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Creatine but not betaine supplementation increases muscle
phosphorylcreatine content and strength performance
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Abstract We aimed to investigate the role of betaine
supplementation on muscle phosphorylcreatine (PCr) con-
tent and strength performance in untrained subjects.
Additionally, we compared the ergogenic and physiologi-
cal responses to betaine versus creatine supplementation.
Finally, we also tested the possible additive effects of
creatine and betaine supplementation. This was a double-
blind, randomized, placebo-controlled study. Subjects were
assigned to receive betaine (BET; 2 g/day), creatine (CR;
20 g/day), betaine plus creatine (BET 4 CR; 2 4 20 g/
day, respectively) or placebo (PL). At baseline and after
10 days of supplementation, we assessed muscle strength
and power, muscle PCr content, and body composition.
The CR and BET + CR groups presented greater increase
in muscle PCr content than PL (p = 0.004 and p = 0.006,
respectively). PCr content was comparable between BET
versus PL (p =0.78) and CR versus BET + CR
(» = 0.99). CR and BET + CR presented greater muscle
power output than PL in the squat exercise following
supplementation (p = 0.003 and p = 0.041, respectively).
Similarly, bench press average power was significantly
greater for the CR-supplemented groups. CR and
BET + CR groups also showed significant pre- to post-test
increase in 1-RM squat and bench press (CR: p = 0.027
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and p < 0.0001; BET + CR: p = 0.03 and p < 0.0001 for
upper- and lower-body assessments, respectively) No sig-
nificant differences for 1-RM strength and power were
observed between BET versus PL and CR versus
BET + CR. Body composition did not differ between the
groups. In conclusion, we reported that betaine supple-
mentation does not augment muscle PCr content. Further-
more, we showed that betaine supplementation combined
or not with creatine supplementation does not affect
strength and power performance in untrained subjects.

Keywords Betaine supplementation - Creatine
supplementation - Maximal muscle strength -
Muscle power output - Phosphorylcreatine content

Introduction

Betaine is a trimethyl derivative of the amino acid glycine.
It is obtained from the diet or from the oxidation of choline
in the liver and kidneys (Craig 2004). The main physio-
logical function of betaine is either as an organic osmolyte
to protect cells under stress or as a catabolic source of
methyl groups via transmethylation (Craig 2004). More-
over, there is an evidence indicating that the potential
ergogenic value of betaine in athletic performance, espe-
cially in strength parameters (Lee et al. 2010; Hoffman
et al. 2009; Maresh et al. 2008).

In this regard, Maresh et al. (2008) demonstrated that
14 days of betaine supplementation enhanced bench press
throw power, isometric bench press force, vertical jump
power and isometric squat force in recreationally trained
subjects. However, the number of repetitions to exhaustion
performed in the squat and bench press exercise
was unchanged. Hoffman et al. (2009) also reported
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improvements in muscle endurance in the squat exercise,
and increase in the quality of repetitions performed (e.g.,
number of repetitions performed at 90% of 1-RM) fol-
lowing 2 weeks of betaine supplementation in physically
active males. In contrast, no differences in power assess-
ments were noticed. Recently, Lee et al. (2010) showed
that a 14-day betaine supplementation protocol improves
vertical jump power, isometric squat force, bench throw
power, and isometric bench press force, whereas neither
the jump squat power nor the number of bench press or
squat repetitions appear to be affected. Based on the
aforementioned studies, it is impossible to distinguish in
which conditions betaine supplementation would benefit
strength capacity.

The mechanism by which betaine supplementation may
affect strength is also uncertain. The most likely explana-
tion is related to an increase in muscle creatine and phos-
phorylcreatine (PCr) concentration (Hoffman et al. 2009).
The donation of methyl groups from betaine is thought to
occur via a series of enzymatic reactions in the mitochon-
dria of liver and kidney cells (Delgado-Reyes et al. 2001).
Betaine donates a methyl group to homocysteine to form
methionine, which is converted to S-adenosylmethionine
(SAM). SAM, in turn, acts as a methyl donor contributing to
the synthesis of creatine as well as a number of other pro-
teins (Craig 2004). In support to this concept, animals
injected with betaine showed a dose-dependent increase in
red blood cell SAM (Wise et al. 1997). In humans, betaine
increases serum methionine, transmethylation rate, homo-
cysteine remethylation, and methionine oxidation (Storch
et al. 1991). Moreover, there is an evidence showing that
betaine intake can augment muscle creatine content in male
broilers (Zhan et al. 2006). To our knowledge, there is no
study investigating the effect of betaine supplementation on
creatine and/or PCr concentration in humans.

Thus, we aimed to investigate the role of betaine sup-
plementation on muscle PCr concentration and strength
performance in untrained subjects. Additionally, we com-
pared the ergogenic and physiological responses to betaine
versus creatine supplementation. Finally, we also tested the
possible additive effects of creatine and betaine supple-
mentation.

Materials and methods

Subjects

Thirty-four men (18-30 years) who were not engaged in
resistance training for at least 6 months prior to the
beginning of the study were eligible for participation. The

exclusion criteria included: chronic diseases and/or muscle
skeletal disturbances that precluded exercise participation;
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previous use of nutritional supplements; use of illegal
ergogenic substances (e.g., anabolic steroids). Volunteers
were instructed to refrain from any exercise training pro-
gram throughout the study.

The study was approved by the Local Ethical Committee
and all subjects signed the written informed consent. This
trial was registered at clinicaltrials.gov as NCT01213719.

Experimental protocol

A double-blind, randomized, parallel-group, placebo-con-
trolled trial was conducted between October 2010 and
January 2011 in Sao Paulo (Brazil), according to the
guidelines of The CONSORT Statement.

The subjects were randomly assigned to receive betaine
(BET; n = 9); creatine (CR; n = 9); betaine plus creatine
(BET + CR; n = 8) or placebo (PL; n = 8) in a double-
blind fashion. The subjects were assigned to treatment
sequence using a randomization code with a block of four
and stratified by baseline muscle strength (1-RM test).

At baseline and after 10 days of supplementation, we
assessed muscle strength and power, muscle PCr content,
and body composition. All of the subjects underwent three
familiarization sessions prior to the performance tests.
Food intake was monitored throughout the study. Figure 1
illustrates the timeline of the study.

Betaine and creatine supplementation protocol
and blinding procedure

The CR and BET + CR groups received 20 g per day of
creatine monohydrate. The BET and BET + CR groups
received 2 g per day of betaine. The PL group was given
20 g of dextrose. All of the experimental groups also
received the same amount of dextrose (i.e., 20 g) to dis-
guise the substance ingested. The supplements were divi-
ded into two daily doses and consumed after lunch and
dinner, diluted in water. The supplement packages were
coded so that neither the investigators nor the participants
were aware of the contents until completion of the analy-
ses. At the end of the study, subjects were inquired about
the substance ingested. The percentage of correct answers
was compared between groups as a way of insuring the
efficiency of blinding. Additionally, a researcher called the
subjects on daily basis to verify the compliance to sup-
plementation intake.

Muscle PCr content

Muscle PCr content was assessed in vivo by 31P-Magnetic
resonance spectroscopy (31P-MRS) using a whole body
3.0T MRI scanner (Achieva Intera, Philips, Best, The
Netherlands) and a 14-cm diameter 31P surface coil. In
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Fig. 1 Timeline of the study.
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brief, the surface coil was placed centered under the calf
muscle of the left leg. The scanner body coil was used to
obtain conventional anatomical TIl-weighted magnetic
resonance images in the three orthogonal planes. 31P-MRS
was acquired using the image selected in vivo spectroscopy
sequence with an echo time and repetition time of 0.62 and
4,500 ms, respectively. Spectrum bandwidth was 3,000 Hz
with 2,048 data points and 64 repetitions. Spectrum raw
data were analyzed with Java Magnetic Resonance User
Interface software, and processing steps included apodi-
zation to 5 Hz, Fourier transform and phase correction. For
spectrum quantification the AMARES algorithm was used,
considering the prior knowledge of inorganic phosphate,
phosphodiester and PCr singlets, «-ATP and y-ATP dou-
blets, and f-ATP triplets. The PCr signal was quantified
relative to the f-ATP signal, assuming a constant f;-ATP
concentration of 5.5 mmol/kg.

Muscle power output

A single set of six maximal-velocity repetitions for the
bench-press and squat exercises were performed using 60%
of the 1-RM load for each exercise. The average power
produced during each test was assessed by a linear encoder
(Peak Power, Cefise, Sao Paulo, Brazil). The equipment
was attached to the Smith-machine bar to register its
position throughout the repetitions at a frequency of 50 Hz.
A finite differentiation technique was used to estimate bar
velocity and acceleration (variability coefficient <3%).
Thereafter, force and power were calculated using standard
procedures (Bosco et al. 1995).

Maximum dynamic strength test (1-RM)

1-RM bench press and squat strength was assessed using a
conventional Smith machine (Cybex, Medway MA, USA).
In brief, subjects ran for 5 min on a treadmill at 9 km/h
followed by lower limb stretching exercises and two squat
warm-up sets. During the first set, subjects performed five
repetitions with 50% of the estimated 1-RM. In the second
set, they performed three repetitions with 70% of the
estimated 1-RM, with 3 min intervals between them. After
the second warm-up set, subjects rested for 3 min. Then,
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they had up to five trials to achieve the 1-RM load (i.e.,
maximum weight that could be lifted once with the proper
technique), with a 3-min interval between trials.

Body composition

Body composition was determined by underwater weighing.
Subjects’ underwater weight was measured at least eight
times after maximum expiration. The mean of the three
highest values was considered to be the underwater weight.
Body density, body fat and residual volume were determined
according to previous descriptions (Wilmore and Behnke
1969; Goldman and Becklake 1959; Siri 1993).

Food intake assessment

Food intake was assessed by means of a 3-day food diary
(two week days and one weekend day) at baseline and after
the supplementation period. The food diary consists of
listing the foods and beverages consumed during the day.
The subjects were provided with a Portion Size Booklet to
assist them to report food intake accurately. The food
diaries were analyzed using the Diet Win software (Diet
Win, Porto Alegre, Brazil).

Statistical analysis

Each comparison was made by intention to treat, irre-
spective of compliance with supplement intake. Data were
tested by Mixed Model with repeated measures. A post hoc
test adjusted by Tukey was used for multicomparison
purposes. Significance level was previously set at p < 0.05.
Data are presented as mean =+ standard deviation.

Results

Assessment of blinding, compliance to the supple-
mentation protocol, body composition, and food intake

4 (44.4%), 3 (33.3%), 1 (11.1%) and 3 (33.3%) of the

patients were able to correctly identify their supplements in
the BET, CR, BET + CR, and PL groups, respectively. No
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Table 1 Effects of betaine and creatine supplementation on body composition and after 10 days of intervention

PL CR BET + CR BET

Pre Post Pre Post Pre Post Pre Post
Body mass (kg) 73.8 + 8.9 749 £ 94 679 £+ 12.9 69.5 £ 12.7 77.8 + 16.4 79.1 + 16.9 64.1 £ 94 64.1 £ 9.5
Body fat (%) 19.0 £ 5.3 193 +£53 155+ 4.6 152+ 54 178 £ 7.2 17.6 £ 7.1 158 £ 6.7 157+ 74
Body fat (kg) 14.1 £ 4.6 14.6 + 4.7 10.8 + 4.7 109 +£53 144 4+73 145+ 74 10.1 + 4.8 10.0 £ 52
LBM (kg) 59770 60.3 £ 7.3 571 £ 94 58.6 £ 89 634 £ 11.1 64.6 +£ 89 540+ 94 54.1 £9.7

No significant difference was observed

LBM lean body mass, BET betaine supplementation, CR creatine supplementation, BET + CR betaine plus creatine supplementation, PL placebo

Table 2 Food intake at baseline and after 10 days of creatine and betaine supplementation

PL CR BET + CR BET
Pre Post Pre Post Pre Post Pre Post
Energy 2,780 + 708 2,654 + 722 3,170 £+ 441 3,003 £ 678 2,687 £ 689 2,810 £ 841 3,051 £ 650 2,511 £ 858
(Kcal/day)
Carbohydrate
% of 493 + 3.1 53.0 £ 4.7 549 + 32 56.2 + 6.0 56.6 + 2.5 544 + 2.8 51.1 £ 3.6 51.6 =49
energy
g/day 3457 £ 90.1 347.4 £ 1023 436.2 + 734 4182 £ 114.6 385.0 £ 114.6 386.1 £ 123.0 390.0 & 96.2 344.5 + 97.8
Fat
% of 332+ 45 312+ 38 294 + 24 28.6 + 4.7 27.1 £ 2.7 28.6 + 24 30.6 + 1.6 329+ 24
energy
g/day 1039 £339 946 +£320 103.6 £ 169 98.0 £ 28.1 794 £ 12.8 905 £ 25.0 103.7 £23.5 947 +£34.8
Protein
% of 17.3 £ 3.7 158 + 34 156 +£23 15.0 £ 2.9 20.0 £ 94 16.0 + 2.8 183 £ 3.5 173 £ 3.1
energy
g/day 1157 £30.8 1033 £322 1233 + 159 112.1 £29.6 108.0 £41.7 1128 £41.0 1394 + 304 120.6 +41.9
g/kg/day 1.6 £ 0.3 14+04 1.9+ 0.3 1.7 £ 0.6 14 +£ 0.6 14+ 0.5 22+04 1.9 £ 0.5

No significant difference was observed

BET betaine supplementation, CR creatine supplementation, BET + CR betaine plus creatine supplementation, PL placebo

significant difference between groups was observed
(p > 0.05). All subjects self-reported full adherence to the
supplementation protocol. Body weight, fat mass and lean
mass were not different between groups (Table 1). Addi-
tionally, food intake did not significantly differ between
groups (Table 2).

Muscle PCr content

No significant between-group differences were found at
baseline for muscle PCr content. We observed a significant
increase in muscle PCr content in both the CR and
BET + CR groups when compared with PL (p = 0.004
and p = 0.006, respectively). No changes were observed
between the BET and PL groups (p = 0.78). Additionally,
no differences between the CR and BET + CR groups
were noted (p = 0.99) (Fig. 2).
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Muscle power output and 1-RM strength

CR and BET + CR presented greater muscle power output
than PL in the squat exercise following supplementation
(p = 0.003 and p = 0.041, respectively) (Fig. 3, panel A).
Similarly, bench press average power was significantly
greater for the CR-supplemented groups (i.e., CR and
BET 4+ CR) when compared to PL (p = 0.039 and
p = 0.043, respectively) (Fig. 4, panel B).

There was no significant difference between groups for
muscle strength. However, the CR and BET + CR groups
showed significant pre- to post-test increases in 1-RM squat
and bench press (CR: p =0.027 and p < 0.0001;
BET 4+ CR: p =0.03 and p < 0.0001 for upper- and
lower-body assessments, respectively) (Fig. 4). No signif-
icant differences for 1-RM strength and muscle power
output were observed between CR versus BET 4+ CR and
BET versus PL.
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Discussion

Based on animal and in vitro studies, some investigators
have theorized that betaine supplementation would
improve muscle performance by enhancing muscle crea-
tine/PCr content (Hoffman et al. 2009). In contrast to this
speculation, we provided the first direct evidence that
short-term betaine supplementation does not augment
muscle PCr content in humans.

In fact, our data does not support the notion that betaine
supplementation enhances muscle power and strength in
untrained subjects. Furthermore, no synergistic effect of
betaine and creatine supplementation was observed. In
accordance with an extensive body of literature (Green
et al. 2001; Greenhaff et al. 1993; Harris et al. 1992;
Balsom et al. 1995), only creatine supplementation was
effective in enhancing both muscle PCr and performance,

Chemically, betaine can donate a methyl group to
homocysteine to generate methionine, which is converted
to SAM. SAM, in turn, can act as a methyl donor con-
tributing to the synthesis of creatine (Craig 2004). Animal
studies have confirmed this complete pathway (Wise et al.
1997) while human studies have only provided evidence
that betaine increases serum methionine, transmethylation
rate, homocysteine remethylation, and methionine oxida-
tion (Storch et al. 1991). To date, no study had yet tested
whether betaine intake would augment creatine and PCr
content in humans. Definitely, our results do not corrobo-
rate this possibility.

In fact, it is not the first time that a hypothesis built up
through animal and in vitro models is refuted in humans,
particularly in creatine studies. Harris et al. (1992) reported
very high creatine bioavailability in humans versus no bi-
odisponibility at all in horses (Sewell and Harris 2002).
Accordingly, Tarnopolsky et al. (2003) observed creatine-
induced hepatitis in mice but not in rats. Recently, our
group also noted that creatine supplementation improves
insulin sensitivity in type 2 diabetic patients (Gualano et al.
2011) while exacerbates insulin resistance in rats treated
with dexamethosone (Nicastro et al. 2011). Altogether,
these data stress the large inter-species variation in creatine
metabolism. Thus, it is possible that betaine exerts minimal
(if any) impact upon creatine synthesis in humans, differ-
ently from other species (e.g., chickens). Additionally to
the hypothesis that betaine improves performance by
increasing the muscle creatine and PCr content, animal
studies have showed increases in growth hormone, insulin-
like growth factor 1, and insulin concentrations following
betaine supplementation (Huang et al. 2007; Choe 2010;
Huang et al. 2006). Efforts must be done to verify whether
hormonal changes may be implied in the ergogenic effects
of betaine supplementation seen in previous human studies.

@ Springer
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Another controversial outcome of this study refers to the
lack of improvements in muscle strength and power as a
result of betaine supplementation. Maresh et al. (2008)
demonstrated that betaine supplementation may enhance
lower- and upper-limb muscle power, but not strength
endurance performance (i.e., number of repetitions to
exhaustion) in recreationally trained subjects. Conversely,
Hoffman et al. (2009) reported gains in strength endurance
performance with no changes in muscle power in betaine-
supplemented physically active subjects. Lee et al. (2010)
observed improvements in power and force in selected
performance measures in recreationally active men, with
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smaller upper-body muscle groups being the most bene-
fited. In this current study, however, we did not find any
ergogenic effect of betaine supplementation. This disso-
nance in the literature is hard to reconcile but there are
some factors that might explain these findings. First, sub-
jects were physically inactive in the current study, whereas
in others subjects were at least recreationally trained
(Hoffman et al. 2009; Lee et al. 2010; Maresh et al. 2008).
Second, the duration of the supplementation protocol was
relatively shorter (10 days in the current study versus
14-15 days in the aforementioned studies) and the betaine
dose was lower (2 g/day in the current study versus 2.5 g/
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day in the aforementioned studies). Finally, other factors
not yet examined might also play a role in the efficacy of
betaine supplementation on physical performance.

In this regard, it is well-known that approximately
20-30% of individuals do not respond to creatine supple-
mentation satisfactorily in terms of gains in muscle crea-
tine/PCr content and consequently in performance (Lemon
2002). Assuming the possible existence of non-responders
for betaine supplementation as well, one could speculate
that our sample was comprised mainly by non-responsive
subjects. Taken this premise into account, our study would
also provide evidence that the factors impacting the
responses to creatine supplementation would be probably
different from those affecting the responses to betaine
intake, as the creatine-supplemented subjects presented an
expected response regarding strength gains and muscle PCr
accretion. Indeed, additional studies should assess the
putative ergogenic effects of betaine supplementation
searching for possible responder and non-responder indi-
viduals as well as the factors that might affect the response
to this supplement.

In conclusion, betaine supplementation combined or not
with creatine supplementation does not affect strength and
power performance in non-resistance trained subjects.
Importantly, we also reported that betaine supplementation
does not augment muscle PCr content. The only way to
enhance intramuscular creatine/PCr storage remains being
via creatine supplementation.

Acknowledgments We would like to thank Ethika® for providing
the nutritional supplements. Hamilton Roschel and Serena del Favero
were supported by Fundacdo de Amparo a Pesquisa do Estado de Sao
Paulo-FAPESP (2010/51428-2 for HR). The authors declare that they
do not have conflict of interests.

References

Balsom PD, Soderlund K, Sjodin B, Ekblom B (1995) Skeletal
muscle metabolism during short duration high-intensity exercise:
influence of creatine supplementation. Acta Physiol Scand
154(3):303-310

Bosco C, Belli A, Astrua M, Tihanyi J, Pozzo R, Kellis S, Tsarpela O,
Foti C, Manno R, Tranquilli C (1995) A dynamometer for
evaluation of dynamic muscle work. Eur J Appl Physiol Occup
Physiol 70(5):379-386

Choe HS, H.L. Li, Park JH, Kang CW, Ryu KS (2010) Effect of
betaine on growth hormone pulsatile secretion and serum
metabolites in finishing pigs. ] Anim Physiol Anim Nutr (Berl)
23(3):379-384

Craig SA (2004) Betaine in human nutrition. Am J Clin Nutr
80(3):539-549

Delgado-Reyes CV, Wallig MA, Garrow TA (2001) Immunohisto-
chemical detection of betaine-homocysteine S-methyltransferase
in human, pig, and rat liver and kidney. Arch Biochem Biophys
393(1):184-186

Goldman HI, Becklake MR (1959) Respiratory function tests; normal
values at median altitudes and the prediction of normal results.
Am Rev Tuberc 79(4):457-467

Green JM, McLester JR, Smith JE, Mansfield ER (2001) The effects
of creatine supplementation on repeated upper- and lower-body
Wingate performance. J Strength Cond Res 15(1):36—41

Greenhaff PL, Casey A, Short AH, Harris R, Soderlund K, Hultman E
(1993) Influence of oral creatine supplementation of muscle
torque during repeated bouts of maximal voluntary exercise in
man. Clin Sci (Lond) 84(5):565-571

Gualano B, de Salles Painneli V, Roschel H, Artioli GG, Junior MN,
Lucia de Sa Pinto A, Rossi da Silva ME, Cunha MR, Otaduy
MC, da Costa Leite C, Ferreira JC, Pereira RM, Brum PC, Bonfa
E, Lancha AHJ (2011) Creatine in Type 2 diabetes: a random-
ized, double-blind, placebo-controlled trial. Med Sci Sports
Exerc 43:770-778

Harris RC, Soderlund K, Hultman E (1992) Elevation of creatine in
resting and exercised muscle of normal subjects by creatine
supplementation. Clin Sci (Lond) 83(3):367-374

Hoffman JR, Ratamess NA, Kang J, Rashti SL, Faigenbaum AD
(2009) Effect of betaine supplementation on power performance
and fatigue. J Int Soc Sports Nutr 6:7

Huang QC ZRX, Han XY, Li WF (2006) Effect of betaine on growth
hormone pulsatile secretion and serum metabolites in finishing
pigs. Livest Sci 105:78-85

Huang QC, Xu ZR, Han XY, Li WF (2007) Effect of betaine on
growth hormone pulsatile secretion and serum metabolites in
finishing pigs. J Anim Physiol Anim Nutr (Berl) 91(3—4):85-90

Lee EC, Maresh CM, Kraemer WJ, Yamamoto LM, Hatfield DL,
Bailey BL, Armstrong LE, Volek JS, McDermott BP, Craig SA
(2010) Ergogenic effects of betaine supplementation on strength
and power performance. J Int Soc Sports Nutr 7:27

Lemon PW (2002) Dietary creatine supplementation and exercise
performance: why inconsistent results? Can J Appl Physiol
27(6):663-681

Maresh CM, Farrell MJ, Kraemer WJ, Yamamoto LM, Lee EC,
Armstrong LE, Hatfield DL, Sokmen B, Diaz JC, Speiring BA,
Anderson JA, Volek JS (2008) The effects of betaine supple-
mentation on strength and power performance. Med Sci Sports
Exerc 39:S101

Nicastro H, Gualano B, de Moraes WM, de Salles PV, da Luz CR, dos
Santos CA, de Salvi GF, Medeiros A, Brum PC, Lancha AHJ
(2011) Effects of creatine supplementation on muscle wasting
and glucose homeostasis in rats treated with dexamethasone.
Amino Acids (in press)

Sewell DA, Harris RC (2002) Effect of creatine supplementation in
the thoroughbred horse. Equine Vet J 18:239-242

Siri WE (1993) Body composition from fluid spaces and density:
analysis of methods 1961. Nutrition 9(5):480-491 (discussion
480, 492)

Storch KJ, Wagner DA, Young VR (1991) Methionine kinetics in
adult men: effects of dietary betaine on L-[2H3-methyl-
1-13C]methionine. Am J Clin Nutr 54(2):386-394

Tarnopolsky MA, Bourgeois JM, Snow R, Keys S, Roy BD, Kwiecien
JM, Turnbull J (2003) Histological assessment of intermediate-
and long-term creatine monohydrate supplementation in mice and
rats. Am J Physiol Regul Integr Comp Physiol 285(4):R762-R769

Wilmore JH, Behnke AR (1969) An anthropometric estimation of
body density and lean body weight in young men. J Appl Physiol
27(1):25-31

Wise CK, Cooney CA, Ali SF, Poirier LA (1997) Measuring S-
adenosylmethionine in whole blood, red blood cells and cultured
cells using a fast preparation method and high-performance
liquid chromatography. J Chromatogr B Biomed Sci Appl
696(1):145-152

Zhan XA, Li JX, Xu ZR, Zhao RQ (2006) Effects of methionine and
betaine supplementation on growth performance, carcase com-
position and metabolism of lipids in male broilers. Br Poult Sci
47(5):576-580

@ Springer



	Creatine but not betaine supplementation increases muscle phosphorylcreatine content and strength performance
	Abstract
	Introduction
	Materials and methods
	Subjects
	Experimental protocol
	Betaine and creatine supplementation protocol and blinding procedure
	Muscle PCr content
	Muscle power output
	Maximum dynamic strength test (1-RM)
	Body composition
	Food intake assessment
	Statistical analysis

	Results
	Assessment of blinding, compliance to the supple-	mentation protocol, body composition, and food intake
	Muscle PCr content
	Muscle power output and 1-RM strength

	Discussion
	Acknowledgments
	References


