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Summary: The Maillard or browning reaction between reducing sugars and 
protein contributes to the chemical deterioration and loss of nutritional value of 
proteins during food processing and storage. This article presents and discusses 
evidence that the Mafilard reaction is also involved in the chemical aging of long- 
lived proteins in human tissues. While the concentration of the Amadori adduct of 
glucose to lens protein and skin collagen is relatively constant with age, products of 
sequential glycation and oxidation of protein, termed glycoxidation products, 
accumulate in these long-lived proteins with advancing age and at an accelerated 
rate in diabetes. Among these products are the chemically modified amino acids, 
N~-(carboxymethyt)lysine (CML), N~-(carboxymethyl)hydroxylysine (CMhL), and 
the fluorescent crosslink, pentosidine. While these glycoxidation products are 
present at only trace levels in tissue proteins, there is strong evidence for the 
presence of other browning products which remain to be characterized. Mecha- 
nisms for detoxifying reactive intermediates in the Maillard reaction and cata- 
bolism of extensively browned proteins are also discussed, along with recent 
approaches for therapeutic modulation of advanced stages of the Maillard reaction. 

Zusammen£assung: Die Maillard~ oder BrAunungsreaktion genannten Umsetzun- 
gen zwischen reduzierenden Zuckern und  Eiweil3 ftihren zur chemischen ZerstS- 
rung der Aminostiuren und zum Verlust der Proteinqualit~it w~hrend der Lebens- 
mittelbearbeitung und  -lagerung. Der vorliegende Beitrag zeigt Befunde auf, dab 
die Maillardreaktion auch im Gewebe des Menschen bet der Alterung yon Pro- 
teinen mit langer biologischer Ha]bwertszeit auftritt. Die Konzentrationen an den 
sogenannten Amadori-Produkten, die im Initialstadium der Maillardreaktion aus 
Glucose und den Proteinen der Augenlinse oder dem Kollagen der Haut entstehen, 
erwiesen sich als relativ konstant, auch mit zunehmendem Alter. Die Produkte der 
Glycosylierung und nachfolgenden Oxidation der Proteine, auch Glycoxidations- 
produkte genannt, hAufen sich dagegen im Alter an, und zwar bet Diabetikern in 
vermehrtem Ma6e. Zu diesen Produkten gehSren die Aminos~iurenderivate N- 
(carboxymetbyl)-lysin (CML), N-(carboxymethyl)-hydroxylysin (CMhL) sowie das 
fluoreszierende Quervernetzungsprodukt Pentosidin. W~hrend diese Glycoxida- 
tionsprodukte in den KSrpergeweben nur in Spuren vorkommen, gibt es deutliche 
Hinweise auf die Anwesenheit weiterer BrAunungsprodukte, deren Charakterisie- 
rung jedoch noch aussteht. Es werden MSglichkeiten zur ,,Entgiftung" der reakti- 
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yen Zwischenprodukte aus der Maillardreaktion sowie zum Abbau extrem 
gebr~unter Proteine diskutiert sowie neuere M6glichkeiten zur therapeutischen 
Modulierung fortgeschrittener Stadien der Maillardreaktion aufgezeigt. 

Key words: advanced glycosylation endproducts (AGE), ag(e)ing, amino- 
guanidine, ascorbate, autoxidation, biomarker, browning reaction, chemical mod- 
ification of proteins, diabetes, glyeation, glycoxidation, nonenzymatic glycosyla- 
tion, oxidation, Maillard reaction 

Sch1~sseJwbrter: Aminoguanidin, Aseorbat, Autooxidation, Biomarker, Br~u- 
nungsreaktion, chemische Verfinderung yon P roteinen, Diabetes, _Glycosylierung, 
G]ycoxidation, n_ichtenzymatische Glycosy]ierung, Oxidation, iViaillardreaktion 

I n t r o d u c t i o n  

The human body may be viewed at one level as a low temperature oven 
with a relatively long, approximately 75 year cooking cycle. While 
metabolism is under stringent enzymatic control during this time, the 
body's proteins, nucleic acids, lipids and carbohydrates are constantly 
subject to random endogenous and environmental stresses. These stresses 
include non-enzymatic reactions such as spontaneous hydrolysis, oxida- 
tion reactions initiated by reactive species such as hydrogen peroxide, 
hypochlorous acid and superoxide or hydroxyl radicals, and other chemi- 
cal modifications caused by adventitious interactions between biomole- 
cules. Among the latter reactions are the carbonyl-amine reactions (I) 
characteristic of the Maillard reaction in food science. There are also 
inhibitory mechanisms for limiting the damage from these reactions in 
biological systems, and efficient mechanisms for either repairing damaged 
molecules or degrading and recycling their useful components. However, 
while most biological molecules may be repaired or replaced, there are 
some proteins in the body which have unusually long lifespans. These 
include the crystallins in the lens of the eye, myelin proteins of the 
nervous system, and collagens and elastin in the extracellular matrix of 
connective tissues throughout the body. These long-lived proteins are 
exposed to damaging chemical insults throughout their life, and undergo 
gradual physical and chemical changes with age. Thus, qualitative and 
quantitative analysis for modified amino acids in long-lived proteins can 
yield a unique insight into the rate, extent and types of damage to which 
proteins and other biomolecules are exposed in living systems, including 
information on the pathways and progress of the Maillard reaction in v/vo. 

This article will discuss the evidence for cumulative chemical modifica- 
tion and browning of human tissue proteins by glucose and the role of 
these chemical modifications in the development of pathophysiology in 
normal aging and the accelerated development of age-like complications 
in diabetes. The focus will be on the nature of permanent, glucose-induced 
chemical modifications of protein, with emphasis on the description of a 
group of compounds recently termed "glycoxidation" products (2), which 
are chemical modifications and crosslinks formed in proteins as a result of 
sequential glycative and oxidative modifications. These compounds (Fig- 
ure 1) accumulate with age in tissue proteins and at an accelerated rate 
during hyperglycemia in diabetes. 
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Fig. 1. Products of the Maillard reaction which have been shown to accumulate in 
tissue proteins. N~-(carboxymethyl)lysine is formed by oxidative cleavage of the 
Amadori compound, fructoselysine (FL), between C-2 and C-3 of the glucose chain. 
N~-(carboxymethyl)hydroxylysine is formed similarly by oxidation of glycated 
hydroxylysine in collagen. Oxygen is also involved in the formation of the lysine 
and arginine containing ribose- or glucose-derived crosslink, pentosidine, also 
known previously as Maillard Fluorescent Product ~=1 (MFP-1). The fluorescent 
compound, L1, (not shown) is derived from reaction of protein with 3-deoxy- 
glucosone and its relationship to pentosidine is unknown. 3-(N~-lysino)-iactic acid 
(not shown.) is formed on oxidative cleavage of FL between C-3 and C-4 of the 
glucose chain. While it is formed in concert with CML, its accumulation in tissue 
proteins has not been confirmed. 

Relationships between age, diabetes and glycation of protein 

The first step in the Maillard reaction in v ivo  is te rmed non-enzymat ic  
glycosylat ion or glycation of protein in order to dist inguish it from enzy- 
matic glycosylat ion which  leads to the formation of  glycosidic bonds  and 
complex  oligosaccharides. The Amador i  adduct  to amino groups in pro- 
tein is the first stable p roduc t  of glycation, the major  p roduc t  being the 
adduc t  of  glucose to lysine residues, known  as fructoselysine (FL). While 
at one t ime it was thought  that this Amador i  c o m p o u n d  accumula ted  in 
proteins with age, recent  work  has shown that the extent  of glycation of 
proteins is fairly constant  with age in man  (3, 4, 5). This is illustrated in 
Figure 2 which  shows that  the glycation of  lens proteins is constant  with 
age in the adult  population,  and that there is only a modes t  change in 
glycation of  skin collagen with age. The lower extent  of  glycation of  
crystallins, compared  to collagen, is consistent  with the lower glucose 
concentra t ion in the lens, compared  to blood and extravascular  fluids (6). 
These results indicate that  there is a life-long, s teady state relationship 
between the ambient  glucose concentra t ion and the extent  of glycation of 
protein in the body. 

Lens crystallins and skin collagen are long-lived, metabolically inert 
proteins, so that the kinetics of turnover of the proteins are not a signifi- 
cant factor in determining their extents of glycation. Thus, the constant 
glycation of these proteins with age must result either from a reversible 
equilibrium between rates of Ibrmation and dissociation of the Amadori 
adduc t  or f rom a forward reaction in which  the Amador i  adduc t  
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rearranges, decomposes or reacts to regenerate lysine and other products. 
These pathways can be distinguished by the fact that the reverse reaction 
should lead to epimerization of glucose at C-2 and formation of both 
mannose and glucose. Studies with the model Amadori compound, N % 
formyl-NE-fructoselysine, have shown in fact that this compound decom- 
poses in physiological buffers to form mannose, glucose and lysine in 
amounts consistent with reversal of the Amadori rearrangement (7). Sev- 
eral laboratories have also shown that the amount of Amadori adduct to a 
protein declines with time of incubation in glucose-free medium under 
physiological conditions in vitro, usually with a half-life of several days to 
more than a month, depending on the protein (reviewed in 8). However, 
the formation of mannose in these reactions has not yet been confirmed, 
so that reversibility of glycation of proteins either in vitro or in vivo has 
not been rigorously established. 

Free lysine could also be produced from the Amadori compound 
through forward reactions, such as those leading to release of deoxyglu- 
cosones (DG) (9). While DGs are well-known intermediates in Mai]lard 
reactions in vitro, they have not been detected in biological systems. This 
is probably the result of their high reactivity as well as the presence of 
enzymatic pathways for their inactivation, e.g., oxidation to deoxy- 
gluconic acids or reduction to deoxy sugars. There is indirect evidence for 
formation of 3-deoxyglucosone (3-DG) in vivo since the fluorescent com- 
pound, L1, which is a product of reaction of 3-DG with protein, has been 
identified in human tissue proteins (i0); its concentration also increases 
with age and in diabetes in various tissues (I0, II). Kato and colleagues 
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Fig. 2. Comparative extents of glycation of' human lens proteins and skin collagen. 
Glycation of dialyzed human lens proteins and insoluble skin collagen was deter- 
mined by measurement of furosine released on acid hydrolysis of the protein, using 
selected ion monitoring gas chromatography - mass spectrometry (3, 5). The regres- 
sion lines are fitted to samples from donors of age -~]0. The correlation between 
glycation and age is insignificant for the lens samples (p > 0.I). A 33 % increase in 
glycation of skin collagen is observed between ages 20 and 80 (p < 0.01). 
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have also identified 3-deoxyfructose (3-DF) as a product of reduction of 3- 
DG by hepatic enzymes (12), and Knecht and Feather (13) have recently 
identified 3-DF in human urine. Thus, based on the identification of a 
reaction product and metabolite (LI and 3-DF, respectively), the formation 
of 3-DG is likely to occur in biological systems in much the same way that 
it is formed in food systems. There is still no evidence for the formation of 
I- or 4-DG (9) in vivo, but it is likely that, as with 3-DG, there will be unique 
reaction products, as well as protective enzymatic pathways for limiting 
damage from reactions of these intermediates. In summary, the steady 
state glycation of proteins in vivo is probably a balance between reverse 
and forward reactions from the Amadori product, although neither of 
these reaction pathways have been adequately studied in biological sys- 
tems. 

The extent of glycation of collagen in skin and other tissues, such as 
aorta, kidney and dura matter, normally amounts to significantly less than 
1% of the lysine residues in the protein (Figure 2) (5, 8). During long-term 
hyperglycemia in diabetes, glycation may increase by 4-fbld or more, to 
2-3 % of the lysine residues in the protein. As a point of reference, this is 
comparable to the extent of modification of casein by lactose in heat- 
treated milk (14). Since there are -i00 moles of lysine (including hydroxy- 
lysine) per mole of triple stranded collagen (M r ~-~ 300 kD) in skin, and 
lysine and hydroxylysine are glycated to similar extents (Dyer DG and 
Baynes JW, unpublished), there is a range of 0.5-2.5 moles of Amadori 
adduct per mole of collagen in non-diabetic and diabetic skin, respec- 
tively. In  diabet ic  skin col lagen this amoun t s  to ~1 mole  of  Amador i  
adduc t  per  col lagen strand. The  k n o w n  react ivi ty  of  these  g lucose  adduc t s  
in Maillard react ions  in v i t ro  provides  a reasonable  founda t ion  for the  
hypothes i s  tha t  the  Maillard react ion  is a source  of  the  age -dependen t  
increase  in browning,  f luorescence  and  cross l inking of  collagen (15). 

Comparative browning of protein by glucose in v i t ro  and in v i v o  

One characteristic common to all long-lived proteins in the body is that 
they become less soluble, less elastic, less digestible by enzymes, and 
more crosslinked, brown and fluorescent with age (15). Figure 3 illustrates 
visually the gradual, age-dependent browning of human costal cartilage; 
similar age-related changes are observed in purified collagens extracted 
from other tissues of the body (15). The rate of browning of collagen is 
accelerated in diabetes (15) and the role of the Maillard reaction in this 
process is supported by the 3-D fluorescence spectra shown in Figure 4. 
Thus, the spectrum of insoluble skin collagen (from a 50-year-old diabetic 
donor) is remarkably similar to that of a protein, such as albumin, 
browned by incubation with glucose under physiological conditions of pH 
and temperature. When corrected for endogenous protein fluorescence 
(primarily tryptophan), similar spectra are obtained on incubation of a 
number of other proteins with glucose in vitro. Some differences should 
be observed between the spectra of browned proteins and collagen 
because of the presence of enzymatically-derived fluorescent crosslinks in 
collagen, but the similarities between the spectra in Figure 4 are impres- 
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Fig. 3. Appearance of costal cartilage (-50 % collagen) isolated at autopsy from 
donors of various ages. The cartilage was isolated by dissection from the rib cage, 
cleaned of adventitious tissue, diced into -1 mm cubes, washed with phosphate 
buffered saline, extracted by homogenization in chloroform:methanol (2:1), then 
dried under air. 

sive and argue strongly that  the Maillard reaction is relevant to the aging of 
tissue proteins in viyo. 

C h e m i c a l  e v i d e n c e  for a d v a n c e d  s tages  o f  the  Mai l lard  r e a c t i o n  in v i v o  

Several laboratories are s tudying the nature of the chemical  modifica- 
tions, f luorescent  c o m p o u n d s  and cross]inks formed in proteins incubated 
with glucose in  vitro in order  to develop assays for detect ing and quantify- 
ing these compounds  in proteins naturally aged in vivo. Our laboratory 
has described two products  of oxidative cleavage of the Amador i  adduct  
to lysine residues in protein, N~-(carboxymethyl)lysine (CML) and 3-(N ~- 
]ysino)lactic acid (LL) (Figure ]). These c o m p o u n d s  were originally 
detected in proteins incubated with glucose under  aerobic condit ions in 
vitro, and were subsequent ly  detected in h u m a n  lens proteins, skin colla- 
gen and urine (7, 16). The related compound ,  N~-(carboxymethyl)hy- 
droxylysine (CMhL), formed on oxidation of glycated hydroxylys ine  
residues, has also been detected in skin collagen (5). CML, LL  and CMhL 
are formed in metal  catalyzed oxidation reactions (also te rmed "autoxida- 
tion" reactions because of the role of molecular  oxygen as the oxidizing 
agent), and their formation fi'om glycated proteins in vitro can be inhibited 
by strong iron or copper  chelators such as diethylenetr iaminepentaacet ic  
acid and desferr ioxamine (7, 16). Otherwise, CML accumulates  in proteins 
dur ing glycation under  aerobic condit ions in  vitro, and as shown in Figure 
5, CML also accumulates  with age in h u m a n  lens crystallins and skin 
collagen (3, 5). As in food science (14, 24) the concentra t ion of CML in 
tissue proteins may  be useful as an index of  cumulat ive damage via the 
Maillard reaction. Thus, the higher  concentra t ion of  CIVIL in lens protein 
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Fig. 4. Compara t i ve  three-d imens iona l  f luorescence spectra o f  b rowned  bov ine  
serum a l b u m i n  and h u m a n  sk in  col lagen. Fluorescence spectra were recorded at 
10 nm excitation wavelength increments between 310 and 410 nm. Emission spectra 
were recorded between 350 and 550 nm, using a Shimadzu RF5000 Spectrofluorime- 
ter interfaced to a laboratory computer. Data were collected using the program, 
Lotus Measure, and the three dimensional plots produced using Plot-It, Version 1.5 
(Scientific Programming Enterprises, Haslett, Michigan). A. Bovine serum albumin 
(20 mg/ml) was incubated under air in 0.2 M phosphate buffer, pH 7.4, containing 
250 mM glucose for 28 days at 37 °C. The incubation mixture was dialyzed against 
0.5 M acetic acid adjusted to pH 2 with 6 M HC1, then diluted to 1 mg protein/ml 
solution in the same buffer. B. Human buttock skin collagen was obtained by 
surgery, cleaned of extraneous tissue, extracted sequentially with 1M NaC1, 
chloroform:methanol (2:1) and 0.5M acetic acid, then lyophllized (5). A sample (1 
mg/ml) was solubilized by digestion with :pepsin (4 %) in 0.5 M acetic acid. A small 
amount of insoluble debris (<2 % of the hydroxyproline content of the collagen) 
was removed by centrifugation and the sample adjust to pH 2 for recording the 
fluorescence spectra. 



36 Zeitschrift f~r Ern~hrungswissenschaft, Band 30, Heft I (199I) 

compared to skin collagen (Figure 5), despite the lower concentration of 
FL in the lens (Figure 2), suggests a higher level of oxidative stress in the 
lens, possibly the result of exposure to ultraviolet radiation. The concen- 
tration of CMhL in skin collagen is also strongly correlated with age and 
with the CML content of the collagen (5). Both CML and CMhL are 
increased in skin collagens from diabetic, compared to non-diabetic 
patients (Dunn JA and Baynes JW, unpublished), providing evidence for 
increased glycative and oxidative (glycoxidative) modification of protein 
in diabetes. 

We have also observed recently that in addition to their formation by 
autoxidation of glycated proteins, both CML and LL are also formed on 
"autoxidative glycosylation" of protein by ascorbate (17). Autoxidative 
glycosylation is a term introduced by Wolff (18, 19) to describe the glyca- 
tion of a protein by products of autoxidation of sugars. As originally 
described, the term referred to the spontaneous oxidation of glucose to a 
1,2-dicarbonyl sugar (glucosulose), followed by its reaction with protein to 
form a ketimine adduct. Subsequent reactions, including further autoxi- 
dation of the ketimine and glycation of protein by sugar IYagmentation 
products, were proposed as a route for the accelerated browning of pro- 
teins by glucose in diabetes (20). The biological relevance of this pathway 
of autoxidative glycosylation is uncertain (21, 22) because of the lack of 
unambiguous evidence for formation of the glucosulose and ketimine 
intermediates in vivo. The pathway for autoxidative glycosylation of pro- 
tein by ascorbate has been worked out in more detail (Figure 6) (17), and 
involves the oxidation of ascorbate to dehydroascorbate, fragmentation of 
dehydroascorbate to form threose, glycation of protein by threose, and 
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Fig. 5. Comparative levels of CML in human lens proteins and skin collagen. CML 
was measured, following acid hydrolysis of the protein, as the trifluoroacetyl 
methyl ester using selected ion monitoring gas chromatography - mass spec- 
trometry (3, 5). For both lens protein and skin collagen there is about a 6-fold 
increase in CML concentration between ages I0 and 80. 
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then a second oxidative reaction in which threuloselysine is cleaved to 
yield CML or LL. It is now uncertain whether the CML in tissue proteins 
and urine is derived uniquely from oxidation of glucose- or also from 
ascorbate-derived adducts to proteins and possibly from other sources. 
Studies on human urine have shown that there is a significant correlation 
between the concentrations of FL and CML in diabetic urine (23), but that 
the absolute concentration of CML is only slightly increased in diabetic, 
compared to non-diabetic urine. These results are difficult to interpret 
with respect to the source of urinary CML since changes in blood glucose 
concentration in diabetes are also accompanied by changes in the kinetics 
of protein turnover, ascorbate and dehydroascorbate concentration, and 
the  level o f  oxida t ive  stress (17, r ev iewed  in 2). The  role of  a scorba te  as a 
source  of  CML in vivo  is be ing tes ted  separa te ly  by  evaluat ing  the  effects  
of  d ie tary  ascorba te  def ic iency and  supp l emen ta t i on  on the  level of  CML 
in t issue pro te ins  and  urine. Impor tan t ly ,  a l though  the  source  of  CML, L L  
(and CMhL) in l iving sys t ems  remains  uncer ta in ,  all of  these  c o m p o u n d s  
are p roduc t s  of  g lycoxidat ive  d a m a g e  to prote ins  via the  Maillard react ion 

Fig. 6. Autoxidative glycosylation of protein by ascorbate, leading to the formation 
of CML in protein (I 7). The reaction pathway illustrates the glycosylation of protein 
by threose, a product of autoxidative degradation of ascorbate. A second, metal- 
catalyzed oxidation of threuloselysine leads to formation of CML. 
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and accumula t e  wi th  age in t i ssue  p ro te ins  and  at  an acce le ra ted  ra te  in  
diabetes .  Both  r educ ing  sugars  (glucose, lactose) and  ascorba te  m a y  also 
serve as a source  of CML in food products ,  Dr. H e l m u t  E r b e r s d o b l e r  (at 
the  Chr is t ian-A]brechts -Univers i t~ t  zu K i d )  has  sugges ted  (personal  com- 
munica t ion)  tha t  a scorba te  m a y  be the  p r i m a r y  source  of  CML in foods 
for t i f ied wi th  ascorba te  as an an t iox idan t .  Thus,  in some foods  the  concen-  
t ra t ion  of CML m a y  exceed  tha t  of A m a d o r i  adduc t s  (24). 

Maillard reaction crosslinks in tissue proteins 

Sell and Monnier (25, 26) identified the fluorescent Maillard product, 
pentosidine (Figure i), in human tissue proteins. Pentosidine is crosslink 
formed between lysine and arginine residues in protein, and is also a 
glycoxidation product, based on its structure and synthetic studies. 
Synthetic pentosidine was prepared initially by reaction of ribose with 
lysine and arginine (25), suggesting a role for ribose in the chemical 
modification of proteins, particularly in diabetes with complicating renal 
disease (26). Baynes and colleagues (27, 28) independently identified Mail- 
lard Fluorescent Product =~1 (MFP-I) which was eventually shown to have 
spectrometric, fluorimetric and chromatographic properties similar to 
those of pentosidine, but was prepared synthetically by reaction of glu- 
cose, rather than ribose, with lysine and arginine or with intact proteins. 
While MFP was originally thought to be a glucose-derived crosslink 
related to pentosidine, recent analyses by IH and 13C nuclear magnetic 
resonance spectroscopy and liquid chromatography - mass spectrometry 
(Dyer DG and Baynes JW, in preparation) indicate that pentosidine and 
MFP-I are identical compounds. Thus, since pentosidine contains only 5 
carbons from the sugar component (Figure I), it formation from glucose 
must involve the loss of a carbon atom either from glucose itself or from a 
later intermediate in the reaction. Further reference to MFP-I will be 
dropped in deference to the name, pentosidine, introduced by Sell and 
Monnier (25). 

At this point, while its origin from ribose vs. glucose and other sugars 
may be uncertain, there is agreement that pentosidine is a prominent 
carbohydrate-derived fluorescent crosslink in proteins and that it 
increases in lens protein and collagens with age and at an accelerated rate 
in diabetes. The only other fluorescent compound known to increase in 
tissue proteins with age is the fluorescent compound, LI (i0, 11), formed 
by reaction of 3-DG with protein, but its structure is unknown and the 
requirement for oxygen (or oxidation) in its formation has not been 
reported. While pentosidine and L1 are prominent age- and diabetes- 
related fluorescent products in proteins, they are probably present in 
proteins at only trace levels. Thus, pentosidine is present in collagen at _<i 
mole per i00 moles of triple-stranded protein. Its concentration in lens 
protein is even lower, closer to I mole per I000 moles of lens crystallin. It is 
unknown whether pentosidine is present in food proteins, although it is 
formed spontaneously in aerobic incubations of protein with ribose or 
glucose in vitro. 

Because of its trace concentration in proteins, it is difficult to argue 
convincingly that pentosidine crosslinks are significant in the develop- 
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merit of pathology in either aging or diabetes. However, studies on the 
development of fluorescence and crosslinking of proteins in vitro provide 
an interesting insight into what may be occurring in yivo. Thus, protein 
dimer formed during prolonged incubation of lysozyme with glucose 
(Figure 7A) must contain at least one mole of covalent crosslink per mole 
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Fig. 7. F o r m a t i o n  of  f l uo re scen t  p r o d u c t s  a n d  c ros s l inks  in  p ro t e i n  by  g lucose  a n d  
i n h i b i t i o n  b y  a m i n o g u a n i d i n e .  
(A) H e n  egg w h i t e  l y sozyme  (20 mg/ml)  was  i n c u b a t e d  u n d e r  air  in  0.2 M p h o s p h a t e  
buffer ,  pH 7.4, c o n t a i n i n g  250 m M  g lucose  for 28 days  at  37 °C. Fo l lowing  dialysis ,  a n  
a l iquo t  of  t h e  i n c u b a t i o n  m i x t u r e  was  c h r o m a t o g r a p h e d  on  a 1 x 150 c m  c o l u m n  of  
S e p h a d e x  G-75 supezf ine ;  i n d i v i d u a l  f r ac t ions  we re  co l lec ted  for  m e a s u r e m e n t  of  
a b s o r b a n c e  a n d  f luorescence .  T h e r e  was  neg l ig ib le  f l u o re s cen ce  or  d i m e r i z a t i o n  of  
l y sozyme  in a n  i n c u b a t i o n  w i t h o u t  g lucose  (da ta  no t  shown) .  T h e  l y sozyme  d i m e r  
p e a k  a c c o u n t e d  for  - 7  % of  t h e  to ta l  p r o t e i n  in  the  con t ro l  i n c u b a t i o n  in  the  
p r e s e n c e  of  glucose.  
(B, a n d  C) C h r o m a t o g r a p h y  of an  i n c u b a t i o n  m i x t u r e  iden t i ca l  to t h a t  in  A, e x c e p t  
for  the  p r e s e n c e  of  5 or 40 m M  a m i n o g u a n i d i n e ,  respec t ive ly .  
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of dimerized protein. Compared to monomer, the dimer is typically 5-10- 
fold enriched in fluorescence at the excitation and emission maxima of 
pentosidine (Ex: -325 nm; Era: -375 nm), suggesting that pentosidine is 
involved in the intermolecular crosslinking of the protein. The lower level 
of fluorescence in the mononer fraction probably results from limited 
intra-molecular crosslinking of the protein. Since pentosidine has been 
synthesized from radioactive sugars and amino acids of known specific 
radioactivity, a conversion factor has been obtained for relating fluores- 
cence to mass, so that the concentration of pentosidine in protein can be 
measured accurately. Surprisingly, HPLC analyses reveal that there is 
only about 0.001 mole of pentosidine per mole ]ysozyme dimer. However, 
since there must, by definition, be at least one mole of crosslink per mole 
of dimer, there must be an additional 1000 currently unidentified cross- 
links in the dimerized protein for each mole of pentosidine which can be 
detected in the dimer fraction. This is a potentially significant observation 
since, if it also applies to the measured concentration of pentosidine in 
collagen or lens proteins, then there may be a significant level of 
unknown, colorless and non-fluorescent crosslinks in browned proteins in 
vivo, as in vitro. Under  these  c i rcumstances  the age- and  d iabetes-depen-  
dent  increase  in pentos id ine  and  total  f luorescence  in col lagen should  be  
t aken  as a biomarker, i.e., the t ip of  an iceberg,  indicat ive of  more  exten-  
sive, under ly ing  d a m a g e  to the prote in  via the  Maillard reaction.  By 
analogy,  in the  food sciences,  t race  levels of  volatile, undes i rab le  f lavor 
c o m p o n e n t s  m a y  be  used  as indicators  of  ex tens ive  hea t  d a m a g e  to food 
products .  F r o m  this perspec t ive  g lycoxida t ion  p roduc t s  m a y  be equal ly  
useful  as repor te r  groups  for assess ing the ex ten t  of  chemica l  d a m a g e  to 
prote ins  via the  Maillard react ion in yiyo. 

Repair of damage from the Maillard reaction in v i vo  

Vlassara  and  col leagues (29, 30) have  descr ibed  a high-aff ini ty recep tor  
on t issue m a c r o p h a g e s  and  b lood  monocy te s  which  recognizes  exten-  
sively b rowned  proteins.  This recep tor  is t e rmed  the AGE receptor ,  the 
ac ronym/pun ,  AGE, s tanding for Advanced  Glycosyla t ion  E n d p r o d u c t  or 
late-stage Maillard react ion p roduc t s  in protein.  The  AGE receptor  is 
p roposed  to have  a role in the  tu rnover  of b r o w n e d  proteins,  even  those  
wi th  long biological  l ifespans.  Thus,  while  prote ins  such  as col lagen in the  
extracel lular  ma t r ix  and  mye l in  basic pro te in  in t issues of  the  nervous  
sys t em are no rma l ly  cons idered  to be  long-l ived proteins,  their  ca tabol i sm 
m a y  be  accelera ted  by  wounding .  By analogy,  the  ex tens ive  browning,  or 
"molecular  wound ing"  of prote ins  via the Maillard react ion m a y  induce  a 
localized in f l ammato ry  response  involving recogni t ion of the b r o w n e d  
prote in  via the AGE receptor ,  fol lowed by  endocytos is  and degrada t ion  of 
the protein.  The  ingest ion of A G E d  prote ins  by  m a c r o p h a g e s  is also 
a c c o m p a n i e d  by  the secret ion of  g rowth -p romot ing  cy tokines  which  
induce  the  synthes is  of  col lagens and  the  remode l ing  of  tissue. Thus,  the 
metabo l ic  r emova l  of  b r o w n e d  prote in  is coup led  to the  res t ruc tur ing  of  
the  tissue. A similar  recep tor  has  also been  descr ibed  on endothel ia l  cells 
(31). While the AGE receptor  on m a c r o p h a g e s  m a y  have  a beneficial  
funct ion in the remode l ing  of A G E d  tissues, the b inding  of A G E d  prote ins  
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to the endothel ia l  r ecep tor  causes  a potent ia l ly  dangerous  increases  in the 
pe rmeab i l i ty  and  pro-coagulant  act ivi ty of  the  vascula r  wall. Thus,  
increased  interact ions  of  A G E d  prote ins  wi th  endothel ia l  cells m a y  play a 
role in the  d e v e l o p m e n t  of  vascula r  pa tho logy  in diabetes .  Thus  far, the  
character izat ion of  the  AGE recep to r  has  relied largely on the  use  of  
prote ins  ex tens ive ly  b r o w n e d  by  p ro longed  incubat ion  wi th  high concen-  
t ra t ions of  g lucose  in  vitro.  Because  of the he te rogene i ty  in chemica l  
modi f ica t ion  of these  proteins ,  the  ident i ty  of  the  specific l igands recog- 
nized b y  the  AGE recep tor  is unknown .  The  quant i ta t ive  role of  the  A G E  
recep tor  in l imit ing d a m a g e  f rom the Maillard react ion in  y i yo  and 
accelera t ing vascula r  changes  in d iabetes  is also unknown.  

Therapeutic inhibit ion of the Maillard reaction in v i v o  

In  the  food sciences there  are n u m e r o u s  approaches  to l imit ing brown-  
ing reactions.  These  include control  of  pH, moi s tu re  content ,  t e m p e r a t u r e  
and  oxygen  tension,  chela t ion of  r edox  meta l  ions, and  the  use  of  addi t ives  
such  as bisulf i te  (32, 33). The  fact  tha t  all of  these  approaches  would  have  
toxic or lethal  consequences  in y i vo  has  necess i ta ted  the d e v e l o p m e n t  of  
a l ternat ive  approaches  for control l ing the  Maillard react ion in biological  
systems.  In  effect, this has  m e a n t  l imit ing the  progress  of  secondary  and  
ter t iary  stages of  the  react ion,  i.e., those  occurr ing  af ter  fo rmat ion  of  the  
Amador i  c o m p o u n d .  Thus,  Brownlee  et  al. (34) have  in t roduced  the  use  of  
the compound ,  aminoguan id ine  (AG), as an inhibi tor  of  b rowning  stages 
of  the  Maillard react ion in  v iyo.  Although clinical trials are unde r  way, the 
pub l i shed  in fo rmat ion  on biological  appl ica t ions  of  AG is l imi ted to 
experiments in animal models of diabetes, primarily rodents. These 
studies show that, while AG had no effect on the increase in glycation of 
aortic collagen in diabetic rats, it does inhibit the accelerated development 
of fluorescence and crosslinking of the collagen (34). Similar results have 
been obtained in studies on development of fluorescence in tail collagen of 
diabetic rats (Baynes JW, unpublished). Thus far, experiments with AG in 
animal models of diabetes have been limited to less than six-months' 
duration, so that long-term toxicity has not been excluded. 

Studies with model proteins have revealed that AG also inhibits the 
development of fluorescence and intermolecular crosslinking of lysozyme 
during incubation with glucose in vitro (Figure 7B and C), concomitant 
with inhibition of formation of pentosidine (data not shown). While its 
mechanism of action is still unknown, AG does not appear to have signifi- 
cant activity as an antioxidant or chelator since it does not inhibit the 
metal catalyzed oxidative degradation of FL to CML or the production of 
superoxide on autoxidation of FL (Richardson JM and Baynes JW, unpub- 
lished). It is likely that AG acts by trapping dicarbonyl intermediates, such 
as glucosones, deoxyglucosones or sugar fragmentation products, which 
are the probable precursors of fluorescent and crosslinking compounds, 
particularly those involving arginine residues. There is indeed a long 
history of use of dicarbonyl compounds, such as phenylglyoxal and 
butanedione, to titrate or chemically modify the guanidino group of 
arginine residues in proteins (35). Preliminary studies in our laboratory 
have  s h o w n  tha t  semicarbaz ide  and  ortho-  aromat ic  d iamines  are also 
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effective inhibi tors  of  cross l inking of prote ins  by  glucose (Katz BM and  
Baynes  JW, unpubl ished) .  The  deve lopmen t  of  new drugs  and  therapeut ic  
approaches  for l imit ing the b rowning  stages of the Maillard react ion in 
v ivo  is certain to be  a major  direct ion for future  research  in aging and 
diabetes.  

R o l e  o f  o x y g e n  as f i x a t i v e  of  c h e m i c a l  d a m a g e  in the  Mai l lard  reac t ion  

With the possible  excep t ion  of L1, all of  the Maillard p roduc t s  which  
have  been  shown to accumula te  in prote in  thus  far, including CML (3, 5), 
CMhL (5) and  pentos id ine  (25-28), are p roduc t s  of oxidat ion reactions.  We 
have  t e rmed  these  c o m p o u n d s  "glycoxidat ion  produc ts"  (2) because  they  
are fo rmed  by  sequent ia l  glycat ive and  oxidat ive  modif ica t ion  of  proteins,  
and  sugges t  that  oxygen  m a y  be cons idered  as a "fixative" of  chemica l  
d a m a g e  to prote in  via the  Maillard react ion in viyo. The chemica l  basis  for 
this a r g u m e n t  der ives  f rom the s t rong oxidat ion potent ia l  of  molecu la r  
oxygen  and  react ive species  such as the  hyd roxy l  radical. Thus,  like the  
rus t ing of  iron, the oxidat ion of Maillard p roduc t s  is an essential ly 
i r reversible  process.  This is especial ly  t rue  w h e n  the  oxidat ion react ion 
causes  chemica l  c leavage of  a ca rbon  chain, for example ,  in the fbrmat ion  
of  CML, LL  or CMhL. 

In food chemistry most of the well characterized products of the Mail- 
lard reaction are volatile or easily volatilized compounds, and their charac- 
terization has been facilitated by the relative ease with which they can be 
analyzed by high resolution gas chromatographic and mass spectrometric 
techniques. While the nonvolatile browning products, known as pre- 
melanoidins and me]anoidins are clearly visible and account for a greater 
fraction of the total mass of the browned food, these compounds are 
poorly characterized because of the difficulty in their isolation and analy- 
sis. Similarly,  it m a y  be for tui tous  tha t  the  first Malllard p roduc t s  k n o w n  
to accumula te  in t issue pro te ins  are pr imari ly ,  if  not  exclusively,  glycoxi- 
dat ion p roduc t s  (Figure 1). Pe rhaps  the  ready  de tec t ion  of g lycoxidat ion  
p roduc t s  m a y  also resul t  f¥om their  low molecu la r  weight,  stabil i ty to 
condi t ions of  acid hydrolys is  used  for analysis  of  proteins,  and  the ease 
wi th  which  they  m a y  be de tec ted  and  character ized by  gas or l iquid 
c h r o m a t o g r a p h y  and mass  spec t romet ry .  Pentos id ine  is also readily 
de tec ted  because  of its in tense  f luorescence.  Al though it m a y  account  for 
only  a small  f ract ion of  the  total  cross l inks  in proteins ,  its p resence  impl ies  
the  ex is tence  of  o ther  c o m p o u n d s  wh ich  are p recursors  to the  crosslink.  
Indeed ,  con t inued  incuba t ion  of  glycated prote ins  in the  absence  of  glu- 
cose leads to a fur ther  increase  in bo th  f luorescence  and  cross l inking of 
the  prote ins  (36, 37). Browning  and  crossl inking of prote in  by  reduc ing  
sugars  also occurs  in the absence  of oxygen,  and  short-chain f ragments ,  
such as g lycera ldehyde  and glycolaldehyde,  fo rmed  on c leavage of sugars  
by  reverse  aldol reactions,  are po ten t  media to r s  of  b rowning  and  cross- 
l inking react ions  unde r  anaerobic  condit ions.  Thus,  in addi t ion to b iomar-  
kers  such  as g lycoxidat ion  products ,  there  are u n d o u b t e d l y  a range of  
other  cross l inks  and  chemica l  modif ica t ions  of  pro te in  resul t ing f rom the 
Maillard react ion which  r ema in  to be  de tec ted  and  quant i f ied in t issue 
proteins.  A m o n g  these  m a y  be conjuga ted  Schif f  bases,  im inopropenes  
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(38) and heterocyclic derivatives which would be unstable to acid hy- 
drolysis. 

Summary and conclusion 

There is increasing evidence for accumulation of a variety of Maillard 
reaction products in long-lived tissue proteins with age, and thus that the 
Maillard reaction is one aspect of the non-enzymatic, chemical aging of 
proteins in the body. The accelerated accumulation of Malllard products 
in diabetes is also consistent with the development of age-like complica- 
tions in this disease. Most, if not all, of the Maillard compounds presently 
known to accumulate in proteins with age belong to a class of molecules 
termed glycoxidation products, i.e., products of sequential glycation and 
oxidation reactions. These compounds account for only trace modification 
of proteins in the body, but there is indirect evidence for more extensive 
modification and crosslinking of protein by other, as yet unidentified 
compounds. Research on the Maillard reaction in biological systems will 
continue to focus on the identification of new reaction products in tissue 
proteins, development of assays for their quantitative analysis, evaluation 
of their quantitative role in structural and functional alterations of tissue 
proteins in aging and diabetes, and design and application of pharmaceuti- 
cal agents for limiting the natural course of the reaction. Unique aspects of 
the research in biological systems will include the characterization of 
metabolic pathways for detoxifying reactive intermediates in the Maillard 
reaction and for removal of end-products, once they are formed. In addi- 
tion, studies on the interplay between g]ycation and oxidation of proteins 
may clarify the importance of these chemical reactions in the aging of 
tissue proteins. The broad base of information available on the Maillard 
reaction in food science and technology provides a strong foundation for 
the work to be done in biological systems, as indeed recent progress on the 
Malllard reaction in biological systems has stimulated new approaches to 
the chemical analysis and nutritional evaluation of food products. 

Abbrev ia t ions  used 

AG, aminoguanidine; AGE, Advanced Glycosylation End-product; CMhL, N ~- 
(carboxymethy])-hydroxylysine; CML, N~-(carboxymethyt)-lysine; 3-DG, 3-deoxy- 
glucosone; 3-DF, 3-deoxyfructose; FL, N~-fructoselysine; L1, fluorescent Maillard 
product identified by Kato and colleagues (]0); LL, 3-(N~-lysino)-lactic acid; MFP-1; 
Maillard fluorescent product #1 (12, 28). 
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