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ABSTRACT

Using rats we investigated the influence of hetabp]ic rate (MR) on
the oxidatibnswyfg]ucqse (glc), alanine (ala), and leucine (leu) jg_xixg,
Evolution of ]4C02 was assessed for‘2 h following injection of
5 uCi of [U-]4C]-glc, -ala, or -leu during rest, during,funning at 14.3 m/min

on a 1% grade, or during Eunning_at 28.7 m/min on a 15% grade. Following

14

[U-]4C]-glc injection, the rate and magnitude of CO2 evolution wefe

relatively low at rest and 1ncreased proportionally to MR. Recoveries of.

4, 14

infused "°C a CO,were 42, 67 and 87% at the three MR respectively.

]4C02 following [U- C]-a]a injection appeared faster and to

Evolution of
a greater extent during exercise than rest, but no difference appeared
between the two exercise intensities.. Recoveries were 55, 71 and 74%,
respectively. The rate and magnitude of 14C02-evo1utipn following [u-"4¢]
-leu injettion were proportional to MR, but quantitétive]y less than follow-
ing glc or ala 1n3ect1on Recoveries .were 18, 36 ahd 45%, respectively.

We conclude that the metabolism of selected am1no acids is 1ntegrally linked
to the energy transduct1qns contributing to the carbon flow sustaining

exercise.

Key Words: small animals, exertion, metabolism, energétics,skeleta] muscle,

rodent, amino acid, branched cha1n amino acid, exerc1se,

transam1nat1on, deam1nat1on, 1actate



INTRODUCTION

Traditional views hold that when caloric supply is adequate, proteins
and amino acids contribute insignificantly to the carbon f]bw sustaining
physical exercise (7). These views are based largely upon early studies
which observed insignificant alterations in urfnafy nitrogen excretion to
be associated with muscular exercise in humans (17). More receﬁt and tightly
controlled studies (25) .have also indicated only small and transitory effects
of the initiation of training on'nitrogén ba]ance.} It appears, therefore,
that the deamination of amino acids does not contribute Significant1y‘to
the substrate pob] for muscular work. .

Several lines of evidence are consistent with the hypofhesis_that trans-
aminations and other processes are integrally involved with the energy flux
during exercise. It is known, for instance, that transaminase activity is
high in skeletal muscle (10,30,46). Moreover, Mol¢, et al. (38) have demon-
strated skeletal muscle glutamate-pyruvate transaminase (GPT) activity to
“increase 85% in response to endurance training in rats. Further, Lowenstein
(33) has attributed the formation of ammonia in skeletal muscle to the purine
nucleotide cycle (PNC) in which AMP is deaminated to IMP, re]easfng free
ammohia. Potentially, this ammonia can be a nitrogen donor for the formation
of glutamate from alpha keto-glutarate (a-kG) and for glutamine formation
from glutamate. Glutamine as well as alanine produ;tion in rat hemi-corpus
preparations has been reported by Ruderman and Bergers (43).

In an extension of earlier studies by Wahren, et al. (47) on amino acid
catabolism in humans during starvation, Ahlberg, et al. (4) have demonstrated

quantitatively significant participation of the "glucose-alanine cycle" (18)



in the metabq]ic adjustments to prolonged exercise. Their data indicate
the output of alanine by working skeletal musé]e to be equivalent to the
uptake of branched chéin amino acids (BCAA).

Several groups of investigatorsv(10,11,36,27) have independentiy
observed that iso]atea rat skeletal huséle preparations actively oxidﬁze
BCAA, even in the presence of a]ternatjvé substrates. On the basis of these
and related findingé, Odessey, et al. (41) have proposed a "branched-chain-
“amino acid-alanine cycle" in which the BCAA act as nitrdgen donors for the
formation of alanine ffom pyruvate. Under this scheme, the BCAA are initially
transaminated to form g]utamafe with the non-nitrogenous residue ultimately
forming acetyl or succinyl CoA. In the GPT reéction mentioned earlier, -
glutamate and pyruvate form alanine and a-KG. In addition to-being a tri-
“carboxylic acid (TCA) cycle intermediate, a-KG is involved in initial BCAA
transamination. | i |

Preliminary studies from this laboratory using rats (9) have indicéted

14¢ ¢rom injected [U-]4C]—glucose into muscle

significant incorporation of.
and blood pools of alanine, glutamine, g]Utama}e, and aspartate. Those

_ observations and previoﬁs findings of others sUggeSted to us that the
metabolism of particﬁlar amino acids could be integrally linked to'the
energy transductioné contributing to the'cafbon flow sustaiﬁing exercise.
To test this hypothesis, we decided td study the oxidations'of'g]ucose,

alanine and Ieucine_during rest and two intensities of running in laboratory

rats.

METHODS
Female Wistar rats (Simonson Labs, Gi]roy, Ca]ifornia) were obtained
at 36 days of age, housed individually, provided wéter and feed (Feedstuffs,

Inc., San Francisco, California) ad 1ibitum, and maintained on a 12h/12h,



6:00 AM/6:00 PM, light/dark schedule. The rats trained five days per week
for ten weeks until they could run continuously at a speed of 28.7 m/min

on a 15% grade for 120 min. Animals were maintained at this level for one
week during which time they were also habituated to treadmill exefcise in

a metabolic chamber (48). Physical training was not used in this study to
describe differences between trained and sedentary animals, but ra‘her to
allow animals to exercise consistently and sufficiently long for data collec-
tion.- Eighteen proven runners were assigned on the basis of body weight

to one of three substrate injection groups: glucose (glc), alanine, (ala),
or leucine (leu). These groups weighed 237.5 + 8.0, 236.3 + 8.1, 237.5+ 9.9 ¢
(i'j_S;), respectively. Within each group there were three-metabolic
conditions: rest, treadmill running at 14.3 m/min on a 1% grade, and tread-
mill running at 28.7 m/min on a 15% grade. The exercises used were judged

by our experience with these and previous rats tp represent'easy exercise

and the most difficult exercise animals could negotiate for the 2 h period

required for 14

CO2 collection. Over the course of three weeks of testing,
a given rat performed at all three metabo]ic conditions within a given sub-
strate group, each experiment being at least five days apart. Training was
méintained 3 times/week for 1.5;h, 28.7 m/mih on an 15% gfade during the
testing period. The day before and the day of an experiment rats were not
trained. |

]4C isotopes (ICN Irvine,

Radiochemical purity of uniformly labelled
CA) was certified to exceed 98%, which we confirmed by two dimensionq] paper
chromatography (9). The specific activities of stock isotopes obtained were:
L-a]anine,‘120 mCi/mM;_D-glucose, 184 mCi/mM;'ahd L-Leucine, 190 mCi/mM.
The stock isotopes were adjusted so that a 250 ul injection dose included

5 uCi isotope, 50 ul of 154.mM sodium phosphate buffer (pH 7.4), and 154



NaCl. Dosages were administered intraperitonea]ly (ip).

Following an overnight fast, experimentai animals to be studied feceived
10 min of preliminary rest or exercise in the metabo]ic chamber. After
administration of the isotope, each rat was retufned to the metabolic chamber
and continued to either rest or exercise for 2 h. Oxygen consumptidn (Vog) and
cafbon dioxide produétion (QCOZ) were determined continuously fqr 2 h following
isotope injection by the fapid flow, open circuit indirect calorimetry system
described by White and Brooks (48). In this system ambient air was drawn
at the rate of 5 L/min around the.bottom edges of the chambef past the animal,
and into- a mixing manifold. One tenth of the "expired" f]ow was then dried
by passing through anhydrous CaSO4, and then dirécted through Beckhan LB2
COé, and App]ied‘Eiectfochemistry SBA‘O2 analyzers. Outputs qf these analyzers
Were recorded on a Brush 440 recordef, with 0.5% full scale def]ectionﬂ
After compositional analysis the gas was directed to one of twelve g]ass_
CO2 trapping columns which were arrénged in series. Each trap contained
50.m1.ethanolamfne—methylcelluéolve (EMC), (1:2,iv:v). Follow{ng isotope}'
injection, CO2 was trapped continuously for six 5-min periods, and nine 10-
min periods. Three traps had to be used twicé during the course of each
2 h experihent. Cleansing of traps was éccomp]ished'with two 50 m1 washes of
95% methanol, following by forced air drying. Duplicate 5 ml aliquqts of
EMC fkom each trap were mixed with 15 ml of Aquasol fI liquid scintii]ation
cocktail (New Eng]and_Nuc]ear,'Boston, MA), and B-emission was quanfified N
on a Packard Tricarb 3385 liquid scinti]]atibn counterf Counting efficiency
was assessed using both internal and external stapdards and ranged from 60
to 65%. | - |

_902 and \.ICO2 were determined from the fecorder tracings of respiratory
gases 1eaving.fhe metabo]icvchamber.' Intervals corresponding to the
14c02 trdbping periods were jdentified, and ten FEO2 and FECO2 values Were

taken and used to calculate mean values for that time interval. Knowing



the metabolic chamber flow and the percents of 0, extracted and CO, produced
across the chamber, 902 and QCOZ'were calculated as described,pfevious1y
(48).» Specific activity of expired C02 (SACOZ) was caTcu1ated from CO2 trap
activity and corresponding VCOé, assuming 22.26 ml COZ/mMo]e. 002, VCOZ,

14C02 énd SACO2 were calcu-

R, external work rate, percent ]4C recovered as
lated.

One week following completion of all metabolite infusions, 18 trained
rats were used to study CO2 retention characteristics. At each metabolic'
rate, six animals were injected with 5 uCi of [U- C 1- NaHCO3 in 250 w1 of
154 mM bicarbonate buffer, pH 8.

In a parallel study, 28 rats were trained and'otherwise treated as
described above. At one ofdseven time intervals (2.5, 5, 15, 30, 60, 90,
and 120 min) in each metabolic condition, 2 ml blood was samoled by cardiac
puncture from a rat. Enzymatic assays (Sigma, fnc.‘Str'Louis, MO) for g]ucose
and lactate concentrations were performed on neutralized perchloric acid

blood extracts. Blood was withdrawn on three occasions from each rat, at

least one week apart, once at each metabolic rate.

14 14

Curves describing the evolution of CO2 (i.e., DPM. of "'C appearing

S ]4C02) were plotted from the raw data. Also p]otted were evolution of

]4C02 curves normalized for metabolic. rate (i e., SACOZ). Since the CO2 trapping
intervals varied (i.e., six 5-min and nine 10-min intervals) plotted data
were normalized to a per minute va]ue | Following isotope injection (i.e.,

time zero), evolution of 14

CO2 1ncreased to a max1mum at some time post-
injection, and then decreased in an exponent1a] fashion with one or two components
Group mean data following the attainment of peak act1v1ty for both DPM as
CO2 and SACO2 were p]otted on semilog graph paper. From these p]ots, the

14
C02 co]lect1on time intervals making up the components of the exponent1a] decay
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were assessed. Using the group data to identify curve component intervals,

linear regressions were perfofmed on the log transformation of data obtained
during individual experiments, the slope of those regressions being equivalent

to the exponential rate constants. Cufve parameters of descriptive importance
included time to peak evolution (TPE), magnitude at peak evolution (MPE),

and rate constants of expohential decay. Means and standard errors of the

means were calculated for purposes of comparison. Analysis of variance (ANOVA) and
Scheffe procedures (p <.05) were used to test the statistical significance

of mean differences. Minor differences in MPE between tabled means and the
plotted means (Figures 2—4) existed since animals reached their MPE at different

times.
RESULTS

Oxygen consumptions and carbon dioxide productions were markedly influenced
by the intensity of exercise (Figure 1). At rest, metabolic rates were elevated
immediately following injéction which compared*tb Va]ues,]ater%n' the 2 h protocol.
We attribute this to handling of the animals associated with isotope injection
and subsequent activities of aﬁima]s such as grooming and exploration of
the metabolic ;hamber. A similar but less pronouhced effect was observed
during running at both 14.3 m/min, 1% grade (easy exercise) and 28.7 m/min,

15% grade (heavy exercise). In addition to the effects of handling, the
increased‘mefabolic rate at exercise onset coincided with efratic pacing
of animals. When expreésed in relative units, several of the 902 values
during heavy exercise exceeded 80 ml-kg']-min']. Respiratory exchange ratios
(R = VC02/V02) are presented in the lower portion of Figure 1. At rest,
exc1tement associated with hand]1ng, 1nfus1on, and placement in ' the metabol1c

chamber increased R as compared to the latter per1ods of qu1escence Af

the onset of running at 28.7 m/m1n and 15% grade, R exceeded unity, but’ then



declined in an exponentially over time to approximately 0.95 at the
end of 2 h. The values of R bbtained during running at 14.3 m/min and 1%
grade are equal to or slightly less in most instances than those observed
in heavy exercise, but the curve configurations were similar. The interaction
model ANOVA performed on 002, \./CO2 and R indicated that the metabolic responses
of the rats to rest or two intensities of running did not differ between
the substrate injection groups.

Compéréd to rest, the two exercise tasks resulted in significant a]téra-
tions in blood lact and glc concentrations (Table 1). Blood lact concentra- -
tion was direct]y related to MR.

]4C02-following injection of [U-]4C]-glc was relatively

Evolution of
slow in resting animals (Figure 2A). Peak evolution occurred earlier when
running gt either intensity as compared to rest, but thefe wés no difference
in TPE between the two exercise intensities. With increments in metabolic
rate, the magnitude of peak DPM increased following glc injection (Table 2).
Specific activities of CO2 evolved (Figure 2B) demonstrated é similar effect
of exercise on the timing of peak evolutions, but the differences in peak
magnitudes were not statistically significant (Table 2). As indicated by
the magnitude of the negative slope following attainment ofvpeak evolution
(Figures 2A and 28); and the corresponding first component'exponentfa]‘raté
constants (Table 2), a direct relationship between metabolic rate and tﬁe \
oxidation of glc was demonstrated. At the end of 2 h, 42.4 + 2.4, 67.4 +

1
]4C injected- aS‘%—glc were recovered as

f

CO2 during rest, mild and heavy exercises, respectively (Figure 2C).

2.8 and 82.0 + 3.4% (X * SX) of the
14

Figure 3A depicts the evolution of ]4C02 following [U—]4C02]-a]a

injection at the three metabolic conditions. As seen in Tab]e‘2, metabolic

14

rate has no effect on time to peak C02 evolution. Magnitude 6f peak



14CO2 evolution was greater during both exercise intensities than during

rest, but there was no difference between MPE at the two exercise intensi-
ties. When ]4C02 evolution following ala injection was expressed as specific
activity (Figure 3B), the attainment of peak evolution was faster at both'
exercise intensities than during rest. No differences were observed in
magnitude of peak SACO2 evolution. Percent recovery of ]4C-a1a recovered

as ]4002 at 2 h were 54.5 + 1.8, 70.6 + 2.1, and 74.1% 2.7 at the three

metabolic rates, respectively (Figure 3C). Figures 3B and 3C indicate

a mafkéd similarity between the curves corresponding to two intensities of
exercise. Moreover, no significant differences were observed 1n.the rate
constants of the.first.component of exponential decay expressed as either

DPM as 14

C02 or SACOZ, between exercise intensities. The capacity of the

rat to oxidize ala appears to be saturated at the mi]d‘exerciée leveTQ
Figures 4A and 4B reveal the evo]ution'oflMC'O2 following EU-]4C7-1eu

injection to be the most diminutive of the three sdbstrates studied. The

]4C02 ev0]ution was shortest during heavy exercise than during

time to peak
either rest or mild exercise, which were not significant]y different from
each other (Table 2). With leu the magnitude of peak DPM evo]ufion was
directly related to metabolic rate. The only significant difference in
magnitude of peak SACO2 evolution occurred between rest and heavy exercise.

14C-]eu as 14

Percent recoveries of CO2 were 18.3 1_1;5, 35.5'j.5.4 and 44,7 .
3.3 at the three metabolic }ates, respectively (Figure 4C). The rate
constants (Table 2) of the first component exponential decay curves following
leu.ihjection (Figures 4A and 4B) demonstfate an enhanced rate of oxidation
when comparing data at the heavy exercise levei to data obtained during

either rest or mild exercise.
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The evolution of 4

C0, following injection of 5.Ci-LU-'*cI-NatCo,
reached its peak in the first or second trapping interval, irrespective
of metabolic rate and then decayed in a three_éomponent exponential fashion.

The. rate constants of the first component of DPM as 14

€0, were -.0851, -.0893,
and -.1032 at the three increasing metabolic rates. When expressed as SACOZ,
the three rate constants were -.0696, -.0811, and -.0914. These rates of

]4C02 washout aré 3 to 10 times greater than those observed with thevthreé

.other metabolites.
DISCUSSION

These results on metabolic responses of rats to exeréise reveal somé
quantitative differences in comparison with data obtained on humans. It
is generally recognized that the resting metaboiic rate in small mammals
is relatively elevated in compérison to that in larger species (45).

Consequently, despite the fact that 902 max exceeds 80 m?fkg‘1-min'] in

rats (48), high resting 902 limits the capacity for respiratory expansion
during exercise. Since the rat appears to be'capab1e of oniy 3-to 5 METS,
the elevation in blood lactate in response to mild exercise (Table 1) may
be explained. Blood lactate concentration correlated .9206 with VOZ; which
éuppor§s this interpretation. |

The effect of external work rate as imposed by treadmil]Irunning had
marked effects on 002 and \.ICO2 (Figure 1). The higher values of Qoz‘and_
\.ICO2 observed initially after injection were associated with spontaneous
movements on the part of the animals. This was most apparent at rest where.
animals would groom and explore the metabo]ic'chahbér before curling up
in a corner. Rats frequent1y responded to the éasy exercise task (14.3 m/min

on a 1% gradé with erratic pacing and consequently the 02 and C02 tracings

showed greater relative variance than in hard exercise (28.7 m/min on a 15%
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grade) where the rats had to continuously work to avoid the shocking prods.
Values of respiratory exchange'are consistent with those expected on

the basis of the variations in the. curve for VCOZ and Voé (Figure 1). Across

work loads there was a direct re]ationship'between R, 002 and QCOZ. Correlation

coefficients between R and 002 and \.ICO2 were 0.83 and 0.93: respectively.

This re]atidnship of R and metabblic'rate Wés most apparent at rest where

spontaneous activity after isotope injection was associated with much higher

values of R than Tateh on. Initially after injection at reét, values of

respiratory exchange were comparable to those in exercise. Higher values

of R immediately following injecfion-were associated with elevated b]ood

lactate concentrations. Over the duration of the experimental. period, there

is abdefinite trend for R to decline. This may be fndicativerof an increased

contribution by fat catabolism to energy flux. The observed values of R

(0.8) 1in the quiescent rat would be expected in d post~abort1ve animal.

In comparing values of R Between fhe two work loads it was observed that

R was s]ightly higher in heavy than in easy exercise. . These resu]té suggest

that the relative uti]ization.of carbohydrate is incréased during exercise

and that'thé rat responds.to even easy exercise by augmentations of glycogenolysis

and glycolysis. This 1nterpfetation is supported by the data on blood 1actéte

concentration (Table 1)and is consistent with the observation of a limited

capacity for respiratory expansion in the-rat. |

Presented in Figure 5 are data on 14

CO2 evolution obtained from animals
which were treated as described earlier, except thaf jugular catheters had
been implanted (42). Data presented are for ]4C02 evolution following either
~intraveneous (iv.) or intraperitoneal (ip.) injection of [U~]4C]-g1c.or
[U—]4C]—1act. The radioactivity peaks earlier following iv. injection, but

later on recovery of label is similar irrespective of mode of. injection.

If the peak data point is disregarded, iv. and ip. injections produce identical
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14002 decay rate constants. Originally it was our intent to inject all animals

via a jugular catheter, but it became apparent_that following catheterization,
even allowing several weeks for retraining and recouperation from surgery, -

that animals could not again run continuously for 2 hours at 28.7 m/min,

15% grade. Since veterinary autopsy of apparently healthy catheterized animals
revealed no pathological indices, we suspected that the jugular-right atrial
cathete;s might have impaired venous return. In view of the é]ose correspondence

14

between C02 evolution curves following iv. and ip. injections, the difficulty

in maintaining catheters patent in exercising animals for weeks without the
use of heparin, and the difference in exercise capacity induced by catheteriza-

tion, we decided to utilize the ip. mode of injection.

14

The evolution of (202 fd]]owihg injection of [_'U-MC.T-NaHCO3 appeared

faster than in any of the substrate ihjection groups. The rate constants
of the first component of exponential decay fol]owing,attainment of peak

evolution were three to ten times greater than those observed in the sub- .

strate injection groups. We interpret this to mean that evolution of 14

following injection of 14

co,
C-substrate was indicative of oxidation and not
merely bicarbonate washout. Our bicarbonate washout rate constants are
consistent with those observed by Morris (39). |

Results of the present investigation are consistent with the hypothesis
that the metabolism of particular aﬁino acids is infegra]ly iinked to the
energy transductions contributing to the carbon flow sustaining exercise.
The present results are the first to our knowledge which indicate that the

oxidations of any amino acids are enhanced during muscular exercise in vivo.

Historically, the assumption of insignificant protein and amino acid -cata-
bolism in exercise, has led to the use of non-protein RQ tables (49) for

estimation of the fractions of carbohydrate and fat utilized during exercise,
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and for determination of caloric equivalents of V0,. The results reported
here indicating enhanced amino acid oxidation in exercise may require reevalua-
tion of these applications of non-protein RQ tables.

Inspection of all aspects of the evolution of 14

C02‘f01]owing injection
of [U-]4C]-glc (Figures 2A and 2C) indicates an enhanced rate and magnitude

of glc utiiization proportional to incréased metabolic rate. This observation
does not hold true following the injection of [U-]4C]-a1a (Figures 3A-3C)

where the magnitude at peak of 14

€O, evolution expressed as DPM is greater
in exercise than at rest, but no difference exists between the two levels of
exercise. We interpret these observations to indicate that the ala pool
size does not increase in direct proportion to increments in metabolic rate.
The rate of oxidafion of ala (Figure 3B, Table 2).is greater during exercise
than at rest, but no differences were apparent between the two exercise
intensities. - This is in contrast to the observation made with glc. It-
appears that the capacity to expand ala oxidation in exercise is limited.
The close correspondence between the SACO2 curves following ala infusion

14

(Figure 3B) and cumulative percent of activity recovered as ' €0, at the

2
two exercise intensities (Figure 3C) suggest that the pathways for ala
oxidation are saturated even in easy exercise. This interpretation is
further supported in Figure 6, where the relationships between SACO2 first
component exponential rate constants for ala and metabolic ratés are hot
linear. In cbntrasf to the casé of ala, where oxidation does notrincreaée
in direct proporfion to metabolic rate, the oxidation of glc:is linearly
related to MR, and for leu oxidation 1hcrea$e§ disprobortionately in relation
to MR (Figure 6). | |

Comparison of the time to peak and cumulative percent recoveries fb]]ow-
ing ala injéction (Figures 3A"and 3C) with those following glc injection

(Figure 2A and 2C) indicate greater recoveries of label at rest and during



14
easy exercise for ala than for glc. The evo]utioﬁ of ]4C02 following
‘ [U-]4C]—a1a infusion does not, therefore, simply reflect the conversion of
ala to glc prior to oxidation. Though tempting, a direct quantitative compari-

son of 14

CO2 and SACO2 peak heights between glc and ala is not justified. The
seemingly large oxidation of ala in comﬁarison to that of glc following

pulse infusion of tracer must be considered in relation to the pc¢al sizes

of each metabolite. Since the pool size of glc (Table 1) is undoubtedly

much larger than that of ala (1,14,35), comparisons of 14

CO2 peak heights
following pulse tracer injections cannot be directly compared acoss metabolites.

The oxidation of leu (Figures 4A-4C) follows a pattern similar to that
observed for glc. Peak heights and quantitative recoveries following leu
injection are small in compqrison with. those of either glc or ala. Since
‘the pool size of leu in plasma and muscle (2,3) are small in comparison to
those of the other two metabolites, the magnitude of leu oxidation must be
viewed as being relatively small. EXaminatioﬁ of the cumulative recoveries
of radioactivity and the slopes Qf the SACO2 curves following leu injection
as a function of metabolic conditions does, however, indicate a relative
enhancement of leu qxidation‘during muscular exercise.

In this study we have used the first component exponential rate constant
of ]4C02 production to reflect the oxidation of the trace. The existence
of second or third rate constants for ala and leu .probably reflects the con-
version of tracers to other metabolites prior to decarboxylation. We do
not feel justified to speculate upon these procesﬁes at this point.

The present results on ]4C02 evolution following pulse infusions of
tagged ala and leu in intact animals provide results which complement those

-of previous investigations by others. Several groups of investigators

(10,27,30,36,40,43) have independently réported that leu can be oxidized
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by rat skeletal muscle in vitro. The present results are consistent with
the interpretation thatAelevated rates of metabolism in skeletal muscle are
associated with an increase in the rate of 1eu,oxidatjon. The present
results are also cohsistent with those of Ahlborg, et al. (4) indicating
skeletal muscle uptake of BCAA in contracting human.skeieta] muscle during
~prolonged exercise. Results of the présent study are the first which, to
our knowledge, provide direct evidence that BCAA are oxidized as fuels for
muscle work. |
The work of Ahlborg, gg_gl.'(4) has previously imp]icaféd the "glucose-
alanine cycle" in the metabolic adjustmenfs to prolonged exercise in humans.

! W ala

Results of the present study indicate 4CO2 prodﬁction following

injection‘to ocdur before and to be greater in magnitude than following glc
injection in two of the three metabolic conditions studied. fhe present

results, therefore, indicate that ala plays a role other than as a peripheral

to central nitrogen and carbon carrier during exercise. Ala also appears

to be a readily oxidfzab]e substrate for the performance of muscular work.

The apparent saturation of avenues of ala oxidation in hard exercise,
which did not occur with leu, the difference in first order rate constants,
and the quantitatively different recoveries of the two tracers leads to
the interpretation that the metabolism of each is not exclusively and directly
linked as might be predicted on the basis of a "branched-chain amino acid-
alanine cycle" model. No doubt the metabolism of these two and other |
amino acids will be demonstrated to be linked to carbon flow during exercise
in ways which at present cannot be predicted. De Rosa and Swick (13) have
investigated intracellular distributions and Michaelis constants for mitro-
chondrial and cytoslic alanine aminotransferase isoenzymes. Their data

suggest alternative pathways of alanine metabolism in addition to the glucose-

alanine cycle.
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Although the present results on intact animals in vivo offer no direct
evidence of the sites of amino acid utilization in exercise, the data do
support the hypothesis advanced. Even if increments in the rates of ala-
and leu oxidation dﬁring exercise are eventually shown to be compensated
for by decrements in the basal rate of oxidation of othef carbon sources,
the present results still require reevaluation of traditional views of amino

acid utilization in exercise.

o~
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FOOTNOTES

Abbreviations used:

“ala: alanine |
AMP: adenosine monophosphate
Ci: curie = 2.22 x 10'2 pon
CoA: coenzyme A ‘
DPM: disintegratioﬁs per minute
EMC: ethanolamine methylcellusolve

FECOZ: fraction of dry expired gas appearing as CO2
FEOZ: fraction of dry expired gas appearihg as 02

glc: ~  glucose

IMP: - 1inosine monophosphate
ip.: intraperitoneal

iv.: intravenous

lact: . lactic acid

leu: = leucine

METS: multiples of the resting metabolic rate

14

MPE: magnitude of peak CO2 evolution

MR: metabolic rate

SACOZ: specific activity of CO2

14

TPE: time to peak of CO2 evolution



00047 1 0261

. 19
REFERENCES

1. Adibi, S.A. Interre]atiohships'between level of amino acids in plasma
and tissues during starvation. Am. J. Physiol. 221:829-838, 1971.

2. Adibi, S.A., E.L. Morse, and P.M. Amin. Adaptive changes in leucine
metab011sm in alterations in pool size and oxidative degradatlon in
tissues. - Clin. Res. 19:470, 1971. v

3. Adibi, S.A., T.A. Modesto, E.L. Morse, and P.M. Amin. Amino acid levels
in p]asma, liver and skeletal muscle during prote1n deprivation.
Am. J. Physiol. 225:408-414, 1973. _

4. Ahlborg, G.P., Fe11g,'L Hagenfeldt, R Hendler, ahd J.Wahren. -Substrate
turnover dur1ng pro]onged exercise in man. J. Clin. Invest. 53:
1080-1090, 1974.

5.  Aikawa, T., H. Matsutaka, K. Takezawa, and E. Ishikawa. Gluconeogenesis
and amino acid metabolism I. Comparison of various precursors for
hepatic gluconeogenesis in vivo. Biochem. Biophys. Acta 279:234-244,
1972.

6. Aikawa, T., H. Matsutaka, H. Yamamoto, T. Okuda, E. Ishikawa, T. Kawano,
and E. Matsumura. Gluconeogenesis and amino acid metabolism II.
~ Inter-organal relations and roles of glutamine and alanine in the
amino acid metabolism of fasted rats. J. Biochem. 74:1003-1017, 1973.

7. Astand, P.0., and K. Rodahl. Textbook of Work Physiology. New York:
McGraw H111 1970, p. 456. ,

8. Beatty, C.H., S. Curtis, M.K. Young, and R.M. Bocék. Oxidation of amino
acids by red and white muscle fiber groups. Am. J. Physiol. 227:
268-272, 1974. . .

9. Brooks, G.A., M.J. Bissell, and J.A. Bassham. Desalting of animal tissue
extracts sampled in vivo for separation by two-dimensional chromato-
graphy. Anal. Biochem. (accepted for publication, 1977).

10. Buse, M.G., J.F. B1ggers, K.H. Fr1dér1c1, and J.F. Buse. 0x1dat1on of
branched chain amino acids by isolated hearts and d1aphragms of the
rat. J. Biol. Chem. 247:8085-8096, 1972.

11. Buse, M.G., S. Jarsinic, and S.S. Re1d Regulation of branched-chain
amino ac1d oxidation in isolated muscles, nerves and aortas of rats.
Biochem. J. 148:363- 374 1975.

12. Buse, M.G., and S.S. Re1d. Leucine - a poséib]e regulator or proteinturnover
in muscle. J. Clin. Invest. 56:1250-1261, 1975.

13. De Rosa, G., and R.W. Swick. Metabolic implications of the distrubution
of . the alanine aminotransferese isoenzymes. J. Biol. Chem.
250:7961-7967, 1975. :



14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25,

26.

27.

28.

.20
Edington, D.W., G.R. Ward, and W.A. Saville. Energy metabolism of working

muscle: concentration profiles of selected metabolites. Am. J.
Physiol. 224:1375-1380, 1973.

Felig, P., T. Pozefsky, E. Marliss, and G.F. Cahill. Alanine: key roie
in gluconeogenesis. Science 167:1003-1004, 1970.

Felig, P. and J. Wahren. Amino acid metabolism in exercising man. J. Clin.
~ Invest. 50:2703-2714, 1971.

Felig, P. and J. Wahren. Interr:lationships between amino acid and carbo-
hydrate metabolism during exercise: the glucose-alanine cycle. In:
Muscle Metabolism During Exercise, edited by B. Pernow and B. Saltin.
New York: Plenum Press, 1971, pp. 205-214.

Felig, P. The glucose-alanine cycle. Metabolism. 22:179-207, 1973.

Fé]ig, P., J. Wahren, and L. Raf. Evidence of inter-organ amino acid
transport by blood cells in humans. Proc. Nat. Acad. Sci.
70:1775, 1973. ' : :

Felig, P. and J. Wahren. Protein turnover and amino acid metabolism in
the regulation of gluconeogenesis. Fed. Proc. 33:1092-1097, 1974.

Felig, P., J. Wahren, R. Hendler, and T, Brudin. Splanchnic glucose
and amino acid metabolism in obesity. J. Clin. Invest. 53:582-590,
- 1974. _ _

Felig, P. Amino acid metabolism in man. Ann. Rev. of Biochem. 144:
933-995, 1975.
Garber, A.J., I.E. Karl, and D.M. Kipnis. Alanine and glutamine
. synthesis and release from skeletal muscle I: glycolysis and amino
acid release. J. Biol. Chem. 254:826-835, 1976.

Garber, A.J., I.E. Karl, and D.M. Kipnis. Alanine and glutamine synthesis
and release from skeletal muscle II. The precursor role of amino
acids in alanine and glutamine synthesis. J. Biol. Chem.
254:836-843, 1976. ' ‘

Garber, A.J., I.E. Karl, and D.M. Kipnis. Alanine and glutamine
synthesis and release from skeletal muscle IV. g-adrenergic inhibi-
tion of amino acid release. J. Biol. Chem. 254:851-857, 1976.

Goldberg, A.L. Protein synthesis during work-induced growth of skeletal
muscle. J. Cell. Biol. 36:653-658, 1968.

Goldberg, A.L. and R. Odessey. Oxidation of amino acids by diaphragms
from fed and fasted rats. Am. J. Physiol. 223:1384-1391, 1972.

Goldstein, L. and E.A. Newsholme. The formation of alanine from amino
acids in diaphragm muscle of the rat. Biochem. J. 154:555-558, 1976.



L]

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

21

Gontzea, I., P. Sutzescu, and S. Dumitrache. The influence .of muscular
activity on nitrogen balance and on the need of man for:protein.
Nutr. Reports International. 10:35-43, 1974.

I¢hihara, A. and-E.'KoyamaQ Transaminase of branched chain amino acids
I. Branched chain amino acids-a -ketoglutarate transaminase.
J. Biol. Chem. 59:160-169, 1965. '

Holloszy, J.0. Biochemical adaptations in muscle. J. Bib]. Chem.
242:2278-2282, 1967. , .

Karl, I.E., A.J. Garber, and D.M. Kipnis. Alanine and glutamine synthesis

and release from skeletal muscle III. Dietary and hormonal regulation.

~J. Biol. Chem. 254:844-850, 1976.

Lowenstein, J.M. Ammonia production in muscle and other tissues.
Physiol. Rev. 52:382-414, 1972.

Lundholm, K. and T. Schersten. Incorporation of leucine into human
skeletal muscle proteins. Acta. Physiol. Scand. (preprint), 1975.

Mallette, L.E., J.H. Exton, and C.R. Park. Control of gluconeogenesis

from amino acids :in the perfused rat liver. J. Biol. Chem.
244:5713-5723, 1969. ' ‘

Manchester, K.L. Oxidation of amino acids by isolated rat diaphrégm
and the influence of insulin. Biochim. Biophys. Acta. 100:295-298,
1965.

Matsutaka, H., T. Aikawa, H. Yamomoto, and E. Ishikawa. Gluconeogenesis
and amino acid metabolism III. Uptake of glutamine and output of
~alanine and ammonia by non-hepatic splanchnic organs of fasting rats
. and their metabolic significance. J. Biochem. 74: 1019-1029, 1973.

Mol€, P.A., K.M. Baldwin, R.L. Terjung, and J.0. Holloszy. Enzymatic
pathways of pyruvate metabolism in skeletal muscle: adaptations to
exercise. Am. J. Physiol. 224:50-54, 1973.

Morris, B. and M.W. Simpson-Morgan. The eﬁﬁretion of ]4C0 during the
continuous intravenous infusion of NaH CO3 in unanestﬁetized rats.
J. Physiol. 169:713-728, 1963. .

Odessey, R. and A.L. Goldberg. Oxidation of leucine by rat skeletal
muscle. Am. J. Physiol. 223:1376-1383, 1972.

Odessey, R., E.A. Khairallah, and A.L. Goldberg. Origin and possible
significance of alanine production by skeletal muscle. J. Biol.
Chem. 249:7623-7629, 1974. : ' R

Popovic, V. and P. Popovic. Permanent cannulation of aorta and vena
cava in rats and ground squirrels. J. Appl. Physiol. 15:727-728,
1960. : S ;



43.
44,
45,

46.

47.

48.

49.

22

Ruderman, N.B. and M. Bergers. The formation of glutamine and alanine
in skeletal muscle. J. Biol. Chem. 249:5500-5506, 1974.

. Ruderman, N.B. Muscle amino acid metabolism and gluconeogenesis.

Ann. Rev. of Med. 26:245-258, 1975.

Schmidt-Nie]éen, K. Energy metabolism, body size, and problems of
scaling. Fed. Proc. 29:1524-1532, 1970.

Scrutton, M.C. and M.F. Utter. The regulation of glycolysis and
* gluconeogenesis in animal tissues. Ann. Rev. Biochem. 37:249-302,
1968. :

Wahren, J., P. Felig, R. Hendler, and G. Ahlborg. Glucose and amino
acid metabolism during recovery after exercise. J. Appl. Physiol.
34:838-845, 1973.

White, T.P. and G.A. Brooks. Metabolic and cardiac frequency responses
of laboratory rats to treadmill exercise. Submitted for publication,
1977. : ' o

Zuntz and Schumburg, modified by Lusk, G. J. Biol. Chem. 59:41, 1924.
Cited in Documenta Geigy - Scientific Tables,edited by K. Diem.
New York: Geigy Pharmaceuticals, 196Z.

cw b



O
<o
o
L
o
W]
<
<o

23

FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.A

Figure 4.

Figure 5.

Metabo]ic'responses of female Wistar rats (n=18) to 2 h of
rest and two intensifies of treadmill running. Upper data
are i + SX Where open symbols = VCOZ and’so]id}symbO]s =

902. Respiratory exchange ratios (R=VC02/VOZ) are grdup mean
values with geometric symbol shapes corresponding to

metabolic rates as indicated above.

14 14

(A) Evolution of CO2 (oPM), (B) CO, specific activity, and

14 14

(C) cumulative percent recovery of ' 'C as CO, following in-

jection of 5 uCi [UJ4CZ}glucose in'résting or running female Wistar

rats; n=6 at each metabolic rate. Values are group means.

1 14

(A) Evolution of '*co, (0PM), (B) '*c0, specific activity, and

2
(C) cumulative percent recovery ]4C as ]4C02 following injection
of 5 ﬂCi [U-]4C]-a1anine in resting or running female Wistar
fats; n=6 at each metabolic rate. Values are group means.

(A) Evolution of '*co, (0PM), (B) '*c0, specific activity, and

¢ as 1co, following injection

(C) cumulative percent recovery
of 5 uCi [U—]4QJ-1eucine'in resting or running female Wistar

rats; n=6 at each metabolic rate. Values are group means.

Evolution of ]4002 (DPM) following ip. or iv. injection of
5 1Ci [U-]4C]-g1ucose or [U-14C]-1actate. Data collected over

2 h of rest or during 40 min running (28.7 m/min and 1% grade).

followed by 80 min post-exercise recovery, n=3, except iv.

‘glc where n=5.
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Rate constants of 14

€0, S.A. evolution as a function of
metabolic rate (002)._ The rate constants (i + Sx) are for
the first exponential component of the evolution curve
fol]owing attainment of peak activity. 902 values (ml/min)
; + SX are for the time interval corresponding to the first

exponential component.
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-Table 1. AQerage blood glucose and lactate concentraiton (X * Sx) during
2 h of rest, easy or’hard running exercise. Values represent

28 independent determinations.

Glucose ) Lactate
Metabolic Condition . (mM) | (mM)
Rest 3.58 *0.16 | 3.86 + 0.37
Running at 14.3 m/min ' - - . _
on a 1% grade 5.74 +0.46 ' 6.68 + 0.49

Running at 28.7 m/min .
on a 15% grade . 4.33 +0.22 8.54 + 0.34



26
Table 2. Curve parameters atv(A) rest, (B) running at 14.3 m/min on a 1%
grade (easy exercise),and (C) running at 28.7 m/min on a 15% grade (hard
exercise) for (1) DPM and (2) SACO2 data. ﬂParameters include time to peak
evolution (TPE) and magnitude at peak evolution (MPE i) fo]]owing 1nj¢ction of
5 uCi [U-]4C]-glucose, -alanine, or -leucine. The slope (a;), standard error
of the slope (Sa]) and the goodness of fit (r2) of the linear regression of
1og trahsfofmed data following attainment'ofvpeak.evolution are also included.
' Thé siOpe is equivalent to the.rate constant of exponential decay. CI = time
interval (min) on which the exponential component is based. Differences
between group means were assessed statistically (Scheffé’analySes) for all

" parameters except CI, Sa, r2._ Values are X * Sx.

[U-"4C]-METABOLITE INJECTED

PARAMETER GLUCOSE ALANINE LEUCINE

A. Rest
1) DPM
TPE 7.33:0.49 (ALEH) 3.33:0.33 4.0040.00 (H)
MPE 6.31+0.45 (EH) 10.86+0.71 (EH) 4.88:0.53 (H)
cl 50-120 ~20-120 20-90
3 -.0086:.0020 (LEH) ~ -.0159+.0006 (LEH) -.0283+.0020 (H)
Sa,  .0032:.0007  .0018+.0003 .0033+,0005
r2 55514 .90+.02 . ©.91.03
2) SACO,
TPE 8.33+.0.71 (ALEH) 4.50:0.34 (EH) 4.00+0.00
MPE 21.81%1.60 27.85+1.62 (L) 12.48+1.42 (H)
cI 50-120 20-120 ~ 20-90
% -.0093.0013 (LEH)  -.0131:.0006 (LEH) -.0211%.0017 (H)
Sa, .0023+.0007 .0007+.0003 .0026+.0012

r2 772,07 | ,96+.02 .88+.09
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Table 2. (cont'd)

B. 14.3 m/min 1%:

1) DPM ‘
TPE 5.00+0.68 (A)
MPE - 12.85%1.19 (H)

CI 25-120

3y -.0193£.0018 (H)
Say .0008+. 0002

r2 .98+.01

2) SACO,

TPE 5.33%0.67 (A)
 MPE | 23.92+2.16
CI ' 25-120
a -.0190£.0021 (H)
521 - .0008+.0002
r .97£.01
C. 28.7 m/min 15%:

1) DPM _

TPE 4.50%0.34 (AL)
MPE 20.89+1.42

cI 20-120

a -.0292+.0018 (L)
SS] .0013+.0002

r .98+.01

2) SACO,

TPE 4.17:0.31

MPE 25.59+2.44

cI 20-120

a -.0283+.0021 (L)
531 .0014 £.0002

r .97+.01

3.00#0.26
18.29£1.03 (L)
' 15-80
-.0252+.0014
.0016£.0003
.98+.01

2.83:0.31
25.75+2.45
15-80
-.0229+.0014
.0014£.0002 -
.98+.01

3.3340.21
17.1541.54
120-80
-.0260+.0009 (L)
.0012+.0002
99+.01

3.00+0.00
21.40+0.88
20-80

-.0261+.0015 (L)

.0012+,0002
.99+,01

27

 4.33#0.33 (H)
8.600.82 (H)
25-80
-.0332+.0054
.0025+.0004
.97+.01

5.0020.63 (H)
15.71£1.25
~ 25-80
-.0305+.0047 (H)
~.0018+.0005
.96%.03

3.00£0. 00
15.34+1.65
15-60
-.0447£.0007
.0025+.0006
.99+.01

3.17:0.17
18.11£1.46
15-60
-.0438+.0008
.0019+.0003
.99+.003
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Table 2 (cont'd.)

§CO2 trapping intervals have been numbered sequentially with the 0-5 min

interval assigned 1, and the 110-120 min interval assigned 15.

Walues are either DPM x 104 or SACO2 X 104. Designation of the statis%ica]
significance of group differences (p. <.05):
1. At a given metabolic rate, differcnces between substrate injection groups:
‘Al ,g{c-ala

'L : glc-leu or ala-leu

2. Within a specific substrate injection group, differences between metabolic
rates:
'E' : rest-easy exercise

'H' : rest-hard exercise or easy-hard exercise.
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6}

\702 and \7C02 (ml/min)
o.

~ Open symbols: VCOZ
Closed symbols: VO,

e PR o
%Tﬁ§ g % I?I g g H% |28.7m/min
: 15% slope
.
ﬂjf%f %% AXzz 235 3 |¢;)l.3m/min
» | T T § % % 3 % slope
o |
_ﬁ§§§ \
| §§.n- |
§§ g.§ 23 5 1 }§
T 5 5 O f Rest
i ? s 2 1 g ||
o A | 11
003:?‘:::35: © 884 8'2 :OI(;R
°®©° %0° ® oo g
| I _ l ] I
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20 40 60 = 80 100 120
| Time (min) .
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Fig. 1
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Fig. 5

1 1 1 i 1 1
[U-"%C] - Glucose infusion [u-"%c]- Lactate infusion

o i.p. —rest °jv.—rest
e i.v.—rest ° iv.—rest
o i.p.—exercise o i.p.—exercise
I.V.—exercise i V.—exercise

2 o -4 F o —

I F -1 Bk —
oLe L 1 1 1 % ' : - .
30 60 90 20 0 30 60 90 120
-«— Exercise —»= . <t—_—Exercise—->-
“Time (min)
' XBL773—4282
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