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Summary. The effects of simple-carbohydrate 
(CHO)- and complex-CHO-rich diets on skeletal 
muscle glycogen content were compared. Twenty 
male marathon runners were divided into four 
equal groups with reference to dietary consump- 
tion: depletion/simple, depletion/complex, non- 
depletion/simple, and nondepletion/complex. 
Subjects consumed either a low-CHO (15% en- 
ergy [E] intake), or a mixed diet (50% CHO) for 3 
days, immediately followed by a high-CHO diet 
(70% E intake) predominant in either simple- 
CHO or in complex-CHO (85% of total CHO in- 
take) for another 3 days. Skeletal muscle biopsies 
and venous blood samples were obtained one day 
prior to the start of the low-CHO diet or mixed 
diet (PRE), and then again one day after the com- 
pletion of the high-CHO diet (POST). The sam- 
ples were analysed for skeletal muscle glycogen, 
serum free fatty acids (FFA), insulin, and lactate 
and blood glucose. Skeletal muscle glycogen con- 
tent increased significantly (p < 0.05) only in the 
nondepletion/simple group. When groups were 
combined, according to the type of CHO ingested 
and /o r  utilization of a depletion diet, significant 
increases were observed in glycogen content. Se- 
rum FFA decreased significantly (p < 0.05) for the 
nondeplet ion/complex group only, while serum 
insulin, blood glucose, and serum lactate were not 
altered. It is concluded that significant increases 
in skeletal muscle glycogen content can be 
achieved with a diet high in simple-CHO or com- 
plex-CHO, with or without initial consumption of 
a low-CHO diet. 
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Introduction 

Since the introduction of the classical CHO-load- 
ing diet (Astrand 1967; Bergstrom et al. 1967; 
Hermansen et al. 1967), several variations have 
been reported (Sherman et al. 1981; Sherman 
1983; Sherman and Costill 1984). These include 
the elimination of the depletion phase in favour 
of a mixed diet (Sherman et al. 1981; Sherman 
and Costill 1984) and consumption of simple or 
complex carbohydrates during the loading phase 
(Costill et al. 1981). While enhanced muscle gly- 
cogen levels are of benefit to the endurance ath- 
lete, there is still some controversy as to the im- 
portance of the depletion phase (Sherman et al. 
1981) or the type of carbohydrate consumed (Cos- 
till et al. 1981; Ledoux et al. 1983) in achieving 
elevated muscle glycogen content. 

The present study was undertaken to investi- 
gate the effects of simple and /or  complex CHO 
diets and the inclusion of a depletion phase upon 
skeletal muscle glycogen stores in a group of en- 
durance trained athletes. 

Materials and methods 

Subjects. Twenty long distance runners volunteered to partici- 
pate after being informed of the experimental procedures and 
inherent risks. Mean (+  SD) age, weight, and height were 34.8 
(+8.5) years, 68.8 (_+8.1) kg, and 178 (+6)  cm respectively. 
All were endurance trained men who had been running a 
mean (_+SD) of 7.4 (+5.1) years averaging 85 (_+22) 
km. week -~, and had run 5 (_+4) marathon (42.2 km) races, 
with a best time of 168 (+12) rain. 

Diet. The subjects were randomly divided into four equally 
sized groups. Each adhered to a different dietary protocol that 
consisted of either a low-CHO diet (<  15%E --  depletion diet) 
or a mixed diet (50% CHO --  nondepletion diet) for days 1 to 
3, followed by a high-CHO diet (>70%E) predominant in 
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Fig. 1. Dietary intake, training and laboratory visit schedule 
for depletion/simple (DS), depletion/complex (DC), nonde- 
pletion/simple (NS),  and nondepletion/complex (NC) 
groups 

either simple-CHO or in complex-CHO (> 85% of total CHO 
intake) for days 4 to 6 (see Fig. 1). These groups were classif- 
ied as: depletion/simple, depletion/complex, nondepletion/ 
simple, and nondepletion/complex. Subjects were given de- 
tailed food lists from which to choose the appropriate dietary 
composition. These lists were prepared using the data from the 
"Nutrient Value of Some Common Foods" (Health and Wel- 
fare, Canada 1979) booklet, with reference to lists of specific 
CHO content of food (Hardinge et al. 1965). For an estimate 
of actual dietary intake, subjects recorded deletions and/or  
additions from the menus. Dietary composition was recorded 
(Roberts et al. 1987). 

Training. Subjects consuming the low-CHO diet were required 
to run for approximately 2 h (25--30 km) on the first day of 
the diet in order to deplete muscle glycogen stores, while sub- 
jects on the mixed diet were restricted l:o 12--16 km. On days 
2 and 3, all subjects ran 10--12 km d-~. During the high-CHO 
diet, training for all subjects was limited to 8 km on day 4, to 
as little as 5 km on day 6 in order to allow the repletion of 
glycogen stores (see Fig. 1). 

Tissue collection. The subjects reported to the laboratory after 
a 12 h overnight fast, one day before starting the low-CHO or 
mixed diet (PRE), and then one day after the completion of 
the high-CHO phase (POST). During these visits, a skeletal 
muscle biopsy (5--10 mg) was taken from the lateral head of 
the gastrocnemius (Bergstrom 1962), and venipuncture from a 
superficial forearm vein was performed to draw 5 cc of whole 
blood. The muscle tissue was frozen ir~,mediately in liquid ni- 
trogen and stored at - 7 0  ~ until assayed for glycogen content 
(Lo et al. 1970). The blood sample was divided into 2 aliquots. 
A portion was utilized immediately for glucose analysis 
(Rapid Stat Kit, Pierce Chemical Co., Rockford II., USA). Fol- 
lowing centrifugation, the serum was removed from the ali- 
quot and stored at - 2 0 ~  for later analyses of FFA and in- 
sulin. The second aliquot of blood was deproteinized in cold 

8% perchloric acid, mixed and centrifuged for 10min at 
3000 x g. The clear supernatant was stored at - 2 0 ~  until as- 
sayed for lactic acid concentration. Serum FFA concentration 
was determined as described elsewhere (Costill et al. 1979) 
with modifications (Duncombe 1964; Laurelt and Tibbling 
1967; Noma et al. 1973). Serum insulin was determined using 
a RIA kit which utilized 125I a s  a tracer (Immuno Nuclear 
Corp., 1983). Blood lactate was determined using the Sigma kit 
(Sigma Chemical Co., St. Louis, MO, USA). 

Mean values for glycogen content of all four dietary 
groups were tested for significance using the student's t test for 
paired observations (Ferguson 1976). Comparisons of specific 
dietary manipulations were tested using a two-way ANOVA, 
with post-hoc analysis performed using Scheffe's Multiple 
Comparison Test (Keppel 1982). Differences at the 0.05 level 
were considered significant. 

Results 

All dietary groups exhibited a tendency to in- 
crease skeletal muscle glycogen content after their 
high-CHO diets, but this increase was significant 
only for the nondepletion/simple group (p < 0.05) 
(see Table 1). When the subjects were grouped ac- 
cording to predominant CHO source, POST gly- 
cogen values increased significantly for both sim- 
ple-CHO (p<0.01) and complex-CHO diets 
(p <0.05) (see Table 1 and Fig. 2). In addition, a 
high carbohydrate diet resulted in significant in- 
creases in muscle glycogen content whether a de- 
pletion phase was included (p<0.05) or not 
(p<0.01) (see Fig. 3). 

Significant decreases (p<0.05) in POST-diet 
serum FFA for the nondeplet ion/complex group 
were noted, although all other groups exhibited a 
similar trend. Significant changes were not ob- 
served for serum insulin and lactate, or blood glu- 
cose (see Table 2). 

Discussion 

The effects of a high-CHO diet on skeletal muscle 
glycogen content have been well documented 
(Bergstrom et al. 1967; Karlsson and Saltin 1971; 
Sherman et al. 1981). The various alterations of 
the original CHO-loading regimen (Bergstrom et 
al. 1967) have all resulted in elevated muscle gly- 
cogen stores. However, one best method for in- 
creasing muscle glycogen content does not appear 
to exist. In effect, it was the aim of this study to 
determine which procedure would most likely 
produce the optimal result with regards to gly- 
cogen storage. Of the four dietary regimens fol- 
lowed in this study, only the nondepletion/simple 
group demonstrated a significant (p<0.05) in- 
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Table 1. Mean (SD) skeletal muscle glycogen content following dietary manipulation 

Group Glycogen Combined Glycogen 
(g. 100g- ~) Groups (g. 100g- 1) 

PRE POST PRE POST 

Depletion/simple 

Non-depletion/simple 

Depletion/complex 

Non-depletion/complex 

2.33 3.60 Depletion/simple 2.43 4.10"* 
plus 

(1.09) (1.21) Non-depletion/simple (0.81) (0.46) 

2.52 4.60* Depletion/complex 2.19 3.19" 
plus 

(0.70) (0.28) Non-depletion/complex (0.24) (1.38) 

2.61 3.52 Depletion/simple 2.47 3.56* 
plus 

(0.91) (1.73) Depletion/complex (0.83) (1.46) 

1.76 2.86 Non-depletion/simple 2.14 3.73** 
plus 

(0.70) (0.80) Non-depletion/complex (0.71) (1.22) 

* Increased from PRE values (p<0.05) 
** Increased from PRE values (/7<0.01) 

crease in skeletal muscle glycogen content. When 
the groups were compared on the basis of dietary 
CHO both the simple-CHO group (p<0.01) and 
complex-CHO group (p<0.05) were noted to 
have significant increases in muscle glycogen con- 
tent. Previously, Costill et al. (1981) noted that a 
two day CHO-loading regimen predominant in 
complex-CHO resulted in greater muscle gly- 
cogen content than that achieved following a sim- 
ple-CHO-rich diet. The results of the present 
study suggest that a simple-CHO-rich diet is also 
effective in increasing muscle glycogen content. 

From the current results and previous litera- 
ture, a possible dietary scheme for the CHO-load- 
ing phase may be devised. Consumption of a diet 
predominant in simple-CHO for the first half, fol- 
lowed by a diet predominant in complex-CHO for 

the second half of the loading phase may prove to 
be an optimal regimen. This method would stimu- 
late glycogen synthesis early by providing the nec- 
essary monosaccharides for glycogen incorpora- 
tion. Once the glycogen synthesizing process is 
stimulated, a complex-CHO diet would ensure 
continued glycogen storage. Newsholme and 
Leech (1983) suggest that a complex CHO source 
be ingested throughout the loading phase, as 
these molecules are absorbed more slowly. Sim- 
ple-CHO is absorbed rapidly and may be stored 
as fat instead of glycogen. Therefore, a shift to 
complex CHO during the latter stages of glycogen 
snythesis may prevent the storage of fat and in- 
crease skeletal muscle glycogen content. 

When the subjects were grouped according to 
depletion or nondepletion phase, regardless of the 
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Fig. 2. Mean glycogen (+ SD) changes after simple- and com- 
plex-CHO-rich diets. Significant increases in glycogen content 
were observed for both simple (p<0.01) and complex 
(p < 0.05) diets 
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Fig. 3. Mean glycogen (___SD) changes after depletion and 
nondepletion phases. Significant increases in glycogen content 
were observed for both the depletion (p < 0.05) and the nonde- 
pletion (p <0.01) phases 
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Table 2. Mean (SD) serum FFA, and insulin, blood lactate and glucose levels following dietary manipulation 
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Group FFA Insulin Glucose Lactate 
mmol 1 ~ pmol 1-~ mmol l-~ mmol I-t  

PRE POST PRE POST PRE POST PRE POST 

Depletion/Simple 0.79 0.60 50.0 56.4 4.91 4.90 0.92 0.69 
(0.12) (0.02) (22.0) (22.8) (0.21) (0.34) (0.51) (0.33) 

Depletion/ 0.81 0.78 57.8 63.6 5.22 5.14 0.84 0.59 
Complex (0.10) (0.08) (13.4) (26.0) (0.41) (0.27) (0.25) (0.16) 

Nondepletion/ 0.86 0.72 55.4 64.2 4.86 4.93 0.83 0.72 
Simple (0.14) (0.11) (13.6) (25.6) (0.24) (0.48) (0.32) (0.20) 

Nondepletion/ 0.98 0.76* 39.0 47.0 4.87 4.76 0.75 0.73 
Complex (0.31) (0A8) (18.3) (20.0) (0.47) (0.63) (0.19) (0.33) 

* Decreased from PRE values (p<0.05) 

CHO consumed, similar increases in muscle gly- 
cogen were achieved. The concentration of skele- 
tal muscle glycogen can be increased without the 
initial consumption of a low-CIq[O diet. These ob- 
servations are similar to those of Sherman et al. 
(1981) who noted equally elevated muscle gly- 
cogen levels following a mixed or low-CHO diet, 
during the 3-day preliminary phase. By eliminat- 
ing the depletion phase, the athlete may avoid the 
stress of an unfamiliar diet. It has been reported 
however, that depletion of glycogen stores with 
exhaustive exercise, and consumption of a low- 
CHO diet followed by a high-CHO diet results in 
the greatest increase in muscle glycogen stores 
(Bergstrom et al. 1967). The subjects in the pres- 
ent study, and in the study of Sherman et al. 
(1981) were experienced long-distance runners, 
familiar with the CHO-loading regimen whereas 
the subjects in the Bergstrom et al. study were not 
trained athletes. Supporting this differential re- 
sponse, practical observation has suggested that 
glycogen loading should be used infrequently if 
optimal glycogen levels are to be achieved (Costill 
and Miller 1980). Consequently, the depletion 
phase of the CHO-loading diet may be most ben- 
eficial to the novice distance runner or to those 
who have never attempted the glycogen loading 
diet. 

In summary, in preparation for prolonged 
physical activity, a CHO-loading diet predomi- 
nant in simple-CHO will enhance glyogen stores. 
Further, for endurance trained athletes, enhanced 
glycogen deposition may be achieved without the 
inclusion of a glycogen depletion phase in the 
training regimen. 
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