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Abstract. The naturally occurring dipeptide carnosine
(p-alanyl-L-histidine) is found in surprisingly large
amounts in long-lived tissues and can delay ageing in
cultured human fibroblasts. Carnosine has been re-
garded largely as an anti-oxidant and free radical
scavenger. More recently, an anti-glycating potential
has been discovered whereby carnosine can react with
low-molecular-weight compounds that bear carbonyl
groups (aldehydes and ketones). Carbonyl groups,
arising mostly from the attack of reactive oxygen spe-

cies and low-molecular-weight aldehydes and ketones,
accumulate on proteins during ageing. Here we pro-
pose, with supporting evidence, that carnosine can re-
act with protein carbonyl groups to produce
protein-carbonyl-carnosine adducts (‘carnosinylated’
proteins). The various possible cellular fates of the
carnosinylated proteins are discussed. These proposals
may help explain anti-ageing actions of carnosine and
its presence in non-mitotic cells of long-lived mam-
mals.
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Carnosine and cell senescence

Carnosine, the dipeptide f-alanyl-L-histidine, has been
implicated as an anti-ageing agent [1] because (i) it can
delay senescence in cultured human fibroblasts [2, 3], (ii)
it can reverse the senescent phenotype in cultured hu-
man cells [2, 3] and preserve a juvenile phenotype in
cultured rodent cells [4], (iii) it is present in long-lived
mammalian tissues at surprisingly high concentrations
[5, 6] (up to 20 mM in human muscle) which may
decline with age [6] and (iv) tissue levels in mammals
appear to correlate directly with the maximum life-span
of the species [7, 8]. Many proposals have been made
regarding the cellular action of carnosine including a
role as an anti-oxidant and oxygen free radical scav-
enger, a physiological buffer, a histidine source and an
immunostimulant [9]. The anti-oxidant and oxygen free
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radical-scavenging activities of carnosine have been
demonstrated in many studies [10—12]. However, other
anti-oxidants do not have the anti-ageing actions on
cultured human fibroblasts described by McFarland
and Holliday suggesting that additional properties of
the dipeptide are responsible for, or contribute to, these
effects [1, 7]. More recent evidence shows that carnosine
can react with low-molecular-weight aldehydes and ke-
tones indicating that it might also act as a naturally
occurring anti-glycating agent [13—15]. We now pro-
pose yet another possible mechanism of action of
carnosine which may contribute to its anti-ageing prop-
erties, namely an ability to react with carbonyl groups
present on proteins.

Carnosine and glycating agents

Glycation (also called non-enzymic glycosylation) is the
process whereby reducing sugars react with protein
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amino groups to generate initially a Schiff’s base, then
an Amadori product and finally advanced glycosylation
end-products (AGEs) [16]. The chemically complex
highly cross-linked AGE structures are often deleterious
to cells because they can provoke a hyperoxic response
in those which bear appropriate receptors (scavenging
or RAGEs) [17]. The structure of carnosine closely
resembles that of preferred glycation sites in proteins,
that is, a target amino group with proximal imidazole
and carboxyl groups. It can react with many potential
glycating agents thereby inhibiting their ability to react
with and modify polypeptides, as shown by our studies
of protein cross-linking in the presence of glucose, fruc-
tose, ribose, deoxyribose, dihydroxyacetone, glyceralde-
hyde, malondialdehyde and methylglyoxal [13-15,
18-20]. Such anti-glycating activity has recently been
confirmed by others [21-24]. Carnosine has been shown
to protect cells (cultured human fibroblasts and
lymphocytes, cultured rat brain endothelial cells and
Chinese hamster ovary cells) against the deleterious
effects of acetaldehyde and malondialdehyde (a lipid
peroxidation end-product), presumably due to its ability
to react with these toxic aldehydes [15, 18, 25]. Further-
more, the dipeptide also ameliorated the toxicity of a
low-molecular-weight AGE formed between lysine and
deoxyribose [18] and inhibited DNA-protein cross-link-
ing induced by acetaldehyde and formaldehyde [18].
Studies using a model system also showed that
carnosine inhibited modification of a protein by the
AGE formed from the reaction of lysine with methyl-
glyoxal [20].

Carnosine and protein carbonyls

AGEs and their precursors frequently contain reactive
carbonyl groups which can be generated by the actions
of oxygen free radicals and related species (reactive
oxygen species) as well as aldehydes/ketones on amino
acid side chains [26]. Indeed, the accumulation of aber-
rant protein molecules bearing carbonyl groups is a
common molecular signal of ageing or senescence [26,
27]. Little is known about how cells defend themselves
against protein carbonyls except that some oxidized
proteins may be selectively degraded [28, 29], but exten-
sively modified polypeptides appear to be resistant to
intracellular proteolysis [29, 30]. We therefore sought to
determine whether carnosine might also have a protec-
tive role by interacting with AGEs and polypeptides
bearing carbonyl groups thus preventing cross-linking
reactions which are thought to occur with other (nor-
mal) molecules.

In our recent attempts to address this possibility [un-
published observations], carbonyl groups were gener-
ated in ovalbumin by the reaction with methylglyoxal, a
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Table 1. The binding of radiolabelled carnosine and lysine to
methylglyoxal-treated and untreated ovalbumin.

Radioactivity bound to
protein (cpm)

14C-carnosine  '#C-lysine
Experiment I ~ MG-treated 833 (100) 821 (100)
ovalbumin
untreated oval- 47 (5.6) 8 (0.9)
bumin
Experiment II ~ MG-treated 626 (100)
ovalbumin
plus 50 mM 142 (22.7)
lysine
Experiment III MG-treated 568 (100)
ovalbumin
plus 50 mM 213 (37.5)
ester
Experiment IV MG-treated 508 (100)
ovalbumin
plus 50 mM 152 (29.9)

carnosine

Ovalbumin (10 mg/ml) was incubated at 37 °C in the presence or
absence of methylglyoxal (MG, 10 mM) for 1 week in experiment
I and 2 weeks in experiments II-I1V. Following extensive dialysis,
the treated and untreated ovalbumins were incubated for a further
3 weeks in the presence of either '“C-carnosine (5.8 nCi/ml) or
14C-lysine (5.5 nCi/ml) plus or minus unlabelled lysine [or N-(«)-
acetylglycyl-lysine methyl ester] or carnosine, respectively. The
protein was then precipitated with trichloracetic acid, the precipi-
tate extensively washed and then redissolved in NaOH and
counted in a liquid scintillation spectrometer. The results are
presented as cpm/ml of incubate, and as a percentage (in paren-
theses) of the radioactivity bound to the protein in the absence of
any potential competitor (i.e. binding in absence of inhibitor in
each experiment = 100%).

physiologically relevant glycating agent [31]. ['*C]-la-
belled carnosine was incubated with the treated protein,
from which unreacted methylglyoxal had been removed,
for various periods of time. Free carnosine is acid-solu-
ble but gradually some of the radiolabel became incor-
porated into the acid-precipitable protein fraction,
which did not occur when control untreated ovalbumin
was employed (table 1). This result is consistent with
our proposition that carnosine reacts with the carbonyl
groups present on the modified polypeptide. Further
support for this idea came from the demonstration that
the dipeptide accelerated the loss of carbonyl groups
(measured by dinitrophenylhydrazine reactivity) from
the modified protein (fig. 1). Lysine, which is known to
react with carbonyl groups in proteins, also accelerated
this loss (fig. 1) and inhibited the radiolabelling of the
methylglyoxal-treated ovalbumin incubated with [*C]-
carnosine (table 1). Additionally N-(x)-acetylglycyl-
lysine methyl ester, which more closely resembles lysine
residues present in polypeptide chains, inhibited the
reaction of ['“C]-carnosine with the treated protein.
Conversely, carnosine inhibited the reaction of ['*C]-



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000
7
2
c 6
© ——no addition
g 5 —&—|ysine .
- —&—carnosine
c
o 4
o
23
£
o 2
(@)
o 1
£
O + + + + {
0 5 10 15 20 25
time (days)

Figure 1. Loss of carbonyl groups in methylglyoxal-treated oval-
bumin in the presence or absence of carnosine/lysine. Ovalbumin
(10 mg/ml), incubated for 2 weeks at 37 °C with 10 mM methyl-
glyoxal, was extensively dialysed before further incubation in the
presence or absence of either 50 mM carnosine or lysine at 37 °C.
Carbonyl groups remaining after various periods of time were
measured by diphenylhydrazine reactivity and the molar ratio of
CO groups to protein are presented.

lysine with the methylglyoxal-treated protein (table 1).
The reaction of carnosine with protein carbonyls might
possibly inhibit further cross-linking to normal proteins.
We tested this possibility and found that carnosine did
indeed inhibit the cross-linking activity of the methylgly-
oxal-treated ovalbumin towards the normal protein o-
crystallin (fig. 2). We suggest from these observations that
not only can carnosine react with protein carbonyls but
it can also moderate their deleterious action towards
other molecules. Protein carbonyls and AGEs are found
in increased amounts in ageing tissues, particularly in
uncontrolled diabetics where they are responsible for
many of the secondary complications [16, 17, 32] and,
therefore, carnosine (or related structures) could be of
clinical interest in the control of such processes. The term
‘carnosinylation’ has been coined to describe the process
in which carnosine reacts with protein carbonyl groups.

Possible biological fates of ‘carnosinylated’ proteins

We do not know whether carnosine reacts with carbonyl
groups present on aged proteins in cultured cells or in
vivo, although experiments are planned to test this idea.
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If carnosine does react intracellularly as predicted, then
it is of interest to consider the fate of the postulated
protein-carbonyl-carnosine adduct. There are a number
of possibilities (see fig. 3). First it is noteworthy that
lipofuscin, the fluorescent age pigment, is found primarily
in carnosine-rich tissues such as nerve, muscle and brain
[33]. Thus it is possible that the reaction of carnosine with
the protein carbonyls might create a relatively inert form
of lipofuscin [33, 34]. Our preliminary studies [unpub-
lished data] show that the reaction of carnosine with a
protein glycated with acrolein (another source of protein
carbonyls) [35] induces a change in the fluorescent prop-
erties of the protein-acrolein adduct. A second possibility
is that the carnosinylated protein might be a form of AGE
that is expelled from the cell to be taken up by appropri-
ate receptors (e.g. RAGESs) and subsequently degraded
by the lysosomes [17]. A third alternative is that
carnosinylation of an aged protein is a signal for its
selective degradation via the proteasome system of mul-
ticatalytic proteases. Recent studies have shown, how-
ever, that highly oxidized proteins can inhibit proteasome
function as well as cell division when added to cultured
human fibroblasts [28, 29]. Hence, it will be interesting
to find out if carnosinylation of highly oxidized proteins
can (i) suppress their inhibitory effects and (ii) facilitate
proteolysis of the aberrant polypeptides. A fourth possi-
bility is that the reaction with carnosine might enable
ubiquitination of the protein at preserved polypeptide
amino groups, or should the amino group of any attached
carnosine become available. If so, then one would again
expect to observe the degradation of the aged protein via
the proteasome system.

Further experiments to examine these ideas are necessary.
However, preliminary experiments show that proteolysis
of a slow-turnover fraction is stimulated when fibroblasts
are cultured with 20 mM carnosine particularly in cells
approaching their maximal division potential [15], a
result consistent with carnosine affecting proteolysis.
This concept is also supported by the observation that
carnosine induces a more juvenile phenotype when added
to senescent cells which is accompanied by the loss of
much granular material [2, 3]. Obvious questions which
need to be addressed are: (i) is it possible to observe the
specific proteolysis of carnosinylated proteins following
addition of carnosine to senescent cells? (ii) does a
transient attachment of carnosine to accumulated aber-
rant protein occur? and (iii) does the addition of protea-
some or lysosomal protease inhibitors stimulate
accumulation of carnosinylated proteins?

Wider implications for the carbonyl-binding potential of
carnosine

If the suggestions that carnosine is an anti-glycating
agent for proteins and that it determines the fate of



750 A. R. Hipkiss and C. Brownson Carnosine and protein carbonyls

A
Weeks 0 1 3

carn 50mM

fi

i _"_'%m-

carn 50mM - ¥ - + Cry ov

Figure 2. Analysis of methylglyoxal-treated ovalbumin cross-linking to «-crystallin in the presence and absence of carnosine by sodium
docecylsulphate (SDS)-polyacrylamide gel eletrophoresis. Dialysed methylglyoxal-treated ovalbumin (5 mg/ml) (ov) was incubated at
37 °C in the presence (+ ) or absence (—) of 50 mM carnosine (carn) with either 0.4 mg/ml (4) or 2.5 mg/ml (B) «-crystallin (Cry)
for 0, 1 and 3 weeks. SDS-polyacrylamide gel electrophoresis was carried out on Bio-Rad 4-20% Tris-HCI Ready gels. (4) Illustrates
the loss of a-crystallin (arrow). (B) Shows the formation of high-molecular-weight cross-linked material (arrow).
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aged proteins are correct, then this opens new avenues
in molecular gerontology. The possibility that macro-
molecules other than proteins may also be a source of
deleterious carbonyls should not be neglected. The ser-
ine and ethanolamine present in aminolipids are already

PROTEIN

ROS
RCHO
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known to be targets for oxidative attack and the prod-
ucts of such reactions may react with other amino-lipid
molecules and proteins present in cell membranes [16].
Therefore, carnosine might conceivably react with lipid
carbonyls as well, thereby protecting membranes

PROTEIN -CO —> Protein-C-N-Protein

Carnosine —»

Y

(cross-link)

inhibition of
20 or 26S
proteasome

PROTEIN-C-N-CARNOSINE
(carnosinylated protein)

ubiquitin —»

ubiquitinylated
protein

< proteasome->»

Proteolysis?

Exocytosis?

Endocytosis

¢ / lysosome

RAGE, scavenger
<— receptors,

lactoferrin etc. Lipofuscin?

(age-pigment)

Figure 3. Schematic representation of formation and possible fates of ‘carnosinylated’ proteins. Reactions between carnosine and
reactive oxygen species, aldehydes and ketones are omitted for clarity. ROS, reactive oxygen species; RCHO, reactive aldehydes and
ketones including aldose and ketose sugars; protein-CO, protein carbonyl.
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against lipid-protein cross-linking. The release of puri-
nes from DNA during spontaneous depurination, a
well-recognized common age-related change to the ge-
netic material, is another source of reactive aldehydes
[36]. Additionally, the cleavage of the glycosidic bond
between the base and the deoxyribose following base-
excision repair of oxidatively or otherwise damaged
purines and pyrimidines exposes the reactive aldehyde
group of the sugar moiety [37]. The subsequent fate of
this sugar is uncertain but there has been the proposi-
tion that an even more reactive bicarbonyl compound is
generated [38]. Given the reactivity of carnosine to-
wards the bicarbonyl malondialdehyde [19], the dipep-
tide may quite possibly perform a useful scavenging
function which would accompany DNA repair when
carbonyl-bearing products are generated. Indeed,
carnosine has been shown to preserve chromosomal
integrity in cultured cells [39] and to prevent the forma-
tion of protein-DNA cross-links in model systems [18].

The carnosinase paradox

A major paradox in any attempt to understand the
functions and mechanisms of action of carnosine is the
presence of carnosinase which cleaves the dipeptide into
its constituents, f-alanine and histidine, both in cells
and serum [40]. The necessity for this enzyme activity is
unclear given the almost non-toxic nature of carnosine
and the toxicity of free histidine. Perhaps carnosine
possesses some deleterious properties not hitherto
recognised. Alternatively, the active agent in many of
the functions of carnosine (e.g. carbonyl binding) in
vivo may be histidine (and f-alanine) and not the
dipeptide. Consistent with this idea, the reaction
product of histidine and formaldehyde, namely
spinacine, can be found in human urine.

Conclusion

Carnosine clearly has a number of homeostatic func-
tions including scavenging of oxygen free radicals and
low-molecular-weight aldehydes/ketones. We now pro-
pose that the ability of carnosine to delay senescence in
cultured cells may also be related to its affinity for
carbonyl groups present in polypeptides damaged by
glycation and oxidative events. Some concern may be
raised that yet more possible mechanisms for the action
of carnosine are suggested here when so many have
already been proposed during the almost 100 years
since its discovery. However, if the dipeptide is an
anti-ageing agent then some, if not considerable,
pluripotency might be expected given the multifactorial
nature of ageing.
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