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ARTICLE INFO ABSTRACT

Carnosine is a naturally occurring dipeptide found in meat. Alternatively it can be formed through synthesis from
the amino acids, p-alanine and L-histidine. Carnosine has long been advocated for use as an anti-oxidant and
anti-glycating agent to facilitate healthy ageing, and there have also been reports of it having anti-proliferative
effects that have beneficial actions against the development of a number of different cancers. Carnosine is able to
undertake multiple molecular processes, and it's mechanism of action therefore remains controversial - both in
healthy tissues and those associated with cancer or metabolic diseases. Here we review current understanding of
its mechanistic role in different physiological contexts, and how this relates to cancer. Carnosine turns over
rapidly in the body due to the presence of both serum and tissue carnosinase enzymes however, so its use as a di-
etary supplement would require ingestion of multiple daily doses. Strategies are therefore being developed that
are based upon either resistance of carnosine analogs to enzymatic turnover, or else f-alanine supplementation,
and the development of these potential therapeutic agents is discussed.
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1. Introduction camels and humans (for a comprehensive review on this topic, please

see [1]). In mammals, carnosine has only been reported to be present in

Carnosine is a histidine-containing dipeptide that is synthesised by
the bonding of p-alanine and L-histidine, which is catalysed by the en-
zyme carnosine synthase. The tissues of several animal species also con-
tain other common histidine-containing dipeptide variants (anserine
and ophidine/balenine), which are different methylated analogues of
carnosine. Whilst it has long been considered that carnosine is the only
histidine-containing dipeptide expressed in human tissues [1], this was
relatively recently challenged by Peters et al. [2] who also reported the
expression of anserine in the renal cortex of humans. Carnosine was
first discovered and reported in 1900 by Russian chemists Gulewitsch
and Amiradzibi [3], who were interested in identifying nitrogen con-
taining non-protein compounds in meat extract [4].

Subsequently, histidine containing dipeptides have been identified
across a number of mammalian species and fish, with carnosine, in par-
ticular, being identified in vertebrates that include horses, greyhounds,

high (i.e., millimolar) concentrations in the skeletal muscle and olfac-
tory bulb, with the skeletal muscle having the highest carnosine content
given its significant mass. Whilst carnosine is present in a number of
other tissues (including other regions of the brain, the kidney, the
spleen and the blood), it tends to only be present within the micromolar
range. In skeletal muscle, and possibly these other tissues, species is the
main determinant of the carnosine content [5], with intramuscular con-
tent being about ten times higher in hunting or evading animals than in
humans.

The rate limiting factor for tissue carnosine synthesis in humans is
thought to be the availability of p-alanine from the diet [6]. p-alanine is
endogenously produced in relatively small amounts from uracil degra-
dation in the liver [7], but dietary intake accounts for the majority of its
availability, although this assumes an omnivorous rather than vegetar-
ian diet. The omnivorous diet provides around ~300-550 mg-d~! of B-
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alanine, but the vegetarian diet includes almost no p-alanine. Whilst
carnosine can also be ingested in the diet, and can enter the enterocytes
via the peptide transporter 1 (PEPT1) [8], it is then rapidly hydrolysed
into its constituent amino acids [9] by the tissue carnosinase (CNDP2)
present in the jejunal mucosa [10], although basolateral peptide trans-
porters [11] might also support the entry of a small amount of carno-
sine into the circulation. Although small amounts of carnosine have
been measured in the urine several hours after ingestion [12], the ma-
jority of the carnosine entering the circulation is rapidly hydrolysed by
the highly active serum carnosinase (CNDP1) [9].

In humans, increasing the availability of free f-alanine, either
through the ingestion of high p-alanine containing foods, such as fish,
fowl, beef and pork, or through supplementation with either p-alanine
or carnosine, results in increased skeletal muscle carnosine content [6],
although it remains uncertain how carnosine concentrations are regu-
lated in other tissues.

2. Physiological role of carnosine in healthy tissues

Perhaps the most widely researched role for carnosine, at least in
humans, is its ability to act as an intracellular pH buffer. The pKa of the
imidazole ring on the histidine residue of carnosine is 6.83 [13], mean-
ing that it is well placed to act as a pH buffer across the physiological
pH transit range of tissues. The majority of the research in this regard
has focussed upon the skeletal muscle, where the pH transit range exists
between approximately 7.0 at rest to between 6.5 [14] or 6.1 [15] (de-
pending upon how this is measured) following high-intensity exercise.
Given this, the focus of much of the research on carnosine in humans
has related to implications for improving exercise capacity during high-
intensity exercise, where supplementation with f-alanine has been
shown to result in an ergogenic effect (for a summary see the systematic
review and meta-analysis of Saunders et al. [16]).

pH buffering is by no means the only purported physiological role
for carnosine however, as other roles relevant to the function and/or
maintenance of cellular homeostasis have also been proposed. These in-
clude the regulation of Ca?" transients in the sarcoplasm, influencing
the sensitivity of the skeletal muscle contractile apparatus to Ca?*,
metal ion chelation and reactive species scavenging and protecting the
cell against glycation and glycation end products. It is, of course, quite
plausible that carnosine could have different functions in different tis-
sues or, indeed, the same functions in different tissues or it could even
have multiple functions within one tissue. Much of this, however, re-
mains to be elucidated.

2.1. Regulation of Ca2+ transients and influencing sensitivity of the
contractile apparatus to Ca2+

It has been suggested that carnosine might help to improve contrac-
tile function in striated muscles as a result of improved Ca?* handling
and heightened sensitivity of the contractile apparatus to Ca%*, which
was initially demonstrated in several studies using chemically skinned
skeletal muscle fibres [17,18] and cardiac muscle [19]. Using a me-
chanically skinned skeletal muscle fibre model, which overcomes some
of the reported criticisms of the chemical skinning approach and main-
tains normal excitation-contraction coupling mechanisms, Dutka &
Lamb [20] confirmed the finding that carnosine increased Ca®* sensi-
tivity of the contractile apparatus in a concentration dependent man-
ner. They did not, however, report any effect of carnosine on Ca?* re-
lease from the sarcoplasmic reticulum [20]. In a follow-up study, the
same group [21] examined the effects of carnosine provided to mechan-
ically skinned type I and type II fibres dissected from the m. vastus later-
alis of humans using needle biopsy. They showed that increasing muscle
carnosine content increased Ca2* sensitivity of the contractile appara-
tus in both fibre types and likely increased Ca* release from the sar-
coplasmic reticulum in type I fibres [21]. Taken together the above re-
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sults suggest that increasing intramuscular carnosine content might
help to offset the decline in muscle performance during fatigue, in addi-
tion to the potential effects of carnosine on intramuscular pH buffering
mentioned above, although there is potential cross-over between the
two effects (for a more detailed explanation see Matthews et al. [22]).

Whilst the data from these isolated muscle preparations seem en-
couraging, the data from in vivo human investigations do not seem to
support such an important effect of carnosine on Ca?* mediated muscle
function. Both Hannah et al. [23] and Jones et al. [24] showed no effect
of p-alanine supplementation (with a view to increasing intramuscular
carnosine content, although this was not directly determined) on peak
force, time to peak tension, or on maximum and explosive force genera-
tion in voluntary and electrically evoked muscle contractions. Simi-
larly, there was no effect of f-alanine supplementation on force-
electromyography or force-frequency relationship, which would have
been expected with a carnosine mediated improvement in calcium sen-
sitivity and handling in the skeletal muscle. That said, both studies
[23,24] did show an effect of p-alanine supplementation on half-
relaxation time of the knee extensors, which might be explained by an
enhanced reuptake of calcium into the sarcoplasmic reticulum that is
influenced by a carnosine effect on sarcoendoplasmic reticulum cal-
cium transport ATPase pump activity, although this remains a working
hypothesis that requires further investigation to confirm. Reducing
muscle relaxation rates are likely important for the development of
muscle power output, which could likewise be important for exercise
performances involving fast, repetitive contractions with limited recov-
ery time. Whilst the findings described above are largely confined to
skeletal muscle, it would also be of interest to examine the potential ac-
tions of carnosine on calcium handling and sensitivity in the heart,
where should it exert a positive effect, carnosine could potentially play
a role in heart health. In line with this, and linking the two previously
mentioned physiological roles of carnosine together, Swietach et al.
[25] suggested that carnosine can act as a diffusible cytoplasmic buffer,
exchanging Ca?* for H* that can move Ca?* within the cytoplasm in
response to H* gradients.

2.2. Metal ion chelation and reactive species scavenging

A potentially important role for carnosine in cellular protection
against damage, is its purported role as an antioxidant given that oxida-
tive stress is recognised as a causative factor in ageing and several
pathologies (including cancer, neurodegenerative disorders and dia-
betes). The potential for carnosine to act as an antioxidant was initially
studied in the late 1980s, with these studies being well reviewed by the
same researcher some years later [1]. The specific mechanism under-
pinning any potential antioxidant effect of carnosine remains unclear,
although several possibilities have been suggested, including metal ion
chelation and scavenging of reactive species and peroxyl radicals [1].

Several in vitro investigations have suggested that carnosine could
be an effective chelating agent against metal ions, including copper,
zinc, iron, cobalt, nickel and cadmium, meaning that it can form stable
bonds with these transitional metal ions and prevent them from com-
pleting undesirable downstream reactions complicit in cellular damage
[26]. That said, only two of these complexes have received a reasonable
amount of attention, with the most investigated links being those
formed between carnosine and both zinc [27-31] and copper
[26,31-35], albeit primarily in vitro and not under physiologically rele-
vant conditions. The zinc-carnosine complex has received perhaps the
most attention in recent years due to its potential therapeutic applica-
tion as a drug [36] provided against gastric ulcers [29] and Helicobacter
pylori infection [27,28].
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2.3. Protecting the cell against glycation and glycation end products

Carnosine has also been suggested as an anti-glycating agent, in that
it can ‘trap’ advanced glycation end products that are generated as a re-
sult of Maillard reactions of protein amino groups with reactive car-
bonyl species [26]. These reactive carbonyl species are thought to be an
important cause of macromolecular damage to proteins, nucleic acids,
and lipids, which increases with ageing and in ageing specific diseases
[37]. Hipkiss and colleagues [38] demonstrated that carnosine is gly-
cated by reactive carbonyl species and can thus act as a sacrificial
amino store, sparing proteins and lipids from damage. Further evidence
in support of this comes from studies that have, for example, reported
the presence of glycated forms of carnosine, such as carnosine-4-
hydroxynonenal in the urine of obese rats [39] or carnosine-acrolein in
human urine [40]. Further studies have suggested similar effects of
carnosine, or the methylated variants of carnosine, on damaging lipid
peroxidation products in the skeletal muscle [41-43].

To summarise, there are a number of purported biological actions of
carnosine that could underpin improvements in normal cellular func-
tion or indeed to offset challenges to the homeostasis of the cell. These
actions suggest interesting therapeutic possibilities that might help in
the fight against ageing and age associated conditions, such as diabetes
or neurodegenerative diseases, in which glycation and oxidative stress
are implicated. In addition, due to the physiological properties of
carnosine associated with anti-proliferation [44,45], the potential for
carnosine to be used in the prevention and/or treatment of cancer is
worthy of further exploration.

3. Anti-cancer actions of carnosine

Many years have elapsed since it was discovered that carnosine
could exert an inhibitory effect on growth of transformed cells, whilst
seemingly having little or no effect on proliferation of normal (untrans-
formed) cells [46]. Various suggestions can be made to explain the
dipeptide's selectivity; these include effects on components of energy
metabolism and its regulation, as well as changes in protein synthesis
and catabolism. It is suggested that none of the possible mechanisms,
discussed below, are by necessity mutually exclusive.

3.1. Carnosine and energy metabolism

A characteristic of many tumour cells is enhanced glycolytic activity
[47]. A number of studies have shown that carnosine seems to suppress
not only glycolytic ATP synthesis [44,48] but also mitochondrial activ-
ity [49,50]. The mechanisms responsible could include direct interfer-
ence with relevant enzymes and/or metabolic intermediates. For exam-
ple, it has been shown that carnosine can react non-enzymically with
glyceraldehyde-3-phosphate which would decrease glycolytic ATP gen-
eration [51]. Another possibility is that carnosine could interfere with
cell signalling, such as the mechanistic target of rapamycin (mTOR)
regulatory complex, in a manner similar to rapamycin [51,52]. Indeed
it has been suggested that carnosine may possess rapamycin-like activ-
ity [53,54], although it has also been shown that carnosine inhibits
growth of rapamycin insensitive glioblastoma cells [55]. In addition, it
is possible that glycolytic regulation could be mediated via increased
expression of pyruvate dehydrogenase kinase by means of epigenetic ef-
fects [56], resulting in inhibition of glycolysis in general [52,57,58].

One by-product of enhanced glycolytic activity is the accumulation
of methylglyoxal (MG) following the spontaneous decomposition of
certain glycolytic intermediates, the triose-phosphates dihydroxyace-
tone phosphate and glyceraldehyde-3-phosphate [59]. MG is a highly
reactive bicarbonyl which is usually regarded as deleterious. MG is ca-
pable of inflicting much macromolecular damage, such as formation of
advanced glycation end-products (AGEs) following its reaction with
histidine, arginine, lysine and cysteine residues in proteins, and guani-
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dine in nucleic acids. In most normal cells MG is detoxified by the ac-
tion of the glyoxalase system in which the bicarbonyl is converted to
(R)-lactate. Many years ago carnosine was shown (in a model system) to
protect proteins against MG-mediated modification, by presumably re-
acting directly with MG [60]. However, the expected carnosine-MG
adduct has not been detected in vivo, whereas adducts between carno-
sine and propanal, propanol and acrolein have been found in human tis-
sues [40,61], suggesting (speculatively) that the putative carnosine-MG
adduct might be their precursor via the activity of unidentified aldo-
keto-reductases.

In tumour cells, however, MG is not necessarily deleterious; there
are examples, when the bicarbonyl is present at low doses, in which MG
enhances growth of certain tumour cells, possibly by way of MG-
induced hormetic effects. Furthermore, MG can glycate (and conse-
quently inactivate) defensive stress/chaperone proteins [62,63], and
thus decrease binding to the large tumour suppressor protein-1 (LATS1)
[63]. It has been shown that putative carbonyl scavengers, such as
carnosine, can counter the effects of MG in tumour cells [62-65], which
reinforces the notion that carnosine's putative reaction towards MG
may have physiological relevance.

3.2. Carnosine and gene expression

It has frequently been suggested that carnosine can induce the ex-
pression of the nuclear factor erythroid 2-related factor 2 (NRF2) tran-
scription factor which regulates expression of a number of functions,
via expression of up to 500 genes (in humans), which combat oxidative
stress and inflammation via anti-oxidant and autophagic activities
[66,67]. It is likely that many of the beneficial effects exerted by carno-
sine towards health and lifespan (including cancer prevention) could
derive from increased expression of NRF2 [68]. This includes action
through the heat shock protein family member, heme oxygenase-1 (HO-
1), in a model system employing LPS-stimulated RAW 264.7
macrophages [66]. However, it should be pointed out that whilst evi-
dence for carnosine-enhanced NRF2 expression was also observed in a
system using MG-treated human umbilical vein cells, expression of HO-
1 was suppressed by carnosine.in this case [69]. Whilst it is not clear
why carnosine seems to have opposite effects on HO-1 expression in
these two systems, it is possible that macrophages and umbilical vein
cells differ in response to carnosine, and/or the dipeptide's ability to re-
act directly with MG.

In 2008, Son et al. [70] showed that carnosine could inhibit inter-
leukin-8 production via effects on mRNA translation. They showed that
carnosine inhibited phosphorylation of translation initiation factor
(eiF4E) binding protein (4E-BP). Generation of the complete and func-
tional translation initiation complex eiF4G1 is essential for translation
of m6A-containing (i.e., capped) mRNA species; absence of the phos-
phorylated 4E-BP prevents translation of capped mRNAs whilst permit-
ting translation of cap-independent mRNAs. Subsequently it was indeed
shown that hypo-phosphorylation of 4E-BP suppresses cap-dependent
mRNA translation but permitted cap-independent mRNA translation.
Furthermore, inhibition of translation of capped-mRNA has emerged as
a strategy for suppressing growth of cancer cells [71-74]. It is interest-
ing to note that cap-independent mRNA translation is upregulated in
certain long-lived mice [[74]], possibly resulting from decreased mTOR
function, an observation consistent with carnosine's putative anti-
ageing activity [37].

3.3. Carnosine and proteolysis

There is evidence showing that carnosine can influence protein
breakdown as well as synthesis. A recent study by Fang et al. [75] has
shown that carnosine stimulates the intra-cellular proteolysis of gluta-
mine synthetase (GS) in human glioma cell lines; GS half-life was re-
duced from between 8 and 10 h to between 5 and 1 h [75], mediated
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mostly by upregulation of the ubiquitin-proteasome mechanism. Many
tumour cells synthesise large amounts of glutamine, which acts as a
metabolic source of precursors for synthesis of amino acids and purine
nucleotides. Thus, the enhanced proteolysis of GS would limit supply of
macromolecular precursors and thereby suppress growth of tumour
cells.

There are few studies on the effects of carnosine on proteolysis in tu-
mour cells. It was shown [76] that in cultured human fibroblasts grown
in the presence of the dipeptide, proteolysis of long-lived proteins (radi-
olabelled for 72 h) was increasingly enhanced as the carnosine-treated
cells approached replicative senescence [76], although there were no
effects of carnosine on the proteolysis of short-lived proteins (i.e., radio-
labelled for 5-30 min) [76]. It is relevant to note that the anti-ageing
agent rapamycin has also been shown to stimulate proteolysis of long-
lived proteins in cultured human fibroblasts [77], an observation con-
sistent with the idea that carnosine has properties analogous to those of
rapamycin.

3.4. Carnosine and clearance of senescent cells

Age is an acknowledged risk factor for cancer, and it is highly likely
that cellular senescence contributes to tumour development and metas-
tasis. It is interesting to note that carnosine has recently been shown to
stimulate macrophage-mediated clearance of senescent skin cells via a
mechanism that involved autophagy and upregulation of AGE receptors
(RAGESs) and scavenger receptor CD36 [78], most likely mediated via
the AKT signalling pathway and the mTOR metabolic regulator.

4. Alternative therapeutic strategies based upon carnosine

As detailed above, carnosine could provide a therapeutic, anti-
cancer action by multiple mechanisms. One possible issue with this
strategy, however, is that carnosine is enzymatically hydrolysed in the
body by carnosinase, and consequently when administered orally in hu-
mans there is low bioavailability, with circulating concentrations only
reaching micromolar levels. Carnosinase was originally identified in the
kidney of a hog in 1951 [79]. Subsequently, a human serum carnosi-
nase was identified as separate and more highly expressed than the tis-
sue carnosinase [80]. Consequently, taking carnosine as a supplement
is likely to require sustained administration of high doses to achieve
even the modest beneficial effects reported for diseases such as diabetes
[81], but even this has significant issues. The identification of human
tissues that can synthesise carnosine from its precursors is therefore re-
quired, such that an understanding of the potential for tissue ‘loading’
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might be gained. Of course, this might not be possible either, and so
other strategies might be required to realise any of the purported thera-
peutic benefits of carnosine. Such strategies include the design of mole-
cules that retain the beneficial biological actions of carnosine, whilst at
the same time being resistant to carnosinase degradation, or else extend
the half-life of endogenous carnosine through inhibition of carnosinase
enzyme activity.

4.1. Carnosine analogs and carnosinase inhibitors

A number of approaches have been taken to utilise carnosine-like
molecules to treat conditions where reactive species contribute to dis-
ease pathology. By so doing, it is possible to generate new classes of
therapeutic agents that offer significantly enhanced efficacy over carno-
sine itself. Some of the leading candidates are illustrated in Fig. 1, with
modifications from the structure of carnosine shown in red.

N-acetyl (S)-carnosine, a derivative of the naturally occurring iso-
mer, is licenced for use in eye drops with reportedly beneficial effects
against cataracts [82,83]. The reactive carbonyl quenching activity of
(R)-carnosine, the enantiomer (mirror image) of the naturally occur-
ring dipeptide has also been examined [84]. Whilst the enantiomer was
not active in comparison to the naturally occurring carnosine, testing
of a number of (R)-carnosine derivatives, designed to improve the bio-
availability of the compound, led to the identification of an active pro-
drug in animal studies. The authors suggested that a combination of
the known stability of the (R)-enantiomer to enzymic hydrolysis, and
improved absorption of the pro-drug, were responsible for the observed
results. Three further functional analogs of carnosine have also been
developed as potential therapeutic agents; carnosinol, a carnosinase re-
sistant, reactive carbonyl scavenger, in which the carboxylic acid group
of carnosine is reduced to an alcohol [85,86]; carnostatine, a carnosi-
nase inhibitor structurally similar to carnosine with potential therapeu-
tic modality for renal disease [87]; and 3-alanyl--2-thienyl-DL-
alanine, a thiophene analog of carnosine that has been shown to inhibit
the growth of E. coli [88].

4.2. p-Alanine

In addition to developing pharmacological agents based on slowly
hydrolysable carnosine analogs, an alternative approach is to control
cellular homeostasis through dietary supplementation with the rate-
limiting constituent component of carnosine, namely, f-alanine. It has
previously been reported that $-alanine supplementation could increase
intramuscular carnosine content in humans where it was shown to have
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Fig. 1. (S)-carnosine and potential therapeutic analogs. Biologically active (S)-carnosine is shown top left. Analog modifications from the structure of (S)-carnosine
are shown in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the online version of this chapter.)
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a positive effect on cellular performance [6,89]. Provided that cells ex-
press carnosine synthase, it is therefore possible that supplementation
with p-alanine could increase the intracellular pool of carnosine (much
the same as it does in the skeletal muscle), thereby resulting in similar
downstream positive effects as supplementation with carnosine itself.

It is worth noting however, that long-term f-alanine supplementa-
tion could potentially reduce plasma histidine content [90], although
this possibility currently requires further investigation with a greater
temporal pattern of sampling. Nevertheless, given that the imidazole
group of histidine might exert anti-neoplastic effects in itself, theoreti-
cally at least this might reduce the therapeutic effectiveness of f-
alanine supplementation against cancer specifically. There is also a fur-
ther cautionary note to the use of p-alanine supplementation as a thera-
peutic strategy, in that the ingestion of high doses (generally above
20 mgkgbm1) has the potential to induce paresthesia in humans [91],
as indeed does supplementation with carnosine where doses are high
enough to increase the plasma f$-alanine level to a similar extent follow-
ing hydrolysis of the intact dipeptide by plasma carnosinase. Although,
as yet, there is little evidence to suggest that this influences the efficacy
of the supplement, it is however possible that this might reduce an indi-
vidual’s willingness to take it. This aside though, the approach remains
a viable alternative to dietary supplementation with carnosine, or asso-
ciated analogs.

5. Conclusions

Research shows that carnosine is pluripotent affecting metabolism,
especially glycolysis, thereby decreasing the generation of deleterious
metabolites, such as triose-phosphates and their decomposition product
MG. These metabolic effects may result from carnosine-induced
changes in gene mRNA transcription and translation, as well as en-
hanced protein degradation of selected proteins, possibly originating
via changes in phosphorylation of regulatory/signalling proteins, most
likely mediated via increased expression of the NRF2 transcription fac-
tor. It remains uncertain whether the intact unmodified carnosine mole-
cule is responsible or whether the dipeptide behaves as a sentinel by be-
coming modified by metabolic toxins, such as MG or ROS, given
carnosine's ready reactivity to many deleterious aldehydes, as well as
ROS and RNS. It is concluded, therefore, that the putative protective ac-
tivity of carnosine (and related analogs) towards tumour development
likely derives from effects on a combination of targets, all of which con-
tribute, in smaller or larger degrees, to suppress growth of tumour cells,
primarily by suppressing glycolysis and thus the supply of metabolic
precursors and their toxic metabolite MG, as exemplified by the meta-
bolically-selective effects of the dipeptide on the growth of yeast cells
[92]. Given the potential for carnosine to exert physiological effects in a
number of cells and tissues, including skeletal muscle, brain, heart, pan-
creas, kidney, and cancer cells, it is therefore likely that carnosine and
associated analogs will be increasingly utilized as therapeutic agents to
treat a number of different types of cancer. Each needs to be taken on a
case by case basis however, and the effectiveness of these molecules
should form the focus for numerous future clinical investigations.
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