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ABSTRACT

VIERCK, J. L., D. L. ICENOGGLE, L. BUCCI, and M. V. DODSON. The Effects of Ergogenic Compounds on Myogenic Satellite
Cells. Med. Sci. Sports Exerc., Vol. 35, No. 5, pp. 769-776, 2003. Purpose: A series of studies were conducted in which compounds
commonly shown to be ergogenic aids for strength athletes if taken orally were evaluated for their ability to directly induce postnatal
muscle stem cell proliferation or differentiation/fusion in vitro. Methods: Compounds tested were creatine monohydrate, creatine
pyruvate, L-glutamine, dehydroepiandrosterone (DHEA), androstenedione, Ma Huang (Ephedra sinensis) extract, and Zhi Shi (Citrus
aurantium) extract. Dulbecco's modified eagle medium, supplemented with minimal levels of serum and antibiotics, was used as the
initial vehicle for the test compounds. Subsequently, a defined treatment medium termed IITC was used. Satellite cells were exposed
to the test compounds for the indicated times and then evaluated by counting mononucleated and multinucleated (fused) cells. Results:
In serum-containing media, none of the treatment groups displayed increased proliferation over that of the control. However, in the
differentiation cultures, 0.10% creatine monohydrate increased differentiation over that of the control cultures. When 0.10% creatine
monohydrate was added to defined media formulations, all treatments but one demonstrated increased differentiation over the 0.5%
serum control. Time course experiments, which followed the effect of 0.10% creatine monohydrate contained in ITTC defined media
over 120 h, suggested that cells exposed to this treatment differentiated earlier and to a greater level than cells exposed to lITC alone.
Conclusions: Creatine in the monohydrate form induced differentiation of myogenic satellite cells. Other agents examined did not
increase satellite cell proliferation or differentiation. These results provide initial evidence for a mechanistic understanding of observed
effects in vivo of increased muscular size and strength from creatine supplementation. Key Words: MUSCLE STEM CELL
CULTURE, NUTRICEUTICALS, L-GLUTAMINE, CREATINE, EPHEDRINE ALKALOIDS, PYRUVATE, ANDROSTENEDI-
ONE, DHEA

any athletes desire increased performance during
resistance, endurance, or low-impact training/
events. A common practice among athletes seek-

ing increased muscular mass and/or strength is the con-
sumption of a variety of ergogenic aids (6,37). Dietary
ergogenic supplements marketed as having benefits for in-
creasing muscle mass and strength are numerous. Anabolic
steroid administration has been associated with increases in
muscle size and strength but is not acceptable for use by
athletes because of legal issues, ethics, and safety
(7,21,28,45-47). The most popular noncaloric ergogenic
aids include creatine, pyruvate, beta-hydroxy-beta-methyl-
butyrate (HMB), L-glutamine, and prohormones (DHEA,
androstenedione, norandrostenediones, norandrostendiols,
and others) (4,10). Of these, only creatine and HMB have
reproducible evidence of increases in muscle mass and
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strength in individuals engaged in resistance exercise
(2,3,5,13,18,20,23,24,26,27,34,35). Prohormones tested in
exercising human subjects to date, DHEA and androstenedi-
one, have not been associated with increased muscle mass
and strength in human studies (8,9,25,36,40,44,48).

Previous studies of supplements utilized in vivo animal
cell models. Dangott et al. (14) found that creatine supple-
mentation in rats, in combination with an increased func-
tional load, resulted in increased activity of muscle precur-
sor cells called satellite cells. However, little research has
been published that utilized in vitro experiments to examine
the action of ergogenic compounds at the cellular level. One
exception is the work by Ingwall et al. (22), which indicated
that creatine is involved in the regulation of the synthesis of
muscle proteins.

In vitro experiments utilizing cell cultures offer the ad-
vantages of being readily available in large numbers for ease
in obtaining data, easy to manipulate and expose to specific
external environmental factors and less expensive than in
vivo studies. Proper interpretation when extrapolating cell
culture data back to the whole animal allows this tool to be
useful in deciphering the actions of nutritional supplements
on skeletal muscle (41).

The following studies were undertaken to gain knowledge
about the mechanisms through which ergogenic dietary sup-
plements, commonly used by strength athletes for muscle
hypertrophy and strength, work at the cellular level. We
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screened a group of seven compounds for their effects on
altering satellite cell activity. These commercially available
supplements included two creatine compounds, two ste-
roids, two herbal alkaloids, and one amino acid. The hy-
pothesis of this project was that the administration of ergo-
genic compounds may accelerate normal skeletal muscle
hypertrophy by facilitating the proliferation and differenti-
ation of satellite cells. The long-term goal of this project is
to decipher the cellular mechanisms involved in the action
of ergogenic aids used for increasing muscle mass and
strength.

METHODS

Materials. Ovine satellite cells were obtained from a
young adult sheep and stored in liquid nitrogen using routine
isolation and handling protocols (11,16). The basal media
were composed of Dulbecco's modified eagle medium
(DMEM), antibiotics, and either horse serum (HS) or fetal
bovine serum (FBS). The HS, FBS, DMEM, penicillin!
streptomycin, and gentamicin were purchased from Invitro-
gen/Life Technologies (Carlsbad, CA). Pig skin gelatin
(porcine skin, type A) and Giemsa stain (Accustain) were
purchased from Sigma Chemical Company (St. Louis, MO).
Creatine monohydrate (CM), creatine pyruvate (AMT Lab-
oratories, North Salt Lake City, UT), L-glutamine, dehy-
droepiandrosterone (DHEA), androstenedione, Ephedra si-
nensis extract (Ma Huang, 6% alkaloids) and Citrus
auirantium extract (Zhi Shi or Bitter Citrus, 6% alkaloids)
were provided by Weider Nutrition International (Salt Lake
City, UT). All cell cultureware was purchased from Nalge
Nunc (Rochester, NY).

The MITC defined medium consisted of DMEM:F12 (1: 1)
supplemented with insulin (850 nM), transferrin (10
,ug-mL-7), triiodothyronine (0.2 nM), hydrocortisone (50
ng-miL-), and antibiotics (43). The transferrin, triiodothy-
ronine, and hydrocortisone were purchased from Sigma
Chemical Company. The media and insulin were obtained
from Invitrogen/Life Technologies.

General cell culture methods. Satellite cells were
plated into 24-well culture plates that had been previously
coated with 0.1% pig skin gelatin (16). All of the cell
cultures were incubated at 37°C in an atmosphere of 5%
CO2 and 95% air. In each experiment, the cells were initially
plated in DMEM + 10% FBS for 24 h to achieve efficient
cell attachment. The plating medium was then removed, the
wells were rinsed three times with DMEM, and the appro-
priate treatments were added. Treatment media were
changed every 24 h. At time intervals determined by the
type of experiment, cultures were removed from incubation,
fixed with methanol, and stained with Giemsa stain (16).
Differentiation/fusion of satellite cells was determined when
three or more nuclei were observed within a continuous cell
membrane, forming a myotube (42). Total and fused nuclei
densities were calculated by counting the number of nuclei
in 10 randomly chosen areas (fields) of each well at 400X
magnification (42).

Preparation of test compounds. CM, creatine pyru-
vate, and L-glutamine were diluted in basal media to levels
of 0.1%, 0.25%, 0.5%, and 1.0% w-v 1'. The pH of creatine
pyruvate was returned to 7.08. Androstenedione and DHEA
were dissolved in ethanol, starting with 100 mg.mL-, until
the solution was saturated. Concentrations were determined
by applying Beer's law and using an extinction coefficient
of 16,200. Saturated androstenedione was calculated to be
1.751 X 10-4 M, and DHEA was 1.829 x 10-4 M. These
two solutions were added to basal media using a 1:100
dilution. The first treatment level for androstenedione was
1.751 X 10-6 M, and DHEA was 1.829 X 10-6 M. Three
subsequent concentrations were made by diluting each treat-
ment stock 1:100, which resulted in a lowest concentration
of androstenedione at 1.751 X 10-12 M and DHEA at 1.829
X 10- 12 M. The controls for androstenedione and DHEA
were basal media + 10 ,uL.mL 1 ethanol to control for any
solvent effects. The last two compounds, Ma Huang and Zhi
Shi extract, were dissolved in DMEM to make a 10%
solution and centrifuged at 2700 rpm for 10 min to remove
any insoluble particulate. The supematants were then cen-
trifuged at 12,500 rpm for 10 min, and the retentates were
discarded. The treatment solutions were filtered twice, first
with a 0.45-,um syringe filter and then with a 0.20-,um
syringe filter. These two sterile extracts were next diluted in
basal media to attain treatment application levels of 0.1%,
0.25%, 0.5%, and 1.0%. The final pH was adjusted to 7.08.

Proliferation and differentiation studies. For the
proliferation experiments, satellite cells were plated at a
density of 10 nuclei-mmn2 and exposed for 96 h to treat-
ments contained within a maintenance medium consisting of
DMEM, 2.0% HS and antibiotics (Table 1). The differen-
tiation studies were plated at a density of 100 nuclei-mm 2

and exposed for 120 h to treatments contained within a
maintenance medium of DMEM, 0.5% HS, and antibiotics
(Table 1). The controls for both studies consisted of the
maintenance medium without the test compound.

Subtraction studies. To expand on the observations
derived from the initial screening experiments, 0.1% CM
was used as a component in chemically defined treatment
media. Satellite cells were plated at 100 nuclei-mmn2 and
exposed for 120 h to various defined treatment media: MITC
(insulin, transferrin, triiodothyronine, hydrocortisone), ITT
(insulin, transferrin, triiodothyronine), IT3 C (insulin, tri-
iodothyronine, hydrocortisone), ITC (insulin, transferrin,
hydrocortisone), and TTC (transferrin, triiodothyronine, hy-
drocortisone) (Table 1). Each of these treatments also con-
tained 0.1% CM. The controls were either DMEM + 0.5%

TABLE 1. Experimental design of four studies.

Cell Density
Type of Study (nuclei.mm- 2) Media Fixed and Stained at
Proliferation 10 DMEM + 2.0% 96 h

HS
Differentiation 100 DMEM + 0.5% 120 h

HS
Subtraction 100 Five defined media 120 h

+ 0.1% CM
Time course 100 IT1C + 0.1% CM 24 h intervals up to 120 h
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HS (the differentiation maintenance media) or ITIC with no
CM. The wells were fixed and stained at the endpoint of
120 h.

Time course studies. The effects of ITTC plus 0.1%
CM (ITFC-CM) on the proliferation and differentiation of
satellite cells over time were then evaluated. Satellite cells
were plated at 100 nuclei-mm- 2, allowed to attach for 24 h
in DMEM + 10% FBS, washed/rinsed, and then exposed to
ITTC-CM (Table 1). The controls were either ITTC or
DMEM + 0.5% HS. All wells were fixed and stained at
intervals of 24 h up to a terminal point of 120 h.

Statistical analyses. Each experiment was performed
twice for a total of six wells per treatment. At the conclusion
of the experiments, all wells were counted, initial plating
densities were subtracted, data were collated and reduced,
and a one-way ANOVA was performed. The treatment
means were separated and compared using the Tukey-
Kramer multiple comparisons test (33). Significance for
testing treatment effectiveness was established at (P <
0.05).

RESULTS

Proliferation studies. In the proliferation experiments
with creatine monohydrate, creatine pyruvate, L-glutamine,
androstenedione, and DHEA, none of the treatment groups
induced proliferation over the control cultures (P > 0.05)
(Fig. 1; Fig. 2, A and B; Fig. 3, A and B). Satellite cells
exposed to 1.0% creatine pyruvate decreased in cell num-
bers, when compared with the control cultures (P < 0.05)
(Fig. 2A). Androstenedione at 1.751 X 10-6 M and DHEA
at 1.829 X 10-6 M precipitated when added to the basal
media and subsequently induced cell death (Fig. 3, A and
B). Androstenedione at 1.751 X 10 8M and 1.751 X 10-10
M (P < 0.05) (Fig. 2A) and DHEA at 1.829 X 10-8 M (P
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FIGURE 2-Effects of (A) creatine pyruvate and (B) L-glutamine on
satellite cell proliferation. Satellite cells (two experiments per com-
pound) were plated at a density of 10 nuclei-mm- 2 and exposed for
96 h to a proliferative treatment medium containing DMEM, 2.0% HS,
antibiotics, and either: 0 (control), 0.10, 0.25, 0.50, or 1.0% treatment
compound. Each bar represents the mean ± SEM of six wells. *Sig-
niricantly different from 2.0% HS control.
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FIGURE 1-Effects of creatine monohydrate on satellite proliferation.
Satellite cells (tvo experiments) wvere plated at a density of 10
nuclei mm-2 and exposed for 96 h to a proliferative treatment medium
containing DMEM, 2.0% HS, antibiotics, and either 0 (control), 0.10,
0.25, 0.50, or 1.0% creatine monohydrate. Each bar represents the
mean ± SEM of six wells.
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< 0.05) (Fig. 3B) decreased satellite cell numbers. Extracts
of Ma Huang and Zhi Shi induced cell death at all concen-
trations tested.

Differentiation studies. Only the 0.1% creatine mo-
nohydrate treatment induced differentiation (albeit low) of
satellite cells when compared with control cultures (P <
0.05) (Fig. 4A). Creatine pyruvate, L-glutamine, andro-
stenedione, and DHEA produced no detectable fusion; thus,
no graphs are presented.

Under differentiation conditions, the 1.0% (P < 0.05) and
0.5% (P < 0.05) creatine monohydrate treatment cultures
decreased in cell numbers compared to controls (Fig. 4B).
The control and the 0.10% and 0.25% creatine monohydrate
treatment groups did not proliferate but maintained their cell
numbers. These results suggest that the decrease in number
of nuclei was not due to the basal media but to an increase
in concentration of creatine monohydrate above 0.10%.

The 1.0% creatine pyruvate treatment group (P < 0.05,
Fig. 5A), all of the glutamine treatment groups (P < 0.05,
Fig. 5B), and the 1.829 X 10-8 M DHEA treatment group
(P < 0.05, Fig. 6B) all decreased in cell number when
compared with control. Androstenedione at 1.751 X 10-6
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0.5% horse serum control, the initial cell numbers were
maintained over 120 h (Fig. SA). The low numbers of fused
nuclei and low percent fusion rate in the serum control
provided a base for detecting the effects of creatine supple-
mentation on differentiation and cell density. In the ITTC
control, as the number of mononucleated cells decreased,
the number of fused nuclei increased, resulting in an in-
crease in the percent fusion (Fig. 8B). In the ITTC-CM
treatment group, the number of mononucleated cells de-
creased over time and were replaced by fused nuclei (Fig.
8C).

DISCUSSION

At the cellular level, it is generally assumed that growth
of normal skeletal muscle cells (myofibers) occurs by two
distinct processes, hyperplasia and hypertrophy. In most
mammals, myofiber hyperplasia is associated with embry-
onic muscle, and myofiber hypertrophy is associated with
postnatal muscle growth. The number of muscle fibers
present in mammals is generally fixed at birth (19,30,38,39),

-II

2.0% HS
control

#1 #2 #3 #4
4-

FIGURE 3-Effects of (A) androstenedione and (B) DHEA on satellite
cell proliferation. Satellite cells (two experiments per compound) were
plated at a density of 10 nucleimm- 2 and exposed for 96 h to a
proliferative treatment medium containing DMEM, 2.0% HS, antibi-
otics, and either: (A) #1 1.751 x 10-6 M, #2 = 1.751 x 10-8 M, #3
= 1.751 x 10-10 M, #4 = 1.751 x 10-12 M androstenedione; (B) #1 =
1.829 x 10-6 M, #2 = 1.829 x 10-8 M, #3 = 1.829 x 10-10 M, #4 =
1.829 x 10-'2 M DHEA. The controls for both androstenedione and
DHEA consisted of basal media + 10 ILL ETOH. Each bar represents
the mean ± SEM of six wells. *Significantly different from 2.0% HS
control.

M and DHEA at 1.829 X 10-6 M precipitated when added
to the basal media and subsequently induced cell death (Fig.
6A, B). All levels of Ma Huang and Zhi Shi extracts caused
cell death in the satellite cell cultures.

Subtraction studies. Only ITTC-CM promoted an in-
crease in differentiation over that of the ITTC control (P <
0.05) (Fig. 7A). All of the treatment groups displayed an
increase in differentiation over the 0.5% serum control (P <
0.05) with the exception of TTC-CM (P > 0.05), suggesting
that insulin was a necessary component for the creatine
effect. All of the treatments were able to maintain similar
numbers of cells (P > 0.05) when compared with the ITTC
defined medium control (Fig. 7B), except for the TIC-CM
treatment (P < 0.05), which decreased satellite cell
numbers.

Time course studies. The time course experiments
suggested that cells exposed to lITC + 0.1 % CM tended to
differentiate earlier, and to a greater extent, than cells ex-
posed to ITTC alone (Fig. 8). At 120 h, there was an
increase in fusion of the IITC-CM treatment group over the
reduced serum control (P < 0.05) but not of the ITTC
treatment group over the serum control (P > 0.05). In the
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FIGURE 4-Effects of creatine monohydrate on the differentiation of
satellite cells under conditions that were permissive for cell fusion.
Satellite cells (tvo experiments) were plated at a density of 100
nuclei.mm-2 and exposed for 120 h to a differentiation treatment
medium containing DMEM, 0.5% HS, antibiotics, and either 0 (con-
trol), 0.10, 0.25, 0.50, or 1.0% creatine monohydrate. (A) Graph de-
picts the percent differentiation at the end of 120 h for four treatment
levels and control. Each bar represents the mean ± SEM of six wells.
(B) Graph depicts the total nuclei number at the end of 120 h for four
treatment levels and control. Each bar represents the mean ± SEM of
six wells. *Significantly different from the 0.50% HS control.
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A methods and tools were in place to study sheep satellite cells
in a completely defined environment (42). Human satellite
cells could have been used for these studies, but we would
have spent considerable time in developing a workable
defined system, similar to the one employed. It should be
noted that if any of the data derived from our studies are to
be used for humans, then a variety of animal and human

- performance studies would likely need to be designed and
conducted.

Experimental concentration ranges for the dietary supple-
ments were selected to coincide with toxic levels and physio-
logical levels to which the cells might be exposed in vivo.
Screening of the test compounds utilized two culture systems.
The levels of serum used in the serum-containing system, as
well as the defined media chosen for these studies, were de-

B signed to keep cells at a level similar to that when initially
plated and also to maintain cell health. This meant that any
increase in cell number or fusion was due to a direct effect of
the treatment compound tested. The chemically defined treat-

T

0.10% 0.25% 0.50% 1.0%

FIGURE 5-Effects of (A) creatine pyruvate and (B) L-glutamine on
the differentiation of satellite cells under conditions that were permis-
sive for cell fusion. Satellite cells (two experiments per compound) were
plated at a density of 100 nuclei-mm- 2 and exposed for 120 h to a
differentiation treatment medium containing DMEM, 0.5% horse se-
rum, antibiotics, and either: 0 (control), 0.10, 0.25, 0.50, or 1.0%
treatment compound. The graph for each compound depicts the total
nuclei number at the end of 120 h for four treatment levels and control.
Each bar represents the mean + SEM of six wells. *Significantly
different from the o0so% HS control.

and normal postnatal growth of skeletal muscle is attributed
to the hypertrophy of existing myofibers. Therefore, it is
reasonable to suggest that the administration of ergogenic
factors may accelerate normal skeletal muscle hypertrophy.

Because postnatal myofiber nuclei are amitotic (32), in
order to undergo hypertrophy, myofibers must acquire from
60 to >99% of their adult myonuclei (31,32) from satellite
cells (1,12,17). Satellite cells are postnatal myogenic stem
cells that normally exist in a quiescent state between the
basal lamina of the myofiber and the plasma membrane
(29). When activated, these cells proliferate, differentiate,
and finally fuse with myofibers to allow DNA accretion,
which is required for increases in myofiber hypertrophy.
This fusion of satellite cells to form myotubes is a morpho-
logical endpoint in satellite cell involvement in muscle
differentiation (15). When isolated from postnatal skeletal

{muscle and propagated in cell culture, satellite cells provide
a system to study satellite cell regulation. Sheep satellite
cells were used in the assay system because they are easy to
acquire from only one muscle, rather than from numerous
pooled muscles as in the case of rodent satellite cells. Also,
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FIGURE 6-Effects of (A) androstenedione and (B) DHEA on the
differentiation of satellite cells under conditions that were permissive
for cell fusion. Satellite cells (two experiments per compound) were
plated at a density of 100 nuclei mm- 2 and exposed for 120 h to a
differentiation treatment medium containing DMEM, 0.5% horse se-
rum, antibiotics, and either. (A) #1 = 1.751 X 10-6 M, #2 = 1.751 X
10-8 M, #3 = 1.751 x 10-'° M, #4 = 1.751 x 10-12 M androstenedi-
one; (B) #1 = 1.829 x 10-6 M, #2 = 1.829 x 10- M, #3 = 1.829 x
10-'° M, #4 = 1.829 X 10-12 M DHEA. The controls for both andro-
stenedione and DHEA consisted of basal media + 10 FL ETOH. The
graph for each compound depicts the total nuclei number at the end of
120 h for four treatment levels and control. Each bar represents the
mean ± SEM of six wells. *Significantly different from the 0.50% HS
control.
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FIGURE 7-Effects of 0.1% creatine monohydrate on the differenti-
ation of satellite cells under defined conditions that were permissive for
cell fusion. Satellite cells (two experiments) were plated at a density of
100 nuclei mm- 2 and exposed for 120 h to five defined treatment
media: ITTC (insulin, transferrin, triiodothyronine, hydrocortisone),
ITT (insulin, transferrin, triiodothyronine), ITVC (insulin, triiodothy-
ronine, hydrocortisone), ITC (insulin, transferrin, hydrocortisone),
and TTC (transferrin, triiodothyronine, hydrocortisone). All of these
defined treatments also contained 0.1% creatine monohydrate (CM).
Controls consisted of either DMEM + 0.5% horse serum or ITTC (no
CM). (A) Graph depicts the percent fusion for the defined treatments
and controls at the end of 120 h. (B) Graph depicts total nuclei-mm- 2

for the defined treatments and controls at the end of 120 h. Each bar
in (A) and (B) represents the mean - SEM of six wells. *Significantly
different from 0.50% HS control. #Significantly different from ITTC
control.

ment system also allowed the examination of the effects of
creatine monohydrate without the confounding effects of the
undefined serum milieu. The results of these studies suggested
that a narrow concentration window of creatine monohydrate
has the potential to positively affect one mechanism of mus-
cular hypertrophy-satellite cell proliferation and differentia-
tion. A similar concentration window has been shown for other
agents. For example, dexamethasone, which is normally
thought to exert catabolic effects on cells, actually induces
satellite cell proliferation, but only at a discrete, narrow con-
centration (17).

Creatine in the monohydrate form had more of an effect
on satellite cells than creatine pyruvate. At the pH of culture
media, creatine monohydrate is most likely in a form rec-
ognizable by muscle cell receptors. As demonstrated in the
subtraction studies using different defined media containing
creatine monohydrate, insulin was a necessary component
for increased fusion and cell number. The fact that insulin
helped is evidence that a normal cellular uptake was seen, as
insulin is required for enhancing cellular creatine uptake in
vivo (L. Bucci, unpublished data). Insulin at 850 nM was
likely interacting with the insulin receptor in a metabolic
fashion and not the IGF-I receptor, which may occur at
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FIGURE 8-Effects over time of a defined treatment medium
containing 0.1% creatine monohydrate on the mononucleated and
fused cells counts (nuclei-mm- 2) and percent fusion of satellite cells.
Satellite cells (two experiments) were plated at a density of 100
nuclei-mm- 2, grown for 24 h in serum-containing media, and then
exposed for 120 h to a treatment medium (ITTC-CM) consisting of
0.1% creatine monohydrate, which was contained in a defined
medium termed ITTC. ITTC consisted of a basal medium, DMEM:
F12 (1:1), supplemented with insulin (850 nm), transferrin (10
,ug.mL-'), triiodothyronine (0.2 nm), and hydrocortisone (50
ng.mL-1) plus antibiotics. Controls were either ITTC without cre-
atine monohydrate or a traditional differentiation medium of
DMEM + 0.5% horse serum. At 24-h intervals, wells were fixed and
stained. (A) Graph depicts the results at 120 h for the 0.5% horse
serum control. (B) Graph depicts the results at 120 h for the ITTC
control. (C) Graph depicts the results at 120 h for the ITTC-CM
treatment. Each time point represents the mean ± SEM of six wells.
*Significantly different from 0.50% HS control. #Significantly dif-
ferent from ITTC control.
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higher levels (17). It is possible that the creatine pyruvate
used in these studies had deteriorated, as pyruvate salts are
known to be relatively unstable and capable of forming
parapyruvate and hard-to-characterize polymers (L. Bucci,
unpublished data). Also, clinical studies with creatine pyru-
vate (body composition and exercise performance) by var-
ious manufacturers found only an effect from the known
amount of creatine, with little synergy or additive effects
from pyruvate, when compared with creatine alone and
pyruvate alone (L. Bucci, unpublished data).

Although we presently do not know the specific bio-
chemical reason as to how creatine monohydrate affected
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