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ABSTRACT: Cellular aging is often associated with an increase in protein carbonyl groups arising from oxidation- and glycation-related phenomena and suppressed proteasome activity. These “aged” polypeptides may either be
degraded by 20S proteasomes or cross-link to form structures intractable to
proteolysis and inhibitory to proteasome activity. Carnosine (␤-alanyl-L-histidine) is present at surprisingly high levels (up to 20 mM) in muscle and nervous
tissues in many animals, especially long-lived species. Carnosine can delay senescence in cultured human fibroblasts and reverse the senescent phenotype,
restoring a more juvenile appearance. As better antioxidants/free-radical scavengers than carnosine do not demonstrate these antisenescent effects, additional properties of carnosine must contribute to its antisenescent activity. Having
shown that carnosine can react with protein carbonyls, thereby generating
“carnosinylated” polypeptides using model systems, we propose that similar
adducts are generated in senescent cells exposed to carnosine. Polypeptide-carnosine adducts have been recently detected in beef products that are relatively
rich in carnosine, and carnosine’s reaction with carbonyl functions generated
during amino acid deamidation has also been described. Growth of cultured
human fibroblasts with carnosine stimulated proteolysis of long-labeled proteins as the cells approached their “Hayflick limit,” consistent with the idea
that carnosine ameliorates the senescence-associated proteolytic decline. We
also find that carnosine suppresses induction of heme-oxygenase-1 activity following exposure of human endothelial cells to a glycated protein. The antisenescent activity of the spin-trap agent ␣-phenyl-N-t-butylnitrone (PBN)
towards cultured human fibroblasts resides in N-t-butyl-hydroxylamine, its hydrolysis product. As hydroxylamines are reactive towards aldehydes and ketones, the antisenescent activity of N-t-butyl-hydroxylamine and other
hydroxylamines may be mediated, at least in part, by reactivity towards macromolecular carbonyls, analogous to that proposed for carnosine.
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CARNOSINE AND CELL SENESCENCE
Carnosine (β-alanyl-L -histidine) is a possible antioxidant1–3 that has antisenescence activity; the dipeptide reverses the senescent phenotype within 1–2 weeks
when added to cultured human fibroblasts.4–6 It is suggested that properties additional to its antioxidant role are responsible for carnosine’s rejuvenating effects.7,8
First, it is difficult to understand how passive ROS-scavenging activity of typical antioxidant/free-radical scavengers could induce an active reversal of the senescent
phenotype, and, second, better antioxidants and free-radical scavengers than carnosine do not provoke the rejuvenating effects.
Studies showed that carnosine could be a naturally occurring antiglycating
agent,9–12 as it protected proteins and peptides against modifications induced by a
variety of deleterious aldehydes and ketones, including the lipid peroxidation product malondialdehyde. Indeed carnosine inhibited malondialdehyde-induced generation of polypeptide carbonyls and protein cross-linking,12 modifications typical of
aging. Carnosine’s structure resembles preferred glycation sites in proteins, and it
probably behaves as a sacrificial sink for deleterious sugars and aldehydes, such as
malondialdehyde and 4-hydroxynonenal. Carnosine’s antiglycating activity and aldehyde-scavenging potential have been confirmed by others.13–17 That carnosine’s
concentration is highest in nonoxidative, glycolytic muscle18 is consistent with its
proposed aldehyde-scavenging activity, although this does not preclude its possible
rapid consumption in other tissues.
The ability of carnosine to react with deleterious low-molecular-weight aldehydes is, however, yet another passive prophylactic activity and still does not explain
its rejuvenating actions on cultured fibroblasts. It is therefore proposed that carnosine could activate the disposal of aberrant proteins that normally accumulate in se-

TABLE 1. The effect of carnosine on proteolysis in cultured human fibroblasts a

Percent Proteolysis
Measured at

Culture conditions
Grown with 30 mM carnosine
Grown without carnosine
Number of cell divisions
Number of cell divisions
39

44

63

39

44

63

At 1 hour

5.2

5.4

12.3

5.7

4.6

6.3

Plus 30 mM carnosine

6.2

8.0

13.3

6.2

6.0

6.1

At 4 hours

10.6

13.1

21.5

11.2

12.3

13.4

Plus 30 mM carnosine

11.8

15.7

20.0

12.6

13.2

14.6

aMRC-5 fibroblasts were grown as described by McFarland and Holliday. 4 Confluent cultures
were radiolabeled with [14C]leucine for 3 days. The medium and radiolabel were then removed;
the cells were washed three times with PBS and then reincubated in growth medium supplemented with excess unlabeled leucine (20 mM), with or without 30 mM carnosine. Samples of
medium (1 mL) were removed, trichloroacetic acid (TCA) added to 5%, and the radioactivity in
the TCA-soluble fraction determined using a liquid scintillation spectrometer (Beckman). Proteolysis, indicated by the increase in TCA-soluble radioactivity over time, is expressed as a percentage of the total radioactivity incorporated into cell protein.
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TABLE 2. Stimulation of loss of protein carbonyl groups by carnosinea
Incubation time
0 days

Carbonyl groups/mole protein
7.0

7 days
No additions

5.2

Plus carnosine (50 mM)

3.0

Plus lysine (50 mM)

3.8

aOvalbumin (10 mg/mL) was incubated with 100 mM methylglyoxal (MG) for 14 days and
then dialyzed exhaustively to remove unreacted MG. The MG-treated ovalbumin was then reincubated at 37° C in 0.1 M phosphate buffer with/without either 50 mM carnosine or 50 mM
lysine. Carbonyl groups present in the MG-treated protein were assayed by reactivity towards
2,4-dinitrophenylhydrazine as described.22

nescent cells. Indeed some preliminary studies showed that when cultured with
carnosine, proteolysis of predominantly long-lived polypeptides was stimulated in
fibroblasts as they approached their “Hayflick limit” (Ref. 19 and TABLE 1). This observation may be explained by either a stimulatory effect on the cells’ proteolytic
machinery and/or some action on the polypeptide substrates that facilitated their
elimination. Ikeda et al.20 found that carnosine induces expression of a number of
genes in cultured fibroblasts, including the gene coding form vimentin, a protein that
may play a role in endocytosis.21 This observation is consistent with the idea that
carnosine induces an up-regulation of a proteolytic activity. Much more work is required to confirm this likely possibility, however.
CARNOSINE AND AGED PROTEINS
Accumulation of protein carbonyl groups is often taken to be a biomarker of aging and an indicator of oxidative damage. Protein aging is the result of a number of
predominantly postsynthetic modifications, including oxidation, glycation, and asparagine/glutamine deamidation. There is evidence that carnosine could be involved
with all three of the above; its reactivity towards carbonyl functions could be a common factor that could theoretically facilitate the destruction or elimination of aged
proteins from the cell.
CARNOSINE AND PROTEIN OXIDATION
Not only can carnosine prevent generation of carbonyl groups on proteins induced by malondialdehyde, hypochlorite, and methylglyoxal,12 but it may also react
directly with protein carbonyl groups (Ref. 22 and TABLES 2 and 3), producing protein-carbonyl-carnosine adducts or “carnosinylated” proteins,23 thereby preventing
cross-linking to other, unmodified protein.22 Indeed γ-glutamyl-carnosine adducts
have recently been detected by Karuda et al.26 in beef products; conceivably the adducts derive from reaction of carnosine with glutamyl-semialdehyde in proteins
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TABLE 3. The reaction of radiolabeled carnosine with methylglyoxal-treated
ovalbumina
Contents of incubation mixture

Radioactivity detected (cpm)

Untreated ovalbumin plus [14C]carnosine
MG-treated ovalbumin plus

[14C]carnosine

MG-treated ovalbumin plus [14C]carnosine plus 50 mM lysine

47
833
142

aOvalbumin (10 mg/mL) was treated with 100 mM methyglyoxal (MG) for 2 weeks and then
dialyzed exhaustively to remove unreacted MG. The MG-treated protein and control untreated
ovalbumin were then incubated with [14C]carnosine (5.8 nCi/mL) at 37° C in 10 mM phosphate
buffer. After 3 weeks 400 µL were removed and protein precipitated with TCA (5%). The precipitate was washed three times in 5% TCA and redissolved in 0.5% NaOH (500 µL), and the
radioactivity was determined in a liquid scintillation spectrometer.

formed from oxidation of arginine and proline residues. Alternatively/additionally
carnosine may be involved in deamidation of asparagine and glutamine residues (see
below).
Oxidized proteins are normally degraded by 20S proteasomes, but highly oxidized/cross-linked polypeptides can inhibit proteasome function.24,25 Therefore it is
at least conceivable that in cultured cells, carnosine, by reacting with protein carbonyls on oxidized proteins, could suppress inhibitory effects on proteasome activity
and perhaps facilitate their proteolytic elimination. Our results (Ref. 19 and TABLE
1) are at least consistent with this proposal, but more studies are required. For example, does addition of carnosine stimulate proteolysis of oxidized protein in peroxidetreated cells, and are carnosinylated proteins proteolytic substrates or do they form
inert lipofuscin-like structures? Very preliminary studies indicate that carnosine may
be beneficial to the survival of peroxide-treated fibroblasts when added following removal of the oxidant (Kourousi, Rodriguez & Hipkiss, unpublished observations). If
substantiated, these observations are consistent with our proposal, but much more
work is required; for example, it is necessary to search for carnosinylated proteins in
peroxide-treated cells and test their susceptibility to degradation by the proteasomes.
CARNOSINE AND PROTEIN GLYCATION
Another source of age-related aberrant protein is glycation,26 the products of
which are called advanced glycosylation end products (AGEs) and frequently possess carbonyl groups. Carnosine has been shown to protect cells28 and proteins29
against the deleterious effects of low-molecular-weight AGEs. Recent studies show
that carnosine can protect cultured human endothelial cells (HUVEC) against glycated albumin, as judged by the dipeptide’s ability to inhibit the up-regulation of
heme-oxygenase-1 (HO-1) activity29,30 following the cells’ exposure to a proteinAGE (FIG . 1C). A similar result was obtained using fibroblasts obtained from a diabetic patient (FIG . 1A); however, the AGE did not induce HO-1 activity in cells from
a nondiabetic control (FIG . 1B). The mechanism(s) whereby these protective effects
are mediated remain to be elucidated, however, although direct reaction of the dipeptide with the AGE is one of a number of possibilities. It is also possible that carnos-

HIPKISS et al.: CARNOSINE AND AGED PROTEINS

289

FIGURE 1. The effects of carnosine on AGE-induced heme-oxygenase-1 and peroxiredoxin-1 expression in (A) fibroblasts from a nondiabetic patient; (B) fibroblasts from a
diabetic nephropathy patient; and (C) human umbilical vein endothelial cells (HUVEC).
Confluent cell monolayers were pretreated with 20 mM carnosine for 24 hours and then
challenged for 24 hours with 100 or 200 mg/mL protein-AGE (bovine serum albumin exposed to 100 mM glucose for 6 weeks at 37° C). Heme oxygenase-1 (HO-1) and peroxiredoxin-1 (Prx1) were detected by Western blotting of cell lysates with appropriate antibodies
following SDS-PAGE.

ine’s antioxidant activity could have a role here, as AGEs are reported to induce a
hyperoxic effect following binding to RAGEs, the AGE receptors. 31
CARNOSINE AND AMINO ACID DEAMIDATION
Deamidation of asparagine and glutamine residues in proteins is another source
of age-related aberrant protein. Deamidation results in production of L or D forms of
aspartic and glutamic acids, as well as isopeptide conformations where the side-
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chain carboxyl group (β or γ, respectively) becomes incorporated into the polypeptide backbone.32 That a partial repair mechanism for this process33 is widely distributed in nature indicates the biological importance of this type of postsynthetic
change. Mice defective in the gene coding for the enzyme that initiates the repair,
protein isoaspartate methyl transferase (PIMT or PCMT), accumulate large amounts
of aberrant protein in their brains and usually die prematurely.33
It appears that carnosine may intervene during deamidation. Recent observations
from food science show that covalent adducts between carnosine and polypeptide are
found in beef soup preparations.26,34 Further studies showed that if present during
heat-induced deamidation of asparagine and glutamine, carnosine can react with the
carbonyl species produced following loss of the amino group from the amide side
chain of the amino acids generating β-aspartyl-carnosine and γ-glutamyl-carnosine
adducts, respectively.26 It appears that carnosine’s amino group can form β- or γpeptide bonds to the side chain carbonyls of the amino acids.26 Interestingly, formation of the carnosine adducts proceeded about fourfold faster with asparagine deamidation than with glutamine.26 A number of other products were also detected that
contained either β-alanine or histidine, suggesting that cleavage of the peptide bond
between β-alanine and histidine can occur. In the case of asparagine, 14 adducts
were detected, whereas only 10 were detected when glutamine was incubated with
carnosine.26 It may be significant that three of the extra peptide adducts detected following asparagine’s reaction with carnosine were particularly enriched with β-alanine, which could indicate that the peptide bond between β-alanine and histidine
becomes particularly labile during/following the dipeptide’s reaction with the asparginyl carbonyl derivative. This observation might explain the absence of β-aspartyl-carnosine adducts in the beef preparation, whereas γ-glutamyl-carnosine adducts
were readily observed26 as well as adducts containing β-alanine and histidine. Indeed is has been suggested that the presence of carnosinase, an enzyme that cleaves
the bond between β-alanine and histidine, could influence carnosine’s reactivity
in vivo.23
COULD OTHER AGENTS THAT SUPPRESS SENESCENCE ALSO
REACT WITH PROTEIN CARBONYL GROUPS?
The spin trap agent α-phenyl-N-t-butylnitrone (PBN) has been reported to delay
senescence in cultured human fibroblasts.35 It has apparently been assumed that
PBN’s antisenescent activity resides in its antioxidant/free-radical scavenging activities. However, Atamna et el.36 recently showed that in fibroblasts PBN’s hydrolysis
product N-t-butylhydroxylamine was the active agent that delayed appearance of the
senescent phenotype. Furthermore other hydroxylamines were also shown to possess
similar antisenescent activity. It is suggested37 that because hydroxylamines are generally reactive towards aldehydes and ketones, this property could better explain
their antiaging activity toward cultured cells than exclusive antioxidant function, and
that their antisenescent actions are similar to those proposed for carnosine.23 Therefore it is speculated that protein-carbonyl-hydroxylamine adducts could be generated in PBN- and hydroxylamine-treated fibroblasts. Again a search for such adducts
and an investigation of their proteolytic susceptibility could be fruitful.
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Aminoguanidine is another agent that has been shown to suppress senescence in
cultured cells.38 This agent can also react with glycated polypeptides and AGEs,39
perhaps similarly to that proposed for carnosine.23 Hence aminguanidine’s antisenescent activity might also be explained, at least partially, by reaction with oxidized/
glycated polypeptides, thereby suppressing any deleterious interactions with other
proteins and possibly facilitating their destruction.

ACTION OF ANTISENESCENT AGENTS IN VIVO
Carnosine and PBN have all been reported to delay senescence in senescence-accelerated mice (SAMP),40,41 although better antioxidants than carnosine and PBN
do not seem to possess antiaging activity in vivo. Assuming that the active agent of
PBN in vivo is N-t-butylhydroxylamine,36 the possibility arises that the antiaging
mechanism of PBN and carnosine could reside at least partly in an ability to react
with protein carbonyls, in addition to any antioxidant function. Such activity could
explain the PBN-induced disappearance of protein carbonyls from gerbil brains and
their rapid reappearance following its withdrawal.42
Kinetin also suppresses senescence in cultured cells and appears to possess both
anti-oxidant and antiglycating activities.43 As aging is multifactorial, pluripotency
may therefore be a necessary quality for antiaging activity,8,27 which PBN, kinetin
and carnosine appear to possess.
Caloric restriction is the only reproducible method by which the average and
maximal life span of many species can be extended.44 Although many mechanisms
have been proposed as explanations, few have been totally convincing, although the
inhibitory effects of persistent hyperinsulinemia on proteasome activity in ad libitum
fed animals45–47 is attractive. Moreover maintenance of proteasome activity is important for DNA repair48 and cell division,49 and both show an age-related decline.
The possible effects of carnosine, kinetin, aminoguanidine, and PBN in suppressing
proteasome inhibition outlined above are consistent with such an explanation.

INTERRELATIONSHIP BETWEEN VARIOUS
FORMS OF ABERRANT PROTEINS
It appears that many features of the aberrant proteins that accumulate with age are
interrelated. For example, transcriptional frame-shift errors may increase with age,50
erroneously synthesized proteins show an increased susceptibility to oxidative damage,51 oxidative conditions increase asparagine/aspartate instability in proteins,52
and asparagine/aspartate residue instability in DNA glycosylases and caspases could
conceivably affect both DNA repair and apoptosis.54 Coupled with the inhibitory effects of aberrant forms of ubiquitin and cross-linked proteins on 26S53 and 20S25
proteasome activity respectively, these observations demonstrate the not entirely unexpected synergy between various mechanistic explanations of aging and why pluripotent agents might be particularly successful for antiaging intervention.
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CONCLUSIONS
Carnosine is one of a very few naturally occurring agents that can suppress the
senescent phenotype in both cultured cells and possibly in vivo. Other antisenescent
agents (PBN, aminoguanidine, and kinetin) appear to be pluripotent in their actions,
like carnosine. In searching for possible mechanisms to explain the loss of the senescent phenotype, it is suggested that reaction with carbonyl groups present on proteins and other aged macromolecules is one property that carnosine, PBN,
aminoguanidine, and kinetin could have in common. Carbonyls/aldehydes may also
be generated at amino groups in some lipids and in DNA following spontaneous
depurination/depyrimidation and base excision during repair. These proposals suggest novel routes for therapeutic intervention.
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