation and/or defective
elimination (renal function impairment). In this
line, the results about immunologically
detectable AGE clearance during aging process

demonstrate that kidney losses its filtration
capacities during aging, despite conserving
creaturine clearance (Li et al., 1996). Several
dicarbonyl chelating substances, such as
aminoguanidine or substance L (Lubec et al.,
1990) attenuate these phenomena. Thus, the
Maillard reaction intermediates itself would
impair, during aging, the mechanisms for the
elimination of their derivatives, the AGE
products. In contrast, it may be argued that
aminoguanidine exerts its beneficial effects
through the modulation of nitric oxide synthase
(Cameron et al., 1996), so the age related renal
pathology is not directly related to AGE
accumulation. Moreover, if considered that the
immunologically detectable AGE are related to
CML (Reddy et al., 1995), it is surprising that
CML urine concentration does not show any
variation with age (Knecht et al., 1993).

7.4 PYRRALINE IN URINE AND
DIABETES

As shown in Article IV and V, the free pyrraline
concentration in urine is increased 20-23% in
diabetic patients, despite this difference is not
significant due to the high standard deviation.
The physiopathogenic significance of this
increase (notably inferior to those observed in
plasma proteins, 68%) should be evaluated with
respect to the origin of free pyrraline in urine. It
is assumed that the major part of free pyrraline
in urine arises from plasma filtration. If this free
pyrraline in plasma is derived from the action of
protein turnover systems, it may be suggested
that these systems are impaired in diabetes since
the increase in urine free pyrraline is minor than
the observed in plasma proteins. In this line, it
may be hypothesized that these mechanisms of
turnover are affected by diabetes.

The concentration of protein-bound pyrraline
follows the increase of 3-DG concentration in
plasma. Thus, it may be suggested that the origin
of free pyrraline in urine is not directly related to
the 3-DG plasma levels, i.e. free pyrraline would
proceed from turnover of pyrraline modified
proteins.

Alternatively, if the increase in free plasma
pyrraline follows the one observed in protein-
linked pyrraline, it may be hypothesized that free
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pyrraline suffers a loss during its renal handling.
This loss may be explainable by direct retention
due to crosslinking with hydroxyl or sulphydryl
residues located in the glomerular basement
membrane. In such a case, this retention could
contribute to the pathogenesis of diabetic
nephropathy.

The urine concentration of other Maillard
reaction products is also increased by diabetes.
The urine of diabetic patients shows higher
Amadori product and CML (Knecht et al., 1991)
as well as pentosidine (Takahashi et al., 1993b)
concentrations than that of healthy, age and sex-
matched individuals. No direct evidence about
free fructosyl-lysine (Amadori products) are
present, since the determinations of Amadori
product have been performed by the fiirosine
method, after acid hydrolysis. As stated in the
study (Knecht et al., 1991), diabetic patients and
healthy group conserve a correct renal function,
so it is assumed that fructosyl-lysine would be
eliminated either in free form or linked to low
molecular weight peptides. The urine of diabetes
patients shows 130% higher levels of furosine
than that of healthy subjects, a change more
pronounced than the observed for pyrraline in
Articles IV and V. Thus, the measurement of
Amadori products eliminated in urine seems to
be a better marker for hyperglycemia than
pyrraline.

CML is the most abundant identified advanced
Maillard reaction product in ECM. Despite this

fact, the CML concentration of urine from
diabetes patients is close to the healthy group
medium levels. Once considered the marked
diabetes-induced change in collagen CML
concentration, it may be suggested that the
potential systems for turnover of proteins
modified with CML do not augment their
activity during diabetes. Alternatively, it may be
suggested that CML in urine is not related with
CML in ECM (Knecht et al., 1991).

The concentration of pentosidine in urine of
diabetes patients is higher than that from healthy
subjects. Most (>80%) of urinary pentosidine is
found in free from. In contrast with urinary
CML, the increase of pentosidine in urine is very
pronounced (120%), following changes in ECM
(Takahashi et al, 1993b). These data suggest
that urine pentosidine is a good indicator of
diabetes. The marked augment of free
pentosidine contrasts with the low increases
reported for protein-linked pentosidine (Odetti et
al., 1992).

7.4.1 GLYCEMIC CONTROL AND URINE
PYRRALINE

The glycémie control influences the urine
concentration of Maillard reaction products. In
all the studies of urinary concentration of
Maillard reaction products, the standard
deviation of the diabetic group is markedly
higher than that of the control group (Figure 32).
In the case of Amadori product and CML, it is
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Rgure 32. Differences between healthy subjects (shaded area) and diabetes patients (solid area) in standard deviations
(expressed as % from mean) of the elimination of Maillard reaction products (adapted from Knecht et al., 1991;
Takahashi et al., 1993b; Artide IV).
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already established that a part of this
heterogeneity is related to glycémie control,
expressed as HbAlc (Knecht et al., 1991). In
Article V, the possible relationships between
actual glycemia. HbAlc, last year mean HbAlc
and the urine pyrraline concentration have been
examined. It is concluded that concentration of
free pyrraline in urine is correlated with
glycemia, HbAlc and last year mean HbAlc,
despite it does not show significantly higher
values than the healthy group. In a multiple
regression model, the major factor influencing
the pyrraline concentration in urine is the HbAlc
value (data not shown). For this reason, taking
into account the mechanism of pyrraline
formation, it may be implied that pyrraline is, in
individuals with a conserved renal function, an
indicator of the glycémie control during the same
period expressed by HbAlc (Article V).

Glycémie control influences the levels of
advanced Maillard reaction products in ECM
and other fractions. It has been demonstrated
that maintained glycémie control leads to a lower
accumulation of AGE in collagen (measured as
fluorescence, LM-1, or pentosidine) respect
poorer controlled individuals (Nagaraj et al.,
1996b; Odetti et al., 1996b). In humans a fairly
good glycémie control (HbAlc<8.5%) during 3
years leads to lower collagen fluorescence
(Beisswenger et al., 1993a), but shorter control
periods (1 year) do not induce detectable changes
in skin collagen linked pentosidine (Lyons et al.,
1991). The Hb-AGE modification is the only
Maillard reaction related-parameter not linked to
ECM proposed to evaluate long time glycémie
control (Wolffenbuttel et al., 1996). However,
due to the fact that the exact nature of the
epitope recognized is not known, the exact
relationship with hyperglycemia can only be
conjectured. In contrast, the mechanisms of
pyrraline formation are known. Thus, for the
results obtained in Article IV, it may be
suggested that free urinary pyrraline is correlated
with the glycémie status. The possible influence
of glycémie control in pyrraline urine levels
remains to be confirmed.

7.4.2 LONG TERM DIABETES
COMPLICATIONS AND PYRRALINE

It is commonly accepted that sustained
hyperglycemia is the major factor for the

development of diabetes long term complications
(DCCT, 1993). The Maillard reaction is one of
the pathogenic nexus between chronic
hyperglycemia and the development of these
complications, specially retinopathy and
nephropathy. Thus, glucose and other reducing
sugars would modify proteins an other
biomolecules such as DNA (Bucala & Cerami,
1996) or aminophospholipids (Pamplona et al.,
1995), altering the ECM structural
characteristics and disturbing cellular
homeostasis. This disturbance would induce
pathological features through microangiopathy,
characterized by increased capillary
permeability, increase in the synthesis of
basement membrane proteins and loss of
pericytes among other effects that lead, at the
long term, to a loss in kidney or retina function
(Vlassara, 1994). Besides microangiopathy, the
diabetic status is also associated with
macroangiopathy, that leads to atheromathosis
and its clinical manifestation (Vlassara, 1994).»

The levels of urinary pyrraline have been
examined with reference to the presence of
diabetic retinopathy by logistic regression (data
not shown). Thus, the presence of retinopathy is
tested in a model which initially includes last
year mean HbAl, age, gender, duration of
diabetes (time after diagnosis) and urine
pyrraline concentration. The results of this
analysis show that diabetes duration and
concentration of pyrraline in urine are predictor
factors in the model for retinopathy presence
(data not shown). Thus, if elimination of
pyrraline in urine, possibly related to plasma
pyrraline concentration (Article IV; Odani et al.,
1996), is an index of 3-DG modification, then 3-
DG may be linked to the presence of retinopathy.
It would be interesting to study these hypotheses
in a larger diabetic population. This study, if
possible, should include not only one sample of
urine pyrraline measurement, but also several
measurements of this and other AGE products in
urine during the disease development.
Hypothetically, if Maillard reaction is linked to
the development of diabetes long term
complications, individuals showing higher
elimination of Maillard reaction products, as an
index of their formation, might suffer the effects
of hyperglycemia earlier. Alternatively, if the
advanced Maillard reaction elimination by urine
is a regulatory mechanism to eliminate
potentially toxic molecules, such as pyrraline,



DISCUSSION 149

then diabetic patients with hyperglycemia. but
lower levels of AGE products in urine, would
manifest their complications earlier.

Preliminary data indicate that the levels of
pyrraline in urine increase after alkaline
hydrolysis (data not shown). Thus, total
pyrraline after hydrolysis/free pyrraline ratio
has been calculated as an approximation to the
possible turnover of pyrraline-modified proteins.
This ratio in diabetes patients is higher than in
healthy individuals (data not shown), that may
be explained by several hypothesis. This
phenomenon would be caused by
microalbuminuria in some samples. So, despite
diabetic patients have been selected on the basis
of renal function conservation, the analysis of
these samples reveals that some of these patients
are microalbuminuric (Article V). Thus, protein-
bound pyrraline would be released after alkaline
hydrolysis, increasing the ratio total
pyrraline/free pyrraline. Alternatively, the
increase of this ratio would be explained by
defective proteolysis, assuming that pyrraline
released after alkaline hydrolysis arises from
peptide residues modified with pyrraline. Thus,
independently from changes in the total
concentration of pyrraline, the increased ratio
would express an altered degradation of the
proteins modified with pyrraline, which may
contribute to its potential accumulation and to
the development of diabetic complications.

The interindividual variations in plasma 3-DG
concentrations are higher in diabetes patients
than in healthy individuals (Niwa et al., 1995). It
has been suggested that phenotypic differences in
the expression of enzymes for the metabolism of
the Maillard reaction intermediates contribute to
this variance. The proteolytic mechanisms for
pyrraline modified proteins would also show
interindividual differences, that may contribute
to the heterogeneity in free pyrraline elimination
observed in the Articles IV and V. Thus,
experiments similar to these recently published
(Miyata et al., 1997) are needed in order to
establish the activity of the proteolytic systems
on pyrraline-containing proteins and the possible
effects of diabetes and ageing on these
mechanisms.

Pyrraline in diabetic nephropathy

The results about immunostaining for pyrraline
in tubular and glomerular ECM of kidneys with
diabetic nephropathy (Miyata and Monnier,
1992) may be related to pyrraline renal
elimination. Thus, the finding of pyrraline
immunoreactivity in the ECM of these kidneys
can be explained by several hypotheses, being
related potentially to the development of diabetic
nephropathy. On one hand, the increase in
pyrraline staining may be derived from the
diabetes-related increase in the filtration of free
pyrraline or pyrraline-containing peptides and its
hypothetical reabsorption and/or crosslinking.
On the other hand, the localization of pyrraline is
also attributable to the in situ formation of this
molecule. Thus, low turnover, fibrosed ECM
present in diabetic nephropathy would serve as
an optimal matrix for pyrraline formation arising
from local or circulating 3-DG. A similar
phenomenon has been hypothesized for the
explanation of AGE in AD neurofibrillar tangles
and senile plaques (Smith et al., 1994). The
origin notwithstanding, pyrraline or derived
epitopes might be recognized by mesangial cells
as other AGE products, inducing then, an
increase in ECM protein synthesis and ulterior
accumulation.

Other AGE products has been recently explored
with reference to diabetic nephropathy
(Gugliucci et al., 1995). It has been
demonstrated by immunocytochemistry, that the
binding for AGE albumin is localized in the
glomerular basement membrane and in the
perimesangial matrix, at the ECM level, being
also found as a nuclear binding activity at the
intracellular levels. These activities for binding
of AGE albumin are progressively increased in
intensity during the nephropathy development
(Gugliucci et al., 1995).

By all the data stated above, it can be inferred
that kidney function contributes to the
elimination of circulating Maillard reaction
products. Thus, the hyperglycemia would
contribute to impair renal function in a
multifactorial model. First, the modification of
glomerular ECM and specially basement
membrane by the Maillard reaction would impair
its functional properties. Second, the cellular-
mediated response to hyperglycemia, which may
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include the systems for AGE recognition as well
as cytoquines and growth factor syntheses and
release, can be overcharged by hyperglycemia.
The modification of basement membrane by
AGE changes its permeability characteristics.
The modification by the advanced stage of
Maillard reaction in model basement membranes,
induces increases in the permeability for
albumin, glycated albumin and several molecular
weight standards (Boyd-White & Williams,
1996). Thus, the in vivo crosslinking of
glomerular basement membrane has been implied
as a key pathogenic event in the early diabetic
microalbuminuria (Kvemeland et al., 1986) or in
the macroalbuminuria (Layton et al., 1990). In
contrast, other authors remark that glycation of
albumin, and the change in its charge induced by
this modification are the major determinants of
albuminuria (Daniels & Hauser, 1992).

The hypothetical mechanism for turnover of
AGE modified proteins would be composed by a
receptor and a proteolytic system. The receptor
system includes, in mesangial cells, the receptors
described for glycated albumin (Ziyadeh &
Cohen, 1993) and for AGE proteins (Skolnik et
al., 1991; Brett et al., 1993); the tubular system
of recognition for glycated albumin (Bakala et
al., 1995; Verbeke et al., 1996); the fibroblast
AGE recognition system (Kirstein et al., 1990)
and the endothelial cell RAGE (Wu et al., 1993;
Wautier et al., 1994).

It should be noted that the expression of AGE
binding proteins is not only modulated by
diabetes status. Thus, in healthy individuals,
RAGE renal expression is limited to vascular
smooth muscle cells and interstitial cells. The
immunohistological studies about RAGE
expression in renal pathologies reveal that
several pathogenic conditions, sharing a
inflammatory component, induce the expression
of RAGE in arterial, arteriolar and glomerular
endothelial cells (Abel et al., 1995). The
modulation of RAGE by inflammation is not

restricted to kidney, since inflammatory diseases
induce the expression of RAGE in endothelium
of renal artery and its vasa vasorum in uremie
individuals, being, in this case, related to
arteriosclerosis (Greten et al., 1996).

LDL trapping in glomerular ECM, may also
contribute to the nephropathy pathogenesis. The
glycation of mesangial ECM leads to increased
LDL deposition, specially when LDL is glycated
or oxidized (Gupta et al., 1992). Thus, diabetic
dislipemia could contribute to nephropathy
development, besides its vascular effects.
Alternatively, it has been hypothesized that
Maillard reaction, through changes in NO
metabolism may contribute to the development
of nephropathy. AGE products inhibit NO-
dependent vasodilatation (Bucala et al., 1991)
and NO antiproliferative effects (Hogan et al.,
1992), thus affecting mesangial proliferation,
potentially implied in diabetic nephropathy.

«
All in all this, the pathogenesis of diabetic
nephropathy may be explained by Maillard
reaction. Its pathological key feature, the
basement membrane hypertrophy, may be
derived, at initial stages by an increase in the
synthesis of basement membrane components,
attributable to the interaction of mesangial cells
with initial Maillard reaction products. The
interaction of glycated albumin with mesangial
cells leads to this increased synthesis (Ziyadeh &
Cohen, 1996). At later stages, the hypertrophy is
explainable by the defects on proteolysis caused
by the high crosslinking of the matrix, due to its
modification by the advanced Maillard reaction
(Ziyadeh, 1995). In this context, pyrraline may
participate either by cellular interactions, or less
speculatively, in the crosslink formation.

Alternatively, other authors propose several
pathogenic schemes for diabetic nephropathy,
some related to Maillard reaction, such as polyol
pathway (Table 32), and others that apparently
lessen the effects of the Maillard reaction.

Table 32. Etiopathogenic mechanisms for the development of diabetic nephropathy.

Pathway
Lipid peroxidation and free radical mediated protein modification
Activation of polyol pathway
Activation of protein kinase C isoforms
Protein intake-related hyperfiltration
Other

Reference
Tornino et al., 1991
Soulis-Lipariota et al., 1995
Lee et al., 1989
Copeland et al., 1989
Castiglione et al., 1988; Porte, 1996
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7.5 PYRRALINE, RENAL
INSUFFICIENCY, AND OTHER
PATHOLOGIES.

The concentration of pyrraline in urine is
dependent on the renal function. As shown in
Article V, this parameter is inversely related with
plasma urea concentration. As discussed in
Article IV, free pyrraline would be filtered
through glomerulus, and not being efficiently
removed by tubular amino acid-carrier systems,
reaches urine. Thus, the levels of plasma
pyrraline could be increased in renal
insufficiency situations. The plasma of uremie
individuals has been examined in order to
confirm this extent. Preliminary data indicate
that uremie patients show higher levels than
healthy individuals (data not shown). This
observation has been corroborated recently by
the finding of increased pyrraline concentration
in the plasma of uremie patients (Odani et al.,
1996).

The concentration of free plasma pyrraline is
increased five-fold in uremie patients (from 80
pmol pyrraline/ml in healthy subjects to 514
pmol/ml). This study also demonstrates that
plasma free pyrraline concentration is higher in
hemodyalisis treated patients than in untreated
patients. This is in accordance with plasma AGE
immunoreactivity, where higher AGE levels are
observed in hemodyalisis treated patients, but
not in incipient renal insufficiency (Dolhofer-
Bliessner et al., 1995; 1996). These results may
be explained by residual renal function in
untreated patients.

The increase in plasma pyrraline, both in free
and protein-linked forms in uremia, could be
explained by the three-fold increase in 3-DG
observed in uremie patients (Niwa et al., 1993).
The magnitude of change in 3-DG is very
similar to the observed in protein-bound
pyrraline, despite it is lower than the observed
rise in free plasma pyrraline. The increase in 3-
DG may be related to the lack of filtration of 3-
DG precursors such as LMW-peptides with
Amadori product and by a potential loss in 3-DG
reductive metabolism in kidney. Among the
numerous functions of kidney, several authors
have suggested that this organ contributes to
Maillard reaction clearance, even producing a

physiological microalbuminuria allowing
glycated albumin to be eliminated preferentially
(Layton & Jerums, 1988; Donelly, 1996). This
mechanism would be performed by the tubular
cells, facilitating secretion of glycated albumin
(Bakala et al., 1995; Verbeke et al., 1996). In
contrast with these data, other authors propound
that glycated albumin is not preferentially
excreted (Pagano et al., 1991).

The ratio protein linked pyrraline/ free pyrraline
in healthy subjects is 29. This parameter
diminishes to 17.2 in untreated uremie patients
(Odani et al., 1996). This relative increase in the
free form is explainable by the loss of glomerular
filtration. Thus, the protein damage by 3-DG
would be reflected by protein linked pyrraline
concentration, whereas renal filtration would be
reflected by plasma free pyrraline. After dialysis
instauration, this ratio is "normalized", i.e.
reaches 29.8, even thought that pyrraline
absolute values reach higher levels (Odani et al.,
1996). Thus, hemodialysis would substitute
kidney filtration-related functions but not its
reducing metabolism. These results are
coincident with those on pentosidine clearance in
uremie individuals under hemodialysis
(Takahashi et al., 1993a). It remains to be
established the influence of the treatment
modalities, whether these different modalities
affect pyrraline content, and which is the role, if
any, of the pyrraline in the pathogenesis of
uremia

With reference to modality treatment, it has been
described that pentosidine and immunoreactive
AGEs are not cleared effectively (Makita et al.,
1994; Vlassara, 1994). This is attributable to the
fact that most of this pentosidine is linked to
HMW, non-dialyzable fractions (Takahashi et
al. 1993a; Odetti et al., Ì995; Friedlander et al.,
1996). In contrast, it has been reported that
immunological detectable AGEs are distributed
between 2 KDa and 6 KDa (Korbet et al., 1993),
1.5 KDa and 2 KDa (Papanastasiou et al., 1994)
or between 1 KDa and 10 KDa (Dolhoffer-
Bliesener et al., 1995), differing in the method of
detection. With reference to 3-DG elimination,
hemodialysis treatment lowers plasma 3-DG
concentration, which is readily recovered after
the dialysis session (Niwa et al., 1995).
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In comparison with hemodialysis, peritoneal
dialysis offers better clearance, according to
immunological studies, despite the clearance for
creatinine is higher than that for AGE peptides
(Korbet et al., 1993). However, the peritoneum
would suffer major modifications by the
advanced stage of Maillard reaction, by the high
concentration of glucose of the dialysate fluids
(Friedlander et al., 1995), or by the crosslinking
induced by intermediates of Maillard reaction
potentially filtered through peritoneum (Korbet
et al. 1993; Makita et al., 1994; Lamb et al.,
1995). The deposition of immunologically
detectable AGE in peritoneum and in peritoneal
vessels after 3 months of peritoneal dialysis It
has been demonstrated (Yamada et al., 1994). It
remains to be established which is the
implication of AGE products formed in
peritoneum which may induce changes in
permeability, AGE-driven inflammatory
processes, etc.

The hemodyalisis treatment at high flow has
been also examined with reference to AGE
elimination capacity. The results show, that,
despite this modality is more effective than
conventional hemodyalisis, or peritoneal dialysis,
after short time the AGE immunoreactivity
values are recovered (Makita et al., 1994).

Reinforcing this, no major differences are found
in AGE products between hemodialysis and
peritoneal dialysis treated patients (Ateshkadi et
al., 1995).

Renal transplantation is the optimal treatment for
renal insufficiency. This treatment lowers
pentosidine concentration and fluorescence
(Hricik et al., 1993) in skin collagen. These facts
could be related to the recovery of kidney
reductive metabolism and AGE precursors
excretion.

It remains to be studied the potential role of
pyrraline in the complications of uremia,
specially arteriosclerosis. In this line, the AGE
modification of LDL interferes with the
recognition by the LDL receptor (Bucala et al.,
1994), increasing its circulation time. Increased
concentrations of this modified form of LDL
have been found in the serum of uremie patients
(Bucala et al, 1994).

HAA can be considered as other of the
complications of uremia. The ß2m modified by
Amadori product (Miyata et al., 1994) or by
pentosidine (Miyata et al., 1996) may be found
in vivo. This ß2m modified form, through
macrophage chemotaxis and ECM proteolytic
enzyme expression and release, would contribute
to the articular component of this disease.
Despite that, hemodialysis membrane
biocompatibility and partial ß2m proteolysis
should also be accounted in the pathogenesis of
this condition (Drueke, 1995).

Hypothetically, pyrraline may also modify ß2m.
The incubation of ß2m with 3-DG induces the
formation of a ß2m dimeric form, which is found
in the plasma of uremie patients (Niwa et al.,
1996). Among the potentially formed crosslinks
for ß2m dimerization, it may be formed a
pyrraline derivative as the described in Article II.

Maillard reaction has been also implied in AD.
Thus, the glycation of T-protein may induce its
insolubilisation (Ledesma et al., 1995). Glycated
T-protein interacts with neurons, inducing
oxidative stress, the release of ßA, and cytoquine
(Yan et al., 1994; 1995). Moreover, pyrraline
and pentosidine have been found in
neurifibrillary tangles and senile plaques, the
pathological hallmarks of AD (Smith et al.,
1994). Recent data about plasma indexes related
with oxidative Maillard reaction demonstrate
that these variables are not different in AD
patients respect those of healthy individuals
(Thome et al., 1996). It remains to be established
the potential role of pyrraline and pyrraline-
related proteolytic mechanisms in the
development of this disease.

Other pathologies besides diabetes, AD, and
uremia may also contribute to increase AGE
products in plasma. Thus, arthritis (Rodriguez-
Garcia et al., 1996) could also influence the
levels of AGE in plasma. All the conditions
referred above share a defective proteolysis (by
insufficient or by excessive). The potential role
of pyrraline in these and other processes remains
to be established.
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Conclusions

The elimination of free pyrraline by renal
function is independent by the individuals
age.Moreover, the levels of free pyrraline in
urine from diabetes patients is higher than
those of healthy individuals.

In diabetes patients group the concentration of
free pyrraline in urine is directly related with
HbAlc, mean HbAlc and glycemia and
inversely related with plasma urea levels.
Preliminary data show that pyrraline excretion
may be related with the development of
retinopathy.
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1. The purification of pyrraline from lysine-glucose systems can be done using ion exchange, in a
batch mode, flash-chromatography and HPLC semipreparative system, offering yields similar to
other methods of purification, but with the advantageous possiblity of departing from higher
amounts of reactants.

2. Pyrraline measurement in biological samples can be performed by means of HPLC coupled DAD,
considering that: for insoluble or highly crosslinked samples, prechromatographic treatment
consisting in alkaline hydrolysis with barium hydroxide and neutralization with sulphuric acid
offers reliable results; for soluble samples, prechromatographic enzymatic digestion with a
combination of proteases can be used.

Glucose and 3-DG are precursors of pyrraline in vitro. The incubation of proteins with those
sugars leads to the formation of pyrraline. Pyrraline formation, as previously suggested, is faster
from 3-DG. Due to the fact that this molecule does not require oxidative conditions to be formed, it
is proposed that pyrraline concentration is an marker of the non-oxidative advanced Maillard
reaction.

4. Pyrraline in vitro is a reactive molecule, capable of undergoing self-condensation reactions, ether
and tioether bond formation with amino acids and peptides, specially with Cys or Cys-containing
peptides. Thus, pyrraline can be considered as a Maillard reaction-derived crosslink precursor

5. Chemical evidence obtained in this work demonstrate the presence of pyrraline in vivo in several
biological samples, namely skin collagen, plasma proteins and urine. The concentration of pyrraline
in skin collagen is lower than the one of plasma proteins or urine.

6. Pyrraline is excreted by urine. The mean concentration of urinary pyrraline in healthy subjects is
comparable to those of the oxidative Maillard reaction products also found in urine. Pyrraline in
urine is preferentially found in its free form, despite there are evidence for the presence of other
pyrraline-containing molecules. Moreover, the pyrraline concentration in urine is inversely
correlated with with renal function parameters.

7. The concentration of pyrraline in skin collagen does not change with age. Moreover, urine pyrraline
concentration is not related to age.

8. The concentration of pyrraline in plasma proteins increases with diabetes. The urine concentration
of pyrraline is related to the glycémie control of diabetic patients, suggesting that non-oxidative
Maillard reaction is also influenced by glycémie control. Initial data about the relationship between
pyrraline urine concentration and diabetic retinopathy suggest that those parameters are directly
related.
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Introduction to the Chemistry of Maillard reaction

Nowadays, it has been demonstrated that the majority of the results obtained in simple models can be
extrapolated to more complex situations, such as food or human body. The model systems used consist in
reducing sugars and amino compound dissolutions.

The scheme used in the present memory is based in Hodge pathway (Hodge, 1954) for the Maillard
reaction. This scheme, which is divided in initiation, intermediate-propagation and advanced stages, is being
now revised (Glomb & Monnier, 1992).

L The Hodge pathway

1.1INITIATION

Several reducing sugars can initiate the reaction, such as monosaccharides (glucose, fructose or ribose)
and some disaccharides (maltose, lactose). In some circumstances, the glycosamineglycans, glicolipids,
flavinic compounds and non-reducing disaccharides such as sacharose, can also participate in the initiation if
the glycosidic link is broken. Anyway, the initiation capacity is directly proportional to the percentage of
glycid open forms. In this line, 3 or 4 C glycids can react more easily than that with a great number of
carbons.

With reference to the amino group, it can belong to free amino acids or to amino groups pertaining to
macromolecular structures. In other cases, certain biogenic amines can react as the amino compounds. The
primary amino groups show higher reactivity than the secondary ones.

In human body, the most studied reaction has been that between glucose, as initiator sugar, and the free
amino groups of proteins. Although glucose, fructose, and some pentoses are often the initiator sugar, it has
been also described the Maillard reaction between ascorbic acid and its oxidation by-products over amino
groups of some proteins. Provided that the primary amino groups are more capable of experimenting the
reaction, the N-terminal, (like the Valine residue of HbA ß-chain in the glycated Hb) and the e-amino lysine
residues, would be in all probability the ones that will suffer the attack of the sugar.

1.1.1 Initial stage with aldoses.

Amadori product formation.

In this reaction1 the amino group acts as a nucleophyl and, after the addition of the sugar carbonyl group,
it gives rise to the formation of glicosamines or Schiff base [1]. This progress to the formation of the
aminoenol [2], which after an Amadori reordenation, gives the aminoketose [3] or Amadori product.

HC=O HC=N-R HC—NH-R H,C— NH-R

HC—OH HC—OH
I „.. _ I

HO—CH _j_ HjN—R ^ HO—CH ^ HO—CH ^ HO—CH

HC—OH HC—OH HC—OH HC—OH
I I I I

HC-OH HC-OH HC-OH HC-OH
I I I I

HjC-OH H^C-OH HjC-OH HjC-OH

1 2 3

1 In order to increase clarity, the formulae used in this appendix will refer to glucose as reactant sugar, unless
stated otherwise.
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The Amadori product [3] has been found in cooked and stored food, in lacteal products or vegetables, as
well as in several food additives. These products have been also found in parenteral nutrition solutions which
contain glucose and amino acids (Led! & Schleicher g 1990). Likewise, the finding of this product in an
electrophoretically abnormal Hb fraction is the first evidence that this reaction could be also done in vivo
(Bunn et al., 1975).

The Amadori product, in a large pH range (from 4 to 8), can undergo to the enediol [4] or aminoenol [2]
formation, which lead to the formation of compounds such as l-deoxy-2,3-hexodiulose [5], l-amino-1,4-
dideoxy-2,3-hexodiulose [6] or to 3-deoxy-2-hexosulose [7] which are known, if they come from glucose, as
1-DG, 1,4-DG, and 3-DG. The presence of this later compound in plasma has been demonstrated (Yamada et
al., 1994).
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Other initial stage products.

Apart from deoxyketoses [3], in this initial stage it has been described the formation of the so-called di-
Amadori product [8].
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Besides di-Amadori products, the compound [9] has been isolated. This compound results from the
condensation between the keto group of [3] and a free amino group. In any case, neither [8] nor [9] have been
found in vivo.

— NH-R

Lo |=N-R

HO-CH + HjN-R ±^ HO-CH

HC-OH HÇ-OH

HC-OH HC-OH

H.C-OH I^C-OH

1.1.2 Initial stage with ketoses

In the event of reaction between amines and 6C ketoses, Heyns products [1 1] or aminoaldoses are formed
(Heyns et al., 1955). Its formation proceeds via Schiff base formation [10], similar to [1] and a reordenation
via aminoenol.

HjC—
LF=

— OH RC— OH H-C— OH HC— OH HC=O

o Ho—j—Njj.R ^N-R P-NH-R HC— NH-R

HO— ÇH + HjN-R ±^ HO-CH ±^ HO-CH ±^ HO-CH ±^ HO-CH

HC-OH HC— OH HC-OH HC-OH HC-OH
I I I I I

HC-OH HC— OH HC-OH HC-OH HC-OH
I I I I

HjC-OH I^C-OH HjC-OH H2C-OH

10 11

The presence of aminoaldoses in vivo has not been demonstrated, but these products have higher
instability than aminoketoses [3]. Therefore, little is known about them. It is important to point up that the
subsequent reactions of Heyns products can generate Amadori products (Heyns, 1967), and even the same
deoxyosones which are generated by these Amadori products, being 3-DG (in the case of glucose) the most
important one (Led! & Schleicher, 1990).

In this line, the amino groups, in dependence of the pH, can act as catalysts for the migration of the
glycid carbonyl (transforming aldoses in ketoses and vice versa) and/or also for the formation reaction of
aminoaldoses or aminoketoses from Schiff base. Thus, through dehydration, the enodiols [12] and [13], in the
case of 6-C sugars, can give rise to 3-DG, 1,4-DG, and 4-deoxy-2,3-hexodiulose [14].
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These reactions occur with pH higher than 8 or lower than 3, or in high temperatures (*-130 C). In model
reactions, with pH and temperature similar to physiologic conditions, the presence of amino groups, catalyzes
the formation of deoxyosones. These compounds are molecules that can react easily with amino groups, being
their presence indicative of the propagation stage of the Maillard reaction.

1.2 PROPAGATION.

At present, it is considered that most of the reactions which occur in the propagation phase of Maillard
reaction imply as intermediary deoxyaldoketoses and deoxydiketoses. These compounds are considered as a
very unstable products experimenting enolization, cyclization, dehydration processes, among others. The
presence of amino acids or other molecules containing amino groups, can give rise to the formation of
nitrogenous compounds, as well as sulfurea compounds, provided the amino acid is cysteine.

1.2.1 3-deoxyaldoketoses.

3-deoxyaldohexosuloses

The role of 3-deoxyhexosuloses (as a model of 3-deoxyaldoketose) as a propagator in the Maillard
reaction is known since a long time 60; Kato, 1960). The open form of 3-DG [7], taken as a model of this
family of compounds, is in equilibrium with cyclic forms [7a-7d].
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The reordenation of [7] generates 5-hidroxymethyl-2-furfiiraldehyde (5-HMF) [16] (Anet, 1962), which
has been used to quantify the Amadori product levels in several biomolecules. Apart from 5-HMF, it must be
mentioned the formation of the lactone of metasacarinic acid [17] and that of furanone [18].
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The presence of compounds [17,18] has been demonstrated neither in vivo nor in model reactions of food
chemistry. This phenomenon can be due to the fact that the presence of primary amines catalyzes the
formation of the pyrrolaldehyde [19] and the pyridine betaine [20] (Pachmayr et al.,1986).
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In proteins, the majority of these nitrogenous compounds are linked to a peptidic chain by the s-amino
group of a lysine residue, leading to the formation of pyrraline [19a].
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AJOH R ° Ó» ¿H, ° H.Ç --

OH R

19 Ç1^ 20

O

I
ÇH,

YCH,

O
19a

Both, the pyrrolaldehyde [19] and the pyridinic betaine [20] can be formed from disaccharides, such as
maltose and lactose, in the presence of primary amines. In that case the glycosidic bond hydrolysis is
necessary, being detected the presence of the intermediate [15].

Dipyrroles [21] and [22] are formed in the reactions between 3-DG and amino groups (Olsson et al.,
1978), as a result of a nucleophylic replacement of the hydroximethyl group by pyrrolaldehyde [19]. In the
presence of amino acids, this molecule, by means of a similar nucleophylic replacement, can give rise to
lactones [23] and lactantes [24].
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3-deoxyaldopentosuloses

Pentoses react also via 3-deoxyaldoketoses (in this case 3-deoxy-2-pentulose), giving the respective
pyrrolaldehyde [25] (Kato, 1962) and thè pyridinic betaine [26] (Pachmayr et al., 1986).
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As primary amines, the presence of secondary amines inhibits the formation of the compound [16],
starting from 3-deoxyaldoketoses. Carbocyclic compounds are usually produced instead of [16]. Thus, in the
event of reaction with proline, and via compound [27], some products such as maltoxazine [28] can be formed
(Tressl et al, 1982).
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The 3-deoxy-2-pentulose [29] and its later reordenation into cyclopentenedione [30] can lead to the
carbocyclic compound [31].
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Reactions between 3-deoxyaldoketoses and aminoketoses

Besides pyrrolaldehydic compounds, the 3-deoxyaldoketoses, as 3-DG [7], when reacting with Amadori
product [3], give, via [32], the compounds [33] and [34] (Njoroge et al., 1987)
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As observed for pyrrol [18], the hydroxyl group vicinal to pyrrol ring gives rise by ether formation to
compound [35] (Pannar et al., 1988).. This phenomenon, as discussed in Article II, may have importance in
the generation of pyrrolaldehyde-derived crosslinks.
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Compounds [33] and [34] could, by condensation, form pyrroldialdehydes [36] and [38], as well as
pyrroltrialdehydes [37] and [39].

36 38 37 39

Aminoketose [40], when reacting with 1,4 deoxydiketoses generates the pyrrol [41] (Led! & Schleicher,
1990).
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1.2.2 1-deoxydiketoses.

The 1-deoxydiketoses are considered as secondary products of the aminoketoses degradation (Beck et al.,
1988). The compound [5] may be transformed to open chain reductone [42]. In dissolution, these reductones
can be preferentially found in cyclic forms, in balance between 5b-5d forms.

After enolization and dehydration, 1-deoxydiketoses changes into fìiranone [43], which generates,
through deformilation, the compound [30a], precursor of the carbocyclic compound [31], very similar to
compound [44]. These compounds are among the major responsible for the color in the reactions between
hexoses and secondary amines (Ledi et al., 1983). Thus, it is accepted that so far as concerns the color
development in Maillard reactions, the furanone [43] formation is an important step. There are no data to
support the formation of compound [43] starting from disaccharides.
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Pentoses or 6-deoxyhexoses (such as ramose), can also form furanones [44] and [45] respectively
*
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The presence of -SH compounds, such as cysteine, catalyzes the formation of other compounds like [46],
[47] and [48].
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Through [5d] form, is also possible to obtain the pyranone [49], by the loss of C2 hydroxyl. This
compound has been suggested as an universal indicator of Maillard reaction in food, due to the fact that it is
virtually present in all processed food (Led!, 1987). When the C5 hydroxyl is lost, the unstable pyranone [50]
is formed, being reorganized to the lactic acid ester [51]. The tautomerization to the ß-diketone [52] is
another reordenation pathway. On one hand, the molecule [52] can be split and give 4C aminoreductones
[53]. On the other hand, its C6 ß-hydroxyl group can be lost, forming the very reactive acetylformoine [54].



APPENDIX 171

CHj

=o
=o ì=^
—OH

HC-OH

HjCOH
OH 5

^k^o ^

OH
f\tj í
\Jf\_ I
\ trv°O^TOH

5d ^

^ SHO ». ^^"x. .x OK^^x^ ^v^^xOH T i l

I

I

OH

CH3 49

O

HO\^\x°H

-OH

52

O

HO

53

Reactions with l deoxycetoses derived from disacchariddes are difièrent from that of monosaccharides
derived ones.. Thus, starting from the cyclic form [55j, and after an enolization without gîycosydic link
breaking, the only known reaction is the removal of C5 hydroxyl, giving the ß-pyranone [56]. In model
reactions with disaccharides, the y-pyranone [49] formation can be explained by the previous hydrolysis of C4
glycosidic bond. The [49] and [56] posterior reactions are in dependence on the glycidic components. Thus,
the ß-glicosidic residues allow the formation of 5-6 C-cycle molecules. Among them, the ß-
galactosilisomaltol [57] ((R: ß-gal),characterisüc of lactose), stands out. The ot-glycosidic residues give rise
preferably to the [58] compound, in contrast to ß-galactosidic ones. It can be deduced that a-glucosyl-ß-
pyranone [56] must break its glycosidic bond. Trace amounts of compound [58] can be also found in
monosaccharid reactions.
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The acetylformoine [54] is a veiy reactive compound. The aminohexosereductone [59] is found among its
possible by-products with secondary amines. The yields for these products can reach up to 30% depending on
conditions. This demonstrates the importance of 1-deoxydiketoses in the Maillard reaction (Ledi et al., 1984).
The reaction between compound [54] and secondary amine leads also to the pyrrolinone [60] formation with
an appreciable yield (>20%). This compound is fluorescent and shares antioxidant properties with
aminohexosereductone [59]. The compounds [59] and [60] can also be found, with its by-products, in
reactions between primary and secondary amines and disaccharides.
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The piridone [62] is the main product extracted with organic solvents from the reaction between
disaccharides and primary amines (Severin et al., 1976). This compound has been probably formed by the
conversion of [56] to the recently characterized pyridinic betaine [61] (R: a-glu, ß-gal) after the glycosidic
bond hydrolysis.
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Molecules [61] and [62] have a notable capacity for adsorbing some metals such as iron or aluminum
(Nelson et al., 1987). This fact could influence in the pro/anti oxidative balance of the Maillard reaction.
Among other structures isolated in the reaction between primary amines and lactose, the pyrrol [63] can be
found, corresponding to galactosylisomaltol [57] (R: ß-Gal).
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The reaction of pentoses and 6-deoxyhexouloses via 1-deoxydiketoses has been also described. The
aminofuranone [64] and the pyrrolinone [67] are found among the formed products. The later compound
comes from the reaction between primary amines and the product [66]. When the reaction is between [66]
and secondary amines, the structures found [68] are parallel to the aminohexosereductone [59]
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1.2.3 4-deoxydiketoses.

The formation of 4-deoxydiketoses [14] has not been demonstrated by direct methods. However, the
existence of compounds such as [69], [70] and [71] allows the assumption that there is a pathway for its
formation which includes the 4-deoxydiketoses. The formation of [69-71] is favored in presence of primary
amines (Miller & Cantor, 1952). As it is shown in precedent sections, the 4-deoxydiketoses are not formed
from the Amadori product [3]. Therefore, the presence of [69-71] compounds shows that Maillard reaction
may actuate without leading to Amadori product formation (Beck et al., 1989).
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1 -amino-1,4-deoxydiketoses.

The evidence for the presence of the 1-amino-1,4-deoxydiketoses [6] deriving from aminoketose [3] has
been demonstrated. The aminoacetylfurane [72] is the product of these intermediates dehydration and
cyclation. At physiological pH, [72] is an unstable molecule which produces the [73-75] compounds by the
oxidation to fiiroic acid [73], its amide [74] and its carboxamide [75]. The condensation to pyrrol [76] is very
important. If this pyrrol formation occurs in proteins, (i.e between two lysine e-amino residues), this
compound could be a crosslink.
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In ammonium presence, the amínoacetylfurane [72] produces compounds such as the imidazol [77], or
similar by-products. It has been proposed that the compound [77], called FFI, is a crosslink in vivo. However,
this compound comes from furosine [72a], a product of the acid hydrolysis of the lysine Amadori product.
The ammonium needed to complete these reactions comes from Asp and Glut residues. All in all this, it is
deduced that FFI levels observed in vivo are artefactual (Njoroge et al., 1988).

Among the other dégradation products of 1-amino-1,4-deoxydiketoses, the aminoreductones like [78] are
found.

i .3 BREAKING REACTIONS.

Despite there are exceptions for this generalization, the products formed in these breaking reactions are
very reactive considering that they can substantially accelerate the Maillard reaction progression.

1.3.1 Retroaldolization

It is known that glycid and their by-products can carry on retroaldolization reactions. These give
compounds like [79-88], some of them really reactive.
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In some cases they can allow condensation reactions with other retroaldolic products, besides with other
intact glycid by-products. The structures [89-97] are among these condensation products.
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A parallelism between the Maillard reaction stage and the obtained fractions can be established.
Therefore, in an initial stage predominate the 2C fragments, supposedly formed from the initiator sugar, in
case of sugar autoxidation, (Hunt et al., 1990) or from imine [1]. Pyridinium radical [99] formation takes
place, coming from [98] product (Namiki et al., 1986).
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From [99] oxidation, it is obtained glyoxal [81] or nitrogenous analogous. Both are very reactive, and
may constitute a major intermediate in the pathway of the so-called advanced glycosilation end-products or
AGE products, which could be considered the in vivo equivalents to the products of the advanced stage of
Maillard reaction. In a later stage, when 3C products appear, the aminoketoses like [3] are already formed.
In this stage, the fragmentation rate is very dependent on the medium pH.

The 4C fragments are produced by multiple fragmentation. In the presence of amino groups,
aminoreductone [53] is produced from ß-diketone [52] after retroaldolization to tetrose [100], keeping neither
Cl nor C6 of the initiator molecule.

53

The retroaldolization takes also part in the formation of ß-hydroxypropionic acid [101] and lactic acid
[102], rendering ß-piranone [50] in equilibrium with its furanosic form [103]. After a breaking in the ß-
carbon, furanose [103] gives the ester [51], which will produce the acids [101] and [102] depending on
conditions (Beck et al., 1990).

50

1.3.2 Breaking of a-diketones.

The reaction between 3-deoxyaldoketose [7] with primary amines gives rise, under antioxidant
conditions, to lactone [104], formic acid [105] and furfurylic alcohol [106] for instance.
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In a parallel way, some of the Maillard reaction intermediates, such as glyoxal [81] and methylglyoxal
[83], produce in model reactions, the acid amines [107a-107b]. The formation of all these compounds [104-
107] needs the breaking of a-dicarbonyl group, in a mechanism that remains unknown, depending on the
oxygen levels of medium. Thus, the formation of [104] and formic acid [105] are favored in the oxygen
presence, decreasing the alcohol levels [106]. Therefore, in oxidative conditions and in the presence of
secondary amines, [7] is preferentially degraded to [104] and [105].
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One of the products considered as AGE, the carboxy-methyl-lysine [108] is supposed to be derived from
the oxidative breaking of aminoketose [3] (Ahmed et al., 1986). The in vivo formation pathway of this
product is source of considerable debate. It can be formed by Schiff base oxidation, by oxidative degradation
of Amadori products, by glucose autoxidation, or even as a product derived from lipid peroxidation.
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1.4 STRECKER DEGRADATION. AMINO ACIDS AND AMINES.

The amino acids are decarboxylated in the presence of glycids and high temperatures. At present, it is
accepted that this decarboxylation is due to the reaction between amino acids and oc-dicarbonilic compounds
(Led! & Schleicher, 1990)

The ß-ketoacid azavinilogous [109] is formed and, after COa loss, produces the aldehyde [110] and the
aminoenol [113] that rends ammonium and [113a]. The reactivity of [110] allows condensation reactions. In
this line, in reactions between Lys and/or Phe and glycid, the furanes [111] and [112] have been found. The
corresponding Strecker aldehyde is found in the structure of both products. The aminoenol [113] or the
released ammonium take part in the formation of pyridines, pirazines, imidazoles or other structures.
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Nowadays, there is no evidence that these products can induce, within physiological conditions, the
conversion of primary amines to ammonium and aldehydes, like [110].

2.Advanced Maillard reaction in vivo: AGE

The incubation of low turnover protein in vivo, such as collagen and lens proteins, in high glucose
concentrations gives similar characteristics of fluorescence and brown color, as the collagen and lens of
diabetic or aged individuals (Monnier & Cerami, 1981; Monnier & Kohn, 1984). This supports the in vivo
existence, besides the initial reaction stage, of the other reaction stages. *

Despite that initial experiments focused on the importance of reducing sugars and protein turnover to
explain the development of these products, recent works have established that oxygen and free radicals-
derived reactions are important in the development of AGE characteristics (Baynes, 1996). Thus, AGE
formation is not completely explainable by Hodge pathway. Thus, the incubation of glucose and proteins in
antioxidant conditions does not lead to the development of fluorescence and crosslinking characteristics of
AGE. Three hypotheses have been adopted in order to explain the important role of free radicals and oxygen
in the AGE formation. First, oxidative reactions would take place after the Amadori product reordenation,
leading to breaking reactions and generating reactive dicarbonyls, such as the described above, that would
react again with amines to generate advanced Maillard reaction products. Second, oxidative reactions would
occur after Schiff base formation, generating dicarbonyl compounds. Third, it is been recently hypothesized
that glycid autoxidation takes place in the presence of trace amounts of transition metals, leading to the
generation of some of the dicarbonyl compounds described above. These non-excluding alternatives are
named by the scientist that have contributed to its knowledge.

2.1NAMKI PATHWAY

The browning reactions between proteins and glucose are very slow in anaerobic conditions (Fu et al.,
1992). Based on browning kinetics with glucose, it has been concluded that the earliest initial stages of
Maillard reaction include oxidation reactions leading the formation of mediators with a free radical character
(Hayashi & Namiki, 1986). It is suggested that the fragmentation of the Schiff base [1] or other mediators,
before the reordenation to aminoketose, can give rise to the formation 2 or 3C dicarbonyl compounds. These
products, after its ulterior reaction with amino groups in vivo, would condense in AGEs.

The fact that one of the advanced products of the Maillard reaction in proteins, CML [108], is probably
formed through 2C fragment derived from glucose, suggests that the Namiki via can be important in its
formation, and by extension in the browning and in the formation of crosslinks in proteins during the in vivo
Maillard reaction. Accordingly, Namiki and Hayashi characterized glyoxal and glycolaldehyde as products of
the reactions between alkylamines and glucose in model reactions of food chemistry (Hayashi & Namiki,
1986). It is suggested that CML formation follows this scheme:
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2.2 WOLFF-HUNT PATHWAY

An alternative to the Namiki and Hodge pathways is the autoxidative glycosylation or Wolff-Hunt
pathway. This pathway is based in the observation that the reaction rate between glucose and proteins
increases in the presence of oxygen and transition metals (Wolff et al., 1984; 1991). According to their
hypothesis, the glucose oxidation with O2, catalyzed by metals, is an important step in the formation of
advanced Maillard reaction products in vivo, bypassing amadori product formation. In the presence of
transition metals, glucose, as others a-hydroxialdehydes (Wolff et al., 1984) can generate H2O2, oc-
ketoaldehydes and free radicals, as hydroxyl radical (Wolff & Dean, 1987).
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2.2.1 Ketoaldehydes derived from glucose autoxidation

Several ketoaldehydes are found in the glucose autoxidation. It has been hypothesized that glucosone [5]
is the major ketoaldehyde formed in these conditions (Wolff et al., 1991). Despite that, in vitro experiments in
physiological conditions show that only trace amounts of glucosone and its degradation product, ribulose, are
formed (Zyzak et al., 1994).

Glyoxal [81] or arabinose are also formed in glucose autoxidation conditions (Wolff & Dean, 1987;
Wells-Knecht et al., 1995), being also found in glucose protein mixtures. This glyoxal can also be derived
form Schiff or previous intermediates autoxidation.

2.2.2 Effects of free radical derived from glucose autoxidation in biomolecules

Proteins

Apart from the addition reaction between the ketoaldehyde and the protein, the hydroxyl radicals
generated can fragment the peptide chain. Thus, it has been established that the incubation of glucose and
bovine albumin leads to the breaking of albumin (Hunt et al., 1988; Gutteridge, 1987). This process is
accelerated in presence of copper ion and inhibited by DETAPAC (metal chelating) and sorbitol. As sorbitol
is an hydroxyl radical scavenger, it is concluded that these free radicals are the main responsible of the
structural injury induced by the glucose in vitro. Although other radicals are formed, such as Superoxide (O2~
), its conjugated acid and the hydroxyperoxid acid (HO2), these do not contribute to the protein damage
(Dean et al., 1986).

The generation of the hydroxyl radicals starting from glucose has been investigated with reference to
protein fragmentation (Hunt et al., 1988; Dean, 1988). The inhibition by the catalase up to 75% of the
proteinic fragmentation, supports the hypothesis that the hydroxyl radicals come from the hydrogen peroxide.
Other hypothesis, such as non-oxidating breakings induced by the covalent bond of glucose or its by-products
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Table 1. Damage of lipids

Model Effect Reference
LDL or t Lipid phase TEARS Hunt, 1990
Phosphatidylcholine+glucose+copper

t Lipid
hydroperoxides concentration

LDL+Glucose t Lipid phase TEARS Kawamura, 1994
t Conjugate dienes concentration

4 Fibroblast degradation
4 6-amino Lys residue

Erythrocyte ghost t Lipid phase TEARS Virgili, 1996
4- Vitamin E concentration

Lysis
in the protein molecule are dismissed since sorbitol, benzoate, DETAPAC inhibit the protein fragmentation
but not the formation of Amadori products in the protein.

The incubation of proteins with glucose and metal chelanting agents, inhibits also the development of
fluorescence and browning characteristics typical of the advanced stage of Maillard reactions. Thus, the use of
antioxidants, in incubations of some proteins and glucose, in phosphate buffer in the presence of copper,
succeeds in decreasing the generation of fluorescence and browning (up to 70%), without affecting the levels
of Amadori products in proteins. Therefore, it is concluded that in this model, the generation of fluorescence
and browning is related to phenomenon of glycidic oxidation (Stefeck et al., 1996). However, contrary to the
protein fragmentation, the incubation with glucose and sorbitol, generates more fluorescence than only with
glucose (Wolff, 1988). This fact is explainable by the possible conversion of sorbitol to a-hydroxyaldehyde,
due to the action of the hydroxyl radicals (Bothe et al., 1978). The pré-incubation of sorbitol with hydroxyl
radicals increased in 25-fold the sorbitol-derived a-ketoaldehyde formation. This reinforces the hypotheses
that the sorbitol suffers autoxidation and its by-products can contribute to the advanced stage of the Maillard
reaction in vitro.

It must be pointed up that, the pattern of the changes, supposedly induced through the glycid autoxidation
is strongly influenced by the model protein. Thus, in the collagen (Chace et al., 1991; Fu et al., 1992) and in
a-crystallin (Li & Carubelli, 1995) the most pronounced changes correspond to the formation of
inter/intramolecular crosslinks, in contrast with the referred fragmentation phenomena, observed mainly in
albumin. In a-crystallin, the incubation of this protein with glucose and copper, leads to structural changes,
similar to those observed in the case of cataracts, where the oxidative reactions play a major role (Li &
Carubelli, 1995). Among them, it must be pointed up the proteinic aggregation through the formation of non-
reducible covalent bonds, the change in the fluorescence not related with tryptophan and the increase of the
ultraviolet absorbancc. These changes depend on the glycid and copper concentration, being nullified by the
activity of catalase and metals chelanting agents. Thus, it is concluded that they are due to phenomena related
with the oxidation of the sugar and its adducts with a-crystallin.

Through the incubation of the Na/K ATPasa with glucose-6P, it has been demonstrated (Santini et al.,
1996) the loss of its activity. This reaction can be inhibited by DETAPAC, increased by the addition of copper
in the medium or by the increase in the hydrogen peroxide levels, and not affected by the reduction of the
glycid adducts. These facts support that the observed inhibition of the activity is due to autoxidative
phenomena. Lipids

Lipids

Free radicals derived from glucose autoxidation induce oxidative changes in lipids. In all the model
studied, the addition of metal chelating agents inhibits these reactions (Table 1). This reinforces the
importance of the transition metal presence, not only in the generation of free radicals by glucose
autoxidation, but also in the damage that these free radicals induce. These effects, as observed in the more
complex models, may be attenuated by the membrane antioxidants
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Nucleic acids

The nucleic acids are among the biomolecules potentially modifiable by the glucose autoxidation-derived
free radicals. The incubation of RNA (fago Qß) with ribose and copper leads to a rapid inactivation. This
phenomenon is inhibited by the addition of metal chelating factors (Carubelli et al., 1995).

2.2.3 Ketoamine autoxidation

Nature of the Amadori oxidation products.

Amadori product degradation, as seen in previous sections is a highly complex group of reactions. In the
presence of transition metals, the glucosone [5] is the major degradation product (Kawakishi et al., 1991).
Besides glucosone [5], 3-DG [7] may also be formed for oxidative degradation of Amadori products (Baynes,
1994), among pentoses tetroses and hexoses. Finally, Amadori product reordenation in oxidative conditions
may generate glyoxal, but at a lower level than Schifi base or glucose itself.

Effects of free radical derived from ketoamine oxidation in biomolecules

Proteins *

The oxidative degradation of Amadori products generates free radicals, similar to those generated in
glucose autoxidation. These free radicals, mainly through H2C>2, are able to induce several modifications to
proteins. These modifications include Hys, Cys and Lys losses and fragmentation (Uchida & Kawakishi,
1986; Cheng, 1993), in a similar fashion to the modifications induced by the copper/ascorbate system. Cu,
Zn-SOD and insulin may be modified by these phenomena in a very specific way. The target site of oxidative
lesion is located around Hys residues, where free radicals induce the breakage of the ring (Ookawara et al.,
1992)

Lipids

The free radicals originated in Amadori product/copper mixtures also damage lipids. In this case, it is
observed several phenomena related to lipid peroxidation, such as increase in the lipid phase TEARS and
conjugate dienes level (Sakuri et al., 1990)

Nucleic Acids

Besides proteins and lipids, nucleic acids are also potentially modifiable by the free radical species
generated by Amadori product autoxidation (Komano, 1986). Thus, it is known that glycated Cu,ZN-SOD
induces increases in 8-hydroxydeoxyguanosine (a marker of nucleic acid oxidation) and DNA strand break.
These phenomena are mediated by hydroxyl radicals (Kaneto et al., 1994).

2.2.4 MG oxidation

The reaction of MG with amino acids induces the formation of intermediates with free radical character.
These include the cationic crosslink radical [114], the anión MG radical [115] and Superoxide. These
intermediates arise after Schiff base formation, and oxygen is only required for Superoxide generation. The
free radicals derived from MG-amino reactions could potentially modify proteins (by fragmentation or amino
acid oxidative modification). Moreover, this model, after free-radical generation, leads to development of
browning and AGE-like fluorescence characteristics.
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AGEformation

2.2.5 Glucosone autoxidation
114

It has been proposed that glucosone autoxidation, similarly to Amadori product, could lead to free radical
generation, potentially damaging amino acid residues (Ookawara et al., 1992).
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2.3 AGE AND AUTOXIDATION

Several experiments prove that glucose autoxidation contributes to the generation of fluorescent products
and protein crosslinking (Chace et al., 1991; Fu et al., 1992). These experiments suggest that glucose
autoxidation would generate glyoxal, whose posterior reaction with proteins would give rise to AGE
characteristics. According to Schemes A and B, k2»k]

B
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In this context, the role of Amadori product as a major AGE precursor should be reviewed. Despite that,
due to its high oxidability, it may be considered as an important AGE contributor. Thus, fluorescence
intensity and glycoxidation products concentration is lower in the oxidative incubation of glycated proteins
than that generated by glucose autoxidation-permissive conditions (Scheme C).

Protein

HC=O
I

HC— OH

HO— CH
I

HC— OH

HC— OH

— OH.
Amadori-Protein -»•AGE-Protein

The relative contribution of these processes to the AGE formation in vivo would depend on glucose,
Schiff base and Amadori product concentrations, besides free metal amount and other variables, including
type of initiator sugar, antioxidant level, protein structural and functional determinants. Thus, the
generalization of one pathway is not always possible.
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