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256, 1987.-Five healthy untrained young male subjects were 
studied before, immediately after, and 10 days after a 45-min 
bout of eccentric exercise on a cycle ergometer (201 W). The 
subjects were sedentary at all other times and consumed a 
eucaloric meat-free diet. Needle biopsies of the vastus lateralis 
muscle were examined for intracellular damage and glycogen 
content, Immediately after exercise, muscle samples showed 
myofibrillar tearing and edema. At 10 days, there was myofi- 
brillar necrosis, inflammatory cell infiltration, and no evidence 
of myofibrillar regeneration. Glycogen utilization during the 
exercise bout was 33 mmol glycosyl units/kg muscle, consistent 
with the metabolic intensity of 44% of maximal O2 uptake; 
however, the significant glycogen use by type II fibers con- 
trasted with concentric exercise performed at this intensity. At 
10 days after exercise, muscle glycogen was still depleted, in 
both type I and II fibers. It is possible that the alterations in 
muscle ultrastructures were related to the lack of repletion of 
muscle glycogen. Damage produced by eccentric exercise was 
more persistent than previously reported, indicating that more 
than 10 days may be necessary for recovery of muscle ultra- 
structure and carbohydrate reserves. 
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ECCENTRIC EXERCISE INVOLVES the forced lengthening 
of active muscles and the transfer of external power from 
the environment to the subject (19). Research studies 
have shown that eccentric exercise is associated with 
muscle soreness (5, 14, 25, 3O), increased plasma levels 
of creatine kinase (CK) and other intracellular enzymes 
(9,23,30), and ultrastructural changes indicating marked 
intracellular damage (12, 22, 24). These changes have 
been described between 1 and 7 days after the eccentric 
contractions took place. A recent study in our laboratory 
showed that an increase in muscle protein breakdown, 
estimated from urinary excretion of 3-methylhistidine, 
reached the highest levels -10 days after 45 min of high- 
intensity eccentric exercise (9), suggesting that the ef- 
fects on muscle were more prolonged or delayed than 
previously considered. In addition, postexercise muscle 
glycogen repletion, which is rapid following concentric 
contractions (3), is delayed after exercise that causes 
muscle damage, such as after a marathon (31). This 

suggests that the prolonged damage caused by eccentric 
exercise would have a significant effect on the rate of 
glycogen repletion. The hypothesis for the delay is that 
ultrastructural damage to the sarcolemma may impair 
glucose transport into the cell, affecting the energy state 
of the fiber and the ability of the fiber to repair itself. 
To this end, the present study was designed to examine 
the ultrastructural evidence of long-term muscle damage 
suggested by the delayed increase observed in actomyosin 
breakdown. The second objective was to measure glyco- 
gen repletion after a lo-day recovery period and to de- 
termine the fiber type-specific pattern of glycogen deple- 
tion and repletion. 

METHODS 

Subjects. Five untrained healthy men (aged 24 t 2 yr) 
participated in the study, after giving their informed 
consent. The research protocol was approved by the New 
England Medical Center-Tufts University Human Inves- 
tigation Review Committee. Aerobic capacity ( Vo2 max) 
was determined by use of a continuous incremental pro- 
tocol on an electronically braked concentric cycle ergom- 
eter at least 2 wk before the study. Body fat was deter- 
mined by hydrostatic weighing (4, 28, 32), and muscle 
mass was calculated from 24-h urinary creatinine excre- 
tion after the subjects had adapted to a meat-free diet 
(16) 

Eiperimental design. The subjects lived in a metabolic 
ward for 21 days, maintaining sedentary habits and con- 
suming a eucaloric diet (Ensure HN, Ross Laboratories, 
OH). The diet provided 54% of calories as carbohydrate 
and 1.5 g protein. kg-‘. day-‘. 

On day 6, the subjects participated in the eccentric 
exercise protocol (Table 1). The exercise was performed 
on an eccentric cycle ergometer (19). Each subject exer- 
cised for three 15-min periods at watt settings equal to 
90,80, and 70%, respectively, of power output at VOW mBx. 
Subjects rested for 5 min between each 15-min exercise 
period. Expired air was collected into Douglas bags dur- 
ing the final 5 min of each exercise period. Expired air 
volume was measured with a Tissot spirometer and an- 
alyzed for COZ and O2 composition (Beckman LB-2, 
Anaheim, CA; Applied Electrochemistry S-3A, Sunny- 
vale, CA). Needle biopsies of the vastus lateralis muscle 
were obtained before exercise, immediately after the 
exercise (I-Post), and 10 days after the exercise (lOD- 
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TABLE 1. Eccentric exercise protocol 

Relative Actual Metabolic 
Load, Load cost O2 Uptake/Watt, 

W Setting, ml Oz. W-’ s min-’ 
% max 1 02/min % max 

O-15 min 218t18 90 1.6320.14 48+6 7.66t0.93 
20-35 min 2OlH5 80 1.52kO.16 42&5 7.72k1.20 
40-55 min 180~~12 70 1.46kO.17 41*5 8.38t1.59 

Values are means t SE; n = 5 subjects. Relative load set according 
to maximal O2 uptake determined before the study by concentric cycle 
ergometer. 

Post) (2, 11). Both biopsies on the day of exercise were 
taken at approximately the same site to minimize trauma 
to the subject. Ten days later, the biopsy was taken near 
the scar left by the previous biopsy. Biopsy material was 
divided into pieces for histochemical analysis, the deter- 
mination of glycogen concentration, and ultrastructural 
analysis. 

For histochemical analysis, a 5- to lo-mg piece was 
embedded in mounting medium (Tissue Tek, Miles, WI), 
frozen in isopentane cooled to the temperature of liquid 
nitrogen (-lSO”c), and stored at that temperature before 
being sectioned and stained. Serial cross sections (8 pm) 
were obtained at -20°C in a microtome cryostat (Da- 
mon/IEC, MA). The sections were incubated for myofi- 
brillar adenosine triphosphatase (ATPase) activity to 
determine fiber type distribution (26). Sections were 
stained for glycogen content by the periodic acid-Schiff 
(PAS) reaction (7). Type I and II fibers were classified 
according to the intensity of the PAS stain in an average 
of 570 fibers/section as glycogen filled, moderately filled, 
or empty (15). 

For glycogen determination, frozen biopsy material 
was divided into three weighed parts, hydrolyzed in 2 N 
HCl at 100°C for 2 h, and neutralized with 2 N NaOH. 
The resulting glucose was determined by an automated 
system (Cobas, Switzerland) utilizing the method of Pas- 
soneau and Lauderdale (27). Glycogen concentration av- 
eraged from the three pieces was expressed in glycosyl 
units per kilogram wet weight after tissue weights were 
corrected for evaporation. 

For ultrastructural analysis, a fragment was finely 
minced (1 mm), placed in half-strength Karnovsky’s 
fixative, postfixed in osmium tetroxide, dehydrated in 
alcohol, and embedded in Polygon. Thin sections were 
stained with uranyl acetate and lead citrate, and exam- 
ined with a transmission electron microscope (JEOL EM 
100). A minimum of 20 fibers was examined from each 
sample (33), and the preexercise sample was used as a 
control. 

Data were expressed as means t SE. Results were 
analyzed by one-way analysis of variance with repeated 
measures, and differences over time were identified by 
the Newman-Keuls test (P < 0.05). 

RESULTS 

Subject characteristics. The subjects in this study were 
similarly lean and untrained, as shown by their weight 
(70.7 t 3.2 kg), height (180.4 t 2.4 cm), body composition 
(16.2 * 1.3% fat, 48.9 t 1.7% muscle), and vozrnax (3.50 
-b 0.23 l/min). Metabolic energy expenditure ranged from 
48% of V0 2 IIlaX during the first 15 min to 41% of VO, max 

during the final 15 min. The metabolic cost of the eccen- 
tric exercise was 53-59% of the estimated cost of a 
concentric bout at a similar load, as shown by the rela- 
tionship between the actual metabolic cost and the rel- 
ative load setting (Table 1). 

Glycogen utilization and repletion with eccentric exer- 
cise. The exercise resulted in significant glycogen deple- 
tion that was not restored 10 days after the exercise. 
Muscle glycogen levels before exercise were 85 t 6 mmol 
glycosyl units/kg (Fig. 1). Glycogen utilization during 
the exercise bout was 33 t 12 mmol/kg wet wt, equal to 
an average 39% of initial values (Fig. 1). In the I-Post 
sample, glycogen depletion was observed in both type I 
and II fibers; however, fewer type I than type II fibers 
were classified as glycogen filled (P < 0.05), suggesting a 
preferential type I fiber type-specific pattern of glycogen 
use during exercise (Fig. 2). The biopsy taken at rest 10 
days after the eccentric exercise bout showed no selective 
repletion in type I or II fibers. Glycogen content in the 
lOD-Post exercise sample was 37 t 11 mmol/kg wet wt, 
significantly lower than the resting preexercise level (P 
c 0.05) and not different from the immediately postex- 
ercise level (Fig. 1). 

Ultrastructural effects of eccentric exercise. The I-post 
muscle biopsies revealed numerous ultrastructural ab- 
normalities (Fig. 3). The most obvious change was the 
loss of granular glycogen in the cytoplasm, identified as 
the “clear” areas in the micrograph. Five to 10% of the 
muscle fibers exhibited various degrees of interstitial and 
intracellular edema, as well as focal myofibrillar lysis 
and loss of Z-band material (Fig. 3, arrow). A more subtle 
change in the fibers was the damage to the sarcoplasmic 
reticulum, making it impossible to identify the fine tu- 
bular network. Examination of the lOD-Post fibers 
showed frankly necrotic muscle fibers, characterized by 
loss of myofibrillar organization, mitochondrial altera- 
tions, incomplete glycogen repletion, and inflammatory 
cell infiltration. Figure 4 shows histiocytes (macro- 
phages) within the residual basal lamina of the myotube 
and within the interstitium of a necrotic fiber. There was 
no evidence of increased rough endoplasmic reticulum, 
satellite cells, or other signs of myofibrillar regeneration. 
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PIG. 2. Glycogen depletion patterns for type I (left) and II (right) fibers before (Pre), immediately, after (I-Post), 
and 10 days after (lOD-Post) eccentric exercise. Glycogen content was classified histochemically as described in text. 
Data are expressed in percent (mean & SE). * Moderately filled different from Pre (P < 0.05). t Filled different from 
Pre (P < 0*&i). 

Ecce~ttric exercise characteristics. Studies in animals 
and humans have shown that, despite the low energy 
cost of eccentric muscle contractions, they cause more 
profound and more delayed changes in muscle structure 
and function than concentric contractions (1, 23, 24). 
Eccentric exercise has a greater effect on untrained men 
than in habitually active men (9,lZ) or men who become 
trained on the eccentric cycle (10). In the present study, 
the subjects were selected to exclude men who exercised 
regularly so as to obtain more consistent and pronounced 
results. 

The energy cost of performing the eccentric exercise 
in this study was similar to that reported previously in 
similarly untrained men (10). Although the load on the 
cycle was decreased at the end of each l&mine period, 
three of the five men had a larger 02 uptake (VO,) per 
watt during the final 15 min compared with the initial, 
higher intensity 15 min. Thus the linear relationship 
between mechanical load and vo2 that has been de- 
scribed for men accustomed to the cycle ergometer was 
not observed in the present study (19). It is possible that, 
with the effort of maintaining coordination, the subjects 
added isometric contractions of the upper torso and some 
concentric contractions of the legs, leading to a larger 
active muscle mass and increased Vo2. 

Glycogen utilization by the vastus lateralis during 
eccentric exercise (Fig. 1) was similar to utilization re- 
ported for fasted subjects during concentric cycling at a 
similar metabolic rate, but at a lower power output (18), 
and to values previously reported for eccentric exercise 
for 45 min at 250 W (10). The substantial type II fiber 

involvement with eccentric exercise (Fig. 2) contrasts 
with concentric exercise performed at the same metabolic 
cost, in which type I fibers are recruited almost exclu- 
sively, and was more typical of a concentric effort close 
to VQ2 max (15). 

Ultrastructural analysis of the muscle biopsies re- 
vealed that the two predominant findings 10 days after 
exercise were glycogen depletion and myofibrillar lysis. 
Muscle glycogen was not repleted by 10 days after exer- 
cise, despite the fact that the subjects remained inactive 
and consumed an average of 360 g carbohydrate each day 
following the exercise bout. The low glycogen levels were 
in contrast to the observation that, after a bout of sub- 
maximal concentric cycling, muscle glycogen returned to 
preexercise levels within 24 h in subjects consuming a 
high-carbohydrate diet (3) and became supranormal 
within a few days (3, 20). Kuipers et al. (21) observed in 
well-trained cyclists that 24 h after 30 min of eccentric 
exercise at an intensity similar to the present study 
glycogen levels were below preexercise values. The pres- 
ent study suggests that this phenomenon continues for 
an extended time in untrained men. 

The relationship between delayed glycogen repletion 
and myofibrillar lysis is unclear from morphological anal- 
ysis; however, it is possible that alterations in the mem- 
branes of muscles involved in the exercise may interfere 
with glucose uptake into the cell. The alterations to the 
sarcolemma in the present study were similar to the 
findings of Friden and co-workers (13, 14), reflecting a 
possible loss of membrane integrity. The appearance of 
large proteins such as CK, lactate dehydrogenase, and 
myoglobin into the interstitial space and the blood sug- 
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FIG. 3. An electron microgaph of muscle immediately after eccentric 
exercise. “Clear” appearance of cytoplasm results from absence of 
glycogen. There are multiple foci of myofibrillar lysis (arrows) with 
loss of Z-band material. There has also been loss of sarcoplasmic 
reticulum in areas of myofibrillar lysis. (Original magnification 
x20,000;bar= 150 nm.) 

gests that eccentric exercise may alter the membranes of 
the muscles involved (6, 30). As glucose transport into 
the muscle cell has been shown to be the rate-limiting 
step in glucose utilization in resting muscle following 
exercise, the effect of these membrane alterations could 
have resulted in decreased glucose availability in the cell 
for glycogen resynthesis (8, 29). 

An association has been described between delayed 
ultrastructural damage and impaired glycogen repletion 
in marathon runners consuming a high-carbohydrate 
diet before and after the race (31). In biopsies taken 
before, immediately after, and periodically for 7 days 
after a 42.2-km race, there was evidence of prolonged 
ultrastructural damage (17) and of slow postexercise 
repletion of muscle glycogen. Muscle glycogen was su- 
percompensated before the race, and by 24 h after the 
race, muscle glycogen stores were repleted to 40% of* 
premarathon levels. Five days after the race, glycogen 

FIG. 4. An electron micrograph of skeletal muscle 10 days after 
eccentric exercise. A relatively normal muscle fiber (M) is seen at Iower 
right-hand comer. Present both in interstitium as well as within a 
degenerating myofibril are histiocytes (H; macrophages). Lysosomal 
granules are clearly visible within their cytoplasm. Residual basal 
lamina of necrotic muscle fiber is marked with asterisks. Surrounded 
by a histiocyte are residual myofibrils (arrozu). (Original magnification 
x8,000; bar = 1 pm.) 

stores returned to normal levels for trained runners; 
however, they were still only 67% of prerace levels. The 
rate of glycogen repletion after the marathon was inter- 
mediate between the rates described for concentric ex- 
ercise (3) and for eccentric exercise in the present study, 
although in each case subjects consumed a carbohydrate- 
rich diet. Glycogen repletion in the marathon runners 
following the race was probably enhanced by their train- 
ing status and their severely depleted glycogen levels; 
however, the delay in the repletion of glycogen to prerace 
levels is probably due to muscle membrane damage re- 
sulting from the race, which prevented efficient glucose 
uptake and utilization, despite normal glycogen synthase 
activities (31). In the present study with untrained male 
subjects, the eccentric exercise resulted in prolonged 
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ultrastructural damage and the longest delay in glycogen 
repletion. 

The resu lts of this investi .gation indicate that recovery 
from eccentric exercise is a prolonged process. Ultra- 
structural evidence of muscle damage 10 days after ex- 
ercise supports the observation of a delayed increase in 
actomyosin breakdown (9). Delayed glycogen repletion 
was shown by low glycogen levels 10 days after exercise. 
Histological evidence suggests that both type I and II 
fibers were recruited during eccentric exercise and sup- 
ports the biochemical evidence of delayed glycogen re- 
pletion. The results suggest that when exercise involves 
eccentric contractions, there is delayed repair of ultra- 
structural damage and impaired repletion of muscle gly- 
cogen. 
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