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Abstract The dipeptide carnosine has been observed to exert antiaging

activity at cellular and whole animal levels. This review discusses

the possible mechanisms by which carnosine may exert antiaging

action and considers whether the dipeptide could be beneficial to

humans. Carnosine’s possible biological activities include scavenger

of reactive oxygen species (ROS) and reactive nitrogen species

(RNS), chelator of zinc and copper ions, and antiglycating and

anticross-linking activities. Carnosine’s ability to react with delete-

rious aldehydes such as malondialdehyde, methylglyoxal, hydroxy-

nonenal, and acetaldehyde may also contribute to its protective

functions. Physiologically carnosine may help to suppress some

secondary complications of diabetes, and the deleterious conse-

quences of ischemic–reperfusion injury, most likely due to antiox-

idation and carbonyl-scavenging functions. Other, and much more

speculative, possible functions of carnosine considered include

transglutaminase inhibition, stimulation of proteolysis mediated

via effects on proteasome activity or induction of protease and
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stress-protein gene expression, upregulation of corticosteroid syn-

thesis, stimulation of protein repair, and effects on ADP-ribose

metabolism associated with sirtuin and poly-ADP-ribose polymer-

ase (PARP) activities. Evidence for carnosine’s possible protective

action against secondary diabetic complications, neurodegenera-

tion, cancer, and other age-related pathologies is briefly discussed.

I. INTRODUCTION

Carnosine (b-alanyl-L-histidine) and related compounds, homocarnosine
and anserine, together with N-acetylated forms (see Fig. 3.1 for struc-
tures), are common dipeptides found in mammals, birds, and fish (Abe,
2000; Bonfanti et al., 1999; de Marchis et al., 2000; Lamas et al., 2007;
Tsubone et al., 2007). One remarkable feature of these compounds is that
they are often found at relatively high concentrations (Table 3.1). The
highest value reported for terrestrial mammals is that of themiddle gluteal
muscle of the thoroughbred racehorse which contained over 100 mmol of
carnosine per kg dry weight of muscle (Dunnet and Harris, 1997). It has
recently been reported, however, that the carnosine plus anserine levels in
turkey breast muscle can exceed 200 mM (Jones et al., 2007).

It is a valid generalization that there is more carnosine in anaerobic,
glycolytic, white muscle than in red, aerobic, muscle (Table 3.2).
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FIGURE 3.1 Structures of carnosine (CAR), N-acetylcarnosine (N-CAR), homocarnosine

(HCAR), anserine (ANS), and balanine (BAL).



TABLE 3.1 Carnosine and anserine concentrations in common animal species (from

Aristoy and Toldra, 2004)

Carnosine

(mg/100 g)

Anserine

(mg/100 g)

Pig Loin 313 14.5

Ham 449 22.9

Neck 186 10.7

Beef Loin 375 59.7

Neck 201 25.4

Lamb Shoulder 39.3 31.5

Neck 94.2 119.5
Chicken Pectoral 180 772

Leg 63 233

Turkey Wing 66 775

Salmon 0.53 589

Trout 1.6 344

Sardine 0.1 1.33

TABLE 3.2 Carnosine content varies according to tissue (from Purchas et al., 2004 and

Cornet and Bousset, 1999)

Animal

tissues/muscle

Carnosine

(mg/100 g)

Anserine

(mg/100 g)

Beef Cheek 42.9

Heart 32.6

Liver 77.5

Semitendinosus muscle 452
Lamb Longissimus muscle 491

Semitendinosus muscle 356

Triceps brachii muscle 251

Pig Massetuer muscle 38 6

Trapezius muscle 147 6

Longissimus dorsi muscle 268 6
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Carnosine is also associated with nervous tissues, including the brain,
where it is concentrated especially in the olfactory lobe (Bonfanti et al.,
1999; de Marchis et al., 2000). However, human cerebral spinal fluid
contains homocarnosine but no carnosine (Huang et al., 2005).
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II. CARNOSINE METABOLISM

Carnosine is synthesized from b-alanine and L-histidine by the enzyme
carnosine synthase, a reaction which also requires ATP. Studies using
primary cell culture have indicated that the dipeptide is synthesized by
muscle cells, glial cells and oligodendrocytes (Bauer, 2005). Although
carnosine is found enriched in neurons, especially those of the olfactory
lobe, it appears that these cells are capable of taking up the dipeptide
following its release from glial cells in which it is synthesized. Not
unexpectedly, carnosine synthesis is subject to some form of metabolic
regulation; synthesis of the dipeptide is reduced when astroglia-rich
cultures are treated with dibutyryl cyclic AMP and other agents which
activate cyclic AMP-dependent protein kinases (Schulz et al., 1989). It has
been suggested that changes in carnosine synthesis accompany morpho-
logical differentiation in muscle and astroglia (Bauer, 2005).

Carnosine can be acetylated at its amino terminus to form N-acetyl-
carnosine, although the enzyme responsible has not been characterized.
It has also been reported that N-acetyl-carnosine is readily de-acetylated
in the tissues (Barbizhayev, 2008). A phosphorylated form of carnosine
has also been described (Quinn et al., 1992), but again little more is known
about the enzymes responsible or its function.

III. CARNOSINE AND NEUROLOGICAL ACTIVITY

Animal studies have shown that carnosine can affect neurological func-
tion, not surprising given that fact the dipeptide is synthesized by the
brain and that specific transporters for it are present in the choroid plexus
(Teuscher et al., 2004), part of the blood–brain barrier. One possible role
for carnosine within the neuronal system is modulation in glutamatergic
sensory neurons (Bonfanti et al., 1999). For a detailed discussion of carno-
sine’s function within the mammalian brain, the reader is referred to the
fine review by Bonfanti et al. (1999).

The kidney brush border also possesses a carnosine transport system
and there is evidence that kidney also contains an active carnosinase
(Sauerhoefer et al., 2005). There is also evidence that carnosine can influ-
ence sympathetic nervous activity in kidney (Tanida et al., 2005) as well as
brown (Tanida et al., 2007) and white adipose tissue (Shen et al., 2008).
Other studies have shown that carnosine has antidepressant activity in
rats (Tomonaga et al., 2008). In chicks, carnosine induces hyperactivity
(Tsuneyoshi et al., 2007) whereas its reverse structure (L-histidinyl-b-
alanine) has sedative and hypnotic effects (Tsuneyoshi et al., 2008).
The mechanisms involved in remain obscure however.
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IV. CARNOSINE AND OTHER TISSUES

Although carnosine seems to be primarily associated with the brain and
innervated tissues such as muscles (skeletal and heart) at least in the rat
(Aldini et al., 2004), carnosine has been reported to be present in the eye
lens (Quinn et al., 1992), which suggests that its function might not be
restricted nervous tissue.

V. POSSIBLE FUNCTIONS OF CARNOSINE

Although carnosine was discovered over 100 years ago, much remains to
be revealed about its functions; indeed carnosine and homocarnosine
have been described as forgotten and enigmatic dipeptides (Bauer,
2005). There are numerous examples of protective actions of carnosine
against a variety of insults mediated by discrete entities (oxygen free
radicals, reactive nitrogen species, glycating agents, deleterious alde-
hydes, toxic metal ions) as well as ameliorating conditions associated
with aging. Carnosine has been shown to protect various cells against
ischemia–reperfusion injury, for example in rat liver (Fouad et al., 2007;
Fujii et al., 2003), kidney (Kurata et al., 2006), heart (Alabovsky et al., 1997;
Lee et al., 1999; Zaloga and Siddiqui, 2004), and brain (Dobrota et al., 2005).
Protective activity exerted by carnosine has also been observed with
respect to diabetes, osteoporosis, neurodegeneration, wound healing
and loss of vision, and hearing and immune function.

Possible biochemical functions (Quinn et al., 1992) of carnosine include
control of pH, immunostimulant, wound healing agent, antioxidant,
metal-ion chelator, carbonyl scavenger, and antiglycator (Table 3.3). The
evidence for some of these proposals is highly varied, however.

VI. CONTROL OF pH

The most convincing proposal is that carnosine plays one or more roles in
control of intracellular hydrogen ion concentration (Abe, 2000; Vaughan-
Jones et al., 2006). Carnosine is an effective physiological buffer; it is
presumed that this property explains its predominant association with
white, glycolytic, muscles which possess relatively few mitochondria and
thereby generate lactic acid. Not only may carnosine, also possible in its
acetylated form, help to directly suppress the rise in hydrogen ion con-
centration but its ability to activate the enzyme carbonic anhydrase
(Temperini et al., 2005) would increase bicarbonate buffer capacity.
These properties may help explain carnosine’s protective action in ischae-
mia, a condition associated with severe intracellular acidosis.



TABLE 3.3 Possible Homeostatic properties of carnosine

� Buffer
� Hydroxyl radical scavenger
� Antioxidant
� Chelator of copper and zinc ions
� Aldehyde/carbonyl scavenger
� Antiglycator
� Stimulates nitric oxide synthesis
� Stimulates proteolysis
� Activates carbonic anhydrase
� Upregulates synthesis of oxidized protein hydrolase (OPH)
� Suppresses protein cross-linking
� Reacts with protein carbonyls
� Suppresses AGE reactivity
� May participate in protein deglycation
� May participate in histone deacetylation
� May participate in repair of isoaspartate residues
� May stimulate synthesis of stress proteins
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VII. CARNOSINE AND CHELATION OF ZINC
AND COPPER IONS

Carnosine is an avid chelator of metal ions (Baran, 2000). Complexes with
calcium, copper, and zinc ions have been described (Trombley et al., 2000).
It is possible, therefore, that carnosine could exert some sort of control of
calcium metabolism in muscle tissue (heart or skeletal). It is also likely
that the dipeptide controls the availability of zinc ions in neuronal tissue,
especially the olfactory lobe where both carnosine and zinc are enriched
(Bakardjiev, 1997; Bonfanti et al., 1999; Sassoe-Pognetto et al., 1993).
Zinc–carnosine complexes, called polaprezinc, are also effective in the
repair of ulcers and other lesions in the alimentary tract (Matsukura and
Tanaka, 2000).

VIII. CARNOSINE AND AGING

It has been previously suggested that carnosine might possibly be an
antiaging agent (Boldyrev et al., 1999a; Hipkiss, 1998; Hipkiss et al.,
2001). This suggestion was based on (i) a report of observations made in
Australia around 1990, but finally published in 1994, that carnosine could
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not only delay senescence in cultured human fibroblasts but also reverse
the senescent phenotype by promoting what appeared to be rejuvenating
effects (McFarland andHolliday, 1994, 1999), and (ii) a substantial body of
work from Russian laboratories in the 1980s and 1990s on the dipeptide’s
antioxidant activity and protective functions towards heart and kidney
ischaemia (see Boldyrev, 1993; Boldyrev et al., 1993, 1995, 1997; Quinn
et al., 1992; and references therein). Later work showed that growing
fibroblasts with carnosine also protected telomeres against shortening
(Shao et al., 2004). Antiaging effects of carnosine were subsequently
observed in senescence-accelerated mice and fruit flies (Yuneva et al.,
1999, 2002). That carnosine seems to be specifically associated with long-
lived, postmitotic tissue, such as muscle and nerves, is at least consistent
with the idea that the dipeptide does not compromise cell survival and
may help ensure longevity.

IX. CARNOSINE AND THE CAUSES OF AGING

The explanation of the causes of aging remains somewhat controversial.
Most, but not all, biogerontologists reject the idea that aging is a geneti-
cally programed process along the lines of growth and development,
because the majority of animals in the wild die from predation, starvation
or disease, before they age significantly. Hence the selection of genes
specifically programing aging would not be of any evolutionary advan-
tage. The consensus of opinion is that aging is the result of a breakdown of
molecular homeostasis, due to the chronic effects of the forces of instabil-
ity (endogenous and exogenous) to which all cells and organisms are
continuously subjected. In other words, organisms have evolved to sur-
vive long enough to reproduce their genes, during which time entropic
events must be either controlled or their effects eliminated. Consequently,
the changes which we refer to as aging are thought to have no evolution-
ary significance, but result from the eventual failure of longevity genes
whose functions ensure survival for sufficient time for the organism to
reproduce successfully. That there is a frequent correlation between
organism longevity and the ability to resist certain external stresses,
such as heat or irradiation, is consistent with this idea.

Various possible mechanisms have been proposed to explain aging.
These include environmental and endogenous factors which affect an
organism’s ability to survive by causing genetic changes (e.g., DNA
damage and telomere shortening), altering gene expression, increasing
oxidative stress, compromising energy provision and promoting the
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accumulation of altered proteins. There is evidence which suggests that
carnosine has at least the potential to ameliorate to some degree most of
these possible causes of aging (Hipkiss, 1998).

X. PROTEOTOXICITY AND AGING

At a biochemical level the most common symptom of aging and its
related pathologies is the accumulation of altered or abnormal proteins
(Dalle-Donne et al., 2003; Hipkiss, 2006a; Levine, 2002). It should be
pointed out that abnormal proteins are normally formed continuously,
intracellulary, and extracellularly, and they originate from biosynthetic
errors (gene expression is not 100% perfect) and postsynthetic damage
due to the actions of deleterious endogenous and exogenous agents (e.g.,
oxygen and glucose). It is generally thought that the age-related accu-
mulation of aberrant polypeptides is a consequence of the decline in
functional activity of the gamut of homeostatic process (e.g., DNA
repair, proteolysis, antioxidant enzymes), because the molecules which
carry out these fun ctions are themselves also subjected to the same
range of insults which they should normally prevent or eliminate.
Indeed it is becoming increasingly apparent that molecular overengi-
neering of certain of these homeostatic gene products can indeed
increase both stress-resistance and organism longevity. Furthermore,
not only does the accumulation of aberrant polypeptides result in loss of
function of the normal gene products, but these altered molecules also
appear to possess gain of function toxicity, mostly due to their aggregation,
oligomerization, and cross-linking potential. Certain aberrant proteins also
induce oxygen free radical generation. Among the better understood resul-
tant effects of altered protein accumulation are compromised proteolytic
activities, inflammation (or sometimes called ‘‘inflammaging’’), and induc-
tion of the stress response. An obvious contentious question is: does aging
causes proteotoxocity, or does proteotoxicity causes aging? Most likely the
answer is ‘‘yes’’ to both alternatives, simply because proper control of
protein metabolism (synthesis and degradation) is essential for viability.

Table 3.4 lists the possible areas in which carnosine could theoretically
exert some protective, homeostatic effects which suppress cellular and/or
organism aging, by the dipeptide mostly acting at the postsynthetic level
to suppress formation of altered proteins. However, it is also possible
that, by scavenging oxidative and glycoxidative agents, carnosine could
inhibit gene modification and thereby prevent synthesis of altered gene
products and general DNA damage.



TABLE 3.4 Hypothetical mechanisms of carnosine’s antiaging activity

Suppresses altered protein accumulation by:
� Scavenging hydroxyl radicals and hypochlorite ions
� Scavenging endogenous and exogenous toxic aldehydes and
glycating agents

� Reacting with protein carbonyls/AGEs
� Inhibiting transglutaminase activity
� Slowing protein synthesis

Activates altered protein elimination by:
� Stimulating expression of oxidized protein hydrolase
� Stimulating NO synthesis which upregulates proteasome
activity

� Stimulating synthesis of stress/chaperone proteins
� Participating in protein deglycation

Participation in SIRT metabolism (gene silencing) by:
� Accepting acetyl groups released by SIRT-mediated histone
deacetylation

� Scavenging (acetyl)-ADP-ribose units generated following NAD
cleavage which accompanies SIRT-mediated histone
deacetylation

Protects telomeres against shortening

Upregulates release of corticosterone
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XI. CARNOSINE, OXYGEN FREE RADICALS,
AND OXIDATIVE STRESS

Over 50 years ago Harman (1956) proposed the so-called ‘‘oxygen free
radical theory of aging.’’ This theory proposed that much age-related
damage to proteins, lipids, and DNA was caused by incompletely
reduced oxygen atoms, that is, oxygen free radicals. It has often been
assumed that mitochondria are the principle source of these reactive
oxygen species (ROS) because of the organelles’ intimate association
with oxygen. However, it should be noted that ROS can be produced
elsewhere within the cytosol and extracellularly too. ROS are not exclu-
sively deleterious as they are also involved in cell signaling, although
there are enzymes such as superoxide dismutase, catalase, and various
peroxidases, in the cytosol and mitochondria, which provide defense
against excessive ROS generation. There is evidence that carnosine can
also exert antioxidant activity inhibiting oxidation of lipids (Bogardus
and Boissonneault, 2000; Decker et al., 2001; Nagasawa et al., 2001) and
proteins (Boldyrev et al., 1999a,b; Guiotto et al., 2005a; Hipkiss et al., 1998a;
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Kang et al., 2002; Kim and Kang, 2007; Quinn et al., 1992). The dipeptide
can scavenge hydroxyl radicals (Tamba and Torreggiani, 1999), which are
the most damaging ROS. Hydroxyl radicals are generated from hydrogen
peroxide in the presence of bivalent metal ions such as copper; hydrogen
peroxide is formed by the action of superoxide dismutase on superoxide
anions. Carnosine can also scavenge at least two other deleterious ROS,
the hypochlorite anion (OCl�) (Hipkiss et al., 1998a; Quinn et al., 1992),
which is formed from superoxide and chlorine ions by the action of
myeloperoxidase, and peroxynitrite (ONOO�) (Fontana et al., 2002)
which is formed by the reaction of superoxide with nitric oxide. Conse-
quently, it is theoretically possible that carnosine could prevent damage
mediated by these ROS in vivo.

XII. CARNOSINE AND NONENZYMIC PROTEIN
GLYCOSYLATION (GLYCATION)

Other sources of age-related macromolecular damage are metabolic alde-
hydes and ketones. And the best investigated example is the chemical
process, originally described in cooking, called the Maillard or browning
reaction. This process, originally termed nonenzymic protein glycosyla-
tion, but now called glycation, involves the reaction of a reducing sugar
such as glucose with an amino group of a protein, eventually producing a
highly complex brown product, now known as advanced glycation end-
products (AGEs) (Suji and Sivakami, 2004). In fact, it turns out that glucose
is the least reactive of all the commonmetabolic sugars due to the fact that
its aldehyde group is 99.99% unavailable for reactivity because of the
predominant cyclic form of the glucose molecule. Other common sugars
such as galactose and fructose are much more reactive than glucose;
indeed diets high in galactose and fructose are frequently employed
experimental tools to induce diabetes-like symptoms in laboratory ani-
mals (Wang et al., 2008). It has also been found that certain metabolic
intermediates and their by-products, if present in excess, can glycate
proteins (Brownlee, 1995; Thornalley, 1999), DNA (Barea and Bonatto,
2008), and amino lipids (Lankin et al., 2007) very rapidly indeed to gener-
ate products very similar to those found in senescent cells and organisms.

As described above, carnosine was shown in the 1990s to exert antia-
ging effects in cultured cells, and the question arose about the mechanism
(s) involved. When this work was initiated, carnosine was usually
regarded as an antioxidant (Kohen et al., 1988) but as other and better
antioxidants did not exert the antiaging/rejuvenating effects on cultured
fibroblasts, this suggested that additional activities were necessary to
explain its actions. It was suggested that carnosine’s structure resembled
preferred protein glycation sites and it was demonstrated that the
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dipeptide did indeed possess antiglycating activity (Hipkiss et al., 1995a).
It inhibited protein glycation, subsequent cross-linking (Hipkiss et al.,
1998a), and formation of AGEs induced by a variety of reactive aldehyde
and carbonyl compounds (glucose, deoxyribose, ribose, fructose, dihy-
droxyacetone, malondialdehyde, acetaldehyde, formaldehyde, and
methylglyoxal) (Brownson and Hipkiss, 2000; Hipkiss and Chana, 1998;
Hipkiss et al., 1998b, 2002). These observations have been confirmed and
greatly extended by other workers (Burcham and Pyke, 2006; Gugliucci
et al., 2002; Seidler, 2000; Seidler et al., 2004; Yan andHarding, 2005; Ukeda
et al., 2002; see also references in Hipkiss, 2005), who have detailed the
chemistry of the various carnosine–carbonyl adducts generated (Aldini
et al., 2002, 2005; Carini et al., 2003; Liu et al., 2003). A carnosine–carbonyl
adduct, formed between the dipeptide and hydroxynonenal, has been
isolated from oxidatively stressed biological tissue (Orioli et al., 2005)
and, furthermore, detected in rat urine (Orioli et al., 2007). Given that
tissue levels of carnosine are generally higher in humans than in rodents
(Hipkiss and Brownson, 2000), it is anticipated that similar adducts will
be detected in human tissues.

Having shown that carnosine can suppress the reactivity of lowmolec-
ular weight carbonyl compounds by simply reacting with the deleterious
glycating agents, we suggested that carnosine could react with carbonyl
groups generated on macromolecules such as aminolipids and proteins
following oxidation or glycation. Using radiolabeled carnosine, we
showed (Brownson and Hipkiss, 2000), at least at the test-tube level,
that the dipeptide could indeed react with protein-bound carbonyl
groups, and the term ‘‘protein carnosinylation’’ was coined. As yet, how-
ever, no evidence for the presence of ‘‘carnosinylated’’ protein has been
obtained from biological tissue. However, protein g-glutamyl-carnosine
adducts have been detected (Kuroda and Harada, 2002) in animal muscle.
There are a number of differing explanations that could account for the
formation of these adducts. The g-glutamyl-carnosine adduct may derive
from the reaction of carnosine with the transient carbonyl group gener-
ated during the spontaneous deamidation of a glutamine residue (Kuroda
and Harada, 2002). Another possibility is that adduct formation results
from the action of transglutaminase on a protein glutamine residue and
carnosine producing a g-glutamyl-carnosine residue in the protein;
subsequent proteolysis would release the free g-glutamyl-carnosine
adduct. A third explanation is the reaction of carnosine with glutamate
semialdehyde, formed following ROS-mediated oxidation of a protein
arginine residue; subsequent hydrolysis again releasing the free adduct.
As noted above, although no ‘‘carnosinylated’’ protein has been detected,
a ‘‘carnosinylated’’ lipid has been detected in human muscle (Schroder
et al., 2004), possibly arising from the reaction of an oxidized (amino)-lipid
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with carnosine. Indeed, carnosine has been shown to inhibit MG-induced
glycation of LDL and formation of foam cells in vitro (Rashid et al., 2007).

There is one study which investigated the effects of carnosine on
formation of protein carbonyls in cultured cells following exposure to
glucose degradation products present in sterilized peritoneal dialysis
fluids. It was shown that preexposure of cultured mesothelial cells to
20 mM carnosine suppressed ROS generation and formation of protein
carbonyls induced by the glucose degradation products (Alhamdani et al.,
2007a,b). The mechanism by which this protection was exerted remains
uncertain, however; possibilities are (i) the extracellular carnosine may
simply react with the deleterious carbonyl compounds extracellularly;
(ii) intracellular carnosine reacts with the carbonyl compounds thereby
preventing their interaction with intracellular macromolecules; and
(iii) carnosine reacts with protein carbonyls forming ‘‘carnosinylated’’
proteins. This problem should not be difficult to resolve experimentally.

Deleterious protein cross-linking can also be induced by reactive
nitrogen species (RNS) such as peroxynitrite ONOO formed by the reac-
tion of superoxide with nitric oxide (NO). The cross-links are formed
between tyrosine residues following nitration by peroxynitrite (Sitte,
2003). Carnosine appears to play roles not only in NO generation but
also in protection against excess NO production by inducible nitric oxide
synthetase (NOS), thereby preventing ONOO-mediated protein modifi-
cation (Fontana et al., 2002). Evidence for a carnosine–NO adduct has also
been published (Nicoletti et al., 2007).

XIII. CARNOSINE AND PROTEOLYSIS OF ALTERED PROTEINS

As noted above, accumulation of altered protein forms is a common
feature of aging, which can be explained by either, or both, increased
generation of the aberrant polypeptides or a decrease in cellular ability to
eliminate them by selective proteolysis (Hipkiss, 2006a). In the past few
years, much evidence has emerged showing that cell senescence is accom-
panied by decreases in either, or both, proteasome- and autophagy-
mediated proteolysis (Bergamini et al., 2007; Bulteau et al., 2006; Carrard
et al., 2002; Donati, 2006; Martinez-Vicente and Cuevo, 2007; Ngo and
Davies, 2007; Vernace et al., 2007a). Indeed, upregulation of either, or
both, proteasome and autophagic activity has been shown to delay
onset of the senescent state in cultured cells (Bergamini et al., 2007;
Chondrogianni and Gonos, 2007; Donati, 2006; Hansen et al., 2008;
Vernace et al., 2007b). Quite why these proteolytic activities decline dur-
ing aging is uncertain; possible explanations include inhibition of protea-
some activity by cross-linked proteins (Carrard et al., 2002; Ding and
Keller, 2001), and accumulation of lipoprotein cross-linked material
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(lipofuscin) in the autophagosomes (Dahlmann, 2007; Tatsuta and
Langer, 2008). Also it should be noted that participation of chaperone
proteins is necessary for the recognition, delivery, and degradation of
altered proteins (Leidhold and Voos, 2007; Otto et al., 2005; Rakwalska
and Rospert, 2004). This may help explain why increased expression of
certain chaperone proteins can extend life span in some organisms as well
as protect against heat and other stressing agents (Liao et al., 2008Morrow
and Tanguay, 2003; Rattan, 2006).

Although carnosine’s ability to suppress both formation and reactivity
of some of the age-associated macromolecular modifications (e.g.,
protein–protein cross-links and protein AGEs) could contribute to its
apparent antisenescent effects, these prophylactic actions cannot by them-
selves explain the dipeptide’s apparent rejuvenating activity towards
cultured human fibroblasts observed by McFarland and Holliday (1994,
1999). It is possible that carnosine may stimulate proteolysis. We obtained
preliminary evidence that protein breakdown is increased in ‘‘old’’ fibro-
blasts when cultured with carnosine (Hipkiss et al., 1998b), while
Bharadwaj et al. (2002) showed that the dipeptide stimulated proteolysis
of HIF-1a protein in cultured cardiomyocytes. Carnosine was also shown
to stimulate neutral (nonlysosomal) protease activity in cell-free extracts
from rat brain (Bonner et al., 1995). Intracellular elimination of aberrant
polypeptides mostly, though not exclusively, involves the proteasomes,
and recent evidence suggests that nitric oxide can stimulate proteasomal
activity (Kotamraju et al., 2006; Thomas et al., 2007). It is possible that
carnosine can upregulate NOS as it has been suggested that carnosine
itself is the source of NO rather than arginine (Alaghband-Zadeh et al.,
2001). Therefore, in addition to decreasing the formation of glycated and
cross-linked protein which can inhibit proteasomal activity, carnosine
may actually stimulate proteasomal function to improve the elimination
altered protein forms. This proposal should be easy to test using cell
culture and in tissues of aging animals fed a carnosine-enriched diet.

XIV. CARNOSINE AND GENE EXPRESSION

Carnosine can affect gene expression. Ikeda et al. (1999) showed that
carnosine markedly upregulates vimentin synthesis in cultured rat fibro-
blasts, while an association between carnosine and vimentin, a cytoskele-
tal, intermediate filament protein has been noted in glial cells and neurons
(Bonfanti et al., 1999). Interestingly, it has also been shown that the
protease, oxidized protein hydrolase (OPH), is coexpressed with vimen-
tin in COS cells (Shimizu et al., 2004). Thus, it is at least possible that
carnosine could induce synthesis of OPH in the cultured human fibro-
blasts and thereby increase the cellular ability to eliminate oxidized
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polypeptides. While much more needs to be done to confirm or refute
many of these proposals, they could help to explain carnosine’s rejuve-
nating actions of cultured human fibroblasts, particularly as increased
protein turnover is a well-recognized antiaging strategy (Hipkiss, 2003).
However, it should be noted that excessive proteolysis may contribute to
the aging phenotype as in the case of age-related muscle wastage or
sarcopenia.

It has recently been reported that vimentin is very readily and specifi-
cally glycated in cultured human fibroblasts (Kueper et al., 2007). The
biological significance of this observation is at present uncertain but the
fact that carnosine seems to mimic preferred glycation sites and appar-
ently promotes expression of a protein (vimentin) which is itself highly
susceptible to glycation may not be entirely coincidental and should be
explored. Other studies have shown that activated macrophages secrete
vimentin, an intermediate filament protein, which may play a role in
bacterial killing and generation of oxidative metabolites (Mor-Vaknin
et al., 2003). It is possible that the released vimentin helps to quench any
excess glycoxidation species that are generated by activated leukocytes.

It has recently been shown that senescent human fibroblasts accumu-
late a particular stress protein modified by glycation (Unterluggauer et al.,
2008). It was found that heat cognate protein Hsc70 appears to be a target
for selective glycation in senescent fibroblasts. One conjectures therefore
whether the generation of the highly glycated Hsc70 protein (Hsc70AGE)
is part of a triggering or sensing mechanism for the induction of stress-
induced senescence, and, furthermore, whether carnosine’s antisenes-
cence effects might be related to its ready glycation thus sparing the
Hsc70 protein from modification.

A form of rejuvenation of the senescent phenotype occurs in phorbol
ester-treated U937 leukemia cells and that changes in proteolytic activity
and vimentin expression are involved (Hass, 2005). It has been known for
some time that the enzyme poly-ADP-ribose-polymerase-1 (PARP-1)
plays an important role in suppressing cellular senescence and the
response to cellular stress. Recent studies have shown that PARP-1 can
associate with and strongly stimulate the 20S proteasomes, an activity
which is involved in the selective degradation of oxidized proteins (Selle
et al., 2007). It appears that PARP-1 catalyzes the synthesis of poly-ADP-
ribose (from NADþ units) and becomes attached to various acceptor
proteins located in the nucleus. One conjectures whether there is any
parallel between the metabolic changes which accompany the rejuve-
nation phenomenon described above, and carnosine’s apparent ability
to control vimentin expression, its proposed effects on proteolytic activity,
its potential to react with glycating agents such as ADP-ribose, and its
ability to induce cellular rejuvenation in cultured human fibroblasts
described by McFarland and Holliday (1994, 1999).
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XV. CARNOSINE, ANTICONVULSANTS, AND AGING

Another form of protein dysfunction which accompanies aging is the
spontaneous deamidation of asparagine residues which can result in the
generation of isoaspartate residues in proteins. The enzyme protein-
isoaspartate-methyltransferase (PIMT) plays an important role in the
repair of isoaspartate residues converting them into the normo-form via
formation of a cyclic succinimide intermediate (Zhu et al., 2006). A recent
study has shown that hydroxylamine can selectively cleave this inter-
mediate generating a normal C-terminal fragment plus an N-terminal
fragment with either an aspartyl-N-hydroximide or an aspartyl dihydrox-
amate residue at its C-terminal end (Zhu and Aswad, 2007). It is interest-
ing that hydroxylamines can, like carnosine, delay senescence in cultured
human fibroblasts (Atamna et al., 2000) and react with carbonyl groups
(Hipkiss, 2001). Given its basic nature, one therefore speculates whether
carnosine could similarly cleave peptide bonds at isoaspartate residues,
possible even in vivo, and this action may further contribute to the
dipeptide’s antiaging activity. Such action could generate carnosine
adducted to N- and C-terminal protein fragments which would be easy
to detect, should they exist.

Studies in aging models using nematode worms have shown that
anticonvulsants (valproic acid, volpramide, trimethadione, and ethosux-
imide) extend life span (Evason et al., 2005; Hughes et al., 2007). Some
anticonvulsants also upregulate carnosine levels in mouse brain and
homocarnosine levels in human brain (Petroff et al., 1998, 2006). Both
carnosine and homocarnosine also have anticonvulsant activity in mice,
rats, and humans (Jin et al., 2005; Kozan et al., 2008; Petroff et al., 1998;
Wu et al., 2006; Zhu et al., 2007). It is also thought, however, that
carnosine’s anticonvulsant action is exerted via a carnosine–histidine–
histamine pathway (Zhu et al., 2007) activating histaminergic, GABAer-
gic, and glutamicergic systems (Kozan et al., 2008).

Whether there is any other connection between anticonvulsant activity
and carnosine’s antiaging actions is obviously highly speculative. It may
be relevant to note that epileptic seizures and a shortened life span,
together with altered protein accumulation, are consequences of PIMT-
deficiency in mice, while treatment with valproic acid, an anticonvulsant,
partially suppresses these symptoms including effects on life span
(Yamamoto et al., 1998). Conversely, PIMT overexpression can increase
life span of Drosophila (Bennet et al., 2003). Furthermore, the chemistry
of some anticonvulsants (ethosuximide) resembles quite closely
the structure of the succinimide intermediate formed during both aspara-
gine deamidation and PIMT-mediated repair of isoaspartate residues.
One conjectures whether there are any relationships between these
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observations particularly because PIMT levels are 50% downregulated,
posttranslationally, in epileptic human hippocampus (Lanthier et al.,
2002), leading to the accumulation of aberrant tubulin.

Another speculation which can be offered in this context is whether
carnosine stimulates PIMT expression. It is known that small molecules
regulate expression of PIMT mRNA. For example, R-(�)-deprenyl
(Huebscher et al., 1999), lithium, and valproic acid (Lamarre and
Desrosiers, 2008) can upregulate PIMT, while the cyclic tripeptide
argininyl–glycyl–aspartyl inhibits PIMT expression (Lanthier and
Desrosiers, 2006). One wonders therefore whether carnosine is an activator
of PIMT expression functioning at either transcriptional or translational
levels; both the isoaspartyl residue in the protein to be repaired and carno-
sine contain b-peptide bonds. It may only be coincidental that PIMT expres-
sion decreases with tumor malignancy (Lapointe et al., 2005) and carnosine
can inhibit tumor cell growth (Holliday and McFarland, 1996).

The biological role of PIMT involves the selective methylation of iso-
aspartate residues followed by a demethylation step to reform the succi-
nimide intermediate. The demethylation causes the release of methanol
which can be converted to formaldehyde and finally to formic acid, as
demonstrated in rat brain preparations. It was found that S-adenosyl-
methionine (SAM), the methyl donor, caused formaldehyde levels to rise
in the rat brain homogenates, thus suggesting that excessive formalde-
hyde may be a precipitating factor in Parkinsons’s disease (PD) (Lee et al.,
2008). It is possible that carnosine could suppress formaldehyde toxicity
by reacting with it to generate a carnosine–formaldehyde adduct. This
should be a relatively easy experiment to perform to test this prediction.

XVI. CARNOSINE AND DIETARY RESTRICTION-MEDIATED
DELAY OF AGING

There is much evidence that caloric restriction (CR) can delay aging and
onset of much age-related pathology in many species, and increase maxi-
mum life span (see Partridge and Brand, 2005; and references cited
therein). Recent observations suggest that fasting periods, rather than a
decrease in overall caloric intake per se, may be the cause of these effects
(Goodrick et al., 1990; Mager et al., 2006; Masternak et al., 2005; Mattson
and Wan, 2005). The mechanisms involved remain uncertain but they are
currently thought to involve an interaction between gene expression and
carbohydrate metabolism. Genetic studies have indicated that histone/
protein deacetylase (sirtuin) activities have important roles in the CR
phenomenon (Guarente, 2000; Westphal et al., 2007). Coupled with the



104 Alan R. Hipkiss
sirtuin-mediated deacetylation reaction is the conversion of NADþ to
ADP-ribose and nicotinamide (Lin et al., 2000; Medvedik et al., 2007).

There are a number of theoretical locations where carnosine might
have some influence on sirtuin-mediated protein deacetylation and ADP-
ribose metabolism. First, carnosine can behave as an acetyl acceptor by
forming N-acetyl-carnosine. Secondly, ADP-ribose, a product of sirtuin-
mediated NAD-coupled protein deacetylation, is a potent glycating agent.
Hence carnosine could be the ultimate acceptor for ADP-ribose by gen-
erating as adduct, ADP-ribosyl-carnosine. A third possibility concerns the
polyADP-ribosylation of certain proteins, as a consequence of oxidative
stress, carried out by a PARP, using NADþ as the ADP-ribose source.
A number of studies have shown that PARP is involved in aging regula-
tion and may protect cells against senescence (Burkle et al., 2005; Hass,
2005). Again, given the glycating potential of ADP-ribose and carnosine’s
antiglycating and antiaging properties, one speculates on whether the
dipeptide plays a role in either the formation or, following proteasomal
activity on the poly-ADP-ribosylated proteins (Selle et al., 2007), the
subsequent depolymerizition of the modified protein. However, no
carnosine–ADP-ribose adduct has been reported.

Another possible explanation of the effects of dietary restriction (DR)
on the aging process might involve a decrease in glycolysis which inevi-
tably accompanies DR-induced fasting periods (Hipkiss, 2006b). This
could result in a decrease in the production of the highly deleterious
glycolytic by-product, methylglyoxal (MG), whose reactivity towards
proteins carnosine can inhibit (Brownson and Hipkiss, 2000; Hipkiss
and Chana, 1998). It is possible that control of sirtuin activity by
NADþ/NADH levels can also influence generation of altered proteins
by increasing or decreasing MG generation. NADþ is essential for the
conversion of the glycolytic intermediate glyceraldehyde-3-phosphate
(G3P) to 1,3-diphosphoglycerate (1,3-DPG) by glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) which also yields NADH. In the ad
libitum-fed (AL) condition, it is likely that NADþ levels would be low
and NADH levels high due to continuous glycolysis. This would limit
GAPDH activity and promote G3P accumulation, together with its imme-
diate precursor dihydroxyacetone phosphate (DHAP). It is important to
note that both G3P and DHAP are very effective glycating agents which
can readily modify protein amino groups, etc. More importantly, how-
ever, both G3P and DHAP can spontaneously decompose into MG, the
exceedingly toxic glycating agent that may also be responsible for much
of the protein/lipid glycation observed during hyperglycaemic condi-
tions. Indeed there are a number of observations suggesting that MG
can induce ROS production and many of the deleterious physiological
and biochemical changes characteristic of the aged phenotype
(Cantero et al., 2007; Desai and Wu, 2008; Dhar et al., 2008; Han et al., 2007;
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Jia andWu, 2007; Schalkwijk et al., 2008; Vander Jagt, 2008; Yamawaki et al.,
2008; also see Hipkiss, 2006b, 2008a; and references therein). Carnosine’s
ability to react with MG (Brownson and Hipkiss, 2000; Hipkiss and Chana,
1998) couldconceivably contribute to inhibiting thedeleteriouseffectsof this
highly reactive endogenous glycating agent, especially in tissues where
glycolysis is extensive or persistent.

In DR conditions during the fasting periods, NADH would be meta-
bolized by the mitochondria and NADþ regenerated, thus allowing G3P
oxidation, preventing DHAP build-up and MG production, and thereby
decreasing the incidence of protein and lipid glycoxidation. This model
(see Fig. 3.2) would also explain the so-called oxygen paradox where
increased mitochondrial function (aerobic metabolism) is found to be
beneficial with respect to aging and many related conditions (Hipkiss,
2008a).

It is also possible that protein AGEs have a major role in affecting
aging in animal models. Cai et al. (2008) have recently demonstrated that
an oral glycotoxin (protein AGE made by treatment of albumin with MG)
can substantially abolish many of the beneficial effects that CR exerts on
aging, at least in mice. They found that the presence of the AGE (MG-
modified protein) in the diet of CR mice promoted an age-related increase
in oxidative stress similar to that observed in animals fed ad libitum; the
life span of the AGE-treated mice was also decreased to that observed in
the ad libitum-fed mice. It was concluded that as normal laboratory
mouse food contains large amounts of protein AGEs, any reduction of
food intake will automatically decrease the AGE load. It therefore follows,
somewhat controversially, that the explanation of the beneficial effects of
CR on organism life span may have little to do with decreased calorie
intake, but instead reflects the effects of AGEs, exogenous, and endoge-
nous, via MG generation. It has been proposed (Hipkiss, 2007b, 2008a,b,c)
that dietary restriction, induced by CR or intermittent fasting, will
decrease MG formation and thereby lower endogenous AGE generation,
compared to animals fed ad libitum in which MG levels are likely to be
raised due to increased frequency of food intake.

Many other studies have suggested that MG is a major source of
metabolically generated AGEs which in turn can affect organism life
span, especially as MG can provoke many of the deleterious changes
associated with aging (see Hipkiss, 2008a,b,c; and references therein).
For example, mutation in the gene coding for triose phosphate isomerase
which provokes the accumulation of the MG precursor dihydroxyacetone
phosphate, induce a shortened life span in Drosophila (Celotto et al., 2006;
Gnerer et al., 2006). Defects in the enzyme responsible for the detoxifica-
tion of MG, glyoxalase-1, shortens life span of the Caenorhabditis elegans
(Morcos et al., 2008), while overexpression of glyoxalase-1 can extend life
span in the nematode (Morcos et al., 2008). There is a substantial body of
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evidence suggesting that increased MG production has a causal role in
much diabetes-associated pathology (see Ahmed and Thornalley, 2007;
and references therein)

The variation in tissue susceptibility to these and other aging-induced
changes may partly result from differing levels of those molecules
(glutathione, polyamines, carnosine, creatine, pyridoxamine, glyoxalases
1 and 2) which normally exert protective activity against glycoxidating
agents such as MG. It is also possible that intermittent glycolysis could be
hormetic by upregulating synthesis of some of these defense molecules
(Hipkiss, 2007b). Interestingly, carnosine has also been described as a
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glyoxalase mimetic (Battah et al., 2002), in addition to its other protective
activities. Nevertheless, carnosine’s ability to protect against MG toxicity
may be important physiologically especially with respect to the changes
responsible for aging and related pathologies (see Fig. 3.3).

Intracellular carnosine concentration may be subject to metabolic reg-
ulation. Destruction of the dipeptide by carnosinase is stimulated by
citrate (Vistoli et al., 2006), thus raising the possibility that inhibitory
molecules could be created to prevent destruction of the dipeptide in
sera. Carnosine’s synthesis by carnosine synthetase is downregulated by
raised cAMP levels (Schulz et al., 1989), at least in astrocytes. Thus, high
glucose concentrations could lower cAMP levels and hence stimulate
carnosine synthesis.

It is interesting that many of the studies using model organisms to
study how aging is delayed by genetic, physiological, and dietary means
have a common feature, that is the upregulation of mitogenesis
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(Anderson et al., 2008; Bonawitz et al., 2007; Cunningham et al., 2007;
Guarente, 2008; Hipkiss, 2008b; Lopez-Lluch et al., 2008; Rodgers et al.,
2008; Soh et al., 2007). This effect is also induced by increased aerobic
exercise in mammals where many of the symptoms of aging are sup-
pressed. One possible explanation is that the stimulation of synthesis of
mitochondria also increases synthesis of the necessary chaperone proteins
which are required for maintenance of protein quality in the growing
organelle and the cytosol. Hence, as these proteins also participate in the
elimination-altered proteins arising from postsynthetic damage, it is
likely that the increased ability to recognize and degrade the aberrant
proteins due to erroneous protein synthesis will also improve overall
cellular stress-resistance and enhance longevity. Carnosine, when com-
plexed with zinc ions, has been shown to stimulate expression of certain
stress proteins, for example, Hsp72 (Odashima et al., 2002, 2006; Mikami
et al., 2006; Wada et al., 2006). Furthermore, carnosine may also stimulate
synthesis of the stress hormone corticosterone (discussed below) which
may in turn upregulate expression of a number of stress proteins.
Although very hypothetical these suggestions are relatively easy to test.
That the stress protein Hsc70 becomes preferentially glycated in senescent
cells and that synthesis of vimentin, another readily glycated protein, is
induced by carnosine is perhaps indicative of a relationship between
these factors; for example, could upregulation of vimentin synthesis
compete with Hsc70 glycation and help delay onset of stress-induced
premature senescence?

XVII. CARNOSINE, REGULATION OF PROTEIN
SYNTHESIS, AND AGING

It has recently been shown that carnosine can also exert suppressive
effects on mRNA translation initiation (Son et al., 2008); the dipeptide
inhibited interleukin-8 mRNA translation by suppressing phosphoryla-
tion of initiation factor eIF4E in peroxide-activated intestinal epithelial
cells and Caco-2 cells. eIF4E Phosphorylation is required for effective
mRNA translation, which explains the observed carnosine-mediated
decreased synthesis of the proinflammatory cytokine. Carnosine also
inhibited phosphorylation of other regulatory proteins ERK1/2 and p38
MAP kinase (Son et al., 2008). This may be important as Davis et al. (2005)
have shown that accelerated aging can be suppressed by inhibiting p38
MAP kinase phosporylation. The mechanism by which carnosine sup-
presses kinase phosphorylation is unknown, but it could be a conse-
quence of decreased glycoxidative damage within the cell, due to the
presence of carnosine, rather than direct participation of the dipeptide
in the signaling pathway.
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Defective eIF4E limits mRNA translation initiation and results in life
span extension in C. elegans since studies show that aging can be delayed
by partial inhibition of protein synthesis. Studies in C. elegans revealed
that senescence was delayed, stress resistance enhanced, and life span
extended in eIF4E mutants (Pan et al., 2007; Syntichaki et al., 2007). Simi-
larly, life span of C. elegans was extended and stress resistance enhanced
when translation was inhibited where synthesis of eleven ribosomal
proteins was suppressed using inhibiting-RNAs (RNAi) (Hansen et al.,
2007). Certain ribosomal protein defects also have beneficial effects on
yeast longevity (Chiocchetti et al., 2007). Explanation of these effects is
uncertain (Kaeberlein and Kennedy, 2007), but it is possible that a lower
rate of bulk protein synthesis, resulting from decreased translation initia-
tion frequency, also lowers synthesis of error-proteins (Hipkiss, 2007c).
This lowered production of biosynthetic aberrant proteins could directly
lower the load that the chaperone and proteolytic apparatus must deal
with: the chaperone/proteolytic apparatus is responsible for the elimina-
tion of altered protein generated postsynthetically as well as those formed
by biosynthetic errors. Compared to normal gene products, error-proteins
are more readily glycated and oxidatively damaged by ROS (Dukan et al.,
2000; Fredriksson et al., 2006) than the normal gene products, thus the
mutant organisms would generate fewer protein carbonyls, that normally
characterize the senescent state (Stadtman, 1992) than the wild type.
Consequently, the decreased level of biosynthetic error-proteins would
not only decrease formation of protein carbonyls but also increase the
relative availability of chaperone and proteolytic activities for the recog-
nition and elimination of altered proteins arising from deleterious
postsynthetic modification (Hipkiss, 2007a).

Interestingly, methionine restriction (40% and 80%) also delays aging
in rodents (Miller et al., 2005; Naudi et al., 2007). Methionine is the initiat-
ing amino acid in protein biosynthesis; therefore, this could again indicate
that decreased translation initiation is an effective antiaging strategy by
decreasing biosynthetic formation of error-proteins, similar to the effects
of the defective eIF4E initiation factor in nematodes outlined above
(Hipkiss, 2008c). It is possible that because carnosine’s also has inhibitory
effects on eIF4E activity and slows protein synthesis, the beneficial effects
on fibroblast senescence and life span could be mediated via a similar
mechanism in human cells.

XVIII. CARNOSINE AND CORTICOSTEROIDS

A recent study has shown that intracerebroventricular carnosine admin-
istration stimulates corticosterone release in chick brain (Tsuneyoshi
et al., 2007). Studies performed some 30–40 years ago showed that
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hydrocortisone or cortisone (Cristofalo and Kabakjian, 1975; Macieira-
Coelho, 1966) have positive effects on the growth and life span of cultured
human fibroblasts. These findings have recently been reactivated where
the beneficial effects of glucocorticoids towards cultured human fibro-
blasts have again been demonstrated (Kletsas et al., 2007). Given that
carnosine can also affect fibroblasts life span in a positive manner
(McFarland and Holliday, 1994), it is at least conceivable that carnosine’s
action is mediated via glucocorticoid upregulation. A recent study at the
whole animal level has revealed mixed results however, Caro et al. (2007)
showed that 4 weeks chronic treatment with corticosterone decreased
markers of lipid peroxidation but protein glycoxidation and oxidative
damage to mitochondrial DNA were both increased in rat liver. Clearly,
this is another research area which should be explored.

XIX. CARNOSINE AND AGE-RELATED PATHOLOGY

Accumulation of altered protein forms, particularly protein carbonyl
groups, is not only the most common biochemical signature of aging
(Levine, 2002) but such aberrant polypeptides are associated with many
age-related diseases (Dalle-Donne et al., 2003) as well. As carnosine has
the potential to intervene in a number of processes that possibly contrib-
ute to the phenomenon we call aging, particularly where generation of
altered proteins is involved, it follows that the dipeptide may have some
beneficial effects with respect to either the causation or progression of
those age-related conditions which also involve accumulation of aberrant
protein forms. Table 3.5 lists the possible conditions against which carno-
sine might exert some therapeutic effects. It should be emphasized that
this list is, for the most part, purely speculative and considerable amounts
of work needs to carried out to verify or eliminate these suggestions.

XX. CARNOSINE, DIABETES, AND SECONDARY
COMPLICATIONS

The secondary complications of diabetes include cardiac and circulatory
disorders, peripheral neuropathy, cataractogenesis, and stroke. Over the
past decade it has become increasingly evident that much diabetes-
associated pathology derives from hyperglycaemia where glucose, or
more likely its metabolites and by-products, chemically modify intracel-
lular and extracellular proteins and aminolipids via the process called
glycation (Ahmed and Thornalley, 2007; Goh and Cooper, 2008;
Magalhaes et al., 2008; Singh et al., 2001; Vlassara and Palace, 2002). The
process is termed nonenzymic glycosylation or glycation to distinguish it



TABLE 3.5 Potential age-related conditions against which carnosine could be explored

therapeutically

� Diabetes and diabetic complications
� Ischemia
� Neurodegeneration
� Osteoporosis
� Deafness
� Slow wound healing
� High blood pressure
� Heart disease
� Cataractogenesis
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from the enzyme-mediated attachment of sugars to proteins or lipids
required for proper cell function/distribution. It should be noted that
glycation of proteins mediated by glucose is relatively slow, but other
common sugars such as galactose or fructose are much more rapid.
Furthermore, there is much evidence that certain metabolic intermediates
of glucose catabolism (via glycolytic pathway) can almost immediately
glycate intracellular and extracellular proteins. As noted above, MG is
particularly damaging (Cantero et al., 2007; Desai and Wu, 2008; Dhar
et al., 2008; Gomes et al., 2008; Kalapos, 1999; Mirza et al., 2007; Nakayama
et al., 2008; Wang et al., 2007; Yander, 2008; Yao et al., 2007) and many
studies have suggested that MG is the primary source of much of the
deleterious protein glycation which is responsible for diabetic complica-
tions (see Rabbani and Thornalley, 2008; Wang et al., 2008 for recent
reviews). Hence there has been an extensive search for agents which
possess antiglycating activity which may be employed to suppress AGE
formation and attendant diabetic complications. It was suggested some
time ago that carnosine might be a candidate antiglycating agent for the
control of secondary diabetic complications (Hipkiss, 1998; Hipkiss et al.,
1995a,b).

Carnosine may help suppress some features of aging at cellular and
whole organism levels, possibly by inhibiting the reactivity of ROS and
deleterious aldehydes including formation of AGEs (Hipkiss et al., 2002).
It is theoretically possible that the dipeptide is beneficial towards those
conditions where formation of protein AGEs plays important and most
likely causal roles. Even in complication-free diabetics, the levels AGE
precursors such as MG and glyoxal are elevated in their sera (Han et al.,
2007). So it is likely that carnosine and other carbonyl scavengers might
exert beneficial effects towards diabetes and its secondary complications
(Hipkiss, 2005). Lee et al. (2005) have indeed demonstrated that die-
tary carnosine suppresses a number of diabetic complications in mice.
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There is also evidence indicating that low cellular carnosine levels are
associated with diabetes (Gayova et al., 1999; Nagai et al., 2003). A recent
study has shown that carnosine can inhibit formation of glycated low-
density lipoprotein which normally provokes formation of foam cells
associated with circulatory disorders which characterize diabetic compli-
cations (Rashid et al., 2007). Furthermore, carnosine can decrease blood
pressure in rats (Nagai et al., 2003; Tanida et al., 2005) and possesses
vasodilatory activity (Ririe et al., 2000); hypertension is another conse-
quence of diabetes. It has been shown that the toxic effects of fructose and
high glucose levels on blood pressure might be mediated via the genera-
tion of MG (Wang et al., 2006). MG not only induces peroxynitrite pro-
duction in vascular smooth muscle cells (Chang et al., 2005) but also plays
a causative role hypertension (Wu, 2006). Clearly, if carnosine does
indeed scavenge MG in vivo, then it could exert protective effects towards
hyperglycemia-induced hypertension.

Another complication of diabetes is the loss of peripheral neuronal
function. It has recently been shown that carnosine and its zinc complex
can ameliorated progressive diabetic neuropathy in mice (Kamel et al.,
2008), although the zinc–carnosine complex was more effective than the
uncomplexed dipeptide.

An interesting observation is that serum AGE levels are higher in
diabetic vegetarians compared to diabetic omnivors (Krajcovicova-
Kudlackova et al., 2002). This may be because of the absence of carnosine
in vegetarian diets, although a raised intake of fructose by vegetarians is
an alternative explanation.

More evidence that carnosine may possess therapeutic potential
comes from studies on carnosinase in mice and humans. These studies
have shown that higher levels of this enzyme are associated with diabetic
end-stage kidney disease in humans, whereas a lower activity seemed to
be protective (Freedman et al., 2007; Janssen et al., 2005). A further study
using diabetes-prone mice, in which serum carnosine or carnosinase
levels were manipulated, showed that the onset of diabetic complications
was enhanced when carnosinase activity was increased by transgenic
modification with the human carnosinase gene CN1; diabetes was
milder and delayed in animals supplemented with carnosine
(Sauerhofer et al., 2007).

XXI. CARNOSINE AND NEURODEGENERATION

There is evidence from animal studies that carnosine can affect brain
function/activity (Tanida et al., 2007; Thio and Zhang, 2006; Tomonaga
et al., 2004, 2005, 2008; Tsuneyoshi et al., 2007, 2008); furthermore, the
dipeptide is protective against a number of neurotoxic agents, for
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example, N-methyl-D-aspartate (NMDA) (Shen et al., 2007a,b), copper
(Hornung et al., 2000), zinc (Kawahara et al., 2007), ROS (Kim and Kang,
2007; Kim et al., 2004), and RNS (Calabrese et al., 2005). There is
also substantial evidence suggesting that carnosine is protective against
ischemia in the brain and induced seizures; both of these are discussed
separately below.

Many neurodegenerative diseases are age-related, consequently it is
possible that factors which delay general aging could also delay onset
of neurodegeneration. Furthermore, many neurodegenerative diseases
have at least one feature in common, that is the accumulation of altered
proteins, a feature characteristic of aged cells generally. These aberrant
protein forms are found as tangles and amyloid plaque in Alzheimer’s
disease (AD), as Lewy bodies in PD and inclusion bodies in Huntington’s
disease (HD) (Bossy-Wetzel et al., 2004). From first principles, general
explanations for their occurrence are either increased production of
altered proteins or their decreased clearance from the tissue. The likeli-
hood that neurodegeneration is accompanied by dysfunction of either the
ubiquitin/proteasome system (Paul, 2008) and/or the autophagic appa-
ratus (Bandhyopadhyay and Cuervo, 2007) has been recognized for some
time. The possibility that carnosine might stimulate proteolytic activity
by, for example, activating proteasome function by increasing nitric
oxide synthesis (Thomas et al., 2007), or whether it affects autophagy or
chaperone formation/activity, should be explored.

It has long been suggested that ROS may play causal roles in these
diseases and in the production of the aberrant protein molecules
(de Arriba et al., 2006). In addition, protein damage inflicted by RNS has
also been suggested. As discussed above, carnosine has been shown to
possess antioxidant activity and also to react with RNS as well, hence the
molecule has the potential to be considered as a theraupeutic agent
(Calabrese et al., 2008).

There are a number of findings suggesting that agents that facilitate
elimination of protein carbonyls (by either proteolytic elimination or by
enzymically mediated chemical reduction) may suppress neurodegenera-
tive conditions in model systems (Botella et al., 2004). Consequently, as
carnosine may also react with protein carbonyls, it is theoretically possible
that it could suppress formation and/the reactivity of protein carbonyls in
the brain. Whether carnosine participates in carbonyl reductase activity
has not been investigated but it is also a reasonable speculation.

There are numerous examples where carnosine has been demon-
strated to be protective activity against neurotoxic agents. For example,
the dipeptide was shown to protect the mitochondria of cultured astro-
glial cells against nitric oxide-induced damage (Calabrese et al., 2005).
Carnosine was also shown to protect neurofilament-L against oxidative
damage, aggregation, and formation of dityrosine induced by hydrogen
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peroxide and cytochrome c (Kim and Kang, 2007; Kim et al., 2004). Car-
nosine was shown to modulate the neurotoxic effects of copper and zinc
(Hornung et al., 2000). In the following sections, the possible roles for
carnosine as protective agents in specific neurodegenerative conditions
are discussed.

XXII. ALZHEIMER’S DISEASE

The causal events in AD are much discussed but increased oxidative/
glycoxidative damage is acknowledged to play a role. One common
altered protein form which accompanies AD is a small peptide fragment
called amyloid-b-peptide (Ab-peptide). Ab-peptide is generated from a
larger protein called amyloid precursor protein (APP) via the action of
two proteases. It appears that an enzyme (insulin degrading enzyme or
IDE) which normally cleaves the Ab-peptide in the middle declines with
age (Caccamo et al., 2005; Farris et al., 2005; Qiu and Folstein, 2006). The
reason for IDE’s decline in activity is unknown; possibilities include
inactivation by ROS, RNS, or glycating agents, decreased gene expression
and preferential usage in insulin metabolism.

Glycoxidation events have a role in neurodegenerative disorders, and
some recent papers have proposed that MGmay be directly involved (Bar
et al., 2002; Luth et al., 2005; Munch et al., 1997, 2003; Pamplona et al., 2005,
2008; Reddy et al., 2004; Yan et al., 1994). Other reactive aldehydes such as
lipid oxidation products, hydroxynonenal, malondialdehyde, and acro-
lein are additional sources of protein damage. It is theoretically possible
that carnosine or related structures could react with these deleterious
aldehydes and thereby suppress their damaging effects towards proteins
(Hipkiss, 2007a). It may be significant that a low serum carnosine level has
been reported to be associated with AD (Fonteh et al., 2007). Furthermore,
a raised level of protein AGEs in cerebral spinal fluid (CSF) (Ahmed et al.,
2005; Luth et al., 2005; Shuvaev et al., 2001; Yamagishi et al., 2005) is
associated with AD, while homocarnosine levels in CSF generally decline
markedly with age (Huang et al., 2005; Janssen et al., 2005). It may also be
significant that carnosine is enriched in the olfactory lobe (Barkardjiev,
1997; Bonfanti et al., 1999; Sassoe-Pognetto et al., 1993) and a loss of a sense
of smell may be an early symptom of neurodegeneration (Ghanbari et al.,
2004; Kovaks, 2004). Given carnosine’s homeostatic properties outlined
above, it is at leastworth consideringwhether carnosine or homocarnosine
possess therapeutic potential towardAD (Hipkiss, 2007a), especially as the
choroid plexus possesses a carnosine (homocarnosine) transport protein
which may control CSF homocarnosine levels (Teuscher et al., 2004).
While carnosine is absent from human CSF, one speculates that homo-
carnosine might act as an antiglycating agent in CSF (Hipkiss, 2007a). The
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age-related decline in CSF homocarnosine levels (Jansen et al., 2006) could
at least partially explain the observed increase in glycated proteins CSF of
AD patients, as well as the strong relationship between aging and AD.

Many of the proteins which accumulate during neurodegenerative
conditions may also become cross-linked by transglutaminase
(Andringa et al., 2004; Junn et al., 2003; Karpuj and Steinman, 2004;
Selkoe et al., 1982), an enzyme which cross-links the glutamine side
chain to a lysine e-amino group. Transglutaminase protein is also asso-
ciated with many of the inclusion bodies characteristics of AD, PD,
etc. (Junn et al., 2003). It is theoretically possible that carnosine could
substitute for the lysine residue e-amino group in the transglutaminase
reaction (Hipkiss, 2007a) to generate g-glutamyl-carnosine as a hypothet-
ical reaction product. While no such linkage has been reported (or sought)
in neuronal tissue from neurodegenerative brain, the predicted
g-glutamyl-b-alanyl-histidine products have been isolated from animal
muscle tissues (Kuroda et al., 2000). However, as discussed above, it is
possible that such structures might be derived from the spontaneous
deamidation of glutamine residues in close proximity to carnosine or
from the reaction of the dipeptide with oxidatively induced glutamic
semialdehyde.

Carnosine’s copper and zinc ion-chelating activity may also contribute
to suppression of neurodegenerative conditions (Hipkiss, 2005). Zinc has
been reported to be associated with the amyloid which accumulates in
AD brain (Bush and Tanzi, 2002; Danscher et al., 1997; Religa et al., 2006),
while copper ion-mediated oxidation of neuronal proteins may accom-
pany both AD and PD (Smith et al., 2006). Carnosine has been found to
protect cultured neurons against zinc-induced death (Kawahara et al.,
2007).

Cell culture studies have shown that carnosine is protective against the
toxicity of the Ab-peptide which accumulates in the AD brain. The dipep-
tide prevented Ab-peptide (1–42)-induced glutamate release, but
increased expression of the NMDA receptor. It was proposed that carno-
sine’s protective activity was exerted via regulation of glutamate release
and independent of the carnosine–histidine–histamine axis (Fu et al.,
2008). Similarly, Boldyrev et al. (2004c) found that carnosine suppressed
the cytotoxicity of Ab42 in cerebellar granule cells independently of the
dipeptides’ effects on calcium metabolism and ROS generation. Preston
et al. (1998) also showed that the toxicity of the Ab42-related peptide
fragment (25–35) towards rat brain endothelial cells was inhibited by
carnosine and related structures, although the mechanism involved was
not investigated.

There is one explorative study investigating whether there is any
correlation between serum carnosinase levels and dementia. The findings,
using a small sample size, indicate that while there was no significant



116 Alan R. Hipkiss
difference between control patients and those suffering from mixed
dementia or AD, carnosinase activity was higher in patients who regu-
larly exercised (Balion et al., 2007).

XXIII. PARKINSON’S DISEASE

Parkinson’s disease is a neurodegenerative condition associated with the
loss of dopaminergic neurons in a region of the brain called the substantia
nigra pars compacta. The cause of PD is unknown but it seems that the
substantia nigra is particularly susceptible to oxidative damage which in
turn induces mitochondrial dysfunction and increased production of
ROS, accompanied by the accumulation altered protein species which
form aggregates called Lewy bodies. A major component of Lewy bodies
is a protein called a-synuclein, an abundant presynaptic protein, but other
proteins are present in these structures including ubiquitin, transgluta-
minase, and a number of heat-shock proteins.

It appears likely that oxidative events including mitochondrial dys-
function play a major role in PD. Among the deleterious agents thought to
be involved are peroxynitrite and hydroxyl radicals (Yokoyama et al.,
2008). As noted above, carnosine has been shown to inhibit protein
damage mediated by peroxynitrite and hydroxyl radicals in astroglial
cells (Nicoletti et al., 2007). There is some evidence that carnosine can
suppress some of the oxidative damage associated with PD using a model
system, and possibly inhibit fibrillization of a-synuclein (Herrera et al.,
2008).

In order to investigate PD in animal models, one approach is to use a
chemical called 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
known neurotoxin which induces symptoms similar to PD in animals and
humans. When this compound was injected into senescence-accelerated
mice (SAMP1), the animals demonstrated short-term tremor, weight loss
and pronounced rigidity. Changes in the brain were observed including
increased levels of protein carbonyls, lipid hydroperoxides, and mono-
amine oxidase-B activity. However, if these MPTP-treated animals were
also treated with carnosine (100 mg/kg) for 14 days, the weight loss and
rigidity were decreased, as were the levels of protein carbonyls, lipid
hydroperoxides, and monoamine oxidase-B activity in their brains
(Boldyrev et al., 2004a,b,c). These observations seem to suggest that car-
nosine suppresses some of PD-like changes induced by MPTP. At present
it is unknown whether carnosine is similarly beneficial in humans.

It has recently been shown that oxidative damage to glyceraldehyde
dehydrogenase (GDH), an important glycolytic enzyme, occurs in the
frontal cortex in PD patients (Gomez and Ferrer, 2009). Not only would
this limit ATP synthesis and generation of many necessary metabolic
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intermediates, but would also increase formation of MG. As noted above,
MG is a highly toxic agent which rapidly reacts with available protein and
lipid amino groups, and can provoke mitochondrial dysfunction and can
induce many of the biochemical symptoms of aging. As also noted above,
carnosine has been shown to protect proteins against MG-induced
modification.

a-Synuclein is a major component of the Lewy bodies which accom-
pany PD. There is an extensive literature about the roles of a-synuclein
mutations and its metabolism, modification, and modes of aggregation
(Bisaglia et al., 2009). There is some evidence that carnosine can inhibit
a-synuclein oligomerization in a model system (Kang and Kim, 2003; Kim
et al., 2002). Another paper has shown that an early event in Lewy body
diseases is formation of adducts between a-synuclein lysine amino
groups and malondialdehyde (MDA), a lipid peroxidation product, in
the substantia nigra and frontal cortex (Dalfo and Ferrer, 2008). Many
years ago it was shown that carnosine inhibited both MDA-mediated
toxicity in cultured neuronal cells and formation of protein carbonyls
and protein cross-linking (Hipkiss et al., 1997).

It appears that the a-synuclein contains intramolecular cross-links
possibly mediated by tissue transglutaminase (Andringa et al., 2004;
Muma, 2007; Ruan and Johnson, 2007). As noted above there is a theoreti-
cal possibility that carnosine may be a competitive inhibitor for tissue
transglutaminase which could prevent formation of the a-synuclein cross-
links which may prevent Lewy body formation and proteasome
inhibition.

There is evidence that proteasomal function is compromised in PD
(McNaught et al., 2003), which could promote accumulation of
a-synuclein, etc. and consequent inclusion body formation. Mutations in
the genes for at least two proteins, Parkin and ubiquitin carboxyterminal
hydrolase L1, which are components of the ubiquitin–proteasome system
(Pallancke and Greenamyre, 2006) are associated with PD. Additionally,
mutations in the gene for a protein, termed Pink1, which may have a role
in mitochondrial function and appears to associate functionally with
Parkin (Clark et al., 2006), are also associated with PD. One possibility is
that Pink1 regulates a mitochondrial protease HtrA2 also called Omi
(Plun-Favreau et al., 2007) which may be involved in protein quality
control. Whether stimulation of the proteasomal system and/or
chaperone-mediated autophagy by carnosine-induced increased stress
protein synthesis is beneficial to the compromised proteolytic apparatus
is unknown.

A recently proposed explanation of PD involves the formation of
adducts between dopamine and the products of the peroxidation of
arachidonic acid and docosahexanoic acid (Liu et al., 2008b). At least
two compounds, hexanoyl-dopamine and propanoyl-dopamine, derived
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from arachidonic acid and docosahexanoic acids respectively, are cyto-
toxic to cultured neuronal cells via ROS production and mitochondrial
dysfunction. It is conceivable that carnosine could substitute for dopa-
mine as the dipeptide does exhibit antioxidant activity. This suggestion
predicts that hexanoyl-carnosine and propanoyl-carnosine might be gen-
erated. Interestingly it has recently been reported that dietary supplemen-
tation of young pigs with docosahexanoic acid provokes a decrease in
muscle carnosine levels (Li et al., 2008), which may indicate some sort of
relationship between the dipeptide and unsaturated fatty acids and is
consistent with the idea that carnosine and docosahexanoic acid peroxi-
dation products form adducts together.

Although there is no cure for PD, a common treatment to maintain
dopamine supply, and hopefully slow down the degeneration, involves
using L-dopa as a source of dopamine. It has been reported, however, that
some of the monoamine oxidase-generated oxidative metabolites of
L-dopa are neurotoxic, most likely due to the generation of aldehyde
groups on them (Burke et al., 2004). Given carnosine’s avidity for a variety
of metabolic aldehydes (discussed above), it is theoretically possible that
the dipeptide could react with 3,4-dihydroxyphenylglycolaldehyde
(dopal), the product of monomine oxidase activity on L-dopa, especially
as L-dopa treatment in rats elevates dopal levels in their brains 18-fold
(Fornai et al., 2000).

Combining carnosine treatment with L-dopa therapy in PD subjects
has recently been examined in a study using 36 patients (Boldyrev et al.,
2008). It was found that carnosine treatment (1.5 g/day) significantly
improved a number of neurological symptoms including decreased rigid-
ity of the hands and legs, and increased hand movement and leg agility.
At a biochemical level, it was found that the level of protein carbonyls in
blood plasma was decreased after 30 days carnosine treatment; further-
more, the levels of red cell Cu/Zn-superoxide dismutase were increased
in the carnosine-treated PD patients. While these results are very encour-
aging with respect to the efficacy of carnosine with respect to PD and
possible other neurological conditions involving aldehydes and ROS
species, they require much larger and extensive trials to confirm these
findings. Nevertheless, they do seem to indicate that carnosine can exert
some therapeutic benefit despite the presence of serum carnosinases.

There has been another study where carnosine has been employed in
combination with a source of dopamine. Sozio et al. (2008) chemically
linked the b-amino group of carnosine to an L-dopa precursor and then
measured the release of dopamine over a 12-h period in rats. It was found
that when presented as a co-drug the level of tissue dopamine was
retained at higher levels compared to when the animals were given free
L-dopa. There were no major effects of Parkinsonian behavior noted,
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although given the very brief time over which these experiment was
carried out, this is not unexpected.

XXIV. CARNOSINE AND ISCHEMIA

Evidence that carnosine possesses anti-ischemic activity emerged from
Russian studies some years ago (see Stvolinsky and Dobrota, 2000 and
references therein). Since then even more encouraging evidence has been
obtained; the dipeptide has therapeutic potential against a number of
ischemic conditions in brain, liver, heart, and kidney. Studies of brain
ischemia or strokes using animal models (Gallant et al., 2000; Rajanikant
et al., 2007; Tang et al., 2007; Yasuhara et al., 2008) have shown that
carnosine is protective, even when added after the ischemic injury
(Dobrota et al., 2005; Rajanikant et al., 2007; Tang et al., 2007). As part of
the possible explanations for its protective action, it has been suggested
that carnosine’s ability to scavenge the lipid peroxidation products hydro-
xynonenal (Tang et al., 2007) and malondialdehyde (Dobrota et al., 2005)
help to compensate for any ischemia-induced deficit in antioxidant activ-
ity. It has also been shown in the postischemic mouse brain that carnosine
treatment, 2 h following the experimental stroke, caused a decrease in ROS
levels and matrix metalloproteinase protein levels and activity, whereas
glutathione levels were preserved (Rajanikant et al., 2007). It appeared
that carnosine treatment 2 h following the experimental stroke was also
effective in decreasing infarct area, but when added after 4 h carnosine
was ineffective, indicating a therapeutic window if carnosine is to be
considered for treatment of strokes in humans. Interestingly, a recent
study has shown that the presence of bestatin, an inhibitor of the enzyme
carnosinase which cleaves the dipeptide into its constituent amino acids,
histidine, and b-alanine, suppressed the efficacy of carnosine in the
mouse brain stroke model (Min et al., 2008). Indeed the presence of
bestatin increased stroke severity but did not raise cerebral carnosine
levels. This may indicate that conversion of the dipeptide into histidine
and b-alanine is required for efficacy; alternatively bestatin may
have been exerting other unidentified effects. The carnosine analogues
anserine and N-acetyl-carnosine were much less effective than carnosine
in decreasing stroke infarct size. Homocarnosine, however, does protect
cultured neuronal cells against ischemia (Tabakman et al., 2004).

Protective effects have also been observed against ischemia in liver
(Fouad et al., 2007), heart (Alabovsky et al., 1997), and kidney (Fujii et al.,
2005, 2003; Kurata et al., 2006). Despite these clear observations of efficacy,
the underlying mechanisms responsible for carnosine’s effects remain
uncertain but presumably include its antioxidant and carbonyl-scavenging
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activities and possible actions on matrix metalloproteinases (Rajanikant
et al., 2007) and histamine receptors (Kurata et al., 2006).

XXV. CARNOSINE AND OSTEOPOROSIS

It is possible that regulation of protein glycation, and formation of protein
AGEs, can affect osteoporosis (Hein, 2006). Some recent studies suggest
that glycation can affect bone’s mechanical property (Shiraki et al., 2008;
Tang et al., 2009) possibly by provoking deleterious changes in osteoblast
function (Franke et al., 2007). Whether dietary carnosine would affect
glycation of bone proteins is an obvious question which has been
addressed by a Japanese group who have produced evidence suggesting
the carnosine–zinc complexes are therapeutic in terms of bone loss in
animal models and humans (Kishi et al., 1994; Sugiyama et al., 2000;
Yamaguchi and Kishi, 1993; Yamaguchi and Matsui, 1996). It is suggested
that the carnosine–zinc complex both stimulates bone formation by osteo-
blasts and decreases bone resorption by the osteoclasts (Yamaguchi, 1995;
Yamaguchi and Kishi, 1995a). The mechanisms involved remain obscure,
but it appears that in cultured mouse marrow cells the carnosine–zinc
complex inhibits osteoclast cell formation, when present at between 10�6

and 10�4 M, by inhibiting the action of transforming growth factor-b
(Yamaguchi and Kishi, 1995a) and parathyroid hormone, possibly by
interfering with calcium signaling (Yamaguchi and Kishi, 1995b). It is
also possible that the zinc–carnosine complex enhances the anabolic
effects of estrogen on osteoblasts (Yamaguchi and Matsui, 1997). It is
clear from these observations that carnosine, when complexed with
zinc, may have beneficial effects towards control of osteoporosis but
manymore studies, including double-blind trials in humans, are required
before any unequivocal statement of its efficacy can be made.

XXVI. CARNOSINE AND CATARACTOGENESIS

A Russian group headed by Barbizhayev have produced a substantial
body of work emphasizing carnosine’s potential for the treatment of
lenticluar cataracts in humans (Barbizhayev, 2008; Barbizhayev et al.,
2004). In particular, Barbizhayev has suggested (Barbizhayev et al., 2001)
that N-acetylcarnosine, which is unsusceptible to the action of serum
carnosinase, might be useful as a prodrug as the acetyl group is appar-
ently readily cleaved intracellularly to release carnosine which then
exerts its anticataractogenic effects, most probably via a combination
of antioxidant and antiglycating activities. It is thought that there is
little carnosinase activity in the eye lens. The use eyedrops containing
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N-acetyl-carnosine over trial periods of 2 and 6 months were reported to
alleviate vision deficiency (lens opacity, visual acuity) associated with
cataractogenesis, compared to placebo group. The improvements were
sustained for 24 months (Barbizhayev, 2004, 2005).

XXVII. CARNOSINE AND DEAFNESS

Production of ROS is associated with deafness in animals and humans.
It appears that carnosine can suppress loss of hearing induced by antibiotics
and other agents, although it is uncertain as to the precise mechanisms
involved (Zhuravskii et al., 2004a,b). Early studies had shown, however,
that carnosine exhibited excitatory activity to the afferent fibers in the lateral
line organof frogs (Mroz andSewell, 1989; Panzanelli et al., 1994)whichmay
indicate an evolutionary role of the dipeptide in sound detection.

XXVIII. CARNOSINE AND CANCER

Antineoplastic activity of carnosine was first reported more than two
decades ago (Nagai and Suda, 1986). L-Carnosine’s ability to kill cultured
transformed cells (3T3 cells and HeLa cells), selectively, was found to be
dependent on the absence of pyruvate in the growth medium (Holliday
and McFarland, 1996, 2000); D-carnosine was nontoxic to HeLa cells.
When pyruvate or certain other metabolic intermediates (oxaloacetate
and a-ketoglutarate) were present in the growth medium, the toxic effects
of carnosine towards the transformed cells were inhibited, but citrate,
isocitrate, succinate, fumarate, andmalate had no effects upon carnosine’s
ability to kill the cells. The explanation of carnosine’s toxicity towards
transformed cells is very uncertain. It is possible that carnosine may be
inhibiting glycolysis by reacting with glyceraldhyde-3-phosphate, and
thereby limiting the supply of metabolic precursors and possibly ATP,
whereas the addition of pyruvate, oxaloacetate, and a-ketoglutarate
enables these limitations to be overcome. It should be pointed out that
many transformed cells are highly dependent on glycolysis for their ATP
supply and are more sensitive to agents that interfere with this pathway.

The presence of dietary carnosine in vitamin E-deficient rats was
found to increase mammary tumor latency, while not affecting tumor
incidence (Boissoneault et al., 1998). Another beneficial effect of carnosine
in relation to cancer has recently been reported: carnosine was shown
to inhibit metastasis of hepatocarcinoma SK-Hep-1 cells (Chung and Hu,
2008). Unlike the effects reported above, carnosine did not affect the
viability of these cells but instead the dipeptide inhibited cell migration
and invasion. The mechanism responsible apparently involves a decrease
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in extracellular matrix metalloproteinase-9 (MMP-9), an activity neces-
sary for tumor invasion and angiogenesis. However, carnosine did not
directly affect MMP-9 activity. Instead the dipeptide appears upregulate
expression of the antimetastatic gene nm23-H1, whose gene product
inhibits MMP-9 gene expression, and thereby suppresses synthesis of
this activity necessary for tumor invasion and metastasis.

XXIX. CARNOSINE AND WOUND HEALING

One problematic aspect of the aged organism is slower wound
healing. There is evidence that carnosine can have beneficial effects here
(Roberts et al., 1998). When carnosine is complexed with zinc to form
‘‘polaprezinc,’’ it behaves as an antiulcer drug which also possesses
wound-healing activity (Nagai et al., 1986). Investigation of the possible
mechanisms involved has revealed that the zinc–carnosine complex may
stimulate synthesis of insulin-like growth factor-1 (Watanabe et al., 1998)
and decreased secretion of interleukin-8 (IL-8), due to suppression of IL-8
mRNA expression in gastric epithelial cells. Polaprezinc also downregu-
lated NF-kB activation by a number of activators suggesting overall
anti-inflammatory action (Shimada et al., 1999), but did not involve
modification of prostaglandin E2 production in gastric epithelial cells
(Arakawa et al., 1990). Further investigation revealed that zinc–carnosine
induced expression of the stress protein Hsp72 while inhibiting NF-kB
activation in colonic mucosa (Odashima et al., 2002, 2006). These observa-
tions may help explain the beneficial effects of polaprezinc in rodent and
human gut (Mahmood et al., 2007). Polaprezinc also ameliorated aspirin-
induced mucosal injury in rats (Naito et al., 2001) most probably by
inhibiting the increase in neutrophil myeloperoxidase via inhibition of
TNF-a expression.

Vimentin is thought to play a role in wound healing (Mor-Vaknin et al.,
2003), and carnosine has been shown to stimulate vimentin expression in
rat fibroblasts (Ikeda et al., 1999). Therefore, it is possible that this
provides an additional mechanism for carnosine’s beneficial effects on
wound healing.

XXX. CARNOSINE AND IMMUNE FUNCTION

There is some evidence suggesting that carnosine can upregulate
immune function. Carnosine’s ability to react with hypochlorite anions
(Formazyuk et al., 1992; Quinn et al., 1992) generated in activated leuko-
cytes via the myeloperoxidase reaction, suggests that the dipeptide may
limit hypochlorite-mediated oxidation in vivo (Pattison and Davies, 2006)
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and moderate neutrophil function (Tan and Candish, 1998). There is also
some evidence that carnosine can suppress contact hypersensitivity in
mice, but the mechanisms involved have not been studied in detail (Reeve
et al., 1993a,b).

XXXI. CARNOSINE, CALCIUM, AND HEART FAILURE

Carnosine occurs in cardiac muscle at concentrations between 2 and
10 mM (Roberts and Zaloga, 2000). Heart failure is thought to be asso-
ciated with dysregulation of myocardial calcium metabolism resulting in
contractile failure. There is evidence that carnosine can improve cardiac
contractility, possibly via its effects on regulation of intracellular calcium
levels, in a concentration-dependent manner (Zaloga et al., 1996). Studies
in rats have shown that carnosine increases the levels of free calcium ions
while also increasing the sensitivity of the contractile proteins to calcium
(Batrukova and Rubstov, 1997; Roberts and Zaloga, 2000; Zaloga et al.,
1997). It is unknown if there is any relationship between heart failure and
myocardial carnosine levels in humans patients, although it is known that
tissue carnosine levels are decreased in animals suffering from trauma
and chronic infection which are associated with impaired cardiac contrac-
tility (Roberts and Zaloga, 2000).

XXXII. CARNOSINE AND AUTISTIC SPECTRUM DISORDERS

Autism and Asperger’s syndrome are regarded as pervasive develop-
mental disorders. Autism is a neurological disorder associated with
impairment of language, cognition, and socialization, whereas Asperger’s
syndrome is an autistic condition not associated with language delay or
intellectual impairment. The causes of these conditions are unknown. In a
double-blind, placebo-controlled, trial it was found that that carnosine
supplementation improved the behavior, communication, and socializa-
tion in children with autistic spectrum disorders (Chez et al., 2002). The
mechanism responsible for these effects is very uncertain, but it has been
hypothesized that increased oxidative stress may be associated with
autism (Chauhan and Chauhan, 2006; Chauhan et al., 2004; Yorbik et al.,
2002), and that polymorphisms in the gene coding for the aldehyde-
scavenging enzyme glyoxalase 1 could be a susceptibility factor (Junaid
et al., 2004). Other workers have questioned this conclusion (Rehnstrom
et al., 2008; Sacco et al., 2007; Wu et al., 2008). However, a recent finding by
Fujimoto et al (2008) has shown that expression of glyoxalase mRNA in
white blood cells correlated inversely with the onset of depression in
bipolar disorder patients, compared to controls. It is possible that changes
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in glyoxalase expression in neocortex tissue may play a role in autism
(Sacco et al., 2007) as increased protein AGEs have been detected in
postmortem autistic brain ( Junaid et al., 2004). These observations may
underline carnosine’s effects on the autistic children as the dipeptide
possesses antioxidant activity and is protective against methylglyoxal-
mediated protein modification. However, it should be emphasized that
there have been no other published reports of the beneficial effects of
carnosine towards autistic spectrum disorders.

XXXIII. CARNOSINE AND BLOOD PRESSURE

There is evidence that carnosine is a vasodilator (Ririe et al., 2000) and
thus can lower blood pressure (Niijima et al., 2002; Tanida et al., 2005).
It has been shown that carnosine promotes synthesis of nitric oxide
(Nicoletti et al., 2007; Tomonaga et al., 2005), a well-known dilator of
blood vessel walls. Also carnosine can inhibit angiotensin-converting
enzyme (ACE) activity (Hou et al., 2003; Nakagawa et al., 2006) possibly
via effects on cGMP and nitric oxide, which again points to the possibility
that the dipeptide or carnosine-enriched foods could be explored to
combat raised blood pressure in humans.

XXXIV. CARNOSINE AND CONSUMPTION
OF ALCOHOLIC BEVERAGES

Consumption of alcoholic drinks leads to the generation of acetaldehyde
in the tissues, predominantly the liver but also in the brain. Acetaldehyde
can react with protein amino groups to generate carbonyls with the poten-
tial for cross-linking to other macromolecules. It is thought that acetalde-
hyde generation is a major source of ‘‘hangovers’’ experienced following
excessive alcohol consumption. Given carnosine’s ability to react with
acetaldehyde and protect cultured human fibroblasts and lymphocytes
against its toxicity (Hipkiss et al., 1998a) as well as prevent cross-linking
between protein and DNA (Hipkiss et al., 1995b), it has been suggested
that ingestion of carnosine, either as a supplement or as a high-carnosine
food (meat), could be an effective way to prevent ‘‘hangovers’’
(Hipkiss, 1998), as well as protecting the brain and other tissues against
alcohol-induced glycoxidative damage. This should be relative easy
to test.

Beneficial effects of carnosine have been described with respect to
ethanol-induced liver injury in mice (Liu et al., 2008a,b). It was found
that following 3 weeks of ethanol treatment (present in drinking water),
subsequent exposure to carnosine decreased liver malondialdehyde
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levels by around 40% compared to ethanol-treated animals. The dipeptide
also promoted a decline in indices of cell damage (release of liver
enzymes), increased glutathione content and catalase and glutathione
peroxidase activities, and downregulated expression of inflammatory-
associated cytokines (IL-6 and TNF-a).

XXXV. CARNOSINE AND HIGH FRUCTOSE FOODS
AND DRINKS

There has been much interest in the metabolic effects of fructose and
whether its consumption should be restricted due to the sugar’s potential
deleterious effects with respect to diabetes-associated phenomena
(Abdel-Sayred et al., 2008; Brown et al., 2008; Le and Tappy, 2006; Miller
and Adeli, 2008). In particular, fructose glycates proteins far more readily
glucose to generate protein AGEs, and as a consequence, could possibly
be responsible for increasing the incidence of type-2 diabetic complica-
tions ( Jia and Wu, 2007; Lo et al., 2008). Additionally, fructose is also a
ready metabolic source of methylglyoxal which, as already described, is a
highly deleterious agent which is thought to be a major causal agent of
AGE formation and therefore much of the secondary complications of
type-2 diabetes. As carnosine can react with methylglyoxal and fructose
to prevent their damaging effects on proteins at the test-tube level, one
might consider whether increasing tissue carnosine levels might be bene-
ficial in high fructose diets. However, no such study has yet been carried
out to test whether any of these ideas are justified. A further observation
has recently been revealed in that high fructose consumption by men can
increase the risk of gout due to an increased production of uric acid (Choi
and Curhan, 2008; Gao et al., 2008). Consequently it would be interesting
to determine whether carnosine ameliorates uric acid production in
humans.

XXXVI. CARNOSINE AND DIALYSIS FLUIDS

Treatment of kidney failure involves dialysis using heat-sterilized dialysis
fluids. Because the dialysis fluid contains glucose, the heating inevitably
generates glucose degradation products such as methylglyoxal, glyoxal,
and acetaldehyde, which are well recognized for their ability to induce
AGEs on protein targets. Hence dialysis with aldehyde-containing dialy-
sis fluid will not be expected to improve kidney health, but exacerbate the
kidney dysfunction. Because of carnosine’s ability to protect proteins
against aldehydic glycating agents, the possibility that the dipeptide
may decrease reactivity of the AGE precursors was explored
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(Alhamdani et al., 2007a,b). It was shown that heat-treated peritoneal
dialysis fluid compromised the viability of cultured human peritoneal
mesothelial cells, whereas the additional presence of carnosine in the
incubation medium considerably enhanced cell viability, and markedly
decreased cell-associated protein carbonyl groups and ROS generation.
These observations obviously suggest that carnosine could be employed
to either remove deleterious glucose degradation products from
dialysis fluid prior to use, or that the dipeptide could be added to dialysis
fluid to suppress the reactivity of the protein damaging agents. However,
in the latter case it is uncertain whether patients’ kidneys would be able to
deal with (i.e., selectively excrete) the putative aldehyde–carnosine
adducts.

XXXVII. POSSIBLE WAYS TO INCREASE TISSUE CARNOSINE
LEVELS: PHYSIOLOGICAL REGULATION

There have been relatively few studies of age-related changes in tissue
carnosine levels despite the fact that the initial observation of the dipep-
tide’s ability to suppress some features of senescence were made more
than 15 years ago. Carnosine levels have been reported to decline with age
in the rats ( Johnson and Hammer, 1992; Stuerenburg and Kunze, 1999)
and human muscle (Stuerenburg and Kunze, 1999). More recently, Tallon
et al. (2007) found evidence of carnosine’s age-related decline in human
muscle fibers.

On the assumption that increasing tissue levels of carnosine might be
beneficial in terms of aging and some of its related conditions, this can be
achieved either by physiological regulation or by dietary supplementa-
tion. Muscle carnosine levels are generally higher when accompanied by
intense exercise in fast-twitch type II fibers compared to slow-twitch type
I fibers. It has been found that muscle levels of the dipeptide can be
increased following resistance exercise in humans (Hill et al., 2006) and
there are also reports that very high levels of carnosine are present in
highly trained race-horses (Harris et al., 1990). In humans, the carnosine
content of vastus lateralis muscle is generally high in sprinters and body
builders (Tallon et al., 2005); 8 weeks intensive training resulted in a
doubling of the carnosine content of the vastus lateralis muscle (Kim
et al., 2005).

In athletes involved in explosive/intense muscle exercise, it is likely
that the raised carnosine levels are required as physiological buffers.
Hence it is possible that raising carnosine levels may improve muscle
performance by increasing buffer capacity. In an attempt to increase
carnosine levels by dietary means, but circumventing the effects of
serum carnosinase, increasing b-alanine intake has been investigated
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(Harris et al., 2006). Studies have shown that the availability of b-alanine
may limit carnosine synthesis, histidine being generally available meta-
bolically. Therefore, it was suggested that dietary supplementation with
b-alanine could raise carnosine synthesis in the tissues and studies on
human subjects have shown that b-alanine is effective in raising muscle
carnosine levels (Harris et al, 2006). Furthermore, b-alanine supplementa-
tion for 4 and 10 weeks increased vastus lateralis carnosine content by
58% and 80%, respectively, in subjects subjected to high-intensity cycling.
A similar study using Vietnamese sports-science students showed that
b-alanine supplementation promoted an increase in muscle carnosine
concentration (Kendrick et al., 2008), although there were no improve-
ments in any of the exercise parameters measured. In a double-blind
randomized study of 26 elderly subjects, aged between 55 and 92 years,
it was found that b-alanine supplementation for 90 days improvedmuscle
endurance (physical working capacity) by 28%, presumably due to the
increased synthesis of carnosine (Stout et al., 2008). It is interesting that
while no beneficial effects in terms of muscle performance were observed
in young subjects (Kendrick et al., 2008), whereas in the elderly, improve-
ment was detected (Stout et al., 2008), presumably due to the lower tissue
carnosine levels which limit performance in old muscles.

It should be pointed out that subjects consuming b-alanine as a sup-
plement (40 mg/kg body weight) experienced symptoms of flushing, skin
irritation and prickly sensations for up to 1 h, first of the ears, forehead
and scalp and then the trunk, arms, hands, spine, and buttocks. Lowering
the b-alanine dose to 10 mg/kg body weight effectively eliminated these
symptoms (Harris et al., 2006). Interestingly, consumption of chicken
broth (enriched in carnosine) containing the equivalent of 40 mg/kg
body weight b-alanine did not induce any of the unpleasant symptoms,
but carnosine was not detected in the plasma of these subjects.

Whether it is possible to raise carnosine levels in human brain is
unknown. One study in rats has shown that oral administration of chicken
extract (a major source of carnosine in humans too) did provoke an increase
in brain carnosine levels: a single dose of the chicken extract led to an
increase in carnosine levels within 30 min in plasma, but 1 or 2 h duration
were required for increased levels of carnosine to be observed in the cerebral
cortex, hypthalamus, and hippocampus (Tomonaga et al., 2007). It is uncer-
tain whether these effects result from direct uptake of the carnosine from
plasma or a consequence of de novo synthesis. In a study using senescence-
accelerated mice (SAMP8), it was found that oral supplementation with
creatine provoked, at 25 weeks of age, a transient 88% increase in muscle
carnosine content, accompanied by a 40% increase in anserine content,
which coincided with an improvement in resistance to contractile fatigue
(Derave et al., 2008). At 60 weeks, no differences were detectable between
the creatine-supplemented and control animals in terms of their muscle
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carnosine and anserine levels. The mechanism responsible for this effect
is uncertain but could involve an upregulation of carnosine synthesis or
its decreased catabolism, but why either of these is influenced by creatine
supply remains unclear. This study also showed that muscle carnosine
declines by 45%with age (from 10 to 60 weeks) in the control SAMP8 mice.

Relatively little is known of the factors that control carnosine synthe-
sis, although as mentioned above, the enzyme involved, carnosine syn-
thetase, does appear to be regulated by cyclic AMP (Schulz et al., 1989)
which suggests the possibility that conditions which lower cyclic AMP
levels may increase carnosine synthesis. Thus, increased glucose metabo-
lism via glycolysis might be accompanied by an upregulation of carnosine
synthesis. It is possible that this suggested relationship is beneficial due to
carnosine’s ability to suppress the reactivity of a major deleterious bypro-
duct of the glycolytic pathway, methylglyoxal (MG) (discussed above).
The primary enzyme responsible for carnosine’s hydrolysis into b-alanine
and histidine is carnosinase, an activity which is stimulated by citrate
(Vistoli et al., 2006). These observations raise the possibility that intracel-
lular carnosine levels may be subject to metabolic regulation due to the
effects of major metabolic intermediates and effectors on the enzymes
responsible for its synthesis and degradation.

Carnosine levels in the tissues have been seen to decline following
trauma and during chronic infection (Fitzpatrick et al., 1980). It is interest-
ing that pathological states are associated with decreased cardiac function
possible due to problems with cardiac muscle contraction. It has been
suggested that decreased carnosine levels may play a role in decreased
muscle contractivity in a number of disease states including congestive
heart failure (Roberts and Zaloga, 2000).

XXXVIII. POSSIBLE WAYS TO INCREASE TISSUE CARNOSINE
LEVELS: DIETARY SUPPLEMENTATION

While carnosine is absorbed intact from the gut, the presence of serum
carnosinase is frequently cited as an impediment to the dipeptide’s poten-
tial efficacy. However, studies have shown that serum carnosine levels
are raised at least temporarily, up to 4–5 h, following a carnosine-
containing meal (Antonini et al., 2002; Park et al., 2005). Such studies
indicate a window of opportunity for carnosine administration. One
approach to overcoming the carnosinase effect would be to employ a
carnosinase inhibitor such as bestatin, although undoubtedly there
would be some side effects. The fact that carnosinase has been shown to
be upregulated by citrate (Vistoli et al., 2006) may permit the design of
specific inhibitory molecules. Another approach would be to employ a
form of carnosine which is resistant to carnosinase attack such as
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N-acetyl-carnosine or the decarboxylated form carcinine. In fact N-acetyl-
carnosine has been proposed as a prodrug to treat cataracts in the eye
lens, as the acetyl group is readily removed intracellularly (Barbizhayev
et al., 2004) (see section on cataracts for more details). An alternative way
to evade serum carnosinase activity would be to introduce carnosine via
nasal administration (Hipkiss, 2005). This route may be particularly
appropriate for raising carnosine levels in the brain as the olfactory lobe
is normally enriched in the dipeptide.

Synthesis of carnosine analogues resistant to carnosinase attack is
another method which has been employed in an attempt to circumvent
the problem of serum carnosinase (Bellia et al., 2008; Cacciatore et al., 2005;
Calcagni et al., 1999; Guiotto et al., 2005b). Some of the resultant structures
with the b-alanine replaced by 2,3-diaminoproprionic acid residue and
with acetyl groups on either of its amino groups were shown to not only
resist attack by carnosinase but also inhibit the enzyme’s ability to cleave
carnosine, while still retaining hydroxyl radical-scavenging activity and
preventing peroxynitrite-mediated tyrosine nitration (Cacciatore et al.,
2005). Other structures synthesized have included sulfonamido-
pseudopeptides, tauryl-histidine, tauryl-1-methylhistidine, and tauryl-3-
methylhistidine (Calcagni et al., 1999), while another Italian laboratory
generated cyclodetrin conjugates of carnosine, attached via the dipep-
tide’s b-amino group to either carbon-3 or carbon-6 of the glucose moiety.
These glycosidic derivatives were resistant to carnosinase attack, and
seemed to be better inhibitors of copper-induced lipid peroxidation than
the parent dipeptides, carnosine, and anserine (Bellia et al., 2008). There
were no reports on the efficacy of the cyclodextrin conjugates with respect
to carnosine’s antiglycating activity, however.

XXXIX. IS THERE ANY EVIDENCE THAT CHANGES IN
DIETARY CARNOSINE HAVE ANY EFFECTS
IN HUMANS?

There have been few studies on carnosine consumption in humans. Due
to the documented presence of carnosinase in blood, many scientists have
assumed that the dipeptide’ survival would be relatively short due to its
rapid hydrolysis by the enzyme. Nevertheless, a study by Gardner et al.
(1991) showed that plasma carnosine levels peaked at over 180 mg/ml,
0.5 h after intake of a beverage containing 3 g of carnosine. Maximal
carnosine levels in urine occurred within 2 h. In another study, Park
et al. (2005) showed that ingestion of cooked ground beef containing
248 mg of carnosine led to plasma carnosine concentration rising from
essentially 0 to around 30 mg/ml within 3.5 h and thereafter rapidly
declining such that none was detectable 2 h later. These studies indicate
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that, despite the presence of serum carnosinase, ingestion of carnosine can
lead to raised levels of the dipeptide in blood which could then lead to
effects on tissue carnosine.

Studies of the effects of carnosine consumption on humans have been
rare. One study showed that, following intake of a bolus of carnosine
(450 mg), serum total antioxidant activity was increased by 11% 1 h after
ingestion (Antonini et al., 2002). Such an increase in antioxidant function is
consistent with the dipeptide’s recognized antioxidant activity. It is pos-
sible that human brain function can be affected by dietary carnosine as it
has been shown that the dipeptide (two 400 mg doses per day) can
modulate the behavior, socialization, and communication skills of autistic
children (Chez et al., 2002 and discussed above). Homocarnosine, which
also possesses anticonvulsant activity in humans, is found in human CSF.
It is unknown whether the sevenfold age-related decline in homocarnsine
levels in human CSF (Huang et al., 2005; Janssen et al., 2005) contributes
to the onset or progression of any age-related pathology. However, as
protein AGEs accumulate in CSF of AD patients (Ahmed et al., 2005;
Shuvaev et al., 2001), one has to at least consider whether there is a causal
relationship between these observations (Hipkiss, 2007a).

Carnosine (400 mg/day) together with omega-3-fatty acids (eicosa-
pentaenonic acid) was employed in a study of dietary effects on dyslexic
children. In this study there were no significant effects of the dietary
supplements on a range of language skills and behavior problems
(Kairaluoma et al., 2008).

There is some evidence that carnosine supplementation can restore
sense of taste in humans. A report from Japan states that polaprezinc
(a zinc–carnosine complex) is frequently effective in treating patients
experiencing taste disorders (Ikeda et al., 2005). Experiments with zinc-
deficient rats showed that polaprezinc was effective in restoration of taste
bud proliferation (Hamano et al., 2006).

Polaprezinc has also been shown to be beneficial in treatment of ulcers
and other gut lesions (discussed above) and in inhibiting some of the
changes surrounding osteoporosis (also discussed above).

XXXX. WOULD VEGETARIANS BENEFIT FROM CARNOSINE
SUPPLEMENTATION?

The possibility that vegetarian diets, deficient in carnosine, could be
somewhat deleterious in the ability to suppress aldehyde-induced
protein modification and AGE has been discussed (Hipkiss, 2005,
2006c). Indeed, Harris et al. (2007) showed that muscle carnosine levels
were reduced by up 50% in vegetarian subjects. There is one report of
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increased AGEs in vegetarian type-2 diabetics’ sera (Krajcovicova-
Kudlackova et al., 2002). This may be due to the absence of carnosine in
the vegetarian diet, but an alternative explanation could be that the
increased fructose in the vegetarian diet increases AGE formation. It
should be pointed out that many plants contain high levels of aldehyde
scavengers which are probably present to protect plant proteins against
glycating sugars such as fructose, and which could be exploited as dietary
antiglycating agents.

XXXXI. DELETERIOUS EFFECTS OF CARNOSINE

Carnosine is usually regarded as being almost nontoxic (Sato et al., 2008).
However, there are some indications that the dipeptide can have deleteri-
ous effects. It has been known for a long time that humans with mutations
in the gene coding for serum carnosinase show high levels of the dipep-
tide in their blood which is accompanied by neurological dysfunction
(Gjessing et al., 1990; Wassif et al., 1994; Willi et al., 1997). This may suggest
that elevated serum carnosine or a failure to cleave the dipeptide else-
where has deleterious effects, although there have been claims made that
elevated levels of serum carnosine is not in itself a problem. There is one
rather obvious possible way in which carnosine could be deleterious
should the dipeptide prove to be an inhibitor of serum transglutaminase
activity (Hipkiss, 2007a). Inhibition of this enzyme would suppress the
development of cross-linking between fibrin molecules and could there-
fore compromise blood clotting. However, this remains a speculation at
this stage.

There is one report suggesting that carnosine affects spermatogenesis
in senescence-accelerated mice (SAMP1), reducing cell yield and increas-
ing destructive changes in spermatogenic epithelium in the testicular
tubules (Gopko et al., 2005). However, the same research group had earlier
stated (Zakhidov et al., 2002) that carnosine did not modify the incidence
of chromosome mutations in spermatogenic cells in these animals. There
is also a paradoxical situation in the aging-resistant SAMR1 mice. In 2002
it was stated that carnosine increased the count of aberrant spermatogo-
nia in the SAMR1 animals (Zakhidov et al., 2002), whereas it was later
reported that in these animals, carnosine treatment resulted in no increase
in the incidence of aberrant spermatogia (Gopko et al., 2005). Hence the
significance of these observations is uncertain, but there have been no
other reports of deleterious effects of carnosine. Nevertheless, it cannot be
arbitrarily assumed that carnosine may not be without toxicity in some
systems or organs.
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XXXXII. CONCLUSIONS

Studies using model systems, cell culture, and animals have indicated
that carnosine possesses a range of potential homeostatic functions which
together may help to suppress many of the biochemical changes to macro-
molecules which accompany aging and a number of related pathological
conditions. Especially relevant is carnosine’s carbonyl-scavenging ability
which may prove to be particularly important in suppressing formation
of protein carbonyls and those cross-linked protein species which inhibit
proteasomal elimination of altered proteins. Carnosinemay also stimulate
nitric oxide synthesis and thereby increase proteasome activity, as well as
upregulate synthesis of another protease, OPH. There is also some evi-
dence that carnosine’s other properties could also contribute to its antia-
ging activities include antioxidant, wound healing agent, aldehyde
scavenger (including methylglyoxal), copper and zinc chelator, heat-
shock protein inducer, anti-inflammatory agent, and antiepileptic agent.
Much more work is required to explore all these proposals and specula-
tions. As aging does appear to be multifactorially controlled, it is perhaps
not unsurprising that a pluripotent agent such as carnosine might exert
antiaging effects via more than one mode of action.

Evidence of carnosine’s efficacy towards human health is relatively
sparse in comparison with the range of effects observed in model systems
and in animals. The most intensely investigated is cataractogenesis,
although predominantly undertaken by a single research group. There
is also relatively strong evidence that, in its zinc complex form (polapre-
zinc), carnosine has positive effects on in repair of gut lesions such as
ulcers. While a good case can be made for the use of carnosine in alleviat-
ing the deleterious effects of ischemic conditions, especially stroke-related
events, there is little or no direct evidence as yet that the dipeptide is
efficacious in human patients. This is also the position for the neurode-
generative diseases, AD and PD, although there is evidence from one
research group showing that carnosine does have beneficial effects on
Parkinson’s patients undergoing treatment with L-dopa. The beneficial
effects of carnosine on children with autistic spectrum disorders have
been described by only one research group, so this needs verification.
While a case can be made that carnosine may be useful in controlling the
secondary complications associated with type-2 diabetes, there is no
direct evidence that increased carnosine consumption suppresses their
development in humans.

Clearly, much more work is required to verify or refute the many
proposals made of carnosine’s efficacy towards human health. Whether
such studies will be undertaken is in doubt simply because of the non-
patentability of the molecule and therefore it is unlikely to generate large
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monetary benefit to any company or institution. However, if one were to
try to determine whether carnosine does prevent many of the unpleasant
effects of ‘‘hangovers’’ following excess ethanol consumption, one would
anticipate that there would be no difficulty in finding volunteers. Science
can sometimes be fun as well as intellectually challenging.

REFERENCES

Abdel-Sayred, A., Binnert, C., Le, K. A., Bortolotti, M., Schneiter, P., and Tappy, L. (2008).
A high fructose diet impars basal and stress-mediated lipid metabolism in healthy male
subjects. Br. J. Nutr. 21, 1–7.

Abe, H. (2000). Role of histidine-related compounds as intracellular proton buffering con-
stituents in vertebrate muscle. Biochemistry (Moscow) 65, 757–765.

Ahmed, N. and Thornalley, P. J. (2007). Advanced glycation endproducts: What is their
relevance to diabetic complications? Diabetes Obes. Metab. 9, 233–246.

Ahmed, N., Ahmed, U., Thornalley, P. J., Hager, K., Fleischer, G., and Munch, G. (2005).
Protein glycation, oxidation and nitration adduct residues and free adducts of cerebro-
spinal fluid in Alzheimer’s disease and link to cognitive impairment. J. Neurochem. 92,
255–263.

Alabovsky, V. V., Boldyfer, A. A., Vinokurov, A. A., and Shchavratsky, V. Kh. (1997). Effect
of histidine-containing dipeptides on isolated heart under ischemia/reperfusion. Bio-
chemistry (Moscow) 62, 77–87.

Alaghband-Zadeh, J., Mehdizadeh, S., Khan, N. S., O’Farrell, A., Bitensky, L., and Chayen, J.
(2001). The natural substrate for nitric oxide synthase activity. Cell Biochem. Funct. 19,
277–280.

Aldini, G., Carini, M., Beretta, G., Bradamante, S., and Facino, R. B. (2002). Carnosine is a
quencher of 4-hydroxy-nonenal: Though what is the mechanism of reaction? Biochem.

Biophys. Res. Commun. 298, 699–706.
Aldini, G., Orioli, M., Carini, M., and Facino, M. (2004). Profiling histidine-containing

dipeptides in rat tissues by liquid chromatography/electrospray ionization tandem
mass spectrometry. J. Mass Spectrom. 39, 1417–1428.

Aldini, G., Maffei-Fracino, R., Beretta, G., and Carini, M. (2005). Carnosine and related
dipeptides as quenchers of reactive carbonyl species: From structural studies to thera-
peutic perspectives. BioFactors 24, 77–87.

Alhamdani, M. S. S., Al-Kassir, A. H. A. M., Abbas, F. K. H., Jaleel, N. A., and Al-Taee, M. F.
(2007a). Antiglycating and antioxidant effect of carnosine against glucose degradation
products in peritoneal mesothelial cells. Nephron Clin. Pract. 107, 26–34.

Alhamdani, M. S. S., Al-Azzawie, H. F., and Abbas, F. K. (2007b). Decreased formation of
advanced glycation end-products in peritoneal fluid by carnosine and related peptides.
Perit. Dial. Int. 27, 86–89.

Anderson, R. M., Barger, J. L., Edwards, M. G., Braun, K. H., O’Conner, C. E., Prolla, T. A.,
and Weindruch, R. (2008). Dynamic regulation of PGC-1alpha localization and turnover
implicates mitochondrial adaptation in caloric restriction and the stress response. Aging
Cell 7, 101–111.

Andringa, G., Lam, K. Y., Chegary, M., Wang, X., Chase, T. N., and Bennett, M. C. (2004).
Tissue transglutaminase catalyzes the formation of alpha-synuclein crosslinks in
Parkinson’s disease. FASEB J. 18, 932–934.

Antonini, F. M., Petruzzi, E., Pinzani, P., Orlando, C., Poggesi, M., Serio, M., Pazzagli, M.,
andMasotti, G. (2002). The meat in the diet of aged subjects and the antioxidant effects of
carnosine. Arch. Gerontol. Geriatr. Suppl. 8, 7–14.



134 Alan R. Hipkiss
Arakawa, T., Satoh, H., Nakamura, A., Nebiki, H., Fukuda, T., Sakuma, H., Nakamura, H.,
Ishikawa, M., Seiki, M., and Kobayashi, K. (1990). Effects of zinc L-carnosine on gastric
mucosal and cell damage caused by ethanol inrats. Correlation with endogenous
prostaglandin E2. Dig. Dis. Sci. 35, 559–566.

Aristoy, M. C. and Toldra, F. (2004). Histidine dipeptides HPLC-based test for the detection
of mammalian origin proteins in feeds for ruminants. Meat Sci. 67, 211–217.

de Arriba, S. G., Stuchbury, G., Yarin, J., Burnell, J., Loske, C., and Munch, G. (2006).
Methylglyoxal impairs glucose metabolism and leads to energy depletion in neuronal
cells—Protection by carbonyl scavengers. Neurobiol. Aging 28, 1044–1050.

Atamna, H., PalerMartinez, A., and Ames, B. N. (2000). N-t-Butylhydroxylamine, a hydroly-
sis product of a-phenyl-N-t-butylnitrone, is more potent in delaying senescence in human
lung fibroblasts. J. Biol. Chem. 275, 6741–6748.

Bakardjiev, A. (1997). Biosynthesis of carnosine in primary cultures of rat olfactory bulb.
Neurosci. Lett. 227, 115–118.

Balion, C. M., Benson, C., Raina, P. S., Papaioannou, A., Patterson, C., and Ismaila, A. S.
(2007). Brain type carnosinase in dementia: A pilot study. BMC Neurol. 7, 38.

Bandhyopadhyay, U. and Cuervo, A. M. (2007). Chaperone-mediated autophagy in aging
and neurodegeneration: Lessons from a-synuclein. Exp. Gerontol. 42, 120–128.

Bar, K. J., Franke, S., Wenda, B., Muller, S., Kientsch-Engel, R., Stein, G., and Sauer, H. (2002).
Pentosidine and N(epsilon)-(carboxymethyl)-lysine in Alzheimer’s disease and vascular
dementia. Neurobiol. Aging 24, 333–338.

Baran, E. J. (2000). Metal complexes of carnosine. Biochemistry (Moscow) 65, 789–797.
Barea, F. and Bonatto, D. (2008). Relationships among carbohydrate intermediate metabolites

andDNAdamage and repair in yeast from a systems biology perspective.Mutat. Res. 642,
43–56.

Bauer, K. (2005). Carnosine and homocarnosine, the forgotten, enigmatic peptides of the
brain. Neurochem. Res. 30, 1339–1345.

Barbizhayev, M. A. (2004). Rejuvenation of visual function in older adult drivers and drivers
with cataract during a short-term administration of N-acetylcarnosine lubricant eye
drops. Rejuvenation Res. 7, 186–198.

Barbizhayev, M. A. (2005). Analysis of lipid peroxidation and electron microscopic
survey of maturation stages during human cataractogenesis: Pharmacokinetic assay of
Can-C N-acetylcarnosine prodrug lubricant eye drops for cataract prevention. Drugs 6,
345–369.

Barbizhayev, M. A. (2008). Ocular drug metabolism of the bioactivating antioxidant
N-acetylcarnosine for vision in ophthalmic prodrug and codrug design and delivery.
Drug Dev. Ind. Pharm. 34, 1071–1089.

Barbizhayev, M. A., Deyev, A. I., Yermanova, V. N., Semiletov, Y. A., Davydova, N. G.,
Kurysheva, N. I., Zhukotskii, A. V., and Goldman, I. M. (2001). N-Acetylcarnosine, a
natural histidine-containing dipeptide, as a potent ophthalmic drug in treatment of
human cataracts. Peptides 22, 979–994.

Barbizhayev, M. A., Deyev, A. I., Yermanova, V. N., Brikman, I. V., and Bours, J. (2004). Lipid
peroxidation and cataracts:N-acetylcarnosine as a therapeutic tool to manage age-related
cataracts in human and canine eyes. Drugs 5, 125–139.

Batrukova, M. A. and Rubstov, A. M. (1997). Histidine-containing dipeptides as endogenous
regulators of the activity of sarcoplasmic reticulum Ca-releasing channels. Biochim.
Biophys. Acta 1324, 142–150.

Battah, S., Ahmed, N., and Thornalley, P. J. (2002). Novel anti-glycation therapeutic agents:
Glyoxalase-1-mimetics. Int. Congr. Ser. 1245, 107–111.

Bellia, F., Amorini, A. M., La Mendola, D., Vacchio, G., Tavazzi, B., Giardini, B., Di Pietro, V.,
Lazzzarino, G., and Rizzarelli, E. (2008). New glycosidic derivaties of histidine-contining



Carnosine and Its Possible Roles in Nutrition and Health 135
dipeptides with antioxidant properties and resistant to carnosinase activity. Eur. J. Med.

Chem. 43, 373–380.
Bennet, E. J., Bjerregaard, J., Knapp, J. E., Chavous, D. A., Friedman, A. M., Royer, W. E.,

and O’Connor, C. M. (2003). Catalytic implications from the Drosophila protein
L-isoaspartyl methyltransferase structure and site-directed mutagenesis. Biochemistry

42, 12844–12853.
Bergamini, E., Cavallini, G., Donati, A., and Gori, Z. (2007). The role of autophagy in aging.

Its essential part in the anti-aging mechanism of caloric restriction. Ann. N. Y. Acad. Sci.

1114, 69–78.
Bharadwaj, L. A., Davies, G. F., Xavier, I. J., and Ovsenek, N. (2002). L-Carnosine and

verapamil inhibit hypoxia-induced expression of hypoxia inducible factor (HIF1-alpha)
in H9c2 cardiomyoblasts. Pharmacol. Res. 45, 175–181.

Bisaglia, M., Mammi, S., and Bubacco, L. (2009). Structural insights on physiological func-
tions and pathological effects of a-synuclein. FASEB J. 23, 329–340.

Bogardus, S. L. and Boissonneault, G. A. (2000). Carnosine inhibits in vitro low-density
lipoprotein oxidation. Nutr. Res. 20, 967–976.

Boissoneault, G. A., Hardwick, T. A., Bogardus, S. L., Chan, W. K. M., Tatum, V.,
Glauert, H. P., Chow, C. K., and Decker, E. A. (1998). Interactions between carnosine
and vitamin E in mammary cancer risk determination. Nutr. Res. 18, 723–733.

Boldyrev, A. A. (1993). Does carnosine possess direct antioxidant activity? Int. J. Biochem. 25,
1101–1107.

Boldyrev, A.A., Koldo, A., Kurella, E., Maltseva, V., and Stvolinski, S. (1993). Natural histidine-
containing dipeptide carnosine as a potent hydrophilic antioxidant with membrane
stabilizing function. A biomedical report. Mol. Chem. Neuropathol. 19, 185–192.

Boldyrev, A. A., Abe, H., and Stvolinsky, S. (1995). Effects of carnosine and related com-
pounds on generation of free oxygen species: A comparative study. Comp. Biochem.

Physiol. B Biochem. Mol. Biol. 112, 481–485.
Boldyrev, A., Stvolisky, S. L., Tyulina, O. V., Koshelev, V. B., Hori, N., and Carpenter, O.

(1997). Biochemical and physiological evidence that carnosine is an endogenous neuro-
protector against free radicals. Cell. Mol. Neurobiol. 17, 259–271.

Boldyrev, A. A., Gallant, S. C., and Sukhich, G. T. (1999a). Carnosine, the protective, anti-
ageing peptide. Biosci. Rep. 19, 581–587.

Boldyrev, A., Song, R., Lawrence, D., and Carpenter, D. O. (1999b). Carnosine protects
against excitotoxic cell death independently of effects on reactive oxygen species. Neuro-

science 94, 571–577.
Boldyrev, A., Bulygina, E., Leinsoo, T., Petrshanko, I., Tsebone, S., and Abe, H. (2004a).

Protection of neuronal cells against reactive oxygen species by carnosine and related
compounds. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 137, 81–88.

Boldyrev, A. A., Fedorova, T., Stvolinsky, S., Borras, C., Sastre, J., and Vina, J. (2004b).
Chemical intervention in senescence-accelatered mice metabolism for modeling neuro-
degenerative diseases: An overview. Int. Cong. Ser. 1280, 109–115.

Boldyrev, A. A., Koudinov, A., Berezov, T., and Carpenter, D. O. (2004c). Amyloid-beta
induced cell death is independent of free radicals. J. Alzheimers Dis. 6, 633–638.

Boldyrev, A. A., Fedorova, T., Stepanova, M., Dobrolvorskaya, I., Kozlova, E., Boldanova, N.,
Bagyeva, G., Ivanova-Smolenskaya, I., and Illarioshkin, S. (2008). Carnosine increases
efficiency of DOPA therapy of Parkinsons’s disease: A pilot study. Rejuvenation Res. 11,
821–827.

Bonawitz, N. D., Chatenay-Lapointe, M., Pan, Y., and Shadel, G. S. (2007). Reduced TOR
signalling extends chronological life span via increased respiration and upregulated
mitochondrial gene expression. Cell Metab. 5, 265–277.

Bonfanti, L., Peretto, P., deMarchis, S., and Fasolo, A. (1999). Carnosine-related dipeptides in
the mammalian brain. Prog. Neurobiol. 59, 333–353.



136 Alan R. Hipkiss
Bonner, A. B., Swann, M. E., Marway, J. S., Heap, L. C., and Preedy, V. R. (1995). Lysosomal
and non-lysosomal protease activities of the brain in response to ethanol feeding. Alcohol
12, 505–509.

Bossy-Wetzel, E., Schwarzenbacher, R., and Lipton, S. A. (2004). Moelcular pathways to
neurodegeneration. Nat. Med. 10, S2–S9.

Botella, J. A., Ulschmid, J. K., Gruenewald, C., Moehle, C., Kretzschmar, D., Becker, K., and
Scheuwly, S. (2004). The Drosophila carbonyl reductase sniffer prevents oxidative stress-
induced neurodegeneration. Curr. Biol. 14, 782–786.

Brown, C. M., Dulloo, A. G., Yepuri, G., and Montani, J. P. (2008). Fructose ingestion acutely
elevates blood pressure in healthy young humans. Am. J. Physiol. Regul. Integr. Comp.

Physiol. 294, R730–R737.
Brownlee, M. (1995). Advanced protein glycation in diabetes and aging. Annu. Rev. Med. 46,

223–234.
Brownson, C. and Hipkiss, A. R. (2000). Carnosine reacts with a glycated protein. Free Radic.

Biol. Med. 28, 1564–1570.
Bulteau, A. L., Szweda, L. I., and Friguet, B. (2006). Mitochondrial protein oxidation

and degradation in response to oxidative stress and aging. Exp. Gerontol. 41, 653–657.
Burcham, P. C. and Pyke, S. M. (2006). Hydralazine inhibits rapid acrolein-induced protein

oligomerization: Role of aldehyde scavengers and adduct trapping in cross-link blocking
and cytoprotection. Mol. Pharm. 69, 1056–1065.

Burke, W. J., Li, S. W., Chung, H. D., Ruggiero, D. A., Kristal, B. S., Johnson, E. M., Lampe, P.,
Kumar, V. B., Franko, M., Williams, E. A., and Zahm, D. S. (2004). Neurotoxicity of MAO
metabolites of catecholamine neurotransmitters: Role in neurodegenerative disease.
Neurotoxicology 25, 101–115.

Burkle, A., Diefenbach, J., Brabeck, C., and Beneke, S. (2005). Ageing and PARP. Pharmacol.

Res. 52, 1599–1601.
Bush, A. I. and Tanzi, R. E. (2002). The galvanization of beta-amyloid in Alzheimer’s disease.

Proc. Natl. Acad. Sci. USA 99, 7317–7319.
Caccamo, A., Oddo, S., Sugarman, M. C., Akbari, Y., and LaFerla, F. M. (2005). Age and

region-dependent alterations in Abeta-degrading enzymes: Implications for Abeta-
induced disorders. Neurobiol. Aging 26, 645–654.

Cacciatore, I., Cocco, A., Costa, M., Fontana, M., Lucente, G., Pecci, L., and Pinnen, F. (2005).
Biochemical properties of new synthetic carnosine analogues containing the residue of
2,3-diaminoproprionic acid: The effect of N-acetylation. Amino Acids 28, 77–83.

Cai, W., He, J. C., Zhu, L., Chen, X., Zheng, F., Striker, G. E., and Vlassara, H. (2008). Oral
glycotoxins determine the effects of calorie restriction on oxidant stress, age-related
diseases and lifespan. Am. J. Path. 173, 327–336.

Calcagni, A., Ciattini, P. G., Di Stefano, A., Dupre, S., Luisi, G., Pinnen, F., Rossi, D., and
Spirito, A. (1999). psi(SO2NH) transition state isosters of peptides. Synthesis and bioac-
tivity of sulfonamido pseudopeptides related to carnosine. Farmaco 54, 673–677.

Calabrese, V., Coombrita, C., Guagliano, E., Sapoenza, M., Ravagna, A., Cardile, V.,
Scapagnini, G., Santoro, A. M., Mangiameli, A., Butterfield, D. A., Giuffirda
Stella, A. M., and Rizzarelli, E. (2005). Protective effect of carnosine during nitrosactive
stress in astroglial cell cultures. Neurochem. Res. 30, 797–807.

Calabrese, V., Cornelius, C., Mancuso, C., Pennisi, G., Calafato, S., Bellia, F., Bates, T. E.,
Stella, A. M. G., Schapira, T., Kostova, A. T. D., and Rizzarelli, E. (2008). Cellular stress
reponse: A novel target for chemoprevention and nutritional neuroprotection in aging,
neurodegenerative disorders and longevity. Neurochem. Res. 33, 2444–2471.

Cantero, A. V., Portero-Otin, M., Ayala, V., Auge, N., Sanson, M., Elbaz, M., Thiers, J. C.,
Pamplona, R., Salvayre, R., and Negre-Salvayre, A. (2007). Methylglyoxal induces
advanced glycation end product (ages) formation and dysfunction of PDGF receptor-
beta: Implications for diabetic atherosclerosis. FASEB J. 21, 3096–3106.



Carnosine and Its Possible Roles in Nutrition and Health 137
Carini, M., Aldini, G., Beretta, G., Arlandini, E., and Facino, R.M. (2003). Acrolein-sequestering
ability of endogenous dipeptides: Characterization of carnosine and homocarnosine/
acrolein adducts by electrospray ionization tandem mass spectrometry. J. Mass Spectrom.

38, 996–1006.
Caro, P., Gomez, J., Sanz, A., Portero-Otin, M., Pamplona, R., and Barja, G. (2007). Effect of

graded corticosterone treatment on aging-related markers of oxidative stress in rat liver
mitochondria. Biogerontology 8, 1–11.

Carrard, G., Bulteau, A. L., Petropoulos, I., and Friguet, B. (2002). Impairment of proteasome
structure and function in aging. Int. J. Biochem. Cell Biol. 34, 1461–1474.

Celotto, A. M., Frank, A. C., Seigle, J. L., and Palladino, M. J. (2006). Drosophila model of
human inherited triosephosphate isomerase deficiency glycolytic enzymopathy. Genetics
174, 1237–1246.

Chang, T., Wang, R., and Wu, L. (2005). Methylglyoxal-induced nitric oxide and peroxyni-
trite production in vascular smooth muscle cells. Free Radic. Biol. Med. 38, 286–293.

Chauhan, A. and Chauhan, V. (2006). Oxidative stress in autism. Pathophysiology 13, 171–181.
Chauhan, A., Chauhan, V., Brown, W. T., and Cohen, I. (2004). Oxidative stress in autism:

Increased peroxidationand reduced serum levels of ceruloplasmin and transferring—The
antioxidant proteins. Life Sci. 75, 2539–2549.

Chez, M. G., Buchanan, C. P., and Aimonovitch, M. C. (2002). Double-blind, placebo-
controlled study of L-carnosine supplementation in children with autistic spectrum
disorders. J. Child Neurol. 17, 833–837.

Chiocchetti, A., Zhou, J., Zhu, H., Karl, T., Haubenreisser, O., Rinnerthaler, M., Heeren, G.,
Oender, K., Bauer, J., Hintner, H., Breitenbach, M., and Breitenbach-Koller, L. (2007).
Ribosomal proteins Rp110 and Rps6 are potent regulators of yeast replicative life span.
Exp. Gerontol. 42, 275–286.

Choi, H. K. and Curhan, G. T. (2008). Soft drinks, fructose consumption, and the risk of gout
in men: Prospective cohort study. BMJ 336, 309–312.

Chondrogianni, N. and Gonos, E. S. (2007). Overexpression of hump11/POMP proteasome
accessory protein enhances proteasome-mediated antioxidant defence. Exp. Gerontol. 42,
899–903.

Chung, C. H. and Hu, M. L. (2008). L-Carnosine inhibits metastasis of SK-Hep-1 cells by
inhibition of matrix metalloproteinase-9 expression and induction of an antimetastatic
gene, nm23-H1. Nutr. Cancer 60, 526–533.

Clark, I. E., Dodson, M. W., Jiang, C., Cao, J. H., Huh, J. R., Seol, J. H., Yoo, S. J., Hay, B. A.,
and Guo, M. (2006).Drosophila pink1 is required for mitochondrial function and interacts
genetically with parkin. Nature 441, 1162–1166.

Cornet, M. and Bousset, J. (1999). Free amino acids and dipeptides in porcine muscles:
Differences between ‘‘red’’ and ‘‘white’’ muscles. Meat Sci. 51, 215–219.

Cristofalo, V. J. and Kabakjian, J. (1975). Lysosomal enzymes and aging in vitro: Subcellular
enzyme distribution and effect of hydrocortisone on cell lifespan. Mech. Ageing Dev. 4,
19–28.

Cunningham, J. T., Rodgers, J. T., Arlow, D. H., Vazquez, F., Mootha, V. K., and
Puigserver, P. (2007). mTOR controls mitochondrial oxidative function through a YY1-
PGC-1 alpha transcription complex. Nature 450, 736–740.

Dalfo, E. and Ferrer, I. (2008). Early a-synuclein lipoxidation in neocortex in Lewy body
diseases. Neurobiol. Aging 29, 408–417.

Dalle-Donne, I., Giustarini, D., Clombo, R., Rossi, R., and Milzani, A. (2003). Protein carbon-
ylation in human diseases. Trends Mol. Med. 9, 169–176.

Dahlmann, B. (2007). Role of proteasomes in disease. BMC Biochem. 8, S3–S15.
Danscher, G., Jensen, K. B., Fredericksonm, C. J., Kemp, K., Andreason, A., Juhl, S.,

Stoltenberg, M., and Ravid, R. (1997). Increased amount of zinc in the hippocampus



138 Alan R. Hipkiss
and amygdale of Alzheimer’s disease brains: A proton-induced X-ray emission spectro-
scopic analysis of cryostat sections from autopsy material. J. Neurosci. Methods 76, 53–59.

Davis, T., Baird, D. M., Haughton, M. F., Jones, C. J., and Kipling, D. (2005). Prevention of
accelerated cell aging in Werner syndrome using a p38 mitogen-activated protein kinase
inhibitor. J. Gerontol. A Biol. Sci. Med. Sci. 60, 1386–1393.

Decker, E. A., Ivanov, V., Zhu, B. Z., and Frei, B. (2001). Inhibition of low-density lipoprotein
oxidation by carnosine and histidine. J. Agric. Food Chem. 49, 511–516.

Derave, W., Jones, G., Hespel, P., and Harris, R. C. (2008). Creatine supplementation aug-
ments skeletal muscle carnosine content in senescence-accelerated mice (SAMP8). Reju-
venation Res. 11, 641–647.

Desai, K. M. and Wu, L. (2008). Free radical generation by methylglyoxal in tissues. Drug

Metabol. Drug Interact. 23, 151–173.
Dhar, A., Desai, K., Kasachmov, M., Yu, P., and Wu, L. (2008). Methylglyoxal production in

vascular smooth muscle cells from different metabolic precursors. Metabolism 57,
1211–1220.

Ding, Q. and Keller, J. N. (2001). Proteasome inhibition in oxidative stress neurotoxicity:
Implications for heat shock proteins. J. Neurochem. 77, 1010–1017.

Dobrota, D., Fedorova, T., Stvolinsky, S. L., Babusikova, E., Likavcanova, K., Drgova, A.,
Strapkova, A., and Boldyrev, A. A. (2005). Carnosine protects the brain of rats and mongo-
lian gerbils against ischemic injury: After-stroke-effect.Neurochem. Res. 30, 1283–1288.

Donati, A. (2006). The involvement of macroautophagy in aging and anti-aging interven-
tions. Mol. Aspects Med. 27, 455–470.

Dukan, S., Farewell, A., Ballesteros, M., Taddei, F., and Nystrom, T. (2000). Proteins are
oxidatively carbonylated in response to reduced transcriptional and translation. Proc.
Natl. Acad. Sci. USA 97, 5746–5749.

Dunnet, M. and Harris, R. C. (1997). High-performance liquid chromatographic determina-
tion of imidazole dipeptides, histidine, 1-methylhistidine and 3-methylhistidine in
equine and camel muscles and individual fibres. J. Chromatogr. B 688, 47–55.

Evason, K., Huang, C., Yamben, I., Covey, D. F., and Kornfield, K. (2005). Anticonvulsant
medications extend worm life-span. Science 307, 258–262.

Farris, W., Mansourian, S., Chang, Y., Linsley, L., Eckman, E. A., Frosch, M. P., Eckman, C. B.,
Tanzi, R. E., Selkoe, D. J., and Guennette, S. (2005). Insulin-degrading enzyme regulates
the levels of insulin, amyloid beta-protein, and the beta-amyloid precursor protein
intracellular domain in vivo. Proc. Natl. Acad. Sci. USA 100, 4162–4167.

Fitzpatrick, D., Amend, J. F., Squibb, R. L., and Fisher, H. (1980). Effects of chronic and acute
infections on tissue levels of carnosine, anserine and free histidine in rats and chickens.
Proc. Soc. Exp. Biol. Med. 165, 404–408.

Fontana, M., Pinnen, F., Lucente, G., and Pecci, L. (2002). Prevention of peroxynitrate-
dependent damage by carnosine and related sulphonamide pseudopeptides. Cell. Mol.
Life Sci. 59, 546–555.

Fonteh, A. N., Harrington, R. J., Tsai, A., Liao, P., and Harrington, M. G. (2007). Free amino
acid and dipeptide changes in the body fluids of Alzheimer’s disease subjects. Amino

Acids 32, 213–224.
Formazyuk, V. E., Gorshkova, T. Y., Boldyrev, A. A., and Sergienko, V. T. (1992). Character-

istics of the chloramines complexes of carnosine and hypochlorite. Biochemistry (Moscow)

57, 915–918.
Fornai, F., Giorgi, F. S., Bassi, L., Ferrucci, M., Alessandri, M. G., and Corsini, G. U. (2000).

Modulation of dihydrophenylacetaldehyde extracellular levels in vivo in the rat striatum
after different kinds of pharmacological treatment. Brain Res. 861, 126–134.

Fouad, A. A., El-Rehany, M. A., and Maghraby, H. K. (2007). The hepatoprotective effect
of carnosine against ischemia/reperfusion liver injury in rats. Eur. J. Pharmacol. 572,
61–68.



Carnosine and Its Possible Roles in Nutrition and Health 139
Franke, S., Siggelkow, H., Wolf, G., and Hein, G. (2007). Advanced glycation endproducts
unfluence the mRNA expression of RAGE, RANKL and various osteoblastic genes in
human osteoblasts. Arch. Physiol. Biochem. 113, 154–161.

Fredriksson, A., Ballasteros, M., Dukan, S., and Nystrom, T. (2006). Induction of the heat
shock regulaon in response to increasedmistranslation requires oxidative modification of
the malformed proteins. Mol. Microbiol. 59, 350–359.

Freedman, B. I., Hicks, P. J., Sale, M. M., Pierson, E. D., Langefeld, C. D., Rich, S. S.,
McDonough, C., Janssen, B., Yard, B. A., van der Woude, F. J., and Bowden, D. W.
(2007). A leucine repeat in the carnosinase gene CNDP1 is accociated with diabetic end-
stage renal disease in European Americans. Nephrol. Dial. Transplant. 22, 1131–1135.

Fu, Q., Dai, H., Hu, W., Fan, Y., Shen, Y., Zhang, W., and Chen, Z. (2008). Carnosine protects
against AB42-induced neurotoxicity in differentiated rat PC12 cells. Cell. Mol. Neurobiol.

28, 307–316.
Fujii, T., Takaoka, M., Muraoka, T., Kurata, H., Tsuruoka, N., Ono, H., Kiso, Y., Tanaka, T.,

and Matsumura, Y. (2003). Preventive effect of L-carnosine on ischemia/reperfusion-
induced acute renal failure in rats. Eur. J. Pharmacol. 474, 261–267.

Fujii, T., Takaoka, M., Tsuruoka, N., Kiso, Y., and Matsumura, Y. (2005). Dietary supplemen-
tion with L-carnosine prevents ischemia/reperfusion renal injury in rats. Biol. Pharm.

Bull. 28, 361–363.
Fujimoto, M., Uchida, S., Watanuki, T., Wakabayashi, Y., Otsuki, K., Matsugara, T.,

Suetsugi, M., Funato, H., and Watanabe, Y. (2008). Reduced expression of glyoxalase-1
mRNA in mood disorder patients. Neurosci. Lett. 438, 196–199.

Gallant, S., Kukley, M., Stvolinsky, S., Bulgina, E., and Boldyrev, A. A. (2000). Effect of
carnosine on rats under experimental ischemia. Tohoku J. Exp. Med. 191, 85–99.

Gao, X., Qi, L., Qiao, N., Choi, H. K., Curham, G., Tucker, K. L., and Ascherio, A. (2008).
Intake of added sugar and sugar-sweetened drink and serum uric acid concentration in
US men and women. Hypertension 50, 306–313.

Gardner, M. L. G., Illingworth, K. M., Kelleher, J., andWood, D. (1991). Intestinal absorption
of the intact peptide carnosine in man, and comparison with intestinal permeability to
lactulose. J. Physiol. 439, 411–422.

Gayova, E., Kron, I., Suchozova, K., Pavlisak, V., Fedurco, M., and Novakova, I. (1999).
Carnosine in patients with type 1 diabetes mellitus. Bratisl. Lek. Lesty 100, 500–502.

Ghanbari, H. A., Ghanbari, K., Harris, P. L. R., Jones, P. K., Kubat, Z., Castellani, R. J.,
Wolozin, B. L., Smith, M. A., and Perry, G. (2004). Oxidative damage in cultured
human olfactory neurons from Alzheimer’s disease patients. Aging Cell 3, 41–44.

Gjessing, L. R., Lunde, H. A., Morkrid, L., Lenney, J. F., and Sjaastad, O. (1990). Inborn errors of
carnosine and homocarnosine metabolism. J. Neural Transm. Suppl. 29, 91–106.

Gnerer, J. P., Kreber, R. A., and Ganetsky, B. (2006). Wasted away, a drosophila mutation in
triosephosphate isomerase, causes paralysis, neurodegeneration, and early death. Proc.
Natl. Acad. Sci. USA 103, 14987–14993.

Goh, S. Y. and Cooper, M. E. (2008). Review: The role of advanced glycation end products
in progression and complications of diabetes. J. Clin. Endocrinol. Metab. 93, 1143–1152.

Gomes, R. A., Oliveira, L. M. A., Silva, M., Ascenso, C., Quintas, A., Costa, G., Coelho, A. V.,
Silva, M. S., Ferreira, A. E. N., Freire, P., and Cordeiro, C. (2008). Protein glycation in vivo:
Functional and structural effects on yeast enolase. Biochem. J. 416, 317–326.

Gomez,A. and Ferrer, I. (2009). Increased oxidationof certain glycolytic and energymetabolism
enzymes in the frontal cortex in Lewy body diseases. J. Neurosci. Res. 87, 1002–1013.

Gopko, A. V., Kulibib, A. Y., Semenova, M. L., and Zakhidov, S. T. (2005). Carnosine-induced
changes in the development of spermatogenic epithelial cells in senescence accelerated
SAM mice. Bull. Exp. Biol. Med. 140, 235–237.



140 Alan R. Hipkiss
Goodrick, C. L., Ingram, D. K., Reynolds, M. A., Freeman, J. R., and Cider, N. (1990). Effect of
intermittent feeding upon body weight and lifespan in inbred mice: Interaction of
genotype and age. Mech. Ageing Dev. 55, 69–87.

Guarente, L. (2000). Sir2 links chromatin silencing, metabolism, and aging. Genes Dev. 14,
1021–1026.

Guarente, L. (2008). Mitochondria – a nexus of aging, calorie restriction and sirtuins? Cell 132,
171–176.

Gugliucci, A., Smith, M. E., and Menini, T. (2002). Carnosine in physiological concentrations
inhibits advanced glycation of histones by reactive trioses methylglyoxal and glyceralde-
hyde. Diabetes 51, 2111.

Guiotto, A., Calderan, A., Ruzzo, P., and Borin, G. (2005a). Carnosine and carnosine-related
antioxidants: A review. Curr. Med. Chem. 12, 2293–2315.

Guiotto, A., Calderan, A., Ruzzo, P., Osler, A., Rubini, C., Jo, D. G., Mattson, M. P., and
Borin, G. (2005b). Synthesis and evaluation of neuroprotective a,b-unsaturated aldehyde
scavenger histidyl-containing analogues of carnosine. J. Med. Chem. 48, 6156–6161.

Hamano, H., Yoshinaga, K., Eta, R., Emori, Y., Kawasaki, D., Ilno, Y., Sawada, M.,
Kuroda, H., and Takei, M. (2006). Effect of polaprezinc on taste disorders in zinc-deficient
rats. Biofactors 28, 185–193.

Han, Y., Randell, E., Vasdev, S., Gill, A., Gadag, V., Newhook, L. A., Grant, M., and
Hagerty, D. (2007). Plasma methylglyoxal and glyoxal are elevated and related to early
membrane alteration in young, complication-free patients with Type 1 diabetes.Mol. Cell.

Biochem. 305, 123–131.
Hansen, M., Taubert, T., Crawford, D., Libina, N., Lee, S. J., and Kenyon, C. (2007). Lifespan

extension by conditions that inhibit translation in Caenorhabditis elegans. Aging Cell 6,
95–110.

Hansen, M., Chandos, A., Mitic, L. L., Onken, B., Driscoll, M., and Kenyon, C. (2008). A role
for autophagy in the extension of lifespan by dietary restriction in C. Elegans. PLoS Genet.

4, e24.
Harman, D. (1956). Aging: A theory based on free radical and radiation chemistry. J. Gerontol.

2, 298–300.
Harris, R. C., Marlin, D. J., Dunnett, M., Snow, D. H., and Hultman, E. (1990). Muscle

buffering capacity and dipeptide content in the thoroughbred horse, greyhound dog
and man. Comp. Biochem. Physiol. 97A, 249–251.

Harris, R. C., Tallon, M. J., Dunnett, M., Boobis, L., Coakley, J., Kim, H. J., Fallowfield, J. L.,
Hill, C. A., and Wise, J. A. (2006). The absorption of orally supplied beta-alanine and
its effects on muscle carnosine synthesis in human vastus lateralis. Amino Acids 30,
279–289.

Harris, R. C., Jones, G., Hill, C. H., Kendrick, I. P., Boobis, L., Kim, C. K., Kim, H. J.,
Dang, V. H., Edge, J., and Wise, J. A. (2007). The carnosine content of vastus lateralis in
vegetarians and omnivores. FASEB J. 21, 76.

Hass, R. (2005). Retrodifferentiation and reversibility of aging: Forever young? Signal

Transduct. 5, 93–102.
Hein, G. E. (2006). Glycation endproducts in osteoporosis—Is there a pathophysiologic

importance? Clin. Chim. Acta 371, 32–36.
Herrera, F. E., Chesi, A., Paleologou, K. E., Schmid, A., Munoz, A., Vendruscolo, M.,

Gustincich, S., Lashuel, H. A., and Carloni, P. (2008). Inhibition of a-synuclein fibrilliza-
tion by dopamine is mediated by interactions with five C-terminal residues and with E83
in the NAC region. PLoS ONE 3, e3394.

Hill, C. A., Harris, R. C., Kim, H. J., Harris, B. D., Sale, C., Boobis, L. H., Kim, C. K., and
Wise, J. A. (2006). Influence of beta-alanine supplementation on skeletal muscle carnosine
concentrations and high intensity cycling capacity. Amino Acids 32, 225–233.



Carnosine and Its Possible Roles in Nutrition and Health 141
Hipkiss, A. R. (1998). Carnosine, a protective anti-ageing peptide? Int. J. Biochem. Cell Biol. 30,
863–868.

Hipkiss, A. R. (2001). On the anti-aging activities of aminoguanidine and N-t-butylhydrox-
ylamine. Mech. Ageing Dev. 122, 169–171.

Hipkiss, A. R. (2003). Do developmental-related changes in constitutive proteolysis affect
aberrant protein accumulation and generation of the aged phenotype? Mech. Ageing Dev.
124, 575–579.

Hipkiss, A. R. (2005). Glycation, ageing and carnosine: Are carnivorous diets beneficial?
Mech. Ageing Dev. 126, 1034–1039.

Hipkiss, A. R. (2006a). Accumulation of altered proteins and ageing: Causes and effects. Exp.
Gerontol. 41, 464–473.

Hipkiss, A. R. (2006b). On the mechanisms of ageing suppression by dietary restriction—Is
persistent glycolysis the problem? Mech. Ageing Dev. 127, 8–15.

Hipkiss, A. R. (2006c). Would carnosine or a carnivorous diet help suppress aging and
associated pathologies? Ann. N. Y. Acad. Sci. 1067, 369–374.

Hipkiss, A. R. (2007a). Could carnosine or related structures suppress Alzheimer’s disease?
J. Alzheimers Dis. 11, 229–240.

Hipkiss, A. R. (2007b). Dietary restriction, glycolysis, hormesis and ageing. Biogerontology
8, 221–224.

Hipkiss, A. R. (2007c). On why decreasing protein synthesis can increase lifespan. Mech.
Ageing Dev. 128, 412–414.

Hipkiss, A. R. (2008a). Energy metabolism, altered proteins, sirtuins and ageing: Converging
mechanisms? Biogerontology 9, 49–55.

Hipkiss, A. R. (2008b). Error-protein metabolism and ageing. Biogerontology (in press).
Hipkiss, A. R. (2008c). On methionine restriction, suppression and mitochondrial dysfunc-

tion and aging. Rejuvenation Res. 11, 685–688.
Hipkiss, A. R. and Brownson, C. (2000). Carnosine reacts with protein carbonyl groups:

Another possible role for the anti-ageing peptide? Biogerontology 1, 217–223.
Hipkiss, A. R. and Chana, H. (1998). Carnosine protects proteins against methylglyoxal-

mediated modifications. Biochem. Biophys. Res. Commun. 248, 28–32.
Hipkiss, A. R., Michaelis, J., and Syrris, P. (1995a). Non-enzymic glycosylation of the dipep-

tide L-carnosine, a potential anti-protein-cross-linking agent. FEBS Lett. 371, 81–85.
Hipkiss, A. R., Michaelis, J., Syrris, P., and Dreimanis, M. (1995b). Strategies for the extension

of human lifespan. Perspect. Hum. Biol. 1, 59–70.
Hipkiss, A. R., Preston, J. E., Himsworth, D. T., Worthington, V. C., and Abbott, N. J. (1997).

Protective effects of carnosine against malondialdehyde-induced toxicity towards
cultured rat brain endothelial cells. Neurosci. Lett. 238, 135–138.

Hipkiss, A. R., Worthington, V. C., Himsworth, D. T. J., and Herwig, W. (1998a). Protective
effects of carnosine against protein modification mediated by malondialdehyde and
hypochlorite. Biochim. Biophys. Acta 1380, 46–54.

Hipkiss, A. R., Preston, J. E., Himsworth, D. T. M., Worthington, V. C., Keown, M.,
Michaelis, J., Lawrence, J., Mateen, A., Allende, L., Eagles, P. A. M., and Abbott, N. J.
(1998b). Pluripotent protective effects of carnosine, a naturally-occurring dipeptide. Ann.
N. Y. Acad. Sci. 854, 37–53.

Hipkiss, A. R., Brownson, C., and Carrier, M. J. (2001). Carnosine, the anti-ageing, anti-
oxidant dipeptide, may react with protein carbonyl groups. Mech. Ageing Dev. 122,
1431–1445.

Hipkiss, A. R., Brownson, C., Bertani, M. F., Ruiz, E., and Ferro, A. (2002). Reaction of
carnosine with aged proteins. Another protective process. Ann. N. Y. Acad. Sci. 959,
285–294.

Holliday, R. and McFarland, G. A. (1996). Inhibition of the growth of transformed and
neoplastic cells by the dipepitde carnosine. Br. J. Cancer 73, 966–971.



142 Alan R. Hipkiss
Holliday, R. and McFarland, G. A. (2000). A role for carnosine in cellular maintenance.
Biochemistry (Moscow) 65, 843–848.

Hornung, M. S., Blakesmore, L. J., and Trombley, P. Q. (2000). Endogenous mechanisms of
neuroprotection: Role of zinc, copper and carnosine. Brain Res. 852, 56–61.

Hou, W. C., Chen, H. J., and Lin, Y. H. (2003). Antioxidant peptides with angiotensin
converting enzyme inhibitory activities and applications for angiotensin converting
enzyme purification. J. Agric. Food Chem. 51, 1706–1709.

Huang, Y., Duan, J., Chen, H., Chen, M., and Chen, G. (2005). Separation and determination
of carnosine-related peptides using capillary electrophoresis with laser-induced fluores-
cence detection. Electrophoresis 26, 593–599.

Huebscher, K. J., Lee, J., Rovelli, G., Ludin, B., Matus, A., Stauffer, D., and Furst, P. (1999).
Protein isoaspartyl methyltransferase protects from Bax-induced apoptosis. Gene 240,
333–341.

Hughes, S. E., Evason, K., Xiong, C., and Kornfeld, K. (2007). Genetic and pharmacological
factors that influence reproductive aging in nematodes. PLoS Genet. 3, 254–265.

Ikeda, D., Wada, C., Yoneda, C., Abe, H., and Watabe, S. (1999). Carnosine stimulates
vimentin expression in cultured rat fibroblasts. Cell Struct. Funct. 24, 79–87.

Ikeda, M., Aiba, T., Ikui, A., Kurono, Y., Sakagami, M., Takeda, N., and Tomita, H. (2005).
Taste disorders: A survey of the examination methods and treatments used in Japan.Acta
Otolaryngol. 125, 1203–1210.

Janssen, B., Hohenadel, D., Brinkkoeter, P., Peters, V., Rind, N., Fischer, C., Rychlik, I.,
Cerna, M., Rondeau, E., Mathieson, P., Saleem, M. A., Meyer, J., et al. (2005). Carnosine
as a protective factor in diabetic nephropathy: Association with a leucine repeat of the
carnosinase gene CNDP1. Diabetes 54, 2320–2327.

Jansen, E. E. W., Gibson, K. M., Shigematsu, Y., Jakobs, C., and Verhoeven, N. M. (2006).
A novel, quantitative assay for homocarnosine in cerebrospinal fluid using stable-isotope
dilution liquid chromatography-tandem mass spectrometry. J. Chromatogr. B Analyt.

Technol. Biomed. Life Sci. 830, 196–200.
Jia, X. and Wu, L. (2007). Accumulation of endogenous methylglyoxal impaired insulin

signalling in adipose tissue of fructose-fed rats. Mol. Cell. Biochem. 306, 133–139.
Jin, C. L., Yang, L. X., Wu, X. H., Li, Q., Ding, M. P., Fan, Y. Y., Zhang, W. P., Luo, J. H., and

Chen, Z. (2005). Effects of carnosine on amygdaloid-kindled seizures in Sprague–Dawley
rats. Neuroscience 135, 939–947.

Johnson, P. and Hammer, J. L. (1992). Histidine dipeptide levels in aging and hypertensive
rat skeletal and cardiacmuscles.Comp. Biochem. Physiol. B Biochem.Mol. Biol. 103, 981–984.

Jones, G. A., Harris, R. C., and Nixey, C. (2007). Distribution of the histidine-containing
dipeptides, anserine and carnosine, within turkey muscle. In ‘‘10th International
Congress on Amino Acids and Proteins (ICAAP)’’, Kallithea, Greece, Vol. 33, pLII
abstract.

Junaid,M. A., Kowal, D., Barua,M., Pullartkat, P. S., Brooks, S. S., and Pullartkat, R. K. (2004).
Proteomic studies identified a sungle nucleotide polymorphism in glyoxalase 1 as autism
susceptibility factor. Am. J. Med. Genet. 131A, 11–17.

Junn, E., Ronchetti, R. D., Quezado, M. M., Kim, S. Y., and Mouradian, M. M. (2003). Tissue
transglutaminase-induced aggregation of alpha-synuclein: Implications for Lewy body
formation in Parkinson’s disease and dementia with Lewy bodies. Proc. Natl. Acad. Sci.

USA 100, 2047–2052.
Kaeberlein, M. and Kennedy, B. K. (2007). Protein translation, 2007. Aging Cell 6,

731–734.
Kairaluoma, L., Narhl, V., Ahonen, T., Westerholm, J., and Aro, M. (2008). Do fatty acids help

in overcoming reading difficultires? A double-blind, placebo-controlled study of the
effects of eicosapentaenoic acid and carnosine supplementation on children with dys-
lexia. Child Care Health Dev. (in press).



Carnosine and Its Possible Roles in Nutrition and Health 143
Kalapos, M. P. (1999). Methylglyoxal in living organisms: Chemistry, biochemistry, toxicol-
ogy and biological implications. Toxicol. Lett. 110, 145–175.

Kamel, J., Ohsawa,M., Miyata, S., and Tanaka, S. I. (2008). Preventive effect of L-carnosine on
changes in the thermal nociceptive threshold in streptozotocin-induced diabetic mice.
Eur. J. Pharmacol. 600, 83–86.

Kang, J. H. and Kim, K. S. (2003). Enhanced oligomerization of alpha-synuclein mutant by
Cu,Zn-superoxide dismutase and hydrogen peroxide system. Mol. Cells 28, 87–93.

Kang, J. H., Kim, K. S., Choi, S. Y., Kwon, H. Y., Won, M. H., and Kang, T. C. (2002).
Protective effects of carnosine, homocarnosine and anserine against peroxyl
radical-mediated Cu,Zn-superoxide dismutase modification. Biochim. Biophys. Acta

1570, 89–96.
Karpuj, M. and Steinman, L. (2004). The multifaceted role of transglutaminase in neurode-

generation: Review article. Amino Acids 26, 373–379.
Kawahara,M., Konoha, K., Nagata, T., and Sadakane, Y. (2007). Protective substances against

zinc-induced neuronal death after ischemia: Carnosine as a target for drug vascular type
dementia. Recent Pat. CNS Drug Discov. 2, 145–149.

Kendrick, I. P., Harris, R. C., Kim, H. J., Kim, C. K., Dang, V. H., Lam, T. Q., Bui, T. T.,
Smith, M., and Wise, J. A. (2008). The effects of 10 weeks of resistance training combined
with beta-alanine supplementation on whole body strength, force production, muscle
endurance and body composition. Amino Acids 34, 547–554.

Kim, N. H. and Kang, J. H. (2007). Protective effects of histidine dipeptides on the modifica-
tion of neurofilament-L by the cytochrome c/hydrogen peroxide system. J. Biochem. Mol.

Biol. 40, 125–129.
Kim, K. S., Choi, S. Y., Kwon, H. Y., Won, M. H., Kang, T. C., and Kang, J. H. (2002). The

ceruplasmin and hydrogen peroxide system induces alpha-synuclein aggregation
in vitro. Biochimie 84, 625–631.

Kim, N. H., Jeong, M. S., Choi, S. Y., and Kang, J. H. (2004). Oxidative modification of
neurofilament-L by the Cu,Zn-superoxide dismutase and hydrogen peroxide system.
Biochimie 86, 553–559.

Kim, H. J., Cho, J., Kim, C. K., Harris, R. C., Harris, D. B., Sale, C., andWise, J. A. (2005). Effect
of muscle fibre morphology and carnosine content after 12 days training of Korean speed
skaters. Med. Sci. Sports Exerc. 37, S192.

Kishi, S., Segawa, Y., and Yamaguchi, M. (1994). Histomorphological confirmation of the
preventative effect of beta-alanyl-L-histidinato zinc on bone loss in ovariectomized rats.
Biol. Pharm. Bull. 63, 203–207.

Kletsas, D., Pratsinis, H., Gioni, V., Pilichos, K., Yiacoumettis, A. M., and Tsagarakis, S.
(2007). Prior chronic in vivo glucocorticoid excess leads to an anabolic phenotype and
an extension of cellular life span of skin fibroblasts in vitro. Ann. N. Y. Acad. Sci. 1100,
449–454.

Kohen, R., Yamamoto, Y., Cundy, K. C., and Ames, B. N. (1988). Antioxidant activity of
carnosine, homocarnosine and anserine present in muscle and brain. Proc. Natl. Acad. Sci.

USA 95, 2175–2179.
Kotamraju, S., Matalon, S., Matsunaga, T., Shang, T., Hickman-Davis, J. M., and

Kalyanaraman, B. (2006). Upregulation of immunoproteasomes by nitric oxide: Potential
antioxidative mechanism in endothelial cells. Free Radic. Biol. Med. 40, 1034–1044.

Kovaks, T. (2004). Mechanisms of olfactory dysfunction in aging and neurodegenerative
disorders. Ageing Res. Rev. 3, 215–232.

Kozan, R., Sefil, F., and Bagirici, R. (2008). Anticonvulsant effect of carnosine on penicillin-
induced epileptiform activity in rats. Brain Res. (in press).

Krajcovicova-Kudlackova, M., Sebekova, K., Schinzel, R., and Klvanova, J. (2002). Advanced
glycation end products and nutrition. Physiol. Res. 51, 313–316.



144 Alan R. Hipkiss
Kueper, T., Grune, T., Prahl, S., Lenz, H., Welge, V., Biernoth, T., Vogt, Y., Muhr, G. M.,
Gaemlich, A., Jung, T., Boemke, G., Elsasser, H. P., et al. (2007). Vimentin is the specific
target in skin glycation. Structural prerequisites, functional consequences, and role in
skin aging. J. Biol. Chem. 282, 23427–23436.

Kurata, H., Fujii, T., Tsutsui, H., Katayama, T., Ohkita, M., Takaoka, M., Tsuruoka, N.,
Kiso, Y., Ohno, Y., Fujisawa, Y., Shokoji, T., Nishiyama, A., et al. (2006). Renoprotective
effects of L-carnosine on ischemia/reperfusion-induced renal injury in rats. J. Pharmacol.

Exp. Ther. 319, 640–647.
Kuroda, M. and Harada, T. (2002). Distribution of gamma-glutamyl-beta-alanylhistidine

isopeptide in the macromolecular fractions of commercial meat extracts and correlation
with the color of the macromolecular fractions. J. Agric. Food Chem. 50, 2088–2093.

Kuroda, M., Ohtake, R., Suzuki, E., and Harada, T. (2000). Investigation on the formation and
the determination of gamma-glutamyl-beta-alanylhistidine and related isopeptide in the
macromolecula fraction of beef soup. J. Agric. Food Chem. 48, 6317–6324.

Lamarre, M. and Desrosiers, R. R. (2008). Up-regulation of protein L-isoaspartyl methyl-
transferase expression by lithium is mediated by glycogen synthase kinase-3 inactivation
and beta-catenin stabilization. Neuropharmacology 55, 669–676.

Lamas, I., Anadon, R., and Diaz-Requeira, S. (2007). Carnosine-like immunoreactivity in
neurons of the brain of an advanced teleost, the gray mullet (Chelon labrosus, Risso). Brain
Res. 1149, 87–100.

Lankin, V. Z., Tikhaze, A. K., Kapel’ko, V. I., Shepel’kova, G. S., Shumaev, K. B.,
Panasenko, O. M., Konovalova, G. G., and Belenkov, Y. N. (2007). Mechanisms of oxida-
tive modification of low density lipoproteins under conditions of oxidative and carbonyl
stress. Biochemistry (Moscow) 72, 1081–1090.

Lanthier, J. and Desrosiers, R. R. (2006). Regulation of protein L-isoaspartyl methyltrans-
fearse by cell and matrix interactions: Involvement of integrin PI 3-kinase and the
proteasome. Biochem. Cell Biol. 84, 684–694.

Lanthier, J., Bouthillier, A., Lapointe, M., Demeule, M., Beliveau, R., and Desrosiers, R. R.
(2002). Down-regulation of protein L-isoaspartyl methyltransferase in human epileptic
hippocampus contributes to generation of damaged tubulin. J. Neurochem. 83, 581–591.

Lapointe, M., Lanthier, J., Moumdjian, R., Regina, A., and Desrosiers, R. R. (2005). Expression
and activity of L-isoaspartyl methyltransferase decrease in stage progression of human
astrocyte tumors. Mol. Brain Res. 135, 93–103.

Le, K. A. and Tappy, L. (2006). Metabolic effects of fructose. Curr. Opin. Clin. Nutr. Metab.

Care 9, 469–475.
Lee, J. W., Miyawski, H., Bobst, E. V., Hester, J. D., Ashraf, M., and Bobst, A. M. (1999).

Improved functional recovery of ischemic rat hearts due to singlet oxygen scavengers
histidine and carnosine. J. Mol. Cell. Cardiol. 31, 13–21.

Lee, Y., Hsu, C., Lin, K., and Yin, M. (2005). Histidine and carnosine delay diabetic deterio-
ration in mice and protect human low density lipoprotein against oxidation and glyca-
tion. Eur. J. Pharmacol. 512, 145–150.

Lee, E. S., Chen, H., Hardman, C., Simm, A., and Charlton, C. (2008). Excessive S-adenosyl-l-
methionine-dependent methylation increases levels of methanol, formaldehyde and for-
mic acid in rat brain striatal homogenates: Possible role in S-adenosyl-l-methionone-
induced Parkinsons’s disease-like disorders. Life Sci. 83, 821–827.

Leidhold, C. and Voos,W. (2007). Chaperones and proteases—Guardians of protein integrity
in eukaryotic organelles. Ann. N. Y. Acad. Sci. 1113, 72–86.

Levine, R. L. (2002). Carbonyl modified proteins in cellular regulation, aging and disease.
Free Radic. Biol. Med. 32, 790–796.

Li, P., Kim, S. W., Datta, S., Pond, W. G., and Wu, G. (2008). Dietary supplementation with
cholesterol and docosahexanoic acid affects concentrations of amino acids in tissues of
young pigs. Nitric Oxide 19, 259–265.



Carnosine and Its Possible Roles in Nutrition and Health 145
Liao, P. C., Lin, H. Y., Yuh, C. H., Yu, L. K., and Wang, H. D. (2008). The effect of neuronal
expression of heat shock proteins 26 and 27 on lifespan, neurodegeneration and apoptosis
in Drosophila. Biochem. Biophys. Res. Commun. 376, 637–641.

Lin, S. J., Defossez, P. A., andGuarente, L. (2000). Requirement of NAD and SIR2 for life-span
extension by caloric restriction in Saccharomyces cerevisiae. Science 289, 2126–2128.

Liu, Y., Xu, G., and Sayre, L. M. (2003). Carnosine inhibits (E)-4-hydroxy-2-nonenal-induced
protein cross-linking: Structural characterization of the carnosine-HNE adducts. Chem.

Res. Toxicol. 16, 1589–1597.
Liu, W. H., Liu, T. C., and Yin, M. C. (2008a). Beneficial effects of histidine and carnosine on

ethanol-induced chronic liver injury. Food Chem. Toxicol. 46, 1503–1509.
Liu, X., Yamada, N., Maruyama, W., and Osawa, Y. (2008b). Formation of dopamine adducts

derived from brain polyunsaturated fatty acids: Mechanism for Parkinson’s disease.
J. Biol. Chem. 283, 34887–34895.

Lo, C. Y., Li, S., Wang, Y., Tan, Y., Pan, M. H., Sang, S., and Ho, C. T. (2008). Reactive
dicarbonyl compounds and 5-(hydroxymethyl)-2-furfural in carbonated beverages con-
taining high fructose corn syrup. Food Chem. 107, 1099–1105.

Lopez-Lluch, G., Irusta, P. M., Navas, P., and de Cabo, R. (2008). Mitochondrial biogenesis
and healthy aging. Exp. Gerontol. 43, 813–819.

Luth, H. J., Ogunlade, V., Kuhla, B., Kientsch-Engel, R., Stahl, P., Webster, J., Arendt, T., and
Munch, G. (2005). Age- and stage-dependent accumulation of advanced glycation end
products in intracellular deposits in normal and Alzheimer’s disease brains. Cereb. Cortex
15, 211–220.

Macieira-Coelho, A. (1966). Action of cortisone on human fibroblasts in vitro. Experientia 22,
390–391.

Magalhaes, P. M., Appel, H. J., and Duarte, J. A. (2008). Involvement of advanced glycation
end products in the pathogenesis of diabetic complications: The protective role of regular
physical activity. Eur. Rev. Aging Phys. Act. 5, 17–29.

Mager, D. E., Wan, R., Brown, M., Cheng, A., Wareski, P., Abernethy, D. R., and
Mattson, M. P. (2006). Caloric restriction and intermittent fasting alter spectral measures
of heart rate and blood pressure variability in rats. FASEB J. 20, 631–637.

Mahmood, A., Fitzgerald, A. J., Marchbank, T., Ntatsaki, E., Murray, D., Ghosh, S., and
Playford, R. J. (2007). Zinc carnosine, a health food supplement that stabilises small bowel
integrity and stimulates gut repair processes. Gut 56, 168–175.

de Marchis, S., Modena, C., Peretto, P., Migheli, A., Margolis, F. L., and Fasalo, A. (2000).
Carnosine-related dipeptides in neurons and glia. Biochemistry (Moscow) 65, 824–833.

Martinez-Vicente, M. and Cuevo, A. M. (2007). Autophagy and neurodegeneration: When
the cleaning crew goes on strike. Lancet Neurol. 6, 352–362.

Masternak, M. M., Al-Regaiey, K. A., Bonkowski, M. S., Panici, J. A., and Bartke, A. (2005).
Effect of every other day feeding diet on gene expression in normal and in long-lived
Ames dwarf mice. Exp. Gerontol. 40, 491–497.

Matsukura, T. and Tanaka, H. (2000). Applicability of zinc complex of L-carnosine for
medical use. Biochemistry (Moscow) 65, 817–823.

Mattson, M. P. and Wan, R. (2005). Beneficial effects of intermittent fasting and caloric
restriction on the cardiovascular and cerebrovascular systems. J. Nutr. Biochem. 16,
129–137.

McFarland, G. A. and Holliday, R. (1994). Retardation of senescence in cultured human
diploid fibroblasts by carnosine. Exp. Cell Res. 212, 167–175.

McFarland, G. A. and Holliday, R. (1999). Further evidence for the rejuvenating effects of the
dipeptide L-carnosine on cultured diploid fibroblasts. Exp. Gerontol. 34, 35–45.

McNaught, K. St. P., Belizaire, R., Isacson, O., Jenner, P., and Olanow, C. W. (2003). Altered
proteasome function in sporadic Parkinson’s disease. Exp. Neurol. 179, 38–46.



146 Alan R. Hipkiss
Medvedik, O., Lamming, D. W., Kim, K. D., and Sinclair, D. A. (2007). MSN2 and MSN4 link
calorie restriction and TOR to sirtuin-mediated lifespn extension in Saccharomyces
cerevisiae. PLoS Biol. 5, 2330–2341.

Mikami, K., Otaka, M., Watanabe, D., Goto, T., Endoh, A., Miura, K., Ohshima, S.,
Yoneyama, K., Sato, M., Shibuya, T., Segawa, D., Kataoka, E., et al. (2006). Zinc
L-carnosine protects against mucosal injury in portal hypertensive gastropathy through
induction of heat shock protein 72. J. Gastroenterol. Hepatol. 21, 1669–1674.

Miller, A. and Adeli, K. (2008). Dierty fructose and metabolic syndrome. Curr. Opin.

Gastroenterol. 24, 204–209.
Miller, R. A., Buehner, G., Chang, Y., Harper, J. M., Sigler, R., and Smith-Wheelock, M. (2005).

Methionine-deficient diet extends mouse lifespan, slow immune and lens aging, alters
glucoase, T4, IGF-1 and insulin levels, and increases hepatocyte MIF levels and stress
resistance. Aging Cell 4, 119–125.

Min, J., Senut, M. C., Rajanikant, K., Greengerg, E., Banagi, R., Zemke, D., Mousa, A.,
Kassab, M., Farooq, M. U., Gupta, R., and Majid, A. (2008). Differential neuroprotective
effects of carnosine, anserine and N-acetyl carnosine against permanent focal ischemia.
J. Neurosci. Res. 86, 2984–2991.

Mirza, M. A., Kandhro, A. J., Memon, S. Q., Khuhawar, M. Y., and Arain, R. (2007).
Determination of glyoxal and methylglyoxal in the serum of diabetic patients by MEKC
using stilbenediamine as derivatizing agent. Electrophoresis 28, 3940–3947.

Morcos, M., Du, X., Pfisterer, F., Hunter, H., Sayed, A. A., Thornalley, P. J., Ahmed, N.,
Baynes, J., Thorpe, S., Kukudov, G., Schlotterer, A., Bozorgmehr, F., et al. (2008).
Glyoxalase-1 prevents mitochondrial protein modification and enhances lifespan in
C. Elegans. Aging Cell 7, 260–269.

Mor-Vaknin, N., Puntutieri, A., Sitwala, K., and Markovitz, D. M. (2003). Vimentin is
secreted by activated macrophages. Nat. Cell Biol. 5, 59–63.

Morrow, G. and Tanguay, R. M. (2003). Heat shock proteins and aging in Drosophila melano-

gaster. Semin. Cell Dev. Biol. 14, 291–299.
Mroz, E. A. and Sewell, W. F. (1989). Pharmacological altereations of the activity of afferent

fibres innervating hair cells. Hear. Res. 38, 141–162.
Muma, N. A. (2007). Transglutaminse is linked to neurodegenerative diseases. J. Neuropathol.

Exp. Neurol. 66, 258–263.
Munch, G., Thome, J., Foley, P., Schinzel, R., and Riederer, P. (1997). Advanced glycation

endproducts in ageing and Alzheimer’s disease. Brain Res. Rev. 23, 134–143.
Munch, G., Kuhla, B., Luth, H. J., Arendt, T., and Robinson, S. R. (2003). Anti-ageing defences

against Alzheimer’s disease. Biochem. Soc. Trans. 31, 1397–1399.
Nagai, K. and Suda, T. (1986). Antineoplastic effects of carnosine and beta-alanine—Physio-

logical considerations of its antineoplastic effects. Nippon Seirigaku Zasshi 48, 741–747.
Nagai, K., Suda, T., Kawasaki, K., and Mathuura, S. (1986). Action of carnosine and beta-

alanine on wound healing. Surgery 100, 815–821.
Nagai, K., Niijima, A., Yamano, T., Otani, H., Okumra, N., Tsuruoka, N., Nakai, M., and

Kiso, Y. (2003). Possible role of L-carnosine in the regulation of blood glucose through
controlling autonomic nerves. Exp. Biol. Med. (Maywood) 228, 1138–1145.

Nagasawa, T., Yonekura, T.,Nishizawa,N., andKitts, D.D. (2001). In vitro and in vivo inhibition
of muscle lipid and protein oxidation by carnosine.Mol. Cell Biochem. 225, 29–34.

Naito, Y., Yoshikawa, T., Yagi, N., Matsuyama, K., Yoshida, N., Seto, K., and Yoneta, T.
(2001). Effects of polaprezinc on lipid peroxidation, neutrophil accumulation, and TNF-
alpha expression in rats with aspirin-induced gastric mucosal injury. Dig. Dis. Sci. 46,
845–851.

Nakagawa, K., Ueno, A., and Nishikawa, Y. (2006). Interactions between carnosine and
captopril on free radical scavenging activity and angiotensin-converting enzyme activity
in vitro. Yakugaku Zasshi 125, 37–42.



Carnosine and Its Possible Roles in Nutrition and Health 147
Nakayama, K., Nakayama, M., Iwabuchi, M., Terawaki, H., Sato, T., Kohno, M., and Ito, S.
(2008). Plasma alpha-oxoaldehyde levels in diabetic and ondiabetic chronic kidney dis-
ease patients. Am. J. Nephrol. 28, 871–878.

Naudi, A., Caro, P., Jove, M., Gomez, J., Boada, J., Ayala, V., Portero-Otin, M., Barja, G., and
Pamplona, R. (2007). Methionine restriction decreases endogenous oxidative damage and
increases mitochondrial biogenesis and uncoupling protein 4 in rat brain. Rejuvenation
Res. 10, 473–484.

Ngo, J. K. and Davies, K. J. (2007). Importance of the lon protease in mitochondrial
maintenance and the significance of declining lon in aging. Ann. N. Y. Acad. Sci. 1119,
78–87.

Nicoletti, V. G., Santoro, A. M., Grasso, G., Vagliasindi, L. I., Giuffrida, M. L., Cuppari, C.,
Purrello, V. S., Giuffrida Stella, A. M., and Rizzarelli, E. (2007). Carnosine interaction with
nitric oxide and astroglial protection. J. Neurosci. Res. 85, 2239–2245.

Niijima, A., Okui, T., Matsumura, Y., Yamano, T., Tsuroka, N., Kiso, Y., and Nagai, K. (2002).
Effects of L-carnosine on renal sympathetic nerve activity and DOCA-salt hypertension
in rats. Auton. Neurosci. 97, 99–102.

Odashima, M., Otaka, M., Jin, M., Konishi, N., Kato, S., Matsuhashi, T., Nakamura, C., and
Watanabe, S. (2002). Induction of a 72-kDa heat-shock protein in cultured rat gastric
mucosal cells and rat gastric mucosa by zinc L-carnosine. Dig. Dis. Sci. 47, 2799–2804.

Odashima, M., Otaka, M., Jin, M., Wada, I., Horikawa, Y., Matsuhashi, T., Ohba, R.,
Hatakeyama, N., Oyake, J., and Watanabe, S. (2006). Zinc L-carnosine protects colonic
mucosal injury through induction of heat shock protein 72 and suppression of NF-kb
activation. Life Sci. 79, 2245–2250.

Orioli, M., Aldini, G., Beretta, G., Mattei Facino, R., and Carini, M. (2005). LC-ESI-MS/MS
determination of 4-hydroxy-trans-2-nonenal Michael adducts with cysteine and
histidine-containing peptides as early markers of oxidative stress inexcitable tissues.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 827, 109–118.

Orioli, M., Aldini, G., Benfatto, M. C., Facini, R. M., and Carini, M. (2007). HNE Michael
adducts to histidine and histidine-containing peptides as biomarkers of lipid-derived
carbonyl stress in urines: LC-MS/MS profiling in Zucker obese rats. Anal. Biochem. 79,
9174–9184.

Otto, H., Conz, C., Maier, P., Suzuki, C. K., Jeno, P., Rucknagel, P., Stahl, J., and Rospert, S.
(2005). The chaperones MPP11 and Hsp70L1 form the mammalian ribosome-associated
complex. Proc. Natl. Acad. Sci. USA 102, 10064–10069.

Pallancke, L. and Greenamyre, J. T. (2006). Pink, parkin and the brain.Nature 441, 1058–1064.
Pamplona, R., Dalfo, E., Ayala, V., Bellmunt, M. J., Prat, J., Ferrer, I., and Portero-Otin, M.

(2005). Proteins in human brain cortex are modified by oxidation, glycoxidation and
lipoxidation: Effects of Alzheimer’s disease and identification of lipoxidation targets.
J. Biol. Chem. 280, 21522–21530.

Pamplona, R., Naudi, A., Gavin, R., Pastrana, M. A., Sajnani, G., Ilieva, E. V., Del Rio, J. A.,
Portero-Otin, M., Ferrer, I., and Requena, J. R. (2008). Increased oxidation, glycoxidation,
and lipoxidation in prion disease. Free Radic. Biol. Med. 45, 1159–1166.

Pan, K. Z., Palter, J. E., Rogers, A. N., Olsen, A., Chen, D., Lithgow, G. J., and Kapahi, P.
(2007). Inhibition of mRNA translation extends lifespan in Caenorhabditis elegans. Aging
Cell 6, 111–119.

Panzanelli, P., Valli, P., Cantino, D., and Fasolo, A. (1994). Glutamate and carnosine in then
vestibular system of the frog. Brain Res. 662, 293–296.

Park, Y. J., Volpe, S. L., and Decker, E. A. (2005). Quantitation of carnosine in human plasma
after dietary consumption of beef. J. Agric. Food Chem. 53, 4735–4739.

Partridge, L. and Brand, M. D. (2005). Preface. Special issue on dietary restriction. Longevity
and ageing – the current state of our knowledge and ignorance. Mech. Ageing Devel. 126,
911–912.



148 Alan R. Hipkiss
Pattison, D. I. and Davies, M. J. (2006). Evidence for rapid inter- and intramolecular chlorine
transfer reactions of histamine and carnosine chloramines: Implications for the preven-
tion of hypochlorous-acid-mediated damage. Biochemistry 45, 8152–8162.

Paul, S. (2008). Dysfunction of the ubiquitin-proteasome system in multiple disease condi-
tions: Therapeutic approaches. Bioessays 30, 1172–1184.

Petroff, O. A., Mattson, R. H., Behar, K. L., Hyder, F., and Rothman, D. L. (1998). Vigabatrin
increases human brain homocarnosine and improves seizure control. Ann. Neurol. 44,
948–952.

Petroff, O. A., Hyder, F., Rothman, D. L., andMattson, F. H. (2006). Brain homocarnosine and
seizure control of patients taking gabapentin or topiramate. Epilepsia 47, 495–498.

Plun-Favreau, H., Klupsch, K., Moisoi, N., Gandhi, S., Kjaer, S., Frith, D., Harvey, K., Deas, E.,
Harvey, R. J., McDonald, N., Wood, N. W., Martins, L. M., et al. (2007). The mitochondrial
protease htrA2 is regulated by Parkinson’s disease-associated kinase PINK1. Nat. Cell
Biol. 9, 1243–1252.

Preston, J. P., Hipkiss, A. R., Himsworth, D. J. T., Romero, I. A., and Abbott, J. N. (1998). Toxic
effects of beta-amyloid (25–35) on immortalised rat brain endothelial cells: Protection by
carnosine, homocarnosine and beta-alanine. Neurosci. Lett. 242, 105–108.

Purchas, R. W., Rutherford, S. M., Pearce, P. D., Vather, R., and Wilkinson, B. H. P. (2004).
Concentrations in beef and lamb of taurine, carnosine, coenzyme Q10 and creatine. Meat

Sci. 66, 629–637.
Qiu, W. Q. and Folstein, M. F. (2006). Insulin, insulin-degrading enzyme and amyloid-beta

peptide inn Alzheimer’s disease: Review and hypothesis. Neurobiol. Aging 27, 190–198.
Quinn, P. J., Boldyrev, A. A., and Formazuyk, V. E. (1992). Carnosine: Its properties, func-

tions and potential therapeutic applications. Mol. Aspects Med. 13, 379–444.
Rabbani, N. and Thornalley, P. J. (2008). The dicarbonyl proteome: Proteins susceptible to

dicarbonyl glycation at functional sites in health, aging and disease. Ann. N. Y. Acad. Sci.

1126, 124–127.
Rajanikant, G. K., Zemke, D., Senut, M. C., Frenzel, M. B., Chen, A. F., Gupta, R., and

Majid, A. (2007). Carnosine is neuroprotective against permanent focal cerebral ischemia
in mice. Stroke 38, 3023–3031.

Rakwalska, M. and Rospert, S. (2004). The ribosome-bound chaperones RAC and Ssb1/2p
are required for accurate translation in Saccharomyces cerevisiae. Mol. Cell Biol. 24,
9186–9197.

Rashid, I., van Reyk, D. M., and Davies, M. J. (2007). Carnosine and its constituents inhibit
glycation of low-density lipoproteins that promote foam cell formation in vitro. FEBS Lett.
581, 1067–1070.

Rattan, S. I. (2006). Hormetic modulation of aging and longevity by mild heat stress. Dose

Response 3, 533–646.
Reddy, V. P., Obrenovich, M. E., Atwood, C. S., Perry, G., and Smith, M. A. (2004). Involve-

ment of Maillard reactions in Alzheimer’s disease. Neurotox. Res. 4, 191–209.
Reeve, V. E., Boehm-Wilcox, C., Bosnic, M., and Rozinova, E. (1993a). Suppressive effect of

2-acetyl-4-tetrahydroxybutylimidazole on contact hypersensitivity in Skh:HR hairless
mouse. Int. Arch. Allergy Immunol. 102, 101–106.

Reeve, V. E., Bosnic, M., and Rozinova, E. (1993b). Carnosine (beta-alanylhistidine) protects
from the suppression of contact hypersensitivity by ultraviolet B (280–320nm) radiation
or by cis urocanic acid. Immumnology 78, 99–104.

Rehnstrom, K., Ylisaukko-Oja, T., Vanhala, R., von Wendt, L., Peltonen, L., and Hovatta, I.
(2008). No association between common variants in glyoxalase 1 and autistic spectrum
disorders. Am. J. Med. Genet. B Neuropsychiatr. Genet. 1478, 124–127.

Religa, D., Strozyk, D., Cherny, R. A., Volotakis, I., Haroutunian, V., Winblad, B., Naslund, J.,
and Bush, A. I. (2006). Elevated cortical zinc in Alzheimer’s disease. Neurology 67,
69–75.



Carnosine and Its Possible Roles in Nutrition and Health 149
Ririe, D. G., Roberts, P. R., Shouse,M. N., and Zaloga, G. P. (2000). Vasodilatory actions of the
dietary peptide carnosine. Nutrition 16, 168–172.

Roberts, P. R. and Zaloga, G. P. (2000). Cardiovascular effects of carnosine. Biochemistry

(Moscow) 65, 856–861.
Roberts, P. R., Black, K. W., Santamauro, J. T., and Zaloga, G. P. (1998). Dietary peptides

improve wound healing following surgery. Nutrition 14, 266–269.
Rodgers, J. T., Lerin, C., Gerhart-Hines, Z., and Puigserver, P. (2008). Metabolic adaptations

through PGC-1 alpha and SIRT1 pathways. FEBS Lett. 582, 46–53.
Ruan, Q. and Johnson, G. V. (2007). Transglutaminase 2 in neurodegenerative disorders.

Front. Biosci. 12, 891–904.
Sacco, R., Papaleo, V., Hager, J., Rousseau, F., Moessner, R., Militerni, R., Bravaccio, P.,

Trillo, S., Schneider, C., Melmed, R., Elia, M., Curatolo, P., et al. (2007). Case-control
and family-based association studies of candidate genes in autistic disorder and its
endophenotypes: TPH2 and GLO 1. BMC Med. Genet. 8, 11.

Sassoe-Pognetto, M. M., Cantino, D., Panzanelli, P., di Cantagno, L. V., Giustetto, M.,
Margolis, F., de Biasi, L., and Fasolo, A. (1993). Presynaptic colocalization of carnosine
and glutamate in olfactory neurones. Neuroreport 5, 7–10.

Sato, M., Karasawa, N., Shimizu,M., Morimatsu, F., and Yamada, R. (2008). Safety evaluation
of chicken breast extract containing carnosine and anserine. Food Chem. Toxicol. 46,
480–489.

Sauerhoefer, S., Bartram, C. R., Nawroth, P., Hammes, H. P., Yard, B. A., Zschocke, J., and
van der Woude, F. J. (2005). Carnosine as a protective factor in diabetic nephropathy:
Association with a leucine repeat of the carnosinase gene CNDP1.Diabetes 54, 2320–2327.

Sauerhofer, S., Yuan, G., Braun, G. S., Deinzer, M., Neumaier, M., Gretz, N., Floege, J.,
Kriz, W., van der Woude, F., and Moeller, M. J. (2007). L-Carnosine, a substrate of
carnosinase-1, influences glucose metabolism. Diabetes 56, 2425–2432.

Schalkwijk, C. G., Brouwers, O., and Stehouer, C. D. (2008). Modulation of insulin action by
adavanced glycation endproducts: A new player in the field. Horm. Metab. Res. 40,
614–619.

Schroder, L., Schmitz, C., and Bachert, P. (2004). Molecular dynamics and information on
possible sites of interaction of intramyocellular metabolites in vivo from resolved dipolar
couplings in localized 1H NMR spectra. J. Magn. Reson. 171, 213–224.

Schulz, M., Hamprecht, B., Kleinkauf, H., and Bauer, K. (1989). Regulation by dibutyryl
cyclic AMP of carnosine synthesis in astroglial-rich primary cultures kept in serum-free
medium. J. Neurochem. 52, 229–234.

Seidler, N. W. (2000). Carnosine prevents glycation-induced changes in electrophoretic
mobility of aspartate aminotransferase. J. Biochem. Mol. Toxicol. 14, 215–220.

Seidler, N. W., Yeargans, G. S., and Morgan, T. G. (2004). Carnosine disaggregates glycated
alpha-crystallin: An in vitro study. Arch. Biochem. Biophys. 427, 110–115.

Selkoe, D. J., Abraham, C., and Ihara, Y. (1982). Brain transglutaminase: In vitro crosslinking
of human neurofilament proteins into insoluble polymers. Proc. Natl. Acad. Sci. USA 79,
6070–6074.

Selle, A., Ullrich, O., Harnacke, K., and Hass, R. (2007). Retrodifferentaion and rejuvenation
of senescent monocyte cells requires PARP-1. Exp. Gerontol. 42, 554–562.

Shao, L., Li, Q. H., and Tan, Z. M. (2004). L-carnosine reduces telomere damage and
shortening rate in cultured normal fibroblasts. Biochem. Biophys. Res. Commun. 324,
931–936.

Shen, Y., Fan, Y., Dai, H., Fu, Q., Hu, W., and Chen, Z. (2007a). Neuroportective effect of
carnosine on necrotic cell death in PC12 cells. Neurosci. Lett. 414, 145–149.

Shen, Y., Hu, W. W., Fan, Y. Y., Dai, H. B., Fu, Q. L., Wei, E. Q., Luo, J. H., and Chen, Z.
(2007b). Carnosine protects against NMDA-induced neurotoxicity in differentiated PC12



150 Alan R. Hipkiss
cells through carnosine-histidine-histamine pathway and H1/H3 receptors. Biochem.

Pharmacol. 73, 709–717.
Shen, J., Yao, J. F., Tanida, M., and Nagai, K. (2008). Regulation of sympathetic nerve activity

by L-carnosine in mammalian white adipose tissue. Neurosci. Lett. 44, 100–104.
Shimada, T., Waranabe, N., Ohtsuka, Y., Endoh, M., Kojima, K., Hiraishi, H., and Terano, A.

(1999). Polaprezinc down-regulates proinflammatory cytokine-induced nuclear factor-
kappa B activation and interleukin-8 expression in gastric epithelial cells. J. Pharmacol.

Exp. Ther. 291, 345–352.
Shimizu, K., Kiuchi, Y., Ando, K., Hayakawa, M., and Kikugawa, K. (2004). Coordination of

oxidized protein hydrolase and the proteasome in the clearance of cytotoxic denatured
proteins. Biochem. Biophys. Acta 324, 140–146.

Shiraki, M., Kuroda, Y., Tanaka, S., Salto, M., Fukunaga, M., and Nakamura, T. (2008).
Nonenzymic collagen cross-links induced by glycoxidation (pentosidine) predicts verte-
bral fractures. J. Bone Miner. Metab. 26, 93–100.

Shuvaev, V. V., Laffont, I., Serot, M., Fujii, J., Taniguchi, N., and Siest, G. (2001). Increased
protein glycation in cerebrospinal fluid of Alzheimer’s disease. Neurobiol. Aging 22,
397–402.

Singh, R., Barden, A., Mori, T., and Beilin, L. (2001). Advanced glycation end-products: A
review. Diabetologia 44, 129–148.

Sitte, N. (2003). Oxidative damage to proteins. In ‘‘Aging at the Molecular Level’’ (T. von
Zglinicki, ed.), pp. 27–45. Kluwer Academic Publishers, The Netherlands.

Smith, D. P., Smith, D. G., Curtain, C. C., Boas, J. F., Pilbrow, J. R., Ciccotosto, G. D., Lau, T. L.,
Tew, D. J., Perez, K., Wade, J. D., Bush, A. I., Drew, S. C., et al. (2006). Copper-mediated
amyloid-beta toxicity is associated with an intermolecular bridge. J. Biol. Chem. 281,
15145–15154.

Soh, J. W., Hotic, S., and Arking, R. (2007). Dietary restriction in Drosophila is dependent on
mitochondrial efficiency and constrained by pre-existing extended longevity. Mech.

Ageing Dev. 128, 581–593.
Son, D. O., Satsu, H., Kiso, Y., Totsuka, M., and Shimizu, M. (2008). Inhibitory effect of

carnosine on interleukin-8 in intestinal epithelial cells through translational regulation.
Cytokine 43, 265–276.

Sozio, P., Iannitelli, A., Cerasa, L. S., Cacciatre, I., Cornacchia, C., Giorgioni, G.,
Ricciutelli, M., Nasuti, C., Cantalamessa, F., and Stefano, A. (2008). New L-dopa codrugs
as potential antiparkinson agents. Arch. Pharm. (Weinheim) 341, 412–417.

Stadtman, E. R. (1992). Protein oxidation and aging. Science 257, 1220–1224.
Stout, J. R., Graves, B. S., Smith, A. E., Hartman, M. J., Cramer, J. T., Beck, T. W., and

Harris, R. C. (2008). The effect of beta-alanine supplementation on neuromuscular fatigue
in elderly (55–92 years): A double-blind randomized study. J. Int. Soc. Sports Nutr. 5, 21.

Stuerenburg, H. J. and Kunze, K. (1999). Concentrations of free carnosine (a putative
membrane-protective antioxidant) in human muscle and rat muscles. Arch. Gerontol.
Geriatr. 29, 107–113.

Stvolinsky, S. L. and Dobrota, D. (2000). Anti-ischemic activity of carnosine. Biochemistry

(Moscow) 65, 849–855.
Sugiyama, T., Tanaka, H., and Kawai, S. (2000). Improvement of periarticular osteoporosis

in postmenopausal women with rheumatoid arthritis by beta-alanyl-L-histidinatozinc:
A pilot study. J. Bone Miner. Metab. 18, 335–338.

Suji, G. and Sivakami, S. (2004). Glucose, glycation and aging. Biogerontology 5, 365–373.
Syntichaki, P., Troulinaki, K., and Tavernarakis, N. (2007). eIF4E function in somatic cells

modulates ageing in Caenorhabditis elegans. Nature 445, 922–926.
Tabakman, R., Jiang, H., Levine, R. A., Kohen, R., and Lazarovici, P. (2004). Apoptotic

characteristics of cell death and neuroprotective effect of homocarnosine on pheochro-
mocytoma PC12v cells exposed to ischemia. J. Neurosci. Res. 75, 499–507.



Carnosine and Its Possible Roles in Nutrition and Health 151
Tallon, M. J., Harris, R. C., Boobis, L., Fallowfield, J., and Wise, J. A. (2005). The carnosine
content of vastus lateralis is elevated in resistance-trained bodybuilders. J. Strength. Cond.
Res. 19, 725–729.

Tallon, M. J., Harris, R. C., Maffulli, N., and Tarnopolsky, M. A. (2007). Carnosine, taurine
and enzyme activities of human skeletal muscle fibres from elderly subjects with
osteoarthritis and young moderately active subjects. Biogerontology 8, 129–137.

Tamba, M. and Torreggiani, A. (1999). Hydroxyl radical scavenging by carnosine and Cu
(11)-carnosine complexes: A pulse-radiolysis and spectroscopic study. Int. J. Radiat. Biol.
75, 1177–1188.

Tan, K. M. and Candish, J. K. (1998). Carnosine and anserine as modulators of neutrophil
function. Clin. Lab. Haematol. 20, 239–244.

Tang, S. C., Arumugam, T. V., Cutler, R. G., Jo, D. G., Magnus, T., Chan, S. L., Mughal, M. R.,
Telliohann, R. S., Nassar, M., Ouyang, X., Calderan, A., Ruzza, P., et al. (2007). Neuro-
protective actions of a histidine analogue in models of ischemic stroke. J. Neurochem. 101,
729–736.

Tang, S. Y., Allen, M. R., Phipps, R., Burr, D. B., and Vashishth, D. (2009). Changes in non-
enzymic glycation and its association with altered mechanical properties following
1-year treatment with risedronate or alendronate. Osteoporos. Int. 20, 887–894.

Tanida, M., Niijima, A., Fukuda, Y., Sawai, H., Tsuruoka, N., Shen, J., Yamada, S., Kiso, Y.,
and Nagai, K. (2005). Dose-dependent effects of L-carnosine on the renal sympathetic
nerve and blood pressure in irethane-anesthetized rats. Am J Physiol. Regul. Integr. Comp.

Physiol. 288, R447–455.
Tanida, M., Gotoh, H., Taniguchi, H., Otani, H., Shen, J., Nakamura, T., Tsuroka, N., Kiso, Y.,

Okumura, N., and Nagai, K. (2007). Effects of central injection of L-carnosine on sympa-
thetic nerve activity innervating brown adipose tissue and body temperature in rats.
Regul. Pept. 144, 62–71.

Tatsuta, T. and Langer, T. (2008). Quality control of mitochondria: Protection against neuro-
degeneration and ageing. EMBO J. 27, 306–314.

Temperini, C., Scozzafava, A., Puccetti, L., and Supuran, C. (2005). Carbonic anhydrase activa-
tors: X-ray crystal structure of the adduct of human isozyme II with histidine as a platform
for the design of stronger activators. Bioorg. Med. Chem. Lett. 15, 5136–5141.

Teuscher, N. S., Shen, H., Shu, C., Xiang, J., Keep, R. F., and Smith, D. E. (2004). Carnosine
uptake in rat choroids plexus primary cell cultures and choroids plexus whole tissue
from PEPT2 null mice. J. Neurochem. 89, 375–382.

Thio, L. L. and Zhang, H. X. (2006). Modulation of inhibitory glycine receptors in cultured
embryonic mouse hippcampal neurons by zinc, thiol containing redox agents and carno-
sine. Neuroscience 139, 1315–1327.

Thomas, S., Kotamraju, S., Zielonka, J., Harder, D. R., and Kalyanaraman, B. (2007). Hydro-
gen peroxide induces nitric oxide and proteasome activity in endothelial cells: A bell-
shaped signaling response. Free Radic. Biol. Med. 42, 1049–1061.

Thornalley, P. J. (1999). Clinical significance of glycation. Clin. Lab. 45, 263–273.
Tomonaga, S., Tachibana, T., Takagi, T., Saito, E. S., Zhang, R., Denbow, D. M., and

Furuse, M. (2004). Effect of central administration of carnosine and its constituents on
behaviours in chicks. Brain Res. Bull. 63, 75–82.

Tomonaga, S., Tachibana, T., Takahashi, H., Sato, M., Denbow, D. M., and Furuse, M. (2005).
Nitric oxide involves in carnosine-induced hyperactivity in chicks. Eur. J. Pharmacol. 524,
84–88.

Tomonaga, S., Hayakawa, T., Yamane, H., Maemura, H., Sato, M., Takahata, Y.,
Morimatsu, F., and Furuse, M. (2007). Oral administration of chicken breast extract
increases brain carnosine and anserine in rats. Nutr. Neurosci. 10, 181–186.



152 Alan R. Hipkiss
Tomonaga, S., Yamane, H., Onitsuka, E., Yamada, S., Sato, M., Takahata, Y., Morimatsu, F.,
and Furuse, M. (2008). Carnosine-induced antidepressant-like activity in rats. Pharmacol.
Biochem. Behav. 89, 627–632.

Trombley, P. Q., Hornung, M. S., and Blakemore, L. J. (2000). Interactions between carnosine
and zinc and copper: Implications for neuromodulations and neuroprotection. Biochem-

istry (Moscow) 65, 949–960.
Tsubone, S., Yashikawa, N., Okada, S., and Abe, U. (2007). Purification and characterization

of a novel imidazole dipeptide synthetase from the muscle of the Japanese eel Anguilla
japonica. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 146, 560–567.

Tsuneyoshi, Y., Tomonga, S., Asechi, M., Morishita, K., Denbow, D. M., and Furuse, M.
(2007). Central administration of dipeptides, beta-alanyl-BCAAs, induces hyperactivity
in chicks. BMC Neurosci. 8, 37–42.

Tsuneyoshi, Y., Yamane, H., Tomonga, S., Morishita, K., Denbow, D. M., and Furuse, M.
(2008). Reverse structure of carnosine-induced sedative and hypnotic effects in chick
under stress. Life Sci. 82, 1065–1069.

Ukeda, H., Hasegawa, Y., Harada, Y., and Sawamura, M. (2002). Effect of carnosine and
related compounds on the inactivation of human Cu,Zn-superoxide dismutase by modi-
fication of fructose and glycolaldehyde. Biosci. Biotechnol. Biochem. 66, 36–43.

Unterluggauer, H., Micutkova, L., Lindner, H., Sarg, B., Hernebring, M., Nystrom, T., and
Jansen-Durr, P. (2008). Identification of Hsc70 as target for AGEmodification in senescent
human fibroblasts. Biogerontology (in press); DOI.10.10007/810522-0089193-z.

Vander Jagt, D. L. (2008). Methylglyoxal, diabetes mellitus and diabetic complications. Drug

Metabol. Drug Interact. 23, 93–124.
Vaughan-Jones, R. D., Spitzer, K. W., and Swietach, P. (2006). Spatial aspects of intracellular

pH regulation in heart muscle. Prog. Biophys. Mol. Biol. 90, 207–224.
Vernace, V. A., Arnaud, L., Schmidt-Glenewinkel, T., and Figueiredo-Pereira, M. E. (2007a).

Agingperturbs 26Sproteasomeassembly inDrosophilamelanogaster. FASEB J. 21, 2672–2682.
Vernace, V. A., Schmidt-Glenewinkel, T., and Figueiredo-Pereira, M. E. (2007b). Aging and

regulated protein degradation: Who has the upper hand? Aging Cell 6, 599–606.
Vistoli, G., Pedretti, A., Cattaneo,M., Aldini, G., and Testa, B. (2006). Homologymodelling of

human serum carnosinase, a potential medicinal target, and MD simulation of its alloste-
ric activation by citrate. J. Med. Chem. 49, 3269–3277.

Vlassara, H. and Palace, M. R. (2002). Diabetes and advanced glycation endproducts: A
review. J. Intern. Med. 251, 87–101.

Wada, I., Otaka, M., Jin, M., Odashima, M., Komatsu, K., Konishi, N., Matsuhashi, T.,
Horikawa, Y., Ohba, R., Itoh, H., and Watanabe, S. (2006). Expression of HSP72 in the
gastric mucosa is regulated by gastric acid in rats—Correlation of HSP72 expression with
mucosal protection. Biochem. Biophys. Res. Commun. 349, 611–618.

Wang, H., Meng, Q. H., Chang, T., and Wu, L. (2006). Fructose-induced peroxynitrite
production is mediated by methylgyoxal in vascular smooth muscle cells. Life Sci. 79,
2448–2454.

Wang, X., Chang, T., Jiang, B., Desai, K., and Wu, L. (2007). Attenuation of hypertension
development by aminoguanidine in spontaneously hypertensive rats: Role of methyl-
glyoxal. Am. J. Hypertens. 20, 629–636.

Wang, X., Jia, X., Chang, T., Desai, K., and Wu, L. (2008). Attenuation of hypertension
development by scavenging methylglyoxal in fructose-fed rats. J. Hypertens. 26, 765–772.

Wassif, W. S., Sherwood, R. A., Amir, A., Idowu, B., Summers, B., Leigh, N., and Peters, T. J.
(1994). Serum carnosinase activities in central nervous system disorders. Clin. Chim. Acta

225, 57–64.
Watanabe, S., Wang, X. E., Hirose, M., Kivilioto, T., Osada, T., Miwa, H., Oide, H.,

Kitamura, T., Yoneta, T., Seto, K., and Sato, N. (1998). Insulin-like growth factor 1 plays



Carnosine and Its Possible Roles in Nutrition and Health 153
a role in gastric wound healing: Evidence using a zinc derivative, polaprezinc, and an
in vitro rabbit wound repair model. Aliment. Pharmacol. Ther. 12, 1131–1138.

Westphal, C. H., Dipp, M. A., and Guarente, L. (2007). A therapeutic role for sirtuins in
diseases of aging? Trends Biochem. Sci. 32, 555–560.

Willi, S. M., Zhang, Y., Hill, J. B., Phelan, M. C., Michaelis, R. C., and Holden, K. R. (1997).
A deletion in the long arm of chromosome 18 in a child with serum carnosinase
deficiency. Pediatr. Res. 41, 210–213.

Wu, L. (2006). Is methylgyoxal a causative factor for hypertension development? Can. J.

Physiol. Pharmacol. 84, 129–139.
Wu, X. H., Ding, M. P., Zhu-Ge, Z. J., Zhu, Y. Y., Jin, C. L., and Chen, Z. (2006). Carnosine, a

precursor of histidine, ameliorates pentylenetetrazole-induced kindled seizures in rat.
Neurosci. Lett. 400, 146–149.

Wu, Y. Y., Chlen, W. H., Huang, Y. S., Gau, S. S., and Chen, C. H. (2008). Lack of evidence to
support the glyoxalase 1 gene (GLO1) as a risk gene of autism in Han Chinese patient
from Taiwan. Prog. Neuropsychpharmacol. Biol. Psychiatry 32, 1740–1744.

Yamagishi, S., Nakamura, K., Inoue, H., Kikushi, S., and Takeuchi, M. (2005). Serum and
cerebrospinal fluid levels of glyceraldehyde-derived advanced glycation end products
(ages) may be a promising biomarker for early detection of Alzheimer’s disease. Med.

Hypotheses 64, 1205–1207.
Yamaguchi, M. (1995). b-Alanyl-L-histidinato zinc and bone resorption. Gen. Pharmacol. 26,

1179–1183.
Yamaguchi, M. and Kishi, S. (1993). Prolonged administration of beta-alanyl-L-histidine zinc

prevents bone loss in ovariectomized rats. Jpn. J. Pharmacol. 63, 203–207.
Yamaguchi, M. and Kishi, S. (1995a). Differential effects of transforming growth factor-beta

on osteoblast-like cell formatiom in mouse marrow culture: Relation to the effect of zinc-
chelating dipeptides. Peptides 16, 1483–1488.

Yamaguchi, M. and Kishi, S. (1995b). Inhibitory effect of zinc-chelating dipeptide on para-
thyroid hormone-stimulated osteoclast-like cell formation in mouse marrow cultures:
Involvement of calcium signalling. Peptides 16, 629–633.

Yamaguchi, M. and Matsui, T. (1996). Stimulatory effect of zinc-chelating dipeptide on
deoxyribonucleic acid synthesis in osteoblastic MC3T3-E1 cells. Peptides 17, 1207–1211.

Yamaguchi, M. and Matsui, T. (1997). Zinc enhancement of 17beta-estradiol’s anabolic effect
in osteoblastic MC3T3-E1 cells. Calcif. Tissue Int. 60, 527–532.

Yamamoto, A., Takagi, H., Kitamura, H., Nakano, H., Kawano, H., Kuroyanagi, H.,
Yahagi, Y., Kobayashi, S., Koizumi, K., Sakai, T., Saito, K., Chibo, T., et al. (1998).
Deficiency in protein L-isoaspartyl methyltransferase results in a fatal progressive epi-
lepsy. J. Neurosci. 18, 2063–2074.

Yamawaki, H., Saito, K., Okada, M., and Hara, Y. (2008). Methylglyoxal mediates vascular
inflammation via JNK and p38 in human endothelial cells. Am. J. Physiol. Cell Physiol. 295,
C1510–C1517.

Yan, H. and Harding, J. J. (2005). Carnosine protects against the inactivation of esterase
induced by glycation and a steroid. Biochim. Biophys. Acta 1741, 120–126.

Yan, S. D., Chen, X., Schmidt, A. M., Brett, J., Godman, G., Zou, Y. S., Scott, C. W., Caputo, C.,
Frappier, T., Smith, M. A., Perry, G., Yen, S. H., and Stern, D. (1994). Glycated tau protein
in Alzheimer’s disease: A mechanism for induction of oxidant stress. Proc. Natl. Acad. Sci.

USA 91, 7787–7791.
Yander Jagt, D. L. (2008). Methylglyoxal, diabetes mellitus and diabetic complications. Drug

Metabol. Drug Interact. 23, 93–124.
Yao, D., Taguchi, T., Matsumura, T., Pestell, R., Edelstein, D., Giardino, I., Suske, G.,

Rabbani, N., Thornalley, P. J., Sarthy, V. P., Hammes, H. P., and Brownlee, M. (2007).
High glucose increases angiopoietin-2 transcription in microvascular endothelial cells
through methylglyoxal modification of mSin3A. J. Biol. Chem. 282, 31038–31045.



154 Alan R. Hipkiss
Yasuhara, T., Hara, K., Maki, M., Masuda, T., Sanberg, C. D., Sanberg, P. R., Bickford, P. C.,
and Borlongan, C. V. (2008). Dietary supplementation exerts neuroprotective effects in
ischemic stroke model. Rejuvenation Res. 11, 201–214.

Yokoyama, H., Kurolwa, H., and Yano R Araki, T. (2008). Targeting reactive oxygen species,
reactive nitrogen species and inflammation in MPTP neurotoxicity and Parkinson’s
disease. Neurol. Sci. 29, 292–301.

Yorbik, O., Sayal, A., Akay, C., Akbiyik, D. I., and Sohmen, T. (2002). Investigation of
antioxidant enzymes in children with autistic disorder. Prostglandins Leukot. Essent.

Fatty Acids 67, 341–343.
Yuneva, M. O., Bulygina, E. R., Gallant, S. C., Kramarenko, G. G., Stvolinsky, S. L.,

Semyonova, M. L., and Boldyrev, A. A. (1999). Effect of carnosine on age-induced
changes in senescence-accelerated mice. J. Anti Aging Med. 2, 337–342.

Yuneva, A. O., Kramarenko, G. G., Vetreshchak, T. V., Gallant, S., and Boldyrev, A. A.
(2002). Effect of carnosine on Drosophila melanogaster lifespan. Bull. Exp. Biol. Med. 133,
559–561.

Zakhidov, S. T., Gopko, A. V., Semenova, M. L., Mikhaleva, Y. Y., Makarov, A. A., and
Kulibin, A. Y. (2002). Carnosine modifies the incidence of genetically abnormal sex cells
in the testes of senescence-accelerated mice. Bull. Exp. Biol. Med. 134, 78–80.

Zaloga, G. P. and Siddiqui, R. A. (2004). Biologically active dietary peptides. Mini Rev. Med.

Chem. 4, 815–821.
Zaloga, G. P., Roberts, P. R., and Nelson, T. E. (1996). Carnosine: A novel peptide regulator of

intreacellular calcium and contractility in cardiac muscle. New Horiz. 4, 26–35.
Zaloga, G. P., Roberts, P. R., Black, K. W., Lin, M., Zapata-Sudo, G., and Sudo, R. T. (1997).

Carnosine is a novel peptide modulator of intracellular calcium contractility in cardiac
cells. Am. J. Physiol. 272, H462–H468.

Zhu, J. X. and Aswad, D. W. (2007). Selective cleavage of isoaspartyl peptide bonds by
hydroxylamine after methyltransferase priming. Anal. Biochem. 364, 1–17.

Zhu, J. X., Doyle, H. A., Mamula, M. J., and Aswad, D. W. (2006). Protein repair in the brain,
proteomic analysis of endogenous substrates for protein L-isoaspartyl methyltransferase
in mouse brain. J. Biol. Chem. 28, 33802–33813.

Zhu, Y. Y., Zhu-Ge, Z. B., Wu, D. C., Wang, S., Liu, L. Y., Ohtsu, H., and Chen, Z. (2007).
Carnosine inhibits pentylenetetrazol-induced seizures by histaminergic mechanisms in
histidine decarboxylase knock-out mice. Neurosci. Lett. 416, 211–216.

Zhuravskii, S. G., Aleksandrova, L. A., Sirot, V. S., and Ivanov, S. A. (2004a). Natural
antioxidant L-carnosine inhibits LPO intensification in structures of the auditory analyzer
under conditions of chronic exposure to aminoglycoside antibiotics. Bull. Exp. Biol. Med.

138, 361–364.
Zhuravskii, S. G., Aleksandrova, L. A., Ivanov, S. A., Sirot, V. S., Lopotko, A. I., and

Zhloba, A. A. (2004b). Protective effect of carnosine on excitable structures of the auditory
apparatus in albino rats with acute acoustic trauma. Bull. Exp. Biol. Med. 137, 98–102.


	Carnosine and Its Possible Roles in Nutrition and Health
	Introduction
	Carnosine Metabolism
	Carnosine and Neurological Activity
	Carnosine and Other Tissues
	Possible Functions of Carnosine
	Control of pH
	Carnosine and Chelation of Zinc and Copper Ions
	Carnosine and Aging
	Carnosine and the Causes of Aging
	Proteotoxicity and Aging
	Carnosine, Oxygen Free Radicals, and Oxidative Stress
	Carnosine and Nonenzymic Protein Glycosylation (Glycation)
	Carnosine and Proteolysis of Altered Proteins
	Carnosine and Gene Expression
	Carnosine, Anticonvulsants, and Aging
	Carnosine and Dietary Restriction-Mediated Delay of Aging
	Carnosine, Regulation of Protein Synthesis, and Aging
	Carnosine and Corticosteroids
	Carnosine and Age-Related Pathology
	Carnosine, Diabetes, and Secondary Complications
	Carnosine and Neurodegeneration
	Alzheimer's Disease
	Parkinson's Disease
	Carnosine and Ischemia
	Carnosine and Osteoporosis
	Carnosine and Cataractogenesis
	Carnosine and Deafness
	Carnosine and Cancer
	Carnosine and Wound Healing
	Carnosine and Immune Function
	Carnosine, Calcium, and Heart Failure
	Carnosine and Autistic Spectrum Disorders
	Carnosine and Blood Pressure
	Carnosine and Consumption of Alcoholic Beverages
	Carnosine and High Fructose Foods and Drinks
	Carnosine and Dialysis Fluids
	Possible Ways to Increase Tissue Carnosine Levels: Physiological Regulation
	Possible Ways to Increase Tissue Carnosine Levels: Dietary Supplementation
	Is there any Evidence that Changes in Dietary Carnosine Have any Effects in Humans?
	Would Vegetarians Benefit from Carnosine Supplementation?
	Deleterious Effects of Carnosine
	Conclusions
	References




