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Summary. b-Alanine in blood-plasma when administered as A) histidine

dipeptides (equivalent to 40 mg � kg�1 bwt of b-alanine) in chicken broth,

or B) 10, C) 20 and D) 40 mg � kg�1 bwt b-alanine (CarnoSynTM, NAI,

USA), peaked at 428 � SE 66, 47 � 13, 374 � 68 and 833 � 43mM.

Concentrations regained baseline at 2 h. Carnosine was not detected in

plasma with A) although traces of this and anserine were found in urine.

Loss of b-alanine in urine with B) to D) was <5%. Plasma taurine was

increased by b-alanine ingestion but this did not result in any increased

loss via urine. Pharmacodynamics were further investigated with 3�B)

per day given for 15 d. Dietary supplementation with I) 3.2 and II)

6.4 g � d�1 b-alanine (as multiple doses of 400 or 800 mg) or III) L-carno-

sine (isomolar to II) for 4 w resulted in significant increases in muscle

carnosine estimated at 42.1, 64.2 and 65.8%.
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Introduction

Carnosine (b-alanyl-L-histidine) is a cytoplasmic dipep-

tide found in high concentrations in both vertebrate and

non-vertebrate skeletal muscle, and is present also in cells

of the CNS. Various physiological actions have been as-

cribed to carnosine in muscle including pH buffering

(Bate-Smith, 1938; Harris et al., 1990), acting as an anti-

oxidant (Boldyrev et al., 1993), the regulation of Ca2þ

sensitivity and E–C coupling (Lamont and Miller, 1992;

Batrukova and Rubtsov, 1997), the protection of pro-

teins against glycation by acting as a sacrificial peptide

(Hipkiss et al., 1995) and in preventing the formation

of protein–protein cross links by reacting with protein–

carbonyl groups (Hipkiss, 2000). Of these, only that of

pH buffering is undisputed resulting as it does from a pKa

of 6.83 of the imidazole ring (Bate-Smith, 1938; Tanokura

et al., 1976). Two methyl derivatives of carnosine (anser-

ine: b-alanyl-1-methylhistidine and balenine: b-alanyl-3-

methylhistidine), with similar pKa’s to carnosine, are

found in some animal muscles but not in human. In con-

trast to carnosine, free histidine (pKa of 5.83) is a rela-

tively poor buffer over the physiological pH range.

The concentration of carnosine in muscle is particularly

high in mammals, birds and fish with a capacity for pro-

longed intense or sprint exercise, and still higher in aquatic

species including whales (Abe, 2000). In addition carnosine

is typically higher in fast-twitch (type II) muscle fibres com-

pared to slow-twitch (type I) muscle fibres (Harris et al.,

1998, 2005). In human vastus lateralis muscle carnosine

ranges from 10.5� SDind 7.6 mmol � kg�1 dry muscle (dm)

in type I and 23.2� SDind 17.8 mmol � kg�1 dm in type II

fibres (Harris et al., 1998), where SDind is the estimated

standard deviation in fibre content within an individual. A

similar preferential distribution into type II fibres has also

been shown in skeletal muscle of horse and camel (Dunnett

and Harris, 1995; Dunnett et al., 1997) where the histidine

dipeptide concentration may be 4 to 5 times that in type I

fibres. The higher concentrations found in fast twitch mus-

cle, and particularly in those animals with enhanced ca-

pacity for intense exercise, is consistent with a role in pH

buffering as well as a role in E–C coupling, but not with the

other suggested roles of carnosine.



pH homeostasis in contracting muscle fibres is achieved

firstly by physicochemical buffering mediated principally

by organic and inorganic phosphates, bicarbonate anion

(the contribution of this being determined by its concen-

tration in muscle prior to the start of exercise) and by

histidine residues in carnosine and (quantitatively) to a

much lesser extent, in proteins; and secondly by active

and passive transport of Hþ into the surrounding intersti-

tium. However, the concentrations of the physicochemical

buffers other than carnosine are constrained by their in-

volvement in other reactions. Variations in buffering ca-

pacities between muscle fibre types (Sewell et al., 1992),

and even between muscles of different species (Harris

et al., 1990) largely depend upon differences in the histi-

dine dipeptide content. In human vastus lateralis muscle

the most frequently cited range for the carnosine con-

tent is 17.5 � 4.8 mmol � kg�1 dm in females to 21.3 �
4.2 mmol � kg�1 dm in males (Mannion et al., 1992). A

trend towards higher concentrations has been reported in

athletes, such as sprinters (Parkhouse et al., 1985) and

body-builders (Tallon et al., 2005), while 10 days to 8

weeks intensive training has been shown to almost double

the carnosine content in vastus lateralis (Kim et al., 2005;

Suzuki et al., 2004). Suzuki et al. (2002) observed a sig-

nificant relationship between the carnosine concentration

in human skeletal muscle and high intensity exercise per-

formance (30 s Wingate), further emphasizing the func-

tional importance of carnosine.

Carnosine is synthesized in muscle and cells of the

CNS (Bakardjiev and Bauer, 1984) although other cell

types express a dipeptide transporter enabling the mole-

cule to be taken up intact (Hoffmann et al., 1996; Dieck

et al., 1999). Dunnett and Harris (1999) observed a sig-

nificant increase in the carnosine content of type II fibres

of horse middle gluteal muscle following a 30 day sup-

plementation period with b-alanine and histidine, as pre-

cursors of carnosine. As the concentration of histidine in

muscle (and plasma) is high relative to its Km with mus-

cle carnosine synthetase (CS) (Horinishi et al., 1978), in

contrast to the low concentration of b-alanine in muscle

which exhibits a much higher Km with CS (Skaper et al.,

1978), it was concluded that b-alanine was probably lim-

iting to carnosine synthesis in equine muscle. Other stu-

dies in rats have focused mainly on the administration of

carnosine itself (Chan et al., 1994; Hama et al., 1976;

Maynard et al., 2001) or histidine (Tamaki et al., 1977,

1984). In humans, however, the intact dipeptide is rapidly

hydrolysed in plasma due to the presence of the hydro-

lyzing enzyme, carnosinase (Asatoor et al., 1970; Perry

et al., 1967). b-Alanine, a non-proteinogenic amino acid,

is synthesized in the liver as the final metabolite of uracil

and thymine degradation (Matthews and Traut, 1987), but

in meat eating animals quantitatively the greatest source

may be from the hydrolysis of dipeptides in the diet. The

aim of this study was to investigate the availability of

b-alanine supplied orally and the effect of supplementa-

tion on muscle carnosine synthesis.

Material and methods

All parts of the investigation were first approved by the Ethics Review

Committee of the University College Chichester. The study was described

in detail to all subjects prior to obtaining their written consent to partici-

pate. All were questioned about their general state of health and only

subjects free of any apparent infection and without any history of any

metabolic, muscular, cardiovascular or other organ disease, were recruited

to the study. Subjects were staff and students of University College Chi-

chester, non-smokers and had not taken any dietary supplements 4 to 6

weeks prior to the start of the relevant study. None of the subjects recruited

to the various studies were vegetarians.

Study 1: Administration of 0–40mg � kg�1 bwt �-alanine

Six healthy male subjects (33.5 � SD 9.9 yrs; 80.2 � SD 17.1 kg) were

recruited to the study. Each experimental session commenced after an

overnight fast (a minimum of 12 h being allowed after consumption of

the last meat containing meal). Subjects were given the option to consume

a small quantity of warm water prior to the start of the study. Catheteriza-

tion was begun at 8.30 am and the study started at 9 am. Each subject

underwent four treatment tests out of a possible five:

Treatment A (all subjects): The treatment involved ingestion of

8 ml � kg�1 bwt of chicken broth containing in total approximately

40 mg � kg�1 bwt b-alanine in the form of anserine and carnosine. For a

subject of 80 kg bwt this amounted to the ingestion of 640 ml of broth

containing 3.2 g of b-alanine in dipeptide form.

Treatments B, C, D and E (3 of the possible 4 treatments being taken by

each subject): Ingestion of 3 ml � kg�1 bwt of a drink containing B) 0

(control), C) 10, D) 20 or E) 40 mg � kg�1 bwt b-alanine (CarnoSynTM,

NAI, San Marcos, California, USA) followed by ingestion of a fur-

ther 5 ml � kg�1 bwt of water. For a subject of 80 kg bwt the dose of

40 mg � kg�1 bwt amounted to the ingestion of 3.2 g of b-alanine. The

order of the tests was randomised within and between subjects (treatments

taken are identified in Table 1).

Table 1. Subjects reporting symptoms of flushing with treatments A) to E)

Subject A

Broth

40 mg=kg

bwt a

B

b-ala

0 mg=kg

bwt

C

b-ala

10 mg=kg

bwt

D

b-ala

20 mg=kg

bwt

E

b-ala

40 mg=kg

bwt

1 X SS SS�
2 X X SS�
3 X X X SS

4 X X MS SS�
5 X X X SS�
6 X X MS SS

X No symptoms reported, MS mild symptoms of flushing recorded, SS

significant symptoms, SS� symptoms recorded as unpleasant
a Equivalent content of b-alanine
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In all sessions subjects additionally consumed a further 8 ml � kg�1 bwt

of water (in 50 ml portions) during the period of 1 to 2 h after ingestion.

A vegetarian pizza was provided at 6 h. Normal food was allowed from 8 h

onwards.

2.5 ml venous blood samples were drawn through an indwelling cathe-

ter, inserted into a forearm vein, at 10 min intervals for the first 90 min and

thereafter at 120, 180, 240 and 360 min. Blood was dispensed into tubes

containing lithium-heparin as anti-coagulant, centrifuged and harvested for

plasma within 5 min. The patency of the catheter was maintained by

flushing with non-heparinised saline. 1 ml plasma was deproteinised with

200 ul 30% w=v 50-sulphosalicylic acid, centrifuged and made alkaline by

diluting 20 times with 0.1 M borate buffer, pH 9.65. Alkaline extracts were

derivitised with ortho-pthaldehyde=mercaptoproprionic acid reagent and

analysed for titled compounds by HPLC with fluorescence detection, with

comparison to standards of 1 to 100mM (Dunnett and Harris, 1997). Areas

under the plasma concentration curves (AUC) were calculated by the

trapezoidal rule.

Urine was collected over 9 h following ingestion of the test dose and

following centrifugation and 50 fold dilution of a portion of the super-

natant with 0.1 M borate buffer, pH 9.65 was analysed by HPLC as before

to determine the excretion of b-alanine and taurine.

Preparation of chicken broth (treatment A)

Fresh chicken breast (skinned and boned) was finely chopped and boiled

for 15 min with water (1 litre for every 1.5 kg of chicken). Residual chicken

meat was removed by course filtration. The filtrate was flavoured by the

addition of carrot, onion, celery, salt, pepper, basil, parsley and tomato

puree, and re-boiled for a further 15 min and then cooled before final

filtration through fine muslin at 4 �C. The yield from 1.5 kg chickenþ 1

litre of water was 870 ml of stock. A portion of the stock was assayed for

total b-alanyl-dipeptides (carnosine and anserine) and b-alanine. Typical

analyses were: total b-alanyl-dipeptides, 74.5 mmol � l�1; free b-alanine,

5.7 mmol � l�1. From this a dose estimated to yield 40 mg � kg�1 bwt

of b-alanine was calculated and was provided hot to each subject.

Study 2: Two weeks administration of 10mg � kg�1 bwt

�-alanine, 3� per day

Six male subjects aged 28.3 � SD 2.7 yrs; 83.2 � SD 14.3 kg) were

recruited to the study. On day 1 the subjects reported to the blood-

sampling laboratory at 8 am following an overnight fast and a minimum

of 12 h since the last meat containing meal. Following catheterisation of a

forearm vein and a basal sample, each subject was given three doses of

10 mg � kg�1 bwt b-alanine at 0 (9 am), 3 and 6 h. Five ml blood samples

were collected using lithium heparin as anticoagulant at 0.5, 1, 2, 3, 3.5, 4,

5, 6, 7, 8 and 9 h. Between days 2–15 subjects continued to take

10 mg � kg�1 bwt b-alanine 3 times per day. On day 15 the protocol

followed on day 1 was repeated with blood samples collected before the

first supplementation at 9 am and between 0.5 and 9 h thereafter. Plasma

samples were treated and analysed as before for b-alanine and taurine.

Study 3: The effect of 4 weeks dietary supplementation

with �-alanine or carnosine on the muscle carnosine content

The main study was preceded by an investigation of 16 male subjects

(19.4 � SD 1.6 yrs; 79.5 � SD 9.3 kg) to assess the effects of repeated

administration of b-alanine on blood biochemistry and haematology. Sub-

jects first completed a medical questionnaire and underwent a 12-lead

ECG at the start and end of the study to establish normal cardiac function.

Venous blood samples were taken at St. Richard’s Hospital, Chichester, at

the start and end of the 4 weeks supplementation with 4 doses per day of

800 mg of b-alanine (n¼ 8) or a matching placebo (n¼ 8). Both treatments

were provided as 2� 400 mg contained in gelatin capsules. Subjects were

instructed to take the 4 doses at approximately 9 am, 12 am, 3 pm and 6 pm.

To study the effects on muscle, twenty-one male subjects (26.1 � SD

5.6 yrs; 79.5 � SD 10.5 kg) were recruited to the study. Subjects were

physically active and regularly ate meat. Subjects completed a medical

questionnaire and underwent a 12-lead ECG before being recruited into

the study. Subjects were weighed at the start and end of the study and

completed a weekly health questionnaire.

Subjects ingested b-alanine daily using one of two regimens (I and II,

both n¼ 5), L-carnosine (III, n¼ 5) or placebo (IV, n¼ 6) for 4 weeks:

I) 800 mg of b-alanine was given 4 times per day (approximately 9 am,

12 am, 3 pm and 6 pm) to give an average daily dose of 3.2 g and total

4 week dose of 89.6 g.

II) used a more frequent dosage strategy in order to increase the dose but

not to exceed 800 mg in any one dose. In week 1 subjects consumed

800, 400, 400, 400, 800, 400, 400 and 400 mg at 9, 10, 11 and 12 am,

and, 3, 4, 5, and 6 pm to give an average daily dose of 4 g. In week 2

the 11 am and 5 pm doses were increased to 800 mg; in week the

10 am and 4 pm doses were similarly increased and in week 4 also the

12 am and 6 pm doses. Thus in week 4 the average daily dose was

6.4 g. The total dose over the 4 weeks was 145.6 g.

III) subjects ingested L-carnosine using a dosing strategy identical to II)

and where each individual dose was approximately isomolar with

respect to b-alanine. Thus where 400 and 800 mg of b-alanine were

given in II), 1000 and 2000 mg of L-carnosine were given in III). The

total given over the 4 weeks was 364 g of L-carnosine corresponding

to 143.3 g of b-alanine.

IV) subjects were given capsules containing maltodextrin to match those

of II) and at the same frequency as given also in III).

Subjects were aware of differences in the frequency of doses (group I

contrasted with groups II, III and IV) and the size of capsules (group III

contrasted with II and IV) but were not aware of the nature of the treat-

ments themselves. A single muscle biopsy from the mid belly of the vastus

lateralis was taken at the start and end of the 4 week study using a one-

handed NHS 6 mm muscle biopsy needle (Northern Hospital Supplies,

Edinburgh, UK) with suction, following the procedure of Bergstr€oom

(1962). Muscle samples were frozen in liquid nitrogen and stored at

�85 �C until freeze-dried. One to two mg of freeze-dried muscle was

dissected free of fat, blood and connective tissue, powdered using an agate

pestle and mortar and extracted by vortexing for 5 min with 1 ml 0.4 M

borate buffer, pH 9.65. Extracts were further diluted 5 or 10 times with

0.4 M borate buffer, pH 9.65. Diluted extracts were analysed for b-alanine,

histidine, carnosine and taurine as previously described.

Results are means and standard error (SE). The effect of 4 weeks sup-

plementation on muscle contents was determined by ANOVA or Students

t-test applied to the mean within-subject differences.

Results

Study 1

The original aim was to compare the administration of

40 mg � kg�1 bwt free b-alanine with an equivalent dose

contained in dipeptide form in the chicken broth, and

against a control of 0 mg � kg�1 bwt. However, the first

subjects given 40 mg � kg�1 bwt b-alanine quickly com-

plained of symptoms of flushing (described variously as

an irritation of the skin and prickly sensation) which

began within 20 min and lasted up to one hour. This first

affected the ears, forehead and scalp, followed by the

upper trunk including the arms and the back of the hands,
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and finally the base of the spine and buttocks. At

40 mg � kg�1 bwt the experience was considered unpleas-

ant and 2 subjects refused this dose. As a result of this

two lower doses of 10 and 20 mg � kg�1 bwt were intro-

duced. Symptoms were again evident at 20 mg � kg�1 bwt

and followed a similar time course but were judged to be

less intense. Only mild symptoms were experienced by 2

of the 4 subjects taking 10 mg � kg�1 bwt (Table 1). (In

subsequent studies involving more than 50 subjects given

a fixed dose of 800 mg b-alanine, corresponding to ap-

proximately 10 mg � kg�1 bwt, an incidence of nearer 25%

made up of mild to very mild symptoms was general-

ly recorded.) None of the 6 subjects given the chicken

broth, which contained the equivalent of 40 mg � kg�1 bwt

b-alanine, reported symptoms of flushing or did any in the

control group.

b-Alanine was below the limit of detection in plasma

(<0.5 mM) prior to all treatments and at all time points

with 0 mg � kg�1 bwt. b-Alanine increased in plasma fol-

lowing ingestion of the chicken broth. The increase was

approximately half that with ingestion of a solution of

40 mg � kg�1 bwt b-alanine and exhibited a later time

to peak, i.e. 427.9 � 66.1 mmol � l�1 at 90 min versus

833.5 � 42.8 mmol � l�1 at 40 min (Fig. 1). Based on the

4 subjects given both the broth and solution the mean

area-under-the-curve (AUC), however, did not differ sig-

nificantly between treatments, i.e. 44,500 � 2,200 and

46,900 � 8,300 [mmol � l�1] �min (P>0.05). Carnosine, it-

self, was not detected in plasma following any of the

treatments including administration of the chicken broth.

However, traces of anserine in plasma were found follow-

ing ingestion of the broth.

Times to the peak plasma concentration with ingestion

of 10, 20 and 40 mg � kg�1 bwt b-alanine lay between

30–40 min (Fig. 2). However, the increases in peak con-

centration and AUC were out of proportion to the increases

in amounts administered. Between 10 to 20 mg � kg�1 bwt

a 6–8 fold increase occurred although from 20 to

40 mg � kg�1 bwt the increase was 2.2 fold. Following

the peak in concentration, the half-life of disappearance

was approximately 25 min with each of the three doses.

Loss of b-alanine via the urine following 10, 20 and

40 mg � kg�1 bwt was 0.60 � 0.09%, 1.50 � 0.40% and

3.64 � 0.47% respectively, of the administered dose

(Fig. 3). Administration of b-alanine resulted in an in-

crease in the plasma taurine concentration, the increase

being dose dependent between 10 and 40 mg � kg�1 bwt

(Fig. 4). However, this did not result in any significant

increase in taurine loss in the urine (Fig. 5).

Study 2

With a 3 h gap between successive ingestions of b-alanine

(10 mg � kg�1 bwt) the plasma concentration was able to

Fig. 1. Mean plasma b-alanine concentration with time following inges-

tion of 40 (^) mg � kg�1 bwt b-alanine or a chicken broth (&) contain-

ing the equivalent of 40 mg � kg�1 bwt b-alanine in the form of anserine

and carnosine. The SE of the means is shown for both sets of values

Fig. 2. Mean plasma b-alanine concentration with time following inges-

tion of 10 (�), 20 (~) or 40 (^) mg � kg�1 bwt b-alanine. For reasons of

clarity the SE of the means is shown only for measurements following 20

and 40 mg � kg�1 bwt

Fig. 3. Mean (þSE) loss of b-alanine in the urine during 9 h following

ingestion of 10, 20 or 40 mg � kg�1 bwt b-alanine, i.e. 112, 224 and

449mmol � kg�1 bwt, or chicken broth containing the equivalent of

40 mg � kg�1 bwt b-alanine in the form of anserine and carnosine
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return to baseline before the next dose (Fig. 6). The peak

increase in plasma b-alanine, and time to peak, were as in

study 1 and neither was changed by 15 days of supple-

mentation. Repeated dosing did not give rise to any prob-

lems apart from the occasional report of mild symptoms

of flushing. The increase in plasma b-alanine was as-

sociated with a small but non-significant increase in the

plasma taurine concentration following both doses on

day 0. The increase, however, was significant following

the second dose on day 15. On both days 0 and 15, taurine

had regained the baseline concentration before adminis-

tration of the second dose (Fig. 7).

Study 3

There were no clinically significant changes by the end of

4 weeks supplementation with 4� 800 mg b-alanine in

any of the biochemical or haematological variables mea-

sured (Table 2). Over the 4 weeks only one instance of

a sore throat was recorded, this being by a subject in

group III. No other incidences indicating an adverse effect

on health of b-alanine or carnosine supplementation were

recorded. Mild symptoms of flushing were reported in

week 2 by 4 of the subjects given b-alanine (with fewer

subjects in the other weeks) and 3 subjects in week 4

given carnosine. One subject given the placebo also re-

corded mild symptoms of flushing.

b-Alanine was below the limit of detection of

0.1–0.2 mmol � kg�1 dm in most muscle extracts both

before and following supplementation, and maximally

0.4 mmol � kg�1 dm where a peak in an individual chro-

matogram could be detected. The HPLC method is not

optimised for histidine, which is not fully separated from

another amino acid which can contribute up to 30% of the

integrated peak area. Separation was particularly poor

when analysing samples from I, II and III. The apparent

means before supplementation for I–III were 5.76 � 0.26,

Fig. 4. Plasma taurine concentration with time following ingestion of 10

(�), 20 (~) or 40 (^) mg � kg�1 bwt b-alanine. For reasons of clarity the

SE of the means is shown only for measurements following 10 (negative

SE) and 40 (positive SE) mg � kg�1 bwt

Fig. 5. Mean (þSE) loss of taurine in the urine during 9 h following

ingestion of 10, 20 or 40 mg � kg�1 bwt b-alanine, i.e. 112, 224 and

449mmol � kg�1 bwt, or chicken broth containing the equivalent of

40 mg � kg�1 bwt b-alanine in the form of anserine and carnosine

Fig. 6. Plasma b-alanine over 9 h following the oral ingestion of

10 mg � kg�1 bwt of b-alanine at 0, 3 and 6 h on days 1 (~) and 15 (^)

whilst dosing at 3� 10 mg � kg�1 bwt per day. For reasons of clarity the

SE of the means are shown separately above the main trend line

Fig. 7. Plasma taurine over 9 h following the oral ingestion of

10 mg � kg�1 bwt of b-alanine at 0, 3 and 6 h on days 1 (~) and 15 (^)

whilst dosing at 3� 10 mg � kg�1 bwt per day. For reasons of clarity the

SE of the means are shown separately above the main trend line
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5.56 � 0.26 and 7.01 � 1.16 mmol � kg�1 dm, respective-

ly, almost certainly contained a contribution from this

other source. The apparent mean for IV was 2.95 �
0.39 mmol � kg�1 dm. There was no change in the apparent

mean after the four weeks, the treatment group means

being: I: 5.12 � 0.52, II: 5.52 � 0.39, III: 5.38 � 0.62

and IV: 2.92 � 0.28 mmol � kg�1 dm.

The mean carnosine content of all subjects prior to

treatment was 22.69 � 1.11 mmol � kg�1 dm and the mean

change over the 4 weeks in the four groups was: I: þ7.80�
0.36 (P<0.05), II: þ11.04 � 2.68 (P<0.05), III: þ16.37 �
3.03 (P<0.05), IV:þ1.87� 1.73 (P>0.05) mmol � kg�1 dm

(Table 3). Whilst these results would seem to indicate

a greater increase in the subjects supplemented with

Table 2. Blood biochemical and haematological markers before and at the end of 4 weeks supplementation with 800 mg b-alanine 4

times per day

Placebo b-Alanine

Pre Post Pre Post

Mean SE Mean SE Mean SE Mean SE

Na 139.6 0.5 138.4 0.7 138.0 0.29 138.57 0.35

K 4.23 0.07 4.20 0.16 4.24 0.14 4.29 0.07

Bicarbonate 31.3 0.6 30.9 0.5 31.1 0.7 31.3 0.4

Creatinine 95.3 4.2 86.9 3.0 96.4 3.4 87.6 3.7

Urea 3.98 0.21 4.53 0.29 4.71 0.31 4.81 0.40

Total protein 71.6 0.9 72.6 0.7 73.1 1.9 72.6 1.0

Albumin 44.3 0.7 46.1 0.6 45.3 0.8 45.4 0.9

Globulin 27.4 0.7 26.4 0.9 27.9 1.6 27.1 1.0

Total bilirubin 19.6 3.1 20.0 2.4 19.4 2.2 15.6 1.3

Alk phosphatase 84.4 6.0 84.9 6.2 84.9 8.9 77.9 10.0

AST 40.4 8.3 28.6 1.7 43.3 5.7 29.4 3.9

Hb 15.8 0.3 16.3 0.3 15.1 0.3 15.4 0.2

Platelets 238.5 9.6 251.1 12.8 240.9 14.3 225.9 17.5

RBCs 5.06 0.12 5.29 0.11 4.87 0.07 4.96 0.07

PCV 0.46 0.01 0.47 0.01 0.44 0.01 0.46 0.01

MCV 91.0 1.4 89.7 0.8 90.9 0.9 91.4 0.9

MCH 31.3 0.4 30.8 0.3 31.0 0.3 31.1 0.3

MCHC 34.3 0.2 34.4 0.2 34.1 0.2 34.0 0.1

WBC 7.39 0.73 7.27 0.36 6.54 0.64 6.24 0.33

Neutrophils 4.56 0.70 4.16 0.38 3.59 0.60 3.49 0.36

Lymphocytes 1.84 0.18 2.19 0.18 1.97 0.22 1.89 0.10

Monocytes 0.63 0.07 0.60 0.04 0.57 0.07 0.54 0.04

Eosinophils 0.31 0.09 0.27 0.08 0.39 0.11 0.33 0.10

Basinophils 0.04 0.02 0.04 0.02 0.04 0.02 0.03 0.02

CS troponin <0.15 <0.15 <0.15 <0.15

Table 3. Muscle carnosine and taurine contents (mmol � kg�1 dm), and the ratio of carnosine to taurine (C=T) before and

after 4 weeks supplementation in groups I to IV

Treatment Carnosine Taurine C=T

Pre 4 weeks Pre 4 weeks Pre 4 weeks

I Mean 19.58 27.38 36.52 33.70 0.551 0.836

SE 1.66 1.33 3.47 3.57 0.065 0.057

II Mean 24.23 35.27 28.68 27.54 0.878 1.372

SE 2.36 2.76 2.36 3.92 0.130 0.191

III Mean 23.15 39.52 35.40 32.32 0.706 1.493

SE 2.27 7.58 3.99 6.79 0.130 0.453

IV Mean 23.63 25.49 45.72 41.38 0.563 0.680

SE 2.43 2.03 5.53 4.08 0.094 0.133
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carnosine, inspection of the individual data (Fig. 8)

showed that subject J in group II, who began with the

highest pre-supplementation muscle content of all sub-

jects, failed to show any increase in their muscle carno-

sine content. The changes in the remaining subjects in this

group were of the same order as the range in individual

changes in III (mean of subjects F–I in group II:

13.72 � 3.40 mmol � kg�1 dm (P<0.05)). The mean per-

cent changes in the four groups (after exclusion of subject

J from group II) were: I: þ42.1%, II: þ64.2%, III:

þ65.8%, IV: þ9.9%. With the small numbers of subjects

in the different groups there was no significant difference

between the changes in groups I to III despite the trend

towards a greater muscle carnosine content in the two

higher dose groups (II and III). (As there is the possibility

that the result obtained in subject J resulted from his fail-

ure to keep to the treatment schedule, further results for

group II are presented with and without subject J.)

The mean taurine content of all subjects prior to treatment

was 37.02 � 2.39 mmol � kg�1 dm and the mean change

over the 4 weeks in the four groups was: I: �2.82�
3.56, II: þ0.86� 2.09 (�1.15� 2.70 without subject J),

III: �3.08� 6.09, IV: þ4.35� 3.41 mmol � kg�1 dm. There

was no significant effect of treatment between groups or

within treatment groups (see Table 3).

There were no significant changes in body mass over

the 28 days, the mean changes in the four treat-

ment groups being: I: �0.11 � 0.24, II: �0.03 � 0.80

(�0.66 � 0.56 without subject J), III: 0.21 � 0.61 and

IV: �0.43 � 0.40 kg.

Discussion

Carnosine in muscle is synthesised in situ (Bakardjiev and

Bauer, 1994) by the action of CS from its two constituent

amino acids, b-alanine and histidine. In contrast other cell

types are equipped with a dipeptide transporter enabling

carnosine to be taken up intact (Hoffmann et al., 1996;

Dieck et al., 1999). Ingestion of meat containing carno-

sine and its methyl derivatives, reportedly lead to modest

amounts of carnosine appearing in blood particularly

when given in large amounts (Gardner et al., 1991; Park

et al., 2005). However, in humans carnosine and related

dipeptides are rapidly hydrolysed by the action of carno-

sinase. In the present study, carnosine remained below the

limit of detection following ingestion of the chicken broth

although traces of anserine were detected. To one of the

subjects L-carnosine corresponding to 20 mg � kg�1 bwt of

b-alanine was also given as a drink. This resulted in an

increase in plasma b-alanine which was almost identical

to that following administration of the same dose of

b-alanine itself. Once again carnosine was not detected

in plasma. In contrast herbivorous animals, such as the

horse, lack a carnosinase in plasma and show a much

greater and prolonged increase in carnosine when supple-

mented with the intact dipeptide (Dunnett, 1995; Dunnett

et al., 2002). Carnosine is normally present in equine

plasma from 10–13 mM in mature horses and 5–7 mM in

foals and yearlings (Dunnett et al., 2002).

In previous studies on equines, administered repeated

doses of 100 mg � kg�1 bwt of b-alanine (Dunnett and

Harris, 1999) the AUC increased during the supplementa-

tion period of 30 days although the half-life of disappear-

ance following the peak concentration remained essen-

tially the same. This suggested an increase with time in

the absorption of b-alanine from the GIT. However, this

was in a species that would never normally encounter

b-alanine or carnosine in the diet, in contrast to meat

eating humans. No evidence was seen in study 2 with

15 days thrice-daily administration of any change in either

b-alanine absorption, or the rate of disappearance follow-

ing the peak concentration.

Transport of b-alanine into muscle cells has been

shown in cultures of embryonic chick pectoral muscle to

be sodium and chloride dependent and to show Michaelis-

Menten kinetics with a Km of approximately 40 mM

(Bakardjiev and Bauer, 1994). Prior to administration of

b-alanine the plasma concentration was <0.5 mM in all

subjects but increased to 50 to 100 mM within 30 min of

ingestion of 10 mg � kg�1 bwt (Figs. 2 and 6). This, how-

ever, subsequently fell 60% within 30 min and 95% to an

average of 12.8 mM within 90 min. Within this range

transport of b-alanine will be concentration dependent

fluctuating between 10 and 70% of Vmax. Nonetheless,

10 mg � kg�1 bwt must be close to the upper practical dose

if symptoms of flushing are to be avoided. Consequently

Fig. 8. Muscle carnosine before (^) and at the end (4) of 4 weeks

supplementation with b-alanine (I: subjects A–E; II: subjects F–J), with

L-carnosine (III: subjects K–O) or placebo (IV: subjects P–U). Groups II

and III treatments were isomolar with respect to b-alanine
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in study 3 supplementation was provided 4 (group I) or 8

(groups II and III) times per day in order to provide a

more even concentration profile in plasma with a maxi-

mum concentration of 125 to 250% of the assumed Km of

the transporter.

Increases in b-alanine in plasma were associated with

increases in the plasma taurine concentration. b-Alanine

shares the same transporter as taurine, a b-sulfonic amino

acid, and acts as an antagonist of taurine uptake into tis-

sues. Three to 4 weeks administration of b-alanine (3% in

the drinking water) has been shown to halve the taurine

content of myocardium and skeletal muscle of rats (Allo

et al., 1997; Harada et al., 1988; Mozaffari et al., 1986;

Dawson et al., 2002) whilst 22 mmol � kg�1 bwt adminis-

tered twice per day for 5 days decreased the taurine con-

centration in both muscle and brain of chickens (Tomonaga

et al., 2005). However, the amounts of b-alanine given

in these studies are typically more than 100 times higher

than the doses used in the present investigation, which

were based on amounts obtained from the diet. Thus

22 mmol � kg�1 bwt would correspond to 156,000 mg in

an 80 kg individual whereas the highest single dose used

in the investigation of 4 weeks supplementation (study 3)

was 800 mg b-alanine. This corresponds to approximately

10 mg � kg�1 bwt (0.112 mmol � kg�1 bwt), and is the

amount in dipeptide form in 100 g of whale beef or 150 g

turkey breast meat (Abe, 2000), and 100 g north-Atlantic

sea-prawns (unpublished observations). Despite the in-

crease in plasma taurine following 10–40 mg kg�1 bwt

b-alanine, no significant loss of taurine was detected in

urine. Four weeks of b-alanine supplementation in the free

form, or as L-carnosine, did not result in any change in the

muscle content. However, this does not preclude the pos-

sibility of selective taurine loss in one or other muscle fibre

type, given that type I muscle fibres contain higher con-

centrations than type II (Harris et al., 1998).

Administration of b-alanine above 10 mg � kg�1 bwt

was associated with symptoms of flushing, beginning

within 20 min. The incidence and severity of the symp-

toms appeared dose dependent. Symptoms of flush-

ing have also been recorded, in our laboratory, where

3000 mg L-carnosine, corresponding to approximately

15 mg � kg�1 bwt b-alanine, have been given. However, it

was notable that the chicken broth which resulted in a

maximum concentration of b-alanine in plasma close to

that given by 20 mg � kg�1 bwt of the free amino acid

(where significant symptoms were recorded in 3 of 4 sub-

jects), did not give rise to symptoms in any of the subjects.

At 40 mg � kg�1 bwt symptoms were sufficiently uncom-

fortable that the treatment was refused by two of the

volunteers. This together with the potential loss of taurine

with high b-alanine (and L-carnosine) concentrations em-

phasises the need to keep individual doses and plasma

concentrations of b-alanine close to those regularly

obtained through the normal diet.

L-Carnosine supplied to cultures of skeletal muscle

cells must first be hydrolysed to its constituent amino

acids, histidine and b-alanine, before these can be used

for carnosine synthesis in situ (Bakardjiev and Bauer,

1994). Based on the affinity of CS for its two substrates –

the Km for b-alanine is 1.0–2.3 mM (Ng and Marshall

1978; Skaper et al., 1973), and the Km for histidine is

16.8 mM (Horinishi et al., 1978) – compared with the

relative abundance of histidine in muscle and plasma

and the very much lower concentrations of b-alanine,

it is probable that muscle carnosine synthesis is limited

only by the intracellular availability of b-alanine. Where

b-alanine is in abundance then synthesis may be further

limited by the activity of CS itself. In study 3 there was no

evidence of any decrease in the muscle concentration of

histidine even with the highest b-alanine dose used (group

II), although as noted chromatograms for this amino acid

were not fully resolved. Supplementation with an isomo-

lar dose of L-carnosine, where there is the possibility of

some of the dipeptide being absorbed into the blood

stream intact and where hydrolysis in plasma will provide

histidine isomolar with b-alanine, was no more effective

in increasing the muscle carnosine concentration during 4

weeks. This, together with the absence of any change in

the muscle histidine concentration, further confirms the

limiting role of b-alanine.

The greatest increases in muscle carnosine occurred in

subjects F (treatment II) and O (treatment III isomolar

with II). In the case of subject F it is known that he was

a cyclist and in active training at the time of the study, this

was not the case with subject O. However, it is clear that

training alone can increase the muscle carnosine content

(Kim et al., 2005; Suzuki et al., 2004) and it is possible

that this may have contributed to the greater increases in

subject F.

The specific contribution of carnosine to muscle buffer-

ing between the pH limits of 7.1 (rest) and 6.5 (assumed

post-exercise) (b carn) was estimated from the Henderson-

Hasselbach equation (assuming a pKa of 6.83 for car-

nosine) to be 7.5 mmol Hþ � kg�1 dm prior to supplemen-

tation, and 10.7, 12.4 and 12.5 mmol Hþ � kg�1 dm follow-

ing 4 weeks supplementation in I, II and III (Table 4).

Assuming an estimate of non-carnosine buffering capacity

(b non-carn) between pH 6.5 and 7.1 of 74 mmol

Hþ � kg�1 dm (Harris et al., 1990; Sewell et al., 1992),
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carnosine would account in this case for 9.2%, and, 12.6,

14.3 and 14.3% of total muscle buffering capacity before

and after 4 weeks supplementation in I–III. The estimate

of 74 mmol Hþ � kg�1 dm was derived from titration of

homogenates of freeze-dried muscle resulting in the total

breakdown of phosphorylcreatine (a weak buffer with a

pKa of 4.58) with formation of hexosemonophosphates

and inorganic phosphate (stronger phosphate buffers with

pKa’s of 6.1 to 6.82) (Harris et al., 1989). Although the

estimate of 74 mmol Hþ � kg�1 dm does not include buf-

fering from bicarbonate it is, nonetheless, almost certainly

an overestimate of b non-carn in muscle. Consequently

the estimates given in Table 4 are most probably an under-

estimate of the true contribution from carnosine.

As carnosine is preferentially distributed into type II

fibres both before (Harris et al., 1998) and following sup-

plementation (Harris et al., 2005) an estimate has also

been made of its probable content in different fibre types,

and the contribution of carnosine in these to intracellular

buffering. Following supplementation in II and III we

estimate that carnosine contributes minimally 10 and

18% to total physico-chemical buffering in types I and

II fibres, compared to 6.4 and 11.9% before supplementa-

tion. However, after allowing for the imprecision of

the homogenate method in determining b non-carn, the

true contribution of carnosine to buffering in all cases is

likely to be much higher. The estimated changes in

physicochemical buffering appear relatively modest

ranging from þ3.7% in A to þ5.7% in III but may well

have been nearer to þ5% and þ7.5% specifically in

type II fibres.

In the case of subjects F and O, with the largest in-

creases in muscle carnosine, the estimated changes in

buffering capacity were much greater. In these two sub-

jects the increase at the whole muscle level amounted to

þ9.6% (subject F) and þ12.8% (subject O) after 4 weeks

Table 4. Estimates of the quantitative importance of carnosine before and after supplementation to

intracellular physicochemical buffering capacity (b) between pH’s 7.1 and 6.5

Pre 4 weeks

I II III

Mixed muscle carnosine a 22.7 32.2 37.3 37.6

b carn b 7.5 10.7 12.4 12.5

b non-carn b 74 74 74 74

Total b b 81.5 84.7 86.4 86.5

b carn as % of total b 9.2 12.6% 14.3% 14.4%

% change in total b 3.7% 5.6% 5.7%

Type I carnosine a 15.1 21.5 24.8 25.1

b carn b 5.0 7.1 8.2 8.3

b non-carn b 74 74 74 74

Total b b 79.0 81.1 82.2 82.3

b carn as % of total b 6.4 8.8% 10.0% 10.1%

% change in total b 2.6% 3.9% 4.0%

Type II carnosine a 30.3 43.0 49.7 50.2

b carn b 10.0 14.3 16.5 16.6

b non-carn b 74 74 74 74

Total b b 84.0 88.3 90.5 90.6

b carn as % of total b 11.9 16.2% 18.2% 18.4%

% change in total b 4.8% 7.1% 7.3%

a mmol � kg�1 dm
b mmol Hþ� kg�1 dm

The model assumes at its starting point a muscle carnosine content of 22.7 mmol � kg�1 dm (the mean of

all the subjects in the present study) and percentage increases of this after 4 weeks supplementation, i.e.

42.1, 64.2 and 65.8% in groups I, II and III. The specific contribution of carnosine (b carn) was calculated

from the Henderson Hasselbach equation. The estimated contribution of 74 mmol Hþ � kg�1 dm from

sources other than carnosine (b non-carn) was taken from Harris et al. (1990) and Sewell et al. (1992) and

was determined by titration of homogenised freeze-dried muscle during which all phosphate included in

phosphorylcreatine (with pKa 4.58) is converted to free phosphate (pKa 6.82) or sugar and nucleotide

phosphates (pKa’s 6.1 to 6.8). This estimate does not include any contribution from bicarbonate. Total b is

the sum of b carn and b non-carn. In addition an estimate has been made of the probable carnosine

contents in type I and II muscle fibres assuming a muscle with 50% type I and 50% type II fibres, and a 1:2

ratio of carnosine between types I and II fibres (Harris et al., 1998, 2005)
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of supplementation. In these two cases the calculated in-

crease in carnosine in different fibre types would account

for 17.1% and 23.6% of the total physicochemical buffer-

ing capacity, respectively and specifically in type II fibres

nearer to 21.5 and 29.0%. Once again, however, these

estimates are probably underestimates of the actual con-

tribution made by carnosine.

Intense exercise results in the accumulation of lactate

and Hþ in muscle, with decreases in pH from 7.1 at rest to

6.5 or lower at fatigue. It has long been assumed that pH

plays a role in fatigue. However, to date no means, apart

from increasing with creatine supplementation the phos-

phate accumulated in muscle as phosphorylcreatine

(Harris et al., 1992), has been available in humans to in-

crease intracellular buffering capacity allowing this to be

tested. But in the case of phosphorylcreatine elevation this

has other effects apart from its potential to increase phys-

icochemical buffering, notably in maintaining adenine

nucleotide homeostasis. The increases in muscle carno-

sine reported here are of an order as to permit such studies

to be undertaken to test the importance of intracellular

acid-base regulation as a limiting factor to performance

with different exercise modalities.
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