
J Physiol 554.3 pp 803–813 803

Influence of age and resistance exercise on human skeletal
muscle proteolysis: a microdialysis approach
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We combined the interstitial sampling method of microdialysis with the natural tracer qualities
(i.e. non-recyclability) of the amino acid 3-methylhistidine (3MH) to uniquely study in vivo
degradation of the two most abundant skeletal muscle proteins, myosin and actin. Interstitial
3MH concentration was measured before and for 24 h following a single bout of resistance exercise
in eight young (27 ± 2 years) and eight old (75 ± 4 years) men. The exercise bout consisted
of four exercises (3 sets of 8 repetitions at 80% one-repetition maximum (1RM) per exercise)
emphasizing the quadriceps. Interstitial 3MH concentration was calculated using the internal
reference method from microdialysate samples that were obtained from two microdialysis probes
placed in the vastus lateralis. Resting interstitial 3MH concentration was 44% higher (P < 0.05)
in the old (6.16 ± 0.56 nmol ml−1) as compared with the young (4.28 ± 0.27 nmol ml−1).
Interstitial 3MH was not different (P > 0.05) from preexercise at any time point within the 24 h
following exercise in both the young and the old. Leg arteriovenous exchange measurements
in a separate group of young subjects also showed no increase in 3MH release during the 4 h
following a resistance exercise bout compared with a non-exercised control leg (control leg:
–28 ± 6, exercise leg: –28 ± 11 nmol min−1). These results suggest that myosin and actin
proteolysis are not increased in the first 24 h following a standard bout of resistance exercise,
and this response is not altered with ageing. The higher interstitial 3MH concentration in the
old suggests an increased proteolysis of the two main contractile proteins in the rested and
fasted state, which is consistent with a decrease in muscle mass with ageing. Microdialysis is an
appropriate methodology for use in ageing individuals and is compatible with high-intensity
resistance exercise.
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Skeletal muscle proteolysis in humans has been
relatively understudied, primarily due to methodological
limitations. As a result, little is known about the role of
muscle protein degradation in the loss of muscle mass
that occurs with ageing. The primary methodology used to
address this question in humans has been the appearance
of the unique amino acid 3-methylhistidine (3MH) in the
urine (Uauy et al. 1978; Young & Munro, 1978; Fielding
et al. 1991; Welle et al. 1995; Hasten et al. 2000). 3MH
is unique because it cannot be reutilized for protein
synthesis (Young et al. 1972; Long et al. 1975; Young &
Munro, 1978), it is a component of the two main skeletal

muscle contractile proteins, myosin and actin (Bilmazes
et al. 1978; Young & Munro, 1978), and is primarily
found in skeletal muscle (Haverberg et al. 1975; Young
& Munro, 1978). Therefore, appearance of 3MH in the
urine provides a measure of whole body myosin and actin
proteolysis (Young & Munro, 1978). However, this method
has been strongly criticized because non-skeletal muscle
sources with high protein turnover rates, relative to skeletal
muscle, could disproportionately contribute to urinary
3MH levels (Rennie & Millward, 1983). Total urinary
3MH excretion does not allow for the study of specific
muscles due to the nature of the whole body estimate
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that urinary measurements provide. To circumvent these
issues, arteriovenous differences of 3MH across a limb have
been successfully employed (Rennie et al. 1984; Rifai et al.
1993; Sjolin et al. 1989), but to our knowledge have not
been used to study muscle proteolysis in ageing individuals.
More recently, three stable isotope methodologies have
been introduced to measure mixed muscle proteolysis, a
tracee release method (Zhang et al. 1996; Phillips et al.
1997), an arteriovenous balance method (Wolfe, 1992;
Volpi et al. 2001), and a three-pool method (Biolo et al.
1995a), of which the latter two have provided conflicting
results regarding resting proteolysis in ageing individuals
(Volpi et al. 1999, 2000, 2001).

Microdialysis is an established methodology that has
been used over the last decade to study the interstitial space
of skeletal muscle under a wide range of experimental
conditions (Lonnroth et al. 1987; Henriksson, 1999;
Langberg et al. 1999; Hickner, 2000). In this investigation,
we sought to couple the muscle-specific nature of the
microdialysis methodology with the unique qualities of
3MH to address the issue of skeletal muscle proteolysis
with ageing.

Given that resistance exercise increases muscle mass and
function in the young and elderly, we were also interested
in the proteolytic response to a single bout of resistance
exercise. A single bout of resistance exercise in young men
and women has been shown to increase mixed muscle
proteolysis for up to 24 h postexercise (Biolo et al. 1995b,
1999; Phillips et al. 1997, 1999). Thus, an increase in
muscle proteolysis is apparently a necessary component
to the metabolic response following resistance exercise. It
would be of interest to know if myosin and actin were a
component of the postresistance exercise increase in mixed
muscle proteolysis, and if this response was altered with
ageing.

In a group of older and younger men we examined
skeletal muscle proteolysis by measuring the skeletal
muscle interstitial concentration of 3MH at rest and
for 24 h after a single bout of resistance exercise.
We hypothesized that at rest skeletal muscle 3MH
concentration would be higher in older as compared
with younger individuals. We also hypothesized that
the interstitial 3MH concentration following a single
bout of resistance exercise would be increased from
preexercise in both the young and old, but this response
would be blunted in the older relative to the younger
individuals. Femoral arteriovenous 3MH differences were
also measured following resistance exercise in a separate
group of young individuals, which support the findings
from the microdialysis measurements.

Methods

Subjects

Eight young (27 ± 2 years, 178 ± 5 cm, 79 ± 10 kg,
20 ± 7% body fat; mean ± s.d.) and eight old (75 ± 4
years∗, 178 ± 7 cm, 91 ± 11 kg∗, 29 ± 10% body fat; ∗P <

0.05 versus young) men were included in this investigation
following a physical examination, which included blood
and urine analyses, and an electrocardiogram (older
subjects). Subjects were excluded if they had any acute
or chronic illness, cardiac, pulmonary, liver, or kidney
abnormalities, uncontrolled hypertension, insulin- or
non-insulin-dependent diabetes, abnormal blood or
urine chemistries, arthritis, a history of neuromuscular
problems, or if they smoked tobacco. It was our intent to
include sedentary healthy older and younger individuals;
therefore, we excluded individuals that were completing
any formal exercise programs or physical activity outside of
their activities of daily living within the previous 6 months.
Body composition was determined using whole-body
air-displacement plethysmography (Life Measurement
Instruments, Concord, CA, USA). All procedures, risks
and benefits associated with the experimental testing
were explained to the subjects prior to signing a consent
form adhering to the guidelines of the Institutional
Review Board of the University of Arkansas for Medical
Sciences. This study was conducted in accordance with
the Declaration of Helsinki.

Experimental design

Each subject completed the protocol over a period of
4.5 days, which entailed 3 days of diet and activity control,
two overnight stays, and a 1.5-day microdialysis and
exercise study of skeletal muscle 3MH. Specific details of
the study design and methods are listed below.

Diet and activity control. Prior to day 1 of the protocol,
each subject was counselled by the General Clinical
Research Center (GCRC) dietitian to maintain their
normal dietary habits (i.e. general food choices and
times of eating), to eat an adequate amount of protein
(1.0–1.2 g per kg body weight) and calories (estimated
from Harris–Benedict (Harris & Benedict, 1919) times
an activity factor of 1.5), and to ensure their diet was
meat-free for the duration of the study. These dietary
controls were instilled to ensure no subject consumed an
abnormally high or low amount of protein or calories
prior to the metabolic measurements on days 4 and 5
and to eliminate the influence of exogenous 3MH on the
measurement of endogenous 3MH. Subjects were also
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asked to refrain from completing any activity outside of
their normal daily activities during the study. On day 3,
subjects were provided with their evening meal, which
consisted of 50% of their estimated daily calories (56%
carbohydrate, 13% protein and 30% fat). On day 4, subjects
were provided with 100% of their estimated calories, 50%
from Ensure Plus (Ross, Columbus, OH, USA) (53%
carbohydrate, 15% protein, and 32% fat) during hour 7 of
the microdialysis protocol (see Microdialysis and exercise
bout section) and the other 50% provided as their evening
meal (identical to the evening meal on day 3). No food was
provided prior to or during the morning measurements
on day 5. This feeding regimen standardized the morning
postabsorptive metabolic measurements on days 4 and 5
(∼12 h fast each day) and controlled the composition,
amount, and timing of feeding during the microdialysis
studies.

Microdialysis and exercise bout. Prior to the evening
meal on the third day of diet and activity control, two
CMA 60 microdialysis probes (30 mm, 20 kDa cutoff,
CMA Microdialysis, Solna, Sweden) (Rosdahl et al. 1993)
were placed in the vastus lateralis of the dominant leg.
The microdialysis probes were perfused with sterile
water at 10 µl min−1 for 5 min before and immediately
after probe insertion with a calibrated microinfusion
pump (Harvard PHD 2000 MD, Natick, MA, USA).
The probes were then disconnected from the perfusion
pump and left in place with the inlet and outlet tubing
capped, which was secured to the leg for the overnight
stay. The timing of the probe insertions (∼12 h before
the preexercise measurements) was to ensure that the
preexercise measurements would not be influenced by
the probe insertion (Langberg et al. 1999). The following
morning each subject underwent the measurement of
resting skeletal muscle interstitial 3MH levels and blood
flow, estimated with the ethanol technique (Hickner et al.
1991, 1992, 1994, 1995). The microdialysis probes were
perfused with a sterile Ringer solution supplemented
with 37 g l−1 dextran-70 (70 kDa, Sigma, St Louis, MO,
USA), a small amount of d-[3H]glucose to calculate
the recovery over the microdialysis probe membranes
(see Microdialysis probe recovery section), and 10 mm
ethanol to estimate local blood flow. Dextran was used
to assure there was no net fluid transport across the
microdialysis membrane (i.e. perfusate volume equalled
dialysate volume) (Hamrin et al. 2002). All dialysate
samples were collected in 30 min aliquots in sealed
microvials (CMA Microdialysis, Solna, Sweden), that
were weighed on a precision microbalance (Cahn 35,
Orion Research, Beverly, MA, USA) before and after each
collection period to determine actual dialysate volume.

At the start of the resting measurements, each probe was
reconnected to the perfusion pump and perfused for
5 min at 10 µl min−1 (flush) and then at 2.0 µl min−1 for
2.5 h while the subjects rested quietly. The first 30 min
was discarded and the next two 30 min collections from
both probes were used to measure dialysate 3MH and
ethanol concentrations, and probe recovery (see 3MH,
d-[3H]glucose, and ethanol determination and
Microdialysis probe recovery sections).

Following the resting measurements, subjects
completed a unilateral exercise bout that emphasized the
quadriceps muscles of the dominant leg and lasted about
1 h. Prior to the resistance exercise bout, each subject
completed light stretching and a 10 min warm-up on
a cycle ergometer. The exercise bout consisted of four
exercises, two on a leg extension machine and two on
a leg press machine. One-repetition maximum (1RM)
measurements were completed for each exercise prior to
completing that exercise, followed by 5 min rest. Each
exercise consisted of three sets of eight repetitions at 80%
of the individual’s 1RM, with 2 min rest between sets and
5 min rest between exercises.

After the exercise training bout each subject,
while resting quietly, underwent 10 h of postexercise
measurements, of which the 0.5–5, 7.5–8, and 9–10 h
samples were used for 3MH, d-[3H]glucose, and ethanol
measurements. During this time, the microdialysis probes
were perfused as before. Following the postexercise
collection period the microdialysis probes were flushed
with sterile water at 10 µl min−1 for 5 min and then
disconnected and secured for the overnight stay as before.
The following morning, subjects underwent 2.5 h of
resting measurements, with the 0.5–1.5 h of collections
being used for 23–24 h postexercise measurements.
Both microdialysis probes were reconnected, flushed, and
perfused in the same manner as the previous morning.

Collections from 1 h segments before (1.5–2.5 h), and
after exercise (5–6, 8–9, and 24–25 h) were used for other
unrelated measurements and these data are not presented
here.

Microdialysis probe recovery. Microdialysis probe
recovery for 3MH was determined by the internal
reference technique (Scheller & Kolb, 1991) by adding
0.2 µCi ml−1 of d-[3H]glucose (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) to the perfusate, since
glucose is similar in size (180 Da) to 3MH (169 Da). In
vivo recovery was calculated using the following formula:
(Perfusatedpm – Dialysatedpm)/Perfusatedpm.

3MH, ethanol, and d-[3H]glucose determination. The
microvials for each 30 min collection were immediately
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stored at 4◦C, until an aliquot was removed the day of the
experiments for ethanol and d-[3H]glucose analysis, and
the remaining volume was stored at –80◦C until assayed
for 3MH.

The concentration of 3MH in the dialysate samples was
determined by high-performance liquid chromatography
(250 mm × 4.6 mm C-18 reverse phase column, flow
rate 1.5 ml min−1) and fluorometric detection (model
474, Waters, Milford, MA, USA) as previously described
(Wassner et al. 1980; Fetterer & Allen, 2000), with slight
modification for sample volumes. Derivatization was
completed by placing 25 µl of dialysate or standard
(M19930, Pfaltz and Bauer, Waterbury, CT, USA), 65 µl
of borate buffer (0.4 m boric acid, adjusted to pH 12.2
with NaOH), 65 µl of fluorescamine reagent (160 mg
fluorescamine in 100 ml acetonitrile) in a 0.6 ml
microcentrifuge tube, which was then vortexed and
allowed to stand at room temperature for 5 min. Ten
microlitres of concentrated perchloric acid was added
to the tube, the tube was then capped and heated at
80◦C for 1 h. After cooling to room temperature, samples
were neutralized with 25 µl of 0.5 m MOPS in 3 m
NaOH. Samples were injected with an autosampler (model
717plus, Waters) maintained at 4◦C. The mobile phase was
25% acetonitrile and 75% 10 mm Na2HPO4 adjusted to
pH 7.5 with phosphoric acid. Peaks were monitored at 365
nm (excitation) and 460 nm (emission) and integrated
with chromatography software (Millennium, ver. 3.2,
Waters). Interstitial 3MH concentration for each sample
was determined by accounting for probe recovery for that
sample. Calculated interstitial 3MH concentrations from
both probes from a subject for each time point were
averaged to represent that time point.

Ethanol concentration in each perfusate and dialysate
sample was measured according to the method originally
described by Bernt & Gutmann (1974) and modified
by Hickner et al. (1994, 1995). Briefly, 2 µl of sample
or standard was added to 1.0 ml of glycine–hydrazine
buffer (74.6 mm sodium pyrophosphate, 22.0 mm glycine,
60.0 mm hydrazine sulphate and 0.54 mm βNAD, pH 8.9).
Before and 60 min after the addition of 10 µl of enzyme
(1.7 mg alcohol dehydrogenase per ml of water), each
sample or standard was read on a fluorometer (Turner
Quantech, Barnstead Thermolyne, Dubuque, IA, USA),
with the excitation and emission wavelengths set at 360
and 415 nm, respectively. After determination of actual
perfusate and dialysate concentrations (mm) from the
standard curve, ethanol outflow to inflow ratio (o/i) was
calculated for each probe at each time point. The calculated
o/i from both probes for a subject at each time point were
averaged to represent that time point.

DPM of d-[3H]glucose was measured from 10 µl of
each perfusate and dialysate sample placed in 3 ml of
scintillation fluid and 250 µl of water in a 7 ml scintillation
vial on a Beckman LS 6500 scintillation counter (Beckman
Coulter, Inc., Fullerton, CA, USA).

Arteriovenous 3MH Measurements

Arteriovenous 3MH exchange across the legs was
measured in a separate group of young males (n = 3;
23 ± 2 years, 181 ± 3 cm, 70 ± 9 kg; mean ± s.d.)
to compare with the findings of the microdialysis
measurements from the young and old. All procedures,
risks and benefits associated with the experimental testing
were explained to the subjects prior to obtaining consent
adhering to the guidelines of the Ethics Committee of
Copenhagen and were in accordance with the Declaration
of Helsinki. Subjects for this component of the study were
recreationally active and were asked to follow the same diet
and activity restrictions as outlined for the microdialysis
study with the young and old.

The design of this component of the study and the
timeline of the sampling were set to include arterial and
venous 3MH measurements during the initial 4 h after a
resistance exercise bout. The resistance exercise bout was
identical to that used in the microdialysis study of the
young and old, with regards to emphasizing the quadriceps
muscles, 1RM measurements, duration of the rest periods,
exercise intensity, sets and repetitions for each exercise, and
the fact the exercise was completed with one leg (while
the other leg served as a control for the arteriovenous
measurements). However, the exercise bout included three
exercises (as compared with four), all completed on a leg
extension device.

Subjects reported to the lab in the morning and
measurements were made following an overnight fast. No
food was provided prior to or during the measurements on
this day. Indwelling catheters were placed in both femoral
veins and one femoral artery in the inguinal region of the
legs. Catheters were kept patent with a saline infusion.
Arterial and venous blood samples were collected every
30 min following exercise starting at 45 min and ending
at 3 h and 45 min postexercise. Blood samples for 3MH
determination were collected in EDTA tubes, centrifuged
at 2000 g and 4◦C for 10 min, and the plasma was stored at
–80◦C until analysis. Separate blood samples were taken at
each time point for the measurement of haematocrit. The
arterial and venous plasma samples were deproteinized
with concentrated perchloric acid and analysed for 3MH
concentration as described in the 3MH, ethanol, and
d-[3H]glucose determination section.
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Figure 1. Resting interstitial 3MH concentration in the young and old individuals
Values for probe A and B are shown to illustrate the similarity between probes within each subject (see Results).
∗ P < 0.05 from young.

Leg blood flow was determined using an ultrasound
Doppler machine (SONOLINE Sienna, Siemens, Japan)
equipped with a linear array transducer (7.5L40, Siemens)
probe (42 mm length) by measuring femoral arterial
diameter and mean blood velocity (Radegran, 1999). All
of the bilateral measurements were made distal to the
inguinal ligament and catheter insertions. Plasma flow was
calculated as the blood flow multiplied by 1 – haematocrit.

Figure 2. Interstitial 3MH concentration following exercise in the young and old individuals
There were no differences (P > 0.05) from preexercise in either the young or old individuals. Hours represent the
30 min collection prior to that time.

Net release or uptake of 3MH was calculated as the femoral
arteriovenous difference in the plasma concentration of
3MH multiplied by the plasma flow (Andersson et al.
1987). We chose plasma flow and plasma concentration
to calculate the exchange across each leg; however, whole
blood flow and concentration could also be used since the
concentration of 3MH in red blood cells is similar to that
of plasma (Andersson et al. 1987). For each leg, the average
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of each 30-min measurement was taken to represent the
average net release of 3MH during the 4 h postexercise
period.

Statistics

Subject characteristics were compared with Student’s
paired t test. A two-way (age and time) analysis of
variance (ANOVA) with repeated measures on time was
used to compare the interstitial 3MH levels, ethanol o/i,
microdialysis vial weights, and the in vivo probe recovery
between the young and old before and after exercise. A
paired t test was used to compare the average arteriovenous
3MH release from the control and exercise leg from
the separate study of young subjects. When necessary,
Tukey’s post hoc test was completed to determine the
location of differences over time. Significance was accepted
at P < 0.05. Except where noted, data are presented as
means ± s.e.m.

Results

Resting interstitial 3MH levels were 44% higher (P < 0.05)
in the old versus young (Fig. 1). The coefficient of variation
for the two measurements of interstitial 3MH made at rest
from the same probe was 8 ± 2% for the young and 5 ± 1%
for the old. Interstitial 3MH concentration after exercise
was unchanged (P > 0.05) from rest in both the young
and old (Fig. 2). The coefficient of variation between the
two probes within each subject was similar between the
young and old, and similar across all time points before
and after exercise (young: 7 ± 1%, old: 6 ± 0.3%).

Ethanol o/i at rest and at all time points after exercise
was similar (P > 0.05) between the young and old
(Table 1). Ethanol o/i was significantly lower (P < 0.05)
than preexercise at 0.5–1.0, and 1.0–1.5 h postexercise, and
was also significantly lower (P < 0.05) than preexercise
the first measurement the morning after the exercise bout
(23.0–23.5 postexercise) (Table 1).

Dialysate weights were similar to the expected weight of
62.22 mg (assuming a perfusate density of 1.037 g ml−1

and an expected dialysate volume of 60.00 µl) for all of
the collection periods (data not shown). Dialysate weights
were also similar between young and old over all the
collection times, and averaged 62.73 ± 0.21 and 61.26 ±
0.35 mg, respectively. At rest and following exercise, the
probe recovery of 3MH was not different (P > 0.05)
between the young and old. However, probe recovery
did increase (P < 0.05) in both groups postexercise as
compared with preexercise (Table 2). Ta
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Table 2. Microdialysis probe recovery

Rest 0.5–1 1–1.5 1.5–2 2–2.5 2.5–3 3–3.5 3.5–4 4–4.5 4.5–5 7.5–8 9–9.5 9.5–10 23–23.5 23.5–24

Young 47 ± 2∗ 56 ± 1 55 ± 1 56 ± 1 57 ± 1 55 ± 1 54 ± 2 55 ± 1 54 ± 1 55 ± 1 55 ± 1 58 ± 2 56 ± 1 55 ± 2 57 ± 1
Old 48 ± 2∗ 56 ± 3 57 ± 2 57 ± 3 58 ± 3 56 ± 3 56 ± 3 57 ± 3 57 ± 3 57 ± 3 54 ± 2 54 ± 3 53 ± 2 61 ± 2 61 ± 3

Values are means ± S.E.M. Data are presented as percentages. Average for each 30 min time point is the average of all eight subjects
in each group with each subject represented by the average percent recovery obtained from their two probes. Resting values were
significantly lower (P < 0.05) than all other time points for both young and old.

The average arteriovenous 3MH exchange across the
leg in the group of three young men was similar (P >

0.05) between the control and exercise legs during the 4 h
following the resistance exercise bout (control: –28 ± 6,
exercise: –28 ± 11 nmol min−1).

Discussion

There are several novel findings from this study. First, it
appears that proteolysis of myosin and actin, the two most
abundant contractile proteins, is increased with ageing,
which may contribute to the loss of muscle mass that occurs
with ageing. Second, proteolysis of myosin and actin does
not appear to increase within the first 24 h following a
single bout of high intensity resistance exercise in young
men, and this response does not seem to be altered in 71- to
83-year-old men. Third, microdialysis is compatible with
the high dynamic forces associated with high-intensity
resistance exercise. Fourth, microdialysis is an appropriate
methodology for use in the study of skeletal muscle in older
individuals at rest and following exercise.

Comparing the current study to the relatively few studies
of ageing and resting skeletal muscle proteolysis (Uauy et al.
1978; Fielding et al. 1991; Welle et al. 1995; Volpi et al. 1999,
2000, 2001; Hasten et al. 2000) is difficult due to conflicting
results obtained from different methods within the same
individuals (Volpi et al. 2001), different proteins studied
(i.e. mixed muscle protein versus myosin and actin), and
the aforementioned methodological limitations (Rennie
& Millward, 1983). However, regardless of methodology, a
general observation regarding the magnitude of difference
reported between young and old individuals provides
some insight. Previous studies report a range from no
change to a 25% increase in skeletal muscle proteolysis
with ageing (Uauy et al. 1978; Fielding et al. 1991; Welle
et al. 1995; Volpi et al. 1999, 2000, 2001; Hasten et al. 2000).
The increase in muscle proteolysis with ageing from the
current investigation was greater (+44%) than any of the
previous studies, and is likely to be explained by the direct
sampling of the muscle that the microdialysis methodology
provides.

Using either the tracee release method or the three-
pool method, mixed muscle proteolysis has been shown
to increase on average 31–61% in the first 3–4 h (Biolo
et al. 1995b, 1999; Phillips et al. 1997, 1999), and remain
increased through 24 h (Phillips et al. 1997) following a
single bout of resistance training in young individuals.
Data from the current study suggest that myosin and
actin proteolysis are not a significant component of the
mixed muscle proteolysis response to a standard bout
of resistance exercise in the young, and this response is
maintained in ageing skeletal muscle. The measurements
of arteriovenous 3MH exchange across the leg in the young
subjects provide additional support to the findings from
the microdialysis measurements. The average net release
of 3MH from the control leg (and resistance exercise leg)
over the 4 h following the resistance exercise bout are
comparable to resting levels previously reported for young
individuals (Andersson et al. 1987), and show that myosin
and actin proteolysis are not increased during this time
frame following resistance exercise. However, moderate
long-term aerobic exercise has been reported to decrease
skeletal muscle myosin and actin proteolysis, as shown
by a decrease in intramuscular free 3MH in the muscle
(Rennie et al. 1981). The suggestion that proteolysis of
certain muscle protein fractions may respond differently
to various stimuli is also supported by the study of
Svanberg et al. (1996). These authors have shown, with
arteriovenous measurements across the arm and leg, that
an infusion of amino acids has no influence on myosin
and actin proteolysis, while proteolysis of other proteins is
responsive to an amino acid provision.

Our microdialysis measurements of myosin and actin
proteolysis within and between individuals are based on
a few assumptions. First, the contribution of exogenous
3MH to the interstitial measurements is negligible. This
has been addressed by eliminating 3MH in the diet of
the subjects for 3 days prior to and during the 2 days
of the microdialysis experiments (Bilmazes et al. 1978;
Young & Munro, 1978; Lukaski et al. 1981). Second, the
amount of methylated myosin and actin is consistent
among all subjects. Bilmazes et al. (1978) have shown that
the amount of 3MH in several different skeletal muscles
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from men and women age 19–74 years is equivalent.
Further, we have shown that the amount of myosin and
actin per unit wet weight of muscle is similar between
young and old men and women (Trappe et al. 2003).
Therefore, we feel it is appropriate to assume the amount
of 3MH per unit myosin and actin and per unit muscle
of our subjects is not different. Third, the amount of
muscle sampled by the microdialysis probe is equivalent
between subjects. Rosdahl et al. (1993) have calculated the
amount of tissue sampled with the microdialysis probes
used in the current study to be ∼100 mg. Given that
our measurements are taken from the average of two
probes, we essentially sampled 200 mg of muscle during
our measurements, which is greater than is typically used
for most methodologies that incorporate human muscle
biopsy measurements. If this assumption is violated, it is
likely to be violated in a direction that supports an even
larger difference in resting proteolysis. That is, the older
individuals have less muscle protein per unit of muscle
tissue sampled (i.e. per microdialysis probe) (Trappe et al.
2003), which would suggest they are effectively producing
more 3MH per unit muscle. Fourth, circulating levels of
3MH are either not different among individuals and/or
the circulating levels do not contribute to the interstitial
levels that we measured. We did not measure arterial
3MH levels in each subject during the course of the
experiment. However, at any given rate of myosin and
actin proteolysis the amount of circulating 3MH is directly
related to the amount of muscle mass of the individual
(Lukaski et al. 1981; Uauy et al. 1978). Although we did
not measure muscle mass in our subjects, it is reasonable
to assume that muscle mass was lower in the older men as
compared with the younger men. Thus, any contribution
that circulating 3MH may have made to the interstitial
levels would have suppressed the difference that we found
between the young and old, suggesting an even larger
difference in proteolysis between the young and old. Fifth,
the transmembrane transport of 3MH is similar between
young and old. Human skeletal muscle transmembrane
3MH transport has not been directly measured in this or
any other investigation to our knowledge. However, the
few studies which have investigated general amino acid
transport in skeletal muscle in young and old men and
women at rest in the fasted and fed state suggest that it is not
influenced by age (Volpi et al. 1999, 2000, 2001). Finally,
it should be noted that these assumptions primarily relate
to comparisons between individuals and not necessarily
within the same individual for repeated measurements.

Because blood flow near the microdialysis probe could
influence the measurements of 3MH and our estimates of
proteolysis, we chose to monitor local changes in blood

flow with the ethanol technique (Hickner et al. 1991,
1992, 1994, 1995). This method utilizes the ratio of the
concentration of ethanol in the outflow (dialysate) to
inflow (perfusate) (i.e. o/i) as an indicator of local blood
flow. A decrease in the o/i reflects an increase in blood
flow and an increase in the o/i reflects a decrease in
blood flow in the region sampled by the microdialysis
probe. Our measurements of interstitial 3MH could have
been influenced by differences and/or changes in blood
flow; however, our comparisons of 3MH concentrations
between the young and old were probably not confounded
by differences in blood flow as we did not show any
differences in blood flow (i.e. o/i) between the young and
old at any time point. We did see a transient increase in
blood flow following the resistance exercise bout, as would
be expected based on data from previous studies of limb
blood flow following resistance or high intensity exercise
(Biolo et al. 1995b, 1999; Hussain et al. 1996). Thus, there
is a possibility that 3MH was released from the muscle at
an increased rate while blood flow was increased (i.e. in
the 1.5 h following the exercise); however, the results of
the leg arteriovenous 3MH measurements in the young
individuals do not support this contention.

The current investigation studied only males and it is
unclear if the same results for resting and postexercise
proteolysis would be seen in young and old females.
However, studies that have used females as a portion of
their study population suggest that the young and old
males and females may respond similarly, with respect to
skeletal muscle protein turnover at rest and after exercise
(Phillips et al. 1997, 1999; Welle & Thornton, 1998; Tipton
et al. 1999; Hasten et al. 2000; Balagopal et al. 2001). Results
from equivalent groups of women with a statistically
relevant number of subjects are warranted.

The basis for studying the skeletal muscle proteolytic
response at rest and after activity is to better understand
the role of protein metabolism in the development of
frailty and reduced functional independence in the elderly.
Interpretation of the current findings is difficult in the
context of total muscle mass changes with ageing and
the conflicting reports that the synthesis rates of skeletal
muscle are either decreased (Welle et al. 1993; Yarasheski
et al. 1993, 1999; Balagopal et al. 1997), not changed (Volpi
et al. 2001), or increased (Volpi et al. 2001) with ageing.
Regardless, the results from the current investigation are
consistent with a decrease in muscle mass loss with ageing.

In conclusion, our results suggest that the main muscle
proteins, myosin and actin, which also are the main
proteins involved in the production of muscular force,
are degraded at a higher rate in older as compared with
younger individuals in the resting and postabsorptive state.
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This difference in resting proteolysis may contribute to the
loss of muscle mass with ageing. It also appears that myosin
and actin are not degraded at a higher rate than resting
in either young or old men within 24 h of a single bout
of resistance exercise that is known to increase skeletal
muscle mass and function when performed chronically.
Studies of interventions, such as exercise training or
nutritional supplementation, which may reduce the
increased resting proteolysis of myosin and actin in
the old are warranted. Finally, microdialysis appears
to be compatible with high-intensity resistance exercise
and is appropriate for use in skeletal muscle of older
individuals.
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