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Myofibrillar protein synthesis in young and old human sub- 
jects after three months of resistance training. Am. J. Physiol. 
268 (Endocrinol. Metab. 31): E422-E427, 1995.-Muscle 
protein synthesis is slower in healthy older men and women 
than in young adults, but whether this results from relative 
disuse rather than aging is unclear. The present study was 
done to examine rates of myofibrillar protein synthesis before 
and after a 3-mo progressive resistance exercise program in 
young and old men and women. Protein synthesis was deter- 
mined by incorporation of the tracer L-[1-13C]leucine into 
myofibrillar proteins obtained from the vastus lateralis muscle 
by needle biopsy. Before exercise, mean fractional myofibrillar 
synthesis was 33% slower (P < 0.01) in nine older subjects 
(62-72 yr old, 5 men and 4 women) than in 9 young subjects 
(22-31 yr old, 5 men and 4 women). Initial strength, as 
determined by three-repetition-maximum tests, was signifi- 
cantly less in the older group. Strength and training weights 
increased similarly in young and old groups, when expressed in 
relation to baseline values. Posttraining myofibrillar synthesis 
was determined on the day after the final training session. 
There was not a significant change in fractional myofibrillar 
synthesis in either the young or the old group after training, 
and the rate in the older group remained 27% slower 
(P < 0.05). Whole body protein turnover increased - 10% only 
in the younger group, and 24-h urinary 3-methylhistidine 
excretion (an index of myofibrillar proteolysis) was not signifi- 
cantly affected by training. These data suggest that the slower 
myofibrillar synthesis rate in older subjects cannot be ex- 
plained by disuse. 
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THERE IS A SIGNIFICANT reduction in the rate of myofibril- 
lar and total muscle protein synthesis in healthy older 
subjects, an effect that may be an important factor in the 
muscle fiber atrophy characteristic of aging (27, 28, 31). 
Whether the slower protein synthesis is related to 
reduced fitness caused by relative disuse in older people 
is not clear. Stimulation of muscle protein synthesis by 
exercise has been observed in several studies of young 
subjects (4, 6, 30, 31). Yarasheski et al. (31) recently 
reported that after 2 wk of resistance exercises, older 
subjects’ muscle protein synthesis rate was equal to that 
of young subjects, even though preexercise muscle pro- 
tein synthesis was 39% slower in the older group. These 
data suggest that lack of exercise rather than old age per 
se might be the cause of the slower muscle protein 
synthesis in older subjects. However, it is not known 
whether this marked stimulation of muscle protein 
synthesis in older subjects continues beyond the first 2 
wk of training. In the present study we examined this 
issue further by measuring myofibrillar protein synthe- 
sis before and after 3 mo of progressive resistance 

training, at the same relative intensity, in young and old 
men and women. 

METHODS 

Subjects. Nine young (22-31 yr old) and nine old (62-72 yr 
old) volunteers completed the study. There were five men and 
four women in each age group. Two other older women 
completed the baseline testing and started the exercise pro- 
gram but did not complete the study (one stopped because of 
personal problems and the other because of muscle soreness 
associated with exercising). AI1 were nonobese (body mass 
index < 30 kg/m”), normotensive, nonsmokers who were 
healthy as judged by medical history, physical examination, 
resting electrocardiogram, chest X-ray, and laboratory tests 
(glucose tolerance test, thyroid-stimulating hormone, thyrox- 
ine, creatinine, electrolytes, liver enzymes, creatine kinase, 
hematocrit, complete blood count, albumin, total protein, and 
blood clotting profile). The Minnesota Leisure Time Activity 
Questionnaire (22) revealed a wide range of activity levels 
during the year preceding the study in both young (106-592 
activity units/day) and older (33-782 activity units/day) 
groups. The mean value did not differ between age groups 
(278 t 65 activity units/day in young and 234 t 82 activity 
units/day in old, P = 0.66), but the older women all had low 
activity scores (33-109 activity units/day). This questionnaire 
does not inquire about some activities that the older women 
performed, such as housework and shopping. None of the 
subjects was engaged in a resistance exercise program. 

AI1 procedures and risks were explained to the subjects, 
verbally and in a written consent form, before any procedures 
were done. Written consent was obtained from all subjects. 
The research was approved by the University of Rochester 
Research Subjects Review Board. 

Pretraining tests. Subjects were admitted to the Clinical 
Research Center (CRC) for 3 days before the protein synthesis 
measurement for control of diet and activity. They were fed a 
meat-free diet with a daily energy content of 150% of the 
resting energy expenditure, as predicted from height, weight, 
and age (11). The energy distribution was 15% protein, 35% 
fat, and 50% carbohydrate. The subjects were told not to 
perform any exercise more strenuous than walking during the 
control period. Total lean body mass was measured by 40K 
counting (8). All urine was collected on days 1-3 for analysis of 
creatinine, an index of muscle mass (12). The urine collected 
on day 3 also was analyzed for 3-methylhistidine (3-MH), an 
index of myofibrillar degradation rate (1,33). 

On the 4th day, after an overnight fast, postabsorptive 
myofibrillar synthesis was determined while the subjects 
rested in bed. Methods for measuring myofibrillar protein 
synthesis, using L-[1-13C]leucine as the tracer, have been 
described in detail in previous reports (26, 27). The method 
involves intravenous infusion of the tracer for 8 h, blood 
sampling from an arterialized dorsal hand vein catheter 
during the infusion to measure isotope enrichment of plasma 
leucine and its keto acid a-ketoisocaproate (KIC), and needle 
muscle biopsies under local anesthesia from the vastus latera- 
lis at 2 and 8 h after starting the tracer infusion. Fractional 
synthesis was calculated as the 13C enrichment (from the 
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Fig. 1. Plasma 13C enrichment of plasma a-ketoisocaproate (KIC), 
breath COZ, and leucine isolated from myofibrillar proteins in 9 young 
(solid circles) and 9 older (open circles) subjects before (solid lines) and 
after (dotted lines) 3 mo of progressive resistance training. Enrich- 
ment values for breath and myofibrillar leucine were multiplied by 100 
so that all enrichments could be shown on the same scale. 

initial to final biopsy) in leucine harvested from myofibrillar 
proteins divided by the area under the curve of 13C enrichment 
of plasma KIC from the initial to final biopsy (Fig. 1). This 
calculation is based on the assumption that plasma [13C]KIC 
enrichment is similar to intramuscular leucyl-tRNA enrich- 
ment, an assumption that has been verified in postabsorptive 
pigs (2, 24) and humans (25). Whole body leucine appearance 
(an index of proteolysis), oxidation, and incorporation into 
protein (i.e., the nonoxidized disappearance of leucine) during 
the 4th h of the isotope infusion were calculated from plasma 
KIC and breath COZ enrichment (Fig. 1) as described previ- 
ously (26, 27). 

After at least 10 days to allow healing of the biopsy sites, but 
within 1 mo of the baseline protein synthesis study, three- 
repetition maximum (3-RM) testing was done on four Univer- 
sal weight machines: 1) knee extension, 2) knee flexion, 3) 
elbow flexion, and 4) lateral pulldown. Testing was done on 
two occasions separated by at least 2 days. Subjects were 
instructed about proper breathing and lifting techniques and 
warmed up with a small load on each machine. They were then 
asked to lift the weights on each machine three times without 
resting between, lifts. They were allowed to rest as desired 
between sets. Weights were added to each machine until a 
subject could not complete the three lifts with good form. On 
the 2nd day the lighter weights were omitted after warmups to 
minimize the fatigue associated with repeated testing. The 
highest weight achieved with good form on either day was 
recorded as the 3-RM. Small weights (1.1 and 2.3 kg) that 
could be added to the standard weight stacks were used to 
enhance resolution in the weaker subjects, but 4.5kg incre- 
ments were used for the stronger subjects. 

Resistance trainingprogram. Subjects exercised every Mon- 
day, Wednesday, and Friday for 3 mo. Each session was 
supervised by one of the investigators. After stretching and 
warming up with small loads, they performed three sets of 
eight repetitions on each of the machines used for 3-RM 
testing. The initial load was the available weight nearest to 
80% of the 3-RM. Every week the load was increased for the 
first set. I f  the subject could perform eight lifts in the first set 
with the new weight, this heavier load was used for training 
for the entire week even if the subject could not complete eight 
lifts in the second and third sets. The 3-RM tests were repeated 
(in place of the first set) during one of the sessions in the 4th, 
8th, and 11th wk of the training program. Attendance was 

excellent (97% in the young group and 94% in the old group), 
with only a few excused absences. Subjects were instructed to 
not change their usual activities, except for the resistance 
training, and to maintain their usual eating habits. 

Posttraining tests. After 3 mo of training, subjects were 
readmitted to the CRC and restudied using the same methods 
employed before exercise training. Diet and activity were the 
same, except that the exercise program continued. Thus 
exercises were done on the 1st and 3rd days of the CRC 
admission, and myofibrillar protein synthesis was determined 
on the 4th day. 

Data analysis. Data are expressed as the means t SE. The 
SASSTAT software package was used to perform analysis of 
variance with the general linear model procedure (19). The 
model considered between-subjects main effects of age (en- 
tered as a discontinuous variable, i.e., young vs. old), gender, 
and the age-gender interaction. Repeated measures (within 
subject) training effects (baseline vs. posttraining) and interac- 
tions with the between-subjects factors also were computed. 
When variables had significant baseline differences between 
young and old groups, the training effect also was analyzed as a 
percent of the baseline value. 

RESULTS 

Young and old groups did not differ significantly in 
baseline height, weight, and lean body mass (Table 1). 
Urinary creatinine excretion tended to be less in the 
older group (14% mean difference when data of men and 
women were combined), but the difference was only 
marginally significant (P = 0.08). There was no signifi- 
cant change in body weight or urinary creatinine excre- 
tion after 3 mo of training in either the young or the old 
subjects (Table 1). Analysis of variance indicated a 
significant effect of training on total lean body mass 
(P < 0.05) and a significant gender-training interaction 
(P < 0.05). This interaction is explained by the fact that 
lean body mass increased significantly in men 
(+2.3 t 0.7 kg, P < 0.01 when young and old groups 
were combined) but not in women (+0.2 t 0.6 kg). 

For all of the muscle groups tested, initial 3-RM 
strength was less in the older group than in the young 
group (Table 2). Mean increases in 3-RM strength from 
baseline to the 3rd mo ranged from 29 to 68% for the 
different muscle groups. Increases in 3-RM were similar 

Table 1. Weight, lean body mass, and creatinine 
excretion 

Baseline Trained 

Weight, kg 
Young men 77.5 + 4.3 78.4 AI 4.2 
Young women 58.7 + 4.9 59.3 2 4.4 
Old men 83.1+ 4.9 83.5 of: 4.2 
Old women 59.8 + 2.7 61.12 2.9 

Lean body mass, kg 
Young men 63.2 + 3.1 66.5 + 2.6 
Young women 47.9 2 2.0 48.4 + 2.1 
Old men 64.3 -+ 2.7 65.7 * 3.2 
Old women 42.5 + 2.9 42.4 t 3.4 

Creatinine excretion, g/day 
Young men 1.912 0.14 1.78 + 0.08 
Young women 1.30 2 0.04 1.312 0.12 
Old men 1.78 + 0.15 1.80 + 0.13 
Old women 0.95 + 0.08 0.94 z!I 0.08 

Values are means + SE. See text for statistical analysis. 



E424 PROTEIN SYNTHESIS AFTER RESISTANCE EXERCISE 

Table 2. Baseline and increase in 3-RM and training Table 3. Whole body postabsorptive leucine kinetics 
weights after 3 mo and 24-h urinary 3-MH excretion 

Baseline 3-RM Training Wt, Baseline Trained 
3-RM, kg Increase, % Increase, % 

Leucine appearance, mmol/ h 
Knee extension Young 8.2 + 0.5 8.9 e 0.6* 

Young 8827 4325 73210 Old 7.7 + 0.7 7.6 * 0.7”f 
Old 55 2 10* 42 + 10 71+ 12 Leucine oxidation, mmol/ h 

Knee flexion Young 2.0 IL 0.2 1.9 Ifr 0.2 
Young 33+2 38+6 61+7 Old 1.8 + 0.2 1.7 * 0.2 
Old 20t4* 68 + 15”” 82211 Leucine -+ Protein, mmol/ h 

Elbow flexion Young 6.7 +: 0.4 7.5 2 0.5’” 
Young 22*2 4827 6324 Old 6.4 k 0.6 6.4 + 0.5”f 
Old 18*2* 2926’” 46+7* 3-MH excretion, kmol/g creati- 

Lateral pulldown nine 
Young 4624 3724 5424 Young 128 + 14 153 2 12 
Old 33*4* 36+5 6329 Old 13227 134 2 15 

Values are means 2 SE. 3-RM, three-repetition maximum. *P < Values are means + SE. 3-MH, 3-methylhistidine. *P < 0.05 
0.05 compared with young group, by analysis of variance. compared with baseline. "fP < 0.05 compared with young group. 

in young and old groups on the knee extension and incorporation into protein increased 11.9% in the young 
lateral pulldown machines, when expressed as a percent- group but were unchanged in the older group (Table 3). 
age of the baseline values (Table 2). The older group There was a small decrease in leucine oxidation after 
increased 3-RM strength more than the young group on training when young and old groups were combined in 
the knee flexion machine, and less than the young group the analysis (P < O.OS), an effect that was not statisti- 
on the elbow flexion machine, when values were ex- tally significant when the young and old groups were 
pressed as a percentage of baseline (Table 2). Similar analyzed separately (Table 3). 
results were obtained for increases in the training Baseline rates of 3-MH excretion (per g creatinine 
weight (the amount of weight lifted during the exercise excretion) were similar in young and old subjects (Table 
sessions), except that these increases were larger be- 3). Although there was a 20% mean increase in 3-MH 
cause the subjects were lifting a higher fraction of their excretion after training in the younger group (Table 3), 
3-RM in the final month of training than they did analysis of variance indicated that there was no sign& 
initially (the initial training weight was - 80% of 3-RM cant training effect on 3-MH excretion or interactions of 
according to the experimental design). Figure 2 shows training with age or gender. 
the weekly increments in training weights for the knee Before training, fractional myofibrillar protein synthe- 
extensors, which was the muscle group from which sis (Fig. 3) was 33% slower in the older group 
biopsies were taken for analysis of myofibrillar protein (0.041 t 0.005 vs. 0.061 t 0.004%/h, P < 0.01). There 
synthesis. was no significant effect of training on myofibrillar 

At baseline, whole body rates of leucine appearance, protein synthesis in either age group (Fig. 3), and 
oxidation, and incorporation into protein were similar in fractional synthesis remained 27% slower in the older 
young and old groups (Table 3). Analysis of variance group after training (0.045 t 0.005 vs. 0.062 t O.OOS%/ 
indicated a significant age-training interaction in leu- 
tine appearance and incorporation into protein 
(P < 0.02). This interaction was explained by the fact 
that leucine appearance rate increased 8.5% and leucine 

I 
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h, P < 0.05). 
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WEEK OFTRAINING PROGRAM Fig. 3. Mean fractional myofibrillar protein synthesis in young and 
Fig. 2. Mean weekly training weights on knee extension machine in old groups before and after 3 mo of progressive resistance training. 
young (solid circles) and old (open circles) groups. Errors bars are SE. Error bars are SE. *P < 0.05 compared with young group. 
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DISCUSSION 

The present study confirms that myofibrillar protein 
synthesis in the vastus lateralis muscle is slower in 
healthy older subjects than it is in young adults. This 
effect persisted after a 3-mo progressive resistance 
exercise program in which exercise intensity, as a propor- 
tion of the initial 3-RM strength, was similar in young 
and old subjects. The failure of resistance exercise to 
stimulate myofibrillar protein synthesis was surprising, 
because three studies have demonstrated that resis- 
tance exercise can increase mixed muscle protein synthe- 
sis in humans (6, 30, 31). An analysis of several differ- 
ences between these previous studies and the present 
work may provide some clues about why we failed to 
observe a consistent effect of exercise on muscle protein 
synthesis. 

The previous studies all determined the rate of synthe- 
sis of total proteins in the muscle samples, which include 
sarcoplasmic, mitochondrial, and extracellular proteins. 
In contrast, we removed all proteins that were soluble in 
a low-salt buffer containing 0.25 M sucrose and 1% 
Triton X-100, thus eliminating most of the nonmyofibril- 
lar proteins (20). If there had been an increased rate of 
synthesis in the nonmyofibrillar proteins after training, 
we would not have been able to detect it with our 
method. 

The nutritional state of the subjects during the pro- 
tein synthesis measurements may be an important 
factor. In two studies that included only young subjects, 
the increase in muscle protein synthesis after resistance 
exercise was observed while subjects were fed frequent 
small meals (6, 30). In the study showing stimulation of 
muscle protein synthesis after resistance exercise in 
young and old subjects, the subjects were not fed during 
the tracer infusion, but the synthesis measurements 
were initiated within a few hours of the evening meal 
(3 1). In our study, protein synthesis was measured in 
postabsorptive subjects, starting - 12 h after the last 
meal. Recently, a preliminary report indicated that 
insulin markedly increases the stimulation of muscle 
protein synthesis induced by resistance exercise in 
human subjects (29). Thus the low insulin levels of the 
postabsorptive state may have minimized a stimulatory 
effect of exercise. 

Delaying the protein synthesis measurement until the 
day after the final exercise session probably does not 
account for our failure to stimulate myofibrillar protein 
synthesis. Two studies have demonstrated increased 
muscle protein synthesis the day after a resistance 
exercise session. Yarasheski et al. (30) reported a 38% 
increase in postprandial fractional synthesis of the 
vastus lateralis in young subjects the day after the final 
session of a 3-mo exercise program. Chesley et al. (6) 
compared the increase in postprandial fractional synthe- 
sis in biceps brachii the day after exercising to the 
increase measured immediately after exercising. The 
increase was 50% immediately after exercise and 109% 
the day after exercise. 

The duration of training is unlikely to account for our 
failure to observe an increase in myofibrillar synthesis 

rates. Chesley et al. (6) reported increased muscle 
protein synthesis after resistance exercise in experi- 
enced weight lifters, suggesting that the response per- 
sists even after long-term training. Yarasheski et al. (30) 
reported a 38% increase in muscle protein synthesis in 
young subjects after 3 mo of exercise, the same period 
used in the present study. 

The intensity of the exercise stimulus is likely to be an 
important factor. Chesley et al. (6) observed stimulation 
of muscle protein synthesis after performance of four 
sets of three resistance exercises to muscular failure. 
Yarasheski et al. (30,31) observed stimulation of muscle 
protein synthesis after performance of three to four sets 
of four to eight repetitions at 75-90% of maximum 
strength. Their subjects did two to three different 
exercises that would significantly affect the quadriceps. 
Although subjects in the present study did three sets of 
eight repetitions, they used only one machine that 
trained the quadriceps, and therefore the intensity of 
the exercise stimulus was less in the present study than 
in the previous studies that demonstrated a stimulatory 
effect of resistance exercise on muscle protein synthesis. 

The above discussion should make it clear that the 
present study does not necessarily contradict earlier 
studies that demonstrated increased muscle protein 
synthesis after resistance exercise. We can conclude only 
that under the specific conditions of this study there was 
no consistent effect. Nevertheless, these data are useful 
in that they suggest that muscle disuse in older subjects 
does not account for the difference in postabsorptive 
myofibrillar protein synthesis between young and old 
subjects. At the end of the training program, the older 
group was able to lift as much weight as the young 
subjects could lift before training, yet their protein 
synthesis was still significantly lower than the pretrain- 
ing synthesis rates in young subjects. 

Excretion of 3-MH was used in the present study as an 
index of myofibrillar degradation (1, 33). This method 
has been criticized because of uncertainty about how 
much of the excreted 3-MH comes from tissues other 
than skeletal muscle (17). However, it seems likely that 
any effect of resistance exercise would be related to 
effects on the exercised muscles rather than on other 
tissues, so that 3-MH excretion should be a useful 
marker for changes in myofibrillar proteolysis. Previous 
studies have indicated that resistance exercise can in- 
crease 3-MH excretion in young and old subjects (9, 13, 
15), although this has not always been found (31). 
Although there was a trend toward increased 3-MH 
excretion after training in the younger group, this effect 
was inconsistent and not statistically significant. How- 
ever, the lack of a significant effect may be related to the 
variability of the method, because only a single 24-h 
collection was analyzed under each condition. In the 
older group, there was no trend toward increased 3-MH 
excretion after 3 mo of training. 3-MH excretion early in 
the training program was not evaluated. 

It is interesting that 3-MH excretion, per gram creati- 
nine excretion, was similar in young and older groups, 
even though myofibrillar protein synthesis was signifi- 
cantly slower in the older subjects. Similar results have 
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been reported before (23, 32). Because muscle mass is 
relatively stable over periods of weeks to months even in 
older subjects, myofibrillar degradation would be ex- 
pected to be slower in the older subjects to maintain a 
stable muscle mass. This discrepancy does not appear to 
be explained by the fact that myofibrillar synthesis was 
measured in the postabsorptive state, whereas 3-MH 
was measured when subjects were eating normally, 
because we have observed slower myofibrillar synthesis 
in older subjects under postprandial conditions (28). It is 
possible that the myofibrillar synthesis and degradation 
were not in balance during the CRC admission, that 
3-MH from sources other than skeletal muscle makes a 
larger relative contribution to 3-MH excretion in the 
older subjects, or that myofibrillar turnover in vastus 
lateralis is not representative of whole body myofibrillar 
turnover. 

There was a small increase after training in postab- 
sorptive whole body protein breakdown and synthesis, 
as determined by leucine kinetics, in the young group, 
but no effect of training on whole body protein turnover 
in the older group. The effect in the young group is 
consistent with the report of Tarnopolsky et al. (21), 
who observed more rapid postprandial whole body pro- 
tein turnover in young strength-trained athletes than in 
sedentary young controls. However, Yarasheski et al. 
did not observe any change in whole body leucine 
kinetics in young or old postabsorptive subjects after 2 
wk of resistance training (31) or in young postprandial 
subjects after 3 mo of resistance training (30). Although 
there was no change in myofibrillar synthesis in the 
vastus lateralis after training in the present study, it is 
possible that other muscle groups had an increase in 
protein synthesis that contributed to the faster whole 
body protein synthesis. Because the quadriceps muscles 
are frequently used for lifting the body during many 
types of activities, resistance training might have had a 
smaller effect on protein synthesis in this muscle group 
than in muscles that contract against a resistance less 
frequently. It also is possible that exercise increases 
protein turnover in tissues other than muscle, although 
there is no obvious reason why such an effect would 
occur. 

Increases in muscle strength during resistance train- 
ing of older subjects have been reported in several recent 
papers (3, 5, 7, 9, 10, 14, 16, 18). In the present study, 
the older group achieved the same level of 3-RM strength 
as untrained young adults after only 3 mo of resistance 
training. However, their strength and myofibrillar pro- 
tein synthesis remained significantly less than that of 
young subjects who were exercising at the same relative 
intensity. Further research is needed to determine 
whether more intense or more prolonged training can 
restore myofibrillar protein synthesis and strength to 
youthful levels. 
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