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Abstract

Isolated chick extensor digitorum communis (EDC) wmuscles and, in
some experiments, rat skeletal museles were used to study a number of
aspects  of protein and amino acid metabolism. (1) Chick EDC muscles
synthesise and release large amounts of alanine and glutamine, which
indirectly obtain their amino groups from branched-chain amino aclds
(BCAA). (2) Acetoacetate or DL-R uydroxybutyr. . (4 mM) decrease
(P<0.01) alanine synthesis and BCAA transamination In EDC wuscles
from 24-h fasted chicks by decreasing (P<0.0l1) intracellular
concentrations of pyruvate due to inhibition of glycolysis. (3)
Glutami - is extensively degraded in skeletal muscles from both
chicks and rats, thus challenging the traditional view that glutamine
oxidation 1is mnegligible in skeletal muscle. The cytosolic glutamine
aminotransferases L and K in the rat and the mitochondrial
phosphate-activated glutaminase in the chick play important roles in
the conversion of glutamine to a-ketoglutarate for further
oxidation. (4) Although  methionine has been reported to be
extensively transaminated in rat skeletal muscle preparations in the
absence of other amino acids, transamination of methionine is absent
or mnegligible in chick and rat skeletal muscles in the presence of
physiological concentrations of amino acids. (5) Glutamine at 1.0-15
mM increases (P<0.01) protein synthesis (3H-phenylalanine
incorporation), and at 10.0-15.0 m: decreases (P<0.05) protein
degradation (3H-pheny1alanine release from oprelabelled protein in
vivo) in EDC muscles from fed chicks as compared to muscles incubated
in the absence of glutamine. (6) Acetoacetate or DL-B-hydroxybutyrate
(4 mM) has a small but significant inhibitory effect (P<0.05) on the

v



rate ol protein synthesis, but has no effect (P>0.05) on the rate of
protein degradation in EDC muscles from fed chicks. A large decrease
in intramuscular glutamine concentration due to an increcase in its
oxidation in  the presence of 4w ketone bodies may account for the
inhibitory effect of lketone bodies on protzin synthesis in EDC
muscles from fed chicks. (7) Ketone bodies (4 mM) decrease (P<0.05)
both jprotein synthesis and protein degradation in EDC muscles from
24-h  fasted <c¢hicks. It 1is wunlikely that a-ketolsocaproic acid, a
transamination product of leucine, 1is involved in the action of
bodies on muscle protein degradation. It remains to be
determined how ketone bodies inhibit protein turnover in skeletal

muscle from the fasted chick.
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I[. Introduction

This thesis addresses a number of aspects of amino acid and
protein metabolism in skeletal muscle. The skeletal musculature is
the largest tissue in animals and humans, accounting for 40-45% of
theiv body weight [1]. A thovough understanding of skeletal auscle
metabolism is of importance 1in both animal agriculture to increase
the efficiency of meat production and in medicine to decrease muscle
wasting associated with various stressors. In ordetr to understand the
mechanisms  of muscle growth or atrophy, research has been directed
towards elucidating the metabolism of muscle proteins as they are the
major compon-:nts in this tissue on a dry matter basis. It is well
established that proteins in all animal tissues including skeletal
muscle undergo continuous synthesis and degradation [2], which is
referred to as protein turnover (Fig. 1.1). The balance between the
rate of protein synthesis and the rate of protein degradation
regulates cellular protein levels and determines whether a tissue
grows or atrophies [3].

Skeletal muscle is rich in free amino acids, particularly
glutamine [1]. The intramuscular free amino acids are in dynamic
equilibrium with protein turnover [3] (Fig. 1.1). Free amino acids in
skeletal muscle are important precursors for protein synthesis and
some, particularly alanine and glutamine, play an important role in
interorgan metabolism of nitrogen and carbon [4]. Within the skeletal
musculature, some amino acids are extensively degraded, others are

extensively synthesised while others are neither synthesised nor



depraded [5]. Therefore, characterization of the metabolism of amino
acids and their metabolites in skeletal muscle is  of particularv
importance to the develepment of our understanding of the contribution
of amino acids to metabolism, nutrition and homeostasis under a
variety of physiological and pathological conditions in the animal.

The  objecitives of  this chapter are  three fold: (1) to outline
protein and amino acid metabolism in skeletal muscle, (2) to review
related methodologies, and (3) to introduce the research projects

presented in this thesis.

A. Protein turnover in skeletal muscle
1. Protein synthesis

The mechanism of protein synthesis lias been well characterized in
both prokaryotic and eukaryotic organisms, and has been reviewed in
detail elsewhere 1[6,7]. First, amino acids are esterified to tRNA by
their specific aminoacyl-tRNA synthetases. This process requires
energy from the conversion of ATP to AMP. Methionine and
N-formylmeihionine are the initiating amino acids for protein
synthesis on the ribosomes and within the mitochondria of eukaryotes,
respectively.

The activation of amino acids is followed by formation of
ribosomal 80S subunits as the initiation complex for polypeptide chain
synthesis. First, a free 40S ribosomal subunit binds to eukaryotic
elongation factor 3 (eIF-3 ) to form complex 1, which is then bound to
a mRNA to form complex 2. Complex 2 combines with GTP-eIF-2 and
Met-tRNA (or N-formyl-Met-tRNA) to produce complex 3. A free 60S

ribosomal subunit then binds to complex 3 with the hydrolysis of GT?



to GDP to yield the functional 80S subunit or initiation complex.
Following the formation of the initiation complex, poiypeptide

chain  elongation begins. A new aminoacyl-tRNA is bound to the acceptor

site (A site) on the ribosome and the former aminoacyl group is
transferred from ite tRNA to the new in-coming amino acid in a
reaction  catalysed by a peptidyl transferase. The ~iosome moves along

the mRNA towards its 3’ end by one genetic codon, resulting in a shift
of the peptide from the A site to the peptidyl site (P site) and the
release of the tRNA. This process requires elongation factor G and
GTP. The ribosome is now ready for another cycle.

The completion of polypeptide chain elongation is recognized by
the terminating signal on mRNA. The newly synthesised peptide is
hydrolysed from its terminal tRNA, and the 80S ribosome is dissociated
into its 60S and  40S subunits. The polypeptide may undergo
cotranslational and posttranslational modifications, yielding the

native protein with biological activity.

2. Protein degradation in skeletal muscle
A number of preteolytic systems in skeletal muscle have been
identified to play a role in the degradation of cellular proteins.
These systems can be classified as lysosomal or nonlysosomal according
to the location of their proteases [8].
2.1. Lysosomal system of protein degradation in skeletal muscle
Lysosomes are membranous vesicles which contain a large number of
acid hydrolases and acid proteases (cathepsins) capable of degrading
cellular proteins [8,9]. The mechanism by which intracellular proteins

enter the lysosome in skeletal muscle is largely unknown [10]. Once a
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protein has entered the lysosome, it is denstured due to the low pli
and the peptide bonds are cleaved by proteases such as cathepsins B,

C, and D. Lysosomes have been shown to be involved in the depradation

BH—ethylmaleimine-modifiod proteins or M- leue fne Labeled

of
normal myofibrillar proteins [11). The lysosomal system  is  also
responsible, 1o part, tor the depradaticn of noenmyoiibrillar proteing

in skeletal muscle [11]. It has been demonstrated that the lysosomal

proteolytic system 1in skeletal muscle is sensitive to regulation by

hormones and nutritional deprivation [10]. However, the relative
contribution o. the lysosomal system to muscle protein depradation
under physiological and pathological conditions vtemains to be

determined [8,10].
2.2. Nonlysosomal system of protein degradation in skeletal muscle

The discovery of nonlysosomal proteases was an important step in
the development of our understanding of intracellular protein
degradation. Calcium-dependent proteases have been identified and are
thoughi to play an important role 1in extralysosomal protein
degradation in skeletal muscle [8,9]. In addition, there are two
recently identified cytosolic ATP-dependent proteolytic pathways in
skeletal muscle, which can be distinguished by their requirement for
ubiquitin [10,12]. One 1is the ATP-dependert and ubiquitin-requiring
proteolytic pathway, while the second 1is the ATP-dependent but
ubiquitin-independent proteolytic pathway. The ATP-ubiquitin-dependent
proteolytic pathway has been shown to be mainly responsible for the
increased skeletal muscle protein degradation observed during
short-term fasting [10]. However, the significance of these
proteolytic  systems in skeletal muscle under physiological and

pathological conditions 1is also poorly understood and remains to bhe



determined [B17].

3. Factors that repulate protein turnover in skeletal musele

A relatively  small number o workers have devoted theirv offort

towards  studies  of  protein turnover in skeletal masele due to the
tecknovcal  problens anvolved  (see Seetion €) (1), Neverti teus, an
awarcness  of  some of the factors whic! opulate protein synthesis and

depradation  in  skelcetal wmuscle  has  been  achicved during the last
fifteen yeirs. These factors ave summarised  in Table 1.1, and are
briefly outlined below.
3.1. Hormones

Insulin  [14,15}, insulin-like growth factor-I and II [10}, growth
horwone  [14] and  prostaglandin Fo, [16] have an anabolic effect
on skeletal muscle protein metabolism. By contrast, glucagon [17],
plucocorticoids [18], high concentrations of thyroid hormones [11] and
prostaglandin E, [16] have a catabolic effect on muscle protein
metabolixm. A number of reviews of the effect of hormones on protein
turnover in skeletal muscle have been published [10,13,14].
3.2. Amino acids
3.2.1. Branched-chain amino acids (BCAA)

ranched-chain  amino acids (BCaA), particularly leucine, are known
to increase protein synthesis and decrease protein degradation .n
skeletal muscle 1in vitro {19,20]. Recently, leucine has been reported
to mediate the effect of a mixture of amino acids on protein synthesis
in rat skeletal muscle 1in vivo [21]. The anabolic effect of leucine

has prompted extensive research into its clinical application to

improve nitrogen balance during catabolic states [22].



The transamination  prodece ol leucine ) o ketolsocaproic  acld
(K1¢),  has been shown to mediate the inhibiting ettect of leucine on

protein  degradation in rat skeletal nuscele inovitvo [19.70) 0 which way

explain why the  administration of  KIo  in humans  in catabolic
conditions decreases the releose of ur vy nitrogsen o Vomethyl
hiscidine  [77]. Gn the otbier hand,  the a keto acids o isoleacine

and  wvaline have 1o effectt on either protein synthesis or protein
degradation in  skeletal  muscle,  indicating a unique role for KIo in
the regulation of muscle protein bredkdown {207
3.2.2. Glutamine

Glutamine is the most abundant free amino acid In plasma and
skeletal muscle [1]. It plays an importanc vrole in Interorgan
metabolism of nitrogen and carbon [4] as well as in the repgulation of
cellular metabolism. For example, MacLennan et al. [23] have recently
demonstrated that glutamine at physiologica’ concentration ranges
increases protein synthesis in perfused ' .© nkeretal muscle. They have
also found by wusing =~ ‘SN-phenylalzlmm- ditution technique that 15
mM  glutamine (about 15 tir s its plasma concentration [24]) decreases
protein degradation in periused rat skeletal muscle [25]. A positive
rela: aship has also been demonstrated between the rate of protein
synthesis and the concentration of intracellular glutamine in rat
skeletal muscle wunder a variety of experimental conditions such as
starvation, injury, and following  administration of bacterial
endotoxin [26]. In this regard, glutamine has a simllar effect on
protein turnover in skeletal muscle as BCAA and KIC. However, unlike
the BCAA, glutamine is extensively taken up by skeletal muscle and

accumulated in this tissue [27], making it an attractive therapeutic



apent for dfmproving nitropen balance 1n catabolic state:,
The firet report on tae clitect  of v reasing intracel lular

glutamine  concentration:  on individuals in a catabolic state has been

recently  pablizhed (28] In this study, the administration of %4 mp
Loalanyl ooplatamine-N/ky, por day to patients following major surpery
[c‘:;uilq'ti in ]ll!‘Vt‘ll‘ ton t:1 pn*.(()pwl.l( iV(- doecrensoes i1y lllll.llllll.’i(‘\lldl'

plutamine  concentrations and  in more than & 50% decrease in urinary
nitropgen loss, This anabolic effect of glutamine on nitropgen
deposition was  assumed  to  result  {rom the actisn of pglutamine on
protein synthesis and degradation in skeletal nmuscle [28].

However, the role of glutamine in regulating skeletal muscle
protein synthesis in vivo has been questioned by Garlick and Grant
[21], as the+ found that infusion of glutamine failed to increase
skeletal museis  protein synthesis in the rat. Their results are
difficult to interpret since the glutamine infusion may not have
significantly increased plasma glutamine concentration. As a result,
the observations of Garlick and Grant [21] may not necessarily negate
a role of glutamine in regulating skeletal muscle protein synthesis.
Whether glutamine, at physiological concentration ranges, regulates
skeletal muscle protein turnover needs to be clarified [29]. This
question is addressed in Chapter 6.

3.3. Ketone bodies

Ketonc bodies are the product of incomplete fatty acid oxidation
in the liver. They have been implicated to play important roles as
oxidative substrates and as metabolic signals in nonhepatic tissues
(30]. For example, an increase in plasma concentrations of ketone

bodies during fasting signals a reduced carbohydrate supply and
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Althongh the role ot ketone bodies  in the  vepnlat fon ot
carbohydrate  metabolism in animal tigaues inelading sheletal anele §
well established.  theirv vole in ropulating protein and amino aeid
metabolism is vpoorly understeoad [30]. It has been suppestod thar oo
increase  in plasma ketone body concentrations resvlts in oo decren o in
skeletal muscle  protein depgradation during oo term faesting 10} ol
following severe  injury  [33'0 However, many  conflicting cesalts
concerning the effect of ketone bodies on muscle proteln depradation
have been reported in the literature. For example, ketone bodies hieve
been shown to either inhibi+ [34] or not influence 1] protein
degradation in the fasted rat diaphrapm incubated in the absence of
amino acids. Interpretation of these vresults {ep. 34] 1o ambipuous
since they are based on measurcment of tyurosine release withont
simultaneous measurement of protein synthesis, and there are many
problems associated with the use ¢ thlis approach to measure skeletal
muscle protein degradation (see Section C). Thus, it is lmportant to
develop a reliable method for studying the effect of ketone bodies on

protein. degradation in skeletal muscle, which is reported in Chapter /



of this thesis..

Both short-term and long-term fasting are characterised by a
decrease 1in skeletal muscle protein synthesis [10], which may be
partly due to decreased plasma concentrations of insulin and increased
plasma concentrations of glucagon [10]. However, it is attractive to
hy;othesize that high plasma concentrations of ketone bodies may also
contribute to the decrease in muscle protein synthesis observed during
fasting. A preliminary study from our laboratory has shown that ketone
bodies 1inhibit the rate of protein synthesis in chick skeletal muscles
incubated in vitre [36]. By contrast, ketone bodies have been reported
to have no effect on protein synthesis in fasted rat diaphragm [19].
This study, however, was performed in the absence of amino acids froum
the incubation media which may limit the rate of protein synthesis,
thereby decreasing the sensitivity of muscle protein synthesis to
ketone bodies. It is important that the effect of ketone bodies on
protein turnover in skeletal muscle is studied in the presence of

physiological concentrations of amino acids as discussed in chapter 7.

B. Amino acid metabolism in skeletal muscle

The free amino acids in skeletal muscle can be classified into
four groups on the basis of their metabolic fate in this tissue (Table
1.2):
(1) amino acids which are extensively degraded but not synthesized;
(2) amino acids which are extensively synthesized but not degraded;
(3) amino acids that are both extensively degraded and synthesized;

(4) amino acids that are neither svnthesized nor degraded.
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1. Amino acids which are extensively degraded but not synthesized in
skeletal muscle.

1.1. Branched-chain amino acids (BCAA)
In 1961, Johnson et al. [37] first reported that '%co, is

produced frow [l-l4

Clleucine in the xat diaphragm. Subsequently,
BCAA were shown to be extensively transaminated and decarboxylated in
skeletal muscle from many species including rats [38], humans [39],
sheep [40] and chicks [41]. Oxidation of the BCAA carbon skeleton is
incomplete in skeletal muscle {38,40,41]. Based on the proportion of
skeletal muscle in the body and the relatively high activity of BCAA
transaminase in skeletal muscle, it has been suggested that this
tissue 1is the major site for BCAA transamination in the body [42]. The
discovery that BCA4 are degraded in ¢ eletal muscle has led to
reevaluation of an important role of this tissue in amino acid
metabolism in animals.

The degradation of BCAA 1is initiated by transamination with
a-ketoglutarate to produce branched-chain a-ketoacids (BCKA)
and glutamate by BCAA aminotransferase (Fig. 1.2). The BCKA are then
decarboxylated by the flux-generating BCKA dehydrogenase (BCKAD). This
enzyme 1is inhibited by phosphorylation catalysed by BCKAD kinase and
activated by dephosphorylation catalysed by BCKAD phosphatase [43].
The glutamate formed during BCAA transamination is coupled with de
novo synthesis of alanine and glutamine (Fig. 1.2), which account
for 40-50% of the amino acids released from skeletal muscle. Thus,
degradation of BCAA 1in skeletal muscle not only supplies energy for
muscle metabolism but also provides amino groups for the synthesis of

alanine and glutamine.



11

1.2. Methionine

Like BCAA, methionine is not synthesized in animals in the absence
of the appropriate carbon skeleton and therefore it is an essential
amino acid [44]. Ten years ago, Mitchell and Benevenga [45] reported
that methionine is as extensively transaminated as BCAA in homogenates
of rat tissues including skeletal muscle. resting a major role for
a transamination pathway in methionine :dation. Recently, Davis
and his associates [46] have demonstrated extensive degradation of
methionine in rat hindquarter preparations via a transamination
pathway. However, these experiments and those of Mitchell and
Benevenga were performed 1in the presence of 10-20 mM methionine
(100-200 times normal plasma concentration) and in the absence of
other amino acids. As a result, the physiological significance of a
methionine transamination pathway in animal tissues including skeletal
muscle remains unclear [44] . An  assessment of methionine
transamination in skeletal muscle in the presence or absence of amino

acids is reported in Chapter 5.

2. Amino acids which are extensively synthesized but not degraded in

skeletal muscle

On the basis of the available literature, glutamine appears to be
the only amino acid which is extensively synthesized but not degraded
in skeletal muscle [47). Glutamine is released from skeletal muscle in
relatively greater amounts than would be expected from the amino acid
composition of muscle protein [48,49]. Thus, much attention has been
directed towards the de novo synthesis of glutamine in skeletal

muscle. Studies by Goldberg and his coworkers [5,47] have revealed
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that BCAA donate the a-amino group for glutamine syntheuis in rat
skeletal muscle (Fig. 1.2). The free ammonia required for glutamine
synthesis in skeletal muscle may arise from the purine nucleotide
cycle [50] and extramuscular sources via the plasma {51]. On the other
hand, the carbon skeleton of glutamine has been shown to arisc, in
part, from glutamate, aspartate, 1isoleucine, valine and asparagine
[52]. As a result, the synthesis of glutamine draws
a-ketoglutarate from the  Krebs cycle, indicating the close
relationship between amino acid metabolism and the operation of the
Kreb =cycle in this tissue.

There 1is some evidence in the literature for a species difference

in g atamine synthesis in skeletal muscle. In 1963, Wu [53] reported

that ...ick skeletal muscle contains no glutamine synthetase activity
[53]. This observation, however, cannot explain the recent findings of
Tinker et al. [54] that u large amount of glutamine is released from

chick .ikeletal muscle. It is 1likely that chick skeletal muscle is
capable of synthesising both alanine and glutamine as previously shown
in mammalian skeletal muscle [47]}. This hypothesis was therefore
tested and reported in Chapter 2.

Although glutamine has been shown to be extensively synthesised in
skeletal muscle, degradation of glutamine in this tissue is considered
to be negligible [5,47] on the basis of reports that glutaminase
activity 1is negligible or absent in rat skeletal muscle [55,56]. This
view 1is widely held by investigators in interpretation of their
experimental results [eg. 24,25]. However, degradation of glutamine
can be initiated by glutamine transaminases, which are widely

distributed in animal tissues including skeletal muscle [57]. Since
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glutamine has been shown to be exteusively oxidized in a wide range of
other tissues and cells such as the small intestine, kidneys, liver,
brain, reticulocytes, tumor cells, and lymphocytes [S58], it is of
importance to determine whether glutamine is also extensively oxidized
in sieletal muscle. In addition, there is no information concerning
glutaminase and  glutamine aminotransferase activities in avian
skeletal muscle. 7The possibility of glutamine degradation in skeletal

muscle is therefore examined in Chapter 4.

3. Amino acids which are both extensively synthesized and degraded in

skeletal muscle
3.1. Alanine

Like glutamine, alanine is preferentially released from skeletal
muscle in relatively much greater amounts than would be expected from
the amino acid composition of muscle protein [48,49]. A relatively
large number of studies have been carried out to investigate the
mechanism of alanine synthesis in skeletal muscle. Goldberg and his
coworkers [47] have demonstrated that BCAA donate the amino group for
alanine synthesis in rat skeletal muscle (Fig. 1.2). However, whether
the carbon skeleton of alanine (pyruvate) mainly comes from glycolysis
or glucogenic amino acids remains an open question, as discussed in
the following two models.
3.1.1. Glycolysis provides the carbon skeleton for alanine synthesis

On the basis of the large amount of alanine released from skeletal
muscle and the key role of alanine in hepatic gluconeogenesis, Felig
et al. [59] and Marlette et al. [24] independently proposed the

existence of the glucose-alanine cycle. According to this model, the



14

carbon skeleton of alanine 1is derived from g ucose and glycogen in
skeletal muscle. Alanine 1is then released from skeletal muscle and
carried in the circulation to the liver for counversion to glucose,
which returns to the muscle. This cycle implies a contribution of
skeletal muscle glycogen stores to alanine synthesls and blood glucose
homeostasis. Subsequent studies have provided convircing evidence for
the important role of glycolysis in alanine synthesis in skeletal
muscle [49,60,61]. For example, exorenous glucose increases the
release of alanine from rat skeletal muscle [eg. 49,60,61], but
inhibitors of glycolysis dramatically decrease alanine production [eg.
49,60]. It has been estimated that glycolysis provides over 95% of the
pyruvate for muscle alanine synthesis [60].

The glucose-alanine cycle functions in carrying amino groups
produced from the extensive degradation of BCAA in a non-toxic form
(alanine) from skeletal muscle to the 1liver. It may also help to
decrease lactate accumulation which may result in metabolic acidosis.
In addition, alanine released from the skeletal musculature regulates
the rate of hepatic protein synthesis [62] and protein degradation
[631, and thus the availability of amino acids for hepatic
gluconeogenesis. Therefore, although there 1is not a net increase in
the amount of glucose synthesised via the glucose-alanine cycle, it
may indirectly contribute to net glucose synthesis by regulating
substrate availablity.

3.1.2. Amino acids provide the carbon skeleton for alaninc synthesis

Garber et al. [64,65], Goldstein and Newsholme [66] and Ozand et
al. [67] proposed an alternative pathway for the origin of alanine

carbon, in which pyruvate 1is mainly derived from glucogenic amino



acids released during muscle protein degradation. Garber et al.
[64,65] also suggested that leucine can supply the carbon skeleton for
alanine synthesis in skeletal muscle, which is unlikely since leucine
is purely a ketogenic amino acid [42]. This alternative model
recognizes that alanine from skeletal muscle would directly lead to
net glucose production. This theory, however, was largely based on the
findings that glucose had no effect on alanine release or its tissue
concerntration in rat skeletal muscle [64,65,67] in direct contrast to
those of Goldberg and other investigators [49,60,61] under similar
expermental conditions. Thus, Garber ct al. [64,65] and Ozand et al.
[67] concluded that glycolysis was not related to alanine synthesis in
skeletal muscle.

It follows that the relative importance of these two models in
alanine synthesis remains to be determined. This question is further

explored in avian skeletal muscle in Chapter 3.

3.2. Glutamate, aspartate and asparagine

Glutamate can be synthesised by transamination of BCAA, alanine or
aspartate with a-ketoglutarate in skeletal muscle [47]. On the
other hand, aspartate can be synthesised by transamination of
glutamate with oxaloacetate while asparagine is synthesized from
glutamine and aspartate.

Glutamate, aspartate and asparagine are not only actively
synthesized in skeletal muscle, but also are extensively oxidized in
this tissue ([47]). The oxidation of these amino acids, however, is

incomplete in skeletal muscle [47,52,60].
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4. Amino acids which are mneither degraded nor synthesized in
skeletal muscle
None of the essential amino acids except for BCAA and methicnlne
have been reported to be oxidised to any extent in skeletal muscle.
These non-metabolizable amino acids are glycine, cysteine, serine,
threonine, proline, lysine, arginine, histidine, phenylalanine,

tyrosine and tryptophan [5,47] (Table 1.2).

5. Interorgan metabolism of alanine and glutamine
Large amounts of both alanine and glutamine are preferentially
released into the circulation from skeletal muscle of many species
including man {39,68,69], rats [48,49] and chicks [54]. Alanine and
glutamine released from skeletal muscle have different fates in the
body. Alanine 1is actively taken up by the liver where ic is the most
important glucogenic amino acid [24,59]. On the other hand, glutamine
is taken up by the small intestine, where it is the major oxidative
substrate during the postabsorptive state [70], and by the kidney
particularly in acidosis, where it plays a vital role in regulating
acid/base balance and contributes to renal gluconeogenesis [71}. Both
the small intestine and the kidneys convert a significant amount of
glutamine to alanine and serine 77 . During short-term fasting, the
increased demand for glutamine by the gut and the kidneys is mainly
met by an increase in glutamine release from skeletal muscle and
sartly met by a switch in the balance of glutamine from net uptake to
= production in the liver [72]. Similarly, in acidotic mammals
luding rats, dogs, humans and sheep, increased release of glutamine

‘om skeletal muscle at the expense of alanine increases the amount of
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glutamine for cxtraction by the kidney in response to the metabolic

challenge [72].

6. Repulation of amino acid metabolism by ketone bodies in skeletal
nmuscle

It is well documented that alanine release from human skeletal
muscle during long-term fasting is dramatically reduced [32]. A
decrease in alanine release from skeletal muscle has also been found
following the infusion of ketone bodies in man [73]. These in vivo
studies suggest a role for ketone bodies in regulating amino acid
metabolism in skeletal muscle [30,69,73]. In vitro studies have also
demonstrated that ketone bodies decrease alanine release from
incubated rat skeletal muscle [34], cultured rat skeletal muscle cells
{74) and perfused rat hindquarters [75]. In addition, ketone bodies
have been shown to markedly inhibit BCAA degradation in skeletal
muscles from rats [76] and chicks [41]). However, the mechanism by
which ketone bodies regulate metabolism of amino acids in skeletal
muscle remains unknown.

Based on their observation that pyruvate prevented the inhibiting
effect of ketone bodies on alanine synthesis, Palaiologos and Felig
[34] suggested that ketone bodies decrease alanine synthesis by
inhibiting glycolysis in  skeletal muscle. This suggestion is
consistent with the glucose-alanine cycle in which the carbon skeleton
of alanine 1is derived from glycolysis. However, other authors [74,75]
have questioned the role of muscle glycolysis in alanine synthesis, as
they found that ketone bodies decrease alanine synthesis without

decreasing glycolysis or pyruvate concentration in their skeletal



18

muscle preparations. These investigators thus sugpested that ketone
bodies decreased alanine synthesis by inhibiting BCAA depgradation
[74,75]). This suggestion appears to be supported by the our recent
findings that ketone bodies inhibit BCAA transamination {n skeletal
muscle from the fasted-chick ({41]. Whether ketone bodles inhibit

alanine synthesis in the muscle by inhibiting glycolysis or BCAA

degradation is investigated in Chapter 3.

C. Methodology of protein turncver and amino acid metabolism in
skeletal muscle
The development in our understanding of protein turnover is bes:
with methodological problems [10,13]. For example, there have been no
satisfactory techniques for measuring protein degradation in any
tissues including skeletal muscle. Also, experimeintal conditions vary
greatly among different 1laboratories, resulting in difficulties in
evaluating the 1literature. For example, 1in many in vitro stuldies
of protein turnover and amino acid metabolism, plasma amino acids have
not been included in the incubation medium [eg. 19,34,45 46].
Therefore, considerable effort must be directed towards increasing the
physiological relevance of methods used to measure protein and amino
acid metabolism in skeletal muscle.
1. In vivo studies of protein turnover and amino acid metabolism in
skeletal muscle
1.1. Protein turnover in skeletal muscle
The rate of protein synthesis in skeletal muscle in vivo has been
estimated by constant infusion {77], simple flooding infusion [78] and

feeding amino acids containing stable or radioactive isctopes [79].
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The  rate  of  protein degradation in skceletal muscele is then estimated

from the difference between the rate of pro ¢ .. synthesis and the rate

of protein accretion,  One useful method for estimating the rate of
myotibrillar protein depradation in vive is the measmrement of 24-h
urinary excretion of  3-methylhistidine ([80). This approach has
recently been chown to be wvalid 1in adult rats [81], humans [82],

cattle [83] and chicks [84].
1.2. Amino acid mctabolism in skeletal muscle

Measurement of the arterioveinous (A-V) differences in amino acid
concentrations across the forearm or hindlegs are commonly used to
estimate which amino acid may be synthesised or degraded in skeletal
muscle [eg. 39,54,68,73]. For ev~mple, large negative A-V differences
in glutamine concentration across the human forelimb indicate that
glutamine is preferentially released and may be synthesised in human
ske.o il muscle [39]. On the other hand, the large positive A-V
difference in BCAA concentration across the human forelimb indicates
that human skeletal muscle extensively degrades BCAA [39]. To the best
of my knowledge, there have been no studies of amino acid degradation
in skeletal muscle in vivo using radiocactive or stable isotopes,
probably due to methodological prol.lems.
1.3. Advantages and disadvantages of in vivo studies

Since in vivo studies are conducted in intact animals, there is
great opportunity to derive physiologically relevent results. Also, in
vivo studies provide definite evidence for verification of hypotheses
or findings from in vitro experiments, which may be of biological
significance. However, 1interference of skeletal muscle metabolism by

other organs awd tissues makes it difficult to assess the function of



this tissue. FPor example, it {5 very difficult  to measure total
protein degradation or aminoe acid degradation in skeletal muscle in
vivo. In addition, the interpretations of results from in vive studies
are not without any limitations since many {actors In vive may affect
protein or amino acid metabolism direcctly or indirectly. Moreover, the
number of animals studied 1is neccessarily limited due to both the
expensc of animals and chemicals wused . d the avallability of
facilities. This 1is particularly true for large animals. These
factors, taken together, decrease the sensitivity of statistical

analysis, and thus may mask the real biological effect of treatments.

2. In vitro studies of protein turnover and amino acid metabolism in

skeletal muscle
2.1. Protein turnover in skeletal muscle

The incorporation of 3H—phenyla1anine into the acid precipitable
fraction of muscle has been widely wused to estimate the rate of
protein synthesis in skeletal muscle in vitro [eg. 10,35].
3H-phenylalanine is preferentially chosen since it is economical and
is a non-metabolizable amino acid in skeletal muscle (Table 1.2). Due
to technical problems in measuring the specific radioactivity of
tRNA-bound phenylalanine, the intracellular specific radioactivity of
phenylalanine is wusually wused to calculate the rate of protein
synthesis [eg. 35].

On the other hand, the release of tyrosine from skeletal muscles
incubated in the absence of tyrosine has been used to measure either

the net rate of protein degradation in the absence of an inhibitor of

protein synthesis or the total rate of protein degradation in the



presence  of  an inhibitor  of protein synthesis f(ep. L-cycloheximide)
lep,. 10,%5]. A method of simultancous measurement of protein synthesis
n brppadation has  been  reported by Tischler et al. [19), in which
the total  vate of protein depradation is calealated o the com ol thoe
rate  of  tyrosine release plus the rate of tyrosine incorporation
calculated by multiplying the rate of 3H-phcnylalanine incorporation
by the ratio of tyrosine to phenylalanine incorperated into muscle
proteins. ‘Tvrosine 1is preferentially chosen sirce it 1is neither
synthesised in the absence of appropriate carbon skeleton nor degraded
in this tissue and it 1is easily measured with high sensitivity by
fluorimeter [35].

It should be pointed out that the release of tyrosine from
skeletal muscles incubated in the absence of an inhibitor of protein
synthesis represents only the net rate of protein degradation, which
depends on the balance between the rate of protein synthesis and the
rate of protein degradation. On the other hand, the presence of
L-cycloheximide in the incubation medium for measuring tyrosine
release as an irdicator of total protein degradation may disturb
muscle metabolism, as it has been shown to inhibit muscle protein
degradation [85].In addition, in the method described by Tischler et
al. [19] it 1is assumed that the ratio of tyrosine to phenylalanine
incorporated into muscle proteins is constant, which may not be valid
since proteins with different ratios of tyrosine to phenylalanine uay
turn over at different rates and their degradation (eg. myofibri‘lar
and non-myofibrillar proteins) may be regulated differently. Also, tne
absence of <tyrosine and other amino acids from incubation media used

in previous studies {eg. 19,34] may have limited the rate of muscle
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protein  syuthesis to certalin treatments, Thas, TC appears fmportant to
develop  a  rveliable  technique  for  reasuring proteln depradatfon in
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C-labelled amino acids have been widely uased to study the s

metabolism in isolated skeletal muscle prepavations [eyp. 37, 38,040,400
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For example, the production ot ‘(Itl;, from [1- e Jleveine  in
skeletal muscle of rats [37,38] .od chicks {36] indfcates that the
B8CAA are decarboxylated in this tissue. On  the other hand, the
accumulation of amino acids in the 1ncubation medium has been ugen to
measure the rate of their net synthesis. For example, the release of
large amounts of alanine and glutamine reflects the ability of
skeletal muscle to synthesise these two amine acids [48,49].
2.3. Advantages and disadvantages of in vitro muscle preparations
Isolated skeletal muscle preparations from many species have been
used to study oxygen consumption, protein turnover, and the metabolism
of amino acids, fatty acids and carbohydrates [eg. 10.4 1,648,649, 86-
92]. In vitro models offer many advantages for studying intermediatery
metabolism. For c¢xample, the preparation and incubation of Isolated
skeletal muscle 1is simple and rapid, making it possible to study a
relativelv large number of muscles in one day. In addition, fthe use of
contralateral muscles allows direct comparisons between control and
treatment muscles from the  same animal, thereby decreasing
experimental errors due to inter-animal differences. As a result, a

paired experimental design can be effectively taken advantage of to

detect small but significant effects of certain treatments. In vitro
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models are also valuable in tha' o~perimental cunditions can be easily
manipulated to quickly test a large number of hypotheses of biological
gignificance. Also, the metabolic differences in either amino acid or
protein  degru:dation in  difrerent muscle fiber types can be
investigated wusing isolated muscles containing predominantly red or
white muscle fibers, which would be impossible in in vivo studies.
Moreover, isolated muscle preparations are free of interference from
other tissues, thus allowing studies of the direct effects of factors
on skeletal muscle metabolism.

In wvitro muscle preparations are not without problems. A major
concern with incubated muscles is whether the supply of oxygen, which
dpends on the diameter of the muscle and its metabolic rate, is
adequate [86]. It has been shown that the supply of oxygen to the
central core of the incubated muscle at 379¢ may be inadequate [93].
This may partly explain why the rate of protein synthesis in the
central core of the incubated skeletal muscle is lower than that in
the muscle periphery ({93]. In addition, incubated skeletal muscles
even from young growing animals such as rats is usually in negative
protein balance [eg. 19,35,92]. Also, in vitro experimental results
cannot necessarily be extrapolated to in vivo situations because of
the absence of mechanisms responsible for maintaining homeostasis in
the intact animal such as the neuroendocrine and circulatory systems.
These limitations must be born in mind when interpreting experiment
data from in vitro studies.

2.4, Validity of in vitro skeletal muscle preparations
There is mno doubt that in vitro studiec have certain limitations,

and therefore they must be validated with care in terms of providing
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physiologically useful information on muscle metabolism. First of all,
does the development of the central core in incubated skeletal muscle
negate any valuable conclusions? This appears unlikely as it has been
recently shown that sepsis decreases protein synthesis in skeletal
muscle in vive and in both the periphery and the central core of
incubated rat skeletal muscle [%94]. 1In addition, fasting has been
shown to decrease protein synthesis in skeletal muscle both in vivo
and in vitro [10]. These findings suggest that results from in vitro
studies can be meaningful despite the presence of the central core.
Furthermore, if the control and treatment muscles are similar In
sizes, the central core could be similar for both muscles and the
results can be directly compared to provide physiologically relevant
information [89].

Secondly, a number of biochemical criteria can be used to assess
the wviability of in vitro muscle preparations. It has been argued by
Newsholme et al. [91] that mitochondria from incubated skeletal
muscles are intact for at least 1-2 h. This can be supported by the
finding that the oxidative decarboxylation of leucine, which 1is
catalysed by the mitochondrial BCKA dehydrogenase [43], is linear in
incubated skeletal muscles from rats [38] and chicks [95] for at least
2 h. Alscv, the tissue concentrations of ATP, phosphocreatine and
glycogen in incubated skeletal muscle from chicks [389] and rats
[86,91] are similar to their in wvivo wvalues following 2 h of
incubation. In addition, the rates of protein synthesis and
degradation, prostaglandin E, production, and amine acid release in
incubated chick skeletal muscle are linear for at least 2 h [89].

Similarly glucose transport, glycolysis and glycogen synthesis are
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also linear in incubated rat skeletal muscle for at least 1 h [91].
These biochemical criteria suggest that in vitro muscle preparations
are valid for studies of intermediary metabolism.

Thirdly, are the results from in vitro muscle preparations
physiologically relevant? This question can be answered by the great
contributions that in wvitro muscle preparations have made to the
advancement  of modern biochemistry. TFor example, incubated frog
skeletal muscle was used to discover the formation of
glucose-1-phosphate from glycogen ([87] and the synthesis of glycogen
from glucose-l-phosphate [88], which was the foundation of the Nobel
prize-winning work of Cori and Cori [96]. In addition, the elucidation
of the citric acid cycle, which is a milestone in modern biochemistry
and a Nobel-prize winning achievement [97], was worked out by Krebs
using in vitro pigeon breast muscle preparations [98]. Many other
novel findings of physiological significance have also been obtained
using in vitro muscle preparations, such as hormonal regulation of
carbohydrate metabolism [90] and protein turnover [10,14], oxidation
of branched-chain amino acids [37,47] and utilization of ketone bodics
[90] in skeletal muscle.

During the 1last three years, considerable effort has been made to
attempt to eliminate the central core of incubated muscles and to
decrease the negative protein balance that occurs during incubation.
For example, incubation of muscles at 33°C can eliminate the central
core in chick muscles [89]. Also, maintenance of normal length
markedly improves protein balance and energy status in isolated
skeletal muscle [92]. Moreover, continuous gassing of the incubation

medium throughout the incubation period can also significantly improve
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protein balance in incubated chick skeletal muscle ([89}. 1In our
laboratory, mnitrogen balance is essentially maintained in incubated
chick muscles from 9 or 10-days-old chicks which are held at their

resting length and continuously oxygenated during incubation [89].

D. Objectives of this thesis
The objectives of this thesis are summarised as follows:

1. to determine whether chick ske: :tal muscle can synthesise alanine
and glutamine;

2. to investigate how ketone bodies regulate the metabolism of amino
acids in skeletal muscle;

3. to determine whether glutemine is oxidised in skeletal muscle;

4. to determine whether methionine is degraded via a transamination
pathway in skeletal muscle;

5. to develop a new technique to measure protein degradation in
skeletal muscle;

6. to determine whether glutamine regulates protein turnover in
skeletal muscle;

7. to determine whether ketone bodies regulate prot«¢in turnover in

skeletal muscle.

Isolated skeletal muscle preparations were used throughout much of
the thesis. Chicks were the primary animal model used while rats were

also used in some experiments.
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Table 1.1. Factors reported in the literature that influence protein
turnover in skeletal muscle

Factors Protein Protein Net
synthesis degradation effect
Insulin increase decrease anabolic
Insulin-like growth increase decrease anabolic
factor I and 1I
Growth hormone increase no effect anabolic
Testosterone & Estradiol increase decrease anabolic
Triiodothyronine
Physiological dose increase increase no change
Hyperthyroid dose increase increase catabolic
Glucagon no effect increase catabolic
Glucocorticoids
Fed state
Low dose decrease no effect catabolic
High dose decrease increase catabolic
Fasted state decrease increase catabolic
Prostaglandin E, no effect increase catabolic
Prostaglandin F, increase no effect anabolic
Muscle contraction increase increase anabolic
Starvation
Short term decrease increase catabolic
Long term decrease decrease preserve N
Calcium no effect increase catabolic
Magnesium no effect decrease anabolic
Leucine increase decrease anabolic
a-ketoisocaproate no effect decrease anabolic
Glucose no effect decrease anabolic
Glutamine increase? decrease? anabolic?
Ketone bodies decrease? decrease? preserve N?
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Table 1.2. Metabolic fates of amino acids in skeletal muscle reported

in the literature

Anino acids Metabolic fates

1. Leu, Ile, Val, Met Extensively degraded but not synthesized
2. Gln Extensively synthesized but not degraded.
3. Ala, Glu, Asp, Asn Both extensively synthesized and degraded
4. Gly, Cys, Ser, Thr, Neither synthesized nor degraded

Pro, Lys, Arg, His,
Phe, Tyr, Trp
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Extracellular

i
Extracellular Intracelliular
space space space
(Ala, Gln, (BCAA, Met,
Glu, Asp, Ala, Glu,
Asn) Asp, Asn)
Synthesis
de novo Oxidation
Amino Acids »:Amino Acids

a <:ii 4;::> b
Protein

» Amino Acids
(mainly Ala,
Gln)

Fig. 1.1. Overview of protein turnover and amino acid metabolism
in skeletal muscle as reported in the literature

a, protein degradation ; b, protein synthesis; BCAA, branched-chain

amino acids.
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Amino acids
(via the Krebs cycle)

BCAA a-ketoglutarate Alanine
(L (3)
BCKA Glutamate Pyruvate «—Amino acids
+ (via the
co, (2) NHa-\\ 4 Krebs cycle)
(5)
R-C-SCoA Glutamine Glucose

or glycogen

Fig. 1.2. BCAA Transamination coupled with de novo synthesis of
alanine and glutamine in skeletal muscle

BCAA, branched-chain amino acids; BCKA, branched-chain a-ketoacids
1. BCAA aminotransferase; 2. BCKA dehydrogenase complex;
3. Alanine aminotransferase; 4. Glutamine synthetase; 5. Glycolysis.
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I11. Formation Of Alanine And Glutamine In Chick Skeletal Huscle1

A. Introduction

Large amounts of alanine and glutamine are released from skeletal
muscles of mammals such as rats [1-3], dogs [4], sheep [5] and humans
[(6]. Recently, Tinker et al. [7] demonstrated that large amounts of
alanine and glutamine are also released from skeletal muscle in
domestic fowl. Alanine and glutamine released from skeletal muscle
play an important role in the interorgan metabolism of carbon and
nitrogen [8,9]. Alanine 1is taken wup by the liver where “: :: aa
important glucogenic precursor [6], and a regulator of protein
synthesis [10] and ketone body production [11]. On the other hand,
glutamine 1is extracted by the gut, where it serves as a major
cxidative substrate [12], and by the kidneys, where it plays a vital

role in the regulation of acid/base balance [9,13].

It has been shown thxi . i =wine and glutamine are synthesized in
rat skeletal muscle by -~ .asamination of pyruvate with glutamate
and by the aride vy of  glutamate with NHQ+, respectively
(1,2,14]. Relatively 1svg: amounts of glutamate are formed by the

transamination of the branched-chain amino acids (BCAA) with
a-ketoglutarate in rat skeletal mascle [15]. Since the
branched-chain amino acids are extensively degraded in chick skeletal
muscle [16], they may also provide the amino groups for synthesis of

alanine and glutamine in this tissue. However, no information is

1. A version of this chapter has been accepted for publication.
Wu, G., Thompson, J.R., Sedgwick, G.W. & Drury, M. (1989)
Comp. Biochem. Physiocl. In Press.
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available on the formation of alanine and glutamine in avian muscles.
In fact, glutamine synthetase has been reported to be absent in chick
skeletal muscle [17], suggesting species differences Iin the capacity
of skeletal muscle to synthesize glutamine [14,17]}. The present study

was therefore conducted to investigate whether alanine and glutamine

are synthesized in chick skeletal muscle.

B. Materials and Methods

Bovine insulin, D-glucose, aminoc acids, «a-ketolsocaproate
(KIC), L-cycloserine, NH,Cl, Hyamine hydroxide and other chemicals
used were purchased from Sigma Chemical Co. St louis, Mo., U.S.A.
L-[l-lac]leucine and L-[l—lAC]valine were purchased from ICN
Radiochemicals, Montreal, Que. Day-old male broiler chicks (Hubbard
strain, Gallus domesticus) were obtained from a local hatchery
and were allowed free access to food and water.

Ten-day-old chicks were anesthetised with halothane ard the
extensor digitorum communis (EDC) muscles (12.4 * 0.6 mg, mean * SEM,
n=20) were dissected and inserted into stainless steel supports [16].
Muscles were preincubated for 30 min and then incubated for 2 h at
37°C in 3.5 ml Krebs-Ringer bicarbonate buffer (119 mM NaCl, 25 mM
NaHCO4, 4.82 mM KCl, 1.26 mM CaCl,, 1.25 mM MgSO,, 1.24 mM
NaH,PO,) saturated with 95% 0,:5% €Oy, (pH 7.4) containing
0.01 U/ml insulin, 12 mM glucose and 2 mM Hepes (Basal medium) [16].
Amino acids were either present or absent from the basal media
depending on the experimental design. In all experiments, one EDC
muscle was wused for the control while the contralateral muscle was

used for the treatment.
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A preliminary experiment was performed to determine the amino
acid composition of the free intracellular pool, skeletal muscle
protein and incubation media after 2 h final incubation in the
abhsence of exor,'nous amino acids. Subsequent experiments were
designed to determine the effect of BCAA, KIC, L-cycloserine and
NH,Cl on the release and intracellular concentrations of glutamate,
glutamine, alanine and tyrosine. In these experiments, the basal
media contained plasma concentrations of all amino acids [18]
(Appendix 1) except glutamate, glutamine, alanine, tyrosine,
histidine and BCAA. BCAA were either present or absent from the media
as indicated in Tables 1-6. At the end of the 2-h final incubation,
muscles were placed in 2% trichloroacetic acid. Both muscle and
incubation media were stored at -70%C until analyzed within
ten-days by HPLC [16,19]. Tyrosine released to the incubation media
and present in the tissue at the end of the 2-h final incubation was
used to estimate net protein degradation [20].

For measurement of the net rate of BCAA transamination, 0.5 mM
L-[1-1%C]leucine (300 dpm/mmol) or 0.5 mM L-[1-'%Clvaline (400
dpm/nmol) was included in the incubation media. 14C02 generated
following decarboxylation of the oxo-acids produced during
transamination of L—[l—lac]leucine or L-[l-lh]valine was
collected in Hyamine hydroxide and the net rates of transamination of
leucine or valine were calculated based on the specific radioactivity
of L-{l—laC]leucine or L-[l-lac]valine irn  the incubation media as
previously described [16].

Results, given as mean * S.E.M., were analyzed by the paired

t-test or one-way variance analysis [21].
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C. Results

In the preliminary experiment in which EDC muscles were incubated
in the absence of all amino acids, glutamate, glutamine, alanine aud
tyrosine accounted for 3.0%0.2, 31.2%0.6, 19.0X0.4 and 1.8+0.2%
(n=10), respectively, of the amino acids released to the incubation
media. These four amino acids also accounted for 11.5%0.8, 25.2%1.0,
17.320.9 and 1.2%0.3% (n=10), respectively, of the amino acids in the
intracellular free pool. In the EDC muscle protein, glutamate plus
glutamine, alanine and tyrosine accounted for 13.0%0.1, 10.5%0.1 and
2.0%0.1% (n=10), respectively, of amino acids present. After the 2 h
incubation period, the ratios of (glutamate plus glutamine):tyrosine
and alanine:tyrosine released to the incubation medium and present in
the intracellular free pool were 20.0+1.5 and 10.7+0.6 (n=10), and
30.5¥3.3 and 14.6%0.9 (n=10), respectively, which were much higher
(P<0.01) than the wvalues for the same ratios in EDC muscle proteins
which were 6.3%0.4 and 5.2%0.3 (n=10), respectively.

The addition of 0.5 mM leucine, isoleucine or valine (Table 2.1),
or all BCAA together (0.5 mM leucine, 0.25 mM isoleucine and 0.5 mM
valine) (Table 2.2) increased (P<0.0l1) both the release and the
intracellular concentrations of glutamate, glutamine and alanine. The
increase in the amount of glutamate, glutamine and alanine (Table
2.1) was similar to the net amount of the branched-chain amino acids
transaminated during the incubation period (Table 2.3).

L-Cycloserine (1.5 mM), an inhibitor of aminotransferases ([22],
inhibited (P<0.0l1) the net rate of transamination of leucine and
valine by approximately 60% (Table 2.3) which was reflected by

increased (P<0.0l1) intracellular concentrations of BCAA and decreased
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(P<0.01) relecase and intracellular concentrations of glutamate,
glutamine and alanine (Table 2.2). The release and intracellular
concentration of free tyrosine in EDC muscles was not influenced
(P>0.05) by the addition of 1.5 mM L-cycloserine to the incubation
medium (data not shown).

The addition of 0.1 and 0.5 mM KIC increased (P<0.0l1) the
intracellular concentration of leucine (Tables 2.4 and 2.5) and its
release from EDC muscles (Table 2.5) while it decreased (P<0.05) the
release and intracellular concentrations of glutamate, glutamine and
alanine in EDC muscles (Tables 2.4 and 2.5). Addition of KIC to the
incubation media decreased (P<0.0l) the intracellular concentration
of tyrosine but had no effect (P>0.05) on its release from EDC
muscles (Tables 2.4 and 2.5). The addition of 0.5 mM KIC had no
effect (P>0.05) on the release and intracellular concentrations of
other amino acids (data not shown). The increase in the formation of
leucine was similar to the decrease in the amount of the other
metabolizable amino acids (Table 2.5).

The net rates of transamination of leucine and valine were not
influenced (P>0.05) by the addition of 0.3 mM NHACl to the
incubation medium (Table 2.3). NH,Cl at 0.3 mM decreased (P<0.01)
the release and intracellular concentration of glutamate plus alanine
but increased (P<0.0l1) the release and intracellular concentration of
glutamine in EDC muscles (Table 2.6). The decrease in the amount of
glutamate and alanine was essentially equai to the increase in the
amount of glutamine (Table 2.6). The :release and intracellular
concentration of tyrosine in the EDC musrle was not influenced by 0.3

mM NH4C1 (Table 2.6).
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D. Discussion

Alanine and glutamine are released from chick skeletal muscle to
a greater extent than would be expected from their sbundance in
muscle proteins, suggesting that they are synthesized de novo in this
tissue. This suggestion 1is supported by the following observations.
(1) The ratios of alanine:tyrosine (an amino acid not metabolized in
chick skeletal muscle, our unpublished observations) and (glutamate
plus glutamine):tyrosine released to the incubation medium were much
higher than those present in muscle proteins. (2) Addition of BCAA to
the incubation medium markedly increased the net formation of
glutamate, glutamine and alanine (Table 2.1). (3) L-Cycloserine (1.5
mM) inhibited BCAA transamination (Table 2.3) and decreased the
formation of glutamate, glutamine and alanine (Table 2.2). (4) KIC
(0.1 and 0.5 mM) jncreased leucine formation, but decreased
glutamate, alanine and glutamine formation (Tables 2.4 and 2.5).
Indeed, the 1increase in the formation of leucine by 0.5 mM KIC is
almost equal to the decrease in the total formation of glutamate,
glutamine, alanine, aspartate, plus asparagine (Table 2.5).

Leucine is strictly ketogenic and does not make a net
contribution of carbon skeletons to the synthesis of alanine and
glutamine [15,23]. Thus, leucine increases the formation of
glutamate, alanine and glutamine by donating amino groups. Although
valine and isoleucine may contribute 4-carbon intermediates to the
Krebs cycle, they do not increase the formation of alanine and
glutamine to a greater extent than does leucine (Table 2.1). These
results suggest that valine and isoleucine as well as leucine make a

net contribution of nitrogen rather than carbon to the synthesis of



alanine and glutamine in chick skeletal muscle. Similarily, the net
transamination rate of wvaline 1is lower than that of leucine (Table
2.3) which 1is closely reflected in the lower rate of formation of
alanine plus glutamine freq valine than from leucine (Table 2.1).

It has been shown in rat skeletal muscle that glutamate formed by
transamination of BCAA  with  a-ketoglutarate is the common
precursor for de novo synthesis of alanine and glutamine [15].
Glutamate also appears to be the common precursor in chick skeletal
muscle as indicated by the following findings from this study. (1)
KIC (0.1 and 0.5 mM) increased transamination of glutamate to form
leucine, resulting in decreased intracellular concentration of
glutamate (Tables 2.4 and 2.5). This decrease in intracellular
glutamate concentration reduced the synthesis of alanine and
glutamine (Tables .4 and 2.5). The ability of KIC to markedly
decrease the release and intracellular concentrations of glutamate,
alanine and glutamine is not simply due to an inhibition of net
muscle protein degradation since 0.1 mM KIC had no significant effect
on the net rate of protein degradation in EDC muscles as indicated by
no change in intracellular tyrosine concentration or tyrosine release
(Table 2.4). (2) NH,Cl (0.3 mM), which had no effect on either the
net rate of BCAA transamination (Table 2.3) or on the net rate of
protein degradation in EDC muscle, increased the release and
intracellular concentration of glutamine while concomitantly
decreasing the release and intracellular concentrations of alanine
and  glutamate (Table 2.6). The decrease in the intracellular
concentration of glutamate likely results from the increased

conversion of glutamate to glutamine in the presence of elevated
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concentrations of NHA+, which would also result In a decreased
availability of glutamat~ for alanine synthesis. Similar effects of
NH,Cl have also been shown in the perfused rat hindquarter [24] and
in the jisolated vat skeletal muscle [17.

In conclusion, the present study clearly shows that large amounts
of alanine and glutamine are synthesized de novo in chick skeletal
muscle, thus accounting for their release from hindquarters of
domestic fowl [7]. Our vresults demonstrate that BCAA provide the
amino groups for de novo synthesis of alanine and glutamine and
that glutamate 1is the common precursor for this process in chick
skeletal muscle as previously shown in mammalian skeletal muscle
[15]. These findings are in contrast to the early observations of Wu
[17] that avian skeletal muscle does not contain glutamine

synthetase.
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Table 2.1. Effect of leucine, isoleucine and valine on the releaso and
int.raceliular concentrations of glutamate, glutamine and alanine
in fed chick EDC muscle.

EDC imisclon wore incubated in Kreba-Ringev bicarbonate buftfoer containing

plasma concentrations of all amino acids except glutamate, glutamine,

alanine, tyrosine, histidine and BCAAs, unless indirated. The results are
sxpressed as mean + SEM. ** treatment means significantly (P<0.01) different
from control means obtained from the contralateral muscles ar tested by the
paired t-test, 1’ mean significantly different (P<0.01) from those for

0.° 1 leucine or isoleucine treatments as tested by one-way variunce

analysis, n=10.

Additions Release Intracellular Net formation
concentration (Treatment-Control)
(nmol/mg tissue/2h) (nmol/mg tissue) {nmol/mg tissue/2h)
Glu Gln Ala Glu Gln Ala Glu + Gln +4la
Control 0.14 1.66 1.15 1.19 1.79 1.27 -
+0.02 0,12 +0.09 +0.15 +0.21 +0.17
0.5 mM 0.32%% 2.40%* 1, 56%* 1.53%% 2 44%* 1, S52%* + 2.57x0.38
Leucine +0.03 10,15 +0.22 +0.11 +0.19 +0.12
Coutrol 0.16 1.71 1.16 1.10 1.93 1.32 -
0. 04 10.31 +0.17 +0.09 +0.24 +0.21
0.5 mM 0.29%% 2, 39%% 1 43n* 1.47%% 2 58%* 1 66%*% + 2.4420.25
Isoleucine +0.05 $0. 36 +0.19 +0.23 +0.21 +0.31
Control 0.17 1.82 1.24 1.05 1.64 1.15 -
+0.02 $0.17 +0.08 +0.16 $0.29 10.16
0.5 mM 0.30%* 2.10%* 1.56%* 1.32%% 2, 02%*% 1. 42%% + 1.6510.29‘r

Valine +0.03 +0.31 +0.22 +0.28 £0.36 +0.25
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Table .7, Effect of the branched-chain amino acids and L-cycloserine on the

rolease and intracclliular concentrations of glutamate, glutamine and

alanine in fed chick EDC muscles.

EDC 1o were incubatad in Krebs-Ringer bicarbonate bufter coataining plasma

concentrations of all amino acids except glutamate, glutamine, alanine,

ne, histidine and BCAA. BCAA (0.5 mM leucine, 0.25 mM isoleucine and 0.5 mM

.ine) or BCAA plus 1.5 mM L-cycloserine (CS) were added to the incubation media

as indicated. The results are expressed as mean * SEM. ** treatment means

significantly (P<0.01) different from the control mcaus cbtained from the

contralateral muscles as tested by the paired t-test. n=10

Additions Release Intracellular
concentration
(nmol/mg tissue/2h) (nmol/mg tissue)
Glu Gln Ala Glu Gln Ala Leu Ile Val
Jone 0.13 1.87 1.18 1.13 2.01 1.27 0.07 0.04 0.08
+0.04 +0.28 +0.24 +0.14 +0.34 10.27 +0.01 +0.01 +0.01
BCAA 0.34%% 2 47%% 1 S53n* 1.60%*% 2 66%* 1.62%* 0.47%% 0.26%% 0.51%*

+0.03 +0.21 +0.30 +0.16 +0.34 $0.25 +$0.02 $0.01 +0.01

BCAA 0.39 2.64 1.65 1.75 2.81 1.73 0.49 0.26 0.54
+0.02 +0.19 +0.13 +0.29 +0.18 +0.10 0.02 0.01 +0.03
BCAA 0.30%*% 2.23%% 1, 25%% 1.46%"% 2 47%% 1 37%% 0.67%% 0.37% 0.71%*

+CS +0.05 +0.36 £0.19 +0.23 $0.15 +0.31 $0.02 10.02 10.04
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Table 2.3. Effect of  Nhi,C1 and  L-cycloserine (CS) on net
transamination of leucine and valine in fed chick EDC
riuscles.

Siee Tableg ! and 2 for details of expevimental  desipgn.

(1-1%C)1leucine  (208.3  dpm/nmol) or [1-1%CJvaline (186 dpm/nmol)

was added to the 1incubation medium as described in the text. The

results  are  expressed as mean * SEM. %% treatment means within the
column  significantly (P<0.01) different from control means obtained

from the contralateral muscles as tested by the paired t-test. f

mean values for valine significantly different (P<0.01l) from means for

leucine within a row as tested by the one-way variance analysis. n=10

Additions Leucine Valine
intracellular Net trans- 1intracellular Net trans-
specific amination specific amination
radioactivity radioactivity

(nnol/mg (nmol/mg

(dpm/nmol) tissue/2 h) (dpm/nmo1l) tissue/2 h)

0.5 M Leucine 151.242.3 2.35%0.22

0.5 m4M valine 127.7+£2.9 1.4140.15¢
HCAA 170.8%%.7 1.12+0.08 159.2+2.7 0.5420.04¢
BUAA4O. 3 mM NH. 1 1412345 1.08%0.10 150.1+3.5 0.53+0.05¢
BCAA 172.3%3.6 1.0940.06 148.7%3.1 0.56+0.07¢

ECAASL.5 M C4 185.8%£5.3 0.40%0.03%* 163.2%4.1 0.24%0.01%*¢
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Table 2.4, Etffact of KIC on the release and intrac Ulular concentvations ot
glutamate, slutamine, alanine and tyrostine oo fod chtek KN maace) s,
EDC muscles woreo inccb tod in Kreba-Ringor btearbonate Tuttor conbamntng 004 udt
Tenctin, 0 20wt rnoleacane o v ady valing anet ploa droen At b [REERRL R FEEN
amino acids except glubamate, glutamine, alanine, tyrostn.s and histidine  KIC
was present. or absent from incubation madia as indicated. The rasualts ave
exprossed as mean * SEM. "P<0.05 and **I'<0.01: troatment means signiticantly

different from control (0 ut1 KIC) means obtainnd from the contralateral muscles

as tested by the paired t-test. n="0,

Medium Release Intracellular concentration
[KIC) (nmol/mg tissue/2h) (nmol/mg tissue)
(mM) .
Glu 5ln Ala Ty Glu Gln Ala Tyr Leu
0 0.40 1.57 0.030 1.87 2.86 1.73 0.059 Vohh
+0.03 E <0.12 +0.005 £0.11 x0.22 x0.16 +0.007 E3 AN
0.1 0.35%% 2. .- 1.31* 0.034 1.57% 2.51* 1.48% 0.053 0., =
+0.C N, 20 +0.13 +0.005 +0.09 +0.27 +0.13 +0.008 +0.02

[ 0.44 2.79 1.88 0.037 1.65 2.79 1.62 0.060 0.46
+0.04 +0.27 +0.14 +0.007 +0.08 +0.38 £0.15 10.009 10.02

0.5 0.33%* 2. 35%% 1,36%% 0.032 1.25%%  1.83%% 1,17%% 0.037%% 1.03#%*
+0.03 +0.21 +0.10 +0.006 x0.06 x0.25 20.05 x0.006 =0.04
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Table 2.5. Effect of KIC on the release and intracellular

concentrations of metabolizables amino acids and tyrosine in

fed chick EDC muscles.

EDC muscles  were incubated 1in Krebs-Ringer bicarbonate buffer

containing no amino acids. KIC was absent or present at 0.5 mM in the

incubation media as 1indicated. The results are expressed as mean *

SEM. TAA : Asp+GlutAsni+Gln+Ala. #*P<0.05 and **P<0.01l: treatment means

from control (0 mM KIC) means obtained from

significantly different

the contralateral muscles as tested by the paired t-test. n=10.

Amino Control (C mM KIC) 0.5 mM KIC
acid
Release Intracellulat Release Intracellular
(nmol/mg (nmol/mg (nmol/mg (nmol/mg
tissue/2h) tissue) tissue/2h) tissue)
(€, (cy) (T,) (T;)
Asp 0.0310.00 0.63%0.03 0.03%0.00 0.46X0.02%%
Glu 0.13+0.02 1.29+0.04 0.11+0.02% 0.9420.03%
Asn 0.08+0.01 0.25+0.02 0.09+0.01 0.21%0.01 %%
Gln 1.38+0.13 1.76%0.12 1.020.12%* 1.3220. 11%*
Ala 0.53+0.05 1.2140.11 0.3740.04%% 0.820. 01+
Leu 0.05+0.01 0.0810.00 1.53+0.12%% 0.36%0.,01%*
Tyr 0.07+0.01 0.09+0.01 0.0710.01 0.07X0.01%*
Net change [(Tr+Ti)-(Cr+Ci)]
Leu +1.77x0.24
TAA -1.95+0.29




Table 2.6. Effect of NH“CL on the release and intracellular councentrations of glutamate,

glutamine, alanine and tyrosine in fed chick EDC muscles.

See Table & for detalis of experimental design. The results are expressed as mean t SEM.

#% treatment means significantly (P<0.01) different from the control (0 mM NH“CI) moans

obtaincd from the contralateral muscles as tested by the paired t-test. n=10.

Medium Release Intracellular Net. change
[NH“Cl] concentrations (nmol/2 h/
(mM) (nmol/mg tissue/2h) (nmol/mg tissue) mg tissue)
Glu Gln Ala Tyr Glu Gln Ala Tyr Gln GlutAla
0 0.39 2.66 1.69 0.029 1.70 2.38 1.84 0.045

+0.04 +0.22 20.14 +0.007

0.3 0.25%% 3.67%% 1.18%% 0.033
+0.02 +0,16 *0.08 £0.009

+0.06 +0.19 +0.29 +0.009 - -

1.08%% 3,94%% 1 .27*% 0,053 +1.97 -1.86
+0.11 +0.28 +0,13 +0.007 +0.23 10.28
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I11. Effect Of Ketone Bodies On Alanine And Glutamine Mectabolism
In Chick Skeletal Muscle
A. Introduction

Alanine and glutamine are the predominant amino acids released by
skeletal muscles of rats [1-3), humans [4] and chicks [5] and play an
important role in the interorgan metabolism of nitrogen and carbon
during fasting and acidosis [4,6,7]. 1t has been demonstrated that
branched-chain amino acids (BCAA) provide amino groups for de novo
synthesis of alanine and glutamine in skeletal muscles of rats [8-14]
and  chicks (Chapter 2). However, it remains unclear whether the major
source of carbon for alanine synthesis 1is glycolysis [8,12,13] or
amino  acids  which  generate four carbon intermediates of the
tricarboxylic acid cycle [2,3.74].

Ketone bodies have been implicated to play a role in alanine and
plutamine metabolism in skeletal muscle [15-18]. The infusion of
DL-B-hydroxybutyrate has been found to decrease plasma concentrations
of alanine in tasted man [19] and dogs [20], suggesting decreased
production and rclease of alanine from skeletal muscle [19,20].
Similarly, studies 1in vitro have demonstrated that acetoacetate and
DL-f-hydroxybutyrate suppress the formation of alanine [15,17,18] and
plutamine [15] in skeletal muscles from fasted rats. In addition,
ketone bodies have been reported to decrease alanine release from
cultured rat skeletal muscle cells [21] and from perfused rat

hindquarters [22]. The mechanisms by which ketone bodies regulate

L. A version of this chapter has been published. Wu, G. and
Thompson, J.R.(1988) Biochem. J. 255, 139-144.
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amino acid metabolism have not been elucidated.

It has been suggested that ketone bodies decrease alanine
formation in fasted rat diaphragms in vitro [15] and in fasted dogs
in vivo [20] by decreasing tissue concentration of pvruvate duve to
inhibition of g!lvcoirssis [15,20]. But, neither th -+ covte of glycolysis
nor the intraceiiular concentration of pyruvate was measured in these
studies. The pos:itle role of glycc ivsis has been questioned since
ketone bodies have been found to ~crease alanine release from
cultured rat skeletal muscle cells [21] and perfused rat hindquarters
[22] without influencing  either the rate of glycolysis or
intracellular pyruvate concentration in these preparations [21,22].
Thus, since ketone bodies have been shown to inhibit BCAA metabolism
in perfused hindquarters [23] and incubated diaphragms [24] of rats
and to decrease intracellular glutamate concentration in cultured rat
skeletal muscle cells [21]), a number of researchers have suggested
that ketone bodies decrease alanine synthesis in skeletal muscle by
directly inhibiting BCAA trapsamination [17,21}. This suggestion
appears to be supported by our recent findings that ketone bodies
markedly inhibit BCAA transamination in skeletal muscle from fasted
chicks {25]. The present study was therefore conducted to test this
hypothesis in an attempt to determine how ketone bodies regulate
alanine and glutamine metabolism in skeletal muscles from fasted

chicks.

B. Materials and Methods
Chemicals.

L-[l-laC]leucine, L-[l-lAC]valine and L-[U—lAC]aloJ:ne
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were purchased from ICN Radiochemicals, Montreal, Que.
D-[S-jujglucose and 3—0—[methyl-laC]meLhylglucose were
purchased from American Radiolabeled Chemicals Inc., St. Louis, MO.
. Jactic dehydrogenase and  all  other chemicals used were purchased
from Sigma Chemical Co., St. Louis, MO, USA.

Animals.

Day-old male broiler chicks /flubbard strain, Gallus
domesticus) were obtained from a local hatchery and allowed free
access to food and water. At 9 days of age, chicks weighing 115-12> g
were fasted for 24 h before use.

Muscle preparations and incubation.

Individual fasted chicks were anesthetised with halothare. The
extensor digitorum communis (EDC) muscles (15.8 + 0.2 mg, mean *
S.E.M., n=20) were dissected and placed in 3.5 ml Krebs-Ringer
bicarbonate buffer saturated with 0,:C0,p (95%:5%) [25]. The
buffer also contained insulin (0.0l U/ml) and 2 mM Hepes (basal
medium). Glucose and amino acids were present or absent in the
incubation media depending on the experimental design. In all
experiments, one EDC muscle was used for the control while the
contralateral muscle was used for the treatment. The muscles were
preincubated for 30 min and then incubated for 2 h in fresh media at
37OC [25], with additions as indicated in Tables 3.1-3.5,

Measurement of the release of glutamate, glutamine and alanine and
intracellular concentraticns of amino acids

In experiments designed to measure the amounts of alanine,
glutamate, glutamine and tyrosine in the muscle proteins, in the

i~ tracellular free pool and released to the incubation media, EDGC
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muscles were incubated in the basal medlum containing 12 mM glucose
as described above. In experiments designed to determine the effect
of pyruvate and ketone bodies on amino acid metabolism, the basal
media contained 12 mM glucose, 0.5 mM lecucine, 0.5 mM valine, and all
other amino acids at plasma concentrations [26] except tor alanine,
plutamine, glutamate, tyrosine and histidine which were absent
(medium B). Medium B containing either 0 or 12 mM glucose was used in
studies of the effect of glucose on amino acid metabolism. At the end
of the final incubation period, muscles were placed in ice-cold 2%
trichloroacetic acid. The incubation media and the muscles were
stored at -709C and amino acids were analyzed within 2 wecks by
h.p.l.c. as described previously [25,27].

Measurement of branched-chain amino acid transamination.

EDC  muscles were incubated in medium B containing 0.5 M
L-[1-14C]leucine (400 dpm/nmol) or 0.5 mM L-[1-14Cjvaline (400
dpm/nmol) as described above. At the end of the 2-h firal incubation,
1Z‘COZ was collected in Hyamine hydroxide (11,12,25) and the net
transamination rates of 1leucine and valine were calculated as
described previously [25,28].

Measurement of alanine oxidation

EDC muscles were incubated in medium B containing 1.0 mM
L-[U-lAC]alanine (106 dpm/nmol) as described above. At the end of
the final incubation, muscles were placed in 1 M HCI0, and
14C02 was collected from the incubation media in Hyamine
hydroxide [25]. Neutralized muscle extracts were passed through a

column (1.0 x 13 cm) containing Dowex 1-10X resin (formate form) to

separate alanine from the other metabolizable amino acids and



Krebs-ceyele  intermediates  [29-31]. The fractions collected contained
alanine, gplutamine and asparagine but not glutamate, aspartate,
lactate or pyruvate as verified Hhy h.p.l.c. for amino acids [25,27]
and by an enzymatic fluorimetic assay for lactate and pyruvate [327.
To convert glutamine and asparagine to glutamate and aspartate,
respectively, ecach fraction was incubated with 0.5 ml 6 N HCl under
N, at 110°%C for 10 h. The neutralized solution was passed through
a Dowex 1-10X (formate form) column as described above. One ml of the
fractinn containing alanine was counted for radicactivity [25], while
0.2 ml was assayed for alaunine by h.p.l.c. [25,27]. The specific
activity of intracellular L-[U—lACIalanine was calculated after
correcting for that of alanine in the extracellular space [25] and
was used to calculate the rate of alanine oxidation.

Measurement of glucose uptake and glycolysis.

Glucose wuptake was measured in EDC muscles incubated in medium B
containing 5 mM 3-0-[methyl-laC]methylglucose (38 dpm/nmol)
[33-35]. At the end of the 2-h incubation, each EDC muscle was well
rinsed with nonradiocactive incubation media, solubilized in 0.5 ml
Soluene and counted for radiocactivity {25]. The intracellular
radioactivity of 3-0-[methyl-14C]methy1g1ucose was calculated
«fter correcting for that in the extracellular space [25].

Glycolysis was measured in EDC muscles incubated in medium B
containing 12 mM D—[5-3H]g1ucose (50 dpm/nmol) [8]. At the end of
the 2-h incubation, [3H]—water accumulated in the incubation media
was separated from D-[5-3H]g1ucose and the rate of glycolysis was

calculated as described by Chang and Goldberg [8].
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Meusurement of the intracellular concentration and release of
pyruvate

EDC muscles were incubated in medium B as described above. At the
cend  of  the 2-h final incubation, cach muscle was placed in 0,85 ml
ice-cold 1.0 M HC10, and the incubation medium was acidifica with
0.2 ml1 1.0 M HClO,. Neutralized wmuscle extracts and media were
analyzed immediately for pyruvate [32]. The intracellular
concentration of pyruvate was calculated after correcting for
pyruvate in the extracellular space [25].
Statistical analysis of resnlts

All results, given as mean * S.E.M., were analyzed by comparing
the mean value of the treatment muscles with that of the
contralateral control muscles by the paired t-test as described by

Steel and Torrie [36].

C. Results
Effects of ketone bodies, glucose and pyruvate on the intracellular
concentration and release of glutamate, glutamine and alanine.

A relatively large amount of alanine and glutamine and a
relatively small amount of glutamate are released from fasted chick
EDC muscles during a 2-h final incubation period (Table 3.1; Appendix
2). The intracellular concentrations of these amino acids remain
constant throughout the final incubation (Appendix 3). The ratio of
alanine:tyrosine in the incubation media and in the intracellular
free amino acid pool is 10.3 * 0.4 (n=10) and 13.3 + 0.7 (n-10),

respectively, which 1is much higher (P<0.001) than that in EDC muscle

proteins (5.0 * 0.2, n=10). The ratio of (glutamatet+glutamine):
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tyrosine in  the incubation media and in the intracellular free pool
is 12.2 + 0.8 (n=10) and 22.7 * 1.0 (n=10), respectively, which is
also  much  higher (P<0.001) than that in EDC muscle proteins (6.1 *
O e 10) .

vlucose (12 mM) decreased (P<0.05) the intracellular
concentration and release of glutamate and glutamine but increased
(P<0.001) the intracellular concentration and release of alanine in
EDC muscles incubated in the absence of ketone bodies (Table 3.1). In
the presence of 4 mM ketone bodies, 12 mM glucose had no effect on
the 1intracellular concentration and release of glutamine and alanine
but  increased (P<0.(1) the concentration and release of glutamate
(Table 3.1).

Ketone bodies (4 mM) markedly increased (P<0.01) the
intracellular concentration and release of glutamate and glutamine,
but decreased (P<0.001) the intracellular concentration and release
of alanine in EDC muscles incubated with 12 mM glucose (Table 3.1).
Similar results were obtained with 1 mM acetoacetate while 1 mM
DL-B-hydroxybutyrate slightly increased (P<0.05) the intracellular
concentration  and release of glutamate, glutamine and alanine
(Appendix 4). However, ketone bodies (4 mM) did not influence
(P>0.05) the intracellviar concentration and release of glutamine and
alanine in EDC muscles incuhated with 5 mM pyruvate (Table 3.1).
Effect of ketone bodies on intracellular concentrations of aspartate
and the branched-chain amino acids.

Acetoacetate (4 mM) and DL-R-hydroxybutyrate (4 mM) decreased
(P<0.001) the intracellular concentration of aspartate by 38% and

28%, but increased (P<0.001) the intracellular concentrations of
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valine, 1isoleucine and leucine by 42%-47% and 25-27%, respectively,
in EDC muscles incubated with 12 mM glucose (Table 3.2). However, 4
mM ketone bodies had no effect (P>0.05) on the concentration of these
ami=o  acids In EDC muscles incubate:s! in the presence of 5 aM pyruvatoe
(Table 3.2). In addition, 1 and 4 mM ketone bodies did not Inftluence
(P>0.05) the intracellular concentration of asparagine and amino
acids not metabolized in fasted chick EDC muscles (data not shown).
Effect ketone bodies and pyruvate on BCAA transaminat*ion

Ketone bodies (4 mM) inaibited (P<0.001) the net transamination
rates of leucine and valine by 40-52% in EDC muscles incubated in the
absence of pyruvate (Table 3.3). The addition of 5 uM pyruvate (5 mM)
to the incubation media prevented the inhibiiting effect of ketone
bodies on BCAA transamination (Table 3.3).
Effect of ketone bodies on glucose uptake, glycolysis, and the
intracellular concentration and release of pyruvate

Acetoacetate and DL-R-hydroxybutyrate (1 and 4 mM) did not
influence (P>0.05) 3-0-[methyl-140]methy1g1ucose uptake by EDC
muscles (Table 3.4). Hewever, acetoacetate (4 mM) and
DL-R-hydroxybutyrate 4 mM) decreased (P<0.001) the rate of
glycolysis by 41% and 34%, the intracellular concentration of
pyruvate by 61% and 50%, and the release of pyruvate by 64% and 32%,
respectively, in EDC muscles incubated with 12 mM glucose (Table
3.4). Ketone bodies at 1 mM a.so decreased (P<0.01) the rate of
glycolysis and the intracellular corncentration and release of

pyruvate (Table 3.4).
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Fffect of ketone bodies on alanine oxidation
Acetoscetate (4 mM) and DL-R-bydroxybutyrate (4 mM) increased

l[’C]alzmine by

(P<G.91) tie specillec accivity of intracellular L-[U-
CO% ang 19%, and decreased (P<0.001) the tate of alanine exidation by
48% and 53%, respectively, in chick EDC muscle. (Table 3.5). Ketone

bodies at 1 mM also inhibited (P<0.001) the rate of alanine oxidation

in EDC muscles incubated in the presence of 12 mM glucose (Table

DISCUSSION

The present study demons ates that alanine and glutamine are
released by skeletal muscles :vom fasted chicks to a much greater
extent than would be erpected :rom their abundance in muscle

proteins. Although alanine oxidatioa is inhibited by ketone bodies
(Table 3.5), which has ncr been reported in other species, the
intracellular concentration and the releasc of alanine in fasted
chick EDC muscles are markedly decreased by 1 and 4 mM acetoacetate
and 4 mM DL-B-hydroxybutyrate (Table 3.1). Our results indicate that
ketone bodies suppress alanine synthesis in chick skeletal muscle as
previously shown in rat skeletal muscle [15,17,18].

It is wunlikely that inhibition of BCAA transamination by ketone
bodies limits intracellular glutamate availability for alanine
synthesis since the intracellular glutamate concentration is markedly
increased by ketone bodies in fasted chick EDC muscles (Table 3.1).
Thus, ketone bodies probably decrease alanine synthesis in skeletal
muscles by decreasing intracellular pyruvate concentration, which may

also result in decreased BCAA transamination due to decreased
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regeneration of a-ketoglutarate. This conclusion s supported by

the following observations. (1) Ketone bodies have no effect on
glucose wuptake but markedly inhibit the rate of glycolysis in fasted
chick EDC muscles, resulting 1o o drawmat e deerease  fa the

intracellular concentration and release of pyruvate (Table 3.4). (2)
Glucose increases alanine formation in EDC muscles incubated in the
absence of ketone bodies but has no effect on alanine formatioun in
EDC muscles incubated in the presence of 4 mM ketone bodies (Table
3.1). (3) The addition of pyruvate, which does not affect BCAA
transamination in fasted chick EDC muscles incubated in the absence
of ketone bodies [28], prevents the inhibiting effect of ketone
bodies on BCAA transamination in fasted chick EDC muscles (Table 3.3)
and on alanine formation in both fasted chick EDC muscles (Table 3.1)
and fasted rat diaphragms [15].

The effect of ketone bodies on glutamine metabolism is not well
documented in skeletal muscle. In the present study, it is found that
ketone bodies markedly increase both the i: —‘acellular concentration
and release of glutamine from fasted chick EDC muscles (Table 3.1).
Qur vresults are 1in sharp contrast to those of Palaiclogos and Felig
[15] who reported that ketone bodies decrease glutamine release from
fasted rat  hemidiaphragms. An increase in the 1irtracellular
concentration and in the release cf glutamine by ketone bodies may bhe
attributed to an increased intracellular glutamate concentration
(Table 3.1) which has been shown to increase glutamine synthetase
activity i1 vat skeletal muscle cells [37]. It is also interesting to
note that an increase in both glutamine synthetase activity and

glutamine 1release has been reported in skeletal muscles of diabetic
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ketoacidotic rats iu whic concentrations of ketone bodies are
elevated [38,39].

Increased release of glutamine at the expense of alanine may be
of physiolngical significance to animals with high plasma levels of
ketone bodies. Decreased release of alanine from skele'al muscles
rontributes to decreased plasma concentrations of alanine [4,19],
which may result in decreas-d hepatic protein synthesis during
prolonged starvation [40} since alanine has been implicated fo be
rate-limiting for hepatic protein synthesis [40]. On the other hand,
an increase in the release of glutamine from skeletal muscle provides
more glutamine for removal by the kidneys where it plays a key role
in the excretion of hydrogen ions during acidosis [41]. Also, an
increase in the release of glutamine from skeletal muscle may help to
inhibit lipolysis and hence hepatic ketogenesis during fasting
(42,43], thereby preventing a further increase in plasma levels of

ketone bodies.
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Tudle 3.3. The effect of pyruvate and ketone bodies on

transamination of leucine and valine in EDC

muscles from 24-h fasted chicks.

EDC muscles from fasted chicks were incubated witn

1 14

L-{1- /‘C]lm,u‘in(i or L-[1-""Jvaline for 2 h as
described in the text. Glucose (12 mM) was present in
incubation media. Pyruvate (Pyr) (5 mM), acetoacetate
(AcAc) (4 mM) or DL-B-hydroxybutyrate (HB) (4 nM) was
added to the incubation media of the treatment muscles
indicated. Results are given as mean * S. E.M. for 12

observations per treatment and statistically aunaly.ed

the paired t-test. Treatment mecans marked with w7k

(P<0.001) are diiferent from the conti: reans abtaine

from the contralateral muscles.
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Table 3.4, The effect of ketone bodies on 3-O-methylglucose

upti wlycolysis, and on the intracellular concentration

and release of pyruvate in EDC muscles from 24-h fasted

chicks.
EDC musoles were incubated with 5 mM 3—0-[mothyl—14C]-
methylplucose and 12 mM glucose to measure glucose uptake or with 12
mM DV[H‘xHngucoso to measure glycolysis as described in the text.
Acetoacetate (AchAc) (1 or 4 mM) or DL-B-hydrogybutyrate (HB) (1 or 4
mM) was added to the incubation media of the treatment muscles as
indicated, The results are given as mean * S.E.M. for 6 observations
per treatment and statistically analyzed by the paired t-test.
Tres twment means marked with *%% (P<0.001) are different from the

control means obtained from the contralateral muscles.

Addit fons o Uptake of Rate of Pyruvate
incubat fon 3-0-[methyl- glvcolysis .
med i “Clmethyl - Intracellular Release

g lucose Concentration

(dpm/mg, (nmol giucose/ (nmol/mg (nmol/mg

tissue/?h)  mg tissue/2h) tissue) tissue/2h)
None LR 02,04 23.80%0.72 0.28+0.05 5.67+0.48
I mM AcAc 108.9x2.3  17.3830.68%%% 0.16%0.02%%% 3.0110,23%%%
Noue 1134433 23.0240.92 0.310.03 5.4920.27
AomMoAaces F11.6451.5  13.68+0,80%*% 0.12+0.01%%% 1 9520, 16%%>
None 108 143 .4 22.12+0.88 0.25+0.07 5.206:0.23
IomM HB 109.642.8  19.40+0.68%% 0.1920.02%%x 4. 0740 25%%%
None 110.8%1.9  23.36+1.10 0.28%0.02 5.251 .34
4w 1B 114.212.8 15,4020, 32%%* 0.14%0.01%%*% 2.5580 32%%*
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Table 3.5. The effect of ketone bodies on alanine oxidation in EDC
muscles from 24-h fasted chicks.
EDC muscles from fasted chicks were incubated with 1.0 mM

L- [U-1%¢)

alanine for 2 h as described in the text. Glucose (12 mM)

was present in the incubation mediam. Acctoncotate (Acac) (U oor g m
¢y DL-R-hydroxybutyrate (HB) (1l or 4 uwM) wa. added to the incubation
media of the treatment muscles as indicated. The vesults are piven as
mean * S.E.M. for 6 observations ner treatment and statistically
analyzed by the paired t-test. Treatment m-ans marked with % (P20, 01)

and **%* (P<0.001) are difterent from the control means obtaincd from

the contralateral nuscles.

Additions to Specific activity Alanine
incubation of intracellular oxidation
medium alanine

(d.p.m./nmol) (nmot /ing, tissue/?h)
None 59.543.8 1.3540.20
1 mM AcAc 68. 712 5%% 0.8610, 12%x%
Yone 55.443 .1 1.22L0.¢
4 mM AcAc 69.042 . 5%% 0.6310 .0 /%4
None 61.1+6.0 1.2810.16
1 mM H3 63.9%5.5 0.8810 0%k«
None 63.2%4 .1 1.2610.13

/

4 mM HB 75.3+3, 8= 0.59+0 O6xkx
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1V. Glutamine Mctabolism In Skeletal Husclcl

A. Introduction

Clutamine  is the most  abundant  free  amine  acid in plasma and
skeletal  muscle, and  is  a  key precursor for syuthesis of compounds
such  as  proteinsg, ATP, nucleotides and NAD [1,2]. 1t is a major
carrier of nitrogen for interorgan transport and for detoxification of
ammonia and  plays an  important role in acid/base balance [2]. These
diverse roles of  pglutamine have prompted extensive studies of its
meiabolism in a varicty of mammalian tissues and cells [2-3]. Studies
duriay the last ten years have shown that glutamine is not only
extensively oxidised in the kidney [4], small intestine [5],
reticulocytes [6], certain tumor cells [3], macrophages (7],
lymphoceytes  [8] and  cultured cell 1lines [9], but also is a maj
sovice of energy for these tissues and cells [3-9].

Gl itamine degradation can be initiated by either glutaminase or
piviamine cainotrvansferase [1]. (Fig. 4.1). The phosphate-activated
plutaminase appears to be exclusively located within the mitochondria
[3] and 1is known to play a major role in initiating glutamine
metabolism  in mammalian kidneys [4], small intesctine [5], brain [10],
liver [11], tumor cells {3] and lymphocytes [8]. A phosphate-
independent, but maleate-activated glutaminase has been described in
rat kidneys, brain, liver 12] and small intestine [13], but does not
appear to be related to glutamine oxidation in these

A version of this chapter has been submitted for publication.
Wu, G., Thompson, J.R. and Baracos, V.E.
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rissues [3-5,11,13]. On the other hand, glutamine aminot ransferase K
mnd L, which are distinguished on the basis of their relative
activities towards phenylpvruvate and L-albizziin, have also been
cuppested  to play  an dmpovtant  vele in plutan tne  metabolism in
mammpalian tissues such as the kidneys and the liver [1,14].

It is penerally considered that the kidneys and intestine are the
major sites for plutamine utilization while the brain and
particularly skeletal muscle are the major sites for glutamine
synthesis in the body [1-5]. Since skeletal miccle is the major
source of glutamine in postabsorptive states [15], much effort has
been directed towards studies of glutamine synthesis in this tissue
[16]. On the other hand, glutamine oxidation in skeletal muscle is
believed to be quantitatively unimportant , 5 70] on the basis of
early observations that glutaminase activity wa. negligible or absent
in rat sk 'etal muscle [19-20]. Thus, little attention has becn paid

to glutamine oxidation in this tissue. However, glutanine degradation

can be initiated by glutamine am.no.o-ansferase kooand Lo form
a-ketrzlutaramate, which is then hydrolysed to
a-ketoglutarate by  w-amidasc 1] (Fig. 4.1). Both glutamine

aminotransferases K and L and w-amidasc 2ve widely distributed in
rat tissues including skeletal muscle [14,21,22]. Thus, such a view
that glutamine oxidation in skeletal muscle is negligible [16-20] is
open to recoasideration. Tn addition, therz 1is no information
concerning glutamitie degradation. glutaminase or glutamine
aminotransferase 1ia avia: skeleral mscle. The present study wos
“cee Greiiarl  te ivo tigave giutamine oxidation in skelet:l

PRVFOEAS ..fng the doircstic chicken and the laboratory rat as



experiment al oafmals,

ddaterials and Methods.
~als

u-[l»]“ulleucinu was obtaincd from ICN Radiochemicals,

atreal, Quebcc. L—[l—laC]glutamic acid and L—[U—lAC]glutamine
vere obtained from American Radiolabeled Chemicals Inc., St. Louis.
The radiochemical purity of these compounds was determined to be
greater than 994 by doscending paper chromatography [23].
L-Albizziin, B-phenylpyruvate, a-keto-y-methiolbutyrate
and other chemicals were obtained from Sigma Chemicals Co., St.
Louis, U.S.A.

L-[l-lac]glutamine was prepared from L—[l—lAC}glutamic acid
essentially &5 previously described [24], except that the glutamic
acid concentration in the reaction mixtures was 0.45 mM and that the
source of glutamine synthetase was chick pectoralis muscle cytosol
obtafied by centrifugation of muscle homogenates (1 g muscle in 4 ml
0.9% Nacl) at 15060 X g, 4% for 10 min. Aalmost all

L—[l—lAC]glutamic acid was cranverted to L—{l-la

Clglutamine, which
was separated from its labelled precursor by Dowex anion exchange
chromatography [25]. The radiochemical purity of L-[l-lac]glutamine
was determined to  be 98.7¢%¢ by paper chromatography [23].

1[‘C-g_l.utamine and 14¢_ Jeucine were purified imumediately before

use as ‘reviously described [25].
Animals
Nine-day-old male broiler chicks (tallus do.. .7icus) of the

Hubbard strain (115-130 g) and young female Sprague vawley rats of
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the Buffalo strain (60-80 p) were used. Anlmals were oftered feed el
water ad libitum. Chicks weve fed a broiler starvter ration
containing, 23% crude protein.  Rats were  fted  laborvatovy  chow
(Continental Grain Co., chicapo) containing Phcrude pratedn

Skeletal muscle preparations and incubation.

Chick extensor digitorum communis (EDC) and pectoralis muscles
(23], and rat extensor digitorum longus (EDL), soleus,
quarter-diaphragm and gastrocncmius muscles [206] were dissected, R
quarter-diaphragn, EDL, soleus, and chick EDC  muscles  were
preincubated for 30 min in 3.5 ml Krebs-Ringer bicarbonate buflter
saturated with 02/C02 (95%:5%) [23] and then transferred to fresh
medium of similar composition and incubated for 2 h at 177, The
media for rat muscles also contained ivrsulin (0. unit/ml), 7wl
HEPES (pH 7.4), 5 mM glucose and amino acids at concentrations found
in 1at plasma (Appendix 1). The media for chick muscles also
contained insulin (0.0l unit/ml), 7 mM HEPES, 12 mmM glucose and amino
acids at concentrations found in chick plaswa [23] (Appendix 1),
unless otherwise specified in the Tables.

Measurement of glutamine and leucine degradation

Fnv measurement of glutamine oxidation, L-il—laﬁlglutaminv or
L-[U;"L‘C]glutamine (150 dp.s/pl) was included irn  the incubat fon
m-dia containing glu.amine at conceuntrations & indicated fn the
Tables. At th= end of tke 2-h final i.-ubation, muscles were placed
in 0.75 ml 1.5 M HCLO,. 1aCO? was collected from the incubation
medium in Hyamine hydroxide [23]. Calculations of €O, product ion
from glutamine oxidation were based on the specific radiosctivity of

14C-glutamine (dpm/nmol labelled <€) in the medium cr in  the



79

intracellular space as indicated in the Tables. The intracellular
specific radioactivity of 140-glutamine was measured as previously
described [27]

To compare the rate of oxidative decarboxylation of glutamine
with that of leucine, which is known to be extensively transaminated
and oxidatively decarboxylated in skeletal muscle [16,28], we
measured the production of 14002 from 0.5 mM L-[l-lac]leucine
and 1.0 mM L—[l-lac]glutamine in rat and chick skeletal muscles as
described previously {29]. These concentrations are similar to in
vivo plasma concentrations (mM) of leucine, which are 0.27 + 0.01 and
0.26 * 0.01 (n=10) for chicks and rats, respectively, and of
glutamine, which are 1.10 + 0.08 and 0.71 + 0.04 (n=10) for chicks
and rats, respectively.

Preparation of skeletal muscle mitochondrial and cytosolic
fractions

Isolation of skeletal muscle mitochondria was carried out as
described by Lee and Martens [30], except that Nagarse and bovine
serium albumin were not used. The supernatant from the 14000 X g
centrifugation was used as the cytosol fraction. The mitochondriai
pellet (3.7-4.5 mg protein) from one gram of muscle was suspended 1in
2.0 ml 0.25 M sucrose. The mitochondrial protein content was
deitzrmined by the Bradford method [31].

Assay of phosphate-activated and maleate-activated glutaminase.

Glutaminase activity in the mitochondrial or cytosolic fractions
(0.1 ml) was  determined by measuring the conversion of
14C-glutamine to 14C-glutamate in the presence of an inhibitor of

glutamate oxidation as described previously [32]. Blanks with
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denatured mitochondrial or cytosolic proteins and other reaction
components were run in each assay. The  mitochondrial
phosphate-activated glutaminase reaction was linear during the 60 min
incubation  period. The phosphate-independent, maleate-activated
glutaminase activity was measured as described above, except that 20
mM maleate was included in the assay mixture without addition of
phosphate [33].
Assay of glutamine aminotransferase X and L

Glutamine aminotransferase X and L activities were measured as
described by Cooper and Meister [14], except that the products of
transamination, phenylalanine (glutamine aminotransferase K) or
methionine (glutamine aminotransferase L), were quantified by HPLC
[23]. Blanks containing denatured mitochondrial or cytosolic proteins
plus all other reaction components were run in each assay. Methionine
and phenylalanine were mnot dstected in the blanks of mitochondrial
preparations while they were detected in negligible amounts in the
blanks of cytosolic preparations. The glutamine aminotransferase K
and L reactions were shown to be linear during the 60 min - .cubaticn
period.
Statistical analysis

Results, given as means + SEM, were statistically analysed by the

paired t-test or analysis of variance [34], as stated in the Tables.

C. Results
Oxidation of glutamine and leucine in rat and chick skeletal muscle
Isolated skeletal muscles from both rats and chicks extensively

decarboxylated 1.0 mM [1-14C]glutamine (Table 4.1). The highest
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rate of glutamine oxidative decarboxylation occurred in chick EDC
muscles, followed by’ rat EDL, diaphragm and soleus muscles (Table
4.1). It is interesting to note the relatively high rate of glutamine
oxidative decarboxylation in rat diaphragm despite the relatively low
intracellular glutamine concentration (Table 4.1).

L. ucine, when added at 0.5 mM to the incubation medium, was
extensively decarboxylated in skeletal muscles from both rats and
chicks (Tab.ie 4.1). The rate of oxidative decarboxylation of
physiological concentrations (1.0 mM) of glutamine was much higher
(P<0.01) than that of 0.5 mM leucine in all muscles studied. (Table
4.1).

As the concentration of glutamine in the incubation media was
increased from 0.5 mM  to 10.0 mM, intracellular ~lutamine
concentrations increased in rat diaphragm and chick EDC muscle (Table
4.2). The rate of oxidative decarboxylation of L-[l-laC]glutamine
was also increased with increasing intramuscular glutamine
concentration (Table 4.2). The ratio of co, produced from glutamine
carbons 1-5 to that from glutamine carbon 1 alone ranged from 2.41 %
0.16 to 2.52 + 0,08 (Table 4.3).

Activity of the mitochondrial and cytosolic glutaminase

There was 0o detectable cytosolic glutaminase activity in any of
'~ muscles studied in the presence or absence of phosphate. In the
absence of phosphate, mitochondrial phosphate-activated glutaminase
activity was not detected in rat skeletal muscle while trace amounts
of activity were detected in chick muscle (Table 4.4). In the
presence of 150 mM phosphate, high phosphate-activated glutaminase

activity was found in chick skeletal muscle mitochondria while lower
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(P<0.01) activity was measured in rat muscle mitochondria (Table
4.4). The mitochondrial phosphate-activated glutaminase activity may
be wunderestimated for two reasons. (1) The recovery of mitochondria
from skeletal muscles was 1less than 100% [30]. (2) Since the
mitochondria were intact, glutamine transport into the mitochondria
may have been limiting. The phosphate-independent, maleate activated
glutaminase activity was not detected in rat skeletal muscle, while
trace amounts of activity (0.12-0.13 nmol Glu/h/mg tissue) were found
in chick muscle mitochondria incubated in the presence of 10 mM
glutamine. The mitochondrial phosphate-activated glutaminase activity
was increased with increasing glutamine concentration in all muscles
studied (Fig. 4.2). The apparent Km values for glutamine were about
8.5-10 mM for rat and chick muscles as determined from Fig. 4.2,
Glutamine aminotransferase K activity

Glutamine aminotransferase K activity was higher (P<0.01) in the
rat than in the chick skeletal muscle mitochondria and cytosol (Table
4.5). The activity of this enzyme was at least an order of magnitude
greater in rat skeletal muscle cytosol than in all other samples
(Table 4.5). At a constant concentration of 10 mM glutamine, the
cytosolic  glutamine aminotransferase K activity in all muscles
studied did not significantly (P>0.05) change as phenylpyruvate
concentration was increased from 25 puM to 100 uM (Table 4.5).
The apparent Km value for phenylpyruvate was probably less than 25
uM (Table 4.5).

At a constant concentration of 50 pM phenylpyruvate, the
cytosolic  glutamine aminotransferase K activity in all muscles

studied increased (P<0.05) slightly as glutamine concentration was
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increased from 1.0 mM to 50 mM (Table 4.6). The ~pparent Km value for
glutamine was probably less than 1.0 mM (Table 4.6). Similar results
were also obtained for mitochondrial glutamine aminotransfevase K
activities in rat and chick skeletal muscles (Appendix 5).

Glutamine aminotransferase L activity

The distribution of glutamine aminotransferase L activity in rat
and chick skeletal muscles (Table 4.7) followed a similar pattern to
glutamine amiprotransferase k. At a constant concentration of 10 mM
L-albizziin, the cytosolic glutamine aminotransferasc¢ L activity in
all muscles studied significantly (P<0.01) increased as
a-keto-y-methiolbutyrate concentration was increased Yrom 10
#M to 50 uM (Table 4.7). The Km value of the cytosclic enzyme
for a-keto-y-methiolbutyrate was about 10 M (Table 4.7).
However, the mitochondrial glutamine aminotransferase L activity did
not significantly change (P>0.05) with increasing concentrations of
a-keto-y-methiolbutyrate (Table 4.7).

At a constant concentration of 50 uM a-keto-y-
methiolbutyrate, the cytosolic glutamine aminotransferasee 1. activity
in all rat and chick muscles studied only slightly increased (P<0.05)
as L-albizziin concentration was increased from 1.0 mM to 50 mM. The
Km value for L-albizziin was probably less than 1.0 mM (Table 4.6).
Similar results were also obtained for the mitochondrial glutamine

aminotransferase L activities (Appendix 5).

D. Discussion
Glutamine degradation in rat and chick skeletal muscle

It is generally believed that only six amino acids are
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significantly degraded in skeletal muscle, alanine, glutamate,
aspartate, leucine, isvleucine and valine [16). However, the present
study clearly demonstrates, for the first time, that glutamine is
also extensively degraded in skeletal muscles from vats and chicks
when present at physiological concentrations (Table 6.1). Indeed, the
rate of oxidative decarboxylation of glutamine in rat and chick
skeletal muscle 1is much greater than that of leucine (Table 6.1),
which 1s extensively decarboxylated in this tissue {28]. These
findings thus <challenge the traditional view that oxidation of
glutamine in skeletal muscle 1is negligible ([16-20] based on
observations of mnegligible glutaminase activity in rat skeletal
muscle [19-20].

The degradation of glutamine in skeletal muscle is not complete.
The ratio of €O, produced from glutamine carbons 1-5 to Co,
produced from glutamine carbon 1 alone ranged from 2.41 to 2.62
(Table 4.3), and did not approach the theoretical maximum value of 5
indicating complete oxidation of the glutamine carbon skeleton.
Incomplete degradation of glutamine has also been reported in
macrophages [7], lvmphocyes [8] and cultured cell lines [9]. The
complete metabolic fate of glutamine carbons 2-5 cannot be determined
from the present study and merits further investigation,
The role of mitochondrial phosphate-activated glutaminase in
glutamine degradation in chick skeletal muscle

The pPresence of high mitochondrial phosphate-activated
glutaminase activity in chick skeletal muscle has not been previously
reported. Both the rate of glu.:amine degradation (Table 4.2) and the

mitochondrial glutaminase activity (Fig. 4.2) were increased with
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increasing glutamine concentration. Glutaminase activity alone (Table
4.4) (Fig. 4.2) can fully account for the provistfon of plutamate for
subsequent oxldat’ on (Tables 4.1 and 4.7y Stonce platamine
aminotransferase Ko oand [, activivies are vesy Jow o oo ok shederal
muscle (Tables 5-7), our results supgest  that  the mitochondrial

phosphate-activated glutaminase may pl:. the major role in Inftlating

glutamine degradation in this tissue. The ply te  formed from
glutamine may be transaminated with ketoacids by plutanate
aminotransferase in skeletal muscle to form a-ketoplutarate,

which is then oxidised via the Krebs cyele.
The role of cytosolic glutamine aminotransferases K and [ in
glutamine oxidation in rat skeletal muscle

In contrast to chick skeletal muscle, the relatively low
mitochondiial glutaminase activity in rat skeletal muscle (Table 4 4)
(Fig. 4.2) cannot fully account for the rate of plutamine oxidat fve
decarboxylation in rat muscles (Tables 4.1 and 4,72). onr values for

glutaminase activity are similar to those of Ardawd

P39 who reported
that the phosphate-activated glutaminase activity  in vat Lhind!tml
skeletal muscle was 0.5-0.8 nmol Glu/h/mp tissue. Thus, the eytenalfc

glutamine aminotransferases ¥ and L appear to play a major 1ole fn

initiating plutamine degradation in  this  tisaue (Tables % 73
Transamination of glutamine with ¢ ctoacids is driven by
deamidation of the a-ketoplutaramate prooredic e to
a-ketoglutarate catalysed by w-amjdane Plo1a, 2720 (Fig a1

Relatively high w-amidase activity has been found in rat akeletal
muscle [21,22}. The a-ketoglutarate produced {5 then oxtdiaed via

the Krebs cycle. In view of the large proportion (40 4%&) of the hody
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accounted for by skeletal muscle, our results suppest that this
tissuse may be an important site {or plutamine transamine*ion in the
rat. Since the Kw of glutamine aminotransferase K and L for glutamine
in skeletal nmuscle was  less than 1.0 mM (Table 6), which is much
lower than intracellular glutamine concentrations in skelctal muscle
(fable 4.1), it is possible that glutamine aminotransferases catalyze
a flux-g+ rating reaction [36] in the oxidation of glutamine in rat
skeletal muscle.

Recently, Cooper and Meister [14] reported glutamine

-rase K and L activities in rat skeletal muscle (1.5-1.7/

mmol/n/mg tissue), which were much lower than our values (Tables 4.5
and 4.6). This difference may be due to the different technigues used
to rmw~,asure the enzyme activity. Glutamine transamination was measured
by gquantifying its products by HPLC in the prescnt study, which is
much easier and more sensitive than monitoring small changes in the
concentration of 1its substrates (0.4 mM phenylpyruvate or 40 mM
L-albizziin) by the method of Cooper and Meister [l4]. As pointed out
by Allison and Purich [37}, determination of product formation,
rather than substrate depletion, provides the most sensitivity and
accuracy in measuring enzyme activity.
Relationship between muscle fiber type and glutaminase activity

The activity of mitochondrial phosphate-activated glutaminase
appears to be related to skeletal muscle fiber type. For example,
chick pectoralis muscle, which contains a greater proportion of
fast-twitch glycolytic fibers than chick EDC muscles, 99% vs 63%
[38,39], haz much higher glutaminase activity than the latter (Table

4.4) (Fig. 4.2). Similarly, in the rat, the EDL muscle, which has a



greater  propor tion  of  fast-twliteh plycolytic fibers thaa the soleus
muscle,  79% va 0% [40], has muach higher glutaminase activizy than the
soleus  muscle (Table 4.4) (Flp. 4. 20, These tindings suppest that the
amormt ot elotaming e soetivity In sbeletal meracio bow vl ated te e
muscle fiber type.
Physiological significance of plutamine oxidation {n  skeletal
muscle

Glutamine is a pon ossentlal amino  acld and T4 aleo the most
abundant free amino acid in skeletal wmuscle [16,18] The depradation
of the velatively large amount  of  plutamine mwav  provide g
considerable amount of e¢nergy for skeletal wmuscle metabolism  In
addition, the glutamine carbon skelceton may contribute to Frebs cyele
intermediates such as oxaloacetate, which may facilftate ovidation of
acetyl-CoA produced from fatty acids and ketone bodies fn skeletal
muscle. This point {s substantiated by our findings that gloatamine
oxidation In chick skeletal muscle s markedly  increased {n the
presence of elevated concentrations of ketone bhodles (Chapter /)
Moreove~, the degradation of glutamine mavy result fn the product fon
of <considerable amounts of ammonia {n skeletal muscle (Fip a4 13 A
a result, the wview that the purine nucleotide cyvele o the only
significant source of ammonia released  from  wkeletal  muscle
particularly during exercise [16,19] may be subject to further
evaluation. In short, degradation of plutamine may provide cnerpsy.
Krebs cycle intermediates and produre ammonia §n <beletal manele

The ATP-requiring synthesis of  glutamine from  platamare by
glutamine synthetase 1Y and  the  hivdrolvatys of  platamine o

glutamate by glutaminase mav permit the operation of o “fatile v le”
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In skeletal wmusele, e, a plutamine-pglatamate cycle. This cycle may

be an fmportant substrate cyele in amino acid metabolism in skeletoi

moscle.  As polinted out by Newsivime [42]1, a substrate cycle operates
to improve the sens tivity of  wmetibolic control. Thas, this
plutamine glutamate CyCLe GOt e fmpot Land in tepulating

intramuscular concentrations of glutamine which have recently been
shown to be positively related to the rate of protein synthesis in
rat skeletal muscle under normal and catabolic conditions [18.43].
This cycle may also help to exploin the dramatic decreases in
intramuscular glutamine concentrations observed under a variety of
physiological and pathological conditions such as exercise [44],
starvation, infection and injury [18,45]. It seems of importance to
examine in detail the kinetics and regulation of glutamine metabolism
in skeletal muscle, in view of 1its high rate of oxidation as
demoustrated here.

In conclusion, glutamine 1is degraded 1in skeletal muscles from
both rats and chicks. However, there are striking species differences
in the pathways of conversion of glutamine to a-ketoglutarate. It
appears that the cytosolic glutamine aminotransferases K and L in rat
skeletal muscle ~nd mitochondrial phosphate-activated glutaminase in
chick skeletal muscle play major roles in initiating glutamine
degradation. Glutamine degradation in skeletal muscle may be cf
physiological significance in providing energy znd Kreb cycle

intermediates and regulating intramuscular glutamine ccucentritions.
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diaphram and chick EDC muscle
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Table 4.4. Mitochondrial phesphate-activated

glutaminase activity in rat and chick

skeletal muscle.
Phosphate-activated glutaminase activity was assayed in
the presence of 10 mM glutamine and in the presence or
absence of 150 mM phosphate as described in the text.
Means within a column followed by different superscripts
are significantly different (P<0.01) as determined by

analysis of variance. ND: not detectable. n=8.

Muscle Phosphate-activated
glutaminase
(nmol glutamate produced/
h/ mg tissue)
-Phosphate +Phosphate

Rat
EDL ND 2.25+0.132
Gastrocnemius ND 0.8710.04b
Diaphragm ND 0.63%0.03¢
Soleus ND 0.34+0.06¢
Chick

Pectoralis 0.17#0.02  15.75+0.18%
EDC 0.15%0.01 8.24+0.18%

92



Table 4.5. Glutamine aminotransferase K activity in rat and chick s;keletal

mucles,

Glutamine aminotransferase K activity was assayed in the presence of 10 mM

glutamine and 10-100 N phenylpyruvate as described in the text. Means

within a tissue fraction followed by different superscripts are significantly

different (P<0.0l1) as detemmined by analysis of variance. The activity of this

enzyme in rat muscles is higher (P<0.01) than that in chick muscles. The

activity of this enzyme in rat diaphragm is higher (P<0.05) than that in the

other rat muscles, n=3.

Muscle Mitochondria Cytosol
Phenylpyruvate Phenylpyruvate
concentratior. concentration

(M) (uM)
10 25 50 100 10 25 50 100

{nmol Phe produced/h/mg tissue)

Rat
EDL 0.122 0.18%  0.26° 0.31° 5.74% 14.24° 14.26° 14 .52P
#0.01 40.01 0.02 £0.02 0.08  +0.10 +0.13  %0.28
Soleus 0.13% 0.18° 0.27° 0.33° s5.56° 12.99° 13.32" 1a.57°

£0.01 £0.02 0.03 20.01 #0.10  +0.18 =20.1? 20.08

Gastrocnemius 0.13% 0.20° 0.30° 0.34° 5.34% 12.45° ,3.45° 13.21°
£0.01 %0.02 £0.03 %0.01 0.11  £0.43 0.17 #0.10

Diaphragm 0.18% 0.26° 0.34° 0.40° 6.87° 16.81° 17.32° 17.67°
£0.02 %0.02 £0.02 %0.03 +0.07  20.05 +0.09 +0.24

Chick
EDC 0.06% 0.08° 0.08° 0.14° 0.34® 0.40° o0.46° o0.52°
£0.01 *0.01 #0.01 %0.01 +0.01  %0.02 £0.02 0.03
Pectoralis 0.06° 0.08° 0.00® 0.13° 0.26® 0.37° 0.42° 0.46"

+0.01 £0.01 $0.01 =+0.0% 0,02 +0.03 $0.02  $0.04
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Table 4.6. The activities of cytosolic glutamine aminotransferases K and

L in rat and chick skeletal muscles.

Cytosolic glutamine aminotransferase K activity was assayed in the presence

of 1-50 mM glut -uine and 50 M phenylpyruvate as desribed in th2 text.

Cytosolic glutamine aminotransferase L ac: ivity was assayed in the presence

of 1-50 mM L-albizziin and 50 UM Q-keto-7y-~methiolbutyrate as

described in the text. Means within a row fo’ :d by different

superscripts are significantly different (P<0.05) as determined by analysis

of variance. n=3.

Muscle Glutamine aminotransferase K Glutamine aminotransferase L
(nmol Phe/h/mg tissue) (nmol Met/h/mg tissue)
Glutamine concentrations (mM) L-albizziin concentration (mM)
1.0 2.5 10 50 1.0 2.5 10 50
Rat
EDL 10.01% 12.56° 14.61° 15.33° 5.27° 6.86° 6.65° 6.89°
+0.24  +0.38  £0.24  20.21 $0.04 #0.12 £0.13 #0.07
Soleus 9.42% 11.55° 13.63° 13.865°  6.05° 7.45° 7.45° 7.28°
£0.07 £0.29 20.12  £0.09 +0.08 £0.26 +0.08 =0.12
Gastrocnemius  9.21% 11.76° 13.40° 13.76°  5.15° 6.67° 6.98° 6.86°
£0.08 £0.06 20.11  =0.12 $0.12 *0.08 £0.10 =0.14
Diaphragm 12.71% 15,71 17.33° 17.38°  7.56° 8.63° 9.20° 9.96°
£0.32  $0.72 £0.03  +0.39 £0.23 0.24 0.22 20.18 ¢
Chick
EDC 0.35° 0.44° 0.51° 0.48®  0.32% 0.41° 0.43° 0.44°

+0.02 +0.02 +0.04 +0.03 +0.04 =x0.01 =*0.06 =0.06

Pectoralis 0.298 0.38b 0.1;3b 0.41b O.ZSa 0.3!’5b 0.35b 0.37b

+0.02 +0.03 +0.02 +0.04 +0.03 £0.03 +0.03 =0.05




Table 4.7, Glutamine aminotransferase L activity in rat and chick skeletal
muscles.

Glutamine aminotransferase L activity was assayed in the presence of 10 mM

L-albizziin and 10-100 UM -keto-7y-methiolbutyrate as described in

the text., Means within a tissue traction followed by different superscripts

are significantly different (P<0,01) as detemmined by analysis of variance.

The activity of glutamine aminotransferase L in rat muscles is higher (P<0.01)

than in chick muscles and its activity in rat diaphragm is higher (P<0.05)

than in the other rat muscles. n=3.

Muscle Mitochondria Cytosol
Qa-keto-7yY-methiolbutyrate a-keto-y-methiolbutyrate
concentration concentration
(M) uM)
10 25 50 - 100 10 25 50 100

(nmol Met produced/h/mg tissue)

Rat
EDL 0.08 0.07 0.08 0.08 1.68° 3.18® 6.41° 6.51°
+0.01 £0.01 $0.01 $0.01 #0.11 0.18  £0.56 =0.42
Soleus 0.08  0.08 0.09 0.10 1.63%  2.97° 7.66° 7.71°
£0.01 $0.01 $0.01 $0.01 +0.06 20.07  20.07 +0.08
a b [ c
Gastrocnemius 0.08 0.08 0.09 0.08 1.59 3.33 6.98 7.05
£0.01  #0.01 20.01 $0.01 0,12 20.27  +0.21  %0.32
Diaphragm 0.10 0.11  0.12 o0.11  2.06° 4.54°  8.43° 8.96°
£0.02 £0.02 $0.01 $0.01 0,13 $0.06  20.13  20.24
Chick
EDC 0.05 0.05 0.06 0.05 0.18° 0.31° 0.43° o0.56°
£0.01  #0.01 $0.01 #0.01 $0.01 0.01 £0.02 20.02
Pectoralis  0.05 0.06 0.05 0.06 0.16" 0.25° 0.35° 0.46°

" +0.01 +0.01 +0.01 20.01 $0.01 £0.02 20.01 £0.01




Glutamine
(/ (1)\»&13
a-ketoglutaramaté Glutaigte
(3 (4) (5

NH3 \ NH3

a-ketoglutarate

Fig. 4.1. Initiation of glutamine degradation in animal tissues.

(1) Glutaminase, (2) Glutamine aminotransferase K and L,
(3) w-amidace, (4) Glutamate aminotransferases,
(5) Glutamate dehydrogenase.
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Fig. 4.2. Effect of glutamine concentrations on mitochondrial
phosphate-activated glutaminase activity in rat and chick
skeletal muscle.

Mitochondrial phosphate-activated glutaminase activity was measured
in the presence of 150 mM phosphate and 2.5-50 mM glutamine as
described in the text. Data represent mean * SEM, n=3. The SEM values
smaller than the legend size are not shown. XChick pe-*oralis,
oChick EDC, wagRat EDL, AaRat gastrocnemius, 4Rat diaparagnm,

oRat soleus.
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V. Is Mcthionine Transaminated In Skeletad Hlu:(:lc?‘

A. Introduction

Skeletal muscle is generally considered not to degrade methionine
via the transsulphuration pathway due to the very low activity or
absence of the vrequired enzymes [1,2]. An alternative pathway has
oo pooposed  which  initially ipvolves mithioniise  trans.os: ~allon
[3-6]. This proposal is largely based on the detection of methionine
transamination in homogenates of skeletal muscle, liver and other
tissues [3-5] and in extracts of rat skeletal muscle [6]. Recently,

: 1Z4C

it has been reported that [U ‘Jmethionine 1is metabolized to

€0, and 14C-labelled Krebs cycle intermediates via a
transsulphuration-independent pathway in perfused rat hindquarter
preparations [6]. Based on studies with muscle homogenates, Benevenga
and his associates [4,5] have suggested that the skeletal musculature
might be the major site for methionine transamination in animals.
However, all of these studies were performed in the absence of amino
acids other than methionine [4-6] and at very high methionine
concentrations ranging from 10 mM [4,5) to 20 mM [6], which are about
100 to 200 times physiological plasma concentrations [7,8]. As a
result, the physiological significance of methionine transamination,
as sh'wn in skeletal muscle homogenates and extracts, remains unclear

[9]. The present study was therefore conducted to investigate

methionine transamination in intact skeletal muscles from chicks and

1. A version of this chapter has been published. Wu, G. and
Thompson, J.R. (1989) Biochem. J. 257, 281-284.
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rats in the absence or presence ot aminoe  aclds  at plasma

concent.rations.

B. Materials and Methods
Chemicals and animals

1.-11- ]‘/.(I] methionine was obtained  from  American Radic! iheled
Chemicals In~, 5L Louis, U.S§.A. Its radiochemical purity was
determined to be greater than 99% by descending paper chromatography
using n-butanol:acetic acid:H,0 (2:1:1) as the solvent. The source
of L-[l-lac]lcucine and all other chemicals wused was reported
previously [10].

Nine-day-old male broiler chicks (Hubbar( strain, Gallus
domesticus) and 2l-day-old weaned male Buffalo rats were provided
free access to food and water. Animals were anesthetized with
halothane before the muscles were removed.

Methionine transamination in skeletal muscle howogenates of rats and
chicks

Rat gastrocnemius (314 2/18.8 mg), diaphragm (122.948.4 mg),
extensor digitorum longus (EDL) (24.912.6 mg) and soleus (20.3+1.6
mg) muscles, and chick extensor digitorun communis (EDC) muscles
(26.420.3 mg) were homogenized in 0.25 M sucrose In ice [%] using a
Potter-Elvehjem glass tube fitted with a glass pestle. Briefly,
individual rat gastrocnemius muscles were homogenized in 2 ml 0.29 M
sucrose. The rat diaphragm, EDL and solcus muscles from seven rats
were pooled by muscle type and homogenized in 8 ml 0.7% M sucrose,
and each homogenate was distributed equally into 4 tubes. Two EDC

muscles from individual chicks were pooled and homopenized fn 7 ml
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0.25 M sucrose. The homogenates (2 ml) were incubated at 3 7°C for 2

h in a final vo lume of 5% ml in the presence of 10 mM
l,—['l—1/‘(,‘]m(‘.(_hi(min(' (11 dpw/amol) . 10 mM  pyravate, 1T wd ATP, 5 m
MgCl, and 10 nM phosphate butf v (pH  7.4) saturated with
0,:€0, (19:1) as described by Mitchell and  Benevenga [91. BCAA
were  absept  or present in the incubation media as indicated in Table
1. Incubation media without muscle homopenates were tut Lo cortect
for background radiocactivity values. Incubation was terminated by the
injection of 0.2 ml 1.5 M HCl0, into the media. l[‘COZ from
[1-1ac]methionine decarboxylation and from chemical decarboxylation
of [1-lac]oxomethionine by 30% H,0, was separately collected in
Hyamine hydroxide [10,11]. The net rate of methionine transamination
was calculated based on the medium specific radioactivity of
[1-1AC]meChiv*1ne (11j.
Methionine transamination in intact rat and chick skeletal muscles

The rat quarter-diaphragm, EDL and soleus muscles and the chick
extensor digitorum communis (EDC) muscles (19.5%0.6 mg) were
dissected and incubated in Krebs-Ringer bicarbonate buffer saturated
with 02:C02 (19:1) {10,12,13]. The buffer also contained either
0.01 U/ml insulin, 2 mM Hepes, 12 mM glucose and 0.2 mM methionine
(medium A) or 0.1 U/ml insulin, 2 mM Hepes, 5 mM glucose and 0.5 mM
methionine (medium B). All muscles were preincubated for 30 min as
recommended by Goldberg et al. [14] in either medium A or medium B
and theu incubated for 2 h in fresh media containing
L-[l-laC]methionine (60 d.p.m./ul), with or without the addition of

BCAA or all amino  acids other than methionine at plasma

concentrations (Appendix 1). In all of these experiments, one muscle



wian  usced  for the control whil e the contralateral ansels wan vsed fog

the treatment Tncubat fon media withont mnselen were rvom ta coryect
for backprommd  radifoactivity  values, At the  end o the  {inal
incubation  period, muscles verse removed from the incubat fon media and
. . L. . L 14,. .
placed in I ml jec-cold 7% trichloroacet e acid. €O, trom
methionine decarboxylation  and  fyom  chemical  dicarhoxylation  of
[l-]leu’]()\'mmﬁ(himllnr by Lo, Houy  wan separately  coldlected n
Hyamine hydroxide {10,11]. The amount of ]',‘\I()‘) from chemical
decarboxylation of - M(I loxomethionine by 30% Hy()? averaged

2540 d.p.m. for chick EDC muscles incubated with 9.2 mM wethionine in
the absence of all other amino acids, accounting for approximately
1.2% of the added radioactivity and 24..7% of the total
[l-laC]methionin( taken wup by the muscle, The rate of methionine
degradation was calculated based on the specific radloactivity of
intracellular L-[l—14C]met}1ionine which was measured essentially as
described for that of L-[l-lAC]‘Leucim‘ [10] following correction
for the extracellular space [J0,12,13]). In a preliminary experiment,
the rate of methionine transamination was measured at 30 min
intervals during the incubation period 1in the p~esence of 0.5 mM
L-[I-U‘C]methionine (medium  A). Methionine transamina*. ion was
linear over the 2 h final incubation period (r-=0.998, P<0.001: n=~5).
Leucine transamination in inta.t rat and chick skeletal muscle

Intact rat and chick skeletal muscles were dissected and
incubated with 0.5 mM L-[l-laclleucine in the absence of other
amino acids (Medium B) as ‘escribed above. 1('CO?_ released

following transamination of L-[l-lac]leucinc was collected In

Hyamine hydroxide and the net leucine transamination rate was
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calculated based on the specific radioactivity of intracellular
L-[l-lhc}leucine [10,12,13]. Under these conditions, it was
previously demonstrated that the rate of leucine catabolism renmains
const:ent throughout the 2-h incubation perioed [15]. The amount of
14CO2 released following transamination of L-[l-l4C]1eucine by
chick EDC muscles and rat soleus muscles averaged 13600 d.p.m. and
6600 d.p.m., accounting for approximately 3.6% and 1.7% of the added
radioactivity and 82.4% and 77.6% of the total L—[l-laclleucine
taken up by muscles, respectively.
Statistical Analysis

The results, given as mean * SEM, were statistically analyzed by

the t-test as described by Steel and Torrie [16].

C. Results and Discussion

Methionine was found to be extensively transaminated in
homogenates of rat diaphragm, gastrocnemius, EDL and soleus muscles,
and of chick EDC muscles incubated in the presence of 10 mM
methionine in the absence of other amino acids (Table 5.1). These
results are consistent with those reported for rat gastrocnemius
muscle homogenates [5] and for rat skeletal muscle extracts [6,7].
The addition of BCAA markedly inhibited methionine transamination in
skeletal muscle  homogenates of rats and chicks (Table 5.1),
suggesting that BCAA transaminase catalyzes methionine
transamination.

In contrast to muscle homogenates, methionine transamination was
not detected in intact rat quarter-diaphragm, EDL and soleus muscles

incubated with 0.2 mM methionine in the presence or absence of plasma
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concentrations of other amino acids. Likewise, methionine
transamination was barely detected in intact rat quarter-diaphragms
incubat2d with 0.5 mM methionine in the absence of other amino acids
(Table 5.2) and was not detected in this tissue in the presence of
other amino acids or the branched-chain amino acids alone at plasma
concentrations. Similarly, methionine transamination was not detected
in 1intact rat EDL and soleus muscles incubated with 0.5 mM methionine
in the absence (Table 5.2) or presence of plasma concentrations of
other amino acids or the branched-chain aminc acids alone.

It is unlikely that our failure to detect methionine
transamination 1in intact rat skeletal mu :les is due to artifacts
involved in muscle incubation since 0.5 mM L-[l-lQC]leucine is
extensively transaminated in intact rat skeletal muscles incubated
under the same conditions used for methionine transamination studies
(Table 5.2). Thus, our results raise a serious question regarding the
physiological significance of methionine transamination as shown in
rat skeletal muscle homogenates and extracts in which 10 or 20 mM
methionine was the only amino acid provided [4,5].

This question also arises from our measurements of methionine
transamination in intact chick skeletal muscles incubated in the
absence or presence of other amino acids. As shown in Tables 5.2 and
5.3, methionine 1is extensively transaminated in intact chick EDC
muscles incubated with either 0.2 or 0.5 mM methionine in the absence
of other amino acids. However, methionine transamination is barely
detectable in chick muscles incubated in the presence of plasma

concentrations of other amino acids or BCAA alone (Table 5.3). In
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fact, the presence of plasma concentrations of BCAA 1is equally
effective in inhibiting methionine transamination as the presence of
all plasma amino acids. The inhibitory effect of BCAA may be
accounted for in part by a decrease in methionine uptake (Table 5.3)
and an inhibition of methionine transamir by BCAA (Tables 5.1
and 5.3).

It follows that there 1is a striking difference in methionine
transamination between intact rat and chick skeletal muscles
incubated in the absence of other amino acids. This species
difference may be due to a difference in the activity of the BCAA
transaminase for methionine between rats and chicks (Tables 5.1 and
5.2). Whatever the difference 1is, our results clearly demonstrate
that transamination of methionine 1is negligible in intact rat and
chick skeletal muscle in the precence of plasma concentrations of
methionine and other amino acids or the branched-chain amino acids
alone (Table 5.3). Recent studies in humans have alsc shown that
transamination of methionine in mormal subjects is quantitatively of

little importance even after methionine loading [17].
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Table 5.1. Methionine transamination in rat and chick skeletal
muscle homogenates
Rat and chick skeletal muscle homogenates were incubated with 10
mM L-[1—14C]methionine either in the absence of other amino
acids (Control) or in the presence of 5 mM each of leucine,
isoleucine plus valine (BCAA). Results, given as mean * SEM,
were statistically analyzed by the paired t-test for the rat
gastrocnemius muscles and by the nonpaired t-test for other rat
muscles ~nd chick muscles. Treatment means with * and ** are
significently different from control means at P<0.05 and

P<0.001, respectively. n=7 for gastrocnemius muscle, n=2 for

other ra- muscles and n=6 for chick EDC muscles. ND: not

detectable.
Muscle Methionine Oxomethionine Net methionine
decarboxylation production transamination
nmol/mg tissue/2 h)
Rat
Gastrocnemius
Control 0.013+0.001 0.77x0.04 0.78%£0.04
+BCAA 0.010£0.G01*% 0.2140.04%% 0.22%0.04%*%
Diaphragm
Control 0.06344+0.002 1.05%£0.03 1.091+0.03
+BCAA 0.024+0.002 0.35%0.04%* 0.3710.04%
EDL
Control 0.014%0.001 0.93%0.02 0.94%0.02
+BCAA 0.012+0.001 0.31+0.05% 0.321+0.05*
Soleus
Control 0.017+0.001 0.8710.04 0.894+0.05
+BCAA 0.014%0.C01 0.26130.03* 0.2740.03%
Chick
EDC
Control ND 1.7240.18 1.72%0.18

+BCAA ND 0.20+0.05%* 0.20X0 05**




110

Table 5.2. Transamination of methionine and leucine in intact rat
and chick skeletal muscles.

Intact rat and chick skeletal muscles were incubated with 0.5 mM

L~[1—14C]methionine (196 dpm/mmol) c¢r 0.5 mM L—[l-lac]leucine

(214 dpm/nmol) in the absence of other amino acids as described in

the text. Results are given as means * SEM for 6 observations per

treatment. ND: not detectable.

M:scle Methionine Leucine
Intracellular Transamination Intracellular Transamination
specific specific
radioactivity (nmol/mg radioactivity (nmol/mg
(dpm/nmol) tissue/2h) (dpm/nmol) tissue/2h)

Rat

Diaphragm 202.3%7.8 0.036%0.003 158.8%6.5 3.8740.28
EDL 193.619.5 ND 165.749.1 2.57%0.19
Soleus 200.2%8.5 ND 168.517.3 2.02+0.31

Chick

EDC 167.5%7.4 1.15+%0.08 153.1+6.4 4.55%0.43
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Table 5.3. Methionine transamination in intact chick EDC muscle,

Contralateral EDC muscles held at resting length were incubated in media cuutaining either 0.2
or 0.5 mM L-[l-14C]methionine in the absence of other amino acids (Control), or in the
presence of either leucine, isoleucine plus valine (BCAA) or all other amino acids (All AA) at
normal plasma concentrations. Results, given as means * SEM for 6 observations per treatment,
were statistically analysed by the paired t-test. Treatment means marked with ** are
significantly different (P<0.001) from contrel means obtained from the contralateral muscles.

ND: not detectable.

{Methionine) Addition Methionine Oxomethionine Net methionine Intracellular

decarboxy- wroduction transamination concentrations
lation Methionine BCAA
fnmol/mg tissue/2 h) (nmol/mg tissue)
0.2 oM Control  0.048+£0,003 0.37+0.04 0.4210.05 0.93x0.06 0.1920.02
+BCAA 0.028+0.003%* ND 0.02820.003%* 0,42+0,04%* 1, 209+0.06%*
Control  0.054%0.003 0.40+0.04 0.45+0.05 1.1320.08 0.21%0.02
+All AA  0.029£0.001%* ND 0.029+0.001%* 0.18t0.01%* 1, 1710.09%*
0.5 mM Control  0.052%0.CC5 0.99+0.04 1.04+0.04 1.5740.12 0.20+0.01
+BCAA 0.034+0.003%* ND 0.03410.003%* 0,71+0.06%* 1,35t0,12%*
Control  0.063+0.005 1.05%£0.05 1.1110.05 1.6410.15 0.2110.02

+A1l AA  0.025%+0.002** ND 0.025£0.002*%* 0.39+0.07%* 1, ,13+0,15**
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VI. The Effect Of Glutamine On Protein Turnover In Chick Skeletal

Muscle

A. Introduction

Glutamire 1is the most abundant free amino acid in human and animal
blood plasma and skeletal muscies [1,2]. It plays an important role
as a regulator of cellular metabolism, such as inhibition of
lipolysis [3], ketogenesis [3,4] and protein degradation [5], and
stimulation of both glycogenesis and lipogenesis [4] in the liver.
Glutamine has also been shown to inhibit intracellular protein
degradation in cultured rat skeletal muscle cells |[6]. Recently,
Rennie and his associates have shown that increased intracellular
glutamine concentrations increase the rate of protein synthesis in
perfused rat skeletal muscles [7]. These werkers also demonstrated by
a Loy dilution  technique that 1 mM glutamine inhibited
non-myofibrillar protein degradation in perfused rat skeletal muscles
[8]. A positive relationship between intracellular glutamine
concentration and the rate of protein synthesis has been reported in
skeletal muscles from fasted, injured, and endotoxin-treated rats in
vivo [9]. A role for glutamine in improving whole body nitrogen
balance during catabolic states has recently been demonstrated in
patients following major sugery [10].

Garlick and Grant [11], however, have recently reported that
intravenous infusion of glutamine has no effect on protein synthesis
in skeletal muscles from postabsorptive rats in vivo. This lack of an

effect [11] may not neccesarily negate a role for glutamine in
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regulating muscle protein synthesis in vivo, since a large amount of
infused glutamine is actively taken wup by postabscrptive rat
intestine where it is the preferred oxidative substrate [12] and thus
glutamine may not be directed to skeletal muscle at concentrations
sufficient > increase intramuscular glutamine concentrations. It is
unfortunate that intramuscular glutamine concentraticns were not
provided in the study of Garlick and Grant [11].

Preliminary studies from our laboratory have shown that 0.5-2.0 mM
glutamine increases tyrosine release from incubated chick skeletal
muscle [13], which has been widely interpreted to reflect the ne:
rate of protein degradation in rat skeletal muscles [eg. 14-17]. The
increased release of tyrosine in these conditions may not necessarily
indicate an increased rate of muscle protein degradation, but rather
may result from transamination of zlutamine with
hydroxy-phenylpyruvate catalysed by glutamine transaminases which are
widely distributed in animal tissues [18]. Also, the absence »f
tyrosine from the incubation medium [13] may limit muscle protein
synthesis, thereby making the interpretation of these results
somewhat ambiguous. The role of glutamine in regulating skeletal
muscle protein metabolism in avian species has not been reported in
the literature. This study was therefore designed to investigate
whether physiological concentrations of glutamine regulate protein
synthesis and degradation in chick skeletal muscle in the presence of
all amino acids. A new technique for estimating total protein
degradation in skeletal muscles incubated in the presence of all

amino acids was developed, in which the release of 3H-phenylalanine
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from prelabelled protein  was measured. Protein synthesis was

3

estimated by measuring the incorporation ~f “H-phenylalanine into

muscle protein,

B. Materials and Mcthods
Chemicals.

L-[2,6-3H]phenyla1anine and L-[U-lac]serine were obtained from
ICN Radiochemicals, Montreal, Que. Amino acids, D-glucose, bovine
insulin, p-hydroxyphenylnvruvate and all other chemicals were
obtained from Sigma Chemical Co., St. Louis, U.S.A.

Animals.

Day-old male broiler chicks were obtained from a local hatchery
and were provided free access to a broiler starter ration and water.
Extensor digitor'un communis (EDC) muscles (19.7 + 0.3 mg, n=20) were
rem: - when the chicks were 10-days old and 120-130 g in weight.
Muscle preparation and incubation.

Chicks were anaesthetized with halothane and the EDC muscles were
carefully dissected and inserted into stainless supports by means of
their tendons [19] to prevent contraction thereby improving nitrogen
balance and energy status of the tissue [20]. Muscles were
preincubated for 30 min, and then transferred to fresh media and
incubated for 2 h at 37°C in Krebs-Ringer bicarbonate buffer (pH
7.4) [19], with continuous gassing with 05:C0y (95%:5%)
throughout the incubation period. The buffer also contained insulin
(0.01 U/ml), 12 mM glucose, 2 mM Hepes, 1.0 mM phenylalanine and
plasma concentrations of other amino acids (Appendix 1) except

glutamine and tyrosine in some experiments. Glutamine was added to



the incubation media as indicated in the tables.
Measurement of intramuscular amino acids and protein synthesis.

Protein synthesis in EDC muscles was estimated by incubating the
muscles  in the presence of 1.0 mM L-[2,6-3H]phenyla1anine (0.64
mCi/mmol)  as  previously described {14,20]. At the end of the 2-h
incubation period, muscles were rinsed in nonradiocactive medium,
blotted and homogenized in 2 ml ice-cold 2% (w/v) trichloroacetic
acid. The rate of muscle protein synthesis was estimated as
previously described [14,20]. Intramuscular concentrations of amino
acids were measured by h.p.l.c [19], while tyrosine was measured by a
fluorometric method [21]. Intracellular concentrations of amino acids
were calculated following correction for the extracellular space
[22].

Measurement of protein degradation.

Individual nine-day-old chicks were injected with 0.45 ml
physiological saline containing 0.4 mM L-[2,6-3H]phenylalanine
(0.83 Ci/mmol) via the intraperitoneal route. Twenty four hours after
injection, the chicks were anaesthetized with halothane and the EDC
muscles were dissected, preincubated twice for 15 min in fresh media
and then transferred to fresh media and incubated for 2 h as
described above. At the end of the incubation, muscles were removed
and homogenized in 2 ml 2% (w/v) trichloroacetic acid. The
radioactivity in 3H-phenylalanine in the intramuscular free pool
and in the media was measured by liquid scintillation spectrometry
[22]. EDC muscle proteins were hydrolysed with 6 N HCl at 1109 for
24 h. The hydrolysates were evaporated to dryness and the residue was

dissolved in 10 ml water. One ml of the solution was counted for
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3H-rudloactivity while 0.2 ml was analyzed for pbenyalanine by
h.p.l.e. [19,2_ ). The rate of protein degradation was calculated by
dividing the amount of 3H-phenylalanine radioactivity released to
the incubation medium during the final 2-h incubation period by the
speciiiec radioactivity of protein-bound 3H~phnny1n1nniwv.

To measure the percentage of JI{-phenyl:llanine in protein-bound
radiocactivity, protein hydrolysate was run on silica gel thin layer
chromatography using phenol:water (75:25, w/w) as the solvent [23].
3H-phenylalanine and 3H-tyrosinc accounted for 96.3 + 0.2% and
2.2 + 0.3% (means * SEM, n=3), respeccively, of the total
protein-bound radioactivity.

Measurement of tyrosine release in muscles incubated in the absence
of tyrosine.

EDC muscles were incubated in the presence of all amino acids
except glutamine and tyrosine. Glutamine was added to incubation
media as shown in Table 6.5. Tyrosine released to the medium and
present in the tissue at the end of the 2-h incubation period was
measured [21] as an index of the net rate of protein degradation
[14-17].

Measurement of serine uptake by EDC muscies.

Serine wuptake was measured by incubating EDC muscles in 0.7 mM
L-[U-lac]serine (0.16 mCi/mmol) and plasma concentrations of all
amino acids except glutamine. Glutamine was added to the incubation
medium as shown in Table 3. At the end of the 2-h incubation period,
muscles were thoroughly rinsed with nonradioactive medium, blotted
and placed in 0.5 ml Soluene. Solubilised tissues were counted for

14C-radioactivity [22]. Since no 14C02 was  produced from
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v

L-[U- ! [‘(,. |serine In  chick EDC muscles (results not shown), the

14
10C

accumulation of s-serine  in the  Cissue  can be used to en:imate

uptake of serine. Intracellular L~[U-laC]surine radioactivity was
calculated following correction for 1“C—sorlno in the extracellular
space [22]. Uptake  of  servine was coloalated by dividing  the
intracellular L[‘C radioactivity by the specific radioactiviiy of

L-(u-14

Clserine in the incubation medium,
Mecasurement of glutamine-p-hydroxyphenylpyruvate transaminatior in
EDC muscle mitochondrial and cytosolic fractions

The isolation of chick EDC muscle mitochondria was carried out as
described by Lee and Martens [24]. The 14000 X g supernatant was used
as the cytosolic fraction. Glutamine-p-hydroxyphenylpyruvate
transamination in the mitochondrial and cytosolic fractions (0.1 ml)

was measured at 37O

C as described by Cooper and Meister [25],
except that the transamination product, tyrosine, rather than the
formation of a‘keto[lac]-glutaramate from 1[‘C—glutamine [25]
was measured by a fluorometric method [211.
Statistical analysis.

Results, given as means * §.E.M., vwere analyz <. by one-way

analysis of variance, paired t-test or simple correlation analysis

[26].

C. Results and Discussion
Effect of glutamine on intracellular amino acid concentrations and
serine uptake by m:scles.

Glutamine is the most abundant free amino acid in chick EDC

muscles incubated in the presence of plasma concentrations of amino
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acids (Table 6.1) as previously shown for mammalian skeletal muscle
[1]. The addiiion of 0.5 to 15 mM glutamine increased (P<0.01)
intracellular glutamine concentrations by 31 to 670% over that
measured in the absence of glutamine (Table 6.1). Intracellular
glutanine concentrations approached a plateau as medium glutamine
concentration increased above 10 mM. These results suggest that
glutamine is rapidly taken up and accumulated by chick skeletal
muscle as previously reported for rat skeletal muscle [7,27].
Glutamine (1-15 mM) increased (P<0.05) the intracellular
concentrations of glutamate, aspartate and asparagine (Table 6.1),
probaboly owing to formation of these amino acids from glutamine as we
have recently found that glutamine is extensively metabolised in
chick skeletal muscle (Chapter 4). On the other hand, the addition of
2-15 mM glutamine decreased (P<0.05) intracellular concentrations of
alanine and the non-metabolisable amino acids including serine,
glycine, threonine, arginine, tyrosine, methionine and lysine (Table
6.1), probably resulting from inhibition of their uptake by glutamine
[27] and/or from the effect of glutamine on protein turnover in this
tissue. In this regard, we found that 2-15 mM glutamine decreases
(P<0.05) the wuptake of serine by chick EDC muscles (Table 6.2), as
previously shown in perfused rat skeletal muscles by Hundal et al
[27]. However, inhibition of serine uptake (eg. 39% at 15 mM Gln) by
chick EDC muscles cannot fully account for the decrease in
intracellular concentration of serine (eg. 52% at 15 mM Gln) in the
presence of elevated concentrations of glutamine, suggesting that
glutamine may influence the rate of protein turnover in chick

skeletal muscle. The addition of 10-15 mM glutamine slightly
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decreased (P<0.05) intracellular concentrations of leucine,
isoleucine, valine and phenylalanine (Table 6.1).

Effect of glutamine on protein synthesis in the presence of all
amino acids

Increasing the incubation medium concentration of glutamine from
1.0 mM to 15 mM increased (P<0.05) the rate of protein synthesis by
19-58% over that obtained in the absence of glutamine in EDC muscles
(Table 6.3). There is a positive relationship between intracellular
glutamine concentration and the rate of protein synthesis in chick
skeletal muscle (r=0.975, P<0.01l). The stimulating effect of
glutamine on the rate of protein synthesis in chick skeletal muscle
is consistent with results obtained with perfused rat skeletal muscle
preparations [7].

The mechanism by which elevated intracellular concentrations of
glutamine increase the rate of protein synthesis in skeletal muscle
remains unknown. It is unlikely that the rate of protein synthesis is
increased simply because of an increased availability of glutamine as
a precursor for protein synthesis [7]. Jepson et al. [9] suggest that
the stimulating effect of glutamine on the rate of protein synthesis
in skeletal muscle is not related to glutamine oxidation since these
authors believe that glutamine oxidaticn is negligible in this
tissue. However, studies presented in Chapter 4 of this thesis
clearly show that mitochondrial phosphate-activated glutaminase
activity is high in chick EDC muscle and that glutamine is
extensively oxidised in this tissue even to a greater extent than
leucine (Chapter 4). Thus, it may be possible that the stimulating

effect of glutamine on protein synthesis is related to its extensive
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oxidation in skeletal muscle.
Effect of glutamine on protein degradation in the presence of all
amino acids.

The intramuscular free 3H-pheny1a1anine radioactivity in
prelabelled chick muscles before pPreincubation was 370.0+4.4 dpm/mg
tissue (n=6) and was decreased by 94% after the first 15 min
preincubation period. Following the second 15 min preincubation
period, it was decreased (P<0.001) to 12.5+0.6 dpm/mg tissue (n=6)
and remained fairly constant throughout the final 2-h incubation
period. These results indicate a rapid exchange between intracellular
and extracellular phenylalanine. Since the phenylalanine pool in the
incubation medium (3500 mnmol Phe) 1is much larger than the muscle
intracellulax pool (about 20 nmol Phe), only a negligible amount of
3H-pheny1a1anine arising from muscle protein degradation would be
expected to be reincorporated into muscle protein. Thus, the release
of 3H-phenylalanine into the incubation medium should reflect total
protein degradation in skeletal muscle.

Table 6.4 shows the effecc of glutamine on protein degradaticn in
chick EDC muscles incubated in the presence of alil amino acids
including tyrosine. It is interesting to note that glutamine has a
biphasic effect on protein degradation in chick skeletal muscle. The
addition of 1 mM glutamine to the incubation medium increases
(P<0.05) the rate of protein degradation by 12 % while the addition
of 0.5, 2.0, 4.0 and 6.0 mM glutamine had no significant effect
(P>0.05) on protein degradation as compared to 0 mM glutamine. The
addition of 10.0-15.0 mM glutamine significantly inhibited protein

degradation by 20-23% as compared to the value obtained at O mM
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glutamine. The addition of 4-15 mM glutamine decreased (P<0.05) the
rate of muscle protein degradation by 15-30% as compared to the value
obtained at 0.5-1.0 mM glutamine (its normal plasma concentration
range) .

The inhibition of the rate of protein degradation by elevated
concentrations of glutamine in <¢hick EDC muscle incubated in the
presence of all amino acids is ccnsistent with the results of Rennie
et al. [8] who reported that the infusion of 15 mM glutamine inhibits
protein degradation in perfused rat skeletal muscle. However, the 20%
inhibition of the rate of protein degradation in chick EDC muscles by
15 mM glutamine (Table 6.4) is ruch less than the 64% inhibition of
protein degradation reported for rat skeletal muscles perfused with
15 mM glutamine [8]. This quantitative discrepancy may be due to the
different species studied, or the different experimental approaches
used for estimating protein degradation. The mechanism by which
elevated intracellular glutamine concentrations influence protein
degradation in skeletal muscle of rats and chicks remains unknown.
Since glutamine is extensively oxidised in skeletal muscle of chicks
(Chapter 4), the inhibiting effect of glutamine on protein
degradation may be mediated by the production of ammonia which is a
potent inhibitor of lysosomal proteases [28].

Effect of glutamine on protein synthesis and tyrosine release from
EDC muscles incubated in the absence of tyrosine.

The rate of protein degradation in, in vitro preparations of rat
skeletal muscles is often estimated by measuring the rate of tyrosine
release from muscles incubated in the absence of tyrosine (eg. 14-17,

20} . In some studies, the rates of skeletal muscle protein



124

degradation and synthesis have been simultaneously estimated in
muscles incubated in the absence of tyrosine [eg. 16]. From the
present study it is clear that the presence of plasma concentrations
of tyrosine is required to maximize the effect of elevated glutamine
concentrations on the rate of protein synthesis in chick skeletal
muscles incubated in wvitro. This observation is supported by the
following experimental findings. (1) The basal rate of protein
synthesis in EDC muscles incubated in the absence of tyrosine (0.248
nmol Phe/2 h/ mg tissue, Table 6.5) is lower (P<0.01) than that in
muscles incubated in the presence of tyrosine (0.385 nmol Phe/2 h/mg
tissue, Table 6.3). (2) The addition of p-hydroxyphenylpyruvate, the
a-ketoacid analogue of tyrosine, increased (P<0.0l1) tyrosine
formation and the rate of protein synthesis in muscles incubated in
the absence of tyrosine (Table 6.7).

The addition of 15 mM glutamine to the tyrosine-free incubation
media decreased (P<0.05) the release and tissue concentrations of
tyrosine, which is in contrast to the addition of 0.5 or 1.0 mM
glutamine (Table 6.5). This decrease in tyrosine concentration is
probably  accounted for by the ability of 15 mM glutamine to
simultaneously increase protein synthesis and decrease protein
degradation. The ability of 0.5 or 1.0 mM glutamine to increase
(P<0.01) the tissue concentration (P<0.0l1) and release (P<0.03) of
tyrosine (Table 6.5) confirms our early observations [13], in which
we suggested that glutamine may increase the rate of protein
degradation to a greater extent than protein synthesis in chick
skeletal muscle. These results, however, are in contrast to our

measurements  of 3H-phenylalanine release from protein and its



125

incorporation into protein which indicated that the addition of 0.5
or 1.0 mM glutamnine did not increase the rate of muscle protein
degradation more than the rate of muscle protein synthesis in the
presence of all amino acids (Tables 6.3 and 6.4). Possibly the rate
of protein degradation exceeds the rate of protein synthesis in
skeletal muscles incubated in the absence of tyrosine, whereas in the
presence of tyrosine this is not the case. These observations suggest
that the wvalidity of measuring -yrosine release as an index of
protein degradation in skeletal muscles incubated in the absence of
tyrosine should be reevaluated. An additional complication associated
with results obtained in the absence of tyrosine may be that skeletal
muscle can use glutamine as an amino donor for providing small
amounts of tyrosine.

Is tyrosine synthesised f:om glutamine in skeletal muscle?

Although it is assumed that tyrosine 1is not synthesised in
skeletal muscle [14], there 1is mno direct information in the
literature to confirm this assumption. In the presence of 0.1 mM or
less p-hydroxyphenylpyruvate, there was no detectable glutamine-
p-hydroxyphenylpyruvate transamination in the mitochondrial er
cytosolic fractions of chick EDC muscles even though glutamine
concentrations ranged from 2.5 to 50 mM (Table 6.6). However, as the
concentration of p-hydroxyphenylpyruvate increased above 0.5 mM in
the presence of 10 mM glutamine, tyrosine formation was demonstrated
(Table 6.6).

In the presence of 1.0 mM p-hydroxyphenylpy.uvate, botb tyrosine
tormation and the rate of protein synthesis 1in intact chick EDC

muscles were increased (P<0.01)(Table 6.7). It has been reported that
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plasma concentrations of p-hydroxyphenylpyruvate in chicks under
normal feeding conditions are much lower than 3 pM [29]. Thus,
although chick skeletal muscle has the potential for tyrosine
synthesis from glutamine, it would not normally produce adequate
amounts of tyrosine to complicate data obtained in the present
experiments.
Possible role for glutamine in improving nitrogen balance

Although physiological concentrations of glutamine (0.5-1.0 mM)
increased the net rate of protein degradation in chick skeletal
muscles incubated in the absence of tyrosine (Table 6.5), elevated
concentrations of glutamine appear to have an anabolic effect on
protein metabolism in chick skeletal muscles incubated in the
presence of plasma amino acids by increasing protein synthesis and/or
decreasing protein degradation (Tables 6.3 and 6.4). In this regard,
glutamine has a similar effect on skeletal muscle protein turnover as
the branched-chain amino acids, particularly leucine [15,16].
However, unlike leucine, glutamine is rapidly taken up by skeletal
muscle and accumulated to a large extent in this tissue (Table 6.1)
[27]. It is of interest to note that Stehle et al. [10] have recently
shown that the administration of 54 mg L-alanyl-L-glutamine-N/kg per
day to patients following major injury prevented the postoperative
loss of intramuscular glutamine and dramatically decreased urinary
nitrogen release by more than 50%. Thus, it appears that glutamine
may be useful to reduce muscle wasting associated with sepsis, injury
and other catabolic conditions which are characterized by a dramatic
decrease in intracellular free glutamine concentrations in skeletal

muscle [1,9].



Table 6.1. Effect of glutamine on intracellular amino acid concentrations in

chi~k skeletal muscle

Chicl EDC muscles wer

incubated in the presence of all amino acids except

glutamine as indicated. Results (nmol/mg tissue, mean t SEM) were analysed by the

one-way variance analysis. *,** Different from the 0 mM glutamine group at P<0.05

and P<0.01, respectively. T,

and 6 mM glutamine at P<0.05, respectively. n=13.

t, § Different from 0.5-2.0 mM, 0.5-4.0 mM,

Amino Medium glutamine concentration (mM)

acid 0.0 0.5 1.0 2.0 4.0 6.0 10.0 15.0

Asp 0.66  0.567 0.75%  0.79%  0.95%*} 0.92%+}  1.53%w}g 1.31%*%%
£0.05 $0.02  $0.08  0.03  £0.06 £0.05 £0.11 +0.08

Giu 1.74 1.75 2.10% 1.98%  2.36%%}  2.54%xf 2. 61*+% 2.71%+%
£0.08  20.09  £0.13  £0.11  %0.07 £0.08 £0.08 £0.12

Asn 0.09 0.10 0.12% 0.12%  0.16%*t  0.15++f 0.26%%}y 0.24%%%8
$0.61 #0.01  #0.01  0.02  £0.03 £0.01 $0.05 +0.02

Gln 3.32 4.23%%  6.65%  9.95%% 14.18%%1 17.11%w}  22.74%%is 25.34nwdg
$0.21  £0.40  £0.32  £0.52  20.51 £0.74 £0.90 $0.71

Ser 1.98 1.82 1.74 1.65% 1.41%% 1.23%% 1.16%+% 0.95+%}s
$0.12  $0.11  $0.13  10.10  20.05 $0.03 £0.07 $0.05

Gly 2.88 2.78 2.72 2.36*% 2.49% 2.48% 2.47% 2.38%
$0.34  20.38  $0.22  $0.21  $0.28 $0.25 £0.21 $0.17

Thr 1.18  1.23 1.21 1.01%  1.02% 1.00+% 1.04% 0.82+
$0.10  £0.10  %0.12  +0.06  20.06 +0.06 $0.06 $0.04

Arg 0.52 0.48 0.53 0.44%  0.37%% 0.34»*%  0.38%¢ G.34*n¢
$0.07 £0.08  0.07  £0.07  $0.07 $0.04 £0.07 10.06

Ala 4.05  4.10 3.95 3.53%  3.52% 3.42¢ 3.21% 2.99%%%
£0.20 $0.25  0.33  $0.31  10.23 0.16 £0.18 $0.13

Tyr 0.20  0.19 0.20 0.17%  0.17* 0. 16%¢ 0.16%# 0.14%+%
+0.02 $0.02  $0.01  $0.01  $0.01 £0.01 £0.01 10.01

Trp 0.18 0.21 0.19 0.18 0.18 0.15+¢ 0.11%%4 012074y
$0.02 $0.02  30.02  20."1  10.01 20.05 $0.01 20.02

Met 0.12 o0.11 0.11 0.08*  0.09% 0.08% 0.08%* 0.08%w
30.01 20.01 +0.01 10.01 +0.02 10.01 £0.01 1+0.01

Val 0.43  0.41 0.42 0.42 0.38 0.40 0.34+¢% 0.35+%
$0.02 20.01 +0.03 20.03 20.03 20.02 0.02 £0.02

Phe 1.23 1.20 1.18 1.19 1.20 1.18 113 1.12%
$0.03  £0.02  $0.05  20.06  20.03 £0.05 £0.03 0 .04

Ile 0.21 0.22 0.20 0.21 0.20 0.19 0.17+ 0.17¢
$0.03  $0.02  20.03  £0.03  0.03 20.02 $0.02 10.01

Leu 0.29  0.27 0.26 0.26 0.25 0.27 0.24% 0. 24%
$0.02  20.01 £0.03  10.03 £0.02 10.02 10.02 2001

Lys 0.5 0,49 0.55 G.43¢ 0 44* 0.35¢ 0.28%+¢ 0 30ee%
$0.10  20.05  20.11 $0.08  15.06 10,086 10 07 10.08
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Table 6.2. Effect of glutamine on serine uptake by
chick EDC muscles

Chick EDC muscles were incubated in the presence of
plasma concentrations of all amino acids including 0.7
mM L-{U-lac]serine except glutamine which was added
as indicated. F-sults (mean * SEM) were analysed by
one-way analysis of variance. *,** different from 0-1.0
mM  glutamine at P<0.05 and P<0.01, respectively.
t,% different  from 2.0 mM glutamine at P<0.05

and P<0.0l, respectively. r=8.

Incubation Serine uptake

medium (nmol/2 h/

glutamine mg tissue)
(mM)
0 1.8610.05
1.0 1.7910.03
2.0 1.6710.04%
6.0 1.30%0.04%%¢
15.0 1.13+0.02%%¢
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Table 6.3. Effect of glutamine on protein synthesis in chick
EDC muscles in the presence of all amino acids.
Data were from the same experlment as described in Table 1.
Results (mean * SEM) were analysed by one-way analysis of
variance. *,** different from O mM glutamine at P<0.05 and
P<0.01, respectively. t different from 0.5 mM glutamine
at P<0.05; 4 different from 1 mM glutamine at P<0.05; §

different from 0.5-2.0 mM glutamine at P<0.01. n=13.

Incubation Intracellular Protein
medium Specific synthesis
glutamine rad%oactivity
(mM) of “H-Phe (nmol Phe/
(dpm/nmol) 2 h/mg tissue)
0 1481+42 0.385+0.013
0.5 1408+16 0.428+0.018
1.0 1451+26 0.459+0.031%
2.0 1413421 0.49330.034%%
4.0 1432415 0.536+0.021%*¢
6.0 1343132 0.578%0.027%%%
10.0 142317 0.606%0.028%*§
15.0 1382420 0.61020.017%*§
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Table 6.4. Effect of glutamine on protein degradation in chick EDC
muscles in the presence of all amino acids

EDC muscles prelabelled in vivo with 3H—phcny1a1anine were
preincubated  twice for 15 min and then incubuated in fresh media for
2 h in the presence of all amino acids except glutamine unless
indicated otherwise. Results (mean * SEM) were analysed by one-way
analysis of wvariance. All mean values for intracellular glutamine
concentrations were significantly different (P<0.01) from each
other. * different from 0 mM glutamine at P<0.05; t different
fron . mM glutamine at P<0.05; } different from 0-6.0 mM

glutaiiiae at P<0.01. n=8,

Incubation Intracellular Intragellular Protein

medium glutamine free “H-Phe degradation

glutamine (dpm/mg (nmol Phe/2 h
(mM) (nmol/mg tissue) tissue) /mg tissue)

0 3.151%0.22 13.7%0.3 0.381+0.012

0.5 4.27+0.43 12.440.3 0.407+0.010
1.0 6.26%0.79 11.5+0.5 0.423+0.018*
2.0 9.811+0.66 12.6+0.2 0.398+0.016
4.0 13.7740.41 12.4%0.7 0.366%0.011¢
6.0 17.40%0.49 13.0+0.2 0.373+0.025¢
10.0 21.42%0.62 13.6%0.9 0. ?5%0.015%
15.0 24,6411 46 12.3%0.5 0.503+0.025%
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Teble 6.5. Effect of glutamine on protein turnover in chick EDG
muscles incubated in the absence of tyrosine.

Chick EDC muscles were incubated for 2 h following 30 min

preincubation iu ihe presence of chick plasma concentrations of amino

acids except tyrosine and glutamine as indicated. Results (mean *

SEM) were analysed by the paired t-test. %, **x different from the

control (0 mM gln) at P<0.05 and P<0.0l, respectively. n=10.

Incubation Intracellular Protein Free tyrosine in
medium glutamine synthesis Tissue Medium
glutamine concentration (nmol Phe/2h (pmol/mg (pmol/mg/
(mM) (nmol/mg tissue) mg tissue) tissue) tissue)
0 3.2940.26 0.245%0.017 49.6%7.7 29,1451
0.5 4 .43+0 32%% 0.25240.016 66,519 2%% 37.43%3 3%
0 3.5440.17 0.248+0.012 55.848.0 27.7%5.9
1.0 6.68+0.41%% 0.278+0.014% 78.9%6 . 9%% 35.8+3 . .8%
0 3.31+0.34 0.2334£0.008 50.8%7.9 31.3%4.3

15.0 24.83%1 . .36%* 0.27710.009%% 36,78 . 4%* 26.4%3 2%
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Table 6.6. Glutamine p-hvdroxyphenylpyruvate transamination in chick
EDG muscles.

Glutamine-p-hydroxyphenylpyruvate transamination was assayed in the

presence  of 0.025-1.0 wi p-hydroxyphenylpyruvate and 10 mM glutamine,

or in the presence of 2.5-50 mM glutamine and 0.1 mM

p-hydroxy-phenylpyruvate as described in the text. Results are

expressed as means * SEM. ND, not detectable. n=5.

p-Hydroxy- Tyrosinre Gln Tyrosine
phenylpyruvate formation formation
(nmol Tyr formed /h (mM) (nmol Tyr formed/h/

(mM) /mg tissue) mg tissue)

Mitochondria Cytosol Mitochondria Cytosol
0.025 ND ND 2.5 ND ND
0.05 ND ND .0 ND N
0.10 ND ND 10.0 ND Nb
0.50 ND 0.25340.041 20.0 ND ND
1.0 0.079+0.005 0.778%0.022 50.0 ND




Table 6.7. Effect of p-hydroxyphenylpyruvate on tyrosine
releasc and protein synthesls in chick EDC
muscles.
Chick  EDC muscles were  incubated  for 2 h folloving 0 ain
pruincubation in the presence of plasma concentraticns of
glutamine (1.0 mM) and other amino acids except that tvrosine
was absent. p-ilydroxyplhienylps ruvare “1as added to the
incubation medium at 0.1 or 1 0 mM. Results (mean * SEM) were
analysed by the paired t-ntest. *, %% different from the
control (0 mM p-hydroxyphenylpyruvate) at P<0.05 and P<).01,

respectively. n=6.

Incubation Protein Free tyrosine in
medium synthesis Tissue Medium
p-hydroxy- (nmol Phe/2h (pmol/mg (pmol/2 h/
phenylpyruvate mg tissue) tissue) mg tissu
(mdt)

0 0.220+0.010 £9.1%4 .3 RN <
0.1 U.261+0.016%* 68.5%8.1 36.2%5 .
0 0.231%0.012 57.8%9.2 34,148

1.0 0.38240.017%* 128,347 .7%% 974 ,2+49 5%
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VII. The Efrzct Of Ketone Bodies On Protein Turnover

In Chick Skeletal Muscle

A . Introduction

Ketone bodies have been implicated to play a role in sparing
skeletal muscle protein in humans and animals under catabolic
conditions such as prolonged fasting [1,2). Increased plasma ketone
body concentrations have been shown to improve nitrogen balance in
traumatized man [3] and in pecstoperative patients [4]. In additon, the
urinary release of 3-methylhistidine, a valid estimator of skeletal
muscle protein degradatjon in humans [5-7], has been shown te be
reduced in injured patients with elevated ketone body concentrations
[8]. Moreover, the infusion of DL-g-hydroxybutyrate decreases the
n1rinary release of nitrogen and 3-methylhistidine from obese subjects
on low energy diets [9]. These findings have been taken to suggest
chat ketone bodies inhibit skeletal muscle protein degradaticn [10].
However, whether ketone bodies influence protein turnover by acting
directly or indirectly on skeletal muscle has not been established.

There are conflicting reports in the literature concerning the
direct effect of ketone bodies on skeletal muscle protein degradation.
Ketone bodies have been shown either to decrease {11) or to have no
effect [12] on tyrosine release from fasted-rat diaphragms incubated
in the absence of amino acids. Similarly, 0.5 mM fS-hydroxybutyrate
has been reported to have no effect on tyrosine release in fed-rat
diaphragms 1incubated in the absence of amino acids but in the presence
of 0.5 mM cycloheximide, an inhibitor of protein synthesis {13]. The

interpretaticn of these results [11-12] is problematic since tyrosine
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release from muscle represents only the net rate of protein
degradation, which depends wupon the balance between the rate of
protein synthesis and the rate of protein degradation. In addition,
thie presence of cycloheximide (13] may disturb muscle metabolism as it
has been shown to inhibit protein degradation in cultured muscle cells
{14].

There is limited information concerning the effect of ketone
bodies on skeletal muscle protein synthesis. It has been reported in
one study [12] that ketone bodies have no effect on protein synthesis
in fed rat diaphragms incubated in the absence of amino acids,
However, the absence of amino acids from the incubation medium may
decrease the sensitivity of the rate of muscle protein synthesis to
ketone body concentrations. The present study was therefore designed
to evaluate the effect of ketone bodies on protein synthesis and
protein degradation in skeletal muscles from fed and fasted chicks
incubated in the presence of plasma concentrations of all amino acids.
The rate of protein synthesis was estimated from the incorporation of
3H-phenylalanine into protein, while the release of
3H-phenylalanine from muscle proteins prelabelled in vivo was

measured as an index of protein degradation.

B. Materials and Methods

Chemicals.
Lithium acetoacetate, sodium  DL-B-hydroxybutyrate, sodium
acetate, sodium pyruvate, bovine insulin, glucose, amino acids,

Hyamine hydroxide and other chemicals were purchased from Sigma

Chemical Co., St. Louis, U.S.A. L-[2,6-3H]pheny1a1anine was
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obtained from Amersham, Ontario, Canada. L-[U-lAC]glutamine was
obtained from American Radiolabeled Chemicals, St. Louis, U.S.A. The
radiochemical purity of [U-lac]glutamine was determined to be
greater than 99% by descending paper chromatography [15].
Animals.

Day-old male broiler chicks (Hubbard strain) were obtained from a
local hatchery and were allowed free access to watexr and food. Chicks
were fed a broiler starter ration containing 24% crude protein. At the

age of nine days, chicks weighing 110-120 were either continuously fed

or fasted for 24 h.
Muscle preparation and incubation.

Individual chicks were anesthetised with halothane and the
extensor digitorum communis (EDC) muscles were carefully exposed and
inserted into stainless wire supports by means of their tendons [15]
to prevent contraction and thus improve protein balance and energy
status [16]. Each muscle was immediately dissected, preincubated for
30 min in 3.5 ml Krebs-Ringer bicarbonate buffer saturated with
0,/C0, (95%:5%) [15], and then transferred to fresh media of a
similar composition for the final 2-h incubation period. The
incubation media also contained 2 mM HEPES (pH 7.4), 12 mM glucose,
insulin (0.01 U/ml), 1.0 mM phenylalanine, 1.0 mM glutamine and other
amino acids at concentrations found in young chick plasma (Appendix
1). Kecone bodies or pyruvate were added to the incubation media as
indicated in the Tables. In all experiments, one muscle was used for
the control while the contralateral was used for the treatment.
Measurement of protein synthesis

EDC  muscles vere incubated in media containing 1.0 mM
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[2,6-3H]pheny1a1anine (0.64 mCi/mmol) as described above. The
incubation media were continuously gassed with 09/C0y (19:1)
throughout the incubation periods. At the end of the 2-h final
incubation period, EDC muscles were rinsed in nonradioactive medium,
blotted and homogenised in 2 ml 2% trichloroacetic acid. The rate of
muscle protein synthesis and the intracellular concentrations of amino
acids were measured as described in Chapter 6.
Measurement of protein degradation

At mnine days of age, chicks were injected via the intraperitoneal
route with 0.45 ml physiological saline containing 0.4 mM
[2,6-3H]pheny1a1anine (0.83 Ci/mmol). Twenty  four hours after
isotope injection, EDC muscles were isolated and preincubated twice
for 15 min in Krebs-Ringer bicarbonate buffer supplemented with
insulin, glucose and amino acids as previously described (Chapter 6).
The release of 3H~phenyla1anine from muscle protein and the rate of
protein degradation wers measured as previously described (Chapter 6).

Measurement of L-[U-14

C]lglutamine oxidation

EDC muscles were incubated for 2 h in media containing 1.0 mM
L-[U-14C]glutamine (54 d.p.m./nmol carbon) as described above except
that the media was not gassed during the final incubation period. At
the end of the incubation period, 14C02 from glutamine oxidation
was collected in Hyamine hydroxide [15]. The rate of CO0, production
from glutamine carbons 1-5 was calculated on the basis of the
intracellular specific radiocactivity of [U-lac]glutamine
(d.p.m./nmol carbon), which was measured as described in Chapter 4.

The results were statistically analysed by the paired t-test or

analysis of variance as described by Steel and Torrie [17].
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C. Results and Discussion
Effect of ketone bodies on protein turnover in chick EDC muscles

Ketone bodies at 4 mM significantly decreased (P<0.05) the rate of
protein synthesis but had no significiont effect (P>0.05) on the rate
of protein degradation in skeletal muscles from fed chicks (Table
7.1). On the other hand, ketone bodjes decreased (P<0.05) the rates of
both protein nthesis and protein degradation In EDC muscles from
24-h fasted chicks (Table 7.1). The present findings demonstrate, for
the first time, that inhibition of the rate of skeletal muscle protein
synthesis and protein degradation by ketone bodies can arise from the
direct action of ketone bodies on this tissue.
Effect of ketone bodies on intracellular concentrations of amino
acids in chick EDC muscles

Ketone bodies have been shown to regulate amino acid metabolism
and their intracellular concentrations in chick skeletal muscle (15},
which is confirmed in this study (Table 7.2). Ketone bodies decreased
(P<0.01) intracellular concentrations of aspartate, glutamine and
alanine, but increased (P<0.01) intracellular concentrations of
glutamate in EDC muscles from fed chicks (Table 7.2). The
intracellular concentrations of BCAA (Table 7.2) and other amino acids
were not influenced by the addition of 4 mM ketone bodies to the
incubation media of EDC muscles from fed chicks (data not shown). By
contrast, ke tone bodies decreased (P<0.01) intracellular
concentrations of aspartate and alanine but {increased (P<0.01)
intracellular concentrations of glutamate, glutamine and BCAA in EDC
muscles from fasted chicks. Therefore, it was of interest to

investigate whether the action of ketone bodies on protein turnover in
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chick skeletal muscle is mediated by their effect on amino acid
metabolism, sirce BCAA [12] and glutamine [18-20] have been shown to
regulate the rate of protein synthesis and degradation in skeletal
muscle.

Possible involvement o. amino acids in the inhibition of protein
synthesis by ketone bodies in chick EDC muscles

Increased concentrations of leucine have been shown to increase
the rate of protein synthesis in rat skeletal muscle [eg. 12].
However, ketone bodies decreased the rate of protein synthesis in
skeletal muscles from either fed or fasted chicks (Table 7.1) whether
°r mnot BCAA concentrations increased (Table 7.2). These results
suggest that BCAA concentrations do not mediate the inhibiting effect
of ketone bodies on protein synthesis in chick skeletal muscle,

It was of interest to note in EDC muscles from fed chicks that
ketone bodies markedly decreased (P<0.01) intracellular glutamine
concentrations, which have recently been shown to be positively
related to the rate of protein synthesis in skeletal muscles from rats
[18,19] and chicks (Chapter 6). Therefore we investigated whether
glutamine mediates the effect of ketone bodies on protein synthesis in
skeletal muscles from fed chicks. As shown in Table 7.3, the addition
of 0.5 mM glutamine to the incubation media containing 1.0 mM
glutamine prevented the ketone body-induced decrease in intracellular
glutamine concentration (Table 7.3) as well as the small but
significant inhibitory effect of ketone bedies on protein synthesis in
skeletal muscles from fed chicks (Table 7.3). These results suggest
that glutamine may be involved in the action of ketone bodies on

protein synthesis in EDC muscles from fed chicks.
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This suggestion is further supported by the following
observations. We have recently found that glutamine is extensively
oxidised 1in chick skeletal muscles incubated in the presence of plasma
concentrations of glucose and amino acids (Chapter 4). The oxidation
of glutamine 1is increased in EDC muscles from fed chicks incubated in
the presence of 4 mM ketone bodies (Table 7.4), thereby accounting for
the associated decrease in intracellular concentration of glutamine
(Table 7.2). The addition of 5 mM pyruvate to the incubation medium
prevented the ketone-body induced increase in glutamine oxidation
(Table 7.4) and the associated decrease in intracellular glutamine
concentration (Table 7.3). The rate of protein synthesis was not
influenced (P>0.05) by the addition of pyruvate to the incubation
media in the absence of ketone bodies (Table 7.3), however, the
addition of 5 mM pyruvate blocked the inhibiting effect of ketone
bodies on protein synthesis in skeletal muscles from fed chicks (Table
7.3). These results suggest that ketone bodies decrease protein
synthesis by reducing intracellular glutamine concentrations due to an
increase in glutamine oxidation in skeletal muscles from fed chicks.

The mechanism by which ketone bodies increase glutamine oxidation
in skeletal muscle is not clear. Ketone body oxidation via the Krebs
cycle requires oxaloacetate. Since ketone bodies inhibit glycolysis
and the degradation of BCAA and alanine [15], the source of pyruvate
and oxaloacetate from glucose, glycogen ard most glucogenic amino
acids may be 1limiting. Since oxaloacetate is not supplied from other
sources, oxidation of ketone bodies may be inhibited. Thus, an
increase in glutamine oxidation would be required to provide

oxaloacetate to the Krebs cycle to help oxidise ketone bodies. This
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suggestion is supported by the findings that the addition of 5 mM
pyruvate, which can be converted to oxaloacetate via pyruvate
carboxylase in skeletal muscle [22], prevents the ketone body-induced
increase in glutamine oxidation.

It is interesting to mnote that fasting dramatically decreases
(P<0.01) the intracellular concentration of glutamine in chick
skeletal muscle (Table 7.2). In contrast to skeletal muscles from fed
chicks, ketone bodies increase (P<0.05) the intracellular
concentration of glutamine in skeletal muscles from fasted chicks
(Table 7.2) probably due to an increase in its synthesis since there
1s a reduced amount of pyruvate for alanine synthesis [15]. It is
unlikely that the increased concentration of glutamine is involved in
the inhibition of protein synthesis by ketone bodies in skeletal
muscle from the fasted chick. It remains to be determined how ketone
bodies decrease protein synthesis in skeletal muscles from fasted
chicks.

Is KIC involved in the inhibition of protein degradation by ketone
bodies in skeletal muscle from the fasted chick?

Leucine inhibits protein degradation in skeletal muscle in vitro
via the production of a-ketoisocaproate (KIC) [12,23]. Newsholme
and Leech [10] have speculated that ketone bodies increase production
of a metabolite of leucine, thereby inhibiting muscle protein
degradation. Recently, we have shown that ketone bodies markedly
increase the net production of KIC in skeletal muscles from fed chicks
[24]. However, ketone bodies had no erfect on protein degradation in
muscles from fed chicks (Table 7.1). In contrast,

DL-B-hydroxybutyrate had no effect on the net production of KIC in
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skeletal muscles from fasted chicks [24], yet it decreased ‘P<0.05)
thc rate of protein degradation in these muscles (Table 7.1). Thus,
leucine or KIC does not appear to mediate the ability of ketone bod'es
to inhibit protein degradation in EDC muscles from fasted chicks. The
e chanism by which ketone bodies inhibit protein degradation in
skeletal muscles from fasted chicks remains unknown.

ysiological significance of the inhibition of protein turnover by
ketone bodies

The present finding that elevated concentrations of ketone bodies
inhibit protein degradation in skeletal muscles from fasted chicks
lends direct evidence to support earlier suggestions that ketone
bodies may play an important role in sparing skeletal muscle protein
under catabolic conditions such as prolonged fasting [1,2]. An
inhibition of protein synthesis by ketone bodies in skeletal muscle
may direct amino acids to other tissues such as the liver and kidneys.
This may be of physiological importance in animals and humans with
~igh ketone body concentrations due to starvation or the feeding of
high-fat diet, since the liver may need more amino acids to synthesize
the proteins for carrying plasma circulating lipids. Also, the kidneys
may need to extract more glutamine for regulating acid/base balance
during ketoacidosis.

In conclusion, ketone bodies act directly on skeletal muscle by
decreasing the rate of protein synthesis in muscles from both fed and
fasted chicks as well as the rate of protein degradation in muscles
from fasted chicks. Our results suggest that ketone bodies decrease
protein synthesis in skeletal muscles from fed chicks by decreasing

intracellular concentrations of glutamine due to an increase in the
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rate of its oxldation. However, it remains to be determined how ketone

bodies inhibit protein turnover in skeletal muscles from fasted

chicks.
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Table 7.1. Effect of ketone bodies on protein turnover in FDC
muscles from fed and 74 h fasted chicks.

Chick EDC muscles were incubated in the presence of plasma
concentraticn., of glucose and amino acids as describ.. in the text.
DL-g-hydroxybutyeate (HB) (4 mM)  or acetoacetate  (AcAc) (4 mi)
was added to incubation media as iIndicated. Protein synthesis was
determined by measuring the incorporation of 3H-pheny1a1anine into
muscle protein. Protein degradation was determined by measuring the
release of 3H—phenylalanine from muscle proteins prelabelled in
vivo. % *% different from the control at P<0.05 and P<0.01,
respectively, as ana'ysed by the paired t-test. { different

(P<0.01) from the fed control, as analysea by analysis of variance.

n=10,

Treatment Protein Synthesis Protein Degradation
(nmol Phe,/2 h/mg tissue) (nmol Phe/2 h/mg tissue)

Fed chk: .n

Control 0.34540.023 0.485%0.022

HB 0.307+0.021* 0.45510.031

Control C.331%0.016 0.47240.043

AcAc 0.2844+0.014%* 0.506%0.050

Fasted chicks

Control 0.244%0.006¢ 0.73210.080¢

HB 0.219+0.008* 0.673+0.074%*

Control 0.269+0.010¢ 0.686%0.038¢

AcAc 0.226%0.009** 0.592%0.024%%
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Table 7.2. Effect of ketone bodies on intracellular concentration
of amino acids in EDC muscles from fed and 24 h fasted
chicks.
Chick EDGC muscles were incubated in the presence of plasia
concentrations of glucose and amino acids as described in the text.
DL-fA-hydroxybutyrate (HB) (4 mM) or acetoacetate (AcAc) (4 mM)
was added to incubation media as indicated. Results were analysed by
the paired t-test. *,*% different from the control at P<0.05 and

P<0.01, respectively. n=10.

Treatment Intracellular amino acids (nmol/mg tissue)
Asp Glu Gln Ala Val Ile Leu
Fed chicks
Control 0.98 2.04 6.51 4,24 0.45 0.23 0.35
+0.04 10.11 +0.51 +3.40 +0.02 +0.01 +5.02
HB 0.81+ 2.49%% 5 43%x 3 86%* 0.45 0.22 0.38
+0.04 +0.10 +0.42 +0.18 +0.02 +0.01 #0.02
Control 1.04 2.19 6.42 4.47 0.44 0.24 0.34
+0.06 +0.15 +0.26 +0.18 +0.02 +0.02 #0.01
AcAc 0.64%% 3, 53%% 4 .95%% 3 66%% (.42 0.23 0.35

+0.04 +0.28 £0.58 +0.28 #0.01 +0.01 +0.02

Fasted chicks

Control 1.26 1.62 3.69 3.19 0.35 0.15 0.23
$0.11 #0.08 #0.23 #0.24 #0.02 +0.01 +0.01

HB 0.82%%  3,04%% 4 18%% 2. 54%% (.43%% (.20%% (0. 28%%
#0.05 #0.24 #0.49 #0.15 +0.01 #0.01 +0.02

Control 1.11 1.70 3.52 2.90 0.36 0.16 0.23
$0.12 #0.06 +0.18 #0.07 +0.01 +0.01 +0.01

AcAc 0.73 4.10%%  3,98%  2.08%% 0.44%% 0,22%% (0, 20%*
.04  *0.12 +0.17 #0.10 #0.02 #0.01 +0.02
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Table 7.3. Effect of glutamine and pyruvate on intracellular
concentrations of amino acids and protein synthesis in EDC
muscles from fed chicks incubated in the presence of
ketone bodies.

EDC muscles from fed chicks were incubated in the presence of plasma

concentrations of glucose and amino acids as described in the text.

The basal incubation medium contained 1.0 mM glutamine.

DL-pA-hydroxybutyrate (HB) (4 mM), acetoacetate (AcAc) (4 mM),

pyruvate (Pyr) (5 mM) or 0.5 mM glutamine (Gln) was added to

incubation media as indicated. Results were analysed by the paired

t-test. * different (P<0.0l1) from the control. n=10.

Treatment Intracellular amino acids Protein
(mmol/mg tissue) synthesis
(nmmol Phe/
2 h/ mg)
Glu Asp Ala Gln tissue
Control 2.08+0.17 0.9740.04 4.071+0.23 6.28+0.38 0.332+0.014
HB + 3.0520.14% 0.76%0.05% 3.65+0.18% 6.731+0.43 0.314+0.016
0.5 mM Gln
Control 2.22130.16 0.96%0.03 3.9240.11 6.2240.35 0.34910.011
AcAc + 3.5940.18* 0.72+0.04% 3,2430.14% 6.65%(.36 0.326%0.013
0.5 mM Gln
Control 1.9440.13 0.83+0.04 3.96%0.23 6.23+0.84 0.35340.033
Pyr 1.5940.07* 0.7320.04% 4.97+0.16% 5.77+0.87 0.338%+0.024
Control 1.9840.10 0.92+0.07 3.90%0.26 6.18+0.40 0.318%C.021
Pyr + HB 1.8240.09 0.88+0.05 4.73%0.34% 5.92+0.43 0.302%0.017
Control 2.1240.14 0.90%0.03 4.4740.38 6.4740.76 0.325%0.007
Pyr + AcAc 1.9540.07 0.92+0.02 5.63%0.65% 6.18+0.63 0.311#0.012
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Table 7.4. Effect of ketone bodies on glutamine oxidation in EDC
muscle from the fed chick.

EDC muscles from fed chicks were incubated in the presence of 1.0 mM
L-[U-lac]glutamine (54 d.p.m./nmol 1labelled carbon) and plasma
concentrations of glucose and amino acids as described in the text.
DL-g-hydroxybutyrate (HB) (4 mM), acetoacetate (AcAc) (4 mM), or
pyruvate (Pyr) (5 mM) was added to incubation media as indicated.
Results were analysed by the paired t-test. *% different (P<0.01)

from the control. n=10.

Treatment Intracellular CO, production

specific from glutamine

radioaitivity carbons 1-5

of [U-*C]Gln

(d.p.m./nmol (nmol/2 h/ mg

labelled carbon) tissue
Control 18.1%0.6 12.30+0.55
HB 16.430.5 15.4240.70%%
Control 18.5%0.4 12.85+0.75
AcAc 17.3%4.7 18.71+1.35%%
Control 19.240.9 13.72+0.57
Pyr 18.710.8 14.25+0.60
Control 19.6%0.7 12.64+0.48
Pyr + HB 18.8+0.9 13.98+0.46
Control 16.820.5 14.23:0.63

Pyr + AcAc 16.020.7 16.22+0.76
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VIII. General Discussion and Conclusions

A. fmino acid motzbolism in skeletal muscle
1. De novo srutheris of alanine and glutamine .+ skeletal muscle

and its rzpulation by cetone bodies

The early discovery that 1:7-2 amounts of alanine and glutamine
relative to other amino acids are released from skeletal muscle
puzzled scientists for some time [1-2] wuntil Goldberg and his
coworkers demonstrated that alanine and glutamine are synthesisecd de
novo 1in mammalian skeletal muscle [3]. The results presented in this
thesis show that chick skeletal muscle also extensively synthesises
alanine and glutamine (Chapter 2), therefore casting doubt on an early
report  that chick skeletal muscle does not contain glutamine
synthetase activity [4]. The coupling of BCAA transamination with de
novo synthesis of alanine and glutamine is shown in Fig. 1.2 as
originally proposed by Goldberg and his associates [3]. In this
diagram, BCAA transaminate with a-ketoglutarate to form glutamate,
which is then transaminated with pyruvate to produce alanine or
amidated with NH4+ to produce glutamine.

It 1is well known that the release of alanine from skeletal muscle
is reduced during prolonged fasting characterized by an increase in
plasma ketone body concent.ations [5]. In vitro studies have
demonstrated that ketone bodies inhibit alanine synthesis in rat
skeletal muscle [6], but the mechanism of actior ~f ketone bodies has
not been thoroughly understood. Ketone bodies markedly ncrease

intracellular glutamate concentrations in skeletal muscles frow fasted

153
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chicks, suggesting that glutamate is 1ot limiting for alar e
synthesis (Chapter 3). On the other hand, ketone bodies decrease
glycolysis and intracellular pyruvate concentrations in skeletal
muscles from fasted chicks, suggesting that they decrease alanine
synthesis by limiting the availability of intracellular pyruvate due
to iphibition of glycolysis (Fig. 8.1). This suggestion is supported
by the following findings from this :h:esis. (1) Glucose “.acreases
alanine synthesis in chick skeletal muscle from the fasted chick in
the absence of ketone bodies, but has no eiffect on alanine synthesis
in the presence of 4 mM ketone bodies. (2) The addition of 5 mM
pyruvate to the incubation media prevents the inhibiting effect of
ketone bodies on alanine synthesis. These results emphasize the
importance of glycolysis in alanine synthesis in chick skeletal musc~
as previously shown in rat skeletal muscle [3].

In contrast to alanine synthesis, ketone bodies increase glutamine
svnthesis in skeletal muscles from fasted chicks. This likely results
from increased availability of glutamate due to inhibition cf alanine
synthesis (Fig. 8.1). The increased release of glutamine from skeletal
muscle may increase che amount of glutamine for extraction by the
kidneys where it plays an important rcle in regulation of acid/base
balance [7]. Thus, in ketoacidosis, skeletal muscle itself may be able
to regulate the synthesis of glutamine in response to metabolic
challenges.

2. Regulation of BCAA degradation by ketone bodies

Earlier studies demonstrated that ketone bodies inhibit BCAA

oxidative decarboxylation in skeietal muscle from both fed and fasted

hicks [8}. In  addition, ketone bodies markedly inhibit BCAA
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transamination in skeletal muscle from the fasted chick (Chapter 3).
Inhibition of BCAA degradation by ketone bodies can spare these
essential amino acids during fasting. This makes physiological sense
since ketone bodies produced in the liver are extensively oxidised as
alternative energy sourses in extrahepatic tissues including skeletal
muscle, thereby sparing BCAA for protein synthesis in organs such as
the liver and the kidneys.

The mechanisms by which ketone bodies inhibit BCAA degradation
have not previously been studied. Recent studies have suggested that
the availability of amino group acceptors such as a-ketoglutarate
and pyruvate can regulate BCAA transamination in skeletal muscle {9].
As shown in Chapter 3, the addition of 5 wM pyruvate prevents the
inhibitin; effect of ketone bodies on BCAA transamination in the
fasted-chick skeletal muscle. These results suggest that ketone bodies
inhibit BCAA transamination by decreasing intracellular concentration
of pyruvate due to inhibition of glycolysis, which decreases the
regeneration of a-ketoglutarate. (Fig. 8.1). On the other hand,
ketone bodies inhibit BCKA oxidative decarboxylation by a different
mechanism than decreasing pyruvate availability, since pyruvate also
markedly inhibits BCAA oxidative decarboxylation [9]. The activation
of ketone bodies and pyruvate for oxidation requires CoA and thus
decreases 1its intracellular concentration. Since CoA is also required
for the oxidative decarboxylation of branched-chain a-keto acids
(BCKA), a decrease in CoA availability in the presence of ketone
bodies or pyruvate may explain their inhibitory effect on BCKA

oxidative decarboxylation in chick skeletal muscle (Fig. 8.1).
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3. Oxidation of glutamine in skeletal muscle and its regulation by
ketone bodies

Althougi: the importance ¢” glutamine synthesis in skeletal muscle
is well recognized (Fig. 1.2), the role of glutamine degradation in
regulating intramuscular glutamine concentration has remained largely
ignored [3]. Studies presented in this thesis clearly demonstrate, for
the first time, that skeletal muscles from both rats and chicks
extensively oxidise glutamine (Chapter 4). 1Indeed, the rate of
oxidative decarboxylation of physiological concentrations of glutamine
1s greater than that of leucine in both rat and chick skeletal muscle
(Chapter 4, It follows that the release and intracellular
concentration of glutamine in skeletal muscle depends not only on the
rate of its synthesis but also on the rate of its degradation in this
tissue.

Oxidation of glutamine in skeletal muscle produces ammonia by
either the phosphate-activated glutaminase pathway or the glutamine
aminotransferase pathway (Chapter 4). The studies presented in this
thesis challenge the traditional concept that the purine nucleotide
cycle is the only significant source of ammonia released from skeletal
muscle [10]. It is interesting to hypothesize that oxidation of
glutamine in skeletal muscle may be increased during exercise, as
previously shown for the branched-chain amino acids [11], thereby
accounting for, in part, the decreased intramuscular glutamine
concentration and increased release of ammonia from exercised skeletal
muscle [10].

The oxidation of glutamine in skeletal muscle supplies 4 and 5

carbon Krebs cycle intermediates. This may be of particular importance
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when there is an Increased demand for oxaloacetate to oxidise
acetyl-CoA produced from partial oxidation of fatty acids and ketone
bedies. This point is substantiated by the findings from this thesis
that the rate of glutamine oxidation in chick skeletal muscle
increases in the presence of elevated concentrations of ketone bodies
(Chapter 7) (Fig. 8.2). In addition, the conversion of acetoacetate to
acetoacetyl-CoA is stoichiometrically 1linked to the conversion of
succinyl-CoA to succinate, thus favouring the oxidative
decarboxylation of a-ketoglutarate and hence glutamine oxidation
(Fig. 8.2).

The suggestion that ketone bodies increase the rate of glutamine
degradation to provide oxaloacetate for oxidation of acetyl-CoA is
also supported by the following evidence from this thesis. Pyruvate (5
mM), which can be converted to oxaloacetate in skeletal muscle via
pyruvate carboxylase [12], prevents the ketone body-induced increase
in glutamine oxidation as well as the ketone body-induced decrease in
intramuscular glutamine concentrations in chick skeletal muscle
(Chapter 7). These results suggest a role for oxaloacetate flux in
regulating amino acid degradation in skeletal muscle. They also extend
the concept proposed in this thesis that both glutamine synthesis and
its degradation, rather than glutamine synthesis alone {3], are
important in regulating the intracellular concentration of glutamine
in skeletal muscle.

4. Metabolic fates of amino acids in skeletal muscle

In view of previous studies by Goldberg and his associates [3] and

the data presented herein, it can be concluded that skeletal muscle

extensively degrades glutamine, alanine, glutamate, aspartate,
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leucine, isoleucine and valine, and actively synthesises glutamate,
alanine and glutamine. Although methionine has recently been reported
to be extensively oxidised 1in skeletal muscle via a transamination
pathway  under relatively nonphysiological conditions [eg. 137,
methionine transamination in skeletal muscle is shown in this thesis
to be quantitatively of 1little importance in the presence of plasma
concentrations of amino acids (Chapter 6). This is likely due to the
very low affinity of BCAA aminotransferase towards methionine in the
presence of plasma concentrations of amino acids [14). Thus, the
metabolic fates of amino 4o ds in skeletal muscle reported in the
literature (Table 1.2) should be modified as shown in Table 8.1.
5. Species differences in amino acid degradation in skeletal muscle

It 1is well known that there are many differences in nitrogen
metabolism between the ureotelic mammal and the uricotelic avian
species, which secrete urea and uric acid as nitrogenous end products,
respectively [15]. Glutamine is the most important intermediate in
detoxification of ammonia liberated from amino acids and the purine
nucleotide cycle in extrahepatic organs in mammals. On the other hand,
glutamine is a direct precursor in the pathway of uric acid synthesis
in birds [15]. Consistant with these concepts are the different
activities of glutamine-metabolising enzymes in the liver between rats
and chicks. For example, glutamine synthetase activity in chick liver
is about 10-15 times  higher than in rat liver, while
phosphate-activated glutaminase activity in chick 1liver is about 8
times lower than in rat liver [16].

There are also species ditferences in glutamine degradation in

skeletal muscle between rats and chicks in terms of the pathway for
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its conversion to a-ketoglutarate (Chapter 4). For example, the
mitochondrial  phosphate-activated glutaminase activity in chick
skeletal muscle 1is about 7-15 times higher than that in rat skeletal
muscle, while the cytosolic activities of glutamine aminotransferases
X and L in chick skeletal muscle are about 20-30 times lower than
those 1in rat skeietal muscle. The distribution of these enzymes
suggests different pathways and locations for initiating glutamine
degradation in chick and rat skeletal muscle (Chapter 4). The
physiological significa~:es of these differences remain to be
determined.

Another example of species difference in skeletal muscle amino
acid degradation is methionine transawination. Methionine is
extensively transaminated in chick skeletal muscle incubated in the
absence of other amino acids (Chapter 5), However, there is
essentially no methionine transamination in rat skeletal muscle
incubated in the absence of other amino acids (Chapter 5). Although
these results are wunlikely of physiological importance, they may
indicate a different affinity of BCAA amin ransferase towaids

methionine in chick and rat skeletal muscles.

B. Protein turnover in skeletal muscle
1. Evaluation of the measurement of protein degradation on the basis
of tyrosine release from skeletal muscle.
The problems associated with using the tyrosine release technique
to estimate skeletal muscle protein degradation have been discussed in
Chapter 1. One must be cautious in interpreting experimental data

obtained by this technique as demonstrated by the following evidence



160

devel oped from this thosis, ) Glutamine (0.5 or 2.0 mM)
significantly  increases tyrosine release from chick EDC muscle
(Chapter 6), however, it has wo significant effect on the rate of
Profe.i  degradztion in chick EDC muscles incubated in the presence of
al,  amino acids when measured by the release : . 3Il—phenylalanine
from prelabelled proteins (Chapter 6). (2) Ketone bodies decrease
tyrosine release from chick EDC muscles obtained from fed chicks
incubated in the absence of tyrosine [17), but have no effect on
protein degradaticr in EDC muscjes from fed chicks incubated in the
presence of all amino acids when measured by the release of
3H—phenylalanine from prelabelled proteins (Chapter 7). These
results suggest thac che  validity of measurement of protein
degradation on the basis of tyrosine vrelease from skeletal muscle
should be reevaluated.
2. Role of glutamine in regulating protein synthesis and degradation

in skeletal muscle

Glutamine is a unique awino acid in terms of its abundance in
skeletal muscle and the dynamic changes in its concentration under a
variety of physiological and pathological conditions [18]. Glutanine
has been shown to increase protein synthesis [19] and decrease protein
degradation [20] in perfused rat skeletal muscle. A similar effect of
glutamine on protein synthesis is also demonstrated in incubated rat
skeletal muscle (Appendix 6). Glutamine also increases protei-
synthesis and decreases protein degradation in chick skeletal muscle
in vitro (Chapter 6). These findings indicate that glutamine plays a
role in regulating nitrogen balance in skeletal muscle, which is

similar to the effect of branched-chain amino acids (BCAA) [21].
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However, wunlike BCAA, glutamine is extensively accumulated by skeletal
muscle (Chapter 6) [19]. It 1is of intercst to note that the
intraveinous administration of L-alanyl-L-glutamine to patients
following major surgery prevented the loss of intramuscular glutamine
and dramatically improved nitrogen balance [22].

The mechanism by which glutamine regulates protein synthesis 1is
not known. It is unlikely that glutamine availability is limiting for
protein synthesis in skeletal muscle since glutamine 1is the most
abundant intramuscular free amino acid [19] (Chapter 6). It is
possible that the increased rate of skeletal muscle protein synthesis
in the presence of elevated glutamine concentrations is closely
related to its extensive oxidation in this tissue (Chapter 4). Tt has
been reported that glutamine increases glycogen synthesis in the liver
by increasing the activity of glycogen synthase, which, like the eIF-2
protein in skeletal muscle [23], is inactivated by phosphorylation and
activated by dephosphorylation [24]. Therefore, it is intevesting to
hypothesize that glutamine increases the rate of protein synthesis in
skeletal muscle by regulating phosphorylation of polypeptide
initiating factors such as eIF-2. On the other hand, glutamine may
decrease the rate of protein degradation by increasing the production
of ammonia, which is a potent inhibitor of i 1scle lysosomal proteases
[25].

Since glutamine is able to regulate the rate of protein synthesis
in skeletal muscle, it is important to determine whether glutamine
mediates the action of other compounds that are known to increase or
decrease the rate of protein synthesis in this tissue. It appears that

ketone bodies inhibit protein synthesis by decreasing intracellular
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glutamine concentrations in skeletal muscles from fed chicks on the
basis of evidence presented in this thesis. (1) ketone bodies decrease
the intracellular concentration of glutamine and also the rate of
protein synthesis 1in skeletal muscle from the fed chick, which can be
prevented by the additior of 0.5 nM glutamine to the incubation media
(Chapter 7). (2) Pyruvate (5 mM) prevented the ketone body-induced
decrease in the intracellular concentration of glutamine by blocking
the associated increase in glutamine oxidation, and also prevented the
inhibiting effect of ketone bodies on the muscle protein synthesis
(Chapter 7). These results lend additional support to the concept
proposed by MacLennan et al. [19] and in this thesis that glutamine
plays an important role in rcgulating skeletal muscle protein
synthesis.
3. Inhibition of protein synthesis and degradation by ketone bodies

in skeletal muscle from the fasted chick

It is well documented that protein ~vp:hesgis and il zein
degradation in skeletal muscle are decreased during prolonged Zasting
[26]. These changes may be partly due to decreased plasma
concentrations of insulin, glucagon, and thyroid hormones (261, but
may be also partly due to increased concentrations of ketone bodies
since they decrease protein synthesis and degradation in skeletal
muscles from fasted chicks (Chapter 7). These results provide the
first cvidence that ketone bodies regulate protein metabolism in
skeletal muscle by acting directly on this tissue and also lend direct
evidence to support the concept that ketone bodies can spare nmuscle
proteins [3,5].

In contrast to muscles from fed chicks, ketone bodies increase
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intracellular glutamine concentrations in skeletal muscles from fasted
chicks (Chapter 7) probably by increasing glutamine synthesis because
of a decreased availabilitv of pyruvate as a nitrogen acceptor
(Chapter 3). It appears that the inhibitory effect of ketone bodies on
protein synthesis in skeletal muscles from fasted chicks is ot
mediated by intracellular glutamine concertrations. The mechanism by
which ketone bodies inhibit protein synthesis in skeletal muscles from
fasted chicks remains to be determined. Also, the differences in the
response of protein turnover (Chapter 7) and amino acid metabolism
[8,9] to ketone bodies between skeletal muscles from fed and fasted

chicks need to be explained.

C. Conclusions
In summary, the following conclusions can be drawn from this

thesis.

(1) The transamination of BCAA with a-ketoglutarate in chick
skeletal muscle provides amino groups for de novo synthesis of
alanine and glutamine (Chapter 2).

(2) Ketone bodies decrease alanine synthesis and BCAA transamination
in fasted-chick skeletal muscle by decreasing tissue pyruvate
concentrations due to inhibition of glycolysis (Chapter 3).

(3) Glutamine 1is extensively oxidised in skeletal muscle in the
presence of plasma conzentrations of amino acids and glucose,
thus challenging the traditional view that oxidation of glutamine
in this tissue is negligible (Chapter 4).

(4) Methionine transaminaticn in skeletal muscle is quantitatively of

little significance in the presence of plasma concentrations of



(5)

(6)

(7)
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amino acids, thus questioning the physiological role of the
methionine transamination pathway recently proposed in this
tissue. (Chapter 5).

Elevated concentrations of glutamine increase protein synthesis
and decrease protein degradation 1in chick skeletal muscie,
suggesting a role for glutamine in improving N balance in this
tissue (Chapter 6).

Ketone bodies decrease protein synthesis in skeletal muscles from
fed chicks by decreasing intracellular concentrations of
glutamine due to an increase in its oxidation (Chapter 7).

Ketone  bodies inhibit both protein synthesis and »rotein
degradation in skeletal muscles from fasted bii. - «.hapter 7),
suggesting that decreased rates of protein synthesis observed
during fasting may be partly due to increased plasima concentration

of ketone bodies.

D. Suggestions for future studies

Although the objectives 1listed in the Chapter 1 of this thesis

have been achieved, many additional interesting questions have arisen

that remain to be answered. Several suggestions are therefore made for

future studies.

(1)

Although skeletal muscle can synthesise a large amount of
glutamine, there is no information available regarding the
regulation of glutamine synthetase in this tissue. Is glutamine
synthetase activity in skzietal muscle regulated by
phosphorylation and dephosphorylation as recently shown for the

glutamine synthetase in mycobacterium (27)7?



(2)

(3

(4)

(3)

(6)
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Do ketone bodies inhibit BCKA decarboxylation by decreasing
intracellular concentrations of CoA-SH in skeletal muscle? Does

the feeding of high-fat diets to animals, which results in
an increase in plasma ketone body concentrations [5], inhibit BCAA
degradation in skeletal muscle? Is the degradation of BCAA
decreased 1in skeletal muscle of diabetic patients, who have
abnormally high ketone body concentrations [5]?

Sinzce glutamine oxidation in skeletal muscle is not complete,

what are the metabolic fates of glutamine carbons 2-57? Also, how
does skeletal muscle handlc the ammonia produced from glutamine
oxidation, particularly in the ::d?

Methionine transamination is of little quantitative inportance in
skeletal muscle in the presence of plasma concentrations o€ amino
acids. Does methionine transmination occur in other tissues such
as the liver and kidneys in the presence of all amino acids?

Since glutamine has been shown to improve nitrogen balance ir
subjects under catabolic conditions [22], it is of importance to
understand how intramuscular glutamine concentration is
regulated. It 1is also important to know how glutamine regulates
protein turnover 1in skeletal muscle. Does glutamine regulate
phosphorylation of certain regulatory proteins (eg. eIF-%)
involved in protein synthesis in skeletal muscle?

How do ketone bodies inhibit protein synthesis and degradation in
skeletal muscle from the frsted chick? Which proteolytic pathway,
lysosomal or nonlysosomal, is involved in the inhibition of

protein degradation by ketone bodies?
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Table 8.1, Mccabolic fates of amino acids in skeletal muscle under
relatively physiological conditions

Amino acids Metabolic fates
1. Leu, Ile, Val Extensively degraded
2. Gin, Glu, Ala, Asp, Asn Extensively synthesized and d :graded
3. Met, Gly, Ser, Cys, Phe, Neither syuthesized nor degraded
Tyr, His, Lys, Thr, Trp,
Pro, Arg.
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IX. Appendices

Appendix 1. Plasma amino acid concentrations in chicks and rats
Ten-day-old male broiler chicks of the Hubbard sivain and 21-day old
female Sprague Dawley rats of the Buffalo strain were fed as
described in Chapter 4. Chicks and rats were anacsthetised with
halothane and blood was collected by cardiac puncture of individual
animals. Plasma was analysed by h.p.l.c. for amino acids as described
in Chapter 2. Results are given as mean * SEM, n=10 for chicks and
=6 for rats. * Values were adapted from Maruyama et al. (Poultry
Sci. 55, 1615-1626; 1976) for chicks and from Mallette et al. (J.

Biol. Chem. 24%, 5713-5723; 1969) for rats.

Amino acid Chicks Rats
(mM) (mM)

Asp 0.22 + 0.01 0.04 + 0.01
Glu 0.23 x 0.01 0.16 + 0.02
Asn 0.04 + 0.01 0.11 + ¢.01
Ser 0.71L £ 0.04 0.39 + 0.02
Gln 1.10 £ 0.08 06.71 * 0.04
His 0.20 £ 0.01 0.13 + 0.01
Gly 0.64 £ 0.03 0.51 + 0.03
Thr 0.58 + 0.07 0.43 £ 0.02
Cit 0.06 + 0.01 0.07 £ 0.01
Arg 0.38 £ 0.02 0.23 + 0.02
Tau 0.16 £ 0.02 0.12 £ 0.02
Ala 0.91 + 0.04 0.88 + 0.07
Tyr 0.11 £ 0.01 0.12 + 0.01
T'rp 0.08 £ 0.01 0.14 * 0.02
Fiv 0.09 £ 0.01 0.11 + 0.01
Val 0.39 + 0.02 0.32 £ 0.01
Phe 0.40 £+ 0.03 0.11 +# 0.01
ile 0.19 £ 0.03 0.16 + 0.01
Leu 0.27 £ 0.01 0.26 £ 0.01
Lys 0.34 £ 0.05 0.48 + 0.0
Cys* 0.03 0.07

Pro¥* 0.33 0.18
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Appendix 2. Proportion of glutamate, glutamine, alanine and tyrosine
in the incubation medium, the intracellular free amino
acid pool and the protein in EDC muscles from 24-h fa:u ed

chicks afiter 2 h incubation period

EDC muscles from 24-h fasted chicks were incubated for 2 h following
30 min preincubation in Krebs Ringer bicarbonate buffer in tne absence
of all amino acids as described in Chapter 3. Results are given as
mean * SEM for 10 observations. The glutamate value for muscle protein
includes glutamine. Values marked with *% (P<0.0l) are significantly
different from those for EDC muscle protein. The proportion of
glutamate in the incubation medium is significantly lower (P<0.01)

than that in the intracellular free amino acid pool.

Incubation Intracellular EDC muscie
medium free amino protein
acid pool

Glutamate (%) 2.3%x0.1 10.7 £ 0.6 12.8 £ 0.4
Glutamine (%) 22.5 £ 1.2 21.4 £ 0.9

Alanine (%) 20.6 £ 1.1%% 18.8 £ 0.7%% 10.7 £ 0.3
Tyrosine (%) 2.0+ 0.1 1.4 £ 0.1%%* 2.1 0.1
(Glu+Gln) : Tyr 12.2 £ 0.8%% 22.7 £ 1.0%%* 6.1 £ 0.3
Ala:Tyr 10.3 £ 0.4%% 13.3 £ 0.7%% 5.0+ 0.2
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Appendix 3. Release and intracellular concentrations of glutamate,
glutamine and alanine in EDC muscles from 24-h fasted
chicks after 2 h incubation

EDC muscies from 24-h fasted chicks were incubated in the Krebs Ringer

bicarbonate buffer containing plasma concentrations of amino acids

except glutamate, glutamine, alanine, tyrosine and histidine, which
were absent. Following 30 min preincubation, one EDC muscle was placed
in 2% trichloroacetic acid while the contralateral one from the same
bird was transferred to fresh media and incubuated for 2 h. Results are
g ven as mean * SEM for 10 obsarvations. Values marked with %%
(£<0.01) are significantly different from the corresponding 0 time

values as analyzed by the paired t-tect.

Final Release to Intrrcellular Release plus

incubation incubation concertration intracellular

period medium concentration
(h)

(mmol/mg tis<ue)

Clutamate 0 -- 1.78 * 0.06 1.28 + 0.06

2 0.39 £ 0.04 1.20 £ 0.05 1.59 £ 0.04x*
Glutamines 0 - 2.18 + 0.12 2.18 * 0.12

2 2.06 £ .22 1.94 + 0.10 4.10 & 0.19%*
Alanine 0 -- 2.13 % 2.05 2.13 £ 0.05

2 2.12 £ 0.07 2.20 £ 0.14 4.32 & 0,18%%
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fppendix 4, Effect of 1 M acetcacetate or DL*ﬂ’hydroxybutyrut.e on the relpwase and
intracellular concentrations of glutarate, glutamine and alanine in EDC
tmusclas from 24-h fasted chicks

EDC muacles from 24-b fasted chicks were incubated for 2 h following 30 min preincubation

in the Krebs Ringar bicarbonate buffer containing 12 mM gluccue and plasma concentrations

amino acids except glutamate, glutamine, alanine, tyrosine and histidine, which were

absent. Acetoacetate (AcAc) or DL-ﬂ-hydroxybutyrate (HB) {1 ™M) was added to

incubation media as indicated. Ru.ults are g1ven as mean £ SEM for 10 observations per

treatment.. Values marked with * (P<0.05) and ** (P<0.01) are significantly different from

the corresponding control value as analyzed by the paired t-test.

Treatment Release Intracellular concentrations
Glutamate Glutamine Alanine Glutamate Glutamine Alanine
(nmol/mg wet tissue/2 h) (hmol/mg wet tissue)
Control 0.38+0.03 1.91+0.09 2.16%0.10 1.31+0.04 2.1040,12 2.29+0.14

1 mM AcAc 0.49+0,03%% 2,25+0. 10%* 1.60x0.06%* 2.20£0.08%% 2 33+0,14% 1.78+0.05%*

Control 0.350.02 2.13+0.12 2.01+0.12 1.28+0.04 2.24+0.23 2.11+0.10
1 mM HB 0.4620,03*%* 2 3420,17* 2.33x0.15* 1.45%0.06* 2.53£0.32%%  2.38+0.09*
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Appendix 5. Activities of mitochondrial glutamine aminotransferascs
K and L in chick EDC and rat diaphragm muscles

Mitochondrial  glutamine  aminotransferase K was assayed in the
presence of  1-50 uM  glutamine and 50 uM phenylpyruvate nas
described in Chapter 4. Mitochondrial glutamine aminotransferasc L
activity was assayea in the presence of 1-50 mM L-albizziin and 50
puM a-keto-y-methiolbutyrate as described in Chapter b,
Results are given as mean * SEM, n=3. Means within a column follc .d
by different supsrscripts are significantly different (P<0.05) as

determined by analysis of variance.

Glutamine Glutamine
aminotransferase K aminotransferase L
(nmol Phe/h/mg tissue) (nmol Met/h/mg tissue)

{Gln] Chick Rat [Albizziin] Chick Rat

(mM) EDC diaphragm (mM) EDC diaphragm
1.0 0.16%0.01% 0.29+0.022 1.0 n 08+0.012 0.15+0.012
2.5 0.18+0.013P 0.3310.01" 2.5 0.10+0.012 0.20%0.01P
10.0  0.22%40.01P° 0.35+0.012 10.0 0.11+0.012% 9.23+0.01P
20.0 0.24%0.0.° 0.36+0.01 20.0 O.lliO.Olab 0.24i0.01b
50.0  0.24%0.01° 0.38+0.02P 50.0 0.13+0.01P  0.30+0.01°
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Appendix 6. Effects of glutamine on protein turnover in incubated

EDL muscles from fed rats.

Rat EDL muscles were incubated for 3 h following 30 min preincubation
in Krebs-Ringer bicarbonate buffer containing insulin (0.1 U/ml), 5 mM
glucose, 1.0 mM phenylalanine and Pirasma concentrations of other amino
acids (Appendix 1) except glutamine, unless otherwise indicated, One
muscle was wused for zontrol while the contralateral one wac used for
treatment. The rate of protein synthesis was estimated by measuring

the incorporation of 3

H-phenylalanine into muscle protein as
described in Chapter 6. The rate of protein degradation was estimated
by measuring the release of 3H-pheny1a1anine from muscle protein
prelabelled in wvivo as described in Chapter 6. The percentage of
protein degradation was calculated by dividing the amount of
3H—phenylalanine radioactivity (d.p.m.) released to incubation media
by the the total amount of 3H-pheny1a1anine radioactivity (d.p.m.)
in muscle protein. Results are given as mean * SEM with the numbers of

observations in the parentheses. Values significantly different from

the control wvalue are indicated (* P<0.05) as analysed by the paired

t-test,.

Medium Intracellular Protein Protein

[G1n] [Gln] synthesis degradation

(mM) (nmol /mg (pmol Phe/3 h/ (% Phe drgraded
tissue mg tissue from protein)

0 4.8 £ 0.22 (46) 432 + 18 (46) 3.71 £ 0.13 (36)

0.7 10.1 % 0.78 * (11) 503 + 33 % (11) 3.44 £ 0.20 (10)

2.0 14.0 £ 1.23 * (11) 550 * 29 * (11) 3.31 £ ¢.23 (8)

4.0 20.5 + 1.93 * (11) 576 * 35 * (11) 3.43 £ 0.18 (11)

176



