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The obj ect ive was 1) to quantify the metabolic respOnses of skeletalmuscle to a fixed exercise load , 2) to ident ify alterations in the responseof muscle to exercise after physical conditioning , and 3) to quantify leuc lneflux (lnf]**x and ef flux ) across cell mambranes of resting muscle.

~~ To identigy the metabolic alterations accompanying muscular hypertrophy~ ~~~~we have measure ng~~of iEr ’~~~~~~~~~~ygen And.~ -a.in~~~~!~r-—---i~~ ten healthy nontriiñed and six weight trained young male volunteer~~ oefore,during, and after aixt minutes of hand ergometer exercise (7.5 kilopond.meteri
fr ~

. ~~~ •minutea 1) .‘ or ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ arm volume
hy 7%. and wrlat curl ~tx~enZtb..b~ 55%. The. ~aj or metaboli~ d1..~~e~ence~ be-tween untrained and trained men appeared during exercise. The increase inglucose uptake and lactate release were significantly greater in untrainedsubjects. On the other hand , the increase in alanine release was greaterin trained subjects. This suggests that less tissue hypoxia developed at thesame moderate work. load in bypertrophied muscle. ~ With the acceleration ofglycolysis that accompanies exercise, hypertropb~~4 muscle is able to directmore pyruvate toward alanine synthesis and away ~ %om lactate production.Leucine flux into muscle at rest in nontrained suajects was +198 *54 nmoles/
minute/lOO ml forearm (fractional extraction of l4cine from arterial bloodwas 27%) , and ef flux was —225 *74 nmoles/minute/lO~ ml for earm. Of theinfluxing leucine, 2% was iisnediately oxidized.
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Work under the contract was begun May 1, 1972 and terminated November 30,
1974 , when the Principal Investigator resigned his full t ime position at the
Johns Hopkins University School of Medicine to enter part t ime private practice
of medicine.

Thc objective of the studies was: 1) to quantify the metabolic responses
of skeletal muscle to a fixed exercise load, 2) to identify alterations in the
response of muscle to exercise after physical conditioning, and 3) to quantify
amino acid influx and ef flux across muscle cell membranes. The forearm technique
was utilized as described by Andres, R. et al (J. d in. Invest. 35:671, 1956),
and modified for flux studies by the application of isotopic techniques.
Although Dr. K. L. Zierler was initially a Co—Principal Investigator, his igiy 1972 de-
parture from the Johns Hopkins University terminated his relationship with
the project. Dr. Pozefsky was joined at that t ime by Dr. R. T. Moxley, a
Research Fellow in Medicine, who collaborated in all studies. Dr. Moxley
currently is Assistant Professor of Neurology at the University of Rochester
School of Medicine.

Certain technical problems were addressed in the first year of funding.
First, a rapid and reproducible spectrophotometric method for measuring the
oxygen content of blood was adapted from that of Nahas, C. C., et al (Science
113:723, 1951). Second, because studies were to emphasize the metabolism of
amino acids, and because the then recent studies of Elwyn, D. H. et al (Am. J. Physio]..
222:1333, 1912) suggested a role for erythrocytes in the interorgan transport
of amino acids, it became necessary to determine whether whole blood rather than
plasma was the biologic fluid of choice for measurement of amino acid concentra—
tions. Plasma had been traditionally used in studies of forearm muscle amino
acid metabolism. We elected to use whole blood because significant differences
were noted in the calculated v’lues for *uscle balance depend ing on the fluid
utilized . These differences ‘~ere, however, numerically small. Third , it was
necessary to construct a hand ergometer with which a precisely quantified hand
grip exercise load could be imposed. With this ergometer a moderate exercise load
was selected that could be sustained by our experimental subjects for one hour

4 (7.5 kilopond~meters.minutes l). Fourth, a method was selected to induce
conditioning and hypertrophy of forearm muscles. The technique of DeLorme, T. sod
A. C. Watkins (Arch. Phys. Med. 29:263, 1948) was utilized involving dailyj repetitive wrist curls and reverse wrist curls over a period of ten weeks.
Finally, our Amino Acid Analyzer was modified for stream—splitting and fraction
collecting to measure amino acid specific activity.

Human studies were begun in mid—1973 and continued through November 1974.
Ten normal young male volunteers were studied during a sixty minute preexercise
control period, a sixty minute period of hand grip exercise, and a postexercise
recovery period. Six subjects underwent the ten week period of forearm muscle
conditioning, and identical studies were then performed. In addition, four
nonconditioned subjects received infusions of ~

4C—1eucine lasting eighty minutes
while forearm tissues were at rest to quantify leucine influx and ef flux across
forearm muscles as well as leucine oxidation. Thns, during the contract period a
total of twenty successful studies were performed.
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Characteristics of the exercised subjects studied are given in Table I.
There were twelve subjects studied before conditioning, four of whom were re—
studied after conditioning. TVo subjects undergoing forearm studies were
studied after conditioning only. The results may be summarized as follows.
Forearm conditioning increased maximum wrist curl strength by 55% (Table II).
This is evidence for conditioning. Forearm volume increased 7%. This is evi-
dence for hypertrophy. The exercise induced increase in forearm blood flow
and oxygen consumption was the same in untrained and trained subjects (Figures 1
and 2). The exercise induced increase in glucose uptake and lactate release
were greater in untrained subjects (P<0.05 for each, Figure 2). On the other hand,
the increment in alanine release was greater in trained subj ects (P< 0.025,
Figure 2). This suggests that less tissue hypoxia developed at the same moderate
work load In hypert rophied muscle since greater alanine release and lower lactate
output occur during exercise in weight—trained men. With the acceleration
of glycolysis that accompanies exercise, hypertrophied muscle is able to direct
more pyruvate toward alanin e synthesis and away from lactate production. The
increase in alanine output occurred despite lower glucose uptake in exercise
by weight—trained men, suggesting a greater role for free fatty acids as an energy
source in hypertrophied muscle. While exercise induced an uptake of branched
chain amino acids in both groups, no difference between the two groups was ob—
served. Exercise did not alter the transport of other acidic and neutral amino
acids. In leucine flux studies (nonconditioned muscle at rest) leucine influx
was +198 *54 nmoles/minute/jOO: ml forearm (the fractional extraction of arterial
leucine was 27%), and efflux waa—225 ~74 nmoles/minute/lOO ml forearm. Of the
influzing leucine, approximately 2% was thm~edia tely oxidized.

A technical description of the differences between using whole blood and
plasma f or the determination of amino acid balance across forearm muscle has
been published (see reference 1 below), and an abstract describing the findings
in untrained and trained subjects has been published (see reference 2 below).
Dr. Mox1e~’ is preparing a definitive paper describing the effects of training
on the metabolic response of muscle to exercise.
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21 71 183

7.?. 21 70 188
LS. 22 73 177
LL. 22 71 173
S.D. 22 76 201
P.A. 25 69 160
5.0. - 

25 71 152
LI. 25 68 170
D.?. 26 69 143
D.C. 27 70 173
LI. 27 73. 185
f t C .  27 71 157

- - Th$IZ U. $.rtal ChangsS in Wri.t Curl Itr.sgth and
Ar Vein.. During Wsight ?raininq

*xin~~ w.ight with Du. Wriat Curl Voluus

tin. arear .e.rt at tr.in~~~ tins at tsr a tar t of trainine

0 10 ws~ka % m orse.. 0 10 wsskS S m orass.

A D .  131 170 30% 1990 2120 7%
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of pro qu.sivs rsaiat.nc . sasroi.s . Arch . Phys . hod.
29, 263—273.
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Figure I. Effect of hand grip exercise on ipsilateral brachial arterial
blood f low in 10 untrained (.~~~.) and 6 trained (e...o ) subjects.
Mean ± S~~I values have been plotted .
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EXERCISE RECOVERY
Vigur. 2. Effect of hand grip exercise on muscle ba lance (~ ) of oxyg.n,
(glucose , lactate and alanine in 10 untra ined and 6 trained subject..
Mean ± SEM va lues ar. plotted .
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