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‘ o ABSTRACT-

*In order to determine the adaptability of alamine
metabolism in the'cell, cyt&éolic alanine amino%rausferase
(AAT) isoenzyme activity_was determined in the cardlac,
soleus and the whlte and red pQrtions of the vastus
lateralis muscles of; 1) young rats, 2) rats subjected to
ann 8 week endurance training 9rogram, 9) rats subJected to
an equal perlod of inactivity. It was found that the
activity of cytosolic AAT in the skeletal muscle flbre

types did not change significantly with age or tralnlng

, whether enzyme activity was expresseéd relative to wet

vwelght of musecle or to mass~ofjprotein. However, cytosolic
AAT activity in cardiac muscle increaséd significantly with

age. Protein concentration in any of the nuscles types- was

not affected by age or training. 3ignificantly gfeater

cytosolic AAT activity existed in 80 and FOG skeletal
nuscle f}bre.types than in heart and the FG fibre in all

sroups of rats. It wad concluded that aerobic training -

‘does not signifidantly increase the capacity of any of the'

muscle types to synthesize alénine but that the mechahism
;or'alanine synthesis méy be lioked to the oxidative
energy metabolismsf. the skéletal muscle fibre cell. The
.cytosolic AAT anthlty does. not follow ‘a similar relatlon—

ship with the capacity for ox1dat1ve metabollsm in the

heart.
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. CHAPTER I

INTRODUGTTON v

4
In the attempt to understand the complexity of

.physioclogical adjustment to éxercise, considerable research

in recent yeafs has been concerned with the effects of

chronic exercise at the molecular level. Prolonged running
has .been shown to induce major biochemical adaptations in

the intermediéry metapolism of skeletal muscle. The-
adaptive responses at the level of the enzymes affect.the &
rate capacity of numérous metabolic. events which undeflie’
the physiological processes.

) « AN ilncrease in the number of musclé'éell mito-

chondria with an 1ncreased capacity to oxidize pyruvate

and fatty acids (holloszy, 1967) induced by prolonged

—at

running.may effectively contrlbute to the individual's
maximal capacity to utilize oxygen. As well, several
enzymes in the muscle cell located in the c¢ytoplasm have
been shown to be responsive to endurance training. The
cytosolic malate -dehydrogenase and aspartate amino-
transferase enzymes which are directly involved with the
malate-aspartate shuttle system,.a mechanism fo£ the
transport of reducing. enuivalents : from the cyto-
plasm to the mitochondrion for reoxidation, have been

shown to increase in activity (Holloszy, 1975).
: Pt

Similarly, the cytosolic alanine aminotransferase isoenzyme

J U S )



(AﬂTj_which converts pyruvate to alanine via a transamination
reaction, has been'implicated‘with the functioning of the
m:élate—aspartate shuttle (Safer, 1975%) and has "also b-een
shown to increase in activity with endurance trgining

(Molé et al., 1973). _

These cytoplasmic adaptations indicate an improved
capacity fof entry‘of NADH generated by glycolysis into
the ﬁalate;aspartate shﬁttle, thus lessening the need for
pyruvste conversion to lactate to regeneréte NAD.

WMuscleéof trained individuals appear to produce less lactate
than thoée of nontrained. individuals working at similar
relative workloads (Saltin and Kaf}sson, 1971b). Siﬁce the
activity of AAT is increased the capacity for a larger
fraction of pyruvate formed in the cytoplasm to be converted
to alanine maz/be one mqggfnism by which loﬁer lactate
levéls are maintained.

The adaptive response of muscular tissue occurs in
th&se muscles that directly participate in the exercise
(Pattengale and Holloszy, 1967). Muscular tissue.is not
homogenous in its metabolic structure. Differentiation im”
the metabolic structure at the level of enzymatic organi-
zation has distinguished three'functionally(distihqt
skeletal muscle fibre types in rats (Pette and Dolken, 1975).
Adaptation occurs specifically in those fibres that are

recruited (Terjung, 1976), the recruitment of the muscle
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fibre types varying according to tﬁe exercise workload

intensity (Burke and Edgerton, 1975). Therefore, a muscle

or muscle sectlon having a predomlnance of one particular _ e

wflbre type will demonstrate a relatlvely homogeneous enzy-

matic adaptatlon characteristic of its promlm@nt fibre type.

Studies that hagf characterized AAT actlvity in whole

skeletal muscle (DeRosa and Swick, 1975; Krebs, 1995) and . .
*  those toat have shown increases of the enzyme in muscle /«E;\
© with endurance training (Molé et al., 1973) were performed
¢ on muscles composeo/pf nixed fidbre type populations.

Therefore documentation characterizing the muscle fibre !

types and their relative adaptability with respect ‘to the

~—
cytosolic AAT isoenzyme has not been established., It was
‘deemed important therefore, to characterize and to 1nvest1—
gate the effect of an endurance- tnalnlng Program on the ‘\1

activity of the cytosolic AAT 1soenzymer1n the three skeletal

et . .
'y muscle fibre types and in cardiac muscle.
, 7
Purpose

The aim of the present study is to characterize cyto-
solic alanine aminotransferase isocenzyme activity within
“the rat heart and skeletal muscle fibpe types. It is also
the objective to define the relative adaptability of the
cytoplasmic.isoenzyme within these tissues to growth and

endurance training.



Hznotgesis . }

It.igihypothesized that the oxidative muscle types

(heart, SO, add FOG) will p@ssess greater cytosolic AAT

activity than the FG fibre type. The chronic stress of a
aerobic training program will result in skélegél muscle -

adapting biodhemically. It is hyposized thét'if the cyto-

"solic AAT .isoenzyme is closely linked teo oxidative energy

Ametabolism in each of the muscle types, the aerobic stresé

of the training regime will lead %o an increase in this
isocenzyme's activity. It is further hypothesized that the

increases_‘n cytosolic aaT activity will be greatest in the
) «

"more oxidgtive skeletal muscle’fibré types. UNo-cytosolic

AAT activity changes are expected in the heart gnd FG

# -
skgletél muscle fibre.

- \/ M‘F
Since absolute homogeneity of a particuiar‘mﬁscle
fibre type is lackipg in any muscle of the rat, tissue

\

analyses were limited to-the soleus and the white and red
;ortions of the vastus lateralis muscles.. Although these
tissues are relatively homogeneous for one particular fibre
type their use as representative samples does pésé
limitations. . .
Amajor limitation in enzyme activity studies, as reviewed

by Youdim and Woods (1975), is the fact tthat the optimum

-
conditions of the medium in which the biochemical analysis

e



takes place does not necessarily. simulate cellular conditions
in vivo. Therefore, caution should be exercised when inter-

pretations are derived from results of such studies.

“
\
Seope of Study

The study was delimited to the spectrophotometric

_determination of cytosolic AAT activ1ty in the- white and
red portions of the vastus lateralis, the soleus and heart
muscles of male Wistar pats: 1) 6 to 7 weeks old (n—lO),
.2) 14 to 15 weeks old (n 10), and 3) subgected t0 an elght

week endurance training program (n =8).

Abbreviations
AAT: alanine aminotransferase N .
- AMP: . adenosine monophosphate
* ASP-T: aspartate aminotransferase
ATP: adenosine triphosphate
EDTA: ! ethylenediamine tetracyclic acid
FG: fast-twitch high glycolytic fibre
FOG: fast- tw1tch high oxidative, glycolytic
. . fibre
6S: . , Blutamine synthétase
IMP: . inosine monophosphate
Km: ." Michaelis constant
LDH: lactate dehydrogenade
MDH: - malate dehydrogenase (NADH linked)
Mvpé: maximal oxygen uptake caﬁacity
NaD*: -nicotinamide adenine dimucleotide
(oxidized form) o 4
NADH: nicotinamide’ adenine dinucleotide

(reduced form)
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pPyruvate dehydrogenase

phosphoénolpyruyate carboxykinase

rhosphofructokinase

slow-twitch, oxidative fibre

L



CHAPTER II _ . /f

"REVIEW OF .THE LITERATURE

The Skeletal Muscle Fibre Types

ot

An attempt to understand the ﬂechaqisms which underlie
‘Rerletal pnuscle metabolism necessitates an ;ppréciation of
the biochemical; nature of the tissue. Muscle is composed
of fibres posseésing distinct metaboiic characteristics
which prééuppose different patterns of function. The
study 6f whole muscle should theréfore be treﬁted as an
integration of funCtionaliy related subunits.

The indicagions of heterogeneity found within and
between mammalian skeletal muscles h%veﬁied to a classifi-
cation of muscle fibre types (Close, 1972). Based on myofi-
brill&r ATPasé'aétivity these two categories have been
designated as slow-twitch (low levels of myofibrillar
ATPase activity) and fast-twitch (high levels of myofi-
brillar ATPase activity) fibres (Barnard et gi., 1971).
Within the fast-twitch fibre bopulation two fibre types
have been distinguished on the baéis 6} differences in
their capacities for oxidative\%Ftabolism (Peter et al.,

1972). The characteristics of the three fibre groups
designated as, fast-twitch glycolytic (FG), fast-twitch
oxidative (FOG), and slow-twitch oxidative (SO) fibres

are described in Table 1.



TABLE T

Summary of the major characteristic metabolic differences L

among the three skeletal muscle fibre types in rat. '

Metabolic capacities . Fibre Type
FG FOG S0
f :
. . i '
glycolysis High High Low
. I
.glycogenolysis : High High Low -
carbohydrate oxidation Low High - Interme-
o diate
oxidative capacity - Low High Eigh "
lactate: Production High Intermediate- Low ‘
. High -
Uptake Low © High . High

S

The above data is derived from Burke and Edgerton, 19755///
Edgerton and Simpson, 1969; Peter et al., 1972.

The excitability of a motor neuron is related tolits
‘ﬁiﬁensions. Consequently, progressively larger motoX neurons ﬁ
'/diSGharge under increasing amounts of excitatory input -\
(Henneman, 1974). The order of motor unit recruitment depends
therefore on the size of the motor neurons. Each motor unit
contains fibres of the same type (Burke and Edgerton, 1975)

as . is indicated by a homogeneity in the enzyme profiles of

fibres associated with a common motor unit (Kugelberg and



Edstrom, 19683. The.differential degree of giycosen depletioﬁ
within the fibres of heterogeneous muscle following exercise
of varying intensities demonstrateé a ecifgcity of motor
unit fecruitmgnt for such activity. At /lower work intensi-

ties corresponding to lower levels of excitatory input, only

. the smaller motor units associated with oxidative muscle )
fibres are recruited (Saltin and Karlsson, 19718)._ In the
rat ox ive or 'red' fibres ( histochemically divided
into FOG andlSO fibres),glycogen depletion studiés have

demonstrated that both these fibres become activated at low -
submaximal work intensities (Armstrong et al., 1974; Terjung,
197@)3 At greater work intensities, the white (fG) fibres of
the larger motor units become activated. Muscle fibre glyco-

‘gen depletion studies have indicated that the speed of tread-

e

mill running (Armstrong et al., 1974; Baldwin et al., 1973a).
and the degree of treadmill incline (Terjung, 1976) are
important criteria in the mediation of fibre type activa-
tion: The metabolic enzyme profile of the fibre types
within skeletal muscle tends to support specialized funec-
tions of muécle in relation to the fibre type composition
(ﬁette and D8lken, 1975). The soleus, a highly oxidative
ﬁﬁgﬁré"possessing a relatively homogeneous.composite 6f S0
fibres (84-96% S0) (Arisno et @ml., 1973; Baldwin et al.,
1972), is mainly involved in low intensity work such as

required in postural function. In contrast, the guperficial,

1

_9‘:L’

~

‘,/’“T
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whlte portlon of the q&a&rlceps which consists prodominantly ,
of FQ fibres (Baldwin et al., 1972) functions primarily
during\activity Tequiring an enhancement to the speed gnd/or
tensiop= dgge\Eom onent developed by the earlier recruited
oxidatiJE\ﬁibfﬂﬂd%Armstroné et al., 1974). Since glfcogen‘
utilization in FG fibres occurs essentially under anaerobic’
conditions, much of the stored potent1a1 energy is not con- ‘
verted to ATP, but is released instead from the cell as
lactate. The observed rates of blood lactate accumulation )
during exercise of varylng intensity fDepocas et al.,_l969,
Hubbard 1973, Jorfeldt 1970; Minaire et al., 1971)
support the proposed greater use of FG fibres in higher'
intensity exercise. 4s a result of a less efficient use
angfgneater capacity to breakdown glycogen, activated FG
fibres deplete their stored glyeogen supply more rapidly
~than do the SO fibres despite initially bigher'concentra—
tions of glycogen in the fé fibre type (Armstrong et al.,
1974; Gollnick et al., 1974).

. The underlying, red portion of the quadriceps’ muscle,_
being comprlsed predom{;;;fz;\Qf FOG flbres (Baldwin et al.

1972) is essentially fast contracting and fatigue—resistant.
The high oxidative FOG fibres are eonsidered to be the main

muscle fibré type involved in the mild to moderate spectrum

of exercise intensities (Armstrong et al., 1974).

'
LY
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Pyruvate Metabolism -

For many years muscular fatigue has been associated
with'lactate accumulation (Asmussen et al., 1948; Hill et
al., 1924; Karlsson and Saltin, 1970).. Katz (1970) has

++

pointed out that since hydrogen ions compete with Ca’  for

_ the binding site  that controls the acto-myosin interaction,
acidosis resulting from léctic acid accumulation would be
expectea'to interfere with muscular contraction. Since
lactate concentration is closely related to pyruiate levels
(Krebs, 1975; Simonson, 19?1).and sigce pyruVa%e is an
intérmediate for several metaboliC'pathwaysﬂwpich ar;
affected by acute and chronic exercise, pyruvate is an
important point of focus at the moleculér level of energy .
‘metabolism. | ' |

The concentration of intracellular pyruvate is affected R

by both its rate of production and utilization. Since it fé

: fusible across the muscle membrane, the production
rate of pyruvat® is dépendent on the quantita¥tve and quali-
tative involvement of{ the various muscle fibre types kithin ;
the muscle. It has been suggested that in addition to the
glycolytic contribution to the intracellular pyruvate\§ogl,
amino acids, which are metabolized within muscle, may serve
as precursors of pyruvate (Garber gg‘éz., 1976bs Goldsféin
and Newsholme, 1976). The removal of intracellular pyruvate

méy occur by simple diffusion into the blood circulation or-
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. by its metabolic -dissipation within the fibre. Caonversion
to lactate by the lactate dehydrogenase enzxme (L-lactate:
NAD ox1doreductdse EC 1.1.1.27) (LDH) is an important
fate of pyruvate and in effecé, reflects the cellular
cytosolic redox state, a critical regulatory factor in
‘glycolysis (Edington, 1970). The formed lactate may
diffuse into the blopd-from which it may be taken up by

"the liver for reconversion into glucose, this being a.
portion of the Cori cycle (Cori, 1931). A second metabolic

" sink for pyruvate is its oxidation to acetyl Coa via'the
byruvate dehydrogenasec enzyme sys tom (EC 1l.2.4, 15" (¥DH) in
the mitvochondria. However, during anaerobic glycolysis an

- imbalauce de@elops between the rate of glycolysis andg
pyruvate oxidaticn. Due to the lack of oxygen avail-
ability“for the oxidation processes aud/or the change in
the pyridine nucleotide redox state (BEdington, 1970)
pyruvate conversion to lactate becomes the favored
metabolic route. Juring aerobic conditions, the formation
of acetyl Coi Degultilg from beta—qxidaticﬁ of fatty
acids inhibits tne PDH system by favoring the inactive
form of the enzyme (Hlltunen and Ha851nen, 1996), Hence,
under steady state conditions in exerc1se fat becomes the
bredominant energy supplying sut-strate (Holloszy, 1975)
while pyruvate oxidationanrbesecondary. An alternative

for removal of pyruvate in muscle may be iés conversion to

————
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alanine via the reaction catalysed by‘dlanine aminotransferase

-

‘(L—alanine: cx—oxoglutarate<aminotrahsferase, EC.2.6.1.2)

(AAT) (Molé et al., 1973).

1Y

o

-]

Alanine Metabolism
The'éerfbheral release of amino acids hasg long been
associated with states of protein catabolism &8 occurs in
the fasted condition (Lehninée;, 1975, pp. 840-845), It
has been more recently shown however that the mixture of
amino acids released does not reflect their proportiocnal
content in skeletal muscle proteinl(Felig et gl:f'l970).
Measurements of arterial-femoral venous free amiﬁo ﬁcid-
differences have revealed a net release of alanine from
skeletal muscle bofh in the rat (Ruderman §nd.Lund, 1972)
and in man (Felig and Wahren, l97ib; Marliss et al., 1971;
Pozefsky et al., 1969) in Quantities’far beyond those which
could be attributed to proteiﬁ degradation alone. The
comparatively large release of alanine has been,attributed
to a peripheral synthesis resulting from a trénsamination
reaction involving the AAT enzyme (Felig et al., 1970).
The skeleéal muscle's ability to direétly aminate pyruvate
is insignificant (Krebs, 1975; huderman and Lund, 1972),
Cytosolic and mitochondrial isoenzymes of AAT exist
within several mammalian tissueg and vary in concentration

according to the function of the tissue (DeRosa,.and Swick,

1975). Alanine production ig believed to occur in the
4 | |
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cytosol (Hochachka and Dressendorfer,‘l976). since
cellular pyruvate coacentrations vary about the isoenzyme's
sichaelis constant while the Km value for a{?nine“lies at
ieast A0 times higher than its concentration\}Jfgagcle
(DeRosa and owick, 1975), it is suggested that the cyto-
solic AAT reactibn proceeds in the direction of alanine
formation. In cardiac muscle, where mitochondrial AAT
activity is virtually absent (DeRosa and Swick,'1§75), a
notable increase in intracellular alaninei—and a large
Peleasetﬂfalan;ne ocCcurs du?ing metabolic alterationéf
The predominant ferm of the anT enzyme in skeletal and
cardiac muscle is the cytosolic form accounting for-more
than 90% of the total cellular enzyme activity (LeRosa
and owick, 1575).

The mitochondrial isoenzyme may function in the alter-
nate dircction in view of a éonsiderably lower (4 times)
K value for alanine and its greater specific activity for
alanine conversion to pyruv: te i: comparison to the cyto-
solié form (Swick et al., 1965). JSince the mitochondr?al
isoenzyme's activity is significantly higher in hepatic
tissue (DeRosa and Owick, 1975) this form may be a cellular
adaptation for gluconeogenic purposes.

The contributory significance of the AAT reaction to
,the net release of alanine is made evident by marked decreases
in the efflux of alanine from skeletal muscle (Garber et al.,

1976a) and changes to a net uptake of alanine in cardiac
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muscle (Taegtmeyer et al., .1977) when incubated in an serobic
medium contalnlng amlnogxyacetlc acid, an AAT 1nh1b1tor. /(/ﬂ\)
Similarly, a reduced beripheral release of alanihe has been
demonstrated subsequent to perfusron of L-cycloserine,
another inhibitor of AAT into the intact organism (Blackshear
et al., 1975; Rudernan ang Berger, 1974), Approximately 80%
of the alanine released by the extrasplanchnic tissues has
been estimated to be derived from the AAT pathway rather
than directly from proteolysis (Blackshear et ul., 1975)

It bhas been generally held that the intracellular
availability of Pyruvate influences the rate of alanine
formation in skeletal muscle (Blackshear et al., 1975;

Felig and Wahren, 19714, 1974, Odessey et al., 1974, Snell,
1976) as well as in cardlac muscle (Taegtmeyer et al., 1977).

PN
Ruderman and Berger (19?4) have demonstrated an increased

release of alanine frop isolated rat dlndquarter when perfused

with lactate or lactate and pyruvate. Pozefsky and Tancredi

(1972) ‘had previously observed similar results upon infusion

of pyruvate into the brachial artery of man. The rate of

'alanlne release from muscle has been shown to increase in

relatlon to exercise intensity (Felig and Wahren, 197lb)

hlgher 1nten51t1es being concomitant with greater muscular i
glycolytic activity (Saltin and Karlsson, 1971a). The rises !

in the circulating levels of alanine which parallel increases !

. in blood pyruvate levels with exercise (Felig and Wahren,
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1971b; Wahren et al/, 1973b) suééest that the cellular level
of pyruvate is important in the regulation of alanine syn-
thesis in the physiologic situation. The evidqsced maximal
two-fold elevatlon in arterlal alanine concentration with
exercise (Felig and Wahren, 1971b). could not be ascribed to
_decreased hepatic uptake. The reduced hepatic blood flmu
associated with physical act1v1ty is offset by a greater
fractional extraction of the amino acid (Felig and Wahren,
1974). 1t was p01nted out by Marllss and co—workers (19?2),
however, that an impairment in the hepatic mechanism for
alanine uptake occurs when the lactate concentration is
elevated to high levels. ' L

The relatlve importance of glycolysis in supplylng
the carbon skeleton of alanine is unclear. Muscle lactate
formation or CO» production cannot accodnt for a significant
proportlon of glycogen and glucose utilization (Hultman
1967). Consequently it was proposed (Felig and Wahren,
1971a, 1971b) that the carbon{skeleton of alanine’ actually

represents an important end-ﬂroduct of glycolysie with the

€.

glycolytic.rate being a Iimiélng factor in alanlne synthesis,
Although pyruvate utlllzedxln the synthesis of alanine
. may to a large extent be glucose derived, the regulatory |
1nfluence of glycolysis on the amino acid's formation hag
been challenged (Garber et al., 1976a, 1976b; Ozand et alw,

.1973).
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The rate of glycqusis can be augmented by electrical.
stimulation of muscle via the innervating nerve. This. has
" been demonstfate he utilization of /glycogen stores
within the fast twitch fibres in particular (Baldwin and
.Tipton, 1972). The increased flux of carbohydrate carbon
through glycoiysis, by electrically stimulated rat hindhimb
(Ruderman Berger, 1974) however, revealed negligible
increases in the release of alénine. B

A number of ﬁathologicgl conditions seemingly support
an important role of carbohydrate as the carbon skeieﬁqn
source of alénine. Such is the cgse.of a asease involving
an enzymatic disorder in the glycogenolytﬂi pathway, known
és McArdle'é syndrome. The resulting failure'to'metabolize-
glycogen to pyruvateris reﬁiected by below normal levels of
c;réulatigg alanine dﬁring exercise (Wahren et gl., 1973%a).
Measurements' of leg alanine exchange under these conditions
have reveaieq a net uptake rather than the nofmal release of
the amino acid, suggesting that alanine may serve as an
auxiliary fuel for muscle (Wahren et al., 1973a). Diabetéé,
.another pathological instance assdciated with musclé's
inability‘gp metabolize carbohydrate is also éharacterized
by markedly lower circulating alanine levels (Wahren et al.,
1972). The cause for decreased blood alanine levels,

however, appears to be primarily due to a hepatic rather

than a peripheral effect of insulin (Felig, 1973).
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The normal relative contribution of exogenous glucose
to the total alanine release by muscle)ﬁés been estimated‘..
to be within 60-80% as deterﬁined ﬁy mﬁscle incubation
experiments (Odessey et al., 1974) and A-V differehce studies
in human forearm (Felig, 1975). Based on arterio-deep
venous differences, Felig (1973) has demonstrated that
glucose-derived alanine may account for 18% of the basal
glucose uptake'by human forearm'huscle,

These observations lend support to an earlier proposed
'glucose-alanine cycle' (Felig et al., 1970; Malette et al.,
1969)...The formulation of the glucose-alan®ne cycle ig
bused on the entry of glucose into the ékeletal muscle cell,
its metabolism to pyfuvate andrits.suﬁsequent transamination
to alanine. The newly formed alanine is then released from
muécle*and eventually extracted from the circulat;on by the
1ivér ﬁ?ére it is reconverted to glucose (Felig, 1973).
Essen}ially, the concept implies that .alanine is merely a
recifculating product of‘glucose metagflism.

.During the postabsorptive condition muscle is in a
state of negativé nitrogen balance ‘which is associated
with decreases of the peripheral protein stores. The
increaéed akanine ‘efflux from muscle that occurs in such
a statéb(Pozefs et al., 1969) indicates a possible link
between muscle ‘amino acid metabolism and alanine forma-

¥
tion. Since tHe glucose-alanine cycle concept did not

=5
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provide for the net flux of carbon from protein to carbo-

bhydrate, the concept of the glucose-aldnine cycle was

‘therefore extended (Davis and Bremer, 1973) to include

other amino acids.

-

Amino Acid: Carbon Source for Alanine Synthesis ;r/////_'

The eérly stages (first week) of starvation invari-

ably result in hypoglycemic state which leads to

increased muscle'-ﬁfteln degradatlon and an augmented

release of alaqine 1n amounts much above those of other
amino acids (Felig, 1975), 4 shift in the rate of amino

=
acid catabolism therefore appears to influernce alanine

- synthesis (Garber et al., 1976b; MacDonald et al., 1976).

The complete. mechanism by which'fﬁeyglucogenic amino

acids, other than Blycine, cysteine, serine, and aspartate

" lead to net alaninelsynthesis is not well defined (Garber

et al., 1976b). The initial pathway by which the ketoacids

of the deaminated amino acids are metabolized to bPyruvate
is suggested to be via the TCa cycle (Davis and Bremer,
1973; Goldstein and Newsholme, 1975; Spydevold, 1976). The

ketocacids enter the TCA cycle as-fillustrated in Figure 1,

-and exit the cyele. at’ the level of oxaloacetate. The -

mltochondpial efflux of TCA cycle intermediates derived
from amino acid catabolism probabdbly would not occur during
a state of elevated energy metabolism within muscle cells

dependent essentlally on the malate— —-agpartate shuttle for
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hydrogen transport across the mitochondrial membrane. In

order to preserveé the cytosolic redox potential in a'morg .

oxidized state, oxaloacetate can be converted to aspartate

via the mitochondrial aspartate aminotransferase isoenzyme

(EC 2.6.1.1)~(ASP-T). Upon entering the cytoplasmic

compartment via the malate-aspartate shuttle "system,

aspartate is reconverted to oxaloacetate. Subsequent g

conversion of oxaloacetate to pyruvate can follow either

the pathway inveolving malate dehydrogenase (EC 1.1.1.37)

(MDH) and malic malic enzyme (EC 1.1.1.40) or the pathway

involving the phosphoenolpyruvate carboxykinase gnzyme

(EC 4.1.1.32) (PEECK). o
The activity of the mal%c enzyme responsiblg‘for

malate decarboxylation is however, quite-low in mixed

skeletal muscle (liolé et al., 1973). The concentration of

PEPCEK, the decarboxylating enzyme of okaloacetate, is also

extremely low'in both red and white skeletal muscle, with

white fibres possessing the higher concentration of the

.fibre types (Opie and Newsholme, 1967). The lpow activity

of these enzymes therefore may restrict the amino acid

carbon flux.towards pyruvate formation.. The malic enzyﬁe }

‘~pathway is nevertheless considered to be a significant

source for pyruvate formation (Karl gEAg;,, 1976).

Furthermore, Snell (1976) has deigﬁstrated a significant

reduction in alanine fqrmati&n when PEPCK is inhibited.

It has been .estimated from perfusion experiments that
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extrahepatic proteolysis can account for a maximum of 18%

of alanine synthesized (BlackShear et al., 1975).

v

Branched Chain Amino Acid Met&bolism. P

The liver is a primary organ for amino acid cata-

" bolism in the mammaliam orgapism. Arterial-hepatic venous
differences for the branched chain amino acids, leucine,
valine, and isoleucine, however, demonstrate net negative
balances' during prolonged mild exercise (Ahlborg et al.,
1974) and b?ief periods of heavy exercise (Wahren et al.,

1972). Although several extrahepatic tissues can oxidize

the branched chain amino acids, skeletal muscle, due to/*ﬂf“

its mass, is con31dered t0 be the principle 31te of

branched chain amino acid catabolism (Goldberg and Odessey,

1972). 1It. is generally accepted that muscle relies
essentially on carbohydrate and fatty'gcid metabolism fér
its energy requirements (Felig and Wahren, 1975). The
contribution of amino acid oxidation in supplying energy
to the muscle cell has been overshadowed by the extensive
research on the latter two fuels.l In terms of ATP
produgtion complete oxidation of valine, isoieucine and
leucine yield 32, 43 and 42 ATP per mol respectively
'(Odessey et al., 1974). Under conditions imposed by
prolonged exercise (40 minutes) the arteriofemoral venous
differences for the branched chain amino acids become
positive (Felig and Wahrén, 1971b; Vahren et al., 1973b)

indicating a net uptake.by‘the exerci§&ng muscles. The
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fekietence of an intimate relationship between branched

- chain amino acid catabolism and alanine synthesis in muscle

LY

such as to complement the glucose~alanine cycle has been

suggested'(Odessey et al., 1974). Diaphragm muscle which

" contains approximately 60% FOG, 20% SO and 20% FG

(Gauthier,.l970), incubated in a medium containing leucine
effectively results in an increased release of alanine
from the preparation (Odessey et al., 1974; Ruderman and
Berger, 1974). These findings are in agréement with the

results of earlier investigations which demonstrated an

-increased release of alanine by isolated perfused rat hind-

quarters (Ruderman ‘and Lund, 1972). boindce leucine is
strictly a ketogenic amnino acid, the sole product of its
catabolism is acetyl CoA. Acetyl CoA is metabolized via
the TCA cycle to 002 and therefore does not-allow leucine
to provide the essentlal carbon intermediate, Pyruvate,
for alanine synthesis. Leucine (as well as valine and
isoleucine) preferentlaliy transamlnates with

x-ketoglutarate instead. of prruvate (Odessey et gl., 1974).

These transamination reactions permit a cycling of

- w~ketoglutdrate carbon and thereby contribute to the

maintenance of cellular glutamate levels which would

otherwise decrease as a result of the reactions-involving

. AAT and glutamine synthetase (EC 6.3.1.2) (G8) (see Figure

1). The formation of acetyl CoAd from leucine, however,
may inhibit PDH, thus blocking a metabolic route for
pyruvate removal and pPermitting inereased cellular levels

¢

AN
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of, pyruvate and tﬁhs_of alanine (Blackshear et al., 1975).
The carbon chains of valine and isoleucine are metabolized
to the TCA cycle intermediat®, succinyl Coa (Lehninger,
1975, p. 562). 'The resulting formation of the "TCa cycle
intermediates, malate and oxalocacetate can then be
converted to pyruvate (Goldstein and Newsholme, 1975,

The nature of the regulatory influence by branched
Cchain amino acids on alanine formation has been suggestedv
to involve the amino group (Odesseyet al., 1974), .The
amino group of newly formed alanine is essentially derived
from the branched chain amino ac1ds (Odessey et al., 1974)
‘with the requirement of glutamate as an intermediary amino

carrier in the transfer. The metabollsm of the branched

b —

chain amino acids is therefore 1mportant for the main

tenance of suff1c1ently hlgh levels of glutamate for the

AAT reagtion. . T

Glutamine Metabelism.

Like alanine, glutamine is released from muscle 1n
amounts far in excess of what could be expected from
.protein degradatlop_alone (Marliss et al., 1971; Ruderman,
1975). Togetherﬁ.these two amino acids adtount fér 20-25%
of the amino acid content in muscle protein (Odessey et
al.,€l974) while accounting for 50% (Ruderman and Lund,
1972) to greater than 60% (Garber et al., 1976a) of the
amino acid efflux from muscle.’ Glutamine's immediate

»

carbon source, glutamate, (Ruderman, 1975) is directly
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aminated via the glOtamine synthetase enzyme. Since the
concentrations of glutamate and ATP effectively saturate
the glutamine synthetase enzyme it is éuggested (Igbal and
Cttaway, 1970) that the rate of glutamine formation is
dependent mainly on the level of ammonia in.the cell. The
amino group for this react;on differs therefore from the
aminp source for alanine synthesis. The addition of NH401 g
(free ammonia) to a muscle incubating medium resulted in
~an increased rate of glutamine release from the -preparation
with a concurring decrease (Garber gzlgl., 1976b) or an
_absence éf change (Ruaerman and Lund, 1972) in cellular _
alanine levels. The importance of glutamine synthesis lies
in the removal of free NH5 accumulating in the cell
(Blackshear et al., 1975; MacDonald et al., 1976) in
contrast to the primaﬁy:fole of alanine in carbohydrate
metabolism (Felig, 1973). The cellular concentration of
ammonia appears to be an important rate determinant for the
synthesis of glutamine (Garber et al., 1976a; Ruderman and.
Berger, 1974; Rudérman and Lund, 1972).

Whereas the fate of alanine is in liver gluconeo-
genesis, glutamine is extracted from circulation by the

kidney for purposes of gluconeogenesis and for the main-

tenance of cation levels while excreting an Acid urine
.(Ruderman, 1975). The gut as well accoun
the splanchnic uptake of glutamine (Felig et al., 1973)

which is concomitant with this organ's release of alanine.

, in part, for T



Alanine-Glutamine Interrelationship.

The existence of an 1nterdependent mechanism for
regulation of the formation of alanine and glutamine has
been suggested QBlackshear et al., 1975; Garber et al.,
1976a). An actual cellular control mechaniém, however,
for the synthesis of alanine aﬁd glutémine remains obscure.
_I% has been shown that an increased activity of PDH, a
removal system of pyruvate, results in decreased glutamine
levels in functionally hepatectomized rats (Blackshéar et
al., 1975). The faté; of glutamine or alanine formation
are affected by:a decreased syﬁtnesis of the alternate
amino acid. Infu81on of an AAT inhibitor into an 1ntact-
pny51ologlc system stlmulates the rate of gLutamine
formation (Blackshear et al., 1975) as determined by
changes in -the arterial-venous differences across muscle.
These observations are in agreement with muscle incubation_:
experiments more recently reported by Garber and co—workersl
(1976a). Increased alanine release as a result.of '
glutamine synthetaée inhibition indicates that alanine
nitrogen may offset an efflux of free NH5 from the cell
by iincreasing the cell's rate.of alanine release
(Blackshear et al., 1975; Krebs, 1975). Since free NH3
is not used for direct amination of pyruvate (Ruderman and
Iund, 1972) the reason for increased formatién of alanine

is unclear. Kaletha and co-workers (1976) have demon-

strated that alanine exerts a non-competitive form of
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inhibition at PH 7.0 on skeletal muscle AMP deaminase,
thué affecting NH5_production. Since NH5 is important in
the glutamine synthetase reaction, this inhibition may
bartially explain the reciprocity Phenomenog observed in

alanine and glutamine synthesis (Garber et al., 1976a).

Amino Source, Effect of Exercise.

)
The major source of free ammonia for the amldatlon

of glutamate to glutamine is not clear. Glutamate dehydro-‘
genase (kC 1.4.1.3) may contribute to cellular NH5
formation though the ac%ivity of.this enzyme is extremely
low (Lowenstein, 1972). Since protein degradation must.
occur with the normal metabolic turnover of protein,
ammonia may arise from the subsequent deamination of
certain amino acids f%leased from protein (Ruderman ang
Berger, 1974; Ruderman and Tund, 1972).

-Protein turnoverfhaé been associated with exercise
(Felig, 1975). Since the rate of protein synthesis within
the muscle cell decreases.proportionally with the
exhaustion of its glycogen stores (Gerber, 1976) a shift
toward net protein catabolism occurs with exercise induced
glycogen depletion. Disturbances in skeletal muscle
protein metabelism are made evident by alterations in the
flux of circulating amino acids acrqss;musclel(Felig and
Wiahren, 197lb).

Gerez and Kirstgn‘(l965) (as reviewed by Poortmans,

1973) have reported a greater'production of ammonia in
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- white than in mitochondrial rich, réd nuscle during
.exercise. The major source of NH5 during exercise is
probably the deamination 6f ANP reaction of the purine
nucleotide cycle (Ruderman‘and Berger, 1974). The activity
- of the AMP deaminating énzyme, adenylate deaminase is
highest in FG (white) muscle fibres and lowest in S0 (red)
fibres (wWinder et al., 1974).

During exéfcise of various intensities there is né
significant change in glutamine release from muscle-(Felig,
l975)'in contrast to the increase in the rate.of alanine
outpﬁt."The activity of the glutamine synthetase enzyme
in skeletal muscle is low and is virtually absent in heart
muscle (iqbal and: Ottaway, 1970). fhe absence of an
incréased glutamine outflow from muscle during exercise
then may be explained by the fact that the enzyme is
functioning close to its maximal capacity in resting
condifions (Ruderman and Lund, 1972). Thus, it has éeen
suggested (Felig,1973) that while glutamine and alanine
Ashare an important-role in the transfer of NH3 from muscle
to the splanchnic organs, during .Exercise alanine appears’

to be of greater -importance.

Metabolism of Other Amino Aeids.

The molecular involvement of the remaining'amino
acids in peripheral alanine synthesis is not clear. At
the cellular level however, the negative net exchange for

most amino acids (in addition to alanine, glutamine and
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\S/%he branched chain amino acids) acrosé muscle tissue
contrast with a consistent uptake of sefine, cysteine and
glutamate (Felig, 1973). Both serine and cysteine can be
converted directly to pyruvate (Lehniqger, 1975, pp. 698—
699). Glutamate occupies a central role in cellular
metabolism. Apart from beiﬁg a possible source of carbon
for alanine synthesis, glutamate is involved in most
transamination reactions, serving as a specific amino
group donor (Lehninger, 1975, pg. 563). It has been
'suggested that cellular glutamate levels mé& be regulatory
in the synthe81s of alanine (Ruderman and Lund, 1972),.

The effects of cellular fluxes of glutamate affecting the
rate of alanine synthesis, however, is not conclusive

since equivocal evidence has been reported (Blackshear et

al., 1975; Gold§tein and Newsholﬁe, 1975). Increased rates
of alanine reléase from incubated muscle tissue are also
demonstrable when either aspartate,‘methionine, threonine
or glycine is present in the incubatipg medium (Garber et
al., 1976. Their relationship to alani@é.synthesis is
illustrated in Figure 1. ‘The characteristic pattern of
amino acid release from muscle into an incubating medium
(Garber et al., 1976a; Jefferson et al., 1994) and from
human forearm arterlo -deep venous dlfferences (Aoki et
al., 1974, Pozefsky and Tancredi, 1972) is marked by a
tissue retention or uptake of aspartate.

Aspartate has been described as an important
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Precursor for alanine synthesié by GarEer and co-workers
(1976b; 1976c). This research group has shown that muscle
incubated in an aspartate medium results in an increased
alanine release (Garber et al., 1976b) while during
conditions of decreased intracellular aspartate avail-
ability -alanine synthesis also decreased {(Garber et al.,
1976c). In a perfusion study involving hemicorpus
breparations (Jefferson et al., 1977), large releases of
alanine and glutamine were observed while concomitant
decreases in cellular aspartate and glutamate concen-
trations occured. Two mechanisms by which aspartate may

influence these intracellular fluxes of alanine have been

-described. Aspartate Qpnéersion to oxaloacetate followed

by conversion to byruvate via aspartate aminotransferase

d malic enzyme (Garber et al., 1976b) w111 allow a
:jeater substrate availability for the alanine synthetic ™
reaction to eccur. It has also been shown that aspartate
métabolism is indirectly responsible for cellular alanine
concentration changes (Safer, 1975) by supplyiﬁg eytosolic
oxaloacetgte for the malate—aspartate shuttle system which
in turp influences alanine synthesis through an inter--
action with thé TCA cycle (discussed under the section of

malate-agpartate shuttle).

Hormonal Influence.

Hormonal factors have been shown to effect quanti-

tative as well as qualitative changes in the releases of
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alanine and glutamine from skeletal muscle (Karl et al.,
1976). In addition to its function in blopd glucose
‘homeostésis, insulin serves a role in the_regulatioﬁ of
the mefabolig protein turnover iz'mqscle (Newsholme and
Start, 1973). Insulin stimulates the uptake of certain
amino écids by muscle as mel} as tﬁeir inbofporation into
muscle protein. An inhibitién{éf skeletal muscle protein
synthesis occurs when the levels of plasma insulin are low
‘(Jefferson et gll& 1974): Decreased insulin\}evels és a
result of prolonged, mild or moaeratg exercisgﬁrGéi;o et
al., 1975) may precipitate a shift from glucose to amino

- acid derived carbon for the synthesis of alanine. The
greater supply of'amino~acids for oxidation may further
providelfof an increased prd@pction of glutamine ana/pr
alanine. Consistent with this sugéestion_is the finding

of proportionally layger rates of release of glutamine

and particularly of alanine from perfused mixed skeletal
ruscle in comparison to the remaining amino acids when'
insulin was omitted from the perfusate._(Jefferson et al.,
| 1974). Although the flux of alanine into and out of the
muscle cell appears to bg an integrﬁl chE?;ent of the
regulation of amino acid metabolism in skeletal muscle,
Ruderman and co-workers (1;77) have’recently suggested that
the transport of alanine ma& be directly-ﬁodulated by

insulin.

In contrast to the decreased blood insulin
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concentration associated with exhaustivé, prolonged
exercise- are fhe augmented levels of another gluco-
regulatory hormoﬁe, glucagon (Galbo gﬁ al., 1975). The
general sysfemic response to glucagon is generallj .
regarded as antagonistic to insulin. Yhe stzggiétory'
effect of glucagon on hepatic gluconeogenesis and glyco-
genolysis effecﬁively contributé to.a release of glucose .
into the blood circulation (Felig and Wahren, 1974). It
has been shown that'alanine stimulates the release o?;this
hormone (Mfiller et al., 1971). Such an interrelationship
may underscore a general sygtemic imﬁortance of alanine
with respect to the metabolism of carbohydrate under
meﬁabolically stressful situations such as exercise.
However, Galbo et al., (1976) have shown that blood ;
alanine levels dec;iﬁed in man to preexercise levels (“
following an initial increase during the course of
repeated 30 minuté runs a% GO%IMVOE. In view of this
decline attributed to increased splanchnié fractional
extraction, the significance of alanine as psysiologic
stimulus for glucagdn release is contested (éalbo et al.,
1976).

The effect of glucocorticoid hormones on amino acid
metabolism is not*@ell understood. Augmented blood gluco-
corticolds leveIsﬁlpad to an increase in plasmd gﬁgio acid
levels and in particular that of alanine (Felig, 1973)'55

a result of a catabolic effect on muscle prétein,

Za
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Inéubatlon of mascle: in a cortisone mediun resulted in an P
increased release of alanine with a reciprocal change in
"glutamine release (Karl et al., 1976) 'In man, cortisol

els have been shown to increase significantly above

restjng levels with heavy exercise (Hartley et al., 1972).

Fibre Types and Alanine Metabolism.

g The metabolism of alanine may not be uj{fdrmWacross
.whole muscle in view of the obvious metaboli differenees.
which exist affong the fibres which comprise skeletal
muscle. Therefore consideration of the f%bre types is
necessary in the analysis of the production and flux of
the erergy metabolites, alanine and iactate within whole
muscle. Muscle lacéate formation originates predominantly
in the FG, and possibly.in the FOG fibres'as suggested by
the large 1ncreases in plasma 1actate levels (Fellg and
"wanren, 1971b) during recruitment of these flbres in
higher intensity exer01se (Terjung, 1976).

The survey of the energy metabolism enzyme profile
(Pette and D8lken, 1975) and in partlcular of the LDH
iscenzyme activity profile across the various fibre types
(Baldwir et al., 1973b) indicate a favorable enzymatic
adaptation for the FG fibre to preduce lactate when“'
utilized. While the ¥G £itred produce lactate it is
conceivable that other fibre types within the same muscle,

as well as cardiac and other skeletal muscles take up
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. lactate (Hermansen and Stensvold, 1972; Jorfeldt, 1971;
Pette, 1971). The lactate dehydrogenase isoenzyme
profile in 30 fibres favoré the adaptétion for oxidation
of actate to pyruvéte. Since the AAT yeaction is.not
energy dr%ven and depends solely on the accumulation of.
substrate (Krebs, 1975% fhe possiﬁilitﬁ exists for a
metabolic interaction between fibre types based on
metabolite diffusion. | )

Lactatg formed via anaerobic glycolysis in white
. muscle or secﬁipné of muscle possessing predominantly’ FG
fibres Pay Serve as a sﬁbstrate for oxidative metabélism‘
in mﬁscle and sections of muscle composed of réd oxidativg
fibres (Essén et al., 1975) whosg oxidative capacities
have not been exceeded by-fhg)rate of glycolysis.
However, an increasing fraction of the lactate formed may
jbe deviafed to othér metab?lic pathways)sﬁéb as that of
alanine (Freminet et al., 1974; Mudge ot al., 1976) as_a
result of a mass action effect of elevated.tissue-lgctate
levels retarding the conversion éf pyruvate to lactate. .
The pathway of alanine formation may be further enhanéed
/ﬂ\\hffy the decreased Km of AAT fop pyruvate with acidosis ™
' '(Owen and Hochachka, 1974).
"The existence of a predominant fibre .type source in
the peripheral synthesis of alanine remains unknown.

When incubated in a lactate medium the release of alanine

from the extensor digitorum longus, a muscle of



Predominantly FOG and FG fibre (Ariano et al., 1973) was
considetably less than the efflux of alamine observed

from the soleus, a slo xidative mﬁécle, under identical

condiﬁiong_(Garber 976a).  Also suggestive of
the alanine formation#yithin oxidative muscle tissue is .
the release of the amino acids from myécardial tissue
in a pattern similar to that observed for skeletél muscle

(Jefferson et al., 1972). Felig (1975) has calculated
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the release of alanine from heart téfaccount for more \\\\

than 80% of the total amino acid.reigase in comparison .
to 30140% release reported for skeletal nmuscle (Felig and
Wahren,‘lé74). The difference in the proportional re-
lease of amino acid may relate to the differences in the
myocardium's enzymatic arrangement, in particular, with
fespect to the LDH enzyme profile and absence of glutamine
.synthetase (Igbal and Ottaway, 1970). The heart lactate
. dehydrogenasd isoenzyme (Hy), also found in oxidétive
skeletal musc » 1s strongly substrate-inhibited, so
wheqever pyruvate concentrations'rise (Edingtqn et al.,
1973), lactéte dehydrogenase is inhibited hence‘favd}ing
alternative channels for pyruvate mefabolism; . When the |
- heart is anoxic, an acceierated rate, of ?lycolysis‘occurs,
;ulbinating in‘g maxiggl fouf fold increbse in the intra-

cellular level of alanine (Kao et al., 1976).

Malate -~ Aspartate Shuttle.

Since the mitochondrial membrane is impermeabl? to

\

\
N\



NADH, electron displacement from cytoplasmic NADH %o a
mitochondrial equivalent must occur in complete oxida-
tion 'of glucoseé by any fibre. The malate-aspartate
" electron shuttie systen possesses a functional sigﬁifi—
cance in heart as well as in red skeletal muscle for the
transportation of suchlreduciqg equivalents while the
x-glycerophosphate shuttle is probably more important in
the FG fibres (Holloszy, 1975; Holloszy, 1976; McGilvery,
_1653). ‘The reason for a greater activity of the malate-
aspartate shuttle with doncomitant lower x-glycerophos-
phate shuttle éctiviﬁy in the more oxidative muscle
ﬁissue is not clear. Sincé.the arraﬁgement of the compo-
sition of mitochondrial protein varies éécording-to the
‘different rates of protein turnover (Swick et al., 1965),
the mitochondria may be essentially different.
The collective participation of cytosolic and mifo—

chondrial forms of malate dehydrogenase (NADH linked)

and ASP-T as well as two membrane carriers structure the
~eié§t£9g shuttle system (Krebs, 1975) as illustrated in
Figure 2. An increased rate of generation of glycolytic
NADH at the glyceraldehyde 3-P dehydrogenase étep results
in an increased reduction of oxaloacetate in the ¢cytoplasm
to malate catalysed By the cytoplasmic malate dehydroge-
nase. Malate iﬁmediately_enters the mitochondrion via a ,

stoichiometric exchange with a-ketoglurarate and-is
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reoxidized to,GEETBE:;téte by the mitochondrial malate
dehydrogenase. Since the inner mitochondrial membrane is
boorly permeable to oxa;oacetate the involvement of a
transamination reaction between oxaloacetate and glutamate
by means of the cytosolic and miéochondrial ASP-T isoen-
zjmes permits the oxaloacetate carbon to returﬁ to the
cytosol as asﬁértate before reconversion to complete“the
c¢ycle. BSafer and Williasmson (1973) have shown that there
eéists a delay in the onset of increased glutamate-
aspartate exchange and flux through mitochondpial aspartate
Aminotransferase. Due to the nonequal flux across the
mitochondrial membrane through fhe x-ketoglutarate-malate
and glutamate-aspartate exchange reactions a'gonuniform
‘flux in the TCA cycle results between the two spans from
oxaloacetate to x-ketoglutarate and from x-ketoglutarate

to malate. The key enzymes of the TCA cycle which are
located at the crucial points of interaction with the
malate-aspartate shuttle are x-ketoglutarate ﬁehydrogenasé
and citrate synthase. A decreased flux occurs in the
former enzyﬁe while an increased flux occurs in the latter
during the delay period until the onset in the increase

of the glutamate—aspartate exchange, at which time =a
reciprocal return to common steady state value occurs”

(8afer and Williamson, 1973).

/{47_“
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| In this way the metabolic interaction of the
malate-asparéate shuttle system, cytosolic AAT, isocitrate
dehydrogenase and aconitase together yith the TCA cycle
within the mitochondria provides a méchanism for rapid
changes in the TCA cycle intermediate levels in the
cytosolic compartment (Safer, 1975). Furthermore, Safer
and Williamson (1973) have'shown that during this
transition phase the rate of the sum accumulation of the
TCA cycle intermediates is similar to that of alanine
accumulation. Although evidence for the cellular flux
of TCA cycle intermediates is drawn from studies
performed with heart muscle, these authors (Davis and
Bremer, 1973) assume that cardiac ‘and skeletal muscles
are qualitively similar with respect to these metabolic
parameters. -

Subséquent return of the TCA cycle intermedlates
to normal cytosolic levels can be accomplished in at
least two manners. A mitochondrial membrane exchange
between cytosolic &-ketoglutarate and mitochondrial
succinate (Owen and Hochachka,"i974) and subsequent
. diffusion of succinate into the blood resulting in”
elevated blood succinate levels has been reported
(Hochachka and Dreséendorfer, 1976). Secondly, cyto-
solic arketoglutafate-can transaminate with the branched

chain amino acids to form glutamate and following
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amination via glutamine synthetase to form glutamine, is
subsequently released from muscle.

The glycolytic flux can be largely mediated by
the redox state of pyridine mucleotides of energy state
of the muscle ceil (8afer, 1975). During states of
increased oxidation the TCA cycle intermediate, citrate,
rises to levéls in the cytosol which affect the rate
of glycolysis in skeletal muscle (Essén and Kéijser,
1976) by inhibiting the activity of the glycolytic
enzyme phosphofrucfokinase (PFK) '

(Hochachka and Storey, 1975). Probably more important
in the regulation of the glycolytic flux however, is the
cellular accumulation of alanine. The levels of the TCA
cycle intermediates in the muscle cell are regulated to
a large/%xtent by shifts in the concentrations of free
alanine and aspartate via their resPebtive trapsamiﬁases
(Davies and Bremer, 1973). Moreover, alanine ﬁas an
inhibitory influence on pyruvate kinéii/(Hochachka aﬁd
Storey, 1975). - _

The consequent metabolic events which occurs
following diffusion ofhexoéenous lactate into the
oxidative muscle cell for oxidatioﬁ would be expected
to be esﬁentially similar to an increased glycolytic
flux in the ce&l itself since lactate conversion to

-pyruvate results in the production of NADH as occurs

40
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in glycolysis. The cellular redox state would be
maintained through the'ﬁalate-aspartéte shuttle system.

Koziol and Edington (1975) have suggested a
relationship between the malate-aspartate éhuttle system
and the disposallof lactate in skeletal muscle. Their
experiment involved the electrical stimulation of the
rat gastrocnemius-plantaris muscle group (composedﬂof
mixed fibre population) followed by a monitoring of the
changes in cellular metabolite céncentration during the
recovery period. While lactate levels decresased and
pyruvaté levels remained relatively unchanged 15 minutes
into recovery; cellular alanine conceﬁtration increased
two-fold (Koziol and Edington, 1975; McCafferty and
Edington, 1975), suggesting a carbon flux through the
LDH and AAT enzyme system. This was accompanied by a
decreased cellular aspartate concentration to provide
oxaloacetate foﬁ the'acceptance of the reducing equi-
valents (Koziol and Edington, 1975). |

Garber and co-workers (1976a) have provided
evidence to support the postulate for a m;late-aspartate'
shuttle, alanine synthesis relationship. With the
addition of low concentrations of artificial electron
acceptors to an incubating medium the muscle preparation
exhibited a shift to a more oxidized state irt the cyto-

solic redox potential thus lowering the activity of the'



melate—aspartate shuttle system. Despite elevated
byuuvate levels reeulting from increased glucose uptake
and subsequent glycolysis, alanine synthesis in the
muscle tissue.was markedly decreased (Garber et g;.,.

1976a).

Training - Metabolic Adaptation.

Regularly performed exercise has been shown to
induce major biochemical adaptatidﬁs in skeletal muscle
witu the specificity of the adaptive respodnse beiug
fundamental to the nature of the stress (Kowalski et al.,
1969). The effects of endurance training are manifested
notably by the modification of several enzymic capacities
associated with the oxidative processes. Specifically,
the alteration of the capacities for B-oxidation of
fatty acids, fiux of the citric acid cycle and respiratory
chain result in skeletal muscle becomlng increasingly
similar to cardiac muscle in its capac1tles for energy :
‘metabolism (Holloszy, 1975).

. - The improved oxidative capacity is associated with
an adaptive response in the mechanism for transport of
reducing equlvalents into the mitochondrion. An
alteration in the transport mechanism appears to be
related %o an increased capacity of the malate-aspartate

shuttle (Holloszy et al., 1975) while x-glycerophosphate

N
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dehydrogenase activity decreased significantly when
expressed per mg of mitochondrial protein (Holloséy et
al., 1969),

The general'responses of the three fibre'typeg with
respect to relative increases in-the oxidative function
are similar (Baldwin et al., 1972). The quantitative
response of each tyﬁe, however, appears to.vary according
to the degree of training stimulus the fibre type is
subjected to during the exercise (Holloszy, 1975; Terjﬁng,
1976). Prolonged exercise of a low intensity nature will
involve the predominant recruitment of the FOG and SO
fibres, hence the greater stimulus for adépta%ion in
these fibres. The response 6f the cytosolic energy-
metabolism enzymes are of increases or decreases in
activity which are specific to the fibre type. Hexokinase
activity, however, increase in parallel to'the increases
in the respiratory capacity in the three fibre types
(Baldwin et al., 1973b). Of the glycolytic enzymes the
decreased actlvitles of phosphofructoklnase, |
glyceraldebyde 3-phosphate dehydrogenase andlpyruvate
- kinase in FOG fibre contrast with the iﬁcreésed activity
for these enzymes in SO fibre. No significant changes e
were observed in FG fibre (Baldwin et al., 1973b). The
small put con51stent decrease,in the activity of LDH ‘

observed in skeletal muscle (Gollnick et al., 1967)

‘-
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appears to be specifically located in the FG and FOG
fibres (Baldwin et al., 1973b; Holloszy, 1975).

__The lower levels of bloéd lactate (Saltin and
Karlsson, 1971a; Short et al., 1969) and of muscle
lactate (Saltin and Karlsson, 1971b):observed in the
aerobically trained compared to non trained men following
a submaximallexercise of an equal reiative'intensity are
considered to be primarily a result of the increased
function of the oxidativ pProcesses in the mugcle. The
apparent reduction in the nat production of iéctate
s\ggests it acts as an indicator of the dynamic balaﬁce
which exists befﬁeen the production rate and the
efficiency of the removal processes (Eldri@ge, 1975).
Cytosolic AAT which competes for the same 3 carbon‘fragméﬁt
(pyruvate) as LDH has Been reported to increase with
endurancettrain?ng (Molé e¥ al., 1973) in skeletal muscle.
However, the relative agtivities, as well as the influence
endurance training has on AAT activities within the three
fibre types has not been clearly documented. _

An alteration in the LDH:AAT engyme activity ratio
as a.result of endurance training may signify an

adjustment in muscle intermediary metabolism (Orlicky et

- al., 1977). Reduced pyridine nucleotides arisink from

célluiar-metabolis may become reoxidized to a greater
extent by the malate-aspartate shuttle system, shlftlng

from reoxidatlon of NADH via reduction of pyruvate to

N
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lactate. A ré&uced raté‘of lactate formation in the
trained individuals working at similar relative submaximal
workloads as non trained individuals (Holloszy, 1975).
Although the activity of the AAT eﬁzyme is rather
high in skeletal musclé in.general (Gol&stéin and
Newsholme, 1975), the loss of alanlne by cellular diffusion
is sufficiently large to maintain a non-equilibrium state
(Krebs, 1975) ik the AAT reactlo;. The efflux of alanine
from skeletal muscle has been repqeted to closely
approximéte the rate of its net formation (Garber et al.,
1976a) therefore an increase in the activdty of AAT may
alter the relation;hip that exists betweén alanine,
pyruvate and lactate demonstrated by Félig and Wahren

(1971b).

x
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CHAPTER III

¢

RESE&R@H METHODOLOGY

This chapter presents the methods apd procedures

employed in the investigation of the effects of a chronigl

L J

aerobic stress upon the cytosdlic alanine aminotransferase
isoenzyme in heart muscle and in the SO, FOG and FG fibre

types in rat skeletal muscle.

Animal Selection. : -

—_— - .
A total of 30 male.Wistar strain rats purchased

from Bio Breeding Laboratories of Canada in Ottawa were

[

used in the experiment described in this theéis.v The
animals were between six to seven weeks of age and their
weights ranged from 145 to 166 grams. On délivery to
the 1ab6ratory, the rats were weighed énd placed in

separate cages under a 12 hour light-dark cycle (6 am-%_

6 pm darkj. They were provided with a diet of Purina

- laboratory chow and water ad libitum for the duration of

the experiment. All the animals ‘were handled daily and
were weighed every second day throughout the sfudy.

Ten rats were randomly selected for an expefi-
mental (EXP) group which underwent an elight week endurance
training program as deécribed below. Another group of .
ten rats were assigned to a pre—training‘control group

(CON) to be sacrificed after acclimation,. at 7 weeks of

e et e e T

ey e s
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age. The remaining 10 animals were designated as a
sedentary control group (SED) to be sacrificed at the
sanié time as the experimental group. This group served

as-a post-training control for the age affecf,

Adaptation.

All animals were introduced to the treadmill
(Qﬁintonjmodel 42-15) and - adapted "t0 treadmill
running for a period of four days prior to beginning the
EXP group on the running program. Once daily during the
acclimation period the énimals were su%mitted to running

at a speed of 10 meters/min for a duration of 10 minutes

while the treadmill was inclined to a 10% grade.
+

Experimental Design. _

The experimental group‘félloﬁed a modified low-
intensity treadmill running program to Lhe one described1
previously by Pattengale and Holloszy (1967). An exer-
cise program of this intensity has been found to result
in a large increase in capacity for prolonged running
and does'not result in.muséle hypertrophy (Holloszy, ~
1967; Pattengale and Holloszy, 1967). The rats were exer-
cised five days per week for the first 3 weeks and six
days per week for the subsequent weeks. The animals were
exercised twicé daily with four hours separating the
exercise sessions. The program was made progressively

more vigorous for the first 7 weeks, at which time the
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- exercise worklcad was maintained constant for the

remainder of the program until sacrifice (Table 2).

IABLE 2

Protocol for the exercise program

Exercise i ,
Duration Exproise frequency Speed Grade
Weekrr  (min.) times/day days/week {(m/min.) (%)

1 15 2 5 22 10
2 30 2 5 22 10
3 40 2 5 28 10
AN o 2 6 28 '1d/
5 50 2 6 28 \;g}
6 50 2 6 3110
7 60 2 6 310 10
8 60 2 6 31 10

Removal and Preparation of Muscles.

The animals of the EXP and SED groups were sacrificed
after the eighth week of the training program, when both
groups were 14 to 15 weeks of age. The EXP group was not
exercised for 48 hours prior to sacrifice in order to
avoid any acute effects of exercise. Following an over-

night fast, the animals were weighed then killed by
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decapitation and-exsanguinated. The complete right higd
limb muspulature was exposed by cutting¢the skin at the
ankle and slittir:g the skin with a scalpel from the ankle to the
'anus;_phe skin was then peeled bacﬁ tqwards the body. The
white vastus lateralis was first removed with scissors,
followed by extraction of the red vastus iateralis, then
Aéoléué. All muscle samples were,immediately placed in a
beaker containing Ringer solution (Horowicg et al., 1970)
maintained at 0°C. The muscles were then washed and trimmed
free of connective tissue onflglastic plate placed on ice.
The tissueswerequickly weighed tﬁenmincedjjlaémall beaker
c'ontaining an ice-cold medium composed of 0.225 § mannitel,
0.075 M sucrose, 0.01 i phosphate buffer, pH .‘7':6 éna C.05 mM*
EDTA (Tyler and Gonze, 1967), The homogenates contained

1.0 gram of muscle per 20 ml. Usually, samples weighed
betweeh 120 and 200 mg. The homogenates were prepared in
an all-glass Duall tissue grinder. These were then centri-
fuged at 15,000 g for 45 minutes at 2%ina Sorvall Super-
speed RC 2-B centrifuge to obtain a mitochondria-free
fraction (DeRdsa and Swick, 1975). Although no AAT activity
was detected in the mitocﬁ.‘oﬁdria in an earlier pilot study,
DeRosa and Swick (1975) did detect a minute amount in this

compartment but no activity was found in the microsomal fraction.

Assay Procedures for Enzymatic Activity.

The technique used for analysis of the AAT activity

is essentially that which is described by Karmen (1955)

[ N
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for aspartate aminotransferase and modified for AAT.by

Wroblewski and Ladue (1955), The reaction medium contained

the following (in concentrations similar to those used by
Molé.et al. (1973): phosphate buffer O.lM,]ﬂ{7;6;substrate-
(L—alanine)l93mM;NADHﬂO.lZSmM;a&ketoglutaratev5mM; lactate
dehydroéenase 8 units; enzyme preparation %.75-5.0mg muscle.
The mixturewésprepa;edjjztriplicatelespectrophotometer
cells, omitting m—ketogldtarate and was then placedillt%i“\\
thermospaced spectrophotometer for 2 minutes to allow )
exhaustion of any endogeous'substrates. Following the , /

period of incubation the rection was started by the addtion of

the «—ketogiutarate. The reaction scheme is as follows:

(1) 'alanine

pyruvate
+ ' - > +
a&ketoglutérate glutamate
(2) pyruvate + NADH — : > lactate + NADY

e
i

The transamination reaction is coupled with lactgté
dehydrogenase to determine the AAT activity. The reaction
product, pyruvate, is redﬁctively.trapped by lactate
dehydrogenase and the decrease in absorption at 340 nm due
to the conversion of NADH to NAD® was followed on a Unicam
spectrophotometer model SP.800. The reaction was

- carried out at 2g° Cy pH 7.6. The blank used

contained all the components except alanine. Each

homogenate was measured in triplicate using samples

P S S S
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of 5.0, 5.0, and 3.75 mg of muscle.

The international unit of transaminase is the
amount cafalyiing the transformation of umole of gubstrate
per minute. Since NADH has a molecuiar extinction
goefficient‘( (540) of 6.2 x 103, an absorbance change of
1.6 for a'lo mm light path and a volume of 3 ml in which
tﬁe-assays are carried out corresponds to oxidation of
-484 pmoles NADH (.484 pmoles pyruvate). The enzyme
activity was expressed in terms of Pmoles of pyruvate
reduced per minute per gram of wet weight of muscle and

mg of protein.

Protein Estimation.

The concentration of protein in the 5% muscle
homogenate was estimated by & Lowry et al. (1951) method
modified by Schacterle and Pollack (1973). To avoid
possiblefinterference of Tris buffer from the 'mannitol'’
medium with the method, tﬁé following prelim;nary steps
were carried out. Triplicates of 0.04 ml of each sample
were added to test tubes, 5 ml of 12.5% TCA was added to
each aliquot, and allowed to stand on ice for 30 minutes,
after which they were centrifuged at 7,500 x'g for 30 minutes.
The supernatants were discarded, and the pellets (protein)
each disolved in 1.0 ml of 0.5 N WaOH. The breceeding
steps were those of‘Schacterle1aﬁd*Pollack“(l975).
Measurements for protein estimation procedure and‘

measurements were performed in tpiplicé%e using 2 mg
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samples of muscle.

Analysis of the Data.

The statistical analysis of the cytosolic AAT
isoenzyme activity was =~ done by a. two-way analysis of
variance with repeated measures using the Full Rank- Multi-
variate Linear Model.(FRMLM) computér program. The
independent variables were muscle with three subcategories;
white va§tus lateralis, red vastus lateralis, soleus and heart
and treatment also with three sﬁbcategories; EXP, SED, and
CON. The dependent variables were enzyme activity,
specific'eﬂzymg activity and protein estimation. A
multivariate post hoc analysis was used to identifx‘the
specific contrasts between groups which caused

-

gignificance (p <« .0l) in the analysis of the main_effects.‘
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CHAPTER IV

RESULTS

The purpose of this study was to determine the
distribution of cytosolic 4AT activity in the folloﬁing
muscle types: FOG, FG, and SO skeletal muscle fibres and
heart. It was also the aim of this study to investigate
thé effect of an 8 week endurance running program on the
activity of the 4AT isoenzyme within these tissues. The
results will be presented as follows: a)}the training
aspect of the experiment, which includes training
performance and body weight data, b) the activity of
cytosolic AAT in all sample tissues, expressed in terms of
muscle wet weight, c) the specific activity of cytosolic:
AAT in the samplg tissues, expressed in terms of mg ofl
protein and, 4) protein estimation. All of‘the raw data
appearé in the Aﬁpendices while the meuans and standard

Errors are summarized in Table 3.

"a) Training aspect

The training,program was of 8 to 9 weeks duration,
depending on the day of sacrifice of the EXP rat. by the
beginning of the eighth‘week of the program the EXP rats
were able to run 2 x 60 minute sessions at 31 m)min up a

10% incline.
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The average wéight gain for the EXP group (158 g)
was‘less than that of the SED group (230 g). A student
t test indicéted that the final gross weights of the EXP
group animals were significantly less (p < .00l1) than the
gross-&eights of the SED group rats. The growth of the
rats in relation to body weiéht of EXP and SED groups is
graphically represented in Figure 3. The mean weight

values and standard errors are tabled in Appendix A.

b) Activity of cytosolic AAT in the sample tissues

The data on cytosolic AAT activity in relation to
the wet weight of the individual muscle éamples are in
Appendix B. |

Although_the Full Rank Multivariate Linear Model
program for statistical analysis employed in this study
provided a univariate analysis of-variancé with repeated
measures, the F statistic could not be used in the
analysis of enzyme activity. Since a significant Cross-—
interaction occurred (p < .0l) between repeated measures
and treatment groups, due primarily to a decrease in AAT
activity in White vastus concomitant to an increase in
Soleus with training (il;ustrated in Figure 4), this
violates ‘one of the assumptions (symmetry) ofla repeated
measures analysis (Timm,'l9?5).

The analysis of the main effects (Table 4) revealed

statistically significant differences in enzyme activity
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5.0

4.0
AAT
ACTIVITY 2.0
(pmoleg/~* .’
min/g)
2.0
1.0
o .15
SPECIFIC _
AAT .10
ACTIVITY
(umoles/min/
mg protein),
’ .05

SED
CON

Figure 4a

| } 1 1

1
1

RED SOLEUS WHITK HEART
VASTUS ' VASTUS

EXP
SED

CON

Figure 4b

RED ' SOLEUS  WHITE = HEART
VASTUS . VASTUS

FIGURE 4. Graphic representation of means for enzyme
activity (figure 4a) and for specific enzyme
activity (figure 4b) in the muscle types of the
treatment groups (EXP, SED, and CON).
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P TABLE 4

ANALYSIS OF MAIN EFFECTS

-

N
Dependent _ Differences Differences . [
Variable Analysis Between HMuscles Between Treatments Interaction
Calculated CriticallCalculated Critical |Calculated Critical
values values values values values values
Enzyme Multivariate
Activity . :
l. Wilks OP4> 424 .0la* 412 L4002+ JA412
-l 2. Roy . 884+ 507 974 . 505 .572* 465
3. Pillai 1l.366* 553 1l.438* . 700 633" . 600
Specific |Multivariate 1
Enzyme
Activity 1. Wilks 094+ 24 027" 412 «337% 412 v
mo moq o_whf\-_-l QWO..N owmﬂ*. . mom - -mmmh -h—-mm
3. Pillai 1.378*, .653 1,344¢% 700 . .682* . 600
Protein Univariate .
1. Anova 1.702 2.43 2.022 2.43% .92 2.43%
(F statistic) % . a\\

* p<«£ .01

—
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Cetwedn the treatmeat groupk (EXP, SED, and CON). A multi-
variate post hoc analysis was carried out to determine
which contrasts were significant. Since the multivariate
post hoe analysis incorporated_threqupost hoc tests; Wilks,
Roy, aﬁd Pillai, a cont;ést was determined significant if
two of the three‘tests ;howed significance for the specific
contrast. The specific.contrasts aré tabled in Appendix E
along with the criticalfranges fof the most co Serfativg
test for the specific contrast. The aﬁalysis imdicated
that a significant differencé existed between the CON and
3ED heart muscles (p_<1.01)t A significant difference in
AAT activity also existed befween CON and EXP soleus
muscles (p € .05). The treatments had no significant
effect (see Figure 5) on enzyme éctivity in any of the
other muscle types. A statlstlcally 51gn1f1cant difference
also exi&ted in enzyme act1v1ty between the muscie types.
The post hoc analysis indicated that wheaned vastus was
contrasted with Soleus of the same treatffiént group, no
significant differences exisﬁed in AAT.actif;E;T)/gI;}iarly,
when White vastus was contrasted with Heart AAT activity

of the same treatment group, no 51gn1flcant%ﬁlfferences

- existed. _HoWevéT:jﬁayh.Red vastus and Soleus AAT activities

were Significantly higher than in White vastus and Heart

ot
in all of the treatment groups. . ST
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FIGURE 5. Results-of the multivariate post hoc analysis on
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c) Specific activity of cytosclic AAT in the muscle samples

The data representing individual samples for
spgcific enzyme activity, qxpressed ih;pmoles of alanine
transaminated to pyruvate/min/mg of protein are in
Appendix C. The statistical treatment for these data is
presentéd in Tables 3 ana 4 and in Figure 5. S8ince the
statistical énalysis of the main effects indicated a
significant cross-interaction (Table 4), a multivariate
analysis was used as in the statistical treatment for enzyme
activity. The analysis also indicated a significant

difference in specific ehzyme activity (p < .0l) between

" treatment groups. The rost hoc analysis (Figure 5)

indicated that significant differences existed between
CON and SED - heart muscles (p < .0l) and between CON and
EXP soleus muscles (p < .05). As well, a statistically -
significént differences (p < .0l) existed in speéific

activity when muscle types of one treatment group'wére

\\contrasted. The post hoc analysis indicated that specific

AAT activities in RED wvastus and Soleus were not
significantly different in any treatmept group. Similarly,
no significant differences existed between enzyme activity
in White vastus and Heéart of the same treatment group.
However, both Red vastus and Soleus weré significantly
higher (p < .0l) than White vastus and Heart within each

treatment group, with the exception of differences between
N

e
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Soleus and White vastus in the SED group which were

significant beyond the 5% level.

d) Protein estimation

The data tabled in Appendix D represents the mean
value of protein concentration (pg/mg muscle wet weight). -4
for each muscle sample, Tables % and 4lshow the
statistical analysis of the data.
No statistically significant differences existed
between treatment groups or between muscle types for

p:dtein concentration in the muscle samples.
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CHAPTER V

DISCUSSION

Training asgeét

. The training program was brogressive in daily work-
load and enabled the rats to feach a peakvendurance
performance of 31 m/min on a lb% incline for 1 hour, twice
daily. Although most rats showed‘no sign of fatigue
(fefusal to run) during the final (eighth) training week,
some rats exhibited some difficulty in maintaining the
31 m/min running pace toward the €nd of éeveral training

~ ~ sessions and began falling back on to the electric shock
‘grid. Towards the final stages of the training.prdgram
the endurance running ability of the rats may have been
édveréely affected by their weight. Gollnick and
co-workers (1970) have noted a consistent decrease in
endurance of rats as they become heavier. In spite of the
low infensity nature of the tralning program, two EKQ ‘
rats died in their cages, sometime.between exercise .
sessions:
A student t test indicated thgt_the EXP group
weighed significantly lgss than the age control SED group
\\_/f"Q\(p < .001) at the enfl of the 8 week endurance running
program. As graphically illustrated in Figure 3.(in

chapter IV), training had a pronounced effect ofi .both the




pattern and amount of weight gain ach‘eived by the. ZXP
group. #hen compared with the SEDgroug.there%asa-trend
towards a progressive decrease in th"'e‘rate of weight gain as the
training program progressed. The observed decrease in the
rate of weightigain of the EXP in relation to the E".ED group may
have been due to reductions in both lean body mass and fat

*

accumulation as reviewed by Reed et al.” (1973).

Cytosolic AAT activity in the musclie types

Molé and co-workers (1973) have reported AAT activity
for gastrocnemius muscle homogenates to be 22.7 umoles/min/g
wet welght. This value for AAT activity in skeletal muscle
deviates cons:.derably from several othef studies reporting
the following values for AAT activity in skelgvtal muscle (in
umoles/min/g): 4.25 (DeRosa and Swick, 1975), '

.48 (Krebs,
1975), and 4.44 (Snell and Walke'r, 1973%). The data from the U
present study for AAT activity of Bhomogenates of the skeletak
muscle fibre types of sedentary rat (Red véstﬁé, FOG, 4.7;
Soleus, SO, 3.9% White vastus, FG,2.57) are in accord with
enzyme activitles reported in previous studies on rat

>

skeletal muscle. Cytosolic AAT activity is greatest in the

. oxidative skeletal muscle fibre types (FOG, SO) in the EXE,

}SED and CON groups. The FG fibre, whose enzyme profile is
oriented for anaerobic metabolism, had between 4%% and

65% of the AAT activity found in the other two fibre types.
'In contrast to the oxidative fibre types, the ‘
x-glycerophosphate shuttle appears to be the important

mechanism for the transport of cytosolic electrons to the
h¥al

G

L2

I e .
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Mmitochondriocn in the FG fibre (HolloSiy, 1975) Since
the functlon of the cytosollc AAT enzyme has been linked
to an alternatlve electron transport system, the
maiate—aspartate shuttle (Safer and Williamson, 1973}, its
activity ﬁay‘therefore be expected to be less in the FG
fibre. '

The AAT activity found in heart muscle in this study

.(2 15/umoles/m1n/g) was con31stent with activities of 1. o4 .

and 2. 87/umoles/m1n/ uscle for rat heart homogenates

obtalned by DeRosa and Swick (1975) and Krebs (1975)

e

respectlvely. Cytoseolic AAT activity in Heart was lower
3 <than the activity found in the skeletal muscle fibre types
whether activity was expressed either as jumoles/min/g wet -
weight or aS/umoles/min/mg protein. These data are in
agreement with previous studies (DeRosa and Swick, 1975;
Krebs, 1975) which have demonstrated a lower AAT activity
in rat heart homogenates than in' rat skeletal muscle.
Since heart muscle is a highly oxidative tissue, AAT
adtivity woﬁld_bé eéxpected to be high if the trend found
in the skeletal muscle fibre types were to continue. A

-

lower AAT activity suggests a possible differencefin the

L

role of thls enzyme in cardiac as compd{Fd to skeletal
/

muscle metabolism. 4lso con51stent/w1th the results of

this study,~Qzand and co-workers (1973) observed that

incubated heart\ tissue released less alanine per unit

e S /

etz
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time than.did'skeietal muscle under similar conditions.
However, since the synthesis of alanine in heart muscle
has been duantitatively related to myocardial oxygen
deprivation (Taegtmeyer et al., 1977), the pyruvate to
alanire pathw%y may not be important in an in vivo
condition. THe cytosolic AAT activity may therefore be

expected to be low.

Cytosolic AAT activity: effect of age and training
Comparable age related increases ip AAT activity,

albeit insignificant, have been shown to occur in all

muscle types between the ages of 6.5 and 14.5 weeks.' One

study byTSnell and walker (1973), has graphically

illustrated the increase in skeletal mﬁscle AAT

concentration during the development period of the rat.

These authors showed that AAT activity reached I

approximately 80% of the gdult.%élﬁe of 4.443pmoles/minyg

wet weight by fioour weeks.of age. In the present study,

AAT act1v1ty levels in the skeletal muscle flbre types of

6.5 week 0ld rats (CON group) were; 92% (FOG), 81% (80),

and 75A FG of the sedentary adult rat levels. Although

-thg search of the literature revealed no studies on AAT

act1v1ty changes in heart muscle with age, the present

study showed that 6 to 7 week old rats had 68A of the

- P

)
cytosolic AAT,act1v1ty found in sedentary adults rat

2

hearts. The percentage of adult levels is similar whether
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enzyme activity is expressed relative to muscle wet welght
or mass of protein.

When compared to the SED group, the endurance
trained rats (EXP) showed no significant differences in
AAT activity in the three skeletal muscle fibre types and
heart muscle when enzyme activity is expressed relatlve to
muscle wet weight (Figure 6). This is also true when

. enzyme activity is expressed relltlve to mass of protein.
The lack of a significant increase in cytosolic aa?
dct1v1ty_1n any of the skeletal muscle fibre types is not
in accord with the results of an earlier study (Molé et
al., 1973) which showed a significant 46% increase in
cytosolic 4AT activity in gastrocnemius ﬁuscle.

A significant.differencé existed in AAT activity‘in soleus
muscle (S0 fibres) due to a combined effect of age and \
training (CON vs EXP group). The separate effeéts of age
and training each seem to have contributed to raise thé
AAT activity,lévél to significance (p ¢ .05). The
significant increase observed in soleus muscle may be

-related to the ultrastructural changes, iﬁdiqative of
protein changes that occur in SO fibres with age and
training. Maxwell and co-workers (1973) reported a
reduction in the number of fibres per square millimeter
of qross—sect%onal area in soleus muscle of guinea pigs

- (100% s6 fibre population) due to hypertrophy of

individual skeletal musecle fibres with age and training.
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The significant increase in soleus AAT activity may also
be releated to the recruitment pattern of this musc%g;sﬁ—““)
30.fibres. Armstrong and co—wdrkers (1974) have studied
the relative extent of glyéogen depletion (an indiéator of
muscle fibre recruit£;;t) within fhe various fibre type;
of the plantaris muscle of rats running on a treadmill at
~a similar exercise intensity to the workload used in this
study. " These authors noted 7%% of the FG fibre population
stained dark (saturating glycogen leveis for the staining
method) and 24% stained moderate} iﬁdicating very little
recruitment of the fibre type. Total glycogen depletion-'
occured in apbroximately 40% éf the FOG an& 50 fibres.
Jﬁﬂe remaining.60% of the 50 and %0% of the FOG fibres
stained lightly for glycogen (glycogen stores.mostly
depleted). Only ten per cent of the FOG ficre population
contillued to stain moderate, indicating litfle recruitment.
On the baéis of ‘these results, the present training program
would have been expected-to induce a recruitment of
virtuallj all motor units of the soleus muscle and most
motor units of the FOG fibre population, while recruitment
of the FG population would have been less frequent. Aas
well, since soleus muscle serves a postural fungEion,its
fibres.are therefore being recruited constantly for the - -
suppoft of body .weight. ' ' ~
‘ In conﬁrast to fhe skeletal muscle fibre types,
enzyme activity in the heart muscle has not bgen shown to

2
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change with endurance training (Oscai et al., 1971) . The
data of the presént study are in gccord with the findings

of these authors.

Significance of the results

‘Fette (1971) has well established that within various

tissues there are~groups of enzymes whose activities exist

"in constant proportions. Despite variations 1n absolute -

—

engyme activities, due to training for instance, constant
molar ratios can be maintained between reference enZ{;F

of different conotant—yroportlon groups (or metabolic

"systems) suggesting that the represented systems are

metabolically related (Pette and DBlken, 1975)., This
concept is of particular importance when considering the
shift that occurs in the enzyme pattern of soleus muscle

]
towards that of FG fibres when soleus is cr ss—lnnervated

by FG neurons (Golisch et al., 1970).~\fﬁf;his latter case,
glycogenélytic'and glycolytic enzyme-activipies increésed
while a degrease‘occurredrln enzymes of the TCA cycle and
‘ﬁ—oxidation of fatty acids. Concom#®cant with thése
chan%gs,fthe same authors noted a decrease in AAT ‘activity
in a similar proportion to enzymes of the TCA cycl?.

These results suégést‘that not only is AAT activity higher
in soleus (SO fibres) than in FG fibres, which is in

agreement with the results of the présent study, but also

that the AAT enzyme ma& be closely related to the

—
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oxidative'metabolism of the cell.
{Since.tge nature of.the endurance training stimulus
'is distinct from that of cross-innervation, the pattern of
the enzyme activity shift may-also be different. Some
question exists as to whether parallel increases should
occur with endurance tr;ining, in the activities of AAT
and other-enzymezééf oxidative metabolism. The rationale
of Pette and D81 én (1975), of constant-proportion sysfems,
supports an increase in AAT acti;ity in Giew‘of the’

> M
increaEAQ in activity of aspartate aminotransferase and

'NADH—link}h malate dehydrogenase enzymes (Holloszy et al., )
1975), which are -also part of the malate-aspartate shuttle.

Holloszy (1975), reviewing the biochemical adaptations of

muscle to endurance training, has discussed at length the

reasoning for the increase in 4AT activity in skéletal

muscle earlier proposed by klolé and co-workers (19?3). j
These researcgers theorized that elevated 4aAT activity

levels would allow for a greétef capacity to shunt | i
. pyruvate towards alanine formation, hénce reducing'lactaf%\ -
formation during anaerobic conditions. This could help.
to explain the lower concentration of blood lactate in the
trained théh in the untrained state during submaximal
exerciqe of similar relatiwe intens;ty. The present study

however, does not support this hypothesis.

. Baldwin and co-workers (1972) have observed that
y
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skelétal muscle fibres increase in activity, towards
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enzymes linked with the oxidative ‘metabolism .of the
\

levels of the more oxidative heart muscle, with endurance
\ v

training. Since heart muscle has a véEEZZ%w level of AAT,

activfty, while possessing a highly oxidative metabolic -
system, an increase in the oxidative enzyme capécity of ~
Ay ‘ .

. The skeletal muscle fibre types may not require a

comparable increase in MAT activity. This lack of an T

~increase in AAT activity, comparable to that of enzymes

“involved in the oxidative metabolism of the muscle cell,

may possibly indicate that the cytosolic AAT isoenzyme is.
not closely .related to the oxidative energy metabolism of
the cell. The lack of an increase in cytosolic AAT
éctivity in the muscle types with endurance training may;
however,'indicatg sufficient cytosolic AAT activity for
the turnover of the components: during elevated metaboliec
staggs and/or that cytosolic AAT activity can be acutely.
regulated by the iptracellular biochemical environmenp.
Evidence of a mechanism for the regulation of the pyruvate:
to alanine flux stems from the observation that the K of
AAT for pyruvate decreases with acidosis (Owen and
Hochachka, 1974). Further support of this concept stems
from the report of an increase in AAT activity with acute

muscle stimulation (Hajek and Perry, 1967).

{



CHAPTER VT

SUMMARY, CONCLUSIONS AND RECOMMENIATIONS

&

Sumﬁarz

The purpose of this study was to charactesize
cytosolic alanine .aminotransferase isoenzyme (AAT)/
activity within the rat heart and skeletal muscle fibre
:types. It was also the purpose to define the relative
adaptablllty of this ¥soenzyme w1th1n these tlseues to
endurance training. It was reasoned that the nafure and
" the magnitude of the adaptation in the skeletal muscie
flere tyPES would relate to the degree of their recrultment
durlng the exercise gesslons.

Following an‘glght wedk en&urance %ralnlng eréggm,
the eXxercised. rats (EXP) were sacrlflced along with the{;
sedentagy controls (5 ﬁD) Cytosolic AAT was.determined 1n

sectlons of muscle predominant in éne flbre type as well

as._in heart muscle. It was found - that:FOG .and S0 flbrea

N

" possessed a 51gn1flcantly hlgher cytosollc AAT act1v1ty

than in the FG flbre and heart muscle w1th;n the edentary

@ytoSolic actlvlty w1th1n all skeletal musgle fibre

types showed small, bu¥ 1n31gn1f1cant 1ncreases with age,

whlle heart muscle showed a 51gn1flcant 1ncrease. The
(A Y

f;:rfiiife tralned Rats did not show any . 51gn1flcant a

- D
- N °

AN

N




\/
following conclusions are warranted:

Ptk

/

" changes in c&%gsolic~AAT activity when compared to the

sedentary controcl. group. however, small but 1n51gn1f1cant
1ncreases occurred in the soleus and red vastus muscles
which are representative of the SO and FOG fibre types

respectively.

Conclusions. ' ‘
On”the basis 6f the findings of this study, the
"l. Prolonged ow intensity exerc1se, performed

regularly, results in a slgnlflcant depression 1n bodv

*weight galn in growﬁng rats.

2. Wlthln skeletal muscle, FOG and 8C fibre types
possess a 51gn1f1cantly greater capacity for alanine

synﬁhesis than does the FG fibre type. This a55001at10n

. of high activity w1th the oxidative capa01ty in the skeletal

muscle fibre types supports the contention that the- cytd—
solic AAT 1soenzyme is llnked to the ox1dat1ve metabollsm

in these tissues. The tendency, albelt ‘not 51gn1flcant .

for AAT'activity to increase in response to aerobic

training re1nfor0es thls suggestion, . ﬁﬁough some of this
observed eﬁgect could be - attrlbuted to ge;wth changég
3.}jéhe role of AAT 1n_heart muscle seems to be at a
variance to thst in skeietal muscle. Although heart muscle
is highly oxidafive, the AAT act1v1ty lqyel resembles that

found in FG flbres and shows no tendency to 1ncrease - (

s

with endurance tramnlng.



4, Beyond‘seven weeks of age a developmental
pattern for the increase in AAT,activity in the rat muscle
types was not significant, exdept for heart muscle. This
could reflect a slower developﬁental pattern for the

alanine pathway in heart than in skeletal muscle. ‘|

Recommendations.

In view of the outcome of tﬂis study, the following
recommendations are made for further study:

1. Rats used forleiercise studies should first be
selected on the basis of their willingness to run and should then
be randomly assigned to either control or experimental groups.

“ 2. A similar study, if conducted, should include
a) the analysig of the activity changes of an oxidative
eﬁzyme such as cytochrome oxidégé as a marker for oxidative
-adaptation, b) the analysis of LDH so that‘cytosblic AAT:
LDH 1soenzyme act1v1ty ratios could be measured; c¢) the
analy51s of aspartate aminotransferase so that other changes
-in the malate—aspartatedshutt¥§ system could be f%llowad..é'
3. Other procedures which could add té'the inter-
Ipretatlons of 51mlldr studies in ‘the future woul& be: the
application of histochemistry to ch&ﬂacterlze the eXact
-fibre population pbesentiiltﬁe samples and a determination
of changeanlbodycomPOnents(fat vs lean body mass effects)

4, Thls study should be succeeded w1tb a study
iﬁfglviné the measurement of the changes in the arterio—
“vénous'alaniﬁe differences in trained and nontrained

individuals undergoing ' maximal .and submaximal exercise. . -

v
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" TABLE 5
© Gross Animal Weights: Mean Weight.(g) of
v Experimental and Sedentary Rats
GROUP K
DAY . Experimental Sedentary
1 177 . 180
5 ) 187 196
5 e 197 207
8 " 219 226
10 s e e e o . . 229 0 . . w . N24]
12 - 229 - 250
15 260 285
17 266 7
19 ’ 270 : 284
22 « s e e 4 ... 288 .. ... 301
24 ' C 290 : 310
26 289 525
29 . - 204 533
31 203 . 340
33 0 0 v v e e ... 305 L L. 348
36 BN ’ 315 359
38 314 \ ) 367
40 325 378
43 ) 533 ) 389
R S S 1-1
49 . S~ 327 Co ‘j ' 400
20 345 g 411
52 , Bup e 414
54 P _-}555 410
¥
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¢ ALANINE AMINOTRANSFERASE ACTIVITY
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e o TABLE 6

ALANINE - AMINOTRANSFERASE ACTIVITY

(umoles NADH oxidized/min/g)*

.

PREATMENT
MUSCLE * Coatrol Sedentary Experimental
RED VASTUS 4,59 4,73 4,99
. . 3.39 5.21 : 5.01
3.86 4,01 h.37
3,92 4,70 5.00 %=
L, 92 5.65 : 5.63
. _ 4,24 4,70 5.82
~ 4,35 .00 .69
5,13 4,37 kﬁ 5.0k
_ 4,99 . 4,84
\ . 4,03 . 94
=) Wean £ 5.E. T.32 % .50 570 .50 . 5.07 £ .47
SOLEUS T 3,01 4,04 : 4,12
3,59 3,507 : 4,23
3.09 3,44 3,87
%46 2.89 o 4,60
3.17 3.80 . - 4,20
3,23 h.63 5.3%0
2.54 4,24 5.28 -
2,96 4,68 - 4.78
2.92 3,94
- . '2.88 r 5,09, . .

*  Individual AAT _activity values represent a mean of three experiments.

a
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~ ) . .
: . TABLE 6 (con't)
~ | \ ALANINE gﬁzoem%mwmw».ww AC HWHBM
. . (pmoles NADH oxidized/minkg)*
N .

: . TREAJMENT .

: USCLE ~ Control Sedentary Experimental

- WHITE VASTUS . 1.98 . 2.88 2,06
" _ 1.80 247 2.25

: | : : 2.0k - 2.04 243
i \ , . ) . 2,10 2.42 1.8%
i .M.. ) . R H.ﬂb‘ m.mo . m.wm
¢ oo AT 1.72 . . 3,07 2.22

i ) 1.96 2.50 2.30

i . - . 1.89 : 2.18 -
¥, _ . 1.80

¢ - 2.26

f : fean t S.Z. T.93 2.17 = .16
- HEART 1.78 ¢ 2.01

¥ 1.39 © 2.25

: 1.45 2.00

o N , 1.40 2.12

" : ’ ‘ . 1.47 1.8%

Lo . s . 1.56 2. 1.81

u , 1.48 . . 2A5 2.19

” , o t : 1.29 - .04 . 1.84

] - t 1.45 :

L IR ) - 1.41 AN

P . N

. ' Mean + S5.E. L.47 £ 1% - L. 2.lpb't .23 2:02 + .17

: . '¥ Individual AAT activity values represent a nésy ow three experiments.
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: o TABLE 7
ALANINE AMINOTRANSFERASE ACTIVITY )
(amoles NADH o%H@HNmQ\EHD\Em protein)* : © -
o ) . TREATHENT | W
m — MUSCLE . Gontrol Sedentary Experimental . o
L — S : — 3 W\
: .RED VASTUS 14 .118 L143
L1564 .121 . 179 A
114 v 108 .132
.109 - .181 .132
124 149 L 148 ;
.099 .118 - .146 :
.118 : .167 . .168
1119 1sc N "194
. - . .108" St se Yy S
N L1115 hg . ;-
- Nean + B.L. .120 + .017 L14h 3 L0277 i .155 + .023
| " SOLEUS _ 131 Lo . .121
! . o . 100 L1170 146
| T . : 2094 T .127 . .138
» \ .108 .107 124
" : : 1,099 112 ‘ .162.
. .111 .136 .166
.091 , .128 .165
‘ 113 .167 171 ‘
. s .083 : .119
e .085 .098 . . |
ﬁ/ Mean ¢ S.-. .102 = .015 122 £ .020 - 149  .020 _

,* Individual specific AAT activity values represent a mean of three experiments.
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TABLE 7 (con't) -

L r ALANINE AMINOTRANSFERASE ACTIVITY .
(umoles NADH oxidized/min/mg protein)* .

: . _Mwm»eam:e
LUSCLE ‘ - Control Jedentary Experimental
] ‘ L ‘
VHITE VASTUS ° © 0 .0B3 D .103 . 054
. . o .060 . //\J, 073 2075
¢ . -057 ~ T .073 . .07)
. .057 \ .06l ‘ .050
: L L0486 _ .076 .078
. T .052 - .110 , . .058
.050 104 ".079
.063 .107 .075
042 _.129 :
o . - .053 : .087
fiean t S.E. 056 ¢ .011 ~092.¢ .021 .068  .016
HEART .043% : .075 057 s
048 . 066 .63
.C40 - .093 _ .053%
.038 .065 . .06
. 046 .C?73 .061
L0849 - .057 .070
042 - .051 .050
.037 : 057 . . 066
. 040
A -C39 ‘
Wean + S.5K.  .0B2 ¢ .CO& .067 ¢ 013 . .058 & .008

~* Individual specific AAT activity values represent a Emmuﬁow three experiments.
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TABLE 8

PROTEIN ESTIMATION
(ug/mg protein) *

*

e TREATMENT
MUSCLE ;oowﬁHOH Sedentary ) Experimental
RED VASTUS 33 40 .35
. 22 , 43 28
g 34 37 2%
. 36 ) 26 28
%8 .38 - 38
43 40 40
57 - - . 28
43 2t - 26 .
. 45 21 . =
35 34
¥ean + S.E. 26.6 £ 6.8 . 3%2.7 £ 7.1 33.% & 5.4

SOLEUS . 2% } 39 34
36 50 29
» 53 27 28
32 27 37
32 34 26
29 ., 4 52
28 ’ 53 32
35 . --28 28

25 ‘ 35

3k : 41

iean + S.E. 31.7 ¢ 4.0 52.6 + 4.8

30.8 £ 5.7

Individual protein values

represent. a mean of three experiments.




. TABLE 8 (con't)

PROTEIN ESTIMATION
(pg/mg protein) *

e

TREATL.ENT

MUSCLE Control Sedentary wamwwsmdﬂmw
]
WHITE VASTUS 24 28 38
. 20 34 50 -
%6 28 30
37 40 357
, 38 - 30 30
— 33 28 28 %
39 24 29
30 30 .29
— b.w . m& ’ .
43 24
Mean + 3.E. 35.3 ¢ 6.1 29.5 + 4.7 32.6 + 4.2
HEART 41 —27 37
22 26 36
6 26 24 %8
37 35 46 | .
32 33 30
32 . 42 - 26
35 42 38
- 35 56 51 .
36 N
. ) .36
Fean £ S.E. ==  34.0 1 3.3 35,1 ¢ 7.0 35.5 ¢ 6.9
* Individual ppotein-values represent a mean of three exp¥riments.
. ) "\
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Post Hoc Treatkén

}

TABLE 9

F on Enzyme Activity Expressed as
umoles/min/g (EA) and as umoles/min/mg protein (SBa):

,

Contrasts Between oSimilar Musclé Types of Each

Treatment Geoup.

ESTIMATED CONTRAST

RANGE (%) TEST

1C1

1) EXP vs cON | c
a) Ei R vastus  .707 1.41 Wilks
Soleus 1.363 1.376 "
< W vastus .236 W75 "
Heart . 549> .50 "
b) SEA” R vastus  .035 .075  Pillai
Soleus 048 . 062 o
W vastus. .O11 - . .048 "
Heart 016~ . .027 "
2) EXP vs SED '
a) EaA R vastus .256 1.66 Pillai
Soleus .622 3 l1.62 - - "
- W vastus -.460 .89 - "
. Heart -.13 - .59 "
b) SEA R wvastus .01l . .075 Pillai -
: Soleus .028~, - - -.062 o
W vastus -.025 . 048 "
i Heart -.009 027 "
3) SED.vs CON - T -
a) EA R vastus . 519 : 1.7% Pillai
Joleus L7400 o, 1.69 "o
N W._vastus 642 " .93 "
Heart 7.68* .62 "
"b) SEA R vastus  .024 .058  Wilks
Soleus .020 . Q47 "
W vastus .036 041 "
Heart .025* - =023 "
« Signhificant, p € .01
%
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TABLE 10
Post Hoc_Treatmenb-oﬁ Enzyme Activity Expressed as
pmoles/min/g (EA) and as umoles/min/mg protein (SEA):
Contrasts Between Muscle Types of Same Treatment Group. *

‘- GROUF ESTIMATED CONTRAST RANGE (i) TEST .
Experimental . ) o - ‘
- 1) Ea RV vs S .521 < 1.89 Pillai
RV vs WV 2.904* = 1.82 e
- RV vs H 5.051* 1.52 "
8 vs WV 2.382* - 1.28 "
WV vs H . 148 . .89 "oy
S vs H 2.53* L1.49, "
2) SEA EV vs S . 006 L0681 u-
RV vs WV - - - )
RV vs H .097* . 069 "
3 vs WV - .082* 046 : "
WV vs H .009 053 "
. i S vs H .091* .05% "
Sedentary ’ ) . ) :
- 1) EA RV vs 3 .788 1.70 "
RV vs WV 2.142" o 1.45 "
RV vs H . 2.565* 7 1.36 "
S vs WV 1.554* 1.15 "
! WV vs H H423 .79 "
S vs H 1.77* 1.%3 "
M 2) SEA RV vs 3 .023 .053% o
' RV vs WV - - ,
RV vs.H .077* ©.061 . "
S vs WV ' .029 o .0%28 "
WV vs H .025 N e LIN =
3 vs H .O54* .L0U46 " o
C oz Control- - . ‘ ;
~ 1) EA RV vs S 1.137 "
RV vs WV 2.393+* "
. RV vs H 2.854* " -
3 vs WV 1.256* "
WV vs H A6 "
S vs -H 1.717* " 7
2) SEA RV vs S .019 n
RV vs WV - S
RV%yS H .078* "
S%s WV .045* "
WV vs H L0144 "
S vs H .059* "

* RV (red vastus), S (soleus), WV (white vastus), H (heaytj
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