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AbstractCarnosine has been shown to react with low-molecular-weight aldehydes and ketones and has been proposed
as a naturally occurring anti-glycating agent. It is suggested here that carnosine can also react with (carnosinylate) proteins bearing carbonyl groups, and evidence supporting this idea is presented. Accumulation of protein carbonyl groups
is associated with cellular ageing resulting from the effects of reactive oxygen species, reducing sugars, and other reactive
aldehydes and ketones. Carnosine has been shown to delay senescence and promote formation of a more juvenile phenotype in cultured human fibroblasts. It is speculated that carnosine may intracellularly suppress the deleterious effects
of protein carbonyls by reacting with them to form proteincarbonylcarnosine adducts, i.e., carnosinylated proteins.
Various fates of the carnosinylated proteins are discussed including formation of inert lipofuscin and proteolysis via proteosome and RAGE activities. It is proposed that the anti-ageing and rejuvenating effects of carnosine are more readily
explainable by its ability to react with protein carbonyls than its well-documented antioxidant activity.
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My interest in carnosine was provoked by a letter
from Robin Holliday who was working at CSIROs
laboratories in Sydney. He described some experiments, subsequently published in 1994 [1] and reconfirmed in 1999 [2], which showed that growth of cultured human fibroblasts with 20 or 30 mM carnosine
delayed onset of cellular senescence and extended maximum cell division potential (the so-called Hayflick
limit) by up to 10 doublings. Furthermore, addition of
carnosine to senescent cells brought about a rejuvenating effect where the cells appeared to lose their senescent phenotype. These remarkable observations
aroused my curiosity to the extent that I embarked
upon a very enjoyable sabbatical year in Australia to
try to get to grips with a possible mechanism that could
explain carnosines apparent anti-ageing actions. In
this review I will describe a number of experiments that
have led to the entirely novel proposal that carnosine
directly participates in the metabolism of some senescent protein molecules.
At the time of my first acquaintance with carnosine (1990) the consensus of opinion was that carnosine
was an anti-oxidant and free-radical scavenger [3-5].
However, other anti-oxidants and free-radical scavengers (e.g., vitamins C and E) did not have the same
anti-ageing effects on the cultured human fibroblasts.

This suggested that carnosine had important actions in
addition to any anti-oxidant functions. The literature
on carnosine even then was very diverse; other functions proposed included pH-buffering action, histidine
source, transition metal ion chelator, neurotransmitter,
wound healing agent, and immunostimulant [3]. I suspected that the mechanism of carnosines apparent
anti-ageing effects could involve any one or more of
these proposed additional properties or even hither-to
unrecognized activities [6]. I subsequently became
aware that the suspicion that the main function of
carnosine might be other than a direct anti-oxidant was
shared by others [7]. Apart from the papers by
McFarland and Holliday [1, 2], there have been few
other studies of carnosines effects on the lifespan of
cultured cells. There has been one report that carnosine
preserves the phenotype of rat fibroblasts when cultured at high oxygen tensions [8], and an earlier report
that the dipeptide decreased chromosomal breakage
[9]. Interestingly another dipeptide, β-alanyl-cysteamine disulfide (β-alethine) has also been reported to
extend the Hayflick limit in cultured human fibroblasts
[10]. That another β-alanyl-peptide has an apparent
anti-ageing action possibly points to the importance of
the β-peptide bond and the terminal amino group in
modulation of the processes of ageing.
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CARNOSINE AND CHEMICAL
MODIFICATION TO PROTEINS

Previous workers on the carnosine project in
Sydney had observed that protein cross-linking in
human fibroblast cultures was depressed by carnosine.
As luck would have it, immediately prior to my departure for Sydney I became interested in non-enzymic glycosylation of proteins, a process in which proteins are
modified and eventually cross-linked by the action of
reducing sugars [11]. I was able to suggest that the crosslinks in the cultured fibroblasts might not result solely
from the effects of reactive oxygen species (ROS) but
could also derive from glycation, and perhaps carnosine
modulated the latter process. This likelihood was reinforced when we realized that carnosines structure
resembled the preferred protein glycation sites, i.e., a
target amino group with proximal imidazole and carboxyl groups [6, 12]. Our studies subsequently showed
[13-15] that carnosine itself was a particularly good target for glycation by a variety of sugars and that the
dipeptide could, sacrificially, protect other potential targets against glycation.
Non-enzymic glycosylation of proteins (glycation)
is an age-associated phenomenon which is enhanced in
uncontrolled diabetes and thought to be responsible for
many of the secondary diabetic complications because
of the formation of cross-links between modified (glycated) polypeptides and normal proteins [11]. Reactive
aldehydes and ketones, and reducing sugars that cause
glycation, have been implicated in many deleterious
processes. For example, acetaldehyde and formaldehyde
are normal but toxic metabolic products, and many glycolytic intermediates are also very effective glycating
agents [16]. Our results show that carnosine can inhibit
many aldehyde-mediated effects. For example, we found
that the dipeptide could prevent formation of
proteinprotein cross-linking induced by deoxyribose
[15], as well as proteinDNA cross-links induced by
acetaldehyde and formaldehyde [17]. We showed that
carnosine protected proteins against cross-linking
induced by dihydroxyacetone, glyceraldehyde, and their
phosphorylated derivatives [14, 15, 17]. We therefore
proposed that carnosine might be a naturally occurring
anti-glycating agent [6, 13-15, 17, 18]. That carnosine is
more abundant in glycolytic (white muscle) than in more
aerobic (red) muscle [8, 19] is consistent with this postulated protective function. The anti-glycating action of
carnosine has also been confirmed by others [20-23] who
also showed that the presence of the dipeptide could prevent aldehyde/sugar-mediated protein cross-linking and
consequent enzymic inactivation.
The action of reactive oxygen species on lipids produces reactive end-products such as hydroxynonenal
and malondialdehyde (MDA), both of which can modify proteins into forms characteristic of those usually

associated with cellular and organism ageing [24]. We
showed that carnosine could inhibit MDA-induced protein cross-linking as well as suppress formation of protein carbonyl groups [25], a modification that is particularly characteristic of ageing proteins and cells [26].
Presumably, carnosine also inhibits hydroxynonenalmediated macromolecular modifications.
CARNOSINE AND METHYLGLYOXAL
Methylglyoxal (MG) is another naturally occurring
metabolite that can induce modifications to proteins
that typify ageing [27]. Our results have shown that
carnosine can also react with MG and prevent formation of MG-induced modification to proteins [28].
Furthermore, we recently found that carnosine can
modulate the reactivity of the MG-treated protein [29].
When ovalbumin was treated with MG and then, following the removal of unreacted MG, incubated with αcrystallin with/without carnosine, we found that the
presence of dipeptide inhibited cross-linking between the
two polypeptides; the dipeptide inhibited both the disappearance of the crystallin as indicated by the arrow in
Fig. 1a and the generation of slowly migrating material
(presumably MG-ovalbumin cross-linked to α-crystallin) at the top of the gel as indicated by the arrow in
Fig. 1b.
CARNOSINE MODULATES
THE TOXICITY OF DELETERIOUS
ALDEHYDES TO CULTURED CELLS
Carnosine can protect cells against the toxicity of
aldehydes and ketones. For example, the dipeptide protected cultured human fibroblasts and lymphocytes
against acetaldehyde [15]. Similarly, we found that
carnosine protected cultured rat brain endothelial cells
against MDA [30]. It is presumed that the first line of
defense mediated by carnosine is the direct interaction
with the toxic aldehyde, but other additional mechanisms are not ruled out such as sparing effects on cellular levels of the anti-oxidants glutathione (Dr. G. Grigg,
personal communication) and vitamin E [31].
CARNOSINE AND THE REACTIVITY
OF GLYCATED/OXIDIZED PROTEINS
AND AMINO ACIDS
The reaction of amino acids and proteins with
reducing sugars and other aldehydes/ketones is to generate advanced glycosylation end-products (AGEs) [11].
These are produced via a process called the browning
reaction or the Maillard reaction which is well known in
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some cells. Furthermore, some glycated amino acids are
mutagenic [33]. Interestingly, we found that glycated
carnosine (i.e., when incubated with glucose) is not
mutagenic, in contrast to the product of lysines reaction
with glucose, which is mutagenic [14].
The methods by which cells defend themselves
against glycotoxins and AGEs are uncertain but can
involve AGE interaction with scavenging receptors as
well as specific AGE receptors (RAGEs) present on cells
such as macrophages, fibroblasts, and endothelial cells.
AGEs also bind to lysozyme, lactoferrin, and galectin
[34]. However, as mentioned above, binding of AGEs to
receptors can stimulate the generation of oxygen freeradicals (the respiratory burst), which can also be deleterious. It is possible that molecules such as carnosine
might provide some sort of defense against the reactivity of certain glycation products, as well as inhibit their
synthesis. We found that carnosine could inhibit the
reaction of glycated lysine (lysine incubated with
deoxyribose for 14 days) with protein [28]. Similarly,
carnosine modulated the toxicity of such a product
towards cultured cells [17]. Although we do not know
the mechanism(s) by which carnosines protection is
mediated, direct reaction with the glycated moiety is one
likely possibility.
EVIDENCE THAT CARNOSINE REACTS
WITH AN AGED PROTEIN
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Fig. 1. The effects of carnosine on the cross-linking of methylglyoxal-treated ovalbumin (Ov) to α-crystallin (Cry).
Ovalbumin was treated with 100 mM methylglyoxal (MG) for
2 weeks and then dialyzed exhaustively. The ability of the
MG-treated protein to cross-link with α-crystallin added at
0.4 (a) or 2.5 mg/ml (b) was then determined by incubating
the proteins together, with or without 50 mM carnosine, at
37°C for up to 4 weeks at pH 7 followed by polyacrylamide
gel electrophoresis (PAGE) using Biorad 4-20% (Readygels).
The arrows indicate the position of α-crystallin (a).

food chemistry. Glycation products (AGEs) are generally deleterious and have also been termed glycotoxins
[32]. Glycated proteins can be resistant to the attack by
both extracellular and intracellular proteases and thereby decrease the availability of lysine, etc. [11]. Glycated
proteins are immunogenic, being possibly responsible
for the generation of auto-antigens associated with ageing [11]. Glycated proteins may also participate in the
production of the protein cross-links also found in ageing and especially in the secondary complications and
pathologies associated with diabetes; they can also provoke a hyperoxic response (the respiratory burst) in
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Protein ageing is associated with the accumulation
of aberrant polypeptides, particularly those bearing carbonyl groups [26]. It is thought that carbonyl groups
derive from (1) the direct oxidation of amino acid side
chains by ROS, (2) the reaction of lipid peroxidation
products MDA and hydroxynonenal with lysine, arginine, and histidine side chains, and (3) glycation phenomena where other deleterious aldehydes, including
reducing sugars, induce formation of carbonyl groups in
proteins via the Maillard reaction as well as other mechanisms.
There is convincing evidence that carnosine can
react with low-molecular-weight aldehyde/ketonic compounds [6, 13-15, 17, 20-22, 25, 28]. We therefore considered the possibility that carnosine could react with
similar groups when they occur in polypeptide chains
(i.e., protein carbonyls). Our most recent results suggest
that carnosine can indeed react with protein carbonyl
groups [29]. We modified ovalbumin with MG to
induce formation of polypeptide carbonyl groups.
Following this modification, the effect of subsequent
incubation with carnosine on the reactivity of protein
carbonyls was determined. Figure 2 shows that carnosine accelerated the loss of detectable carbonyl groups
(as assayed by their reactivity with dinitrophenylhydrazine [35]). When radiolabeled carnosine was

mol CO/mol protein remaining
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Fig. 2. The effects of carnosine and lysine on the loss of carbonyl groups from methylglyoxal-treated ovalbumin.
Ovalbumin was treated with 100 mM methylglyoxal (MG) for
2 weeks and then dialyzed exhaustively. The incubation was
continued (pH 7, 37°C) either without additions (1) or in the
presence of either 50 mM carnosine (3) or 50 mM lysine (2).
Carbonyl groups were measured by their reactivity with dinitrophenylhydrazine [35] and expressed per mole of protein.
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employed, we found that the modified protein became
radiolabeled (Fig. 3). Such radiolabeling was inhibited
by excess unlabeled lysine and N-acetyl-glycyl-lysine
methyl ester, and conversely the attachment of radiolabeled lysine to the MG-treated protein was prevented
by excess carnosine (Fig. 3). These results suggest that
carnosines amino group reacts with the protein carbonyl group to produce a proteincarbonylcarnosine
adduct. That carnosine not only reacts with protein carbonyl groups (Figs. 2 and 3) but also modulates their
reactivity is suggested by the finding that the dipeptide
inhibited formation of cross-links between the MGtreated protein and a normal unmodified polypeptide
(α-crystallin) as shown in Fig. 1. We therefore propose
the term carnosinylation for the attachment of carnosine to the protein carbonyl group, thus generating a
carnosinylated protein (the proteincarbonylcarnosine adduct).
ARE CARNOSINYLATED
PROTEINS PRODUCED IN CELLS?
At present we do not have any evidence that carnosine reacts with protein carbonyl groups intracellularly.
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Fig. 3. a) The reaction of [ C]carnosine and [ C]lysine with methylglyoxal-treated (1) and untreated ovalbumin (2). Ovalbumin was
treated with 100 mM methylglyoxal (MG) for 2 weeks, dialyzed to remove excess MG, and then incubated in the presence of either
[14C]carnosine or [14C]lysine for 2 weeks. Then trichloroacetic acid (TCA) (5%)-precipitable radioactivity was determined. b) The effects
of 50 mM lysine (2), 50 mM carnosine (4), and 50 mM α-acetyl-glycyl-lysine methyl ester (3) on the binding of radiolabeled carnosine
and lysine to MG-treated ovalbumin (column 1, no addition). MG-treated ovalbumin (2 weeks) was dialyzed and then incubated
(2 weeks) with either [14C]carnosine or [14C]lysine. Then TCA-precipitatable radioactivity was determined.
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Such studies are planned using radiolabeled carnosine
and antibodies generated to the putative proteincarbonylcarnosine adducts. However, should protein
carnosinylation occur intracellularly, its occurrence
might explain the controversy concerning the relative
rates at which protein carbonyls accumulate during cell
and organism ageing [36, 37]. Some workers suggest that
protein carbonyls gradually accumulate during cell culture, whilst others find that protein carbonyls are found
predominantly at the senescent stage. Variation in the
relative extent of proteinprotein and proteincarnosine
cross-links together with age-related changes in carnosine synthesis/availability might help to provide some
explanation for this dilemma.
THE POSSIBLE FATES
OF CARNOSINYLATED PROTEINS
Our results suggest that the reactivity of the
aged/glycated protein carbonyl groups is masked following reaction with carnosine. It is tempting to speculate on the possible fates of the postulated carnosinylated proteins (see Fig. 4). One possibility is that the
carnosine adducts are a form of lipofuscin, the socalled age pigment. There has been some controversy
about reactivity or toxicity of lipofuscin. Some workers have regarded it as an inert by-product [38], whereas others have claimed that it is deleterious [39] providing a major source of glycated/oxidized protein
possessing reactive carbonyl groups. Certainly, lipofuscin is heterogeneous and hence the various claims
for its cellular effects might be explained by the different lipofuscins employed. Perhaps the lipofuscin
formed between protein/lipid carbonyls and carnosine
is relatively inert, whereas the form generated in
absence of carnosine would be capable of reacting with
other cellular macromolecules via the carbonyl groups
(see Fig. 1). Circumstantial support for carnosines
participation in lipofuscin synthesis is provided by the
fact that lipofuscin is usually found in large amounts
in tissues normally rich in carnosine (muscle, nerve,
and brain).
Another possible fate of the carnosinylated proteins is proteolysis. Aberrant polypeptides are usually
rapidly and selectively degraded, usually via the proteosome system, the 20S or 26S multicatalytic proteolytic
particles [40]. Typical substrates include some oxidized
proteins, but it should be noted that polypeptides subjected to high degrees of oxidative damage appear
resistant to proteolytic attack and can even inhibit proteosome function [41] possibly via the action of carbonyl groups. The possibility arises therefore that
carnosine might not only cap or mask carbonyl groups
but also facilitate proteolysis of oxidized molecules.
Ubiquitination of the carnosinylated proteins might be
BIOCHEMISTRY (Moscow) Vol. 65 No. 7
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Fig. 4. Hypothetical scheme on the postulated relationship
between carnosine and glycated/oxidized protein (proteinCO) and the possible fates of the resultant carnosinylated
adduct. ROS, reactive oxygen species; RCHO, reactive aldehyde or reducing sugar; protein-CO, protein bearing carbonyl; , inhibition of proteosome function.

possible should the β-amino group of the carnosine
become available to provide a site for isopeptide bond
formation with the ubiquitin terminal (glycine) carboxyl group [18].
Few studies of the effects of carnosine on intracellular protein turnover have been carried out, but we
found [15] that proteolysis of certain slowly turning-over
proteins was stimulated in fibroblasts grown with
30 mM carnosine, especially as the cells approached
their normal Hayflick limit, compared to cells cultured
in the absence of the dipeptide. Clearly, these experiments need to be extended, but they are consistent with
the idea that carnosinylated proteins are selectively
degraded.
Another possibility is that carnosine modifies
AGEs to either prevent their interaction with scavenging
or AGE receptors (RAGEs), or alter the cellular
response by modulating signal transduction and subsequent generation of ROS [34]. These ideas are readily
testable as such experiments are relatively easy to perform.
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CARNOSINE AND CARBONYL
GROUPS GENERATED IN LIPIDS AND DNA
Proteins are not the only source of reactive carbonyl groups. For example, the ethanolamine of phospholipids can become oxidized to generate a carbonyl
group [42]. Hence, it is possible that carnosine could
modulate their subsequent deleterious effects (by forming carnosinylated lipids) in phospholipid membranes in
a manner similar to our proposals for protein carbonyls.
DNA is another potential source of macromolecular carbonyl/aldehyde groups. Spontaneous depurination, together with depyrimidination, are the most common forms of spontaneous DNA damage and result in
breakage of the glycosidic bond between the purine and
carbon atom number 1 of the deoxyribose [43]. The
same bond is cleaved by the specific enzymically mediated depurination/depyrimidination that occurs during
base excision repair via the action of DNA base glycosylases (e.g., uracil DNA glycosylase) [44]. Both processes generate a deoxyribose moiety capable of behaving as
a deleterious aldehyde such as glucose, but with far
greater reactivity. The fate of the deoxyribose is uncertain, but some hypothetical schemes have suggested that
a di-carbonyl moiety (4-oxo-2-pentenal) is eventually
produced [45]; however, such schemes do not suggest
possible fates for such highly reactive products. Hence,
it is at least conceivable that carnosine could play a role
in the disposal of the reactive deoxyribose, especially as
the dipeptide has been shown to react with deoxyribose
[14] and protect proteins against deoxyribose-mediated
modification [14, 15], inhibit aldehyde-mediated
DNAprotein cross-linking [17], and decrease chromosomal aberrations in cultured cells [9].
OTHER PROTECTIVE EFFECTS
Carnosines ability to react with the hypochlorite
anion is well documented [46] and most probably
accounts for the dipeptides protection of protein
against hypochlorite-induced formation of carbonyl
groups and cross-linking [25]. Carnosine as well as β-alanine and homocarnosine have been shown to modulate
the toxicity of the amyloid peptide fragment 25-35
towards cultured rat brain endothelial cells [47]. It is not
understood how such protection is mediated, but carnosine has been reported to inhibit glycation-induced polymerization of the β-amyloid peptide [48] into the presumably toxic multimeric form. Alternatively/additionally, oxidative events are also possible, and carnosine
can react with MDA and other deleterious aldehydes
generated subsequent to amyloid peptide cellular binding/entry [49]. It may also be relevant to note that β-A4
peptide toxicity may be dependent on its interaction
with the so-called ERAB protein, which may also pos-

sess low-molecular-weight alcohol dehydrogenase activity [50]. Consequently, if the protein does generate aldehydes from any low-molecular-weight alcohol, then one
can propose that carnosines aldehyde scavenging ability may play a role here as well. Another possibility is
suggested by the observation that glucose utilization is
markedly stimulated in cells exposed to the amyloid peptide together with carnosine [17, 47], which is consistent
with the dipeptide facilitating some energy-driven detoxification process such as ATP-dependent proteolysis.
DO CELL-ASSOCIATED CARNOSINE
CONCENTRATIONS CHANGE WITH AGE?
It is possible that cellular concentrations of carnosine decrease with age (this is addressed in the review by
H. J. Stuerenburg in this issue). If this is the case, then it
is at least conceivable that in the young state carnosine
concentrations are sufficient to permit carnosinylation
of all potential sites. If carnosine levels are compromised
for any reason during ageing, then availability of carnosine might become rate limiting for effective protein
carnosinylation. It is perhaps interesting that amongst a
range of mammals the muscular concentration of carnosine correlates with maximum lifespan of the species
(1 mM in mice compared to 20 mM in humans) [6, 51,
52]. Hence, if carnosine levels in tissues do decrease
gradually with age, then those species which commence
life with the highest amount might reach the limiting
value at much greater ages.
THE POSSIBLE MECHANISMS
OF CARNOSINES ANTI-AGEING ACTIONS
The above speculations on carnosines possible
reaction with carbonyl groups present on proteins,
lipids, and DNA degradation products can only partly
explain its apparent anti-ageing action, i.e., reversion of
the senescent phenotype [1, 2]. The proposal predicts
(Fig. 4) that one should detect the transient attachment
of carnosine to oxidized protein followed by either its
degradation via the proteasome or accumulation as inert
lipofuscin. Such ideas are testable. The proposal does
not readily explain the effects of carnosine on the maximal cell division capacity (the Hayflick limit) of the cultured human fibroblasts [1, 2]. It has recently been
shown however that telomere loss during cell division in
cultured cells is a consequence of both the end-replication problem and ROS-mediated DNA damage, particularly as telomeric DNA does not appear to be repaired
[53]. As most standard culture conditions (5% oxygen)
are hyperoxic to the cells such as fibroblasts, then one
could simply suggest that the ROS-scavenging properties of carnosine might contribute to an explanation why
BIOCHEMISTRY (Moscow) Vol. 65 No. 7
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growth with dipeptide might decrease telomeric DNA
damage and thereby permit extra cell divisions.
However, one would predict that other anti-oxidants
would have similar cellular effects, but this is apparently not the case. Hence, we suggest that the additional
properties of carnosine that we propose here could play
a role in the extension of the Hayflick limit particularly
as it has been shown that oxidized polypeptide inhibits
cell division, possibly as a result of compromised proteasome function [40, 41]. Perhaps the carbonyl binding
activity of carnosine (or the released histidine) might
mask any deleterious effects of the aberrant (carbonyl)
protein on proteasome function as well as facilitate
degradation (see Fig. 4) to allow the extras cell divisions.
Indeed as ageing is multifactorial, then any anti-ageing
agent such as carnosine should be pluripotent in its
actions [6, 18]. However, it should be noted that should
carnosine induce transcription of genes coding for proteins possessing homeostatic functions then this would
provide additional/alternative explanations of carnosines anti-ageing activity, especially should the proteins
play a role in the removal of oxidized macromolecules.
Indeed, it has recently been shown that carnosine does
induce transcription of the vimentin gene as well as others [54]. Whether this is a direct specific effect of carnosine or merely related to the expression of proteins
involved in the maintenance of cell structure is unsure.
However, vimentin may be related to phagocytosis and
both these parameters have been reported to be
depressed with age in Kupffer cells [55]; this suggests the
possibility that carnosine may regulate phagocytosis
too.
THE CARNOSINASE PARADOX
Carnosine is one of the least toxic of compounds.
Hence, the presence of intracellular and serum forms of
the enzyme carnosinase that cleaves the molecules peptide bond is a major paradox. Furthermore, congenital
absence of this enzyme coupled with excretion of large
amounts of carnosine is thought to be associated with
mental retardation in humans [56]. It therefore follows
that in some circumstances carnosine may have unrecognized properties that are deleterious in some way or
that cleavage of the dipeptide is necessary for effective
function. It is possible that the active molecule in the
carbonyl/aldehyde binding in vivo is in fact histidine.
Indeed, the reaction product formed between histidine
and formaldehyde (spinacine) is found in human urine.
Perhaps the natural toxicity of free histidine necessitates
its storage as carnosine, and the presence of tissue and
serum carnosinases liberate histidine only at specific
locations and circumstances. If this is the case, then one
would expect the attachment of histidine and not complete carnosine to protein carbonyl groups in the cellBIOCHEMISTRY (Moscow) Vol. 65 No. 7
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associated scenarios described above. This should be
reasonably easy to test using specific radiolabeling techniques and mass spectrometry.
Thus, carnosine may be a pluripotent protective
(homeostatic) peptide; it can inhibit aldehyde/ketonemediated modifications to protein and DNA, and can
also modulate the reactivity of the aldehyde-modified
protein by carnosinylation. Both levels of inhibition
appear to occur by direct reaction between carnosine
and the aldehyde/ketone/carbonyl group. It is possible,
though not proven, that carnosinylation of protein carbonyls occurs intracellularly. Carnosinylated protein
may either then be selectively degraded or provide a
source of inert lipofuscin. These speculations should be
regarded as additional to any other previously proposed
homeostatic properties for this remarkable simple
dipeptide.
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