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Abstract High-intensity exercise results in reduced sub-
strate levels and accumulation of metabolites in the skeletal
muscle. The accumulation of these metabolites (e.g. ADP,
Pi and H") can have deleterious effects on skeletal muscle
function and force generation, thus contributing to fatigue.
Clearly this is a challenge to sport and exercise perfor-
mance and, as such, any intervention capable of reducing
the negative impact of these metabolites would be of use.
Carnosine (ff-alanyl-L-histidine) is a cytoplasmic dipeptide
found in high concentrations in the skeletal muscle of both
vertebrates and non-vertebrates and is formed by bonding
histidine and f-alanine in a reaction catalysed by carnosine
synthase. Due to the pKa of its imidazole ring (6.83) and its
location within skeletal muscle, carnosine has a key role to
play in intracellular pH buffering over the physiological pH
range, although other physiological roles for carnosine
have also been suggested. The concentration of histidine in
muscle and plasma is high relative to its K, with muscle
carnosine synthase, whereas f-alanine exists in low con-
centration in muscle and has a higher K, with muscle
carnosine synthase, which indicates that it is the avail-
ability of f-alanine that is limiting to the synthesis of
carnosine in skeletal muscle. Thus, the elevation of muscle
carnosine concentrations through the dietary intake of
carnosine, or chemically related dipeptides that release
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f-alanine on absorption, or supplementation with f-alanine
directly could provide a method of increasing intracellular
buffering capacity during exercise, which could provide a
means of increasing high-intensity exercise capacity and
performance. This paper reviews the available evidence
relating to the effects of f-alanine supplementation on
muscle carnosine synthesis and the subsequent effects on
exercise performance. In addition, the effects of training,
with or without f-alanine supplementation, on muscle
carnosine concentrations are also reviewed.
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Introduction

Carnosine (f-alanyl-L-histidine) is a cytoplasmic dipeptide
found in high concentrations in the skeletal muscle of both
vertebrates and non-vertebrates, as well as in the central
nervous system. It was first isolated by Gulewitsch and
Amiradzhibi (1900) and was subsequently classified as a
histidine containing dipeptide by Krimberg (1906, 1908),
who demonstrated the hydrolysis of carnosine to its con-
stituent amino acids (f-alanine and histidine). It is now
known that carnosine is formed, mainly in muscle and
brain tissue, by bonding histidine and f-alanine in a reac-
tion catalysed by carnosine synthase.

Initial studies examining a potential physiological role
for carnosine demonstrated that it had a side chain pKa of
6.83 making it a suitable buffer over the physiological pH
range (Bate-Smith 1938), although other physiological
roles have also been ascribed to carnosine (see below).
Tanokura et al. (1976) used nuclear magnetic resonance to
show that carnosine has pKa’s of 2.77 (carboxyl group),
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9.66 (amino group) and 6.83 (imidazole ring), supporting
the earlier work of Bate-Smith (1938).

In contrast to other cellular buffers (e.g. phosphate and
bicarbonate), the concentration of carnosine exhibits large
variations between muscles from different species, and
even between different muscle fibre types within the same
muscle (Davey 1960). In humans, mean concentrations
are 17.5 + 4.8 mmol kg~' dm in females and 21.3 +
4.2 mmol kg_l dm in males (Mannion et al. 1992), with
the highest concentrations identified in fast-twitch fibres
(Harris et al. 1998). Sewell et al. (1992) also reported that
carnosine concentrations were higher in the fast-twitch
muscle fibres of equine, with Dunnett and Harris (1997)
confirming these observations in both equine and camel
single fibres. The species having the highest skeletal
muscle histidine containing dipeptide concentrations are
those whose muscles are exposed to frequent bouts of
hypoxia, such as diving whales, or those who depend upon
anaerobic exercise for survival, such as hunting or escaping
animals (Abe 2000). High histidine containing dipeptide
contents have been shown in several species involved in
athletic competition, such as horses, greyhounds, camels
and, indeed, humans (Harris et al. 1990; Dunnett and Harris
1997).

Taken together, these findings suggest that pH buffering
is a key physiological function of histidine containing
dipeptides in skeletal muscle and that increasing muscle
concentrations of carnosine would increase the buffering
capacity of muscle, thus contributing to the regulation of
intracellular pH. Parkhouse et al. (1985) showed that
sprinters and other athletes performing high-intensity exer-
cise possessed higher muscle buffering capabilities and
skeletal muscle carnosine levels than marathon runners and
untrained subjects. As such, the elevation of muscle carno-
sine concentrations could provide a method of increasing
intracellular buffering capacity during exercise, thus
potentially providing a means of increasing high-intensity
exercise capacity and performance. This paper reviews the
available evidence relating to the effect of dietary supple-
mentation with f-alanine on muscle carnosine concentra-
tions and exercise performance. In addition, studies
investigating the effects of training on muscle carnosine
concentrations, with or without f-alanine supplementation,
are reviewed.

The physiological roles of carnosine

One undisputable physiological role for carnosine is that of
pH buffering, since this is determined by its molecular
structure and is simply a case of carnosine following the
fundamental laws of chemistry. As highlighted above, the
distribution of carnosine in skeletal muscle across species
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and between different muscle fibre types in the same spe-
cies suggests that evolution has made best use of carnosine
as an effective H" buffer. There was some early experi-
mental support for this assertion as Severin et al. (1953)
demonstrated that, when in the presence of carnosine,
electrically stimulated frog sartorius muscle was more
resistant to fatigue. They showed that the accumulation of
high concentrations of lactate in the muscle could occur
without deterring muscle action, provided carnosine was
present. In the absence of carnosine, lactate appeared to
result in acidification of the muscle tissue, resulting in
fatigue of the isolated muscle.

However, the clear role for carnosine in pH buffering
does not exclude other physiological roles. Other physio-
logical roles have been ascribed to carnosine in muscle;
including the protection of proteins against glycation by
acting as a sacrificial peptide (Hipkiss et al. 1993, 1995),
prevention of the formation of protein-protein cross-links
through reactions with protein-carbonyl groups (Hipkiss
et al. 1993, 2001), acting as an anti-oxidant (for reviews
see Boldyrev et al. 1987; Boldyrev 1993) and increasing
calcium sensitivity in muscle fibres augmenting force
production and total work done (Lamont and Miller 1992;
Batrukova and Rubtsov 1997; Dutka and Lamb 2004; for a
review see Rubtsov 2001).

However, few of the ascribed physiological roles for
carnosine, other than its role as a pH buffer, have been
shown in humans. Indeed, the majority of the work cited
above has been conducted in vitro. Hipkiss et al. (2001)
examined the possible anti-glycating effect of carnosine in
vivo, reporting a trend towards suppression of the diabetes
associated rise in blood pressure in fructose fed rats. The
decreased blood pressure response was attributed to
reduced formation of protein—protein cross-links, resulting
in enhanced elasticity of blood vessels.

If occurring in vivo in human muscle, the effects of car-
nosine on Ca>" ion sensitivity could lead to an enhancement
of force production and a reduction in fatigue. This might
suggest a role for carnosine, in addition to pH buffering,
which could be important for exercise capacity and perfor-
mance. Lamont and Miller (1992) showed that the presence
of carnosine reduced the amount of Ca*" ions required to
produce half-maximum tension in chemically skinned car-
diac and skeletal muscle. They also reported an increase in
maximal force production by different muscle types and
suggested that the higher concentrations of carnosine shown
in fast-twitch fibres might relate to an effect of enhanced
Ca”" ion sensitivity on muscle contractility in muscle fibres
that are capable of producing greater force. Dutka and Lamb
(2004) examined the effect of carnosine on processes
affecting excitation—contraction coupling in skeletal muscle
fibres. They showed an increased Ca®" ion sensitivity of the
contractile apparatus, in a concentration-dependent manner,
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with the addition of carnosine to the cytoplasmic environ-
ment. In addition, the increased force produced by caffeine
induced Ca®" ion release from the sarcoplasmic reticulum
was also potentiated in the presence of carnosine. The
authors concluded that carnosine potentiates force produc-
tion as a result of sensitising the contractile apparatus to
Ca’t ions, without causing additional release from the
sarcoplasmic reticulum.

The current evidence base for increased Ca”" ion sen-
sitivity in muscle fibres is restricted to in vitro work,
although it would be of interest to investigate any possible
effect in vivo. If increased muscle carnosine concentrations
were to result in the enhancement of exercise capacity over
a range of exercise intensities, as opposed to those only
limited by reduced pH in the muscle, then a potential
mechanism for this effect might be through increased Ca®"
ion sensitivity.

In addition to its high concentration in muscle, carnosine
is also present in other tissues, including lenticular tissue
and nerve tissue (including in the brain). Carnosine
concentrations are especially high in the olfactory lobe
(Sassoe-Pognetto et al. 1993; Bakardjiev 1997; Bonfanti
et al. 1999). The high concentrations of carnosine in these
tissues is not consistent with a primary role as a pH buffer
and possible functions in these tissues might include, as in
muscle, the protection of proteins against glycation by
acting as a sacrificial peptide, prevention of the formation
of protein—protein cross-links through reactions with pro-
tein-carbonyl groups and acting as an anti-oxidant. Others
have suggested that the presence of carnosine in neural
tissue might be to act as a histidine reservoir for histamine
synthesis (Otani et al. 2008). Further possible functions in
these tissues include a role as a chelator of Ca’t, Zn?t,
Cu”" and Fe®" ions or as a neurotransmitter.

p-Alanine supplementation and muscle carnosine
concentrations

In human blood, carnosine is rapidly hydrolysed to its
constituent amino acids due to the presence of carnosinase,
a specific hydrolysing enzyme (Asatoor et al. 1970; Perry
et al. 1967). Following this, -alanine and histidine can then
be transported to other organs and tissues. Whilst the car-
nosinase enzyme has been identified in several tissues
including the blood, liver and kidney; critically it is not
found in skeletal muscle (Lenney et al. 1985). The transport
of f-alanine into muscle is mediated by a specific f-amino
acid transport protein that is dependent upon stoichiometric
concentrations of both Nat and Cl~ in a 2:1:1 (Na*:Cl1™: 8-
amino acid) ratio (Miyamoto et al. 1990; Ramamoorthy
et al. 1994) and has a K, of ~40 uM (Bakardjiev and
Bauer 1994). It is apparent that the resynthesis of carnosine

in muscle tissue is limited by the very low concentration of
p-alanine and the high K, (1.0-2.3 mM) that f-alanine has
for carnosine synthase (Ng and Marshall 1978; Skaper et al.
1973), which causes its rapid conversion to carnosine. By
comparison, histidine is shown in much higher concentra-
tions in muscle and has a much lower K, of 16.8 uM for
carnosine synthase (Horinishi et al. 1978). Excesses in both
p-alanine (Harris et al. 2006a) and carnosine (Perry et al.
1967) are excreted in urine.

In humans it would therefore seem sensible to suggest
that the rate of carnosine synthesis in skeletal muscle is
limited by the availability of f-alanine from the diet.
However, this might not be the case in other animals, since
early studies on rats have focused mainly on the adminis-
tration of carnosine (Chan et al. 1994; Hama et al. 1976;
Maynard et al. 2001) or histidine (Tamaki et al. 1977,
1985). Dunnett and Harris (1999) performed one of the
earliest studies examining the effect of f-alanine supple-
mentation on muscle carnosine contents. They observed a
significant increase in the carnosine content of horse mid-
gluteal muscle following 30 days supplementation with
both fS-alanine and histidine.

In the first studies to examine the influence of f-alanine
supplementation on carnosine concentrations in human
skeletal muscle, Harris et al. (2006a) reported upon the
outcome of three studies examining dietary supplementa-
tion with f-alanine and the effects on concentrations of
f-alanine, taurine and carnosine in plasma, urine and skel-
etal muscle (Harris et al. 2006a). The intention of the first of
these studies was to compare the ingestion of fS-alanine in
free form with an equivalent dose (40 mg kg~' BM) con-
tained within food (in this case a chicken broth). However,
upon administration of this dose of free f-alanine, several
subjects began to complain of symptoms of flushing. These
symptoms of flushing (also termed paraesthesia) were
described as an unpleasant prickly sensation on the skin
around the body that lasted for ~60 min post-ingestion. It
became apparent that these symptoms were dose dependent
and were uncomfortable enough in some subjects to cause
them to stop taking the supplement. Interestingly, no sub-
jects complained of these symptoms when ingesting
40 mg kg~' BM p-alanine in the chicken broth.

Several possible mechanisms exist for the parasthesia,
including f-alanine activated strychnine-sensitive glycine
receptor sites, associated with glutamate sensitive N-
methyl-p-aspartate receptors in the brain and central ner-
vous system (Mori et al. 2002; Tokutomi et al. 1989; Wang
et al. 2003) and the mas-related gene family of G protein
coupled receptors, which are triggered by interactions with
specific ligands, such as f-alanine (Crozier et al. 2007).

As a result of these initial findings, two further doses of
f-alanine were used, with some subjects still reporting
symptoms of parasthesia after taking the 20 mg kg~' BM
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dose. In addition, some subjects also reported mild symp-
toms following the ingestion of 10 mg kg~' BM (Harris
et al. 2006a). The times to peak concentration with the
ingestion of 10, 20 and 40 mg kg~' BM were between 30
and 40 min, with the half-life of disappearance being
~25 min for each dose. As a result, Harris et al. (2006a)
conducted a second study to examine the effects of 2 weeks
of supplementation with f-alanine at 10 mg kg~' BM,
taken three times per day. The peak elevation in plasma
f-alanine concentrations and the time to peak concentration
were the same as in the first study for the corresponding dose.
Neither was affected over the 2 weeks of supplementation.

Following these investigations Harris et al. (2006a)
conducted a third study to examine the effects of 4 weeks
of supplementation with either f-alanine or carnosine on
muscle carnosine concentrations. In this study, 21 male
subjects were split into four groups: a low-dose f-alanine
group (5 subjects ingested 800 mg of f-alanine four
times per day, an average daily dose of 3.2 g), a high-dose
p-alanine group (5 subjects ingested a total of 145.6 g
B-alanine, with subjects ingesting a total of 4.0 g day ™' in
week 1, increasing to 6.4 g day~' in week 4), a carnosine
supplemented group (5 subjects ingested a total of 364 g of
L-carnosine, equating to 143.3 g of f-alanine) and a pla-
cebo group (6 subjects ingested placebo capsules in the
same dosing strategy as employed in the high-dose f-ala-
nine group).

The placebo group showed an increase in muscle car-
nosine concentrations of 1.87 £ 1.73 mmol kg~' dm
(~10%). Increases in muscle carnosine were shown in all
groups ingesting f-alanine, with the increases in the low-
dose f-alanine group being 7.80 #+ 0.36 mmol kg~' dm,
which compares with an increase of 11.04 £ 2.68
mmol kg~! dm in the high-dose f-alanine group and
an increase of 16.37 + 3.03 mmol kg~' dm in the L-car-
nosine group (Fig. 1).

Thus, the L-carnosine group showed a greater increase in
muscle carnosine concentrations than the high- and low-
dose f-alanine groups. However, one subject in the high-
dose f-alanine group showed no increase in muscle car-
nosine concentrations with supplementation (subject J in
Fig. 1). Interestingly, this subject had the highest pre-
exercise muscle carnosine concentration, which was as
high as some of the other subjects post-supplementation
carnosine levels. This subject is the only subject from the
studies that we have conducted thus far who has shown no
increase in muscle carnosine concentrations with supple-
mentation. In contrast, there are reports suggesting that
around 30% of subjects do not respond to creatine sup-
plementation (Syrotuik and Bell 2004), which does not
compare favourably to the response of muscle carnosine to
f-alanine supplementation. It is possible that this subject
did not adhere to the supplementation regimen or that there

@ Springer

mmol.kg™' dm
80 -

60
40

o] 100 11" glil 4t

0- ABCDE FGHIJ KLMNO PQRSTU
Subjects

Fig. 1 Muscle carnosine before (filled symbols) and at the end (open
symbols) of 4 weeks supplementation with f-alanine (group 1,
subjects A-E; group 2, subjects F-J), with L-carnosine (group 3,
subjects K—0O) or placebo (group 4, subjects P-U). Groups 2 and 3
treatments were isomolar with respect to ff-alanine (reproduced from
Harris et al. 2006a with permission)

was an error in the analysis of the pre-exercise muscle
sample, which may explain the non-response. With the
exclusion of this subject, based upon the assertion that
there was some error in analysis or subject adherence to
the protocol, the percentage increases in the high-dose
p-alanine group and the L-carnosine group were of a sim-
ilar magnitude (64.2 and 65.8%).

Subsequently, Hill et al. (2007) investigated the effects
of 10 weeks of f-alanine supplementation on muscle car-
nosine concentrations and cycling capacity at 110% of
powermax. In addition to the effects of supplementation on
high-intensity cycling capacity (the results of which will be
discussed in the next section), biopsies were taken from a
sub-section of the subjects at 4 and 10 weeks. Skeletal
muscle carnosine concentrations were significantly elevated
from pre-supplementation levels by 60% after 4 weeks and
by a further 20% (an 80% increase from pre-supplementa-
tion levels) after 10 weeks (Fig. 2). As such, the changes in
muscle carnosine concentrations reported by Hill et al.
(2007) were of a similar magnitude to those previously
shown by Harris et al. (2006a). Interestingly, Hill et al.
(2007) provided evidence to suggest that further supple-
mentation with f-alanine over the subsequent 6 weeks
resulted in an additional increase in muscle carnosine lev-
els. This would indicate that 4 weeks of f-alanine supple-
mentation, at 6.4 g day_l, is not sufficient to reach a
threshold level for carnosine storage in the skeletal muscle.

Hill et al. (2007) also analysed the single fibre content of
carnosine following 10 weeks of f-alanine supplementa-
tion. Whilst the concentrations of carnosine remained
higher in fast-twitch fibres than in slow-twitch fibres fol-
lowing supplementation, the magnitude of the increase in
both fibre types was approximately the same. The higher
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Fig. 2 Muscle carnosine in individual subjects, and the mean change
(£SEM) in the carnosine content, prior to supplementation and after
4 and 10 weeks supplementation with fS-alanine (n = 6) or placebo
(n = 6) (reproduced from Hill et al. 2007 with permission)

concentration of carnosine in fast-twitch fibres was shown
previously in human (Harris et al. 1998) and in camel and
equine (Dunnett and Harris 1992, 1997) muscle fibres.
Following on from the studies by Harris and co-workers
(Harris et al. 2006a; Hill et al. 2007), who reported signi-
ficant elevations in the carnosine concentrations of whole
skeletal muscle and muscle fibres taken from the m vastus
lateralis following f3-alanine supplementation, Derave et al.
(2007) used proton magnetic resonance Sspectroscopy to
examine the effects of 4 weeks of f-alanine supplementa-
tion on the carnosine concentrations in the soleus and gas-
trocnemius muscles of trained 400 m sprint athletes. This
study showed that proton magnetic resonance spectroscopy
could be used effectively to non-invasively determine
muscle carnosine concentrations in humans and provided
some agreement with the findings from the previous muscle
biopsy studies conducted by Harris et al. (2006a; Hill et al.
2007). Derave et al. (2007) reported that muscle carnosine
concentrations increased by 47% in the soleus and 37% in
the gastrocnemius muscles following supplementation,
which was slightly lower than the 60 and 64% increases
shown by Harris et al. (2006a) and Hill et al. (2007).
Several possible reasons exist for these differences,
including the fact the two studies examined carnosine
concentrations using different techniques and in different
muscle groups. Another possible explanation is that the
dosing strategy employed by Derave et al. (2007) provided
slightly less f-alanine than the dosing strategies previously
used by Harris and co-workers. Derave et al. (2007) pro-
vided an average daily dose of 4.8 g day ™' f-alanine over
the 4 weeks of supplementation, whereas both Harris et al.
(2006a) and Hill et al. (2007) provided an average daily

dose of 5.2 g day™'. One further possible explanation is
the fact that Harris and co-workers examined recreationally
active subjects for their investigations due to the invasive
nature of muscle biopsies, whereas Derave et al. examined
trained sprint athletes.

It is interesting to note that Derave et al. (2007) showed
increases in the concentrations of carnosine in the skeletal
muscles of trained sprinters with f-alanine supplementa-
tion. Previous reports have suggested that the highest
concentrations of muscle carnosine are shown in those
individuals whose muscles are subjected to frequent bouts
of hypoxia through resistance training (Tallon et al. 2005).
Derave et al. (2007) showed that even in those trained
sprinters with initially high muscle carnosine concentra-
tions (>12 mmol 1_1), there was still an increase following
p-alanine supplementation by as much as 4-5 mmol 17",
This finding provides some further support for the notion
that there is no currently known threshold level for the
storage of carnosine in skeletal muscle. In contrast, creatine
is known to reach threshold levels following around 7 days
of dietary supplementation (Harris et al. 1992).

Baguet et al. (2009) were the first to examine the
washout period for carnosine concentrations in the skeletal
muscle following f-alanine supplementation. Fifteen
untrained subjects were supplemented with 4.8 g day ™'
f-alanine or a placebo over a 5- to 6-week period. Carnosine
content was determined, in the soleus, tibialis anterior and
gastrocnemius muscles using proton magnetic resonance
spectroscopy. Measurements were taken before and after
supplementation, as well as after a 3- and 9-week washout
period. ff-alanine supplementation resulted in an increase in
the carnosine content of the soleus (39%), tibialis anterior
(27%) and gastrocnemius (23%) muscles, which was in line
with the previous findings of Derave et al. (2007). However,
the magnitude of the increases in skeletal muscle carnosine
levels were somewhat lower than shown by Derave et al.
(2007) and lower still than the increases observed by Harris
et al. (2006a) and Hill et al. (2007).

Baguet et al. (2009) reported that, after the cessation of
f-alanine supplementation, muscle carnosine concentra-
tions declined at a rate of 2—4% per week on average. Given
this, mean muscle carnosine concentrations remained
significantly elevated from baseline after 3 weeks of
washout, but not following 9 weeks. However, the authors
also separated subjects into high responders and low
responders to f-alanine supplementation. High responders
were classified as those subjects whose muscle carnosine
concentrations increased by over 30% (with the mean
increase being 55%) with low responders being those sub-
jects whose muscle carnosine concentrations increased by
less than 30% (with the mean increase being 15%). In high
responders, the washout period was increased to
14.6 weeks, whereas the washout period in the low
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responders was 6.5 weeks. This study indicates that the use
of a cross-over design in studies examining the exercise
performance effects of f(-alanine supplementation is not
practical. There is a similar issue with creatine monohydrate
supplementation, since previous studies have shown that a
washout period of around 30 days was not sufficient to
return skeletal muscle concentrations of creatine to pre-
supplementation values (Rawson et al. 2004). However, it is
generally accepted that an appropriate washout period fol-
lowing creatine monohydrate supplementation is between 6
and 9 weeks making cross-over studies practically difficult,
but still feasible.

Given the increases in muscle carnosine concentrations
observed following f-alanine supplementation reported
above, an increase in muscle buffering capacity will have
occurred. The only way in which an increase in muscle
buffering capacity would not have occurred with these
increased levels of skeletal muscle carnosine is if other
compounds with pKa’s within 1 pH unit of pH 7 showed
a concomitant decrease. However, other compounds
involved in muscle buffering (e.g. organic phosphate or
bicarbonate), demonstrate minimal variation in human
skeletal muscle (Harris et al. 1990). This makes physio-
logical sense, since reductions in total phosphate, at an
equivalent level to the increases in carnosine content,
would almost certainly have negative connotations for
metabolic processes, given that there is a requirement for
phosphate in the reactions of ATP resynthesis (Harris et al.
1992).

Despite the fact that it is inevitable that increases in
muscle buffering will have occurred following significant
increases in muscle carnosine concentration, there remains
some debate about the magnitude of the increase in muscle
buffering capacity that would occur with any given ele-
vation in muscle carnosine content. Early opinions relating
to the effect of carnosine as an intracellular buffer were not
positive; with Mannion et al. (1995) reporting that it only
contributed around 7% to total buffering capacity. Calcu-
lations relating to the importance of carnosine have come
from a comparison of its buffering effect, derived from its
pKa, against calculations of total muscle buffering capac-
ity. Muscle buffering capacity is usually determined by the
titration of skeletal muscle homogenates (Harris et al.
1990; Sewell et al. 1991; Mannion et al. 1994; Bishop et al.
2004). The homogenisation of muscle causes changes to
the chemical composition of the intracellular environment,
even with the inhibition of glycolysis by iodoacetate
(Bueding and Goldfarb 1941). Included within the
homogenised tissue will be intracellular and extracellular
pools of pH active compounds from the mitochondria and
external membranes, which, in the normal cell, may not
contribute to physico-chemical buffering. In addition, the
homogenisation process will also expose lipid-bound
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phosphate groups, which would again not be involved in
intracellular pH control. Furthermore, titration releases
bound phosphates contained within phosphorylcreatine,
which again would contribute to an over estimation of
muscle buffering capacity and equally an underestimation
of the contribution made by carnosine. In truth, total
muscle buffering capacity is constantly changing; being
lowest at rest (at which point the relative contribution of
carnosine might be calculated to be three to four times
higher than commonly held) and increasing with exercise.
The estimate of 7% made by Mannion et al. (1995) rep-
resents a minimum estimate and even then in a muscle with
a metabolic composition close to that of rigor mortis.
Recently, Baguet et al. (in press) examined the effect of
f-alanine supplementation on acidosis and oxygen uptake
kinetics during high-intensity cycling. Their data indicated
that supplementation with f-alanine, and thus an increase
in muscle carnosine, attenuated the reduction in blood pH
during 6 min of high-intensity cycling exercise, when
compared with placebo supplementation.

Effects of beta-alanine supplementation on acute
exercise performance

Suzuki et al. (2002) examined the relationship between
skeletal muscle carnosine concentrations and exercise
performance during 30 s of maximal cycling in 11 healthy
male subjects. Muscle biopsies were withdrawn from the
m vastus lateralis at rest and were analysed for carnosine
concentration. Subjects then performed 30 s of maximal
sprint cycling, during which the authors calculated mean
power output in each of six 5-s periods. The results showed
a significant positive correlation between carnosine con-
centration and power output during the last two 5-s periods.
The authors concluded that muscle carnosine concentration
could be an important factor in high-intensity exercise
performance. However, Bogdanis et al. (1998) indicated
that reduced pH did not affect performance of a single bout
of 30 s cycling, although suggested that a reduced intra-
muscular pH might be the cause of reduced performance in
a follow-up 30 s maximal cycle, performed after 2 min of
passive recovery. Previously, the same group had also
indicated that there was no effect of intramuscular pH on
the restoration of power output following two 30-s maxi-
mal sprint cycles (Bogdanis et al. 1995).

As such, Hill (2007, unpublished thesis) examined the
effects of 4 weeks of f-alanine supplementation on the
performance of three repeated bouts of 30 s sprint cycling.
In contrast to the results of Suzuki et al. (2002), Hill (2007,
unpublished thesis) did not show any significant effect of
f-alanine supplementation on peak power output, mean
power output or fatigue index during any of the 30-s



Beta-alanine, carnosine and exercise performance

327

maximal sprint cycles. One possible explanation for the
difference in results from these two investigations is that
the relationship shown by Suzuki et al. (2002) between
carnosine concentrations and exercise performance fol-
lowed from the significant correlation also observed
between carnosine and muscle fibre type. It is possible that
the area occupied by type II muscle fibres was more
important to 30 s maximal sprint cycling than pH regula-
tion directly, thus explaining why Hill (2007, unpublished
thesis) showed no effect of supplementation on repeated
sprint performance. It is also possible that the 30-s time-
frame is not long enough to be limited by reductions in pH,
as previously indicated by Bogdanis et al. 1995, 1998).

In line with the results presented by Hill (2007,
unpublished thesis), Hoffman et al. (2008) also observed no
significant effects of f-alanine supplementation on fatigue
rates in 26 collegiate football players during repeated line
drills. However, a trend (P = 0.07) was observed for a
lower rate of fatigue during a modified Wingate anaerobic
power test (lasting 60 s), which was coupled with signifi-
cantly lower feelings of fatigue communicated by players
supplemented with f-alanine. The exercise duration of the
high-intensity protocols in this study (up to 60 s) is lower
than in previous investigations showing a positive effect of
f-alanine supplementation on exercise performance (Hill
et al. 2007; Stout et al. 2006, 2007, 2008). As previously
mentioned, it might be that the length of the exercise
protocol explains the lack of significant findings, with the
exercise duration being insufficient to induce a significant
H™ ion accumulation and consequent drop in intramuscular
pH of sufficient magnitude to influence exercise perfor-
mance. Another possible reason for the lack of an effect of
f-alanine supplementation was that the length and dose of
the supplementation protocol employed by Hoffman et al.
(2008) was shorter and smaller than previously used
(3 weeks at 4.5 g day™").

Hill et al. (2007) investigated the effect of f-alanine
supplementation on a 110% cycle capacity test (CCT o),
which usually lasts between 2 and 4 min. The CCT) g, is a
high-intensity exercise protocol designed to induce a large
accumulation of H" ions and a resultant drop in intra-
muscular pH. Therefore, this type of exercise test would
directly focus on the ability of carnosine to improve
exercise capacity as a result of an increased muscle buf-
fering capacity.

Twenty-four subjects completed the study, with 13
subjects being supplemented with f-alanine and 11 with a
maltodextrin placebo. Subjects were supplemented with an
incremental dosage scheme from 4.0 g day~' in the first
week to 6.4 g day ' in the fourth week, which then con-
tinued for a further 6 weeks, meaning that subjects were
supplemented for 10 weeks in total. As highlighted above,
increases in muscle carnosine concentration were ~ 60 and

~80% at 4 and 10 weeks. As a result of these increases in
muscle carnosine content, total work done during the
CCTy199 was increased by 13.0% following 4 weeks of
p-alanine supplementation, with further improvements to
16.2% being shown when supplementation was extended to
10 weeks (Fig. 3). These results provide some support for
the suggestion that f-alanine supplementation increases
muscle carnosine content and, as a consequence, muscle
buffering capacity, which allows an increase in high-
intensity cycling capacity through a reduction in the impact
of HT accumulation on muscle function and fatigue.

The potential for an increased muscle buffering capacity
to enhance exercise capacity was also shown by Harris
et al. (2006b, abstract) during fixed exercise of the knee
extensors at 45-50% of maximal voluntary contraction.
This exercise protocol was designed specifically to result in
peak intramuscular lactate accumulation and a corre-
sponding pH decrease, although neither was directly
measured in this study. Subjects were supplemented with
either 4x 1.6 g day~' B-alanine or a matching maltodextrin
placebo. Each dose, in both groups, was co-ingested with
45-65 g of glucose in an attempt to increase the rate of
transport and uptake of fS-alanine into the skeletal muscle,
thus reducing the supplementation period from 4 to
2 weeks. These results showed that isometric muscle
endurance at 45-50% of maximal voluntary contraction
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Fig. 3 Comparison of the mean (+SEM) total work done and mean
(£SEM) muscle carnosine content prior to supplementation and after
4 and 10 weeks supplementation with f-alanine or placebo (repro-
duced from Hill et al. 2007 with permission)
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was significantly improved, by around 11%, in the
p-alanine group compared with the placebo group. Derave
et al. (2007) also examined the effects of f-alanine sup-
plementation on isokinetic knee extension exercise and
isometric muscle endurance of the knee extensors at 45%
maximal voluntary contraction in trained 400 m runners. In
contrast to the results of Harris et al. (2006b), Derave et al.
(2007) reported no significant effect of 4 weeks f-alanine
supplementation at 4.8 g day~' on isometric endurance,
although a significant reduction in fatigue during repeated
bouts of maximal dynamic exercise was shown.

In addition to examining the effects of fS-alanine sup-
plementation on isometric and isokinetic knee extensor
performance, Derave et al. (2007) also examined 400 m
running performance on an indoor athletic track. There was
an improved run time following supplementation in both
the f-alanine and placebo groups, but there was no addi-
tional benefit of f-alanine on performance, with both
groups showing a similar level of improvement (~0.7 s).
Currently this study represents one of the few studies to
examine the effects of f-alanine supplementation on
exercise performance in a sport specific setting. Further
sport specific performance studies are needed to confirm
the full range of the effect that f-alanine supplementation
might have on sport performance.

The subsequent delay in H* ion removal from the cell,
as the direct result of increased intracellular buffering,
following an elevation in skeletal muscle carnosine con-
tent, might also delay CO, by-production due to a reduced
requirement for extracellular buffering. As such, it could be
hypothesised that f-alanine supplementation would have
an impact upon the ventilatory threshold in man. Indeed,
Zoeller et al. (2007) investigated both the individual and
combined effects of f-alanine and creatine monohydrate
supplementation on indices of endurance performance,
including markers of the ventilatory threshold and lactate
threshold. Participants were allocated to one of four sup-
plementation groups; placebo, creatine monohydrate
(21 g day~' for 6 days and then 10.5 g day ™' for 22 days),
B-alanine (6.4 g day~' for 6 days and then 3.2 g day ™' for
22 days) or a combination of f-alanine and creatine (cre-
atine: 21 g day~' for 6 days and then 10.5 g day™' for
22 days plus f-alanine: 6.4 g day ' for 6 days and then
3.2 g day™' for 22 days). No significant between-group
differences were observed, indicating that there was no
effect of f-alanine or $-alanine plus creatine monohydrate
on ventilatory and lactate thresholds. However, the authors
did report some significant within-group differences fol-
lowing combined f-alanine plus creatine monohydrate
supplementation, indicating increases in Vo, (4+5.7%) and
power output (+9%) at the lactate threshold and Vo,
(+7.9%), % Vo, . (+7.9%) and power output (+10.9%) at
the ventilatory threshold. However, the true significance of
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these within-group differences is questionable given the
lack of any significant between-group effects and the fact
that significant decreases in percentage Vo, and power
output at the lactate threshold, as well as an increase in
time to exhaustion, were observed with placebo supple-
mentation. This might suggest that subjects lacked famil-
iarisation with the exercise protocols.

Prior to the investigation by Zoeller et al. (2007), Hill
(2007, unpublished thesis) investigated the effects of
f-alanine supplementation, with and without creatine
monohydrate supplementation, on CCT ¢, (as described
previously). Muscle carnosine was increased following
p-alanine and f-alanine plus creatine monohydrate sup-
plementation, whereas total muscle creatine was increased
with creatine monohydrate and f-alanine plus creatine
monohydrate supplementation. Total work done during the
CCTy 199 Was significantly increased in all three supple-
mentation groups, while the placebo group showed no
changes. Interestingly, this study showed that -alanine and
creatine supplementation improved high-intensity exercise
capacity, although there was no additional benefit from the
co-ingestion of f-alanine and creatine monohydrate.

Stout et al. observed a positive effect of f-alanine sup-
plementation on neuromuscular fatigue in men (Stout et al.
2006), in women (Stout et al. 2007) and in the elderly
(Stout et al. 2008). Exercise consisted of incremental cycle
stages until exhaustion, during which electromyography
was used to determine the onset of neuromuscular fatigue
using the physical working capacity at the fatigue threshold
(PWCEgr). This protocol was developed by de Vries et al.
(1987) and utilises the relationship between electromyog-
raphy amplitude and fatigue in order to identify the power
output that corresponds to the onset of neuromuscular
fatigue. Stout et al. (2006) suggested that the accumulation
of metabolic by-products in muscle, including lactate and
H™ ions, was a potential mechanism for increased elec-
tromyography amplitude during exhaustive exercise. Stout
et al. (2006), using the same participants and supplemen-
tation protocol as Zoeller et al. (2007), showed that PWCgr
improved by 14.5% following 28 days of f-alanine sup-
plementation, while combined f-alanine plus creatine
monohydrate supplementation resulted in an observed 11%
increase. No significant effects of creatine monohydrate
supplementation were shown, suggesting that the changes
that were observed were due to an effect of f-alanine
supplementation.

Stout et al. (2007) examined the effects of [-alanine
supplementation (although not in combination with crea-
tine monohydrate supplementation) on neuromuscular
fatigue in women, using the same exercise protocol as
Stout et al. (2006). Similar to the findings previously
observed in men, Stout et al. (2007) showed a significant
12.6% increase in the PWCgr following f-alanine
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supplementation. This improvement increased to 28.6%
when the f-alanine supplemented population were elderly
(55-92 year) (Stout et al. 2008).

The series of studies by Stout and colleagues advocated
the potential of $-alanine to enhance exercise performance
and delay the onset of neuromuscular fatigue, as demon-
strated by an improvement in PWCkgr. The likely cause of
the lengthened time to neuromuscular fatigue is an
improved intramuscular buffering of H* ions, owing to
increased carnosine concentration by means of f[-alanine
supplementation (Harris et al. 2006a). However, the precise
physiological mechanisms by which improved H* ion
regulation would affect neuromuscular fatigue are as yet
unclear (Stout et al. 2006).

Recently, van Thienen et al. (2009) observed that an
8 week f-alanine supplementation programme (2-4 g
day™") could enhance sprint power output at the end of a
simulated endurance cycle race. Twenty-one participants
performed a 110-min intermittent endurance exercise pro-
tocol, varying between 50 and 90% (10-min stages) of their
previously estimated maximal lactate steady state. A time
trial at 100% maximal lactate steady state proceeded
immediately afterwards, followed by a 5-min active
recovery period at 50% of maximal lactate steady state.
A 30-s all-out sprint was performed to conclude the
exercise. Following the supplementation period, partici-
pants on f-alanine improved their peak (4+11.2%), mean
(+4.9%) and final (410.9%) power output during the 30-s
sprint. The high blood lactate concentrations observed
(~7 mmol 17") highlight the anaerobic nature of the sprint
exercise performed, and give credence to the argument that
increased H' ion buffering results in improved perfor-
mance during high-intensity anaerobic exercise.

These studies provide some evidence to suggest that
f-alanine supplementation can sufficiently increase intra-
muscular carnosine concentration, such that exercise per-
formance is enhanced. However, not all studies have shown
a positive effect of -alanine supplementation. Some of the
inconsistent findings reported might be due to a variety of
factors, including supplementation duration, dosage,
training status of the subjects and protocol familiarisation.

Effects of beta-alanine supplementation and training
on muscle carnosine content

Carnosine concentrations range from 17.5 + 4.8 mmol
kg~' dm in females to 21.3 & 4.2 mmol kg~' dm in males
(Mannion et al. 1992). However, several authors have
observed higher contents in physically active and highly
trained individuals. Parkhouse et al. (1985) showed that
sprinters and rowers had elevated levels of carnosine in
comparison to marathon runners and untrained individuals.

Bodybuilders have also been shown to have carnosine
concentrations as high as 50.87 mmol kg~' dm, with
average values being as high as ~43 mmol kg~' dm
(Tallon et al. 2005). It could be suggested, that due to the
fact that these types of athlete (e.g. sprinters, rowers and
bodybuilders) are routinely subjected to repeated bouts of
high-intensity exercise, the elevated carnosine concentra-
tions observed are resultant of a training effect in relation
to repeated exposure of the tissues to acidosis and hypoxia.
However, despite the logic of this hypothesis, the effect of
high-intensity exercise training on muscle carnosine con-
centrations remains unclear. That said, particularly in the
case of the bodybuilders, the potential role of anabolic
steroid use in elevating muscle carnosine concentrations
should not be overlooked. Indeed, previous studies have
reported higher carnosine contents in the skeletal muscles
of male mice compared with female mice, which was
hypothesised to be due to the anabolic effects of androgens
on the skeletal muscle (Penafiel et al. 2004). It is possible
that this might also, at least in part, explain differences in
the muscle carnosine concentrations between males and
females in humans (Mannion et al. 1992).

Mannion et al. (1994) investigated the effect of
16 weeks of isokinetic knee extension exercise training in
33 physically active subjects. Training groups performed
either six sets of 25 maximal repetitions with 30 s of rest
between sets or five sets of 15 maximal repetitions with
40 s of rest between sets. This protocol was used due to the
expected contribution of anaerobic glycolysis towards this
type of high-intensity, repetitive exercise with short
recovery periods. Results indicated that 16 weeks of
training had no effect on the carnosine concentrations of
the quadriceps muscles. Similarly, Kendrick et al. (2008,
2009) observed no effect of 10 weeks of strength training
and 4 weeks of isokinetic training on muscle carnosine
content in Vietnamese sports science students.

Suzuki et al. (2004) disagree with the results observed in
other studies, particularly those findings of Mannion et al.
(1994) and Kendrick et al. (2009). Following an 8 week
sprint training programme, Suzuki et al. (2004) observed a
doubling of muscle carnosine concentration in six Japanese
participants. All participants showed increases in muscle
carnosine concentrations, with the mean post-training value
of 47.4 mmol kg~' dm being significantly higher than the
concentrations previously observed even in bodybuilders
(43.0 mmol kg*1 dm) (Tallon et al. 2005). The sprint
training programme used by Suzuki et al. (2004) consisted
of twenty-eight 30-s Wingate cycle sprints over the 8-week
period. Somewhat surprisingly, the total training volume
related to just 14 min of high-intensity maximal exercise.
The training protocol used in this study does not suggest
sufficient training volume to increase muscle carnosine
concentrations by the magnitude observed. Alternative
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explanations of these findings are that subjects drastically
increased their consumption of foods containing histidine
dipeptides from the onset of training, or that an error was
made in the analysis of muscle samples.

Kendrick et al. (2009) investigated the effects of com-
bined training with f-alanine supplementation on muscle
carnosine concentration. Seven subjects were supple-
mented with f-alanine at 6.4 g day”' and seven were
supplemented with a matching placebo. Each subject
undertook 4 weeks of isokinetic training of the right leg,
whilst also serving as their own control by leaving their left
leg untrained. Observations showed no effect of 4 weeks of
isokinetic training on muscle carnosine content in the
placebo group. However, f-alanine supplementation did
increase muscle carnosine concentrations in both the
trained and the untrained leg, although there was no sig-
nificant difference in the magnitude of the change between
legs. Despite this, it is of interest to note that the increase in
muscle carnosine content in the trained leg, following
p-alanine supplementation, was larger (+52.2%) than the
increase in the untrained leg (+28.3%). As such, one
possible explanation for the lack of a significant finding
here is the reasonably small number of subjects, which
suggests the need for further equally well controlled studies
utilising a larger population.

These results suggest that training does not increase the
synthesis of carnosine in muscle even with f-alanine sup-
plementation. In order for training to result in an increase
in muscle carnosine synthesis directly (without the use of
p-alanine supplementation) there would need to be an
increase in the liver synthesis of f-alanine from uracil
degradation. In the case of the increase in muscle carnosine
with training reported by Suzuki et al. (2004), it is clear
that this would have represented (in the absence of an
increased dietary source of f-alanine) a major increase in
the degradation of the pyrimidine base, uracil, in the liver.

Smith et al. (2009a) investigated the effects of high-
intensity interval training combined with f-alanine
supplementation. Forty-six recreationally active men com-
pleted 6 weeks of training and ingested either f-alanine (at
6 g day~" with 1 day on and 1 day off during the final
3 weeks), a matched placebo or no supplement (control
group). Exercise performance was assessed pre-training,
mid-training and post-training using four incrementally
ascending workloads (70-300 W) on an electronically
braked cycle ergometer. Electromyography was used to
determine fatigue (EMGgr) and efficiency of electrical
activity (EEA), which quantifies the functional state of the
muscle (de Vries 1968). EMGgr has been closely related to
steady state lactate metabolism (Moritani et al. 1993) and,
thus, as suggested from training, should reflect improve-
ments in lactate and H" clearance and muscle buffering
capacity.

@ Springer

High-intensity interval training significantly improved
absolute values of EEA and EMGgr from pre- to mid-
training in both the f-alanine and placebo groups, although
there was no significant difference between groups. Inter-
estingly, more subjects improved with training alone
(56% of individuals) than those also supplemented with
p-alanine (39% of individuals). The results of Smith et al.
(2009a) do not support the suggestion that the effectiveness
of high-intensity interval training can be further improved
with f-alanine supplementation. However, the training
protocol used may have been a superior stimulus to the
untrained population, rendering any changes in muscle
carnosine ineffective.

Smith et al. (2009b) further examined the combined
effects of 6 weeks high-intensity interval training with
f-alanine supplementation. Subjects were randomly allo-
cated to either a f-alanine group (6 g day™'; n = 18) or a
matching placebo group (PL; n = 18). Vo, ., time to
exhaustion and ventilatory threshold were assessed pre-
training, mid-training and post-training using a continuous
graded exercise test on an electronically braked cycle
ergometer. Similarly, total work done was recorded during a
110% Vo, ., workload test to exhaustion. Vo, ., and time to
exhaustion improved significantly from pre- to mid-training
in both supplementation groups, although a further increase
from mid- to post-training was only observed in those
subjects also supplemented with fS-alanine. In addition,
there was a significant improvement in total work done
during the 110% Vo, test from pre- to mid-training and
from mid- to post-training in both groups. However, there
was no effect of f-alanine supplementation or training on
ventilatory threshold. These results suggest some potential
for f-alanine supplementation to further enhance the ben-
efits of high-intensity interval training. During training, the
f-alanine group consistently trained at higher workloads for
longer periods of time than the placebo group, although
these differences did not reach the assigned level of sig-
nificance. The ability of the f-alanine group to train at
higher intensities without fatigue, although not statistically
significant, could be a key element in explaining the further
improvements seen in certain performance markers.

Hoffman et al. (2008) observed a similar trend in colle-
giate football players. Players supplemented with f-alanine
had a higher (9.2%) training volume than those consuming
placebo. The delay in fatigue caused by increased buffering
of muscle H" ions during training could explain this trend
and suggests that further longer-term training studies of a
sports specific nature are required.

Athletes involved in high-intensity, anaerobic based
sports have been shown to have increased levels of muscle
carnosine (Parkhouse et al. 1985; Tallon et al. 2005). It has
been suggested that this is due to the nature of their
training, where muscle acidosis occurs consistently, and
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the elevated carnosine concentrations observed are due to a
training effect. However, few studies have shown the
potential to increase muscle carnosine through high-inten-
sity training, with the results of Suzuki et al. (2004)
standing alone in showing a significant effect, although
others have reported a trend towards higher muscle car-
nosine content (Kendrick et al. 2009), higher training
volumes and periods (Hoffman et al. 2008; Smith et al.
2009b), and subsequent performance improvements (Smith
et al. 2009b). As such, there is a need to further examine
the effects of exercise training, with and without f-alanine
supplementation, on muscle carnosine concentrations and
exercise performance.

Summary

f-Alanine supplementation has consistently been shown to
augment muscle carnosine concentrations in man (Harris
et al. 2006a; Derave et al. 2007; Hill et al. 2007; Baguet
et al. 2009). Carnosine’s role as an intracellular buffer is
undisputed given its location within the skeletal muscle of
humans and its chemical structure (Harris et al. 1990).
Consequently, there is potential for supplementation with
f-alanine to result in improved exercise performance,
especially during high-intensity exercise. There is now a
growing body of evidence to show that f-alanine supple-
mentation of 4 weeks or longer evokes significant
improvements to exercise capacity, especially when that
performance is likely to be limited by the accumulation of
H" ions in the skeletal muscle (i.e. in high-intensity
exercise tests lasting between 1.5 and 4 min). However, not
all studies examining the influence of f-alanine supple-
mentation on exercise performance have shown positive
results. In addition, few studies have shown the potential to
increase muscle carnosine through high-intensity training,
even when combined with f-alanine supplementation.

Future directions

— Currently it is unknown whether or not there is a ceiling
concentration beyond which further f$-alanine supple-
mentation will not confer any additional increase in
carnosine levels in the muscle. Further long-term sup-
plementation studies are required to determine whether
there is a limit to the accumulation of carnosine in
skeletal muscle.

— It is currently unknown to what extent increases in
muscle carnosine concentration induce a concomitant
increase in muscle buffering capacity. One problem is
the current limitation with regards to the determination
of muscle buffering capacity using titration techniques.

Further studies are required to improve the accuracy of
the determination of muscle buffering capacity so that
the effect of any given increase in muscle carnosine
concentrations on muscle buffering capacity might be
accurately determined.

— Further studies are required to confirm the full range of
the effect that f-alanine supplementation might have on
sport and exercise performance. For example, the
majority of studies showing an improvement in exer-
cise performance with f-alanine supplementation to-
date have used high-intensity exercise capacity tests
and further information is required on the effects of
f-alanine supplementation on sports performance.

— Further studies examining the impact of f-alanine in
combination with other supplements would be of
interest.
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