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ABSTRACT 

Background & Rationale: During high intensity muscle contractions phosphocreatine 

is enzymatically degraded by creatine kinase (CK) to form creatine and the free energy 

which is released u:;ed to phosphorylate ADP to ATP. Creatine is then rephosphorylated 

during periods ofrdative ATP abundance (ie. rest) by CK back to phosphocreatine. 

Recognition of the [mportance of the phosphocreatine system to energy transduction has 

led many to believ~ that creatine monohydrate supplementation, which may lead to 

increases in phosptocreatine (PCr), may be beneficial during high intensity exercise. 

Several studies have demonstrated that creatine monohydrate supplementation for as few 

as three days can n::sult in significant performance gains during exercise such as 

sprinting, or a weight lifting program. A common observation during these studies is a 

1-2 kg increase in lean body mass (LBM). Although most researchers have speculated 

that this increase in LBM is due to water retention, some in vitro work has demonstrated 

that creatine may stimulate protein synthesis. The purpose ofthis investigation was to 

examine whether a loading dose of creatine (20g/d x 7d) would have any affect on mixed 

muscle protein syn-:hesis (MPS) in resting human skeletal muscle. 

Methods: A total :lf22 young healthy subjects (n = 11 male, n = 11 female) were 

included in the study. On the day of measurement, subjects were provided with a meat 

free pre-packaged diet that was based upon individual diet records. Measurements of 

mixed muscle prot~~in fractional synthetic rate (FSR) were completed over a 14 h resting 

period using a primed constant infusion ofL[1- 13C]leucine and muscle biopsies of 
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quadriceps femoris at isotopic plateau. Subjects were then randomly assigned to either a 

creatine (20g/d x 7d) or a placebo (isoenergetic glucose polymer) group. Following 7 

days of supplementation, subjects reported to the lab under the same conditions as in the 

pre-trial, and resting mixed muscle protein FSR was again determined. 

Results: There we·e no significant between group differences in the baseline subject 

characteristics. No significant difference in FSR was observed with regards to condition 

(PI: pre- 0.63 ± 0.02 %/h; pst- 0.71 ± 0.016 %/h; Cr: pre- 0.56 ± 0.02 %/h; pst- 0.58 ± 

0.023 %/h) (creatire supplementation), time, or gender (Males: pre- 0.06 ± 0.02 %/h; 

pst- 0.068 ± 0.023 %/h; Females: pre- 0.057 ± 0.02 %/h; pst- 0.058 ± 0.015 %/h) 

Creatine supplementation resulted in a 13.1% increase in total creatine, however, no 

significant increase~; in PCr or free Cr were observed. Similarly, no significant increases 

for fat free mass (FFM), or total mass were observed. 

Conclusion: It is concluded that creatine monohydrate supplementation for 7 d at 20g/d 

significantly increa~es muscle total creatine concentration, however, does not 

significantly affect muscle protein FSR in males or females. 
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1 

BACKGROUND AND STATEMENT OF PURPOSE 

1.1. Introduction 

In recent years, creatine (Cr) has become a popul~r supplement among the athletic 

community. Many believe that an increase in muscle Cr concentration can act as an 

ergogenic aid, with its greatest benefits most apparent in high intensity activity. 

Although research 1as yielded conflicting results, there is a general consensus that Cr 

may have some benefit during repeated bouts of high intensity exercise (Juhn and 

Tarnopolsky, 1998>. A second observation that has consistently been demonstrated 

following creatine :;upplementation is an increase in lean body mass (LBM), with studies 

reporting an increa:;e of 1-2kg following one week of creatine supplementation. This 

increase in LBM hHs been speculated to be due to an increase in body water retention 

(Hultman et al. 19S6), however in vitro work (lngwall, 1972, 1974, 1975, 1976) has 

shown that when cultured muscle cells are incubated in a creatine-rich medium there is an 

increase in protein :;ynthesis. The phenomenon of increased protein synthesis (lngwall, 

1976) has yet to be duplicated in a human model. Body water retention and protein 

synthesis may be mechanistically linked in that cellular hydration status has been shown 
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to effect protein synthesis (Millar et al. 1997), degradation (Mortimore et al. 1988) and 

nitrogen balance (Haussinger et al. 1993). 

Creatine is composed of arginine and glycine and requires methionine for its 

synthesis. It comprises 0.3-0.5% of total muscle weight (Linder, 1991), and is one of 

eight naturally occurring compounds derived from guanadine. When phosphorylated, it 

functions in the maintenance of cellular ATP homeostasis (Ellington eta/. 1989). 

Chevreul first described Cr in 1835 after discovering that Cr existed in different 

meat extracts, and ~•uggested that it may also be a substance found in humans. Twelve 

years later, Liebig discovered that, although Cr could be extracted from many different 

kinds of muscle, it :auld not be extracted from other organs which he investigated, 

suggesting that it was a compound exclusive to muscle tissue. Almost a century later, in 

1926, Chanutin observed that a large portion of Cr ingested was not excreted in urine, 

and thus logically nust be retained by the body, demonstrating that it was not just a 

metabolic by-prodt ct. Finally in 1929, following many years of debate on the role of Cr 

during muscular contraction, Schlossman and Tiegs discovered that Cr concentration 

increased during m1scular contraction. During this same time period, Fiske and 

Subbarow made the discovery of phosphocreatine (PCr; Needham, 1971). These two 

discoveries, allowed for a connection to be made between Cr and PCr and they were 

quickly implicated as playing key roles in bioenergetics. 

The importance of the temporal role ofPCr to muscular contraction was first 

described in 1965 ty Davies. Kammermeier first described the spatial role ofPCr to 

muscular contractic1n in 1987, and stated that PCr has the ability to maintain high 
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intracellular ATP/ADP ratios. The role ofPCr as a temporal energy buffer is well 

established as beinB important in high intensity short duration exercise. 

1.2. Creatine Synthesis 

Although Cr is exclusively synthesized by the liver and pancreas in humans 

(Walker, 1979), 85% ofthe body's Cr pool is located in skeletal muscle. Thus, the 

transport ofCr from the liver and pancreas to the muscles is essential. Walker (1979) 

stated that because lttle Cr is present in the major sites of synthesis, there must be a 

distinct separation of biosynthesis from utilization. Synthesis ofCr involves three amino 

acids and two enzymes. Arginine and glycine are bound by the rate limiting enzyme 

amidinotranferase , and then N-methyltransferase catalyzes the transfer of a methyl group 

(CH3) from methionine (S-adenosylmethionine) to form the dipeptide, creatine (Fig. 1; 

Walker, 1979). It ha~: also been shown that Cr can be obtained from a typical meat 

containing diet (Harris et al. 1996). However, oral ingestion ofCr will depress 

biosynthesis of the compound, and conversely when oral supplementation has ceased 

biosynthesis activity increases (Walker, 1979). 

1.3. Creatine Transport 

Creatine transport into the muscle cell has been shown to be Na+ and cr 

dependant (Guimbal et al. 1993). In a somewhat analogous process, sub-maximal 

exercise has been rep,)rted to increase Cr uptake due to increased Na+/K+ ATPase pump 

activity (Harris et al. 1992). More specifically, subjects supplementing with either 20 or 
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30g/day, for a peric1d of21 days, and performing one-legged cycle ergometry one hour 

per day, had a significant increase in total resting muscle Cr, as opposed to the non 

exercised group (Harris et al. 1992). Beyond the basic necessity ofNa+ for Cr transport, 

it has also been found that carbohydrate may augment creatine retention during Cr 

feedings (Green eta/. 1996). Green and colleagues (1996) found that when carbohydrate 

was ingested in cor~unction with Cr, whole body Cr retention appeared to be markedly 

increased. This increased Cr retention is likely due to an increased insulin response 

following carbohydrate ingestion. Work, in vitro, by Haugland and Chang (1975) has 

shown that following insulin injection into rat muscle both the rate oftransport, as well as 

total Cr uptake, was enhanced. Work, in vivo, has shown similar findings with a 

decreased Cr uptake in irradiated rat skeletal muscle (Koszalka and Andrew, 1972). 

Free Cr itself has also been implicated in modulating its own uptake in both 

rodent and human myocytes. Creatine transport, for example was higher (70%) in the Cr 

starved as compared to the fed condition (Loike eta/. 1987). When myoblasts were 

exposed to a medium containing Cr, there was a down regulation ofthe Cr transporters, 

however, this was partially reversed when creatine-fed cells were incubated in a medium 

containing no creatine (Loike eta/. 1987). In essence, the results reported by Loike and 

associates (1987) s~owed that creatine may induce the expression of a protein or other 

compound that ma~r down-regulate the creatine transporters. 

Guerrero-Ontiveros and Walliman (1998) measured the content of creatine 

transporters following chronic creatine supplementation in rats. Rats that were fed 

creatine for 3-6 mcnths showed a down-regulation of both creatine transporter isoforms. 
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Furthermore, rats that were fed with the creatine analogue 3-GPA (known to decrease 

muscle creatine cor,centrations), showed that the expression of both creatine transporter 

isoforms remain similar or are slightly increased compared to control rats. Thus, it would 

appear that Cr transport and uptake into muscle is influenced by several factors including 

Na+ and Cr, insulin, carbohydrate, free Cr, and sub-maximal exercise. 

1.4. The Role of Creatine in Muscle 

In normal h1man skeletal muscle, the concentration of total Cr ranges from 100 to 

160 mmol/kg dry matter (dm) with an average of about 125 mmol/kg dm. A resting 

muscle contains ap:Jroximately 60% of its Cr content in the form ofPCr (Greenhaff et 

al.1994). However an inverse Cr and PCr has been shown to exist, 

such that as PCr is 1tilized for ATP Cr concentrations increase. 

Conversely, as Cr is rephosphorylated a stoic · change occurs between Cr and 

PCr. Hultman and associates (1991) as well as Katz and associates (1986) have 

demonstrated that the availability ofPCr is one of the major limitations to muscle 

performance during high intensity, short duration exercise. This is due to the idea that the 

depletion ofPCr reduces the availability of free energy for the resynthesis of ATP, such 

that ATP cannot be restored at the rapid rate required to sustain muscular contraction. 

Also the subject of much debate in the recent past, is whether or not free Cr has a role in 

regulating mitocho1drial ATP production during steady state contraction (Walliman et al. 

1992). It has been hypothesized that Cr, phosphorylated in the mitochondria, diffuses to 

the myofibrils where it can be utilized for muscular contraction (Bessman, 1985). As 
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ADP increases, the mzyme creatine kinase is stimulated and catalyzes the resynthesis of 

ATP (Fig. 2). The r~sulting Cr, from the breakdown ofPCr, is rephosphorylated by the 

mitochondria. In other words it appears that the PCr energy system allows for the 

transport of high energy phosphates from the mitochondria to sites of ATP utilization in 

the muscle (Fig. 3). 

Human (Hultman eta!. 1991), and animal studies (Meyer, 1986), have shown that 

Cr/PCr availability is necessary for muscle function during sustained short duration 

maximal exercise. Eultman eta!. (1991) has suggested that during high intensity activity, 

a cascade of events, consisting of a depletion ofPCr and a consequent depression in ATP 

resynthesis, may be responsible for the onset of fatigue . This relationship was 

established in a study in which subjects were required to maintain 30 seconds ofnear 

maximal isometric c.ontraction (Hultman eta!. 1991). When measuring ATP derived 

from phosphocreatine hydrolysis and glycolysis, it was discovered that in the final 10 

seconds of maximal contraction in a human mixed-fibre skeletal muscle, only 2% and 

40% respectively, oftheir peak rates of A TP production were physiologically attainable. 

The low rates of AlP production from the two energy systems coincided with a decline 

in force production ;md power output. This evidence provides a strong argument that a 

decline ofPCr may be one of the determining factors in the onset of fatigue during high 

intensity activity (Hultman eta!. 1991). 
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1.5. Creatine Supplementation 

Early isotope dilution studies using labeled 15N-Cr and creatinine excretion 

measurements showed that the body Cr pool was influenced by dietary intake (Crim et 

a/. 1976). Crim ani colleagues (1976), made three specific conclusions based on data 

from the administration of di-15N-creatine. First, the body creatine pool can be 

influenced by dietary creatine; second, that the administration of precursor amino acids 

can increase the rate of creatine synthesis; and third, that creatinine output is a constant 

fi·action of the bod~r' s Cr pool which can change independently of lean body mass. These 

results (Crim eta/. 1976) were the first reports examining the effect of Cr 

supplementation, a:1d its metabolism. 

Harris and associates (1992) have reported that the retention ofCr in muscle was 

greatest during an initial period of supplementation (20g/d). In fact Cr uptake into muscle 

was greatest during the first two days of supplementation. It was also noted that the 

excretion ofCr in trine was 40, 61, and 68% ofthe administered dose (20g/d) over a 

three day period. lJthough these results (Harris eta/. 1992) are interesting, it must be 

noted that these re~ orts are based only on three subjects. In the same study Harris (1992) 

also noted that 20% or more of the Cr absorbed was measured as PCr, suggesting that an 

actual expansion of an anaerobic energy system might be possible. 

Earlier reports by the group of Crim and colleagues ( 1976) showed similar results 

to those discussed above. Subjects were monitored in four different conditions, which 

took place over a 510 day period. While supplementing creatine at 1 Og/d, it was found 

that creatinine excr~tion was significantly elevated. Creatinine excretion decreased 

"' 



8 

immediately after discontinuing the Cr feeding. When subjects supplemented the amino 

acids- glycine, arg[nine and alanine small but significant increases in creatinine excretion 

occurred. The results of this study indicate that the body's Cr pool is not only 

significantly influenced by dietary Cr intake, but also by the intake ofamino acid 

precursors to creatine. 

Findings rer,orted by Odland eta!. (1997) are similar to those ofHarris and 

colleagues (1992) in that muscle free Cr levels were increased by Cr supplementation, 

however, in contradiction with Harris, muscle PCr levels were not. Odland eta!. (1997) 

suggested that PCr can only be increased by Cr supplementation if initially low PCr 

levels are present. ~:imilarly Harris eta!. (1992) suggested that those with lower base­

line creatine were more likely to benefit from creatine supplementation. In the study by 

Harris, it should be noted that two of the subjects were vegetarians, which may have 

skewed the results to favor an increase in PCr. It has been shown that vegetarians, who 

have low initial PCr levels, tend to have lower Cr and creatinine concentrations in serum 

and a decreased outrut in urine (Delanghe eta!. 1989). 

The creatine . oading phenomenon can be paralleled with other substrate loading 

protocols that have been proven to work. It has been well established and accepted that 

increased intramuscular glycogen storage can occur through high carbohydrate ingestion, 

and can subsequently result in improved performance during sub-maximal exercise 

(Bessman, 1985). Mmy studies have shown that the duration at which a sub-maximal 

workload can be sustained is highly dependent on the level ofglycogen storage in the 

working muscles (Hultman and Sjoholm, 1983). In a similar manner to PCr depletion, 
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and with similar consequences, as glycogen depletes, work can only be continued at 

reduced intensities. Based on these findings, many endurance athletes and coaches have 

adopted a carbohyd:·ate-rich diet several days prior to competition. This has been shown 

to significantly incr,~ase glycogen content in resting muscles (Bergstrom and Hultman, 

1966). Therefore, in past years, substrate loading has been shown to act as an ergogenic 

aid, at least with respect to carbohydrates. These results would justify further 

investigation into whether increased dietary Cr intake and subsequent PCr accumulation 

has ergogenic effects in high intensity anaerobic activity. 

Greenhaffand colleagues (1994) demonstrated that ingestion of20g Cr/day (4 

doses of 5g) for five days produced a 20% increase in muscle creatine concentration. 

Consequently suppl,~mentation with 20g/day for 3-5 d has become the usual dose. 

Supplementation with 20 or 30g per day resulted in similar significant increases in the 

total creatine content ofthe quadriceps femoris muscle illustrating that 20g/day is 

sufficient to achieve maximal intramuscular levels (Harris et al. 1992). 

Although there is evidence that muscles can undergo Cr loading, it is important to 

note that human mu:;cle has been shown to have an upper limit of Cr storage of about 

150-160mmol/kg drv matter. Once this upper limit is achieved, it cannot be exceeded 

even with Cr supplementation. Therefore, supplementation among those with already 

high Cr levels might be redundant, whereas those with the lowest Cr levels tend to 

acquire the greatest gains in muscle Cr concentration from ingestion ofCr (Greenhaff et 

al. 1994; Harris eta/. 1992). 
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Hultman and colleagues (1996) have demonstrated that intramuscular Cr content 

can be significantly increased with a 6 d loading protocol. Following ingestion of 

creatine (20g/d) for 6 d muscle creatine concentration increased by 20%. This elevated 

muscle Cr concentration was maintained when supplementation was continued for 30 

days at 2g/d. When subjects discontinued creatine supplementation of2g/d, total Cr 

concentration deere :tsed back to pre-supplementation values within thirty days. During 

this period ofno supplementation urinary creatinine was also increased. Another group 

of subjects was administered a Cr supplement of3g/d for 28 d, without a loading phase 

(20g/d x 6 d). A similar 20% increase in muscle total creatine concentration was 

observed. These results suggest that it is possible to rapidly Cr load the muscle (20g/d x 

6 d), however, creatine ingestion of3g/d is, in the long term, as effective at raising 

muscle Cr tissue levds as the higher doses. The general consensus concerning Cr 

loading, is that anything more than 20g/d is excessive during a loading phase, and the 

increase which accompanies supplementation can be sustained with lower doses (2-3g/d) 

following a loading protocol (Hultman eta!. 1996). 

1.6. Creatine and Physical Performance 

In the search for athletic dominance, athletes have turned to many legal and illegal 

methods to attain erg)genic effects. This has prompted the investigation ofCr 

supplementation as a possible ergogenic aid. Cr has been one of the more popular and 

controversial substan1:es to enter the world of sport in recent years. Although some 

studies have found nc effect of creatine supplementation on performance (Snow et al 
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1998; Mujika eta!. 1996; Burke eta!. 1996, Redondo eta!. 1994), there appears to be a 

general consensus that creatine supplementation may improve performance during high 

intensity exercise (Juhn and Tarnopolsky, 1998). Birch and colleagues (1994) have 

reported significant performance improvements following creatine supplementation 

during 3-30s bouts of maximal isokinetic cycling with 4 minutes ofpassive recovery 

between bouts. Following Cr supplementation (20g/d x 5 d), the Cr group demonstrated 

an 8% increase in 1= eak power output (PPO) during bout 1, but no improvement during 

the second and third bouts. Following Cr ingestion mean power output (MPO) increased 

by 6% during bout~: 1 and 2 but not 3, and work output was increased in bouts 1 and 2 but 

not 3. It has been suggested by Birch et al. (1994) that the ergogenic effect ofCr 

ingestion was achieved by Cr supplementation causing a higher muscle ATP turnover 

rate during contraction. The lack of an effect in the third bout, was postulated to be due 

to the fact that fatigue at that stage during the test, may have been caused by factors 

other than substrat{: availability (Hultman et al. 1990). 

A similar study by Earnest and associates (1994) showed slightly different results. 

It was required that subjects Cr load for 14 days before being re-tested using bicycle 

Wingate tests as a performance measure. The results showed increases in work output of 

13%, 18%, and 18%, respectively for the three tests. The placebo trial showed no 

increases. The study group also examined weightlifting capabilities after 28 days of 

creatine loading. The bench press performance increased 6% for 1RM. Similarly, 

Balsom and colleagues (1993) demonstrated that there was a significant increase in total 
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lifting volume in a Cr supplemented group by lifting 26% more repetitions than the 

placebo group. 

Others have also reported significant increases in high intensity performance 

following acute ere :~tine supplementation protocols using different study designs (Bosco 

et al. 1997; Prevost et al. 1997; Schneider et al. 1997; Grindstaffet al. 1997). For 

example, Bosco and colleagues (1997) reported performance improvements in running 

and jumping exerci:;es, and Prevost and associates (1997) reported improvements during 

high intensity cycle ergometry, as did Schneider and colleagues (1997). Grindstaff and 

colleagues (1997) demonstrated that swim time performances were improved with short­

term creatine supph~mentation, as did Peyrebrune and colleagues (1998), despite the 

findings ofMujika and colleagues (1994), who reported performance detriments during 

swimming following creatine supplementation. 

It should be noted, however, that most studies examining a single maximum effort 

show no metabolic benefit ofCr supplementation (Cooke eta!. 1995; Dawson eta!. 

1995; Odland eta!. 1994; Snow eta!. 1998). In contrast, most studies examining 

repeated bouts do show some metabolic benefit (Birch eta!. 1994; Earnest eta!. 1995; 

Kreider et a!. 1998; Prevost et a!. 1997). 

Although several acute Cr ingestion studies examined performance, only two 

studies, to my know ledge have examined the effect of exercise training with Cr 

supplementation. Vandenberghe and colleagues (1997) provided evidence that weight 

training with creatine can result in strength gains above that ofweight training without 

creatine. A design lltilizing 10 weeks of resistance training, 3 d/week, with a loading 



13 

dose of creatine (20g/d x 4), followed by a maintenance dose (5 g/d) was utilized for the 

study. After 4 days of loading, PCr concentration increased by 6%, and was maintained 

over the ten-week smdy. Maximal strength increased 25%, maximal intermittent exercise 

capacity increased 17%, and lean body mass increased 60% more during creatine 

supplementation. Interestingly, during 10 weeks ofdetraining while continuing low dose 

supplementation of Cr (5 g/d) all of the variables remained elevated in the Cr group. 

Following cessation of the Cr, muscle PCr concentration returned to normal resting 

values within four weeks. These results suggest that long term creatine supplementation 

can enhance muscle strength, and thus may play a role in increasing lean body mass 

indirectly by increa:>ing the training volume that one is able to perform. 

Similarly Kieider and colleagues (1998), have demonstrated that creatine 

supplementation can promote greater gains of fat free mass, lifting volume, and improved 

sprint performance during a weight training regimen. Twenty-five varsity athletes 

supplemented creatine for 28 d during a resistance/agility-training regimen. Total body 

weight increased significantly in the creatine group while total body water, as assessed by 

BIA (biolelectrical impedence) did not change. Also, fat free mass as determined by 

DEXA significantly increased in the creatine group. Furthermore, significant gains were 

observed in bench press lifting volume, and the sum ofbench press, squat, and power 

clean lifting volume, as well as the total work completed in the first five of twelve 6 s 

sprints on a cycle ergometer. In sum these results suggest that creatine supplementation 

may have a significant effect on body composition and performance. 
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The studies of Vandenbergh and colleagues (1997), and Kreider and colleagues 

( 1998), suggest that over the course of training, those supplementing Cr gained more 

muscle mass than the placebo groups. This increase in muscle mass may be explained by 

a direct effect of creatine upon muscle protein fractional synthetic rate (FSR) and/or an 

increase in the number of contractions performed over the course of training which may 

lead to an increase in muscle protein FSR, since exercise has been shown to stimulate 

FSR (Chesley et al. 1992; Yarasheski et al. 1992; Phillips et al. 1997). 

1.7. Creatine Supplementation and Body Composition 

The majorit;r of studies involving Cr supplementation report significant increases 

in body mass following Cr ingestion (Balsom et al. 1994, Greenhaf et al. 1994, Stroud et 

al. 1994 ). It has been suggested by Ingwall (1976), and Bessman and Savabi (1988) that 

Cr increases the rate of muscle protein synthesis. Therefore, it has been speculated that 

the increase in body weight might (especially in the long-term) be partially explained by 

increased rates of protein synthesis, and thus muscle protein accretion. Ingwall (1976) 

measured the effect of increased creatine content on the rates of both muscle specific and 

total protein synthesis in both skeletal muscle cells, and fetal mouse heart cells (Ingwall, 

1976). The results demonstrated that creatine led to higher rates ofboth myosin heavy 

chain and actin prot ::in synthesis. Interestingly, the rate of total protein synthesis was not 

increased (Ingwall, 1976). The proposed mechanism for these increased rates of 

myofibrillar protein synthesis was based on the fact that creatine is an end-product of 

muscular contraction, and thus may be the chemical signal coupling increased muscular 
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activity and increa~:ed muscular mass (lngwall, 1972). The rationale for this hypothesis is 

that approximately 60% of all creatine is in the form of phosphocreatine, a high energy 

phosphate. With e:,ercise, a stoichiometric change has been observed such that the 

majority ofPCr is hydrolyzed resulting in increased levels of free Cr (Edwards et al. 

1972). This theory would implicate Cr as a transcription regulatory factor. Previous work 

by Ingwall (1972, 1974, 1975, 1976) indicated that creatine stimulated incorporation of 

radio-labeled leucir.e into myosin heavy chain proteins. The findings oflngwall {1972, 

1974, 1975, 1976) do not conclusively prove that Cr is a transcription factor as it may act 

on a number of loci, such as improving translational events, or increasing transcritptional 

efficiency. Also ba;eline endogenous Cr concentration in the cultured muscle cells are 

extremely low, and supplementing there cells with creatine will have a significant effect. 

Conversely, the increase in creatine in supplemented humans appears minimal, and thus 

any effect might be more difficult to establish. Thus, if Cr acts to increase protein 

synthesis, the site ofaction is yet to be determined. 

Young and Denome (1984), conducted a similar in vitro study which examined 

the effect ofcreatim on the contents of myosin heavy chain and myosin heavy chain 

mRNA in steady state chicken muscle cell cultures. The incorporation ofeH]leucine 

into myosin heavy c 1ain was found to have been stimulated 30-40% by optimum creatine 

concentrations (0.2 mM). Despite the increase in incorporation of eH]leucine, only a 

15% increase in myc·sin heavy chain mRNA occurred. This may suggest that creatine 

can induce both a transcriptional and translational response in embryonic muscle tissue. 

Furthermore, there appeared to be no stimulation of radio-labelled leucine into rapidly 
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differentiating musde cells, suggesting that creatine can enhance the quantity of myosin 

heavy chain in steady state embryonic muscle cell culture, but probably does not mediate 

regulation of myosin content in adult skeletal muscle. 

Alth::mgh, most in vitro work concerning creatine has been positive, work 

by Fry and Morales (1980), showed that creatine had no effect on cultured cells. When 

the extra-cellular creatine concentration was manipulated over a 5700-fold range, 

intracellular creatine only changed by a factor of20, indicating that cells can regulate 

their intracellular creatine concentrations by up or down-regulating transport. This may 

have implications £)f those supplementing creatine as down regulation of the creatine 

transporter would not be beneficial for attaining maximum intracellular concentrations of 

creatine. Unlike the work oflngwall (1974), and Young and colleagues (1984), Fry and 

Morales (1984) demonstrated that neither total protein synthesis, nor myosin heavy chain 

protein synthesis rates were stimulated in cells bathed in a creatine rich medium. 

A more recent study (Oopik et al. 1998), reported that Cr may play an integral 

role in maintaining body mass. Well trained subjects were studied before and after a 3­

4% loss in body mass. The results ofthe study demonstrated that creatine 

supplementation in comparison with placebo during body mass reduction may help to 

maintain muscle p~:ak torque. Since decreasing muscle mass has been correlated with 

decreasing rates of muscle protein synthesis (Ferrando et al. 1997), then the maintenance 

of muscle force, following weight loss, while supplementing creatine may be attributable 

to the maintenance of muscle mass, or improved muscular energetics. A study by Sipila 

and colleagues ( 19 H) showed an increase in the diameter of type II muscle fibers 
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following long term Cr supplementation in patients with gyrate atrophy. Patients were 

administered a total of 550g of Cr over a 1 year period (a rate far less than 20g/day). In 

addition Mainwood and colleagues (1985), reported that an increase in body weight may 

in fact be a result o:~ an elevated rate ofprotein synthesis. While looking at post-tetanic 

responses in creatir e depleted rat muscle, it was shown that when an analog of creatine 

was used (B-guandinopropionate), the muscle total creatine was depleted (20% of resting 

level), as was the weight of the muscle (B-GPA- 141.5g, Normal- 150.4g) suggesting 

that perhaps creatir1e plays a role in regulating muscle protein synthesis and degradation 

rates. 

In contrast Hultman et al. (1996) have shown that urinary volume following 

creatine supplementation declined 0.6L, suggesting that the rapid increase in body mass 

may have been attributable to body water retention. 

Studies corsistently report increases in body weight following creatine 

supplementation (Sipila eta/. 1981; Harris eta/. 1992; Hultman et al. 1996; Earnest eta/. 

1994; Birch eta/. l994, Redondo eta/. 1994; Burke eta/. 1995, Balsom et al. 1993). 

This increase in wdght has been demonstrated both acutely (Harris et al. 1992), and 

following long term creatine supplementation (Vandenberghe eta/. 1997; Kreider eta/. 

1998). Acutely, the increase in body weight is likely due to water retention as suggested 

by Harris and col11~agues (1992), however, studies investigating chronic creatine 

supplementation vrith resistance training may suggest other stimuli for the increase in 

weight. An increase in muscle cell water over a long period of time may improve 

nitrogen balance (Haussinger et al. 1993), or even increase protein synthetic rate (Millar 

http:Normal-150.4g
http:B-GPA-141.5g


18 

eta!. 1997). Anoth~r possible explanation for the increase in body weight may be an 

increased muscle protein synthetic rate in response to lifting a greater number of 

repetitions during weight training (Phillips eta!. 1997; Roy et al. 1997) over a given 

period of time. Fun:hermore, creatine may stimulate muscle protein FSR directly as 

suggested by Ingwall and colleagues (1976). 

2.0 Strategies to Increase Muscle Protein Synthesis 

2.1 Introduction 

For the patimt population and the athlete, there is an interest in strategies 

designed to increas~: muscle protein synthesis. Regular resistance exercise has been 

shown to result in muscle fibre hypertrophy (Hortobagyi et a!. 1996, McCall eta!. 1996, 

Roman eta!. 1993, Staron eta!. 1994). It has been suggested by Roman and colleagues 

(1993), and support~d by others (McCall eta!. 1996, Staron eta!. 1994), that muscle fiber 

hypertrophy is due to the addition of new sarcomeres in parallel, as well as myofibrillar 

splitting (MacDoug;lll and Sale, 1978). Addition ofthese sarcomeres requires the 

synthesis of additional contractile proteins. Strategies such as resistance exercise, amino 

acid supplementation, increasing cell volume, and increasing the circulating 

concentration of key hormones have been implicated in increasing protein synthesis and 

preventing protein heakdown. It is possible that creatine monohydrate might have an 

anabolic effect on protein by: 1) allowing for a greater number of muscular contractions 

during training, 2) increasing cell volume by increasing water content 3) directly through 

a transcriptional effi!ct 4) or through an interaction with certain hormones. Findings from 
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several studies have led support to the idea that creatine can have a significant effect on 

body composition (Vandenbergh et al. 1997;, Kreider et a/. 1998), however, the locus of 

action of creatine has not been elucidated. 

2.2 Exercise a11 d FSR 

Based on exercise training studies which have reported greater increases in LBM 

with Cr supplementation (Vandenbergh et al. 1997; Kreider et al. 1998), it is conceivable 

that creatine may allow one to perform more contractions during training, and thus 

possibly stimulate h1PS to higher levels 

The stimulus underlying muscle hypertrophy following resistance exercise has not 

yet been identified. In 1992, Chesley measured biceps muscle protein synthesis 

following an acute bout of elbow flexor exercise. Utilizing a cross-sectional design, 

subjects were matched for training and assigned to either a +4 h post-exercise group, or a 

+24 h post-exercise group. Muscle protein FSR was significantly elevated 4 h post 

exercise (50% higt.er than rest), and peaked at 24 h (109% higher than rest). Subsequent 

work by the same group revealed that muscle protein FSR returned to normal resting 

levels by 36 h post-exercise (MacDougall et al. 1995). Furthermore, to determine 

whether the increa:;es in FSR are due to transcriptional and/or posttranscriptional events, 

RNA capacity and activity were measured in both the exercised and non-exercised arms. 

RNA capacity remained unchanged in the exercised biceps, however, a significantly 

increased RNA ac1ivity in the exercised arm was observed. Thus, the author's concluded 

that increases in muscle FSR were likely due to post-transcriptional events. However, it 
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should be noted thc:t rather large increases in specific mRNA's could occur immediately 

following heavy re:;istance exercise with no detectable increase in total RNA. 

Welle and colleagues (1999) confirmed the theories proposed by Chesley and 

associates (1992) by showing that protein FSR was increased by approximately 30% 

following resistanc~~ exercise, while total RNA, mRNA, total myosin heavy chain 

mRNA, and actin m.RNA were not significantly different between sedentary and 

exercised muscles. Thus, the increase in protein synthetic rate must result from post­

transcriptional mec 1anisms. For example, an enhanced rate of recycling of ribosomes 

after each round of peptide-chain elongation, a more efficient translation initiation, or a 

more rapid peptide-chain elongation by each ribosome. 

Another study investigating the time course of protein synthesis reported that 

vastus latera/is mmde protein synthesis was elevated for up to 48 h following an acute 

bout of resistance e>cercise (Phillips eta!. 1997). In this study the authors investigated 

mixed muscle FSR, and fractional breakdown rate (FBR) after an isolated bout of 

eccentric or concentric knee extension exercise. The author's examined the subjects at 

four time points: re~:t, 3, 24, and 48 h following the cessation of exercise. Exercise 

resulted in a significant increase in muscle FSR at all time points: 3 h = 112%, 24 h = 

65%, 48 h = 34%, as compared to rest. Similarly muscle FBR was also elevated, but only 

at 3 h (31% ), and 2Ll h ( 18% ), and returned to normal within 48 h. Muscle net balance 

was always negativt: because subjects were tested in the fasted state, however, was less 

negative at all time points after exercise. These findings differ slightly from those of 

Chesley and colleagues (1992) in which FSR increased at 4 h postexercise and peaked at 
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24 h, and returned ·:o normal within 36 h (MacDougall et al. 1995). These discrepancies 

may be accounted ::Or by the training status ofthe subjects (Phillips et al. 1999), and by 

the differing study designs. The time course reported by Chesley (1992), and 

MacDougall (1995), was constructed from three independent groups, whereas the study 

by Phillips and colleagues (1997) utilized was a repeated measures design. 

To answer ·:he questions concerning training status, Phillips and co-workers 

(1999) conducted a study to investigate the effects of resistance training on mixed muscle 

protein fractional synthetic rate (FSR), and breakdown rates (FBR) in young, healthy 

males. A cross-sectional design was used to measure the effect of an isolated bout of 

pleiometric resistance exercise in trained versus the sedentary subjects. The acute 

response(- 4 h) ofhuman mixed muscle protein synthesis was significantly elevated in 

comparison to the non-exercised leg. The untrained group increased FSR by 118%, 

whereas a resistance exercise trained group increased FSR by only 48%. Although 

resistance exercise had no apparent effect on muscle FBR at rest, following exercise FBR 

was unchanged in the trained group, whereas FBR increased 37% in the untrained group. 

Thus, the findings of a smaller increase vs. the nonexercised leg in muscle protein FSR 

and FBR after pleiometric exercise in the trained group, suggests that resistance training 

may reduce musd~ protein turnover after exercise. Furthermore, the authors 

demonstrated a significant correlation between mixed muscle protein FSR and FBR 

(r=0.84). This correlation suggested that perhaps FSR and FBR are related, and that FSR 

and FBR may be coordinately regulated. 
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While inves~:igating the effects of training on vastus latera/is muscle protein 

synthesis in both young and elderly men and women, Yarasheski and colleagues (1993) 

found that, in the intial phase (2wk) of a resistance exercise program, marked increases 

in quadriceps FSR occurred. The initial FSR in an elderly population was significantly 

lower (39%) than that of the young population. Following two weeks of resistance 

exercise training, F~;R increased in both groups to similar levels, with no significant 

difference between the groups. Furthermore, whole body protein breakdown rate did not 

change. Although these results demonstrate an effect oftraining on muscle FSR, it 

should be noted that FSR was measured within 3 h ofthe last exercise session. Since it 

has been shown that the acute effect of exercise can last as long as 48 h (Phillips eta!. 

1997), the authors (Y arasheski eta!. 1993) demonstrated the effect of training on muscle 

FSR following an acute bout of exercise. Thus, the effect of training on true basal FSR 

has not yet been established using a longitudinal study design. However, the results 

provided by Yarasht::ski and colleagues {1993) demonstrate that skeletal muscle protein 

synthesizing pathways are activated in both young and elderly subjects alike. 

Having established the effect of acute resistance exercise (Phillips eta!. 1997; 

Phillips eta!. 1999; Yarasheski et al. 1993), and acute endurance exercise (Carraro et al. 

1990) on the rate of muscle protein synthesis, the effect ofboth endurance and resistance 

exercise in combination was studied by Tipton and associates (1996). Posterior deltoid 

muscle protein turnover was examined in female swimmers after a combination of 

resistance and endurance exercise. Subjects were studied on four different occasions: 1) 

rest; 2) following a swimming workout; 3) following a whole body resistance exercise 
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workout 4) and a ccmbination of2 + 3. Whole body protein breakdown, as measured by 

phenylalanine rate of appearance, was similar in all exercise conditions. Posterior deltoid 

muscle protein FSR was not statistically different between exercise conditions, however, 

all exercise conditions increased FSR above rest. Although statistical significance was 

not achieved betwe1!n conditions, it is important to note that there were trends in the data. 

The endurance plus resistance exercise treatment significantly increased FSR by 81% 

over resting levels, 30% greater than after swimming alone, and 73% greater than after 

resistance exercise ilone. The trends reported by Tipton and colleagues, although non­

significant are like! y due to the variability inherent in the measurement ofMPS in 

humans. From this study, one can conclude that the combination of swimming and 

resistance exercise significantly stimulated FSR above the resting value. No increases 

over rest were seen in whole body protein synthesis rate, and thus appears that the 

combination of swimming and resistance exercise work-outs provided a greater 

stimulatory effect c f muscle protein synthesis than either swimming or resistance 

exercise alone. 

It is apparent that resistance exercise may be an effective strategy in combating 

muscle atrophy, and if continued for an extended period, inducing hypertrophy. Muscle 

atrophy is a typical characteristic observed in astronauts following space flight, due to 

exposure to a micro-gravity environment. Bed rest appears to simulate a micro-gravity 

environment and rr.imics the rest-induced loss resulting from space flight. Previously, 

bed rest has been shown to decrease skeletal muscle protein synthesis (Ferrando eta!. 

1996), and thus resistance exercise, which is known to increase protein synthesis, may be 
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a viable countermeasure for those undergoing space flight. In fact, Ferrando et al. 

showed that bed re~.t resulted in a 46% decrease in muscle protein FSR, whereas 

resistance exercise performed every other day over 14 d ofbed rest maintained muscle 

protein synthesis. ln fact, a non-significant increase in muscle protein FSR of .028%/h 

was noted in the re~;istance exercise group. This study suggests that resistance training 

may be an effectivt: countermeasure to the reduction in skeletal muscle mass and 

strength, as a result of space flight. Furthermore, the results suggest that repeated 

stimulation of musde protein synthesis may be crucial in maintaining muscular strength 

(Ferrando et al. 1997). In this study, however, measurements were taken 24 h following 

the last bout of resistance exercise. In light of previous work (Chesley et al. 1992; 

Phillips et al. 1997), the non-significant increase in FSR observed following resistance 

exercise training may simply be in response to an acute bout of exercise. 

2.3 Resistance Exercise and Protein Availability 

Since amino acids are the building blocks of contractile protein, it has been 

suggested that incr,~ased amino acid availability may increase protein synthesis following 

exercise (Biolo et al. 1995). Biolo and colleagues (1995) showed that protein breakdown 

was significantly elevated following resistance exercise. At the same time an 

acceleration of the rate of amino acid transport into muscle cells may have contributed to 

muscle anabolism, by increasing amino acid availability for protein synthesis. Whether 

creatine may function in an analogous manner due to it's amino acid (aa) content, is not 

known. 
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Biolo and colleagues (1995) found a significant increase in muscle blood flow 

following an intens~~ lower body resistance exercise protocol (90.4% above resting). 

Rates of arterial amino acid delivery (flow x [aa]) were increased after exercise by ~80% 

- 110% depending on the amino acid. Transport rates of leucine, lysine, and alanine 

significantly increa:;ed after exercise by ~60%- 120%, depending on the amino acid. 

Following exercise. protein synthesis was increased by about 100%, and breakdown 

increased by about 50%, thus improving net balance. Intracellular appearance ofleucine, 

lysine, and alanine increased after exercise due to an increase in transmembrane 

transport, as well a:; an increase in protein breakdown. The authors suggested that an 

increased availability of intracellular free amino acids may have caused the post-exercise 

stimulation of protein synthesis. If this hypothesis is true, then acute stimulation of 

protein synthesis would likely be due to a post-transcriptional mechanism, as suggested 

by Chesley and associates (1992). In addition, arterial amino acid concentration did not 

change following exercise, but leg blood flow increased 90% above resting levels. In 

accordance with th[s increase in blood flow, amino acid delivery to the muscle increased. 

Based on these observations the authors suggest that physical exercise may not have a 

direct effect on membrane transport systems, but its effect may be due to an increase 

amino acid delivery to the muscle, secondary to an increase in blood flow. 

The results reported by Biolo and colleagues (1995) raise the issue, that if amino 

acid transport play:; such an integral part in protein kinetics, then perhaps 

hyperaminoaciderria would increase protein synthesis above and beyond the effect of 

exercise alone, whle suppressing protein breakdown. Biolo eta/. (1997), investigated 
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protein breakdown to restore normal concentrations, however, an increase in the 

concentration above normal has no further inhibitory effect on protein breakdown. 

Another im:Jortant observation made in this study (Biolo et al. 1997), was the 

strong correlation (r-0.72) between blood flow and protein FSR in muscle. It would 

appear that variations in blood flow may affect protein metabolism by increasing the 

transport of amino acids into muscle cells and thus stimulating synthesis by increasing 

the [ aa]. These res Jlts reported by Biolo and colleagues ( 1997) suggest that an increased 

delivery of amino c.cids to skeletal muscle after performance of physical exercise can 

maximize the anab Jlic effect of nutrition and exercise. 

A similar study from the same laboratory (Volpi et al. 1998), investigated the 

effect of exogenou i amino acids on muscle protein synthesis and breakdown in the 

elderly. The age-dependent reduction in muscle mass may be associated with an 

impairment in muscle protein metabolism, as has been shown in previous studies 

examining protein synthesis in the elderly (Yarasheski et al. 1993). In accordance with 

Biolo and co-workers (1997), amino acid infusion resulted in a significant increase in 

FSR (100%) at rest, however, amino acid infusion had no effect on blood flow. Amino 

acid infusion significantly increased amino acid delivery to the muscle, followed by an 

increase in amino acid transport. As expected, proteolysis did not change from baseline, 

indicating that increased intra-cellular amino acid concentrations at rest do not affect 

protein breakdown. The data presented by Volpi and colleagues (1998), suggested that 

an increase in amino acid transport enhanced protein synthesis by simply providing more 

substrate, however, there was no correlation between intracellular amino acid 
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concentrations and the rate of utilization of aa for synthesis. Thus, the concentration of 

aa does not seem to be the key factor in up-regulating protein synthesis in the elderly. 

Furthermore, in contrast to previous work (Biolo et al. 1997) no increase in blood flow 

occurred in associa1:ion with amino acid infusion. The authors suggest that perhaps there 

is an age related va ;;cular impairment in the muscle blood flow to amino acids, as has 

been observed with insulin infusion (Meneilly et al. 1995). 

Although sfveral studies support the positive effect of amino acids on protein 

synthesis in both the young and old population (Biolo et al. 1995; Biolo eta!. 1997; 

Volpi et al. 1998), the practicality ofthese interventions remains an issue, since 

intravenous infusions were used to increase amino acid delivery. A study by Welle and 

Thornton (1998) investigated the effect ofhigh protein meals on myofibrillar synthesis 

after resistance exercise in elderly men and women. Subjects performed knee extension 

exercise three time:; within a six day period and FSR measurements were made - 23 h 

after the final bout of exercise. On the day ofFSR determination subjects were randomly 

assigned to three groups. (A) a low dietary protein group (7% protein), (B) an 

intermediate group (14% protein), and (C) a high protein group (28% protein). 

Interestingly, insulin concentrations were 70% greater in the group consuming the high 

protein diet in the final two hours of feeding, which might suggest that a high protein diet 

acutely increases p ~otein synthesis since insulin has been shown to be a potent stimulator 

of protein synthesiH (Biolo et al. 1999). Myofibrillar protein synthesis rates did not differ 

significantly between groups consuming different protein intakes. The exercised muscle 

had an elevated rat~ of synthesis than the sedentary muscle, with an average increase of 
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27% for all the diet groups combined. Perhaps most interestingly, and in contrast with 

earlier work (Biolo eta/. 1997), was the fact that the increase in myofibrillar synthesis 

was greater in the sllbjects fed the low protein meals (37%), vs. the normal protein meal 

(28%), vs. the high protein meal (20%). 

An increasiug amount of research suggests that increasing protein intake might 

stimulate myofibrillar protein synthesis. Both in vitro (Fulks et al. 1975; Li and 

Jefferson, 1978: Lu 1dholm and Scherston, 1975), and in vivo (Bennet et al. 1989: Biolo 

et al. 1997; Mosoni et al. 1993; Svanberg et al. 1996: Watt et al. 1992) studies provide 

support for increasing muscle protein synthesis following an acute rise in amino acid 

concentration. Similarly, increases in whole body protein synthesis and breakdown are 

associated with com:uming a high protein diet (Pannemans et al. 1995: Pannemans et al. 

1995). Tarnopolsky et al (1992) showed a higher rate of synthesis in strength trained 

athletes as compared to sedentary individuals, and many have shown that increasing 

protein intake result~; in a greater nitrogen balance in both young and older populations 

(Campbell et al. 1995; Fern et al. 1991; Lemon et al. 1992). 

In contrast to the studies discussed above, the work ofWelle and colleagues 

(1998) does not supr ort an increase in myofibrillar protein synthesis associated with a 

greater protein intakt:. One major discrepancy between this study design and the previous 

designs ofothers, is the suggestion that the timing ofenergy intake is integral to the 

effect on protein synthesis and degradation (Roy et al. 1997). Furthermore Biolo and 

colleagues (1997) showed that amino acid infusion immediately following exercise had a 

significant effect on mixed muscle protein synthesis. However, there are several 
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differences in design which separate the studies ofBiolo and colleagues (1997), and that 

ofWelle and colleagues (1998). Biola and associates (1997) examined protein 

metabolism immediately following the cessation of resistance exercise. Subjects were 

administered amino acids through intravenous infusion, and mixed muscle protein 

synthesis was exam [ned in contrast to myofibrillar protein synthesis. Perhaps the 

discrepancy in results stems from the fact that protein was continuously provided in the 

study by Welle and colleagues (1998). If, as suggested by Biola and associates (1997), 

the synthetic rate is dependent on the concentration of the intracellular amino acid pool, 

then the subjects in Welle's study may have already been in optimal conditions. In 

Biola's study the subjects were in an over-night fasted condition, and therefore, the 

amino acids infused were necessary to increase FSR. It would appear that the work by 

Welle et al. (1998) would have benefited from a control group in which no protein was 

provided. The work by Welle and colleagues (1998) provides a somewhat surprising 

conclusion, that high protein meals did not increase protein synthesis in the sedentary leg 

more than the low protein meals. This result is surprising due to the fact that Biola et al 

(1997), showed that increased plasma [aa] were well correlated with amino acid transport 

into muscle. 

A recent stucy by Tipton and associates ( 1999) provides further support for the 

work ofBiolo and colleagues (1997). From a practical standpoint, one ofthe limitations 

ofthe work by Biola et at. (1997) is the fact that they used intravenous infusions of 

amino acids. Intravenous infusion is not practical and thus poses the question ofwhether 

or not oral amino acid administration would produce the same results. Previous studies 
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suggest that first-pc.ss splanchnic uptake of ingested amino acids is about 20-90% 

(Cortiella et al. 1988; Matthews et al. 1993;). It has also been demonstrated that 

splanchnic protein breakdown is increased during endurance exercise (Williams et al. 

1996). Thus, it is unknown whether amino acids from an oral dose would be directly 

delivered to the mu ;;cle tissue, and whether an oral amino acid solution would be 

effective as a stimu Ius for protein synthesis. Following intense leg exercise, 40g of 

mixed amino acids, essential amino acids, or a placebo were ingested in a double blind 

cross-over fashion. Amino acid ingestion resulted in significant hyperaminoacidemia. 

Amino acid concen:ration were dramatically increased by both amino acid oral solutions, 

and the levels attained were similar to those reported previously during amino acid 

infusion (Biolo et ar. 1997). Net muscle protein balance, as determined by arterio-venous 

differences and con ected with intracellular concentrations of amino acids, was 

significantly increa~:ed from negative during placebo ingestion, to positive during both 

oral solutions. Under the influence of oral amino acids, blood flow was unchanged and 

thus it is likely that the increased availability of amino acids, and not blood flow per se, is 

the primary mechanism for increasing protein accretion. 

2.4 Insulin and Protein Synthesis 

Although im:ulin has generally been thought ofas an anabolic hormone in glucose 

and glycogen metabolism, the role of insulin in controlling muscle protein synthesis and 

degradation remains unclear. Animal (Jefferson et al. 1977) and human models 

(Fukagawa et al. 19 ~5) have both established an anti-catabolic effect of insulin on muscle 

http:first-pc.ss
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protein, however, insulin's effect on synthesis is less clear. Since the Cr transporter has 

been shown to be insulin-sensitive, and insulin has been shown to enhance muscle 

creatine accumulation (Steenge et al. 1998), Cr supplementation may help stimulate 

muscle protein FSK 

It has been mggested that insulin's anabolic effect is at least in part due to an 

increase in protein synthesis. Gelfand and colleagues (1987) used a forearm model to 

measure amino acid kinetics in response to a 2 h insulin intra-arterial infusion. The 

insulin infusion rai ;;ed insulin levels to high physiologic levels, and subsequently 

increased glucose disposal four fold following the infusion. Forearm blood flow 

increased significantly (25%) in response to the insulin. Forearm net balance ofboth 

phenylalanine and leucine reversed from a net amino acid loss in the basal state, to a net 

uptake in the insulin condition. Despite the increase in net uptake of amino acids from 

blood, the tracer data demonstrated that phenylalanine and leucine rates of disappearance 

were not significantly changed by the insulin. However, the positive net balance 

observed could be accounted for by the inhibited phenylalanine and leucine release (42% 

and 50% respectively) from the forearm. These results do not provide evidence 

supporting this claim. However, the authors suggested that the protein synthetic effect of 

insulin may be fun:;tional in vivo at normal post-absorptive insulin concentrations, and 

therefore insulin infusion would not would not increase protein synthesis to a higher 

level. On the other hand, the insulin stimulated inhibition of protein breakdown may 

require much higher insulin concentrations. In summary, these results provide evidence 

that inhibition ofprotein breakdown, rather than stimulation of synthesis, is the major 
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mechanism whereb~r acute physiologic elevations in insulin promote net positive muscle 

protein balance in man. 

Bennett and associates (1990), examined the effect of euglycemic 

hyperinsulinemia on amino acid uptake by the quadriceps during hyperaminoacidemia. 

All subjects were fi ~st tested with amino acid infusion with no insulin, then with insulin 

and glucose infusio 1 with continued amino acid infusion at a higher rate to maintain the 

concentration ofmuscle amino acids. Insulin infusion increased blood flow 60% above 

the low-insulin stat1!. During the insulin infusion, when extra amino acids were infused, 

amino acid concentrations increased markedly in the plasma. Net balance of 

phenylalanine in th1! leg which was slightly positive during the low insulin period, 

however, became significantly more positive during the insulin infusion, indicating that 

leg protein synthesis considerably exceeded protein breakdown. Leucine rate of 

appearance, an index of muscle protein breakdown, was decreased by 30% by insulin and 

amino acids, however, only a 9% reduction was noted in phenylalanine rate of 

appearance. On the other hand, phenylalanine rate of disappearance, an index of muscle 

protein synthesis, increased 55% during insulin infusion. A small increase was found in 

the whole body rate of non-oxidative leucine disposal, suggesting that whole body 

protein synthesis was increased. These results suggest that, under favorable conditions, 

insulin may have a stimulatory effect on skeletal muscle and whole body protein 

synthesis and an inh.ibitory effect on skeletal muscle and whole body protein breakdown. 

It should be noted, however, that the A-V balance model may not be a good indicator of 

protein synthesis or breakdown due to the lack of knowledge ofwhat is happening in the 
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tissue. For example, amino acid recycling, or oxidation may be occurring, and thus the 

amino acid concentrations reported in the vein may not be accurate. 

McNurlan and colleagues (1994), utilized a flooding dose of[2Hs]phenylalanine 

to investigate the effect ofboth glucose and insulin infusion on amino acid incorporation 

into muscle. Six subjects were studied in the post absorptive state at rest, and then 

following a hyperinsulinemic-euglycemic clamp experiment. Interestingly, the authors 

reported significant reductions in the plasma concentration of some amino acids, which 

might be indicative of an increased uptake of amino acids for protein synthesis. 

However, the rate c f protein synthesis did not correlate with the increased concentration 

of insulin, and prot1~in synthetic rates were not different from the post-absorptive value 

(post-absorptive: 1.65 ± 0.11%/d and insulin:l.66 ± 0.16%/d ). This study therefore 

confirms that insulin does not stimulate protein synthesis in human muscle tissue, at least 

when using the flooding dose method. The inability to demonstrate any effect of insulin 

on muscle protein ~:ynthesis is in agreement with studies utilizing tracer methodology 

(Pacy et al. 1989), and some arteriovenous measurements (Gelfand et al. 1987), however 

it is in disagreement with other studies using arteriovenous measurements (Bennet et al. 

1990, Biolo et al. 1999). These discrepancies in the literature are likely due to variations 

in methods used to measure protein synthesis 

In a study investigating the effects of starvation on human muscle protein 

metabolism and its response to insulin (Fryburg et a/. 1990), it was reported that insulin 

showed no anabolic effect, however, exerted a strong anti-catabolic effect. Intra-arterial 

infusion of insulin was started after a 150 min basal period of labeled amino acid 

http:insulin:l.66


35 

infusion. The results demonstrated that 60 h of fasting led to increased rates ofurinary 

nitrogen excretion (59%), and whole body leucine oxidation (72%), both ofwhich are 

indices of whole be dy protein breakdown. Amino acid release increased 31% from the 

forearm and was dt.e to an increase in local Ra, which is a measure of proteolysis. No 

significant changes, however, were observed in Rd (whole body or forearm) after fasting 

or after insulin administration to the 60 h fasted subjects. Fasting prompted an increase in 

skeletal muscle proteolysis, and insulin administration was able to suppress proteolysis 

without stimulating synthesis. 

Blood flow measurements in this study (Fryburg et al. 1990) revealed that 

following the 60 h fast, forearm blood flow was elevated by 37%. Biolo and colleagues 

{1997), showed that there was a strong correlation between blood flow and FSR of 

muscle proteins in :he leg. Fryburg and colleagues (1990), despite having shown an 

increase in blood flow, showed no increase in muscle protein synthesis in the forearm. 

The discrepancy in these results suggest that perhaps blood flow is not the dependent 

factor in controlling protein synthesis, but that the arterial amino acid concentration 

inside or entering t ~e cell may be the stimulus for protein synthesis. 

The effect ofglucose supplementation (as a method of increasing insulin) on FSR 

was measured following resistance exercise (Roy et al. 1997). Following glucose 

consumption, urinc.ry 3-MH excretion, a measure ofwhole-body proteolysis, was 

decreased. Also F:;R of muscle proteins in the exercised vs the control leg was elevated 

by 36% in the CHO condition as opposed to 6% in the placebo condition, however, these 

results did not achieve statistical significance. Although statistical significance was not 

http:urinc.ry
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achieved these results suggest that consumption of a glucose supplement after resistance 

exercise increases : nsulin concentration and therefore may enhance muscle protein 

balance. 

Using stable isotopes and an arterio-venous design, the anabolic effect of insulin 

on muscle protein netabolism was demonstrated (Biolo et al. 1995). Insulin was infused 

into the femoral ar::ery to increase femoral venous insulin concentrations. The FSR of 

muscle protein increased by 65% during the insulin infusion, and phenylalanine 

disappearance to protein synthesis significantly increased(- 50%). Furthermore, the 

rates of amino acic appearance into the intra-cellular pool from proteolysis did not 

significantly chan~;e during insulin infusion. Thus, it would appear that the primary 

effect of insulin on skeletal muscle protein metabolism was to increase the rate of protein 

synthesis, without affecting protein breakdown. 

Other work by Biolo and colleagues (1997), showed that insulin promoted net 

muscle protein accretion by directly stimulating the rate of protein synthesis, and has no 

effect on transmembrane transport of amino acids. Local insulin infusion decreased the 

intra-cellular amin:> acid concentration. This indicates that insulin-mediated stimulation 

of protein synthesis was not matched by a concurrent increase in amino acid transport and 

would suggest that the anabolic effect of insulin occurs by acting directly on some step 

within the process ofprotein synthesis. Although these results differ from previously 

discussed studies (Gelfland et al. 1987; Fryburg et al. 1990), it may be that the results 

reported ofBiolo t'f al. (1995) present a more accurate account ofwhat is occurring 

within the muscle. The arterio-venous model utilized in previous studies (Gelfand et al. 
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1987; Fryburg eta/ 1990) does not take into account the amino acid metabolism taking 

place in the muscle cell, and thus the amount of amino acid recycling cannot be 

established which nay lead to an underestimation of synthesis. 

More recently, Biolo and colleagues (1999) have determined that insulin infusion 

into a femoral artery resulted in a significant increase in protein synthesis at rest. Insulin 

also increased blood flow significantly at rest, however, did not affect blood flow 

following exercise. Interestingly, insulin infusion did not alter protein breakdown at rest 

as others have sug~,ested (Fryburg eta/. 1990). However, following resistance exercise 

protein breakdown was suppressed with insulin infusion. Furthermore, a decreased 

amino acid availab 1lity may limit the stimulatory effect of insulin on muscle protein 

synthesis after exercise. 

2.5 Testoster01:1e and Protein Synthesis 

Testosterore has been characterized as an anabolic hormone due to its ability to 

promote nitrogen retention. In fact, Kochakian (1950) demonstrated that testosterone 

increased nitrogen retention in castrated male animals. Interestingly, Hoberman and 

colleagues (1948) 1ave demonstrated that testosterone may stimulate creatine synthesis, 

however, the exact pathway by which testosterone promotes anabolism has not been 

elucidated, and thus it is difficult to decipher whether or not creatine is directly linked to 

anabolism. 
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In hypogon 1dal men, when testosterone levels are lowest, testosterone 

replacement has proven to significantly alter muscle protein synthesis (Brodsky et al, 

1996). A dose of3mg/kg of testosterone was injected every 2 w over the course of6 

months. The goal of the researchers was to raise testosterone concentrations to normal 

physiological levels. Body weight increased significantly (- 7% ), and was due, almost 

exclusively, to an i a crease in fat free mass (- 14% ), since fat mass decreased (- 11%). 

Mixed skeletal mu:;cle FSR was - 56% greater following 6 m of testosterone 

replacement. A similar trend was observed with myosin heavy chain FSR (+46%) 

(p>0.05). These data support the notion that testosterone replacement therapy for 6 

months in hypogonadal men produced clinically significant increases in fat free mass, 

and decreases in fat mass. More specifically, the increased fat free mass is largely 

accounted for by an increase in the mass of skeletal muscle. An increase in the rate of 

mixed muscle prot :!in FSR, following testosterone treatment indicates that the mechanism 

underlying an incn:ase in muscle mass is due to an increase in synthesis of muscle 

proteins. Furtherrr,ore, a trend toward an increase in myosin heavy chain synthesis 

implies that includ,~d in the muscle proteins displaying increased synthesis are those 

responsible for the contractile function of muscle. 

Bhasin and colleagues ( 1997) investigated the effect of testosterone replacement 

on fat free mass and muscle size in hypogonadal men. Seven hypogonodal men were 

treated with 1 OOmg/week for ten weeks with intra-muscular testosterone injections. 

Serum testosteron~: levels increased six fold from baseline on day 15, and were 

maintained in the normal male range for the remainder of the study. All subjects 
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experienced a significant weight gain in the range of4.5kg. Fat free mass also increased 

significantly by 5.0 kg on the average. Muscle cross-sectional area of the arm increased 

by 12%, as did the legs by 8%. Strength increased in the bench press by 22%, and by 

44% in the squat. Interestingly, whole body leucine flux, oxidation, and non-oxidative 

leucine disposal did not change significantly during testosterone treatment. 

These results demonstrate that testosterone has substantial effects on body composition. 

Replacement dose:; oftestosterone increased body mass, primarily through an increase in 

fat free mass. Mm:t interestingly, muscle size and strength increased significantly despite 

the lack of any resistance exercise. Despite significant gains in fat free mass whole body 

leucine turnover did not change significantly after the 10 week treatment. However, the 

authors suggest thH testosterone may increase nitrogen balance and leucine flux early in 

the course of treatment, and thus may have been missed as the measurement was made at 

the end of ten weeks. This is supported by the fact that maximum weight gain had been 

achieved by 6 weeks of treatment. An alternative explanation for the discrepant results is 

the possibility that testosterone specifically up-regulates muscle protein synthesis, and 

since muscle prok n synthesis accounts for approximately 25% ofwhole body protein 

synthesis, the effect may have been missed. 

From the results ofBhasin and colleagues (1997) and Brodsky and colleagues 

(1996) we can conclude that testosterone replacement to the normal male range is an 

important factor in maintaining the muscle protein synthesis rate and muscle mass in 

adult hypogonadal men. However, these studies do not offer any information as to the 

effect of increased doses of testosterone in normal men 
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The effect oftestosterone on muscle size and strength in normal men (i.e. non­

hypogonadal) was :tlso investigated by Bhasin and colleagues (1996). Subjects were 

randomized to one offour groups: placebo with no exercise, testosterone with no 

exercise, placebo p 1us exercise, and testosterone plus exercise. Subjects received 600mg 

oftestosterone enanthate weekly for 10 weeks. Serum concentrations of free and total 

testosterone increased significantly in both testosterone groups, but not in the placebo 

groups. Increases in body weight were seen in the testosterone without exercise group 

(3 .5 kg), and those in the testosterone plus exercise group had an even greater increase in 

body weight (6.1 kg). Fat free mass increased significantly in both testosterone treated 

groups. Similarly, both testosterone groups increased muscle cross-sectional area, with 

an 11.8% increase ir triceps area in the non-exercise group and a 6. 7% increase in the 

quadriceps. The exercise group increased triceps area by 14.4%, and quadriceps 

increased by 13.7%. Furthermore, testosterone alone increased the one repetition 

maximum (1RM) for squatting by 19%, while the testosterone plus exercise group 

increased their 1RM by 38%. 

The results of Bhasin et al. (1996) demonstrate that supraphysiological doses of 

testosterone, especially when combined with strength training, increase fat free mass, 

muscle size and muscle strength. The combined findings of these studies (Bhasin et al. 

1996; Bhasin et al. 1 S97; Brodsky et al. 1996) discussed, suggest that both replacement 

and supraphysiologicccl doses oftestosterone increase fat free mass and strength. 

Increasing serum testosterone concentrations in hypogonadal men can lead to increases in 
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fat free mass of 8-1 0%. When serum testosterone concentrations are increased above the 

normal range further increases in fat free mass can be achieved. 

Since the above studies are largely descriptive, it is important to examine those 

studies providing d 1rect evidence of an effect of testosterone on muscle protein. Griggs 

eta! (1989) first de;;cribed the effect of testosterone injection on muscle protein FSR. A 

replacement dose of3mg/kg every week for twelve weeks was administered. Mean 

testosterone concentration increased 3 fold in the testosterone treated group. No 

significant change i:1 mean muscle fiber diameter was observed. Muscle protein 

synthesis rate was increased during testosterone administration, with a mean increase of 

27%. Leucine oxidation decreased significantly during testosterone administration, 

however, whole body protein synthesis, as estimated by non-oxidative leucine disposal 

did not increase significantly. This study (Griggs et a/1989) provided the first direct 

evidence ofthe effect oftestosterone injections on muscle protein synthesis and 

demonstrated that te:;;tosterone enanthate increased muscle protein synthesis by 27%, as 

estimated by the incorporation of stable isotope into muscle. The authors acknowledge 

the shortcoming ofne>t having any knowledge on the effect of testosterone on muscle 

protein breakdown. However, the authors hypothesize that protein degradation must 

increase to a substantial and almost equal extent as synthesis since a 27% increase in the 

rate of muscle protein synthesis would otherwise have resulted in a much greater increase 

in muscle mass over a 12 week period. 

It has also hem reported that testosterone administration to hypogonadal elderly 

men increased skeletd muscle strength and protein synthesis (Urban eta!. 1995). 
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Testosterone concentration was increased to similar concentrations as those found in 

young men. Following testosterone administration, work per repetition increased in the 

hamstrings, and quadriceps muscles. Most importantly, a two fold increase in muscle 

protein FSR resulted from the testosterone treatment. Testosterone administration 

increased insulin-like-growth-factor-1 (IGF- 1) concentration in the six elderly subjects, 

suggesting that the intramuscular IGF- 1 system is in part responsible for the increase in 

FSR. Furthermore, since testosterone administration increased muscle strength and FSR 

without the influence of exercise, it is likely that synthesis ofnew muscle proteins can 

enhance muscle strength. 

Ferrando ar.d colleagues (1998), examined the effect of a single testosterone 

injection on proteir: synthesis and degradation. Arteriovenous sampling and muscle 

biopsies, as well as isotope incorporation and decay were used to measure synthesis and 

degradation. Total testosterone concentrations increased to about twice the physiological 

range following a 200mg injection. Five days following the injection, total testosterone 

dropped to the upper limit of the male normal range. Testosterone injection increased 

muscle protein FSR by about 109%, whereas FBR remained unchanged, thus, net balance 

increased significartly. However, there was no evidence of increased tissue amino acid 

transport during the infusion protocol, despite the finding that leg blood flow increased 

significantly (57%) after testosterone injection. Furthermore, both whole body 

appearance of phenylalanine, and leucine decreased following the testosterone injection. 

These results sugge ;;t that an augmented protein synthesis following testosterone 

administration does not respond in the same manner as insulin. Whereas insulin 
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increased amino acid transport and subsequently protein synthesis (Biolo eta!. 1995), it 

would appear that testosterone can increase protein synthesis without a preceding 

increase in amino acid transport, suggesting that either intra-cellular amino acid 

concentration is not limiting for protein synthesis, or that testosterone acts directly to 

improve translation ll efficiency, or intra-cellular amino acid recycling efficiency. The 

ratios between outward transport ofamino acids and protein breakdown decrease 

following the inject on suggesting an increased efficiency ofamino acid recycling when 

treated with testosterone. Overall, the results reported by Ferrando and colleagues (1998) 

suggest that testosterone injection results in an increase in net muscle protein synthesis, 

however the increas1~ in skeletal muscle protein synthesis is not stimulated by an 

increased tissue tran :;port of amino acids, but rather an improved efficiency of amino acid 

recycling. (ie. rein corporation of aa appearing as a result of protein breakdown) 

2.6 Growth Hormone and Protein Synthesis 

Although the importance ofgrowth hormone (GH) has been established in young, 

growing children, the:· effect that GH induces on healthy adults is yet to be understood. 

The role of IGF-1 or protein metabolism has not been elucidated, however it is believed 

that GH exerts its "anabolic" effect through IGF-1. A direct link between creatine and 

GH has been established, such that GH induces an increase in the mRNA for liver 

transamidinase (rate I imiting enzyme for creatine synthesis) (Guthmiller eta!. 1994). 

The possible anabolic effects ofGH may be important in treating several diseases 

associated with muscle wasting. Typically, patients treated with glucocorticoids have 
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been observed to SIJffer from muscle wasting, poor tissue healing, and an increased 

incidence of infect1 ons (Horber et al. I985). On the other hand, GH is thought to induce 

an overall anabolic effect. Therefore, concomitant GH treatment with prednisone was 

examined to invest1 gate whether or not GH would prevent the protein catabolic effects of 

prednisone (Horber et al. I985). The study demonstrated that GH therapy resulted in 

increased protein synthesis (non-oxidative leucine disposal), however GH therapy had no 

effect on proteolysi:; (leucine rate ofappearance). The authors suggest that the most 

likely mechanism e:cplaining the increase in protein synthesis is a direct effect ofGH or 

IGF- I generated as a result ofGH administration. Interestingly, although GH was 

administered daily, only IGF- I concentrations increased significantly in a sustained 

manner. 

Since an effi~ct of GH on whole body protein synthesis has been established, 

Fryburg and associa1es (I99I), examined the effect of short-term GH administration on 

skeletal muscle-spec'tfic protein synthesis and degradation in the forearm. Growth 

hormone concentration did not increase significantly in the forearm vein in response to 

the infusion. Similarly IGF- I concentrations did not increase during the course of the 

infusions. Blood flow increased 34% above basal levels after 3 h ofGH infusion, and 

90% above basal after 6 h ofGH administration. In a similar manner GH suppressed the 

net release ofphenylalanine by 73%, and suppressed the net release ofleucine by 100%. 

When phenylalanine, and leucine kinetics were examined, it was discovered that GH was 

able to induce a more positive balance in these amino acids across the forearm through a 

stimulation of rate of disappearance. Phenylalanine disappearance increased 7I% above 
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basal levels, and leJcine disappearance increased 37% above basal levels. The rate of 

appearance of these amino acids did not change significantly over the period of the 

infusion, indicating that a net positive balance was achieved through an increase in 

protein synthesis. 

Interestingl:f these anabolic effects occurred without an increase in GH, insulin, or 

IGF- 1, however, an increase in blood flow did occur over the course of the infusion. 

The authors suggested that the acceleration in blood flow during the infusion was likely 

not the stimulus for the increase in protein synthesis. However, blood flow has been well 

correlated with protein synthesis using both an arterio-venous model of measurement and 

FSR (Biolo et al. 1995; Biolo et al 1997). The lack of an increased rate ofappearance 

may be accounted for by a possible inhibitory effect of GH or IGF - 1 on protein 

breakdown (Jacob t'f al. 1989). 

Furthermore, the authors suggest that GH, or IGF - 1 produced locally in 

response to GH ma;r have a vasodilatory effect accounting for the increased blood flow. 

In summary, these results suggest that an increased protein synthetic rate associated with 

GH, may be due to 1 mechanism in skeletal muscle other than from that of insulin or IGF 

- 1, which have been traditionally accepted as anabolic agents. 

Yarasheski c.nd associates (1992), investigated the effect ofgrowth hormone and 

resistance exercise on muscle growth in young men. Sixteen men were randomly 

assigned to either, a resistance training and GH, or resistance training and placebo group. 

Subjects trained for 12 weeks and muscle protein FSR was measured. Concentrations of 

GH increased to levds six times greater in the GH treated group, than in the placebo 
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group following tht: last injection. Similarly IGF - 1 values were significantly greater in 

the GH treated group in comparison to the placebo group. Body weight increased 

comparably in both groups, however, fat free mass was greater in the GH-treated group. 

However, results frJm total body water analysis suggest that the increased fat free mass 

in the GH group may have been due to a greater fluid retention. Chest and upper arm 

circumference incwased in both groups, and thigh and mid-thigh circumferences were 

greater in the GH-t:·eated group. The authors suggested that the increased thigh and mid­

thigh circumferenc1~ could be accounted for by the increase in total body water. Whole 

body protein synthesis and breakdown rates were increased in the GH-treated group. In 

addition, body protein balance increased more in the GH-treated group. Total urinary 

nitrogen decreased more in the GH-treated group than in the placebo group providing 

further support for a greater increase in protein accretion in the GH-treated group. 

Quadriceps mixed nuscle protein FSR was, however, not significantly different between 

groups. These results indicated that prolonged GH treatment with resistance exercise 

induced no greater increase in muscle anabolism than resistance exercise alone. The 

increase in fat free mass and whole body protein synthesis indicated that the growth 

hormone treated subjects had increased lean body tissue. However, the lack of any 

difference in muscle FSR, strength, and muscle circumferences would suggest that the 

added tissue was not skeletal muscle. The authors offered the hypothesis that resistance 

exercise stimulated muscle protein synthesis to a level to which the addition ofanother 

stimulus (GH) doe1; not further enhance muscle protein synthesis, yet allows other 

proteins to increast: their synthetic rate. Furthermore, the authors acknowledge that the 
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measurements were made after 12 weeks of training, and that it may be possible that 

changes in body and muscle protein turnover occurred at the beginning of the training 

program. 

In light ofthese results, Yarasheski and colleagues (1993), examined the role of 

short term GH treatment in experienced weightlifters. The GH supplementation group 

displayed elevations( -163%) in serum IGF- 1 concentrations above pre-GH treatment 

concentrations. In spite of a significant increase in IGF - 1 the fractional rate of muscle 

proteins in the vastus latera/is muscle was not increased in the GH group compared to the 

placebo group, following two weeks of training. Furthermore, the whole body 

breakdown rate in the GH group was not significantly different from the placebo group. 

An important characteristic distinguishing this study from other GH research, is that 

trained individuals were used as the testing population. Yarasheski and colleagues 

(1993) suggested that the skeletal muscles of young resistance-trained men respond to the 

resistance-training !:timulus, and thus cannot respond to the potential anabolic effect of 

GH and IGF- 1. T~e author's further hypothesized that the primary stimulus for protein 

synthesis is muscle load, and that supplements may augment, but do not dictate the 

increase in synthesis. 

2.7 Cellular Hydration in the Control of Protein Synthesis 

The effect of cellular hydration, and cell volume on protein metabolism has been 

extensively studied in vitro, and less so in vivo. An increase in cell volume induced by 

several different methods has recently been shown to have anabolic and anti-catabolic 
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effects. In fact, cell swelling (ie. over-hydration) appears to put the cell into an overall 

anabolic state. Inc~eases in glycogen synthesis (Baquet eta/. 1990), lipogenesis (Baquet 

et al. 1991), polyamine synthesis (Tohyama et al. 1991), protein synthesis (Millar et al. 

1997), and decreas,~s in glycogenolysis have been observed following cell swelling in 

liver cells. Several studies have suggested that cell volume expansion may up-regulate 

protein synthesis (Haussinger et al. 1993). Since many studies investigating the effect of 

creatine supplementation have reported significant weight gains (1-2 kg) in very short 

periods of time (within 7 d), it is possible that creatine may cause a cell swelling effect in 

muscle and subsequently up-regulate protein synthesis. However, the increased body 

water retention due to creatine would result in only a marginal increase in intra-cellular 

water. For example if the weight gain was entirely water retention, and all of the water is 

retained in skeletal muscle, then a 1-2kg increase in body weight would result in only 

about a 4% increase in muscle cell volume. 

Most studie:; investigating the effects ofcell swelling have investigated skeletal 

muscle and liver, rr:ainly due to the observation that these tissues are characterized by 

relatively rapid pro-:ein turnover. Work by Stoll and coworkers (1992) examined the 

effects of liver cell volume on protein synthesis. Incorporation of leucine into 

hepatocytes was ex,imined in the presence of amino acids at twice the normal 

physiological concc::ntrations. When the cells were examined in a hyper-osmotic state, 

cell volume decrea~ ed approximately 50%, and caused a subsequent 70% reduction in 

protein synthesis in comparison to the iso-osmotic state. This data supports an effect of 

cell swelling on protein synthesis only when the cell is in a dehydrated state. 
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In another study examining the effect of cellular hydration on protein synthesis in 

mammary cells (M liar et al. 1997), cell swelling via hypo-osmotic shock resulted in an 

increased incorporation of radio labeled leucine and methionine into the cells. The hypo­

osmotic state resulted in a 43% increase in protein synthesis above and beyond that 

during the iso-osmotic condition. No increases in mRNA following hypo-osmotic shock 

were observed, suggesting that the increase in protein synthesis was ofpost­

transcriptional origin. This remains to be one of the few studies which supports an 

augmented protein synthesis in response to cellular swelling above normo-hydrated 

levels. 

When heparocyte volume was increased by exposure to a hypo-osmotic media, no 

subsequent inhibiti,)n of proteolysis occurred, and even a slight stimulation was observed 

in the absence of amino acids (Meijer et al. 1993). More importantly, protein synthesis 

was 60% higher in the hypo-osmotic condition, even in the absence of added amino 

acids. No difference was observed when amino acids were added in high concentrations 

suggesting that cell swelling has a profound impact on synthesis, and amino acid 

transport is not a necessary factor for protein synthesis. 

In contrast ·:o the work ofMeijer and colleagues (1993), an increase in amino acid 

transport is generally observed in response to increasing cell volume (Low et al. 1996). 

However, the mechanism responsible for this effect remains to be elucidated. According 

to Low and colleagues (1996), cell swelling has been shown to up-regulate the Nm amino 

acid transport syst(:m, which is an insulin dependent glutamine transporter. Interestingly 

amino acid transporter system A is down regulated in response to cell swelling. It has 
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previously been est:tblished that altered amino acid transport activity in liver is G-protein 

mediated (Haussing er, 1996). In addition, the anabolic signal as a result of cell swelling 

has been shown to i rlVolve activation of lipid and protein-kinase signaling pathways in 

muscle (Low eta!. : 996) and liver (Krause eta!. 1996). These signaling pathways were 

further investigated by Low and co-workers (I 997), and showed that phophatidylinositol­

3-kinase was requind to enable muscle cells to exhibit rapid, volume-induced changes in 

amino acid transport. When cells were exposed to hypo-osmotic shock, there was an 

85% increase in glut :tmine uptake, and a 25% decrease when exposed to hyper-osmotic 

media, establishing that there was a volume regulatory response. Furthermore, when 

cells were pre-incubated with wortmannin, an inhibitor of the phophatidylinositol-3­

kinase signaling pathway, the rapid increase in glutamine uptake was inhibited in 

response to hypo-osmotic exposure, and the decrease was inhibited in response to hyper­

osmotic exposure. These results suggest that phosphatidylinositol-3-kinase is involved in 

a permissive role, because wortmannin blocked both the up and down-regulation of 

glutamine transport b;r hyper or hypo-osmotically-induced cell volume changes. 

The effect of increasing cell volume on metabolism has been generalized as being 

anabolic. However, mcent work by Quillard and colleagues (1998) revealed that 

phosphoenolpyruvate ~arboxykinase (PCK) mRNA, a cytosolic enzyme, decreased in 

response to cellular swelling. The findings of Quillard et al (I998) suggest that not all 

proteins act in the sam~ direction in response to cell volume alterations, and thus the 

response ofcontractile proteins to cell swelling cannot be extrapolated from the response 

of other proteins. 
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Haussinger :md co-workers (1993), have provided in vivo data which suggested 

that a change in cellular hydration might be the link between muscle glutamine content 

and protein tumove· in skeletal muscle, and whole-body nitrogen balance. When 

examining the relation between cell water content and whole-body nitrogen balance, an 

inverse relationship was noted in patients with catabolic disorders. More specifically, 

bum victims exhibited the highest negative nitrogen balance, and also exhibited the 

lowest muscle cell water volume. Healthy subjects showed a 0 nitrogen balance, and had 

the highest muscle cell water volume of280ml/100g dry matter (dm). Although these 

results show a positive relationship between cell volume and protein synthesis, 

Haussinger does not provide a group that is hyperhydrated, and thus did not show that 

hyperhydration would result in a more positive nitrogen balance. 

From the evidence provided, there is little doubt that the state ofcellular hydration 

may be an important factor in protein metabolism. Although protein synthesis and 

degradation seem to be affected in opposite direction by swelling and shrinking, little 

work has been conducted involving muscle cells. Further, the work that has been 

reported is rather inconclusive with regards to the effect of cell swelling over and above 

normal levels. With r~~gards to the effect ofcreatine on protein metabolism, it is highly 

unlikely that the effects ofwater retention as a result of creatine supplementation would 

have any effect on protein synthesis. Where most have found an increase ofup to 2kg in 

body weight following supplementation, only a 4% increase in muscle cell volume would 

result, assuming that ell ofthe water is retained in muscle. If creatine is to exert a protein 

synthetic effect it is unlikely that it occurs due to increasing cell volume. However, 
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Oopick and colleagues (1998) reported that subjects supplementing Cr maintained 

strength following i 3-4% loss in body weight as opposed to the placebo group. Since 

the loss in body mass induced (4%) by Oopick and colleagues (1998) is very similar to 

the increase in cell volume one would expect from Cr supplementation then Cr may have 

a role in maintainir g cellular water levels in those who dehydrate during exercise, and 

thus an anti-catabo lie effect during exercise. 

2.7 Purpose 

Although amost every study examining creatine has reported increases in body 

weight following acute Cr supplementation (Balsam et al. 1994, Greenhaf et al. 1994, 

Stroud et al. 1994), none have established the source of the weight gain. It is not known 

whether this increase in body weight is simply attributed to water retention as suggested 

by Harris and colleagues {1992) or whether Cr supplementation can stimulate resting 

muscle protein synthetic rate directly resulting in a gain of muscle protein and, hence, 

mass. Recent evidence (Vandenbergh et al. 1997; Kreider et al. 1998) suggests that Cr 

supplementation ir: combination with resistance training may increase muscle mass above 

and beyond that of training alone. However, no direct measure of muscle protein 

synthetic rate has been utilized to verify the results of Vandenbergh {1997), and Kreider 

{1998). It may be, as these studies (Vandenbergh et al. 1997; Kreider et al. 1998) 

suggest, that Cr interacts with resistance training to increase muscle protein accretion. 

Measurement of muscle protein synthetic rate following Cr supplementation in 
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combination with resistance training would be the next logical step in attempting to 

establish the effect ofcreatine on human muscle protein metabolism. 

The purpose of this investigation was to determine the effect ofshort term 

creatine supplemen:ation on resting mixed muscle FSR in males and females. The 

specific hypothesis to be tested is that creatine supplementation could increase resting 

muscle FSR above and beyond that of the placebo group, as in vitro work has suggested 

(Ingwall, 1976). A >econd purpose was to investigate whether or not females respond to 

Cr supplementation in the same manner as males. Several studies have reported that 

females show no increase in body weight in response to creatine supplementation 

(Thompson et al. 1996; Hamilton-Ward et al. 1997; Febbraio et al. 1995; Mihic et al. 

1997 (personal communication)). This lack ofan increase in body mass may suggest that 

females do not respond to creatine as do males, and thus may not benefit from any 

positive effect on pmtein synthesis that creatine may have. 
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Figure 1. Creatine Synthesis 
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Fig 2. Creatine Kinase Reaction 
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Introduction 

Creatine is c'ne ofeight naturally occurring compounds derived from guanadine, 

and it has been dem :>nstrated that, when phosphorylated, it functions in the maintenance 

of cellular ATP homeostasis ( 1). Creatine is composed of arginine and glycine and 

requires methionine for its synthesis and comprises- 0.3-0.5% oftotal muscle weight 

(2). 

In recent yeaj·s, creatine (Cr) has become a popular supplement among the athletic 

community. Many investigations have shown that creatine loading may be beneficial 

during high intensity activity, when ATP demand is high (1). A second consistent 

observation is that, following creatine supplementation, there is an increase in fat free 

mass (FFM; 2-9). This increase in mass has been demonstrated to occur both acutely 

(10), and following lc·ng term creatine supplementation (11-12). Acutely, the increase in 

body weight is likely :lue to water retention as suggested by Harris and colleagues (2), 

however, studies inve.;tigating chronic creatine supplementation combined with 

resistance training suBgest that creatine may promote greater gains in LBM. An increase 

in water retention over a long period of time may improve nitrogen balance (13), or even 

increase protein fractional synthetic rate (FSR) (14). Another possible reason for the 

increase in body weight may be an increased muscle protein synthesis in response to a 

greater volume ofweit;ht-training (15) over a given period oftime. Furthermore, creatine 
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may stimulate muscle protein FSR directly, as suggested by lngwall and colleagues (18), 

and Young and Denome (19). 

The purpose of this investigation was to examine the effect of acute creatine 

supplementation, on resting mixed muscle protein FSR. The specific hypothesis tested 

was that creatine supplementation would increase resting muscle FSR above and beyond 

that ofthe placebo group, as in vitro work has suggested (18-19). A secondary purpose 

was to investigate whether or not females respond in the same manner as males to 

creatine supplement:ttion, as it has been shown in some studies that females do not show 

an increase in body mass significantly following supplementation (27-30). 

Methodology 

Subjects 

24 healthy mdes and females volunteered to participate in the study (Table 4). 

All were kinesiology students, and had not used creatine as a supplement for at least six 

months prior to the st1dy. For the analysis ofFSR a sub-group of 14 (male-n=7, female­

n=7) for the creatine treated was analyzed, and a subgroup of8 (male-n=4, female-n=4) 

for the placebo treated was analyzed. The study was conducted under the approval of the 

Human Ethics Committee ofMcMaster University, and all subjects provided written, 

informed consent prior to participating. 
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Experimental Protocol 

All subjects completed 3d food records (including one weekend day) from which 

each individual's mean daily energy and protein intake was calculated using a 

commercially availccble computer program (Nutritionist V, San Bruno, California). 

Based on this information, an individual's isoenergetic diet was designed for the 

experimental trials. Lean body mass measurements were made prior to and after the 

intervention using dual energy x-ray absorptiometry (DEXA; Hologic QDR-1000/W). 

On each occasion m~asurements were made at the same time of day. 

The subjects did not perform any strenuous exercise for two days before the 

experiment. At 1600 h the subjects reported to the laboratory. A 22 -gauge plastic 

catheter was inserted into an antecubital vein, and a baseline blood sample was obtained 

for alpha- ketoisocaproic acid (alpha KIC) background enrichment. An expired gas 

sample was collected, simultaneously, and used for background enrichment of 13C02. 

Gas samples were collected into 60 L bags with duplicate samples injected into 10 ml 

evacuated tubes for s Jbsequent analysis of 13C02/2C02 ratios, to be used for the 

calculation of whole body protein synthesis (not reported in this study). At t= -120min a 

priming dose ofL-[1- 13C]leucine {lmg/kg) and [13C] sodium bicarbonate (0.295 mglkg) 

(both 99% atom percent; CDN Isotopes, Pointe Claire, Quebec) was administered over I 

min, followed by a constant infusion ofL-[1-13C]leucine (1 mg/kg) for 14 h, delivered by 

a calibrated syringe pump (t=:ole Parmer). The L-[I-13C]leucine was diluted into sterile 

saline on the day of the infusion and the [13C] sodium bicarbonate was diluted 

immediately prior to t1e infusion, both under aseptic conditions, and both were sterilized 
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by micro-filtration immediately prior to the infusion (0.2 urn; Acrodisc). All subjects 

received both the leucine and the sodium bicarbonate from the same batch. 

Blood samples were placed into heparinized, chilled tubes and centrifuged 

immediately, and t~e plasma was stored at -70°C until the analysis. At t = -15 min 

(before biopsy), and at t = 0 blood samples were taken to ensure that isotopic plateau had 

been reached. Blo,Jd samples were also taken at t = 4 h, t = 11.75 h, and t = 12 h. Breath 

samples were also taken simultaneously at these time points. Following the t = 0 

collection subjects rested over night while being infused. A protein free snack was 

provided for each mbject during the infusion at approximately t = 3 h (crackers and diet 

coke). Percutaneous muscle biopsies, using a suction modified Bergstrom biopsy needle 

(Stille), were extra~ted from an incision in the vastus latera/is approximately 20 em 

above the knee. This procedure was conducted under local (2% lidocaine) anesthesia. 

The first biopsy was taken at t = 0 h, and the second at t = 12 h in the opposite leg (Table 

5). Muscle biopsks were frozen in liquid nitrogen, and stored at -70°C before analysis. 

Following this trial, subjects were randomly assigned in a double blind manner to 

either a placebo gwup or a creatine group. The creatine group consumed 4x5g/d of 

creatine monohydrate (ISA, Mississauga, Ont) for 6 days, and then were put on a 

maintenance dose 1)f 5g/day for 2-3 days before returning to the laboratory for their 

second infusion. Subjects in the placebo group consumed isocaloric quantities of a 

commercially avai: able glucose polymer (Polycose) in the same manner as the creatine 

group. All subject; were instructed to consume their supplement dissolved in juice or a 
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soda beverage. Foll1)wing the 8 or 9 d supplementation phase, subjects returned to the 

laboratory for a sec1)nd overnight infusion as described above. 

Prior to both infusions, subjects followed a meat-free checklist diet for two days 

based on their habitual caloric intake. On the day of the infusion subjects consumed a 

pre-packaged diet which contained no meat products. 

Analytic Techniques 

Mixed Muscle Pr01'ein Extraction Method 

Approximately 25-30 mg ofwet tissue was removed from storage in a -70°C 

freezer. With all apparatus and equipment pre-cooled with liquid nitrogen the muscle 

samples were pulv~:rized using a mortar and pestle. 1.0 ml of 10% Trichloroacetic acid 

(TCA) was added t) each tube, and vortexed for 10 sec. The samples were then 

incubated on ice for 10 min. Samples were then homogenized using a glass mortar and 

pestle, and centrifuged at 2500 rpm for 10-15 min. The supernatant was poured off and 

stored for tissue fluid (free pool) amino acid analysis. 2 ml ofnormal saline was injected 

into the sample pel.et and vortexed to remove all residual TCA. Tubes were again 

centrifuged at 250(' rpm for 15 min in the same manner described above. The 

supernatant was again poured off, and 2 ml of saline added in the same manner 

previously describ(:d. This was repeated twice more to ensure that all TCA residue was 

removed. 1 ml of tiN HCl was added to each tube and vortexed for 10 seconds. Tubes 

were capped and heated at 11 0°C in a heating block for 24 h to hydrolyze protein bound 
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amino acids. Tube:; were then removed from the heating block and allowed to cool to 

room temperature. 

Amino Acid Isolation via Cation Exchange Chromatography 

Disposable sep columns were primed by adding 2 ml of deionized water, and 

allowed to drain. 1 ml of a slurry of 100-200 mesh hydrogen cation exchange resin 

(Biorad AG 50W-X8), and 1M acetic acid was added to the column. The muscle 

hydrolysate was poured over the column, allowing the amino acids to bind the resin. The 

columns were then rinsed twice with 2 ml ofO.OOIN HCl to maintain the amino acids in a 

protonated state. The amino acids were then eluted off the resin into 4.0 ml pre-labeled 

Wheaton vials using 2 x 1.0 ml6N ~OH rinses. Samples were then evaporated to 

dryness (- 4 h) in a speedvac. 

Leucine Derivitiza~ion 

To make the leucine volatile it was chemically derivitized to its propyl-ester. The 

acid functional group is derivitized first by adding 200 ul of a combination of3 parts !­

propanol and 1 part 12N HCl to the Wheaton vials. The samples were vortexed for 

approximately 10 sec and heated at 110° for 1 h. Samples were vortexed periodically 

during the hour. Samples were removed from the heat and rotary evaporated for 1 h, or 

until completely dry. The amino group was then derivitized by adding 200 ul ofa 

mixture of 5 parts acetone, 2 parts triethylamine, 1 part acetic anhydride . Samples were 

then vortexed for 10 sec and heated at 70°C for 20 min with periodic vortexing during the 
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incubation. Samples were removed from the heat and dried under nitrogen for 

approximately 5 min, or until crystals formed. No more than 5 samples were dried at any 

one time as to avoid over-drying and losing the now volatile propyl-esters of the aa. 

When samples were ready to inject into the Isotope Ratio Mass Spectrometer (IRMS), the 

samples were resuspended in - 50 ul of ethyl acetate. Depending on the concentration of 

amino acids in the ;;ample, the amount of ethyl acetate used to resuspend the sample was 

adjusted appropriately. 

Alplla-Ketoisocaproic acid Preparation 

1.0 ml caticn exchange columns were primed by adding 1.0 ml of a 50%by 

volume slurry of 100-200 mesh cation exchange resin (Biorad AG 50W-X8 hydrogen 

form) and 1M acetc acid. 400 ul of sample plasma was added into the columns, 

collecting the eluate into disposable borosilicate glass culture tubes. The columns were 

washed with 2 x 1.0 ml aliquots of0.001N HCl to ensure that all of the KIC was washed 

offofthe column. 300 ul of6N HCL04 was used to deproteinize the sample, which was 

then vortexed at 2~,00 rpm for 10 min. An additional drop of acid was added to ensure 

that all the protein had precipitated and the supernatant was then decanted into labeled 

screw top tubes and the pellet was discarded. 1. 0 ml of a derivitizing reagent was added 

which was compri~:ed of 100 parts o-phenylenediamine (OPDA) dihydrochloride salt 

(Sigma), 5 parts H:!O, and 15 parts 12N HCI. The samples were vortexed for 10 sand 

heated at 110°C fo · 45 min. Samples were removed from the heat and allowed to cool 

completely. Once the sample had cooled, 2.0 ml ofCH2Cb was added and allowed to 
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extract for one min1te. The aqueous phase (top layer) was discarded by vacuum and the 

tubes were placed in the -70°C freezer overnight to precipitate the remaining H20/HCI. 

The CH2Ch was d(:canted into pre-labeled 4.0 ml flat bottom vials and allowed to 

evaporate overnight in a ventilated hood. Samples were derivatized using 50 ul of a 

combination of5 parts ofBSTFA reagent to one part of pyridine by heating at 60°C for 

15 min. Samples were then analyzed in a GC/MS. 

High Energy PJrospllate Analysis 

After a mw;cle biopsy was taken, and divided into a piece for electron microscopy 

[-5 mg wet weight (ww)], and light microscopy (-50 mg ww), a sample (-10-30 mg ww) 

was frozen in liquid nitrogen ( -170 ·c). Samples were freeze-dried over night, and stored 

at -50 ·c until sub!;equent analysis. 

Muscle Powdering 

Samples were powdered using two pairs oftweezers, altered such that the heads 

were bent at 45 degree angles for improved handling ofthe muscle. All powdering 

procedures were performed at 4 ·c, with 15-30% of relative humidity to prevent 

rehydration of the muscle sample. Each sample was inspected for surface blood, and 

subsequently removed by carefully scraping the muscle. The sample was crushed 

between the twee2.ers and repeatedly rubbed together pulverizing the muscle into a fine 

powder. Periodic inspections were performed to ensure that all connective tissue was 
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removed. 5-10 m!; ofpowder was weighed out into a 1.5ml polyethylene tube, for PCA 

extraction. 

Metabolite Extrac/ion 

Muscle metabolites were extracted using 0.5 mol/1 perchloric acid containing 

1mmol/1 EDTA.2E20 at a ratio of 800ul to every 1 Omg of powder for about 5 min on ice, 

while periodically ·vortexing. Extracts were then centrifuged for 5 min at 7000 rpm, and 

neutralized using 2 mol/1 KHC03, for 5 min, while periodically vortexing. Extracts were 

then centrifuged fo· 15 min at 7000 rpm, and the supernate was stored in a 1.5ml 

polyethylene tube at -50 "c. 1ml of the extract was equivalent to IOmg of powder. No 

more than 10 samples were extracted at any given time. 

Plt.osplt.ocreatine aad Adenosine Triplt.osp!t.ate 

Extracts were assayed successively for ATP and PCr in the presence of 50.0 

mmol triethanolamine buffer, pH-7.4; 1.0 mmol/ magnesium chloride, 0.5 mmol 

dithiothreitol, 100 umol glucose, 50.0 umol NADP, 0.02 U/ml glucose-6-phosphate 

dehydrogenase, 0.1L~U/ml hexokinase, ADP, and 25 U/mg creatine kinase. Both the 

creatine kinase and the hexokinase was stabilized using 10% BSA. 

The assay was carried out in 13 x 75 glass screw top tubes using 10ul of sample to 

1ml of reagent. The reactant solution was vortexed, and read at a wavelength of340nm, 

in a Shimadzu fluorometer. For ATP analysis, 25ul ofHexokinase was then added, the 

tube was again vortexed, and incubated in the dark at room temperature for 30 min. 
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Samples were agai r1 read in the fluorometer. 20ul ofcreatine kinase was then added to the 

tubes, vortexed, an :I incubated in the dark at room temperature for 60 min. Samples 

were again read in the fluorometer. Following each incubation, enzyme activity was 

stable at its endpoint. 

Creatine 

Extracts were assayed for creatine in the presence of 50.0 mmol imidazole buffer, 

pH 7.4; 5 mmol magnesium chloride, 30 mmol potassium chloride, 25umol 

phosphoenolpyruvare, 200 umol ATP, 45 umol NADH, 0.240 U/mllactate 

dehydrogenase, 0.7S U/ml pyruvate kinase, 3.6 U/ml creatine kinase. The creatine kinase 

was stabilized using 10% BSA. 

The assay W<:ls carried out in 13 x 75 glass screw top tubes using 1 Oul of sample in 

1ml of reagent. Folbwing the addition ofthe sample to the reagent, the reactant solution 

was vortexed, and in:::ubated at room temperature in the dark for 15min. Samples were 

then read in a shimadzu fluorometer (Taiwan) at a wavelength of340nm. 25ul of 

creatine kinase was added to the sample, vortexed, and incubated at room temperature in 

the dark for 30 min. Samples were again read in the fluorometer. At the end of the 

second incubation enzyme activity was stable at its endpoint. 

Intra-assay coefficient ofvariations for ATP and PCr were 4.0% and 5.4% 

respectively. Similarly intra-assay c.v. for creatine was 6.4%. 
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FSR Calculation 

Fractional synthetic rate was calculated using the following equation: 

FSR = (E2-El] * 11 
KICE * T 

Where E =muscle enrichment at time 2(12h) and time 1(0h), KICE = alpha-KIC 

enrichment, and T ~=infusion time between biopsies (12h). The factor 11 is used to 

correct the values b:tck to tracer/tracee enrichment from the values obtained by Gas­

chromatography-combustion-isotope ratio mass spectrometry. 

Statistical Analysis 

All values are expressed as mean± standard deviation. All analysis were 

performed using the STATISTICA statistical package (STATISTICA for Win v5.0). 

Alpha level was set ;lt 0.05 for all statistical analysis. Differences in FSR, and muscular 

creatine concentraticn were analyzed using a 3-way, repeated measures mixed [Factor 1: 

Condition (2 levels: Jlacebo; creatine); Factor 2: Gender (2 levels: male; female); Factor 

3: Time (2 levels: pre; post)] analysis of variance (ANOVA). Differences in LBM were 

also analyzed using a 3-way, repeated measures, mixed [Factor 1: Gender (2 levels: male; 

female); Factor 2: Cc,ndition (2 levels: placebo; creatine); Factor 3: Time (2 levels: pre; 

post)] analysis ofvar1ance (ANOVA). Differences in subject characteristics were 

analyzed using a 1-w.ly [Factor 1: Condition (2 levels: placebo; creatine)] analysis of 

variance (ANOVA) to ensure that our two groups were comparable. Where no 

differences were found between genders, data were collapsed over condition. 
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Results 

Subject Characteristics 

At baseline the groups were comparable with respect to age, height, body weight, 

%body fat, and LBM (Table 1). The age range ofthe subjects was 21-26 y for the 

females, and 20-31 for the males. 

Plasma Alpha Ketoisocaproic Acid Enrichment 

All subjects ~eached isotopic plateau by 120 minutes into the 13C-leucine infusion. 

Isotopic plateau was maintained throughout the remaining 12 h of infusion (Fig 1). 

Intra-muscular Creatine Values 

There were nJ significant gender differences for intra-muscular free creatine 

(p=0.27; Male: pre- 54± 9.3; pst- 66 ± 9.2; Female: pre- 62 ± 10.3; pst- 68.1 ± 15.3) 

phosphocreatine (p=0.17; Male: pre- 72 ± 12.8; pst-70 ± 9.9; Female: pre-71 ± 13.2; pst­

74 ± 14.5), total creatine (p=0.8; Male: pre-126.8 ± 11.6; pst-136.4 ± 11.5; Female: pre­

132 ± 12.9; pst-143 ± 21.4), or ATP (p=0.59; Male: pre-20 ± 2.7; pst-21 ± 3.0; Female: 

pre-22 ± 2.2; pst-21 ± 2.0) following supplementation. There was also no gender 

differences at baselim: for free creatine (p=0.16), phosphocreatine (0.7), total creatine 

(p=0.2), or ATP (p=0.25). Intra-muscular total Cr concentration increased 13.1% in the 

creatine supplemented group (p=0.02; Creatine: pre-129 ± 11.6; pst-146 ± 20; Placebo: 

pre-129 ± 13.2; pst-13 2 ± 10.8), and the total creatine concentration was 10.6% higher in 

the creatine group versus the placebo group following supplementation (p>0.05). 
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Phosphocreatine cc ncentration increased 10% in the creatine treated group, however this 

was not significant (p>0.05). Following supplementation phosphocreatine concentration 

was higher in the creatine group (14.9%) than in the placebo group (p=0.05; Creatine: 

pre-70 ± 8; pst-77 :J: 15; Placebo: pre-72 ± 16.7; pst-67 ± 4.9). Free creatine 

concentration increased 16.9% following creatine supplementation, however this was not 

significant as the placebo group also increased 14% (p>0.05; Creatine: pre-59± 10.1; pst­

69 ± 12.8; Placebo: pre-57± 11.2; pst-65 ± 12.4) (Fig 2-4). Refer to table 1. 

Pearson R c )[relations were performed to compare the changes in Cr, PCr, and 

total Cr concentrations to their pre supplementation values following supplementation. 

The correlation between PCr and its pre-supplementation value 

was r=- 0.52 (p>0.05). The correlation between the increase in free Cr, and its pre-

supplementation value was significant at r=- 0.61 (p<0.05), and the correlation between 

total Cr and its pre-f·.upplementation value was r= -0.2 (p=0.2) (Fig 5-7). 

Table 1. Intramuscular Creatine Concentrations 

Group PCr (mrnol/kg/dm) Cr (mmollkg/dm) Total Cr (mmol/kg/dm) ATP (mmol/kg/dm) 

Pre Pst Pre Pst Pre Pst Pre Pst 

Creatine 

Males 72.0 (6.7) 73.0 (12.5) 53.4 (6.7) 68.1 (10.0) 125.5 (7.9) 141.2 (12.4) 21.6 (2.3) 21.0 (3.2) 

Females 69.7 (9.8) 81.2 (18.3) 64.5 (10.2) 70.3 (15.8) 134 (13.5) 151.5 (25.6) 21.5 (2.1) 21.4 (2.4) 

Placebo 

Males 73.9 (18.3) 65.7 (3.5) 54.3 (12.2) 65.0 (8.6) 128 (15.6) 130 (7.7) 19.9 (3.0) 21.9 (2.9) 

Females 71.6 (16.6) 68.7 (5.8) 59.7 (10.5) 65.9 (15.6) 131.3 (13.1) 134.7 (13.2) 22.4 (2.4) 22.2 (1.5) 
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Body Mass Changt?S with Creatine Supplementation 

There was no significant effect of creatine supplementation on LBM (p>0.05; 

Creatine: pre- 57.2(g ± 12.5; pst- 57.9 ± 13; Placebo: pre-51.7 ± 10.1; pst- 52.3 ± 10.7). 

Nor was there a significant effect of supplementation on TBM (p>0.05; Creatine: pre-

75.3kg ± 11.6; pst -75.75kg ± 11.5; Placebo: pre- 68.5kg ± 5.9; pst- 69.2 ± 5.5). There 

was also no effect of supplementation between gender (p>0.05). There was, however, a 

main effect for tim~ in both groups (p<0.05), as both the placebo and creatine groups 

increased significa:1tly following supplementation (Figure 8-9). Refer to table 2. 

Table 2. Body Composition 

Group 

E~ 
Body Composition 

TBM (kg) FFM (kg) 
Pre Pst Pre Pst 

Creatine 
Males 87.3 (15.9) 88 (15.7) 66.9 (8.0) 67.9 (9.0) 

Female:; 63.3 (7.3) 63.5 (7.4) 44.5 (2.9) 45 (3.8) 
Placebo 

Males 76.1 (8.3) 76.6 (7.6) 63.0 (3.6) 63.8 (3.4) 
Female:; 61.0 (3.5) 61.8 (3.4) 46.0 (4.1) 46.5 (4.8) 
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Mixed Muscle Fractional Synthetic Rate 

There was 110 significant difference in resting muscle protein fractional synthetic 

rate between males and females (p>0.05; Males: pre- 0.05885 %/h ± 0.02; pst- 0.058 

%/h ± 0.023; Females: pre- 0.0613 %/h ± 0.02; pst- 0.0728 o/olh ± 0.015). Females 

resting baseline FSR was 3.9% higher than the females baseline FSR. Following creatine 

supplementation males resting FSR was 8.1% higher than females. There was also no 

difference between the placebo and creatine groups (p>0.05; Placebo: pre- 0.063 %/h ± 

0.02; pst- 0.071 %'h ± 0.016; Creatine: pre- 0.056 %/h ± 0.02; pst- 0.058 %/h ± 0.023) 

(Fig 10-14). Referro table 3. At baseline, FSR for the placebo group was 11% higher 

than the creatine group. Following supplementation, FSR for the placebo group was 18% 

higher than the crearine group. 

Table 3. Mixed Muscfe Fractional Synthetic Rate 

Group FSR (%/h) 
Pre Pst 

Creatine 
Males 0.0553 (0.02) 0.0614 (0.02) 

Females 0.0572 (0.02) 0.0564 (0.02) 
Placebo 

Males 0.0624 (0.03) 0.0546 (0.02) 
Females 0.0654 (0.01) 0.0892 (0.02) 
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TABLE 4. SUE:JECT 
CHARACTERISTICS 

Age (yr) Height (em) Mass (kg) %BF LBM (kg) Kcai/Kg/d 

Placebo (n=B) 23.4 (2.1) 176.25 (13.6) 69 (4.3) 16.2 (3.3) 54.5 (2.6) 36.8 (14.2) 

Creatine (n=14) 22.4 (4.7) 174 (11.4) 75.3 (10.4) 15 (2.9) 55.6 (3.7) 30.76 (10.9) 

TABLE 5. Testing Protocol 

L-l-13C-leucine 

-120 -15 0 +4 +11.75 +12 

* * * * * * 
1l 

* - blood and gas samples 

1l - muscle biopsy 
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0 +4 +1175 +12 
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Figure 1. Alpha KIC enrichment during both trials for both the Cr and placebo group. 



76 

Mlllscular Phosphocreatine 
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Figure 2. Muscular Phosphocreatine before and after supplementation in both groups expressed in 
mmol/dm. The symbol*, denotes a significant (p<0.05) difference between PCr in the 
cre!ltine group, and PCr in the placebo group following supplementation. 
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Muscle Creatine 
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denotes a significant (p<0.05) difference between the creatine and placebo group following 
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Fat-Free Mass 
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Figure 10. Creatine ueated females resting mixed muscle protein FSR expressed in o/olh. 
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Figure 11. Pl1cebo treated females resting mixed muscle FSR expressed in o/cJh. 
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Figure 12. Creatine treated males resting mixed muscle protein FSR expressed in o/clh. 
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Figure 13. Pl<l cebo treated males resting mixed muscle protein FSR expressed in o/olh. 
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Figure 14. Placebo and Creatine muscle protein FSR exlJressed in o/olh. 
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Discussion 

In this stud:r we determined that creatine supplementation (20g/d) for 7 d had no 

effect on resting m xed skeletal muscle protein FSR in humans, which does not support 

the literature which suggests that creatine may stimulate contractile protein FSR (18). 

Ingwall (18), as well as Young and Denome (19), have reported that when myotubes 

were incubated in a creatine rich medium, myofibrillar protein synthesis is significantly 

increased. In Ingwall's (18) experiments, myosin and actin specific synthetic rates were 

established, whereas in the present study mixed muscle protein synthesis was measured. 

Interestingly, Ingwall (18) reported an increase in actin and myosin specific protein 

synthesis in respome to exposure to creatine in vitro, however, total protein synthesis was 

not reported to be significantly increased. These results (18) would suggest that creatine 

acts specifically to increase contractile protein synthesis. In vivo, however, it has been 

established by Yara ;;heski and colleagues (26) that mixed muscle protein synthesis, and 

myosin and actin specific protein synthesis rates respond in a directionally similar 

manner to the physi1)logical stresses of exercise 

Ingwall (18) had suggested, creatine may act as a chemical signal for 

transcriptional regulation, thus, mRNA analysis in vivo might be a more sensitive 

mediator of the potential for increasing muscle protein FSR. Under these circumstances, 

creatine may increase the mRNA for myofibrillar protein, however, there may be a time 

delay between trans<:ription and an up-regulation ofFSR. In contrast, it has been shown 

that the exercise-induced acute increase in FSR is mediated at the translational level (27). 
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Thus, if creatine increased the mRNA for myofibrillar proteins, the potential increase in 

FSR may not be realized over the duration of the current study. 

Many in vivo studies examining creatine supplementation, have reported 

significant weight .~ains following acute creatine supplementation (4, 5, 9, 11), however, 

the source of the weight gain has not been elucidated. Our results are in accordance with 

the suggestion ofEultman and colleagues (6), who reported a significant decrease in 

urine excretion whi Ie subjects supplemented creatine, implying that the creatine induced 

water retention. In the present investigation, muscle protein FSR at rest was not elevated 

following acute creatine supplementation, therefore the increase in weight is likely 

attributable to incrEased intramuscular water retention. 

In the prese 11t study, total Cr concentrations were significantly elevated following 

creatine supplementation of20g/d for 7 d. Increases were in a similar magnitude to those 

shown by Harris and colleagues (5), and it was apparent that those with initially lower 

free Cr concentrations increased to a greater extent as suggested by Harris (5), and 

Odland (28). Despite the higher concentrations in muscular PCr, and total Cr 

concentrations folic wing supplementation, no increases in muscle protein FSR resulted, 

suggesting that there is no relation between Cr concentrations and FSR. This of course, 

may be precluded by the nature ofthe measurement and the inherent variability using the 

FSR technique to dt~termine muscle protein synthetic rate. 

The question ofwhether or not a combination of creatine and resistance training 

would increase muscle protein synthetic rates above that of resistance training alone has 

not yet been answered. It has been shown by Kreider (14), and Vandenbergh (13) that 
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the administration of creatine during a strength training program resulted in a greater 

increase in LBM. Since creatine supplementation has been implicated as playing an 

integral role durin!~ high intensity activity in potentiating performance (3), and this type 

of exercise can stinulate protein synthesis (17), creatine supplementation may act 

indirectly to stimulate protein synthesis by allowing a greater volume of training. The 

literature provides ~everal lines of evidence supporting the idea that acute creatine 

supplementation hc.s a performance enhancing effect (1). Thus, it likely that this acute 

effect may persist cluring long term supplementation, which would allow one to work at a 

higher intensity on a daily basis. Since the present study shows that PCr concentration 

was significantly higher in the Cr group compared to the placebo group following 

supplementation, tr en an increase in total lifting volume may be possible. This claim is 

supported by Gordon et al. (29) who showed that an increase in PCr concentration was 

directly related to performance during one legged cycle ergometry in patients with 

congestive heart failure. Both 1-legged cycling endurance and peak torque were reported 

to increase significantly following supplementation. Thus, a greater total lifting volume 

secondary to Cr supplementation might result in greater total protein accretion over a 

given period oftim(:. 

Although celular hydration was not measured in this experiment, and thus the 

hypothesis of cellular swelling on protein metabolism was not tested, it is unlikely that 

creatine would stimulate protein synthesis via an increase in cell water. In the present 

study LBM increased 0.7kg following Cr supplementation, this however, was non­

significant, and thus it is difficult to decipher whether or not we induced any 
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intramuscular water retention in the present study. In a study examining the effect of 

hydration on protein synthesis Haussinger and colleagues (15), reported that patients in 

varying diseased states showed a positive correlation between cellular hydration and 

nitrogen balance. The results by Haussinger and colleagues (15), included only those in a 

hypovolemic and euvolemic state, and thus did not really address the question as to 

whether this correh.tion extends beyond euvolemia to those in a hyper-hydrated state. 

There have been several studies that have investigated cellular swelling as either an 

anabolic or anti-cat abo lie stimulus for protein. Few have shown an effect ofcell swelling 

as a stimulator for :;ynthesis (16), yet several have reported an anti-catabolic effect of 

increasing cell volume (26, 27, 28). However, there have been no reports supporting that 

increased cellular vrater acts as a stimulus for increasing muscle protein metabolism. 

One issue c1mld be the difficulties in extrapolating from data gathered on 

hepatocytes and mammarcytes to muscle, however it seems clear that a uniform 

directional change in this area of research does not exist. The manner in which muscle 

cells respond to eeL volume changes may not be the same as hepatocytes and 

mammarcytes. In f:tct, proteins in the same type of tissue may act directionally different 

in response to swelling. Quillard and colleagues (25) demonstrated that the response of 

to swelling in hepat :>cytes is highly dependent on the protein showing a decrease in 

phosphoenolpyruva: carboxykinase mRNA following exposure to a hypo-osmotic 

solution. 

Since the effect of creatine on protein metabolism is still undeveloped, there are 

several lines of research which need to be clarified. The role of creatine in muscle 
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protein anabolism has been established by Sipila in 1981 ( 4), who reported increases in 

type II fiber area fi>llowing one year ofcreatine supplementation in patients diagnosed 

with gyrate atroph:r of the choroid and retina. It has been suggested (5) that those with 

initially low creatine levels were most likely to benefit from creatine supplementation. 

Since creatine may play a regulatory role in protein metabolism, it is possible that people 

with low resting [PCr] may demonstrate increases in muscle protein FSR with creatine 

supplementation. 

The effect of creatine on resting muscle protein fractional synthetic rate has been 

measured in the present study, however, the effect of creatine on protein degradation 

remains unknown. It has been emphasized that it is important to consider breakdown rate 

when determining muscle protein kinetics(21 ). During an acute bout of exercise it 

appears that breakdown increases less than synthesis and returns to resting levels far 

sooner than synthe~:is, inducing a more positive protein balance following exercise (21). 

Creatine may attenuate muscle protein breakdown, and thus induce a larger increase in 

protein accretion over a given period of time. Vandenbergh (13), and Kreider (14) have 

both demonstrated ·:hat significant gains in LBM can be achieved when supplementing 

creatine while resistance training. If no interaction is observed between resistance 

training and creatine on muscle protein FSR, then FBR may be affected by creatine 

supplementation. 

Although w~ report no change in mixed muscle FSR following short-term 

creatine supplememation, there still may be some benefit for athletes and patients to be 

supplementing their diet with creatine. There appears to be little doubt that creatine 
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induces a metabolic advantage (1), and there is some evidence supporting an interaction 

between creatine and exercise, which results in a greater lean body mass (13, 14). 

Further investigation is needed involving direct measurement of protein synthesis 

following long-term creatine supplementation and resistance training, to determine if 

creatine does indue~~ an increased muscle protein FSR. 
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CREATINE SUPPLEMENTATION: EFFECTS ON MUSCLE 

PROTEIN SYNTHESIS AND MUSCULAR PERFORMANCE 


INFORMATION AND CONSENT FORM 

INVESTIGATORS: DEPARTMENT: CONTACT: 

Dr. Mark Tamopol~ky Medicine and Kinesiology x24465 

Mr. Sasa Mihic Kinesiology x27037 

Mr. Dan MacLenna1 Kinesiology x2703 7 

Mr. Gianni Parise Kinesiology x27037 

PURPOSE: 

Oral creatine supplementation has been a popular practice among athletes 

involved in anaerob c, short-duration, high-intensity activities (e.g. jumping, sprinting, 

weight-lifting etc.). 1t has been suggested that oral ingestion of creatine monohydrate of 

20g per day for 5-(, days may benefit physical performance by enhancing volitional 

strength and anaerobic power. It has also been shown that this protocol is usually 

accompanied by an increase in body mass, and that males tend to gain significantly more 

weight than females. These changes in mass are likely due to greater water retention by 

the muscles, which suggests that lean tissue (fat-free mass) is affected. Indeed, a recent 
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work in our lab (Mihic and colleagues, unpublished data, 1997) has demonstrated that the 

increase in whole body weight was primarily due to increased lean body mass. Body fat 

was not affected by the supplementation. Therefore, this study will try to address the 

following questions: 

1. Does creatine supplementation have an effect on muscle protein synthesis? 

2. Will creatine supplementation benefit muscle performance in short-term, high-intensity 

activities? 

OUTLINE: 

You will be one of the 28 male and female volunteers participating in the study. 

After having recorded your 4-day dietary intake, you will first be familiarized with the 

performance testing. You will also be asked to abstain from exercise on specific days 

during the trial. 

Following an overnight fast, you will report to the Human Performance 

Laboratory in IWC for the performance protocol (PPRE). You will undergo the following 

tests: a) 60- sec. handgrip strength test b) a 2-min strength test by the m.tibialis anterior 

(front of your shin - lifts your toes off the ground) c) knee extension fatigue protocol 

(Cybex apparatus), and d) two consecutive 30 sec. all-out bike sprints (Wingate), 

interspersed with H 4 min. recovery. Prior to and following exercise, small amounts of 

blood will be samJled ( -1Oml) through a plastic catheter. The catheter will have been 
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inserted into the antecubital vem of your dominant arm by a trained, certified lab 

member. 

After a three-day rest, you will undergo a stable isotope infusion protocol 

(ISOPRE). Prior t1) and on the day of infusion, it will be required that you eat pre­

packaged food designed to mach your habitual intake. A prime (lmg/kg body mass) dose 

of sterile amino a;id (leucine) tracer will then be infused via a plastic catheter (see 

above), followed by a constant infusion (lmg/kg/hr) for the next several hours. Another 

catheter will be in:;erted into the other arm for blood collection at different time-points 

(total amount -120ml). -90 min. after the onset of the infusion, Dr. Tamopolsky will 

perform a muscle ·Jiopsy on the outer portion of your leg (m. vastus lateralis). As well, 

expired gas will be collected a number of times. The infusion protocol will be completed 

following another muscle biopsy of the contralateral m. vastus lateralis. A 24hr urine 

collection will again take place on the day of testing. 

On the foU)wing day, you will have your body composition (fat-free mass, body 

fat%, bone mineral density) assessed by DEXA (x-ray scan). At this point you will be 

supplemented with either creatine (CR) or placebo (PL; sugar-like substance), as assigned 

in a randomized, double-blind fashion. The substance will be ingested 4 x 5g/d x 5d, and 

5g/d for the subsequent 5 days (total of 10 days). To control for dietary creatine intake, 

the consumption cf food will be pre-determined (check-list diet) for the duration of the 

supplementation. 

On Day 6 of the protocol, you will again perform a performance test, identical to 

that previously de:;cribed. You will undergo another DEXA scan on Day 9. On Day 10, 
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supplementation vrill cease, and a leucine infusion will take place in the same way as 

ISOPRE (see above). Like for the ISOPRE, pre-packaged diet will be consumed, and 

24hr urinary sam pie collected. 

DETAILS OF TElE PROCEDURES AND POSSIBLE RISKS: 

1. Blood sampling. There may be slight bruising at the site of insertion of the plastic 

venous catheter. The catheter itself is designed to allow for blood to be drawn safely with 

minimal discomf01t to you. It will be inserted by a trained physician or by a trained and 

certified member of the lab. The total amount of blood taken will be up to 120ml per 

testing (1/3 cup). 

2. Needle biopsy procedure. Involves the local injection of an anesthetic ("freezing") 

into the skin of the outer thigh area, after which a small (4mm) incision will be made and 

a small (50-100mg) piece of muscle will be removed using a sterile hollow needle. After 

the procedure, a sll':ure will be used to close the skin, and ice and pressure will be applied 

to minimize bruisirg. The procedure will be performed by Dr. Tamopolsky who has done 

it more than 7,000 times. Complications with the procedure are rare. However, in our 

experience with athletes, 4/7,000 experience a local skin infection, 6/7,000 have a small 

lump at the site cf biopsy (all disappear with massage after -1 week), 1/400 have 

temporary (up to 4 months) localized loss of sensation in the skin at the site of incision, 

and a few subjects have mild bruising around the incision for 4-5 days. In theory, one 

could damage a small motor branch of the m. vastus lateralis, which should not affect 
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function (knee e>ct:ension). Nevertheless, this has not been seen m any of the 

patients/subjects byopsied by Dr. Tarnopolsky. 

3. Stable isotope infusion. 13C leucine has been widely used to examine whole body 

protein metabolism, as well as muscle protein synthetic rates. The isotope is stable (i.e. 

non-radioactive), with the natural abundance of -1.11% of the total body carbon pool. 

The slight increase in your isotopic enrichment will return to baseline after 24hr. The 

infusion solution is guaranteed sterile by the manufacturer. 

4. Creatine monohydrate supplementation. Administration of creatine similar to that of 

this study's has be{:n used in a number of experiments (Harris et al., 1992; Hultman et al., 

1996). No side-effi~cts have been observed, except for a transient increase in total body 

mass ( -1kg). This weight gain is mostly due to water retention by the lean tissue, and will 

return to baseline shortly after the cessation of the supplementation. Anecdotal reports of 

increased blood pn:ssure and altered kidney function have not been supported by a recent 

well-controlled, rar.domized, double-blind trial done by our lab (Mihic et al., unpublished 

data, 1997). How{ ver, it is not known what impact creatine ingestion may have in 

conditions of dramatic changes in body mass, typical for some combat sports (wrestling, 

judo, boxing etc.). The press recently reported deaths of two elite wrestlers who had been 

losing weight in an extremely short period of time. The autopsies revealed severe cases of 

dehydration and it was stated that both athletes were taking creatine as they were losing 

weight. This repott suggests that caution should be exercised when major weight 

reduction programs are combined with creatine supplementation. 
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BENEFITS: 

You should be aware that the results of this study will be made available to the 

scientific community, although neither your name nor any reference to you will be used 

in compiling or publishing these results. You may withdraw from the study at any time 

without any adverse repercussions, even after signing this form. 

You will receive an honorarium of $195 upon the completion of the study to 

compensate for yon time commitment. Additionally, you will have access to your own 

data (body compos:tion, average dietary intake etc.), as well as the group data when it 

becomes available. 

You will be able to contact student investigators at 525-9140 (x27037) and/or Dr. 

Mark Tarnopolsky ct any time regarding your questions or concerns about the study. Dr. 

Tarnopolsky can be contacted at: W- 521-2100 (x6593, or x6443 pager: 2888); H- 527­

1295. 
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I,,____________, HAVE READ AND UNDERSTAND THE 

ABOVE EXPLANATION OF THE PURPOSE AND PROCEDURES OF THE 

PROJECT, AND AGREE TO PARTICIPATE AS A SUBJECT. 

SIGNATURE DATE 

WITNESS DATE 
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APPENDIX B: 


Statistical Summary Tables 
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ANOVA table 1: Age 
Effect 

I Group 

ANOVA table 2: Mass 
E·.Ffect 

Group 

df 
Effect 

1 

df 
Effect 

1 

MS 
Effect 

5.27 

MS 
Effect 
206.2 

df 
Error 

20 

df 
Error 

20 

MS 
Error 
6.55 

MS 
Error 
230.7 

F p-level 

0.805 I 0.38 ~ 

F p-level 

0.895 I 0.3553 I 
ANOVA table 3: Height 

E1fect df MS df MS F p-level 
Effect Effect Error Error 

Group 1 25.77 20 127.8 0.202 I 0.66I I 
ANOVA table 6: l<callkg/d 

Effect df MS Of MS F p-level 
Effect Effect Error Error 

Group 1 185.46 20 61.6 3.01 0.099 

ANOVA table 4: <:toBF 
Effect df MS Of MS F p-level 

Effect Effect Error Error 

Gn:mp 1 7 20 50.59 0.1385 I 0.714I I 
ANOVA table 5: LBM 

Effect df MS Of MS F p-level 
Effect Effect Error Error 

Group 1 5.18 20 142.8 0.036 1 o.8514 ~ 
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ANOVA table 6: FSR 
Effect df MS Df MS F p-I eve I 

Effect Effect Error Error 

Condition 1 0.0011 18 0.00046 2.4 0.14 

Gender 1 0.00075 18 0.00046 1.6 0.22 

Time 1 0.00029 18 0.00028 1.06 0.32 

Conditon x Gender 1 0.0011 18 0.00046 2.3 0.15 

Conditon x Time 1 0.00075 18 0.00028 0.27 0.61 

Gender x Time 1 0.00039 18 0.00028 1.4 0.25 

Condition x Gender x Time 1 0.00094 18 0.00028 3.4 0.08 

ANOVA table 8: PCr 
Effect df MS Effect df Error MS F p-level 

Effect Error 

Gender 1 35.12 23 214.17 0.16 0.689 
Condition 1 212.23 23 214.17 0.99 0.329 

Time 109.131 1.56 23 0.01 0.905 
Gender x Condition 1 22.88 23 214.17 0.11 0.747 

Gender x Time 1 209.82 23 109.13 1.92 0.179 

Gender x Conditon x 
Time 

ANOVA table 9: Cr 
Effect df MS Effect df Error MS F p-level 

Effect Error 

Gender 
Condition 

Conditon x Time 
Gender x Conditon x 

Time 

1 
1 

1 
1 

322.85 23 152.39 2.12 0.16 
109.26 23 152.39 0.72 0.41 

10.09 120.63 0.08 0.775 
16.55 23 120.63 0.14 0.715 
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AN OVA table 10: TCr 
Effect df MS Effect df Error MS F p-level 

Effect Error 

Gender 1 571 .69 23 330.77 1.73 0.202 

Condition 1 628.12 23 330.77 1.89 0.181 

Gender x Conditon x 
Time 

ANOVA table 11: ATP 
Effect df MS Effect df Error MS F p-level 

Effect Error 

Gender 1 8.3 23 5.93 1.39 0.249 
Condition 1 0.48 23 5.93 0.08 0.778 

Time 1 0.74 23 7.11 0.1 0.75 
Gender x Condition 1 4.98 23 5.93 0.84 0.368 

Gender x Time 1 2.08 23 7.11 0.29 0.593 
Conditon x Time 1 5.1 23 7.11 0.72 0.405 

Gender x Conditon x 
Time 

1 6.4 23 7.11 0.9 0.353 

ANOVA table 12: Total Body 
Mass 

Effect df MS Effect df Error MS F p-level 
Effect Error 

1 23 
Conditon x Time 1 0.021 23 0.609 0.04 0.853 

Gender x Conditon x Time 1 0.013 23 0.609 0.02 0.883 
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ANOVA table 13: Fat-Free 
Mass 

Effect df MS Effect df Error MS F p-level 
Effect Error 

Conditon x Time 
Gender x Conditon x Time 

59.27 1.69 0.207 
1 0.515 23 0.9958 0.52 0.479 
1 0.077 23 0.9958 0.08 0.783 
1 0.127 23 0.9958 0.13 0.724 
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APPENDIXC 


Raw Data 
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MIXED MUSCLE ANALYSIS 
Female Male 
Code Subject Atom% Atom% 

Excess 
Code Subject Atom% Atom% 

Excess 
PI 1-pre-0 1.0765 0.00425 PI 17-pJe-0 1.0775 0.0026 

1--pre-12 1.0808 17-pre-12 1.0801 
1-pst-0 1.0823 0.0043 17-pst-0 1.0823 0.0035 

1-pst-12 1.0866 17-pst-12 1.0858 
PI 2-pre-0 1.0772 0.00305 PI 10-pre-0 1.0768 0.0052 

2-pre-12 1.0803 10-pre-12 1.082 
2-pst-0 1.082 0.0049 10-pst-0 1.0827 0.00325 

2-pst-12 1.0869 10-pst-12 1.086 
PI 23-pre-0 1.0759 0.00585 Cr 11-pJe-0 1.0759 0.0049 

23-pre-12 1.0817 11-pre-12 1.0808 
23-pst-0 1.0836 0.00765 11-pst-0 1.0824 0.00385 

23-pst-12 1.0912 11-pst-12 1.0862 
PI 22-pre-0 1.0774 0.00325 Cr 12-pJe-0 1.0778 0.0029 

22j)_re-12 1.0806 12-pre-12 1.0807 
22-pst-0 1.0825 0.0053 12-pst-0 1.0837 0.00645 

22-Q_st-12; 1.0878 12-pst-12 1.0901 
Cr 6-pre-0 1.0765 0.00245 Cr 13-pre-0 1.0767 0.00345 

6-pre-12 1.079 13-pre-12 1.0801 
6-pst-0 1.0823 0.0027 13-pst-0 1.0832 0.0031 

6-pst-12 1.085 13pst-12 1.0863 
Cr 7-pre-0 1.0773 0.0021 Cr 15pre-O 1.0772 0.0031 

7-pre-12 1.0794 15-pre-12 1.0803 
7-pst-0 1.0817 0.00275 15-R_st-0 1.0841 0.0038 

7-pst-12 1.0845 15-pst-12 1.0881 
Cr 8-pre-0 1.0761 0.0054 PI 9-pre-0 1.0772 0.0032 

8-pre-12 1.0815 9-pre-12 1.0804 
8-pst-0 1.0842 0.00235 9-pst-0 1.0844 0.0017 
8-pst-12 1.0865 9-pst-12 1.0861 
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MIXED MUSCLE ANALYSIS 
Female Male 
Code Subject Atom% Atom% 

Excess 
Code Subject Atom% Atom% 

Excess 
Cr 18-pre-0 1.0764 0.0055 Cr 24-pre-0 1.0769 0.00305 

18-pre-1:2 1.0819 24-pre-12 1.08 
18-pst-C 1.0843 0.0055 24-pst-0 1.0827 0.0027 

18-pst-12 1.0898 24-pst-12 1.0854 
Cr 4-pre-0 1.0768 0.004 Cr 25-pre-0 1.0784 0.0017 

4-pre-12 1.0808 25-pre-12 1.0801 
4-pst-0 1.0831 0.0041 25-pst-0 1.0812 0.0045 

4-pst-12 1.0872 25-pst-12 1.0857 
Cr 19-pre-C 1.0775 0.00315 Cr 26-pre-0 1.0757 0.00485 

19-pre-1:2 1.0807 26-pre-12 1.0805 
19-pst-0 1.085 0.00375 26-pst-0 1.0816 0.0042 

19-pst-12 1.0887 26-pst-12 1.0858 
Cr 21-pre-C 1.0756 0.00485 PI 16-pre-0 1.0766 0.002 

21-pre-12 1.0804 16-pre-12 1.0786 
21-pst-0 1.0821 0.0059 16-pst-0 1.0816 0.00275 

21-pst-12 1.088 16-pst-12 1.0844 



115 

Subject# Gender Condition PCr-pre Cr-pre TCr-pre ATP-pre PCr-pst Cr-pst TCr-pst ATP-pst 

1 f PI 56.6 65.3 121.9 21.2 67.2 54.2 121.4 22.9 

2 f PI 97.1 60.9 157.9 17.6 64.6 88 152.7 23 

3 f PI 48.6 75.9 124.5 24.3 65.4 53.8 119.2 20.2 

4 f PI 72.1 49.6 121.7 24.7 69.6 74.6 144.2 24.2 

20 f PI 84.7 43.5 128.2 23.2 81.4 48.7 130.1 23.1 

22 f PI 64.4 61.9 126.3 22.9 68.2 59.8 128 22.1 

23 f PI 77.9 61.1 139 23.2 64.7 82.8 147.5 19.97 

5 f Cr 65.8 59.9 125.8 22.6 72.1 69.3 141.4 18.4 

7 f Cr 71.1 58.9 130 18.2 83.1 52.2 135.3 22.3 

13 f Cr 70.2 58.4 128.7 20.4 81.2 70.3 151.5 21.5 

8 f Cr 84.4 80 164.3 24.1 115.7 82.1 197.8 23.5 

18 f Cr 74.7 52.3 127 23.2 71.2 98.7 169.9 25.4 

19 f Cr 51.8 76.8 128.6 20 57 61.8 118.8 19.5 

21 f Cr 70 65.6 135.6 22.5 88.1 57.8 145.9 19.8 

9 m PI 55.1 78 133.1 21.7 59.5 77.4 136.9 24 

11 m PI 107.6 46.9 154.5 22.9 65.8 52.8 118.6 18.5 

14 m PI 68.4 45.6 114.1 16.6 65.1 59.4 124.4 24.3 

16 m PI 64.1 47.4 111.5 16.9 70 64.3 134.3 20.8 

17 m PI 80.5 51.5 132 23.4 66.8 71.5 138.3 25.2 

27 m PI 68.2 56.5 124.6 18.3 67.3 64.9 132.2 18.6 

10 m Cr 76.7 41.8 118.6 25.5 75.8 55.1 130.9 18.6 

12 m Cr 67.1 53.6 120.7 18.55 57.9 79.4 137.3 18.7 

7 m Cr 70.5 52.4 122.8 22.5 71.1 66.8 137.9 18.3 

15 m Cr 69 50.2 119.2 20.4 74.1 60.6 134.8 25.5 

24 m Cr 74.7 62.1 136.8 22.7 97.7 69.5 167.2 19.5 

25 m Cr 63 60.5 123.6 19.6 71.4 62.6 134 25.7 

26 m Cr 83.2 53.7 136.9 22.6 63.3 83.1 146.3 20.8 

MUSCLE CREATINE 


lean-PI 

SO-PI 

lean-Cr 

SD-Cr 

72.7154 

16.7754 

70.8714 

8.17514 

57.2385 

11.2325 

59.0143 

10.1277 

129.946 

13.7814 

129.9 

11.628 

21.3 

2.91004 

21.6321 

2.13286 

67.3538 

4.98341 

77.1214 

15.6653 

22.066965.554 132.908 

2.2351912.401 10.836 

21.2569.236 146.357 

2.7748212.803 20.0896 
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Expanded Methodology 
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Gas Chromato12:raphy- Combustion - Isotope Ratio Mass Spectrometry 


Theory and Principles 

The mass spectrometer equation can be defined as: 

M/Z = B2R2/2V 

Where an ic n of mass (M) and charge (Z) is accelerated in a potential (V) and 

injected into a uniform magnetic field (B) then the ion experiences a force and moves in a 

circular orbit of radius (R). For singly charged ions the radius is determined by the 

choice of magnetic and electric field. The combination offields selects ions ofparticular 

mass and forms a mass filter. This principal is the basis of all magnetic-sector mass 

spectrometers. Th,~re are several steps in analyzing a sample in a mass spectrometer and 

they are defined by ionizing a sample gas, forming a beam, accelerating that beam by an 

electric field, deflecting it by a magnetic field, and finally detecting it. All ofthese 

events take place in three different sections of the IRMS. The source is responsible for 

ionization, beam fo ~mation and acceleration. The flight tube is responsible for magnetic 

deflection, and the collector detects the sample. When the sample is first ionized a beam 

of electrons is passed through the gas and through a series of collisions or close 

encounters one or more electrons can adhere to the molecule and form a negative ion, or 

detach from the molecule and leave a positive ion. In most cases it is the molecules 

which have lost an dectron and thus carry a positive ion which are analyzed. The 

positive ions are now accelerated and formed into a beam by increasing the ionization 

chamber to a positive potential. The ions are accelerated through a slit in the source 
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towards a second slit (alpha) at ground potential. The flight tubes forms an arc, which 

passes between the poles of a magnet. As the ion beam travels down the tube the beam is 

separated into dif}'(:rent beams dependent on the mass of the ions. A particular radius, 

and therefore mass is selected by a slit at either end ofthe flight tube. In the collector 

the ions pass through a resolving slit and detected by a faraday cup. The ion current in 

the cup is proportional to the number of incident ions, and therefore to the partial pressure 

of the isotopic molecular species in the sample gas. Normally, during isotope ratio 

measurements more than one faraday cup is used for different masses. Therefore, the 

measurement of 12C02 of mass 44 can be compared to a labeled 13C02, resulting in a 

mass 45. The sensitivity in such an instrument is that which allows us to measure the 

difference of even 1 mass unit (SIRA Series II handbook). 
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APPENDIXE 


Expanded Discussion 
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FSR Variability 

The FSR method is typically known for having a large degree ofvariability, and 

thus only stimuli that induce dramatic changes in protein synthetic rate can be detected. 

For example, exercise (Chesley et al. 1991; Phillips et al. 1997, 1999), amino acids 

(Biolo et al. 1994, 1995; Tipton et al. 1999), and insulin (Biolo et al. 1999), have all been 

shown to have me[,surable effects on muscle protein metabolism, however all ofthese act 

with either a mech,mical stress on the muscle tissue, or are directly involved in muscle 

anabolism as either a substrate or a signal. Furthermore, current literature demonstrates 

the variability of measuring muscle protein synthesis using stable isotope methods. Roy 

and colleagues (1997) reported a non-significant 36% increase in FSR following a sub­

maximal bout ofn:sistance exercise. Similarly, Tipton and colleagues (1996) reported 

FSR values in whkh a combination of endurance and resistance exercise resulted in a 

73% increase above resistance exercise alone, and a 30% increase above swimming 

alone. Despite the pronounced divergence in stimuli, the FSR values were non­

ignificant. Thus, even if creatine did induce a protein synthetic effect on muscle, unless it 

increased synthesi!: at least 30% above normal, it is unlikely that we would detect it using 

these methods. There are two possisble reasons for the large degree ofvariability 

associated with th€: measure ofFSR. One major assumption we make concerning muscle 

biopsies, is that the muscle is completely homogenous. That is, that the center of the 

muscle will have the same concentrations of intramuscular metabolites as the peripheral 

sites in the muscle. This, however, may not be the case. A second issue concerning 

tracer methodolog:r, is the concentration of tracer and tracee that are being measured. At 
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the muscle level we are detecting differences between hundreds of molecules, which 

requires a great am:)unt of sensitivity. Although the current technology is very sensitive 

and accurate, it is almost impossible to measure differences between hundreds of 

molecules with conplete certainty. 

Furthermor,~, if creatine exerts a similar effect on protein metabolism as it does on 

human performanc,~ (4% increase), and body weight (3% increase), then changes would 

not have been detected using the FSR method of measurement due its inherent variability 

(25%). 

Alpha-Ketoisocaproic Acid as a Pre-cursor Pool for Protein Synthesis 

One key ekment in determining muscle protein FSR, is the precursor pool that is 

used to determine the protein synthetic potential. The obligatory precursors of proteins 

are amino acids that are acylated to tRNA. Since at least 1 g of muscle tissue is needed to 

isolate tRNA in mt scle several surrogate measures of precursor pool enrichment have 

been used in the calculation offractional muscle protein synthesis in humans. Plasma 

alpha-KIC (alpha ketoisocaproic acid) is used as a surrogate measure because once 

leucine enters the cell it is transaminated quickly, forming KIC, which is then delivered 

back into the plasrra. Some controversy has surfaced regarding the use ofeither KIC or 

tissue leucine, concerning the accuracy in calculating muscle protein FSR. In our study 

KIC was the precursor used to calculate FSR. The use of this precursor as a surrogate 

measure of leucyl-tRNA is supported by several other researchers. Using a swine 

model skeletal muscle FSR was calculated using different precursor pools (Baumann et 
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al. 1994). Followilg a labeled tracer infusion FSR was calculated using leucyl-tRNA, 

and several other J:Ools including plasma KIC, tissue fluid leucine, arterial leucine, and 

arterial KIC. The ,;alculations showed that plasma KIC was the closest value to leucyl­

tRNA accounting for- 90% of the FSR calculated with leucyl-tRNA. Tissue fluid 

leucine on the other hand only accounted for- 80% of the FSR calculated using leucyl­

tRNA as the gold standard. It should be noted however, that the results were almost 

completely reversed in the liver. To summarize, the study demonstrated that the 

relationships between the various precursor pools in skeletal muscle, heart and liver differ 

significantly. More importantly, although tissue fluid leucine and plasma KIC were 

similar to leucyl-tRNA, KIC appeared to be the more accurate surrogate pool. Similarly, 

Watt and colleagm:s (1991) demonstrated that plasma KIC is very similar to leucyl-tRNA 

in human erector spinae muscle, and human placental tissue. In patients undergoing 

orthopedic spinal surgery, and scheduled cesarean sections, between 1-5 g oftissue were 

removed for protei r1 synthetic rate determination following a primed constant infusion 

of e3C]leucine. Interestingly, both the tissue free leucine, and the plasma KIC resulted in 

difference of about 10% from leucyl-tRNA labeling. This particular study acknowledges 

that both pools will result in about a 10% deviation from "true" muscle protein synthetic 

rate, however, the procedure used in determining plasma KIC is easier and more 

convenient than determining tissue free leucine. Thus, it would appear as though KIC as 

a surrogate measure ofleucyl-tRNA labeling can be considered a valid method for the 

determination of muscle protein synthesis. 
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