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ABSTRACT ‘ S
The goal was to determine the physiological
significance of pyruvate dehydrogenase (PDH) éctivation in
muscle. The PDH activity was measured in small samplei of
muscle obtained b& needle biopsy from normal volugteers.
In héart PDH was measured using an isolated perfused rat
heart preparation. The PDH activity was measured by
determiﬁing lL"Co2 production from pyruvate—l—lac using

whole tissue homogenates.

-+

The total PDH (PDH,) activity in human ske}Etal muscle
was 302 I 10 nmol/g/min. with about 40 I 3% in the

ctive form
(PDHa). “With agrobic’exercise }60% &Ozmax) more than 88% of
?DH was converted to PDHa within 5 min. Aercbic training
did not inqrease the resting muscle PDH, adtivity.(unﬁrained
304 X L4, trained 309 8 nmol/g/min.) but it incredsed the
PDH, from 124 ¥ 9 nmol/g/min. to 215 I 15 nmol/g/min.

. Muscle imﬁobilizatipn by arm cast for 6 weeks _
decreased the PDH_ from 112 I 4 to 28 I 4 nmol/g/min. buﬁ .
it had no effect on the PDH, activity. Exercise following
immobilizéﬁion decreased the‘rafe and the extent of PDH
activation.ﬁpile exercise afte; weight training increased
the extent of PDH activation.

Starvation for 24 and 48 hr. in rat heart decreased

PDH, from 2768 I 73 to 1286 ¥ 109-and 920 ¥ 149 nmol/g/min.

-

respectively.
.
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In the perfused heart PDH was fully activated by
epinephrine (1.3ug/ml), insulin (1 wU/ml) and high (0.2 mM)

pyruvate concentration. PDH activation was not mediated by

cyclic AMP since insullq activated PDH but”did not change

the heart cyclic AMP concéxtration. ' Propranolol'prevenfad
epinephrine frbm ag;ivating PDH. Octanoic acid decreased

the propertion of PDH in the active form.

In the heart\é detailed study of the relationship
between the rate of Heart‘pyruvate‘bxidatidh and éDH
activétion was undertaken. In all experimental conditions
whefe the rate of pyruvate oxiéatiOn.was changed, pafalfel
changes in +the PDHa aqtivity was seen. The correlation
between PDH activation and rate of heart'pyruvéte oxidaﬁion
was greajer than‘0.92. These findings suggest that

iﬁter;gggﬁrsion of PDHa and PD}{i prrobably contreol the rate
\\\- of heart pyruvate oxidation: A similar correlation was pot
seen in skeletal(ngcle during exercise. The calculated
r\\\iife of muscle pyruvate oxidation was several fold greater
‘ than' the extent of PDH activation. Although the activation
of PDH regulates pyruvate oxidation in both heart and skeletal
muscle, in heart this is achjeved through the interconversion
of ac%ive and inactive PDH whereas in skeletal muscle
allosteric conversion of the active form of ?DH plays a

-

greater part.
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INTRODUCTION

The metabolism of glucoée or glycogen to pyruvate

and its subsequent oxidation to CO2 is essential for normal

muscle function., TIts partial oxidation to pyruvate or

lactate generates a limitéd but essential amgunt of energy

(ATP) required for rapid muscle contraction. With sustained

exercise it is necessary to increase and maintain ATP i?"’
“generation as the fundamental drifing force for continued A
work. Wheni glucose or glycoéen serve as the major muscle’
energy source the regﬁlation of pyruvate oxidation to sz

is perhaps the most important regulating step in muscle
metabolism. Such metabolic regulation could be exerted at

a number of different sites in the TCA cycle. On the basis

of Nnumerous studiesl'? it has become generally acknowledged
that the oxidation of pyruvate to acetyl CoA is a major, if ’
not the primary regulatory step in the whole process of
pyruvate-oxidatibn to Coz. ‘ .

Beforelpyruvate can enter the"tricarboxylic acid.

cycle (TCA),. pyruvate must be oxidativei& Aecarboxylated to
acetyl CoA. The reaction responsible for this action is

made up of ‘several different enzymes known as_the Pyruvate :
Dehydrogenase‘complex (PDH). 1In all tissues studied tO»date,.

PDH has been found to be a three enzyme complei which is



directly involved in oxidation of pyruvate in the inner |

mitochondria.l'7

The three enzymes are as follows:

1. Pyruvate decarboxylase (EC l.z.b.l)-Enzl.

This enzyme is also known trivially as pyruvate

y ¥
dehydrogenase.

2. Dihydrolipoate transacetylase (EGazif;l.l2)
-Enzz. '

3. Dihydrolipoate dehydrogenase (Ec'l.é.u.3)-Enz3.

The enzymes catalyze the following overall reaction

in a sequential order.]"?'9

Pyruvate + Coh + NAD'——> Acetyl Co-A + Co, % NADH + H'
The various steps occur in the manner set out below:
(R1) Pyruvate + Thiamine pyrophosphate.(TPP)-Enz, —

Co2 + hydroxethyl-thiamine pyrophosphate - Enzl

(R2) Hydroxyethyl-TPP-Enz, + Lipoyl - Enz, T -
S-Acétyldihydrolipoyl - Enz, + TPP - Enz,
(R3) S-Acetyldihydrolipoyl - Enz, + CoA ——> Acetyl CoA

+ Dihydrolipoyl - Enz,

* The use of pyruvate dehydrogenase here refers to the first

reaction of the PDH complex, elsewhere in the thesis PDH
is used to indicate the PDH complex.



r

. . ' - N . '
(R4) Dihydrolipoyl - Enz, + FAD - Enth:___f__. Lipoyl
- Enz2 + FADH - Enz3

(R5) FADH - Enz, + NAD' T——— NADK * H' + FAD - Enz, |

Tﬁe multienzyme complex forms a structural, functional
and regulatory single unit of three enzymes and two ofher;
enzymes in higher orgam].sms.1"8 The first reaction in the
sequence is nonreversible while all the remaining reactlons
'are reversible. (Figure 1) _

The PDH multienzyme has been isolated from numerous
organisms. The énzyme from pig heart muscle was the first
tc be isolated from the mammalian system.5’23 Since the
1950 s thée enzyme has been shown to exist in Escerichia

10,11 A‘zotobac‘ter,.l2 14, 15

13a,13b

coli, Neurospora crassa,

16-18

potatoes,l9 pigeon breast -
22

Streptococcus, yeast

_muscle,j’u'zo'21 skin fibroblasts
5!6123"25

and many mammalian

tissues.

‘1, MAMMALIAN PDH COMPLEX

The originai work om the PDH complex (E., coli)
pogtulated tbatrthere were 24 polypeptide chains of each
enzyme in the even ratio of 1:1:1, for the three enzymes;
However, upon closer anglysis the ratio was found tb be
71:1:0.5.42 where there weré two polypeptide chaine ofignzl

and Enz2 for each polypeptide chain of the flavoprotein ¢



Figure 1
0 \ ch, , : )
0 ’ / .
CH., - C - COO Enz, + TPP Enz. - CH N 1 - ~ Fnz., — FADH NADH
3 . 1 . g2 _ 2 ] . 3 2, s
/ v o~ / D
. . / sil 5 - C -0y ,
R A ' ol = . CoA xu A Ry
1! 230 .
\ o . CH, N\ : A
Iz ;r » _ \\ / \\ / ' / D - \ / 4
< . vy I Enz FAD HAD
oom m:sp -‘TPP - C - czu m:ﬂu - Cil n:m a4 0 3
) _ K _ I\ i
1 5 ——0 - o:u -.C - Coh
&

The reactions and. components that constituke the pyruvate dehydrogenase complex. (for
explanation refer to Lot ). Fnzj-(pyruvate dehydrogenase) catalyes reaction 1 (Ry),
Enza-{dihydrolipoate transncetylasce) cathlyzes reaction 2 (Rp), and msuunnaw:wnnowwvomem
anreaﬂomemumou catalyzes reactions 3 n:uv and # (Rgy). .

a
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EnzB.‘ Since then, the exact ratio.has-not been resolved
nor has the‘molecu ai welight or pqupéptide_cﬁ;fh for each
énzyme been defini%ely e¢stablished. . | '

' 'Like the E. éoli complex;‘thé mammalian complex
" appears to vary between tissue types but the general .
concensus is that the iolecular welght is about 10 x lO6
and the complex may contamn a nucleus of approx1mately '

60 identical transacetylase unlts. (enzyme 2, Figure 1),

each containing one molety covaléhtly bound to lipoic acid.
When isolated, the pyruvate dehydrogenasé'(Enzl; f‘igufe_l)J
has @ molecular weight {MW) of about 154,000 and cénsists-‘
of two subunlts, one of 41,000 {(o¢subunit) which blnds TPP
and Mg o and decarboxylates pyruvate to give hydroxethjﬁ»TPP.
“The other subunit of 36 000 (35subun1t), catalyzes the
reduced acetylation . of the ox1d1zed llpOlc ac1d on the .
transacetylase. 43 It is postulated, therefore, that the
CK.subunlt of pyruvate dehydrogenase may catalyze reactlon l,
while the 15-subun1t may be respons;ble for the cataly21ng

. - of reaction 2. 34,k (Flgure 1) '

. Dlhydrollpoate dehydrogenase (Enz )(Flgure l) ‘has

a Mﬁ of 110,000 and contains two similar or identical
polypeptide chains, each containing one FAD molecule. The
purified enzyme has 10 - 12 polypeptlde chalns of dlhydro—
lipoate dehydrogenase. 25 The transacetylase (Enz ) functlons

both catalytically and in a structure forming way. It

(
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, \
1‘t§rms the nucleus of the complex with the other two enzymes °

covalently bound on its surface (surrounded by Enzl.and
Engg subunits).25’48 _
In'addifio¥\33\jhe three enzymes aﬁove, the

mammalian enzyme complex centains a phosphatase and a kinasel’7
. . . >

which catalyzes xgs‘dephosphorylation (reactivation) and the

phosphorylationh(inactivation) of pyruvate dehydrogenase.

This will be discussed in more detail later in the introduction.
- .

.‘2. ENZYME MECHANISMS

T

-

oy
A. Pyruvate Dehydrogenase (Enzl}

The decarboxylation of pyruvate is initiated by its
binding to the 2~-position of the thiazolé ring of TPP

-(reaction l).23’2?"31_
Enzy ) - ?ﬁzl_ :
‘ N C—;ED ?oon N C-CH
cﬁB-c-cooﬂ + HC . n HO-?-———- ”
I s C-R1 : CH, R S-C-R1 . -
nyuvate Enz, - TPP Enz, - TPP - pyruvate

~ After the binding of pyruvate, 002 is relegsed from
the ehzyme camplex of Enzl to form Co2 and hydroxyethyl thiamine
pyrophosphate 31=35 (reaction 2).



y _ip
Enzl
- ?H 4 - C - CHy
c= cf// l +| co
éHB \\\S - C-RL
‘Enz, - TPP - pyruvate ' Enz, - TPP - hydroxyéthyl

B. Dihydrolipoate Transacetvlase'(Enzz)

In mammals this enzymé catalyzes the transfer of the

hydroxyethyl group from pyruvate dehydrogenase (Enzl) to

dihydrolipoate transacetylase (Enzz)(Yegktion 3).11

(3)

2

Acetyl - Enzz'
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Lipoic acid contains 2-sulphur groups which are
reduced with the oxidation of the hydroxyethyl group
(reaction 3).13a,13b The next stage of the reaction involves

the formation of acetyl CoA (reaction 4).

o, o o3
CH \CH E + CoA —SHT—CH \CH E +C =0
5 | - Enz, oA — > CH - nz, *|¢ =
(%) 5 ‘_ [se] [ sH] S— Coh
. \IC - o . .
CH,y
acetyl - Enz, Coenzyme A  Enz, (reduced) Acetyi CoA

Unlike any part éf the PDH complex this reaction is
freely 1:'evers:'L‘r>le.:Lo’l:L In fact thé reversibility of this
reaction is used as a test of purity in the separation of the
various enzymes in this sequence. Acetyl CoA is a potent
product inhibitor of Enzz; but its regulatory role remains

to be established.8'36r80,84

C. Dihydrolipoate Dehvdrogehase'(EnzB)

‘ ?he transfer of electrons from the reduced sulphur
groups to NAD® involves a coqalex series of steps. FAD is
covalently linked to Enz; and is involved in the eventual’
transfer of electrons to NAD+.37;38 ‘The initial electron

transfer is thought'to cccur as follows:

N



CH ' CH

/ 2 2 .
(5) CH \c E + E FAD c/ ! Enz. + FA
5 o lH - Enz, nz3 -~ FA —}IH2 CH - nz, . (EnzB - D
|SH] ]SH| S——-£
Enz2 - reduée@ En23—0x1dlzed Enzz—ox1d1zed\\\fiaarreduced

The reduced Enz3 reacts with free NAD to form

NADH (reaction 6).

(6) Enz, — FAD|Hp|+ NAD'———> Enz. - FAD +|NADH + H'

P

3

The transfer of ?1ectrons rom Enz3 to NAD+ infolves
sulfhydryl groups in addition to th FAD.8’13a’13b'39ful The -
detailed seqﬁence of electron %ranéfer is poorly ﬁndgrstood.
While dihydrolipdate dehydrogenase accepts electfons from-“
llpoate bound fo acetyl transferase. the llpoate dehydrogenase

does not appear to contaln much, if any, lipoate 1tself 2 8 137,38

*3' INTERCONVERSION AND REGULATION OF THE ENZYME

Recent work has shown the PDH complex to exist in two
énzymatically interconvgrtible forms, one which is
catalytically active and the other which is inactive.l’??51’52
The %two additional enzymes aré a kinase whicﬁ iﬂactivatéé
the PDH compibx in the presence of ATP and low Mg
concenﬁratlons by phosphorylation, and a phosphatase whlch
activates or dephosphqrylates the complex in the presence of

66

high-Mg++ and Ca’ ' concentrations.

s
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?he PDH kinase is very tightly bound %o dihydrolipdate

. transacetylase (Enzz').u2 The PDH kinase has been separated "\\
from the traﬁsacetylase but has verédlow activity unless ;)
reconstituted with the.transacetylase.25 The PDH kinase

catalyzes the transfer of the termiral phosphate of ATP to

at least two or three serine- hydr0xyl groups per polypeptide

chaln of Enz,. 1,45 There are only about five PDH kinase

molecules in the isolated complex and each of these molecules

43,44

phosphorylates several Enzj chains. From the work of

45 and otherser 46 147 there appears to be good

Davis et al.
-eVIaence.thét PDH is phosphorylated at different sites on
%he eﬁzyme complex from different tissues. For example, . the
‘pig and bovine kidney and heart and pigeon breast muscle are
phosphorylated on the same peptide suburu.t.25’43'1%’_}"“8
The PDH phosphatase, consisting of five polypeptide
ghains, is not as tightly bound as the PDH kinase and can be
'separated from the complex by ultra centrifugation.l'7’48
The site and mechanism of the binding of, the PDH phosphatase
is not yet clearly known. The PDH kinase and ﬁDH phosphatase
regulaté the PDH complex activity by altering the activity
AQf the first step in the complex (i.e. pyruvate decarboxy}ﬁ—
/ fion). This step may be rate limiting for the whole PDH
complex but it has never been confirmed experimentally.

The inactivation and reactivation by PDH kinase and

phosphatase are under metabolic control and are modulated
toe
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by a numbgr of effectors. Pyruvate, pyrophoéphate énd ADP
inhibit the PDH i}nase and hence activate the pyruvate
dehydrogenase (Enél, Figufé 1)_h9751 Other effectors like
Mg++ and ca’” inhibit the PDH kinase reaction and activate.
the PDH phosphatase reaction.?4’52'55’61 (Figure 2)
nyuvate; the substrate for the‘enzyme, has been
shown to.protect PDH from phosphorylation and inactivation
ﬁy %he PDH kinase;l’7'51’56 The protection afforded the
enzyme is eleven times more powerful for the heart than for
Kidney. 5’9t \

pyruvate is avajilable to the heart, so that the oxidation

Qhese studies show that the protection by

by pyruvate cannot be blocked by cellular ATP generation.
Kinetic studies have shown that there is .a regulatory binding
site for pyruvate that probably does not occupy the same

position with the substrate binding site of Enz, or with %

binding site of the ATP of the PDH kinase.5l’5?

The protective effect of pyruvate has been sho by
KrebsSB'59 to be important physiologically because the
reducing equivalents necessary for gluconeogenesis have)to
be generated by the oxidation of pﬂyuvate in the mitochondria
when lactate is not the initial substrate. During th¢se
ponditions,.gluconeogenesis by way of oxaloacetate i
possible 1f some of the pyruvate ié oxidized and, this

provides the NADH needed for that option. Pyruvate, therefore,

' prevents PDH ;nactivation by protecting the enzyme complex
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Figure 2. .

- PDH - .
Phosphatase Pyruvate
Céi+q Mg*+ ﬁ CoA

. | / .
. , . _ NAD

§*-
PDH, PDH, \/
N o
N s
\ / ‘
\\ i //,
* .//_ —~
ADP z==——— ATP -‘\_‘\002
| \NADH
- . PDH - N\
Inactii?- Kinase Active K Acetyl CoA
Legend: The above scheme for PDH complex interconversion - 4
in mammalian tissue. A kinase phosphorylates and
inactivates the enzyme while a pho tase -

dephosphorylates and reactivates the enzyme. The
properties that influence the activity are also
summarized., //
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against the inactivation by the PDH kinase. ﬁgéh and
Burgettéo have shown that pyruvate inhibits phosphorylation
of casein by the PDH kinase when separated from the enzyme
complex,and feel that the PDH kinase may, therefore, bind
snd act at separate substrate and regulatory sites. Under
“certain conditiors, eSpecially when TPP is available,
pyruvate concentrations lower than lOO/uM, activate the PDH
kinase while higher concentrations inhibit it. 55,56 In the
presence of TPP, pyruvate stlmulates 1ts own decarboxylation.
This suggests that pyruvate or a decarboxylatlon product may
be responsible for the inhibition of PDH kinase. Acetaldehyde
and acetoin are.some of the products available, but
acetaidehyde'has-no‘effect, while acetoin-activates the PDH
kinase in 1bﬁ conoentra‘tions.9 The process does not occur
if TPP is not available or if pyrophosphate is'suostitﬁted.g
The reasons for the activation of the PDH kinase Dy acetoin
fermed from pyruvate with TPP, is not yet resolved.

| Some carboxyllc acids can also inhibit the PDH
klgase whlle proprionic acid appears to have a similar

9,51 Halogenated carboxylic acid such

potency as pyruvate.

as dichlorbacetate.aiso inhibit the PDH kinase either in the
presence or absencelof‘TPP, but when compared to pyruvate

| and proprionic acid, dichloroacetate‘is less effective.

Therefore, the halogenated carboxylic'acids can bind to PDH,-

do not get metabolized, and thus ,can activate the PDH complex.

*»
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I+ is suggested that the halogenated carboxylic acids
activate PDH by stimulating the active or dephosphorylated
form.9 It appears that the halogenated car?pxylic acids
activate PDH by inhibiting the PDH kinase reaction in some
" way, allowing the PDH. phosphatase to dephosphorylate and,
therefore, causing thé conversion to the active PDH form.9
Work from Reed's and Wieland's labo;atories has
shown that Mg++ is required for PDH phosphatase activity.l’é’QS
In the presence of EDTA, however, the enzyﬁe was completfely
inactivated. These studies promptéd Denton et al.6l and
Pettit et al.EO to explore the effects of calcium ions on
PDH activity in various tissues. The effect was to lower
the K, of the phosphatase for its suBstrate PDH phosphatef
from about BO/AM irt the absence of Ca++ to about 1.6}AM with

62 There alsc seems to be

50,61,64

a calcium concentration of lOﬁAM.
a reduction of the K for Mg++ if ca’™ is available.
Hayakawa® and Hucho et al.”l have observed that the divalent
metal Mn++ may replace Mg++, and Denton et al.9 further
showed that some other divalent metals such as Sr'f+ and La "
could also mimic the effect of Ca++ while Ba++, Cu++ and Fe' "
had no effects. ‘Two other metals, Ni*T and Zn++, inhibited
the effect of ca’’ also. Sieés and Wie:land63 with their |

work, carried out at the same time,.showed that fluoride

could alsc inhibit the enzyme.
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. The adenine nucleotides may play a regulating role
by the activation and inactivation of PDH by affecting the
PDH kinase activity. ATP is an essential Subétrate‘for the
PDH kinase, ADP is a weak PDH kinase.inhibifbri)while AP,
cyclic AMP and othef‘nucleotides appear to have little
influence on the regulation using purified, and partlally
purified mitochondria. 1,15,49,52,65,69-74, 168 As Huchosl
has. pointed out the K of ATP for PDH . kinase 1s low, so that
“the cell ATP concentratlon always saturates the PDH kinase.
ADP and AMP, because of thelr weak inhibitory effects, are
probably ineffective as regulators for the PDH kinase. The
PDH phosphatase is not influenced by the nucleotides.
Consequently, it has been difficult o determine how the
interconversion of PDH changes according to the demands of
the cell. It has also been difficult to show how the PDH
enzyme complex activity is regulated by the nucleotides.g’é?
It seems ﬁhatlthé studies on the PDH kinase at least show
that the regulatidn of the enéyme is very complex. There is
‘some evidence,. in heart, that the ATP:ADP ratlo may exert

68-74 This will be discussed

an effect on the PDH activity.
laferf

Regulation by glycolytic intermediates in mammaliah
tissue PDH complex is subJect to product inhibition by
numerous metabolltes.68 =77 However, most of the studles

with the intermediates have been gbnducted on the stimulation
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of PDH _in E.Ecoli rather than in mammalian tissue. Such

intermediates as fructose-diphosphate, fructose-6é-phosphate,
glycer\&?ehyde—j—phosphate,'phosﬁhoenol pyruvate,
dinydroxyacetone phosphate and glucose-6-phosphate stimulate
' the‘firgt step’of the PDH complex (Enzl). Very recently
Ngo-and'Bardeau9o reported that they were unéble to observe
any effects of brain PDH by the glycolytic intermediates. ‘
In addition to the activation of glycolytic products, product’
inhibition by NADH on Enz, in E. coli, and other tissues of
the mammalian organs has been described.g'sl'?o’73"?5’9O
Acetyl CoA also inhibits PDH activity in all tissues tested
“to date. Iﬁ contrast to E. coll a change in the free
NADH:NAD® ratio in mammalian tissue is more important in
cellular metabolic regulation than the: acetyl CoA:CoA

74,75,81-83,85,86 The TCA cycle intermediates inhibit

ratio.
pyruvate oxidation in mammalian tissues with ciltrate
influencing, as an example, the interconversion of the
inactive to the active PDH, 78179 (see p..23 for further

discussion).

4, Differences Bgtween Organs in the Regulation of

Mammalian Pyruvate Dehvydrogenase

A. Brain: The brain . PDH complex has been shown to
be interconvertible by the phosphorylation and dephosphory-

lation process.63 From data available so far it appears
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o ©
that . brain PDH act%vity can be regulated by different
factors whén compared with other organs. For example, when
compared w1th kidney, heart, liver and adipose tissue, the
brain PDH act1v1ty decreases far less during times of
starvation. The heart, kidney and adipose tissue PDH_ are
drastically reduced to between 15-20% of the PDH, during
.starvatiOn, whereas in the brain th‘e'?DHa is never :edgcgd

1,7,87,88 mqpis suggests that

by more than 50% of the PDH, .
the rat brain has fhe ability to maintain a constant
‘metabolig\environment which is reflected as a minimal change
in the PDHa; 1, ratio.

. Thereris-some controversy whether acetyl CoA inhibits
fhe PDH activity in the brain. Siess et a1.% have shown in
rat brainmphéf acetyl CoA.was inhibitory, but Blass and
Lewi589 reported that in ox brain it was not. Following up
on the controversfw Wieland et al.88 and very recently Ngo
-and Bardeaugq'have'shown that under their experimental
iéonditions, acetyl CoA inhibits PDH activity which is

L 3

consistent with the results reported in most of the other
tissues tested to date. 74175, 86, 91 h - ‘ |
| Jope and Bla5592’93 have recently reportéd that in
isolated rat bfain mitochondfia Mg++ and Ca+t when added to
the“medium”do not activate the enzyme complex. In contrast,
using liver‘mitochondria they showed. an activation, under

the same conditions, to be more than threefold. However,
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Booth and Clark’> found that Mg & and Ca' were needed for
maximal brain PDH activation. What is agreed upon is that
the PDHa activity in brain is quite high. It appears to be
about 70% of the PDH, in mature fed rats which is somewhat -
ﬁigher than in most other tissues measured to date.9’87 _
Wilbur and Protel?® have shown that in immature rats, PDH_
in pr@in is low but increases quickly during the first month
of life. Other research has described that the PDH, varies
with many different_manip&lations such’ as .ischemia, insulin,
starvation and the cﬂéngé-in the  energy charge.93’97 1t
seems .in the above cases reported, that fhe proportion of
the PDH, in brain Qhanges rathef than the PDH,. However,
when.mice have been‘exposéﬁ to ether, mdrphine, ethanol or
diazepam the PDHa‘does nothhange, but thosé treatments do
change pyruvate oxidation in the brain in vivo. . Therefore,
it can be concluded that treatments which alter.pyrdvate
oxidation in brain tissue do not necessarily alter thé

, . 93
PDHa.PDHt ratio.

B. Adipose Tissue: This tissue has been compre-
1Y

hensively studied in many.laboratoriés.98-115 The activation
. of PDH in fat pads exposed to-insulin ﬁas shown increases

of .approximately 2-3 fold when incubated with glucose or
fructose. The response-is very variable and may be due to
high Ca " concentrations found in the mitochondria‘ of fat

116

cells. As with brain PDH, the fat-pad PDH, activity is



uptake is not altered by insulin.

others-
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not éhanged under most circumstances, however, the*PDHa

-

. . ’ . ++ -+
portion can be. This has been gonfirmed when Mg and CaT

. are incubated with PDH phosphatase and the activation and

insulin effect are lost;103’106’107!ll The mechanism by

which insulin activates PDH has not beén elucidated. The
known effects of insulin, like accelerated gluccse uptake
and inhibi{idn of lipolysis are perhaps secondary to other
effects because accelerated glucose uptake has been observed

117,118

in tlssue lncubated with fructose. The glucose

Denton9 and
26,87,98,101, 103 108 111, 112 nave found that many f.

105,108 -

,llpclytlc agento such as epinephrine and dibutyryl cAMP

~

1ncrease PDH ‘activity. However, when ep1nephr1n= and

'dibutyryl eAMP are added with 1nsulln these agents stop tThe

effect of insulin on PDH activity. Denton 102,104,110,122

found no simple correlation between changes in rates of g

lipolysis and fatty acid synﬁhesis, and changes in PDH

abtivit?. In ‘the presence of gicotinic acid PDH activation
104,120

was unaffected. The conclusions of Denton et al. and

Stansble et al.llu 115 is that there could be a lxnk between

the rate. of llpOlySlS and PDH activity under eertalh

'condlt;ons, but the insulin effgcts.are~probably not

dependable solely on changes in the rate of lipolysis.
. H 5 .

Short-term effects of insulin in decreased cAMP concentration

‘are observed .only in the presence of-épinephrine or'other'

. : P ) . » )
agents which increase cAMP concentrations. An example -of

-
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this ie the deorease of glycogen phosphowxylase, activity
produced by insulin in the presence of epinephrine.s’9
Changes such as this, which are associated with a decrease
of the activity of protein kinase and a lowering of cAMP
concentration, seem to show that the‘lowering of cAMP may
play an 1ntegra1 part in insulin actiOn.lzz' Othdr effects
are also observed and include increases in glucose transport,
glycogen synthetaee and PDH activation. Uﬂﬁer these

experimental conditions, the protein kinase, adenylase

‘cyclase actlvatlon and cAMP concentration were not changed,

signifying #hat the insulin effects do not appear to be cAMP
depe_ndent.122 With PDH, insulin appears only to acti by
acrivating the enzyme by ihcreasing‘the.rate.of dephagphory-
lation in this tlssue. However, whether insﬁlin dﬁf;J
activates the PDH phospnatase has not been resolved Denton
et al.,l9 122 tSeverson et al,.62 116 Kerbey et al. ?3 169

Hughes ani Denton121 have been actively investigating effects

that insulin has upon the mitochondrlal<eoncentratlon of the

~effectors of the PDH phosphatasg and PDH kinase (see P- 11
“and py 12}, It is well known that the PDH enzyme complex

is altered by a number of effectorse High pyruvate and ADP,

both inhibitors of the PDH kinase and Caff which activates
+the PDH phosphatase and inhibits the PDH kinase, have all

bheen found to lncrease the proportion of the "PDH complex in

. the active famnb However, no convineing ev1dence has been

.
obtained that the insulin action is mediated by changes in\th

/

.



whole tlssue ATP:ADP ratio, NADH, NAD+, acetyl CoA, CoA or
pota531um concentratlon.llo »111,120,123 Up to this point
in time, no effects have been shown with mltOchondrlal
concentratlons of adenine nucleotides or pyruvate within
-lntact cells because techniques are not available to measure
them. However, the effect of insulin is ev1dent durlng
the preparation of mitochondria from fat—cel%ijpr fat pads]{22
when.pyruvate”is absent. Daring this.time it is presumed
that pypuvafe i's not present in the mitochondria and ‘as
Denton et al. 119,121 state, the ATP concentratlon in,
mitochondria treated w1th and without 1nsu11n is the same.
Thls, then appears to suggest that changes in adenine

nucleotides and pyruvate are not l%hortant as medlators of

J ——

. the effect of insulin. ;‘ , R

A faarly recent approach to measuring the rate of the
Pnh klnase reactlon within lntact mltochbndrla has been to
follow the 1ncorporat10n rate of 2P frOm [ézéj P; into
PDH phosphate.al+ 51 1zl From such experiments it has been
" found that-’ the spe01f1c radloact1v1ty of ATP in fat-pad
mitochondria approaches that of the medlum phosphate within
. seconds. The rate of the incorporation of 32P 1nto PDH
phosphate is taken as a measure. of the rate of the PDH
kinase reactlon w1th1n intact matoehondrla. The rate is
greater in mltochondrla from insulin treated fat—pads

L

suggesting that the increase in the proportlon of the active ﬁ\\*__J
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"a similar mechanism of action.9’128'129 Schiller e% el.
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form of the complex in the mitochondria was not caused solely
by <4he inhibition of the PDH kldase.lzz

Another possible mechanism by which insulin
activates PDH ﬁas recently been suggested by Paeuzke-Brunner‘
et al.lBl They suggeeted that the increase in PDHa‘in
adipose fissue is a result of insulin reducing the acefyl
CoA:CoA ratio in the mitoehondria if acetyl CoA carboxylase
is activated.

Fluoroacetate and insuliﬁ’ﬁ;ve similar effects on

fat cell metabolism which has been interpreted to indicate
130

and Brownsey et al.lzs have~§hown that both agents accelerate
glucose ﬁnansport,' increase lipogenesis, and actavate PDH
but both decrease lipolysis and lower the CEMP concentration.
The major dlfference between insulin and fluoroacetate seems
to be thau fluoroacetate induces the inhibition of PDH

klnase whlle 1nsulln does not.

Denton and Halperln,léo Denton,119 Denton et al.,’l22

Coore et al.lOO’101 and Halestzap and Denton125 have shawn

parallel changes in PDHa'and ecetyl CoA carboxylase
propontions when the fat pad is treated with insnlin and
epinephrine .which may suggest that the regulatory mechani sm
could be clearly llnked.ll9 Both enzymes are involved in _
lipogenesis and as with PDH, acetyl CoA carboxylase exists.
in an inactive and active form. As an example, changes in

cytoplasmic concentrations of fafty acid coenzyme.A (FA-CoA)
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might be responsible for activity changes of both PDH and

acetyl CoA carboxylase if FA-CoA concentrations do, in fact,

. regulatgjthe concentration of an effector of the PDH complex.

Various workers9’laamlg6 have suggested that a decreased
cytoplasmic FA-CoA concentration may be responsible for a
decrease in the mitoqhondrial ATP:ADP ratio and hence the

activation of PDH; but a conclusive role of FA-CoA has not

[ 3

The changes.in citrate -cgncentration has also been
sugggéféd as a possible regulator o% he respective PDH and
acetyl CoA carboxylase enzymes. Taylor and Haiperin79 and
Schlller et al..30 have shown that citrate appears %o
decrease PDH activity by inhibition of PDH phosphatase

possibly by chelating Mg & and Ca ** " goth Mg'" ana ca’" have

_ én described as activators of the phosphatase.l’7 Volpe
- and Vageloslz? have found that citrate activates acetyl CoA

.

B
TN

carboxylase and is inhibited by FA-CoA, but +the importance
af the effector ig difficult $o explain because there is
little correlation between rates of fatty acid synthésis-
and whole tissue concentratlons of citrate.

. In summary, it is well established that the
interconversion of the PDHa and the PDH.l forms of the PDH
complex in adipose tissue is influenced by hormones. Insulin
lresults in an increase of PDHé. However, there seems to be
confusion aé to the actions of agents such as epinephrine.

Certain léboratories have reported that PDHa activity in

{
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fat-pads is increased\after treatment by lipolytic agents in
the absence 6f insulin.99'108'111'113’117’118 while another
laboratory has sho&n that PDH, is not influenced by epine-
phrine“used by itself.lOl The same authors have élsg found
that éome lipolyfic agents oppose the reported increases of
PDH, when insulin is a&ailable. ' When isolated fat-cells
were used with épinephrine alone large PDH decreases have
been shoWn.lOO—lOB‘llg;125’126'225 Possibly one reason for
the differences is that the buffer used is often very

different betwegﬁ laboratories.loo“lq2'119’125’126’225 An

M

example is that wide variations in pyruvate concentrations
- §
: Vs
are used. Others use glucose or fructose which allows gome

re-esterification of FFA derived from TG'132,144,148

C. Liver: A large number of sfudies have produced
direct evidence that phosphorylation and dephosphorylation
observed originally by Linn et al.l‘:7 in Reed's laboratory
occcurs in the liver o£ various different animals such as
rats’67,86,92,11?—137,145,146 mice,138 guinea pigs'139,140
pigslul and developing immature rats.142 Crude extracts from
freshly prepared rat liver mltochondrla and freeze clamped
samples of whole rat liver ylelds dlfferent act1v1ty
concentratlons but almost identical ratios of PDHa PDHt,lBS
This is similar to other tidsues such as skeletal'muscles
where the proporfions are almost identical but the absolute

activities may be different. (see p. 112)
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In livers from normal fed rats, the PDHa form

accounts for oﬁly about 20% of the PDH, actiVity_l44,lu5

This is different from other tissues in the fed stafte such
as heart muscle,ikidney, brain and édipose tissue where the
PDH_ is at least 50% of the PDH. activity.86’87

| During starvation there is a marked decrease in
PDHa activity in the kidney and other tissues to approxif

mately one sixth of the PDHt.87'lO7'132'1“4

In liver,
starvation decreases the PDHa to about 10% of the PDHt
‘acfivity 145 This indicates that under normzl fed conditions‘
ox1dat1ve decarboﬁylatlon of pyruvate in vivo occurs at a

much lower rate LX liver than in many other tissues. The

feeding w1th glucose appear%.to cause similar PDH react1Va— N

tlon in the liver, heart and kldney.145

\\

In general, metabolic states associated with decreased N
plasma FFA concentrations résult_in aﬁ increase of PDHa . o
.activity whereas a rise in plasma fatty acids.ls associated °

with a lowering of PDH_ adtivity. This, in turn, Ieads to

an increase or decrease o:\ﬁiiochondrial ATP:ADP ratios
which suggests that the mitochondrial energy state may be
an important control of PDH,. However, other studies with
adenine nucleotides appear to show.thaé the ATP:ADP ratio.'
remalns essentially unchanged and possibly, therefore, ‘does .

not effect the active or inactive PDH concentrat10ns.79 14?
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It has been oéserved also that the addition‘of
octanoate causes a large 4-fold decrease.in PDHa activity,
without a change in the ATP:ADP ratio, indicating that the
inactivafion of PDH(ﬁifh this fatty acid is not due to
changes of the ATP:ADP ratio,70272,140,147,149-151 1o
octanoate is added to mitochgndria oxidizing pyruvate, it
does not change the ATP:ADP ratio.9’67’152 Pyruvate
abolishes the effect of octanocate and shifts the PDH complex

88

“into a more active form.67'152 Wieland = and othersot? 35

have shown earliér a% incubation with 2.0 mM pyruvate
converts PDH to ower 80% of its total activit&. This
activation appears to be similar to heart tissue. (see p. 28)
Pyruvate stimulation of PDHa:kinase-probably is not
a major regulafory feature for the enzyme regulation in vivo.
However, it does appear that, after decarboxylation of
pyruvate;.the acetylation of the lip6y1 moiety reacts mﬁre
1s4

-

s%owly than the subsequent éteps 5§ythe PDH reaction.
Thé‘fraction of the lipoyl moieties in the acetylated Torm ™
tend to reflect the acetyl CoA:CoA ratio and NADH:NAD" ratio.
Nevertheless, stimulation by pyruvate affords an important
approach for detecting the stimulation of PDHa kinase |

activity. From the recent work of Cate and Roche154

pyruvate
is shown to either stimulate or inhibit PDH, kinase activity.
Both acetjl CoA and low pyruvate concentrations stimulate

PDHa kinase to approximately the same level, while

h\
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the combination of pyruvaie and acetyl CoA does not cause
further stimulation. .. |

NADH also has been shown o induce inactivation of
énﬁé\;s liver.72s1#0,152-154 qp5 ¢ ppy kinase activity
increase appears to be modulated by ‘the re@uction of the
lipoyl moiety bound t& the dihfdrolipoyl transacetylase
component and interaction of the dihydrolipoate at a site
that activates'PDHa kirfase activity. Significawtly higher
levels of PDH_ kinase agptivity are achieved with acetyl CoA
or pyruvate than with NADH or dihydrolipocamide. LThe results
of these‘stﬁdies suggést that both acetyl Col and py:uvate
stimulate PDH_ kinase activity by different mechanisms.
Cate and Rochelsu suggest that a common mechénism, such as
stimulation of PDHé kinase activity rebulting from the release )
of inhibition by the oxidized form of the iipoyl moie’ty?3
seems unlikely. According to Cate and Roche, lipoic aclid .
mediates the stimulation of PbHa kinase éctivity, suggesting
both the acetylated form of th? lipoyl moiety is more
effective than the reduced form in stimulating PDH, kinase
acfivity.lul'154'155 Further experimentation séems to be
required before the mechanisms are confirmed.

Very low NADH:NAD® and acetyl CoA:CoA ratigd reduce
the activity in liver; as well as kidney and of the
. PDH_ activity by enhancing PDH, kinase activity, while higher
ratios are required for product inhipAtion of the overall

POH reaction,ls53+67:140,141,150,15 v;éé
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Insulin loading in liver produces marked activation
of PDHa but when FF& was infused the increase in PDHa was

abolished,or 1148

In more recent work by Toﬁbing et'al.lg?
Wieland's earlier work was confirmed, but showed in addition,
that insulin modified in some way the effects of FFA on

PDHa. ‘The.effects-appear to be mediated by changeﬁz;n
adenine nucleotides and their ratios. The ability df insulin
to increase PDH activity_may be due to an anti-lipolytic

: 48
effect of the insulin.®

Thi; may decrease the intracellular
. FFA availablejand the'amoun?vof FFA required for the reaction.
Calcium itons also effect PDH interconversion and
. resemble the observed effects that occur in various’other
tissues. Calcium and magnesium have both been shown to be
essential cofactors in liver and without gheir addition to
the'reactioﬁ medium very li%tle chivity occurs.67’88'lu5’154
. « In summary, the Eﬁggr bnversion of PDH in liver is
| regulated by adenine nucleotides, pyruvate, divalent cations,
free fatty acids (FFA) and by modulation by the oxidation-
reduction state of thé mitochondrial ratios of NADH:NAD® and
by acetjl Cok:CoA ratios. The liver PDHa-activity in normal

fed animals is much lower than in any other hissues.79;146’149

D. 'Heart: The activity of the heart PDH complex,
originally isolated from mitochondria by Linn et al.l’7 is

.\\5”’__Tﬂfffguiat§d§by phosphdrylation and dephdSphorylation. The

site of'ﬂﬁiﬁegulation is the pyruvate dehydrogenase

’

S \/
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compohent of the multienzyme complex. Phosphorylation and \>
concﬁmitant inactivation of the three site (PDH) reaction
is catalyzed by an ATP-specific kinase, first isolated in
beéf kidney mitochondria (a PDH kinase).l'7 The
dephosphorylation and concomitant reactivation is catalyzed .
by a phosphatase (a PDH phosphatase). Beside the pyruvate '_, ™
déhyd:ziénase_component, the PDH phosphatase has been shown
to havie’been igolated from the dihydrolipoate transacetylase
and dihydrolipoate dehydrogenase enzymes of the PDH complex
and the three are functionally interchangeable. The PDH
kinase has alsc been isolated from the three site segquence

reaction and is active at low levels of Mg'". The PDH

'phosphatase,quuires Mg++ at a concentration of épproxfmately

©10 mM and up to 10 mM of Cg++ for maximal activity(ﬁ}é?

. + !

.However\\jggjﬂa+ seems not to be as essential in the hei?t\‘\_‘*_‘;/

as it is"in other'tissues.?9 There is recent evidence that
the PDH phosphatase and PDH kinase comﬁbnents of the reaction

are cyclic in their regulations. The PDH kinase has also

" been shown to be bound to the transacetylase component of

the enzyme, while the two other 'enzymes of the PDH complex

are also bound‘to the transacetylase.é’? It has not as yet

been conclusively shown that the PDH phosphatase is bound ‘::::‘j),:

to the transacetylase in the heart although it has been .

shown that the transacetylase facilitates dephosphorylafion h
Lo '

of phosphorylated pyruvate dehydrogenase by the PDH «

phésp?é%ase.7 : : L o ;
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The-PDH kinase in the heart is inhibited by pyruvate
and ADP, especially if K" or NH4+ ions are present.5l’52
Dyruvate protects the heart PDH complex against

in fctivation by ATP. 51 Pyruvate has been shown by Hucho

et al. 51 and others9 153 to decrease the 1nact1vat10n of

PDH kinase at low concentrations. Heart PDH in mitochondria
apﬁea:s to be pctivated by larger concentrations of pyruvate.
nyﬁbate increases the PDi{a proportion of the enzyme by
inhibiting the PDH kinase activity.?’92'%7 The inhibitory
effect pf pyruvate is more pronounced in the heart than in

the kldney and other tlssues such as brain and liver.

According to Denton et al.9 fatty acids, ketone bodles‘and
diabetes may interfere with the inhibitory efféct of pyruvate
on the PDH kinase resulting in phosphorylation and PDH
inactivation. Pyruvate evidently produces less activation

of PDH in mitochondria from alloxan-treated dlabétlc rats. 62
It does seem likely that up to 75% of the inhibition 6§
pyruvste oxidation by fatty acids and ketone bodies is due
to phosphorylation and the rest to end product inKibdtion.
This brobably occurs by the increased ratios of NADH:NAD+
and acetyl CoA: Coh fac1lltat1ng phosphorylatlon and thus

jnactivation. No direct v1dence supporting this 1is

available.9'158’l59'l79 gl\\Hﬂ__;///
. Numerous effectors have been implicated in the .

regulation of the PDH kinase and PDH phosphatase, ineluding

changes in ATP:ADP, acetyl CoA:CoA and NADH:NADf_fatios.

[
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When fatty acids (octancate, butyrate, palmitate,
oleate and linoleate) are infused into the heart it has
been shown that PDH is.inhibited and thus inac%ivated.87;88
107'144’16;’163’179 while the oxidation of pyruvate is also.

151 160,161,165-167,171

substantially inhibited. These

conditions lead toaullncreaSe of CoA concentratlon and a

large decrease in the acetyl CoA concentratlon 7 75 94,168

Recently, the Pﬁ% kinase has been shown to be activated by
decreas&—-‘n‘ﬁcﬁiﬁ of NADH:NAD® and acetyl Coh:CoA, 0171173,
181-184 The implications of the interconversion.of PDH have
been explained by the changes in the ratios of mitochondrial
NADH:NAD® and acetyl CoA:CoA ratios in heart mitochbnd;ia

of various «different animals.72’163’169 The effect of the
palmltoylcarnltlne oxidation on PDH activity has also been
implicated in similar ratio changes.151 »169 From all the
above studies it seems quite apparent that the effect_of
fatty acids and ketone bodies on pyruvate metabolism by the
heart tissue is mediated E?*Eﬁﬁnges in NADH:NAD® and acetyl
CoA:CoA ratios and the decrease of PDHa.activity. Thus,

the increased acetyljgoA:CoA ratio observed with FFA, could
explain why FFA inhibited PDH, activity. In addition, there
probably is also direct feedbacks inhibition of the PDH, by
dnd products such as NADH apd écetyl CoA. There is some
evidence that small increases in the ATP:ADP ratio do not-

suffice %o explain the‘changes in PDHa activity in the

D
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. pfesence of palmitoylcarnitine and rotenone.. It 1s fairly
obv1ogs that there-must be other mechanlsms leading to the
PDH ﬁlnase actlvaulon. Portenhauser and Wlelandléb ,181
appear to show that large NADH: NAD' ratio increases in
rotenone 1nh1b1ted mltochondrla with palmitoylcarnitine,

and small. lncreases of the ATP :ADP ratio, may modify the
PDH comnlex suff1c1ently to cause some change in the PDH
act1v1ty. When the heart mitochondrla are 1ncubated w1thout
suostrates, the ATP ADP ratio’ decreases up to a thlrd and

,consequently the PDH lncreases_con51derably. 180-18L

chhloroacetate was shown by Lorini and Clmanl74 to
helevate the R.Q. and lower the blood glucpse concentratlon
in alloxan-diabetic rats. Later studies in the early 1970's
demonstrated that.sodium dichlorocacetate also stimulated
pyruvate and glucose ox1datlon in rat heart and dlaphragm,
especially when the carbohydrate oxidation was 1nh1b1ted oy
diabetes or by fatty acids or ketone bodies.175 178 The
- studies also concluped that acetate, ketone bodies and
g;qutate oxidation were 1nh1b1ted by dichloroacetate.
rcLater, McAllister et al.178 and others55 1158,179 demonstrated
that the PDH portlon of the PDH complex 1ncreased
cons1derably in heart, dlaphragm muscle, psoas muscle,-féﬁﬂzﬁe////\l

and kidney after. treatment w1th dlchloroacetate. Thls o

agent has also been fﬂfﬁl?gg—ai{p the lowering/ of tlssue

o
c1trate concentratlons espe01allj when the heart was perfused ;
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with acetate, ketone bodies or fatty acids.l78 .

: /
Dichloroacetate also increases tissue concentrations of
acetyl Cod, acetyl cafﬁitine, glutamate and lowers malate,

aspartate and‘pyruvate concentrations if perfused with
: glucose plus lnsulln 176’178

It has been suggested that c1trate fails to accumulate
when perfused w1th acetate or ketone bodles pecause of a

decrease in pyruvate and perhaps oxaloacetate. The reason

for the suggestion came from~the-stud1es which showed 7

dichloroacetate not to decrease tissue concentration. when

178

‘perfused-with pyruvate. Dichloroacetate lowered pyruvate
v . :

and lactate concentrations=in plasma and increased glucose,

pYruvate and lactate concentrations in the heart. The

178 and Whitehouse et a1.179

: ~
suggest that dichloroacetate activates PDHa by_increa31

‘ studies of McAllister et al.

ppe ecefyl CoA concentration which in turn may inhibit p e
_ PDH kinase. | \

| The concensus. of oplnlon at this time seems fto show
‘that the effects of fatﬁy acid ox1dat10n on PDH act1v1ty
are not seen either- 1n the presence of very low ATP:ADP
ratle//br in the presence of Ca't at about 10 6 M. The
AT?-ADP ‘ratio phy51ologlcally probably changes minimally in
,< the heartl70 171 but fluctuatlons of Ca +'concentratipns
\\may 1nfluence the PDH act1v1ty con51derably more.172

W Ca101um actlvaﬁes the. PDH phosphatase ‘reaction and -

LY

can also<f?§;iif the_ PDH kinase: enzyme. Studles with EGTA
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(ethylene glycol-bls(amlnoethyl) tetra-acetate) and Ca-EGTA
buffers in the heart mitochondria of plgs suggest that theﬁﬁ‘ :
PDH phosphatase ls activated by ‘uM Ca T concentratlons in

the presence of Mg **,50561,172 14 the heart it was found
that srtt can.ﬁe substituted for Ca ™ to activate pDH. Randle
et al.272 nave alés described that in.ﬁhe presénce of’ EGTA

the K of the PDH phosphatase was lowered for its substrate
PDH phosphate from 30M4M to .6 UM, It is 1ntere5u1ng that
the concentration dependence of the effect of Ca - is similar
to skeletal muscle phosphorylase b kinase.]?73 In comparison,
Ca’ " variations below 1076 M cause lftflé or no change in

the oxygen uptake of mitochondria in rat heart éJ that an
indiréct effect of ca®" on PDH interconversion involving an
energy demand of ca’” uptake and increased NADH:NAD+ and

724106

ATP:ADP ratios become very unlikely. Hansfdord and

162

Cohen feel, howéver; that the possibility of such¥an

e . :
lndlrect mechanism could be shown if Ca concentratlons

-6 M were used. - o=
= ~

The site of cglcium'binding.in the heart, is unknown.

" Transacetylase has been suggested as the bindiné,site because

Ca++ may 1nduce conformatlonal changes that inhibit the
-

PDH kinase. whlle facilitating the blndlng and activity of

“the PDH phosphatase.

Calcium in the heart appears to activate PDH
phosphatase in a similar Waj‘%d the ca™t in kidhéy and

-
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adlpose tlssue, except lower gJM) amounts of Ca T are
nqued in the hear‘t;.9 62 Calc;um also appears to reduce the
: K for Mg n«gll tissues tested.- In addition, -the PDH

Kinase is inhibited by Ca ™t oin the heart but it is not \\
known to what extent this applies to'adiposé tissue PDH or

kidney PDH. o ' ‘ N d

5. General Background to Thesis ' —

These exﬁeriments were prompted by the ghyéiological
role, PDH activation might play in the regula%ioﬁ of
skeletal muscle oxidation of pyruvate,-der&ved from muscle
glycogen and blood glucose during exercise..

There was considerable evidence that muscle ATP

generated aercbically during heavy exercise was largely

' ‘;{; d from muscle glycogen breakdown, with only a small '
| prdl rtion coming from pther sourceé such as.amino acids2lu

or FFQnZJ‘l'Zl2 Thus, the major metabolic end point for
glycogenolyéis;in muscle-is pyruvate, which may be metabolized '
to lactate, or decarboxylated to acetyl CoA catalyzed by PDH.
As the muscle 02 cbhsumﬁtion and 002 production increases o
at ieast 10 fold during heavy aerobic exercise.205’206 it j

follows that thé najor sources of aerobic ﬁetabolism is

p&ruvate oxidaﬁion derived from glycogén/glucose. /

- " Since the PDH reaction is the committed.step in

' pyruvate ox1dat10n and aerobic generatlon of ATP, it séefii

llkely that gcontrol of glycogen/glucose oxldatlon was
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proﬁably largely at PDH,

When this work was §tarted there were few published

reports on muscle PDH and these were in diaphragm muscle49’2#

and pigeon breast muscleB’L"’zo’21 and only in mitochondfia,
so it was decided to pursue studies in human and animal
skeletal muécle PDH dufing rest and exercise without
isolating mitochondria.

The purpose of the stuqdy waé to determine whether
PDH activation or changes in other factors-known to inhibit
or stimulate PDH aétivity, changed in a way which would
implicate H as the major control‘poinf in regulating the
TCA cyclé actiﬁity and oxidative‘?hosphorylation in‘skeietal
muscle with heavy aerobic exercise.

Beside the Garious studies carried out in the
mammalian'skeletal muscle under different conditions, other
studies were pursued in the rat heart. As PDH is the
ﬁrimary reaction that‘determinés the metabolic fate of
byruvate in the heart and as the interconversion of the
active and inactive PDH is regulated by a large number of
.'faétors,l’7’42’a3’50’51 it was decided to expl??é/ahich
events in the cell between the cellular signal' and final
molecular interconversion were possibly accountaple for the
interconversion of the inactive and active PDH.

There is a basic assumption that if a main regulatory
enzyme exists in an inacfive and active state, the

snterconversion of the two states of the enfyme is the

N
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prlmary factor in controlling the flow of carbon through
that enzyme reaction. As that had not been established for
PDH in the heart, studies in the perfused rat heart were
“earried out to deéermine to what extent of the PDH activation
was the primary factor controlling the heart pyruvate
oxldation. ) |
| Since this study was begun, several publications
. have appeared using mammalian skeletal muscle to explore
certaln aspects of the regulation of the enzyme PDH. 79,237-240
These authors have used mltochondrla to measure the PDH
.activ1ty and none of these reports have desirlbed PDH
activities in human-muscle biopsies during exercise and .
training. -

Accounts by-Ward et a\.l..zl'”‘l_z“'}+ and Tbéws et al.2u5

of some of these experiments have appeared.



MATERTATS®AND METHODS

1. Matéfials
| A. Animals
Male Sprague-Dawley rats (Bio-Breeding Corporation,
Ottawé, Ontario, Canada) 200-300 g were used in all the
animal experiments. They had free access 1o food (standérd
Purina laboratory chow) and water until the day before the |
experiments. The specific dia%gfybregime for a day ﬁrior

%o the experiments is outlined in the text: '

B, Chemicals
All the enzymes, cofactors and metébolic intermediates
used in the fluorometric analysis of tissue and perfusion
fluids were obtained from C.F. Boehringer-Mannheim
Corporation, Montreal, Quebec, Canada or from Sigma Chemical
Company, St. Louis, Missouri, U.S.A. All enzymes were |
checked for Cont%minating activity and were used only when \
their®purity was established. The other chemicals were of
the ﬂighest gquality available commercially. Insulin EE;@oronto

(zinc insulin crystals) was obtained from Connaught

Laboratorles Limited, Toronto, Ontarlo, Canads; ProPranolol
{Inderal) from Ayerst Laboratorles Incorporated, New York,
N Y...U S.A. and bovine . serum albumin (Cohn frac~lon V) was _‘

obtalned from Sigma Chemical Corporation. %ii 140 compounds

- 38‘;
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were ébtained from New Eﬁéié&é Nuclear Corporation,‘Boston.‘
Massachusetts, U:S.A. or Amersham-Searle Limited, Oakjille,
Ontario, Canada. Sodium Heparin (Hepalein) was obtained
from Harris Laboratories, Brantford, Ontario, Canadaj
epinephrine hydrochloride from Parke-Davis and Companf
Limited, Toronto, Ontario, Caﬁada and sodium pentobarbital

(Somnotol) from MTC Pharmacegticals, Hamilton, Ontario,

Canada.
2. Methods J

A, MUSCLE MODELS

"I. Heart Perfu31on ’

All the rats were fasted for 18 hours before the
experiments. They were anaesthetized 1th ether and the
abdomen was apened;' TWO'hundred i. units of sodium heparin
was injected into the inferior vena cava, to prevent
coagulatiqn in the myocardial vessels beforé any .manipulation
- of the heart. The chesi was opened. and the heart was
removed and placed on ice within 10 sedon@s.of opening the
chest. The aorta was then carnmulated and flUshed‘witﬂ ice-
cold perfusion medium before the heart was placed on the
perfusion apparatus.

In all the experiments the arrested hearts (weighing
between 1 and 1.5 g fresh wt.) were restarted by perfu51on\\~

186 w187

with Krebs-Rlnger bicarbonate buffer (KRB) containing

.
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0.5 g bovine serum albumin (Cohn fracfion V)/lOO ml buffer.
The albumin wzs dialyzed as previously desc‘r‘ibed.188 In
most of the experiments 10 mM D-glucose and 200 p.U/ml
insulin was added to the buffeg{"Tn\gany of,the experiments,
substrates other than glucose and the hormone 1nsulln were
used, and these details are described in the appropriate
legends.

After the aorta was cannulated the heart was placed
in %hé perfusion chamber at 3800 and perfused at an aortic™
pressure of 80 mmHg at an average flow rate of 10 to 15
ml/g ht/min. -The heart was pre-perfused for 10 min. before

0 t1me)'>The perfusion was done in a non—reClrculatlng
}\

. manner(WLth 1dent12fﬁfﬁghdltlons, both before and after

0 time. At 0 timeNthe heart was switched to a recirculating
perfusion system with a reservoir volume of 206 ml. The
heert was.not electrically stimulated (except as outlined
in the legends) and the heart did not contract agalnst a
ventrlcula: pressure (non-working model); the heart maintained
a ventricular rate of 120-160 beats/min. If this beating
rate was not achieved the heart was discarded. |
5fter 0 timeﬂthe outflow samples were collected
everyigfnr 10 min. up to 40 mln. (unless otherwise stated
in the appropriate legends). At 40 min. th_/heéii:was
freezeeclamped with 2luminun clamps prefcooled in liquid

nitfﬁgen.‘ The heaft was stored in liquid"N2 until analyzed.
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ITI Rat Skeletal Muscle

Fasted male rats were anesthetized with an
intraperitoneal injection of b mg/100 g body weight- sodium
pentobarbitai. B

During anesthesia, the skin covering both hind legs
was peeled bdck, leaving the gastrocnemius-plantaris musele
group or the quadriceps-femoris muscle tissue exposed. -
Depending upon the experiment, the gastrocnemius or

quadriceps muscle groups in each leg ‘were carefully dissected

free from other muscle groups ensuring that the blood

vessels and nerves weL £t intagt. The sciatic nerves or

femoral nerves (whichever was used for the experiments as

shown in the approprlate legends) were transected bilaterally

with as lltﬁle manlpulatlon as p0551ble. The exposed arees

were bathed with normal saline, recovered with the skin, and
I : N

. the animal was placed in a holding area at a teﬁperature of

30-35°C for approximately,ls min. before'any stimulafion
was begun. The sciat;c‘eq femoral nerve was cut in dn@er to
provide a_direcf point oﬁ“erve stimulation to the muscle
and>to prevent any-neural‘influence from the brain. Blood
lictate; arferial DH, Po ‘and P002 were‘monitored to ensure
that thecexperlments were as physlologlcal as p0581b1e.
Nerve transectlon resulted in mlnlmal muscle contractlon.

To ensure a steady state during the experlments the rats

were placed fn‘the_holdlng area for 15 min. prior to the
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start of'the-experiment. Tﬁe side.to be stimulated was
selépfed randonly; the contralateral leg always served as

the control. The details of electrical nerve stimulation

are oﬁtlined in the abpropriate legends. At tqe end of the
experimental period the particular muscle group used was
freeze-clamped in situ by the use of aluminum tOpgs precooled
in liquid nitrogen.lag The frozen muscle (approximately

300 mg) was_rapidly dissected free from the leg and stored

in liguid nitrogen until analyzed. The maximal time between

muscle sampling and freezing was 2-3 sec. As shown previously

§ by Edington, Ward and Saville, 1973,199  the deep.muscle

1

freezing time, as monitored by a thérmistor, was 0.5 sec. to

0°C and L.0 sec. to -lOOQQ. Only’oné muscle sample per side
B e . ‘

was obtained because\pﬁg sampling technique did not allow

for muitiple muscle biopsies.

(a) Rat Training Stimulus

The training $timulus was by running on a motor

driven treadmill (Quinton Insjruments, Seattle, ‘Washington,’
o : !
U.S.A.) adapted for simqi%aneous use by 12 animals by the

i

addition of wooden boxes. The}fraining was carried 0utL9nQ$\

r 5 days.a week over & peribd of 10 weeks. The

aerobicj{raining progfam was initially begun at a speed of¥
19 metdrs/min. at 0% grade for 15°min. Eachtqggk the

workrate Was increased by 1.0% grade. In the final 2. weeks

" of the training program, the rats were rumning at 19 meters/

~

Ci**EQ?' at 5% gréde for 45 min. daily.. . S

d | ( p
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(b}~ Surgical Procedure : f—\\)

Rats were anaesthetized with ether -and the dorsal

area of the lower leg exposed. The gastrocnemius -plantaris

muscle group-fwas thus divided and the soleus muscle and
é;strocnemi s muscles were dissected out from the leg.
Both musgfles were frozen in situ by liquid N2 cooled

alﬁmi um tongs. The‘separate muscle samples were stored in

Ia?nitrogen until analyzed.

III Human Skeletal Muscle | .

¥ (a) Short Term Exercise - Maximum Voluntary

Isometric Cogtractionl(MVIC)

”Nofmal healthy male subjects (age 20-36) were used
for,all exﬁerimenfé. Two days beforé each;experiment, thfv/r\
subjec%s were tested on a Cybex IT dynamometer (Luméx -
Isoklnetlc Systems Inc., N.Y., U.S.A. ) in a sitting position

as descrlbed by Edwards et al. 193,192

totdetermine their
max1mal voluntary isometric contractlon (MVIC) of their
lateral quadrlceps femorls muscle group.

The expevlmental isometric contraction was at 50%

MVIC until exhaustion. The time to exhaustion at a constant

power-output was 65-73 sec. Fifty percent MVIC was selected

as the work load because an increase above this level

Al

decreased the time. to exhauétion dramatically.

4¢*¢p—J.

[
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The muscle biopsies were obtained from the era}
side of the thigh about 12-16 cm above the upper P t of
the patella. Two percent xyleocaline epinephrine/féee (Astra
Pharmaceuticaié Company, Toronto, Ontarib, Canada) was
injected into the skin subcutaneoué area and the fascia
lzta. A 4 mm incision was made in the skin and fascia lata.
The needle biopsy was obtained using a 4 mm dlamet%f/needle
as descrlbed by Bergstrom. 193 After sampling, the 'muscle
sample (40-80 mg) was frozen with the needle in liéuid .
nitrogen. The time from sampling to freezing was 2-3 sec.
The samples were stored in liguid nitrogen'until analyzed.

In all human studles.ﬁeach subject was informed
about the nature of the procedures. and the risks znvolved.
Written consent was obtained and each sub ject was 1nformed
tﬁat they were free to leave the studies at any time. ZEach
study was EEProved ﬁy the MéMaster University Ethics

Committee.‘

(b} Long Term Exercise - Progressive Work

- Normal volunteers starved for12-16\hr, exercised

on a cycle ergometer (Monark-Crescent, A-B, Varberg. Swedeﬂ)
startlng at 100 Kpm/min. an® increasing the work rate by
ZDO.Kpm every 2 min. Thus, the maximum work rate was

1700 £ 200 Kpm/min. and the total duration of the exercise

was 20 min. The subjects exercised until exhaustipn.



»

.(outlined on p. 4i).

‘production and ventilation was continually monitoreds

- L5 -

Prior to:the start of the exercise regime, an
arterialized venous polyethylene catheter (#18 Angiocaéhl
was inserted into a superficial vein of the hand{for
intermittent blood collections. The hand was placed in a
temperature.controlled air chamber and the‘temperature was
maintained at 40-45°C. The venous Po2 under these
conditions was 75-84 mM Hg.. fhe 0, consumption, Co,

194
Exercise was not permitted 24 hr prior to the experimenté.
Muscle biopsies (40-80 mg) were obtained at rest and.at

exhaustion and handled as outlined earlier (p. 44).

o
(¢) Short Term High Intensity Exercise - Gé

Intermittent Work

“Six normal subjects, fasted 12-16 hr were exercised
on a cycle erggmetep for 1 min., followed by rest for 3 min.

This cycle of exercise was'repeated until exhaustion. The

‘calculated work load.was 140% of their maximal 0, consumpticn

).l9b The average time between the siart of

(VO2 max
exercise and exhaustion was 10.1- % 1.6 min. An arterialized
venous catheter was inserted for blood sampling prior to

the beginning of the experiment and kept patent by an
. F 2%.

&/ﬁ

infusion of héparin—free isotonic saline {(Abbotts Laboratories,

Illinois, U.S.A.)\%&d mﬁscle biopsles were taken at rest

and at exhaustion and ‘frozen as described previously

-
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" (d) Short Term Maximal Exercise - Anaerobic Type Work
Normal SubJECuS were exercised at 100% V02 max g
!
:untll exhaustion on a cycle ergoméﬁer. The VO2 max for each

19

sub ject was determined on a cycle ergometer

a week prior
fo the experiments;-

..Musele biopsies were taken at rest and at eXpaustion.
The'e%ercise ﬁime to exhaustion varied from 63 to 68 Ce

The muecle biopéies were obtained as outlined earlier (p. hu).

“(e) Tralnlng Induced Adaptation of Human
-Skeletal Muscle
(i) STUDY 1

Heavv Re51stance Weight Tralnlng and Immoblllzatlon

\Wlth the Arm

- Nine healthy male subgects completed thls study

'«(age 19-22 years, wt 61—?5 kg). The varzatlon in body weight

during the study was less than 2% in all subaects. qqne-had_

performed( regular resmstanc ﬂf"ﬁ%—%ralnlng during

4 - - . : .
their life timed The scheme %or th study is outlined in

Figure .3 @rm girth was measured by a. spring-loaded
coﬁetan tension tape. Measurements were made before, during
and after each section of the programme. Maximal voluntary
contractile stren ‘\fgr elbow extention was measured
concentrically on a Cybe; II dynamometer at 30 per sec.

The muscle_biopsyﬁtechnique for the triceps brachii |

was similar to the teehnique used for the vastus lateralis

T



muscle'as'deécribed earlier on p. 44 . The.leng'heaq of the
triceps brachil was anaesthetized locally with 2% xylocaine ..
(epinephrine free) and a 4 mm diameter needle was insertegk\
—#_%hroagh a 4-5 mm incision‘to a_depth of about 4 cm below
the skin. A 20-40 mg muscle sample from the non-dominant
arm was obtained and frozen within 2-3 sec. and stored in

liquid N, until analyzed.
) -

(a) Training Programme: The subjects were trained
the. follow1ng manner. The elbow extenaors were trained
by performlng a bench press on the Unlversal Gym (Unlversal
'-SalesCompany, Fresno, Callfornla. U.S.A.). elbow extension
and pullovers on Nautilus apparatus {(Nautical Sports/Medical
Industrles, De 3and, Florida, U.S.A.), and vertical dips
between parallel bars w;th a suspended welght, For each
work-perlod, re31stances were chosen to make it 1mp0551ble
“for the subject.to continue beyond 10 repetiﬁions, and a
maximum of 5 sets was performed ﬁith_z min. rest periﬁds-

between. ¥y

(b) Immobilization: Each sipject had their non-
dominant arm immobilized in a fibergla .elbow cast -
(nghtcast II, Merck and Company, WEE%jEBint, Pennsylvania,
U.S.A.) from the shouider to thé hand including. the thumb,
at 120°. The subaects movement was not restricted. exce;y_

for the non-dominant limb. The subaects were a551gned at

"t

*.../

‘random into 2 groups. - - \Y
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Figure S TR ol .A
‘s, Programme for Training Induced Adaptation , y
< : o L s
of Human Skéletal Muscle To Heaty Resistance . [ , !
Weight Training Immobilization and Exercise’ / - .
. . , < . g
ﬁ " ./. . . _ m. L] ' T
.~ Group 1 Control Weight Training - Immobilization EO
) (4 . (4 days/week : 5 months) (5 weeks) : :
Group 2 Control Immobilization Weight Training* . ’
Amw - weeks) (44 days/week : 5 months)e
. j - ‘ ..
. = ‘ = ‘ : —
g Study 2 : . (!I/J ' \\)/‘ T
gy Group 3 Control + Weight Training " Immobilization . .
. - Auw . . (4 days/week : 5 months) (6 weeks) , L\

1 : Exercise (15 minj
- © Group 4 Control +
mﬂﬂ = (3 -

Exercise (15 min)

+ Exercise (15 min)

.

Immobilization
(6 weeks)

+ Exercise (15 min)

+ Exercise hwmziwﬁv“,

- ) %

Emwmrw.wwmwnwsm
(4 days/week 15 months)

+ Bxercise (15 min)

Group 1
2
Group 2

Legend:
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muscle biopsies wer
after weight training,

muscle biopsies were tak
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muscle biopsies Were taken pre-t
post training an

after exercise. J. . .

Group 4

muscle biopsies were
exercitse, post-immobl

. post training and after exercise.

d

e taken pre-weight training (control),
and after immobilization.

erf pre-immobilization (control), *
d after weight training. .~

raining and after exercise,
after exercise, post immobilization and

sl e TomEy e

taken pre-immobilization and after
lization and after exercise, and .
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Group_l.: Members of}this group‘resisﬁance weight
trained 4 days weekly for 1 hr dally'on elternate days for
S‘months,‘!hen'had their non-dominant arm immobilized for

5 weeks.

rbuﬁ In contrast, group 2 mefibers had their

non- aoﬁfﬁ/}t arm 1mmoblllzed for 5 weeks first, before

._beglnnlng thelr ?’?onths of re31stanoe weight tralnlng as

-~
a.b oVe. F ’ ’

All girth and strength measurements\weneﬁreszfded'on

each subaect in both groups. before and after training

. periods, before the arms were placed in casts and w1th1n

12 hr of remov1ng the casts after immobilization.

The muécle biopsies ‘were taken before the study
RN

hegan andiéifhln 12 hr after the sts were removed, but

4-6 days w allowed to elapse a€ier the. flnal training’
se551on before ‘the post tralnlng b10p31es were taken,' This
procedure was followed to avoid any acute effects that -may- \‘

have cccurred from the tralnlng programme. The blOpSleS

were stored in liquid N, until analyzed.
(i1} tg v 2
‘Heavy Resistance Welght Tralnlng, Immoblllzatlon'
. . And Exer ise With the Arm -
'x‘hale'subaects c:;pleted the study (age 19-23
—~

yeers, wt-68-?3vkg). None-had performed rng?ar r951sfﬁnce

or weight training befoge the study.’
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The scheme of the study is outlined in Figure 3.
The.protocol'was almost identical to the one outlined on
R 48 (Figure 3) except that the @uscle was also blopsied
before and affer 15 min. of arm ergometry, and the arm cast
period was'exteﬁded to 6.weéks. ‘ -

Ty
Pl

(a) Exercise: QTﬁe exercise was carried out on‘a
Monark ergometer adapteé for the use of arm»ergometry for

15 min. The exércise was done at 500 % 50 Kph prodégigffﬁry,/// ‘y
heart rate of between 145-155 beats/min. which was estimat;E ‘

to be about 50% of'their~V02 max.195  The arm ergometry

_exercise took place at the beginning of the study (control),

»dy

after heavy resistance'weight training for 5 months and
after 6 weeks of immobilization;% The subjects were randomly

assigned to two, 3‘Eembef groups (groups 3 and 4).

Grou .: Members of this group resistance weight
trained 4 days weekly for 1 h£ daily on altefhate days for
5 months and iﬁmediately thereafter exercised by arm
ergometry for 15 min. Their non-dominant arm was theh_

immobilized in a cast. for 6 weeks, the'cast removed and
: A , .

exercised again by arm ergometry £6r 15 min.

Group 4.:. In contrast to group 3, the reverse
procedure was followed for group 4. The non-dominant arm

was immobilized for 6 weeks, the cast removed and the arm

“exercised by arm ergometry. Immediately after the exercise,
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the 5 month resistance weight training programme Was begun

and when finished, exercise by arm ergometry was carried

out.

A1l girth and streﬁéth'measurements were recorded

as described previously-on p. 46.

Muscle biopsies were.obtained in the following way: -

(a) Before the experimental portion of the study

began and after 15 min. of .arm ergometry exercise. (These

" gerved as controls)

. %) Withln 12 hr after the 6 week old. immobilizing
casts-were removed, and after 15-min,. of’ arm ergometry
exercise. ' )

(¢) After weight training for 5 months, and after

the 15 -min. of arm ergometry'exerciseﬁ'

i} B. ANALYTICAL AND PREPARATION TECHNIQUES

-

I. Handling and Sto%age of TissuesiiBlood,{

&nd Perfusate Semples
All the tissue biopsies were immediately frozen and

stored in liquid nitrogen until analyzed. Prior to the

~ extraction, the human skeletal biopsies were dissected free

of blood, “tendon and fat at —20 °c in a cold room or.on a
block of SOlld carbon dioxide. The rat heart samples were
dissected free of all non-ventricular material. The rat

skeletal muscle was treated in a similar manner. The heart

&
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perfusate samples and plasma samples wefe stored at -20°C
until analyzed. A

When the muscle samples_were analyzéd‘for PDHa and .
PDHt, the muscle (human §keletal muscle, 20-40 mg; rat
heart, 200-400 mg; rat skeletal muscle, 200-400 mg) was
chipped into 20-40 mg pieces on solid Co2 and homogenized
in 30 (human skeletal mﬁ%cle) or 4 volumes (rat skeletal

muscle and heart) of an ice-cold buffer containing 10 mM

potassium phosphate, 1.0 mM diethiothreitol (DTT), 1 mM

Na-EDTA and 1 g/l of crystalline bovine serum albumin (BSA),
pH 7.4 for 40 sec, using a Polytron RT10 homogenizer.
The homogenate obtained was used directly for the

assay of PDH, and PDH, as outlined on p. 63. The PDH assays

were completed within 24 hr of muscle sampling. -~

The muscle samples used to assay thé concentrg{i:n-

of mgtabolic intermediates were extracted with 30 (human

skeletial muscle) and 4 volumes (rat skeletal muscle, heart,
perfusate and, plasma samples) of 1ce -c0ld 6% perchloric acid
(PCA). Immediately after addlng PCA’ the mixture. was

homogenized for 4 x‘B sec. bursts w1th a Polytron RT1O

_homogenizer. After‘éentrzfugatlon at 0°C, the supernatant

.was'ngutralized with 1IN KOH containing 50 mM triethanolamine

to a final .pH of 6.0—7.b. " The metabolites in- question were

assayed within 4 hr of neutralization.
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The muscle eemples used for glycogen analyses,

nowever, were usuaily treated .differently after they were
’.frezen. As the muscle tissue %o be used was often very P
small (usually less than 20, ng) the sampWe was homogenlzed,
with a Polytron directly in a volume of 1L ml 0.1 M acetate
buffer pH 4.75 (0.05 M acetic acid : 0.05 M eodium'acetate).
and used directly_for the assa§ of glycogen as outlined on
p. 60 . If larger muscle samples were available they were
homogenized with a Polytron in 1IN HCL at 0°c, boiled for
5 min. and analyzed immediatelyior stored at 5°C. All assay

methods are outlined on P. 60«

L 3 .

II Fluorometric Analysis of Metaboeolites

(a)Tlssue Metabolites

The methods used to determine the metabolite
concentrations were based upon those of Bergmeyer 1963196
and modified in this laboratory. Measurements were usually
carried out on an Aminco Flgoro—Microphotometer (Amepican
Instrument Company, Silverspring, Maryland, U.S.A. ) or an-
Eppendorf-Geratebau 1030 Photometer with an Eppendorf
Recording ‘Adapter 2134 (Hamburg, West Germany), but when
the concentrations of the intermediate would be low, the
measurements were made on a Farrand Ratio Fluorometer—z'

was 340 nm and the

(Farrand Optical Company Inca, 1 York, N.Y. U.S.A.).
- The Excitation waveleng?ﬁf

Emission wavelength was 460 nm.

)

N : S —
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(l) Adenosine Triphosphate (ATPY and Creatine P osphate—(cfl

outlined below:-

. hexokjhase ’
(1) gludbse + ATP —— > G-6-R + ADP

G-6-P

(2) G-6-P + NADP
: dehyd;ogenase ‘

+ NADPH + H©

' creatine _
/ADP : —> creatine .+ ATP

(3

phosphokinase -
The 2 ml reaction mixture contained: "\\\4//<
25 mM Tris ]

0.5 M Hydrazine hydrate
5 mM D—Glucoee i . :
100 u M NADPY = C L.
5 MM Mercaptoethanol ’ . ,
100 MM Na-EDTA
5 mM MgCl with a final pH 8.5

The ATP concentration was determlned as follows
'Two ml of reaction mix - contalnlng an ac1d1f1ed—neutrallzed
extract of mgscle (equlvelent of 2-10 mg of wet muscle),
.10 Mg of gl@cbse-é—P dehydrogenase, and the change in
‘baseline'ilﬁﬁrescence1wiﬁh time was established. When the
vbaeeline was stable, 10 /lg oﬁ,hexokinase was added. .Thie
resulted in a rapid jincrease in fluorescence due-to -

convers;on of the ATP to ADP by hexoklnase, which in turn,

= .6-phosphogluconolactone
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was placed in the fluorometer (Eppendorf). -At point B,

. - 55 =
- ) - . -
generates equimolar quantities of glucose-6-P and NADPH via
glucose-6-P dehydrogenase. he assay was considered accurate

when standard quantities of A@é_andumAﬂgﬁvppoduced the same

increase in fluorescence.

A representative assay for ATP and CP is shown below:

2 nmole NADPH , /

Fluorescence

Time. : : &
oy

' A%t point A 2 ml of reactipn mix with muscle extract

-

10 /4g of glueoée-é—? dehydrogenase (G-6-PdeH) was added.

The small but rapid increase was due to muscle gluqose—é—

-
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phosphate cdhﬁent. At point C 10 M8 of hexokinase (HK);was
added. .The rapid increasé-inr fluorescence was due to
conversion of ATP to ‘ADP eatalyzed by HK. The end point
measurement was formation of Ffluorescent NADPH by G-6-P
dehydrogenase. The fluorescence change shown as P01nt D

represents the quantity of ATP present In the sample. At

point E 10 }Ag of creatine phosphoklnase was added. The

\f—\\ rapid increase in fluorescence was due to the ;ollow1ng

sequerice of rqutions: # __.cycélic pathway of reaction

® Cveatlne - Glucose G- > G-P-G
\/Z’PZ‘—)\ /’____//—\

~

¢ ADP \\ ATP T ADP NADP *'NADPH

-~ e o

w-.__’

{ii) Pyruvate, Adenosine Diphosphate (ADP) and Creatine (C)’/)
The prificiple of these assays is shown in- the
reaction below: . -

' LDH
(1) pyruvate + NADH + B

> lactate WAD_+ i
PK . _—

(2) PEP + ADP —————> pyruvate * ATP

(3) creatine + ATP—————> CP + AIP

e The reaction mixture contained in tube (2 ml) the

following:
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5 mM Triethanolamine
.0 mM KCjFl ‘
MgCl, . .
25 mM Phosphoenol pyruvate
M NADH, final pH 7.4

' Since reaction (1) and'(z).are coupled By pyruvate
that is formed in. reactior (2), it was.impefative to react
all}pyruvate already present in the reaction =olution.‘

Two ml of reactlon mix cortalnlng an acidifiedfi
neutralized extract of muscle (equlvalent of 2-10 mg oflwet
muscle)) and'lo_}Ag of.lactate_dehydrogenase (LDH) was added

drive tﬁe reacfion. - The resulting.decreased fluorescence

.was measured, this was the pyruvate formed (1) frdm NAD".

The assay was considered completed after a further 10 }Ag LDH
wa§ added to check if there was no further Tluorescence. The
second stage of the reactlon was bhegun by the addition of

10 }Ag‘pyruvate kinase (PK) and after 30 min. the reaction
" was complete. The 'decrease of fluorescence was due to the
conversion of -ATP to ADP (2) by the PK. The fluorescence was
checked by the addltlon of a further Mufxg PK. o .
| A new basellne was then established when encess ATP
(100‘}1M) was added to the assay mix. After -baseline, ZO/Ag .
creatlne klnase (cX) was added to produce reaction Qé\\whlch
is the creatine. A further EOI/Ag CK was added to check

fluorescence. Approprlate known standards were used for

~each section.»\%f' the assay reaction. The decrease in" ~
- ' ' ‘ ' ' : )
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flyorescence was guantitated by comparison with the ‘decrease
in the fluorescence obtained with the known amounts of

standard.
(iii) Lactate

The reaction is shown below:

+ LDH _ ‘ -
lactate *+ NAD. —— > pyruvate + NADH + H.

. 8 . P
The lactate was measured enzymatically_utilizing a

NADH:NAD" coupled reagtion which recorded the increase in
fluorescence due to NADH formation.
The reaction ran to completion because pyruvéte was

removed by h&dfazine.~ The reaction mixture (2 ml) contained:

25 mM Tris '

0.5M Hydra21ne hydrate

200 MM NAD* -

5 MM Mdrcaptoethanol

lOO/U.M -EDTA w1th a final pH of 6.5
Lactate déhydfogen se (lO/Lkg- was ai/;é\EP 2 ml of incubation
medium in the cuvette. |

Varying amounts of muscle extracts were used to
determine the lactaté present. The asséy sysfem was
standardized using known amounts of lactate and NADH. The
assay  was con51dered satlsfactcry if fhe lactate and NADH
standards changed the fluorescence to the same extent. The

execution of the assay was as outlined as on P. 55.
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.
(iv) Glucose

~

Glucose was measured enzymatically by fluorometric

techniques in the reaction set out below:

hexokinase

_ . . .
_(.l). glgcc?se' + ATP p— > G § P + ADP
: : G-6-P . '
(2) G-6-P + NADP™ >  6-phosphogluconocluctone
dehydrogenase " '
e + NADPH + H'
J . The reaction mixtufd contgined the following: .
25 WM Tris . .
0.5 M Hydrazine hydrate
1.0 mM ATP
5 MM Mercaptoethanol
100 MM Na EDTA RS
1,0 ™M NADP' with a final pH 8.5 2. .

The glﬁcose concentration %as determinéd by the
follbwing manner. Two ml of reaction mix containing_5-500‘}41,
acidified-n?utrali7ed extract of muscle (equivalent of 2-10 mg
of wet musciETT’iQ‘}Ag gf"glucqsé-64§hosphate dehydrogenage '
(G-6-PD), and the change in baseline flgorescence‘with time
was established. When baseline was;estéblighed aﬂd the
first regction stgbie, lol}gg HK-yas édded and‘the glucose

formed, measured. . , .
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reaction is as follows: ¢\\

amyloglucosidase

cose), * (Hzo)n_l : :f} ‘n - glucose
; hexckinase. )
glucose + ATP —> G-6-FP + ATP
- _ Mgt o .
- + G-6~-P L
GTé—P +" NADP' — > 6—phosphogluconate

dehydrogenase )
"+ NADPH + HT

» , .
Glycogen analysis was performea by enaymlc hydroly51s

_with the enzymeamyloJSK—l L-CX-1, 6 glu0031dase followec by

enuymﬁc assay of glucose as described by Passoneau apd

Lauderdale ;97 Naborskl and Rogers198 and modlfled in thif »

(.lqbofatory. ‘ o '. . :h

-

s v

LY

" The incubation mixture 'ec@.ried':

4 ‘ '
The reaction mixture contained: .

-

50 mM Trlethanolamlne ¢ ; - .
1.0 mM ATP . - S
.1.0 mM Napp*

5 mM MgClﬂ with a flnal ph 7.8

T

r

. q " - . . .
100 mM Acetate (50 mM acetie acit ﬁ*sq/mMeﬂa;gcetate)

* L4
with a finalk pH 4.75

: 8 . 7
The ‘skeletal mguscle (50 100 mg wet muscl &) was

homogenlzed in the acptate bu¢fer and to ‘an a‘louot of the

v . B '

-

. . 3

€
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buf;er which contained. (2 lO mg wet muscle equ1valent) §o ng
of amylo glucos1da$e 1n a volume of S/bkl was added to
begin the reaction and the mlxture lncubated at .room
~f temperature for 1 hodr. After lncubatlon 2@0 .mM Tris was
. added to each‘i.}ﬁ:—tTDated allquot.' - o .

xture was then

A
- | 25/u.l samples)of the‘lncubatlon

added to %he reactlon mlxture. GlUCOSEr iosphate

'dehydrogenase (ZJ}Ag) is added direct to the reaction

) —
mlxture or added to each allquot separately. The resulting

‘fluorescence was measured and Z/u was added to drive
the reapulon and the glucose. formed from the enzymatlc
- ‘degradation of glycogen_measured.' The NADPH formed was also

mSZsured aﬂier 10 min.'at‘room tempera%u The glucose and

AL

G- 6-phosphate from. the NADPH was also measured and suistracted )

' from the amplﬁ\contalnxngamylogluc051dase.

r o The amylo CK-l 4 CX'l 6 glucOSld:éeillberates the
glqposedfrom glycogen by hydroly21ng C?'—@: ) nkages_as
Cwell as CXK-(1-4)-Tinkages T1). Elucose (2), ﬁ/i converted
N ,to 6- phosg@ogld%onate in one step by glucose-ﬁ phosphate |

dehydrogenase and hexoklnase. Approprlate standards of
. glycogen and glucose were used at each step. :;ﬁ’\

N

v

{vi) Cyclic AMP _"T o :‘:.' o ®
‘ o , : . _
Muscle cycllc AMP was determlned . a radlolmmunoassay
* of Steiner et al., l972.,46 '_l‘-_. \.
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The assays were klndly performed by Dr. M. Rathbone
of the Degﬁrtment of Neur0301ences, McMaster UnlverSLty, -

Hamilton;, Ontario, Canada.

{b) Blood Gases and Blood pH
’ S T o
Arterialj?lood Pco,,y Po, and pH were determined on

a Radiometer (Cepenhagen) PH M?Z-MKé-Digital Acid-Base

Analyrer'and a BMS3-MK2-Blood Micro system.

v
. .

¢ (c) Plasma Glucose

j_PZI.'a.sme. glueose contentration was mezbured by ehzymic

~ fluorometric technlques in PCA and nuetrallzed with potassium

\

-blcarbonate as descrlbed by Lowry and Passoneau, ‘1972 199 and

. 4

on p. 59 of the text. :

(d) Plasma Lactate’

Plasma .lactate concentration was measured 4;nng
h

Y .. : 3 [—
angymatic fluorometric methods in PCA extracts by the method

of Toews et.al., 1970.200

I11 vP;eparation of Mitochondria

-

For preparatlon of mitochondria, fresh rat heart

K b 3y
.

‘and skeletal muscle was ‘removed under anaesthesia (p. 39)
‘and the procedure was a modlflcatlon descrived by Chappell

~and Hansford, 1972 1 ang Hansford, 1974202 The tissue was

o e R



o P T [ T T e

ppp———

ﬂ"*””{-'wﬂ“‘ﬂ?f’%”-"”?“ crmer I

rinsed in ice=¢old sucrosée medium (0.25 M sucfese, 5 mM
Tris<HCY and 2 mM ethyh@ne—glyeel—bis-(aminoethyl)itetrar
cetate (EGTA), pH 7.4). The tissue was then cut up with
scmssors in 5 ml sucrose medlum and homogenlzed with a ,,1
Polytron PT10 homogenizer for 3 x 10 sec. at one third the
maxlmum speed at 0-2°C. The cell debrls ‘was precipitated
by slow—speed centrlfugatlon (600 650 .g for 10 min.) 'The.
supernatant Was “then’ centrlfuged at 10,000 g for L hr. -The
pellet was resuspended in sucrose medium and diluted to

20 mg'of proteln/ml. "The yield was apprpx;mately 5-10" mg
of mltochondrlal proteln/g musc1e. A1l operations were
carried out.at O~ 59, '

- Pyru;ate dehydrogenase activity 1n unfractlonated

rat skeletal muSCle was approx1mately 300 16 nmol/g/mln.

In unfractionated rat heart muscle it was approx1mate1y

\lZHO[i 30.nmqi/g/min. ‘Mitochondrial PDH aﬁtivity was 5-7%

of the total muscle activity.
Mitbchondrial protein was determined by the method

of Towry et al., 1951,%93 . . ' .

S Pyruvate Dehvdrogenase (PDH). Ass;x

The muscle samples used for the PDH. assays were -

stored and extracted as outllned on P 51.
o

L

Pyruvate dehydrogenase was assayed by a modfﬁacatloq<\
of the method descrlbed by Taylor et al.lo5 The assay mix

s
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for PDH, contained 25 mM potassium phosphate, 2.5 mM Na-EDTA,
2.5 mM MgCl,, 0.5 mM CoA, 2.5 mM dithiothreitol (DTT),

30 mM NADT, 1.5 mM thiamine pyrophosphate (TPP), 0.8 mM

Na pyruvate, Na—pyruvate-l— Yo (1. 7 M C/ml) and 2 g/1
crystalline bovine serum albumln, (pH 7.4). One quarter ml
of the assay mix was added to a 10 ml Erlemmeyer flask cooled
on lice ln a cold room7w1uh a disposable plastic center well
(Kontes Glass, Vineland, N.J., U.S.A.) containing 0.2 ml of
10 N Hyamlne hydroxXide. The flasks were sealed with a
rubber stopper containing the center well., The assay

mixture was incu é%ed at 37 %¢, and 0. 2 ml of ice cold muscle

| > nomogenate was/added 1 min. after inoubation. f S
f oo . ‘  The Na—pyruvgte-l—lqc was added just prior to -

identic except no muscle extract was presept. The assay

mixture was incubated for 2. ﬁin.-afﬁer enzyme added a&? then
adding 0.8 ml of a solutlon contalnlng 0,08 M _

. Ma,_ HPOw

citr¥e acid and 0.04 M N, PO, pH 3.0 under closeq condltlons.

e AT S A T e

stopped

thé lL"’Coz was trapped in the Hyamine hydroxide center
11 after 60 min. The:lLI'Co2 was determined in the center
‘well using standard‘scintillatiOn Qounting techniques. Thé
éounting_efficiency was sdetermined. using the chaﬁnéls ratio.

method 'and/or by use of an external.standard.

prpre e 1 T TR TR
- .
L
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converted to alanine by the following reactions

- 65 -

The PDH, activity was determined as described above

except that the muscle extract s incubated for 6 min. in

the bo;fe
The Mi;f and 2
within the 6 min. 1ncubatlon.‘

The lowest backgrouné counts were obtalned when the
1L

also containing 10 MgCl and 10 mM CaCl

dephosphorylated the PDHi forming PDHa

Na-pyruvate-l- C was used Just prior to assay.

Vv The Method for Determining the Specific

Activity of Pyruvate

4

This method was developed to measure the specific
act1v1ty of pyruvate in muscle extracts.

The pr1nc1ple‘pf the method is as follows
Pyruvatebehaves as an anlon and alanine as a catlon

on a cation exchanger at pH 7.4. Pyruvate can be quantltatlvely .

-

. . + . alanine . " .
(1) opyruvate + NADH + I\IHLF -+ ¥t > alanine + NAD
: S dehydrogenase

In any. muscle extract any added labelled pyruvate .
will be partlally present as alanine because of the rapld
1nterconver51on of these two 1ntermed1ates. In the lnltlal'
ac1d1f1ed—neutrallzed extract all the ‘cations, including
al;nlne, were removed by passimg the . solutlon through a
cation exchange resin’ (Dowex (50 x 12 - 100) -50 W, Slgmao

Chemlcal Company, MlSSOurl, U.S.A.). The effluent from the
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4

o COlumn contained all’ the anions, including pyruvate. The

pyruvate waé then cqnverted to alanine with alanine dehydro-
genase and excess NAﬁH, and repassed. through a cation
exchange reéin. Since alanlne dehydrogenase 1s specific

for pyruvaté, any luC retalned by the codumn w1ll be derived

from pyruvate-l—lHC. The dlanlne is extracted from the
. /

cation exchange resin usiné SN KOH and counted as 4 as

outlined on p. 68 The validity of the iorl exchange

14

chromatography“was checked u51ng alanlne 1- C and Na—pyruvaté.

A

-

Preparation‘of Sémble - ' V

Frozen heatt muscle was pulverized at -20°¢ into
smallrgéeces and homogenizéd with a Polytron as described
on p. 51 . After centrifugation at 4°C the supernatant was
de9 ted, neutralized to pH 7.4 w1th_5N KOH and the sample
recentrifuged. The supernatant was divided into 2 aliquots:
one 2 ml aliquot was immediately freeze-drled and stored as
powder at -20°C for futﬁre analysis of metabolites. .The_-
remaining was treated as outlined below: , _ | .

Fd

Assay
(1) A 2 ml aliguot of muscle supernatant pH 7. 4

A was added directly to cuvette and placed in an Eppendorf 1030

photometer or a Farrand ratlo-z-wecordlng fluorometer.
(2) After a stablllzatlon period for baseline

fluorescence, 15/U-M NADH was added to cuvette and-eanverted
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¥
to NAD s basellne readausted, and 5 mM (NHu) Soq was added
and the basellne adjusted again. ‘
(3) To the mix was added 5/¢ g alanlne dehydrogenase
to begin the reactlon. ) ,
(4) * When the reactlon was completed aﬂStHEr 5me’
alanine .dehydrogenase was added to check %hether the reactlon
was lndeed .completed. - . fl o I .‘:

(5) As a further check for the completlon of

i . .
"reackion, a small amount of Na-pyruvate was added dlrectly

. t?'céﬁﬁtte. If-the reaciiET was complete a further reaction

"would then take place wit

the pen travelling to scale.
. {6) After the pyruvate to'alenine reaction was_;;'
completed, the complete assay mix was saved.

(7) The saved 2 ml mix was'carefully passed'througq-

another catlon exchange resin column and eluted W1th 2 ml

5N KOH and washed with 2 ml water. ' The alenlne produced
during the . assay was tr%pped on the column and the pyruvate
passed from the column. The effluent was neutralized to

pH 7.4 with PCA ,.and theiﬁrecipitate was centrifuged at

110,000 rpm to T mdvextheNpotaseiﬁ%’perchlorate, andg the

\superﬁﬁtantl fcanted directly “into & scintillatiop vial.

L. e . I .
The resulting pellet wa?gmlxed and rinsed onée with 0.5 ml
water and centrlﬁuged. The supernatant was combined with
the flrst spln snpernatant in the 501ntlllat10n vial and

lmmedlately freezefdrled. o . o R
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,(8) Once freeze- drled, the v1als were elther/étored,
or 10 ml of scintillation mix was added dlrectly to the v1al.,

Before countlng, it was desirable to add fumhed silica

3y g/100 ml (Cab-0- Si1, grade 5 - Cabot Corporation,

Boston. Mass., U.S.A.). A unlform mix and a sllghtly better

) cdunting efficiency resulted. The vials wera counted by

standard scintillation counting techniques as deseribed on .
p. 69 .

Vi l"'!'C Determinations

. The scintillation fluid for counting 14C determinations|

was toluene:ethanol (9:1, v/v) éegntaining POPOF | 1,4-bis- ,- ,

(5= phenyloxazol -2- yl)—benzen:] 50 mg/l, PPO (2 5- dlphenylo—

xazole) 5 e/l napthalene 130 g/l and. dloxane.

The radloact1v1ty was determined at 1% in a Beckman

- 1S-230 llquld scintillation counter. Eff1c1ency was

determined .by ‘the channéls ratio method.

,ﬁII luCOQVPreduction'
14 production'wae determined oy collecting'the

effluent from the hearts 1n‘TIasks under a layer of mlneral

oll ln preweighed beakers. The effluent volume was determlned'

grav1tatlonally. A L ml aliquot was transferred to a 10 ml

Erlenmeyer flask sealed with rubber stopper and dlsposable

plastic center well contalnlng 0.4 ml 10 N Hygmlne hydroxmde. "
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The aliguot was then acidified with 4 ml 0.5 M citric acic

and incubated for 60 min. at 20°C. The liberated 1%002

into'a seintillation vial artd counted in toluene-based

gscintillator as described above.. Thé recovery of luCo in

. 2
l”c;;{co; in the $Task was 97 & ¥

%

the center well from

—

VIII Calculations and Statistical Analysis

o

- Statistical adalysis was evaluated by using the

q;é:tur-ient"s 't test.
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RESULTS

1. Development of PDH Assay Method

In the initial expe;imente, skeletal muscle
mitochondria were isolated %nd prepared as described earlier.
on p. 62. The isolation technique.regulted in only 5-10%
recoveéy of the mitochondria; The effect of PDH, and PDH,
activation versus a function of 1ncubatlon tlme is shown in
Figure 4. It is apparent that the PDH, and PDHj activity
was linear with enzyme concentration o a mltOchOndrlal
concentration of 0.5 mg mitochondria protein . 5 ml. In

other experiments, (Figure 5)3 i? was demonstr;ted that the;f

rate of pyruvaté oxidation by PDH was linéﬁ% with time..

. Because the recovery of mitochondria from muscle is

2017202:and because the human muscle

it

unpredictable and low

-blopsy ‘samples are small, it -was necessary to develop a PDH

assay that coé?ﬁ be reliably used 1n muscle- homogenates

obtained from a needle muscle blopsy. A varlety»of dlfferent
ﬁeehniques were used and the one described ¢n Dp. 63 was .
found to be the most reprodu01ble. |

U51ng the muscle homogenate preparatlonf“% PDH,
the act1V1ty was llnear wit muscle content and the PDH =

act1v1ty was linear with time (Pigure 6). » \xﬁ'

., = 70 -
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RAT SKELETAL MUSCLE
PDH

N
o
1

L . : Total

-t
(o2}
1

-

_ .~ 'PDH ACTIVITY L
{(nmoles pyruvate oxidized/mg mitochondria protein)

)
T

Active
10

0 ] | ! !
0 0.10 0.30 0.50

Mg {(mitochondria protein/assay)
2 MIN"ASSAY TIME '

A
™y

f
- .

F igur»e L,

The effect of mitochondrial protein on PDH activity.
Mitochondria from rat skeletal muscle was used for :
determining PDH.  Enzyme activity was calculated before apd
after preincubation at 37° with 10 mM ca*t and 10 mM Mgt
The PDH activity was expressed in naﬂqpoles pyruvate L
o¥idized per mg of mitochondrial protein. . Results are means
* S.E.M. and the number of observations for each point is

as indicated at the end of the linear liqf;

¢

)
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RAT SKELETAL MUSCLE
PDH

3
1

PDH ACTIVITY ‘
(nmolés‘pyruvate oxidized/mg mitochondria protein)

L]
’

Ve o -
0 2 B , 4
TIME {min}

. . R
v r -

{7 , Figure 5.

Relationship between initial velocity versus time and enzyme

concentration of PDH. The activity of PDH was determined as
in "Materials and Methods". PDH, and PDH, activity was meas-
urec-over varying time periods. M';'bochonaria were prepared

‘» for PDHI‘were incubated at 37°C. The_lLl-Coz produced was. ,
calculated and the pyruvate oxidized,expressed as nmoles per
‘mg of mitochondrial: pretein. There were 10 observations for
each time point and the vertical bars represent = S.E.M. '

b—

from rat skeletal muscle and were used for PDH assays. Samples'
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HUMAN SKELETAL MUSCLE

PDH A
* , 200 w {Total) )

o

: 100 (Towsl)
. 1Y
l/"/ . ' .

TIME {min) -
| - N

1

A

© Counts of total enzyme activity versus, assay time. The muscle

homogenates were prepared and enzyme assays with human
skeletal muscle were performed as outliped in "Materials and
Metnods".. The vertical bars represent - S.E.M. and there
were 14 observapions for each point and the results are

" expressed as

/Tlask.
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o The pdrposeﬁbf these experiments was to.deterfine

L T
In other experiments, the same observations were

made in heart (not shown) . In the experiments it was

demonstrated that by 1ncrea51ng the enzyme concentratlon

. to 300‘}11 (9.75 mg wet muscle) and extendlng the assay tlme

to &4 or 5 min., it did not shift the line from llnearlty.
As the assays were all run for only 2 min. and the maximal
muscle.added neverle¥Ceeded 6.5 mg of muscle equivalent,
the assay was‘linear‘with.respect to time'aﬁdaconcentration
during these experiﬁents. In fact, the enzvme aotivity was
linear for at least 10 mln.‘at 37°C (results not shown)

Tﬁk cofactor requlrements for the PDH assay 1n’muscle were . -

~ characterized 1ﬁlmore detall (Figures 7 and 8) There was

less than 2% maximal activity w1thout the presenco of Mg _
in skeletal mus?lé. Full actlx;ty was, achweved by addltson
of 10 i Mg ,-'10 ™ cart, o. .5 ui CoA, 30 m NAD®, dnd 1.5 mi
TPP.z Omlttlng CoA, NAD or: TPP decreased the activ1uy by

. ’ i
; AE?? ?#’and_Ba% respectively {Figure 7).. The ﬁeart muscle

. responded to the lack of cofactors in a gimilar manner

9
4

— -

2. ths1ologlcal Regulators of PDH Activation

(Figure\a), o

A.t Nerve Stlmulatlon in the Rat’

whether PDH activation could be medlated by nerve stlmulatlon-

- rather than a general. hormonal effect. - o TN

- ‘ ¢ I B -
- . -I’



e e

P EI AL N TV T g T R 1
- i -

N : ; ’
_f-\ -. * a < .
- 75 - . : ' o R
- * S - . . . '3
. £,
" RAT SKELETAL MUSCLE
_ . PDH ACTIV]'__FY . ‘
B " - X ' 300 4 extragt | Y
7000 o : © o/ ulimix)f
. 5000} ) ’
o _
& -
a : 3
. . B -
: =
¥ “ -
o .
. %
. ) ; 0
N No NAD*
. No CoA ?
No TPP .
/ 1000} . No TPP/NAD* / : -
j N . -1 - A No CaCl,
; 22 4 No MgClp
_ 0 ‘ . . .
C : o e 8 o
L o TIME (min} S R

K . . i - = o - , ) .
AN . , ! W

[

Figure 7' : - )

. ., / o - -

The.effect of various cofaftors or the activity of rat

" . gkeletal muscle PDH.. The components and conditions weree«

as described in "Materidls and Methods". The PDH activity
was measured over various time periods with and without

certain cofactors as indicated. There were 10 samples for
each “time: point. ;

L] -
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Figure 8. .

The effect of variqus cofactors on the activity of rat heart
muscle PDH. The PDH activity was measured with and without
‘cofactors over varying time periods. All conditions were as
described in "Materials and Methods”. There were 10 samples
for each time point. ’ . ' ‘

~
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I The Effect of Sciatic Ner%e Stimulation

on Gastrocnemius Skeletal Muscle With a

“N

'Constant Pulse Freguency and Voltage

The effect of electrioal stimulation on PDH activity
in rat gastrocnemius skeletal muscle is shown in Table l.
The PDHa at rest was 296 : 15 nmol/g/min. and increased to
591 I 29 nmdl/g/min. after 1 min. electrical stimulatien.
The m;ximal PDH, activity was achieved after 10 min. of
nerve stimulation. At this point more than 95% of the PDH,
was in the active form. . l-\\J

Pable 2 shows the effect of electrical stimulation
on'PDH activity in rat‘gast?ocnemius skeletal muscle but
during these experiments the muscle biopsies were obtained
at more frgquent intervals to detect the rapidity of the
activation of PDH, conversion. The PDH, at rest was
2%6 ¥ 15 nmol/g/min;,and electrical stimulation rapidity,

increased the’PDHa activity. The PDH became activated

linearly with time during the first 2 min, of nerve stimulation.

1}

Less rapid activation of PDK was shown after that (Table 2).
The PDHy did not change significantly during any
of the experiments in Tables 1 and 2 with the average PDH,
concentration for both being 840 I 39 nmol/g/min. indicating
that there wasrno significant'muscle‘sampling errors,
The effect of electrical nerve stimulation on some

TN
. P e . . t
key muscle metabolite concentrations is shown in Tabile 3.

<
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- - Table 1

/

The Effect of Sciatic Nerve Stimulation On

M/M%wc<mdm.om:%aﬁomm:mmm Activation in Rat Gastrocnemius Skeletal Muscle

Time (Min.) 0 B ‘ 2 . 1) 5 : 10

PDil_tPDH, (%) 16 67 o7 91 92 97

PDH,, (nmol/g/min.) 296%15°  591%29  667%47 273%23  789tus  gokiz2

~

LN
PDH (nmol/g/min. ) 831%28 . 886IL1 859145 851731  856%43 821127

Observations 20 12 12 6 6 6

x

* mean ¥ S.E.M. . M

Legend:
" There were varied observations at each time period. The
.. sciatic nerve was stimulated at a frequency of 10 pulses/
sec. at 5 volts, PDHy and PDHy (PDHy + PDH;) was assayed
as outlined in "Methods" section. Rat gastrocnemius
skeletal muscle was used for each experimeént. Controls
were taken from the contralateral leg during each
stimulation period. The results are expressed as
nmol/g/min. -
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Table 2

Effect of Sciatic Nerve Stimulation On The Rapidity

0f Pyruvate Dehydrogehase Activation In Rat Gastrocnemius Skeletal Muscle

Time (Sec.) 0 5 15 30 . 60
PDH, :PDH, (%) . 35 47 5L 60 66
PDH, (nmol/g/min.) © o a76%15% 397-11- 133546 539338, 55530

PDH (nmol/g/min.) 792t28 * B4OEIE 836265 88948 » 836%35

Observations - . 20+« . 6 6 : T 12 12

-

¥*- 4

- Legend: mean - S.E.M.

There were <wdwmg\odmmﬁ<mdwonm at each time period. The .
v “geiatic nerve was stimulated at a -frequency of 10 pulses/:
sec. at 5 volts. PDH, and PDH (PDH, * PDH; ) was assayed
as outlined. in :3m¢:omm= sectidn. Gastrocnemius skeletal
muscle was used for all the above experiments. Controls-
were taken from the contralateral leg during each
. gtimulated period. The results are expressed as nmel/g/min.

. S~ A .
t . R

.

ag



Rat Gastrocnemius Skeletal

The Activity of

Table 3

Selected Metaboli tes in Extracts of

Muscle Before and After Electrical Stimulation -

at each time point.

The nerve stimulation wag of 10 ﬁ:wuﬁm\mmo. at 5 volts,

muscle biopsies ac shown in Tables 1 and 2.

The samples were obtained from the

) L o o i s

. / A -
Time {Sec.) 0 5 15 . 30 . 60 120 240 300 /600
ATP s.02%0.30"  4.63%0.15 .:.uuuo.mH 3.98%0. 28 3.7620.27  3.59%0.23 3.44820.26 2.9910.22 urmono.mw
ADP 0.63%0,04 0.66%0.08 0.7010.03 0.70%0.03 o.mo“ew¢u 0.87%0.053 - - 0.96%0.05 1.15%0.06
CcP 17.9%31.03  14.3211.20 13.17%0.95 © 11.73%1.36  10.28%1.17  8.8120.72 8.680.43  7.40%0.68 4.8620.88
Lactate 1.32%0.11" a.omno.mw, 8.32%0.54 ,HH.Nouw.wm .Hu.mzwo.:m. 15.1920.83 14.31%0.83 14.02%0.77  13.73%0.86
Pyruvate 0.12%0.01 0.10%0.01 - - 0.2120.01 0.2620.03  0.32%0.03 — 0.37%0.04 0.39%0.04 o
Glycogen 37.18%3.14 \ - - < - - - - R J1.0hi0. 74 - - - - 11.50%3,18
ATP:ADP 8 7 6 . 6 . 5 ' U - - 3 3
LactatetPyruvate 11 L9 - - - 5k . 51 h8 - - 38 35
Legend: * mean ¥ S.E.M. Concentrations are tabled for each metaboli te and reported as mmol/g wet m: There were 6 observations



- 81 -
The ATR/csgcﬁntration:and the ATP:ADP ratio decreased signi-
ficantly within 15 sec. after the start of nerve stimulation
- (Table 3). The CP concentration decreased to 10 from
17.9 }Amol/g.at 60 sec. andhcontinued to decrease to
k.9 }Amol/g after 10 min. of stimulﬁtion. The lactate
concentration at rest was l.jtfxmpl/g and increased at every
time period, but after 2 min. it reached a:beak concentration
of 15.2/u\mol/g. Pyruvate also increased as nerve stimulation
progressed. At rest, the pyruvate concentration was O.}Z/Amol/g
and after 10 min. of the nerve stimulation the concentration
increased to O.39/A,mol/g. The L:P ratio increased from 11
at rest to 35 éfter 10 min., howevg?, the highest ratio was
observed at 30 sec. The restipg glycogen concentration was
37.2/xnml/g. Nerve stimulé{lop'Was associated with a
decrease in glycogenwcbncentrgtion during the entire
stimulation period. The lowest:concentratiOpkof ll.Sbﬁkmol/g.

T

was recorded after 10 min. _ ' T

<

IT The Effect of Sciatic Nerve Stimulation

on Gastrocnemius-Skeletal Mﬁécle by

Varving Pulse Freguency and Voltage

The following experiments extend the previous \)
studies and show the effect of the stimulation rete on the
activation of .PDH in rat gastrocnemius skeletal muscle. The

studies involved a varying pulse frequency. of 5, 10 and &0
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pulses/sec. at a constant voltage of 5 volts (Figure 9) and
a constant 40 pulse frequency/sec. with a varying voltege
of 5, 10 and 40 volts (Figure 10).

The resting PDH was essentialiy the same for all
groups (figures 9 and 10). iﬁcreasing the freguency of
nerve stimulation inc;Eased therrate of PDH, formatien.

For example, at 30 sec. of nerve stimulation at 5 pulses/sec.
resdlted in 52% PDH_ eftivation, while at 30 sec., of nerve
stimulation at 40 pulses/sec. PDH was 85% activated.

The effect of changing the stimulation voltége at a
constant pulse;frequeﬁey is shown in Figure 10. The rate of .
" PDH activation ﬁas siewest at 5 volts and the most rapid at
f&o volts. At 120 sec. the three voltage groups had PDH

activated to over 90%. -

As shown in Tables % and 5, tiesuezmetabolites were

determined in the freeze-clamped skeietal muscle at rest

and at the end of each time period'in only the rats which

were treated by-a nerve'stimulation of 5 pulses/s c. at

5 volts, and 40 pulses/sec. at 40 volts respectively
metabollte concentratlon changes were 51m11ar to thos
’fobtalned earlier (Table 3), except that the metabolltes :
which increased or decreased their concentratlon did so more
slowly at a pulse frequency of 5/sec. than at 10/secﬂ The
ATP, -CP and glycogen concentrations decreaeed considerably

-

in the 5 pulses/sec. at 5 volts stimulation while ADP,
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EFFECT OF SCIATIC NERVE STIMULATION ON PDH ACTIVATION
IN RAT GASTROCNEMIUS SKELETAL MUSCLE :

_100-

o 40/eec — § Vohs
0 10/sec — § Voha
e G/sec — § Vohs

PDH, : PDH; %

o
m; L. ] 1 ! L 4,1,__.._1
0 60 120 180 240 300 600
TIME (sec)
Figure 9.

At O time the sciatic nerve of the rat was stimulated in a
square wave fashion with 5 volits at a frequency of 940 pulses,
810 pulses and *5 pulses/second and pulse duration of 5
milliseconds. Gastrocnemius muscle biopsies were obtained at
o, 5, 15, 30, 60, 120, 240, 300, 600 -seconds from the
contralateral side and the stimulated leg. There were 6
stimulated observations for all time. points. Each stimulated
muscle sample was accomﬁanied by a control sample. The control
sample is the mean of 5 observations. The PDHy activity for
L0 pulses/second and 5 volis was 306, 397, 439, 568, 697, 821,
831, 819, and 862 nmol/g/min from O to 600 seconds. For

10 pulses/second at 5 volts the PDH detivity was 296, 397,
433, 539, 591, 639, 773, 789 and 765 nmol/g/min. For 5 pulses/
second at 5 volts the PDH, activity was 280, 330, 399, 460, :
sol,, 634, 660, 667 and 69% nmol/g/min from 0-600 seconds. The

EDHt averaged about 845 nmol/g/min. The vertical bars are
- S-EGM-
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o THE EFFECT OF SCIATIC NERVE STIMULATION ON PDH AC’i’IVATlON
IN RAT GASTROCNEMIUS SKELETAL MUSCLE
Ve

7
I 1_45 EE?%EEEEEEEEE;:J

100

» 407s0c — 40 Vohs
0 40/sec — 10 Voha
o 40/sec — 5 Vohs

PDH, : PDH, %

30; ! L - L . _

0 15 30 45 60 300 600
TIME (sec)

Figure 10.

For particulars of this experimerit refer to Figure 9. In this
case, - however, the nerve was stimulated at a constant pulse
but with a varied voltage. The pulses were 40/second but the
voltage range was ®40 volts, 910 volts and ©5 volts :
respectively. Muscle biopsies were obtained at the same time

“periods but as the 120-240 second points were very similar .to

§ observations for the stimulated muscle at eacl point and a
control was sampled with each. The PDHa activiky for 40 pulses/
second 2t 40 volts was 3I2, 506, 759, 8k2, 826, 859 and 8B1 .
from 0-600 seconds respectivly. For 40 pulses/second at

10 volts PDH, was 287, 482, 676, 732, SOE, 820, 847 from 0-600
seconds while for 40 pulses/second at 5 volts PDHy was 313,

422, 531, 688, 760, 821, 84O from 0-600 seconds respectively.

The PDH+ averaged about 865 nmol/g/min. The vertical bars
are-% S.E.M.

the 300 second period they were not included. %hére were
Y

Qa

R



frequency of 5 pulses/sec.

skeletal muccle of the rat was
unotimulated contralateral leg.

at 5 volts.
uged in all the above ex
The results are expresse

All agsay procedures were
periments.

Yalues for the resting mu
d in *umol/g wet m. -

§

y .

(e8]
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Table L . ' .
. : ?
The Concentration of Metabolites Before and Tter ] )
. Sciatic Merve Stimulation in Rat Castrocnemius Sk€letal Muscle ’ - ﬁ: .
. . o
— —— . - N e
L' 4
Time (Sec.) 0 5 15 30, 2‘ 120 240 ~.joo \ moo/\\
ATP 5.17%0.32%  1.66%0.18 u, 46%0.22 4,570, 20 5.61%0.20 b.42%0.19  h.26%0.22 3.9420,24 3.88%0.33 *
*ADP 0.6720.05 0.8010.03 0.76%0.02 o.qﬁo.o$, - - 0.77%0.0% - - 0.86%0.004 ° . 1.08%0.0k4
’
cp 17.6710.82  14.8710.7%4 13.71231.08 13.2621.85  11.8620.89 11.00%0.83 9.92%0.84 8.4071.14 6.3610.92
Lactate 1.38%0.19  3.40%0.43  M.A7%0.37 m.mmﬁ.oo_m\\w.mﬁo.mu 12.820.76  13.15%1.05  14.0570.9k 12.83%0.81
) 2
Pyruvate 0.14%0.01  0.25%0.03 - - 0.23%0.01 ° -- 0.30%0,02  0.2970.03 0.29%0,03  0.36%0.02
Clycogen 37,7012.06 - - R - - - - . 32t5.48 - - - - 27.0626.96
ATP 1ADP 8 6 6 3 - - 6 =" -5 L2
Lactate)Pyruvate 10 1 - - 30 - - 43 47 o 36
Ohservations 6 & & * 6 6 6 "6 6 1
Legends * menn X S.E.M. There were 6 observations for each time period shown. The sciatic, nerve was stipulated in vive at a -
as outlined in "Methods™ gection. Gagtrocnemlus

gcle camples are from the
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4 .
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. _ Tabld § X
. . The Concentration of Metabelites Before and After - )
: o
Sciatic Nerve Stimulatlon in Rat Gastrocnemius Skeletal Muscle .
,.‘6 L e P.l|.|lll|‘|||ll -~ e .-
—_— g ¥ y
Time (Sece.) 0 5 15 30 60 120 240 300 . 600
T T T + LJ + 4 + 4 + + + +
ATE 5.29%0,26 4,69-0.19 4,3420,27 \ 4,.03-0.26 3.65%0.31  3.11-0.27 3.2820.24 1.99-0.34 2.81-0.21
ADP 0.64%0.02  0.6620.0) 0.67%0,03  0.71%0.05 0.73%0.03 0.8620.00  0,97%0.02 1.08%0.05 1.2120.05
cP 20.09%1.03  16.3011.11 1h.66%0.97  11.8920.88 8.38%0,95  5.31%1.00 3.2751,11 1.38%0.92  1.6120.80
Lactate 1.35%0.22  6.7021.9 10.61%2.4  16,8221.9 18.48%2.9  23.9122.2 22.88%2,0  26.4072.3 25,13%2.8
Pyruvate 0.11%0.01 0.15%0.02 0.1910.02 0.37%0.06 0.41%0.03  0.55%0.04 0.60%0.09 2 0.6420.08 o.78%0.12
Glycogen J4.1143.20  32.8512.33  30.1171.82 26.9213.81  20.8212.0h 20.42%3.23 17.5626.50  U37E532 , 10.83%3.13
ATP1ADP 8 7 7 6 5 i 3 2 2
Lactate:Pyruvate 12 Lsg 56 46 45 Ll ks o 38 5} . I
. . \. ' ‘ -
Observations 6 6 6 6 A 6 6 Lo#6 6
| e . - VAGTRE
Legend:s * mean Y S.E.M. There were 6 observationa for each time per jod. The sciatic nerve was stimulated wb vive at
a frequency of LO ﬂ:wmmm\mmo. at 0 volts. All assay proced ures were-as outlined in “Methods™ sectlon.
Gastrocnemius skeletal mugcle of the rat was¥used in all theabove experiments. Yalues for the regting muscle e

samples are from the unstimulated contralateral leg..

The

re sults are expressed in pmo

1/g wet m.
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pyruvate, lactate, and the L:P ratio increased (Table 4)..
when comparing the 40 pulses/sec., at 40 volts with the
results above, Table 5 shows that all metabolite changes
were similar, but the changes were more dramatic in response
to the higher nerve stimulation. The ATP, CP, and glycogen
concentrations and the ATP:ADP ratio showed a rather high
degree of deplééion while ADP, lactate, and byruvate

=J
concentratisans and the L:P ratio increased considerably.

VN

IIT The Effect of Femoral Nerve Stimulation

‘
on Vastus Lateralis Skeleta} Muscle By

Varyine Pulse Freauency and Voltage
7 ¢

These experiments using nerve stimulation on the rat

-

were carried out in ordez;fo determine whether the nerve
stimulation of aﬁother muscle group from.2 different nerve
supply caused a variation in PDH activation. The vastus
lateralis skeletal/muscle'f;;m the quadriceps femo;is éroup
was stimula¥fed vja the femoral nefvg. (Table 6)

8 The PDH, in the vastus lateralis musclé increased
in a mammer which was similér to the gastrocnemius muscle "
response to nerve stimulation. (see Figure 9) The rate of
increase of PDH activity was less with the vastus la%eralis.
This variation was not.due to the pulse freguency or
voltage applied to the nerve because the same conditions

were used in both experiments. (see Figure 9) When the

o
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pulse freduency WS increqsed from 5 %to 10 bglses/sec} at
5 yolts, the’rate of PDH, formation was unﬁlfered; (Tables 6
and 8) -

# Tables 7 and 9 the metabolltes measured d1sp¢ayed‘
essentially .the same concentratxon;'at rest in the vastus
lateralis as comoaredlto the at rest gastrocnemlus skeletal
muscle, exceot for tha glycogen concentration. The glycogen
concentratlon in the vastus lateralis was 18 fAmol/g compared
%o ;8‘}Lmol/g in the gastrocremius muscle. (see Tables 4 and_
5) The patterns of all the, metabolltes measured ELthE”
increased or decreasedlln th; vastus 1a.teralﬂs during nerve

stimulation in a‘%&mllar way to that observed*ln the

géstrocnemiusu (see CT‘ables 4, 5, 7, and 9‘

-+

b

3. Aerobic Training in the Rat 4 -

Many studies in man and other mammalian species

indicate that aerobic type training increéses skeletal
muscle éapacity of O2 consumption and Co productlon.zou
Thg purpose of the following experlments was to ‘determine

whether 'PDH adaptatlon could be a maJOr 'factor for these

- [

lobservatlons. The role of" PDH 1n the adaptlve process has

L.
]

not yet been studled.
The effect of 10 weeks of aerobic_traiﬁing in
. gkeletal muscle PDH'actlvatlon is shown in Table "10. The

PDH, activity was higher in the soleus than in the -

3
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N

Table m.

Effect of Femoral Nerve Stimulation on Pyruvate Dehydr ogenase Activation

. ) In Rat ¥astus Lateralis Skeletal Muscle mm\ﬂﬂn and After Bxercise

L 4

Time {Secec.) 0 7.5 15 30 60 120 240 100 600
POI{_+PDI . (%) : 35 n2 Iy 47 52 59 66 70 Ty Y
PDH,, (nmol{g/min.) 289%14" w1713 355t18  386E16  h2tl 3 yoot3h  s77iaB 591346 611t48

— . _ . L.

. R

Poit, {nmol/g/min.) mimuw 822131 Bis*31  B21tzy  BosT 48 g25ti2  B65%39 829136 86157
sdmon<ano:m 6 6 6 6 6 : 6 6 & 6

*

Lepgend: mean * 5.E.M:

are expressed in nmol/g/min.
contralateral leg.

There were 16 observations
at a frequency of 5 pulses/sdc. at 5 volta.
vagtus lateralis skeletal muscle from the quad

for each time period.
All assays were ags ou

-

riceps group was uged in each experiment.
edm values for the resting muscle camples are from the unstimulated

The {emoral nerve was stimulated
tlined in "Methods" section.

‘The results

L]
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S
Lo Table 7 '
v Activity of Selected Metabolites in Extracts of Rat Vactus Lateralis
* Skeletal Muscle Before and After Electrical Stimulation
Time (Seg.) 0 7.5 15 30 60 120 20 300 600
- - —_ [ e
ATP 5,06%0,17" s.01t0.12  4.7720.20 4,76%0.15 y.13t0.22  L4.0010.28 y.o4t0.28  4.18%0.28  4.06%0.09
ADP 0.66%0.02 0.70%0.01 0.70%0.01 0,73%0.02 0.74%0,02 0.79%0.03 - - 0.8910.03 1.02%0.04
cP u 17.3251.13 15.3#10.75 13.9810.59 13.77%0.69  13.43%0.48 11.99%0.89  9.9210.76 9.15%0.98 6.92%0.55
Lactate o f 1.s2f0.16 c 3.b7t0.01 3.73%0.42  5.1170.52 6.48%0.58  7.5)20.38 - - 2.86%0.39  8.1970.43
Pyruvate p.13%0.01 - - - - 0.20%0.01 p.21t0.02 0.23%0.02 - - 0.2B%0.02 0.30%0.03
Glycogen 18.02%5.24 - - - - - - - 14.90%3.30 - - © oo - 13.9471.98
ATP:ADP 7,66 7.15 6.81 6.52 5.58 5.06 Coa - 4.69 3.98
Lactate:Pyruvate 11,69 - - - - 25.55% 30.85 . 32.73° - - 28.07 . 27.30
P 4 , —
Lepend: * mean b S.E.M. Six (6) observations were used for each met abolite at each, time period. The femoral nerve was )

atimmlated at a frequency of 5 pulses/sec. at 5 volts., All assays were as outlined in "Methods" gection. Yastus
lateralis skeletal a.“._mopm was used for each experiment. All results are expressed in \cacu\m wet m.

L m  eemts e i e o wir e e b
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Table 8

Effect of Femoral Nerve Stimulation on Pyruvate Dehydrogenase >0ﬁw<mdMos.

In mmd.<mmﬁ5m Lateralis Skeletal Muscle Before and After Exercise

4

Time (Sec.) . H 0 15 30 60 ‘Hmo
PDH_:PDH,, (%) 34 . 43 bs 48 - 63
wcmm (nmol/g/min.) 278 17" umH@H.mw 382 L 45 uo2 * us. - 535 X 43
wom& (nmol/g/min, ) 819 < 27 mmm : uu_ 859 60  8uk L 53 ghs L 22
Observations -8 \ 8 8 8 8

; S / , : -
Legend: * mean = S.E.M. There were 8 observations for each &wam\wmdwoa. The

femoral nerve was stimulated at a frequehcy of 10 pulses/sec. at

5 volts., All assays were as .outlined in "Methods" section. Vastus
lateralis skeletal muscle from the quadriceps group was used in each
experiments. The results are expressed in bSow\w\wMS. The values

for the resting muscle samples are from the unstimulated contralateral

leg,

-



~)
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Lateralis Rat Skeletal Muscle wmwowm and After Femoral

Table 3

Selected Metabolite Concentrations From the Vastus

Nerve Stimulation

at 5 volts.
lateralis skeletal muscle fro
All resu

in each experiment.

Time (Sec.) 0 15 30 mo. 120
ATP b.72%0.18%  4,40%0,13 h.2770.15  k.01%0.17  #.03%0.19
ADP 0.72£0.03  0.78%0.03  0.7720.01 0.78%0,01  0.81%0.02
cp 18.74%0.36  14.65%0.55 12.27-0.73 0.75%0,9%  7.83%0.80
Lactate 1.45%0.15 p.mmwo.:: 6.8720.74 9.39%0.65 11.21%0.78-
.wmﬁs<mﬁm o.wuuo.ow 0.19%0.01  0.19%¥0.,01  0.28-0.02 0.3050.073 .
Glycogen 17,5082, 04 - - - - - - 13.12%1.35
ATP :ADP v 6 6 5 5
Lactate:Pyruvate 11 26 36 34 37
Observations w 8 8 8 8
Legend: ¥ S.E.M. There were 8 observations :for each time period.

Stimulation of the femoral nerve was carried out at 10 ﬁcwmmm\mmo.
All assays were outlined in
m the quadrice
1ts are expressed mm‘\»so

"Methods" section. Vastus
ps of the rat was used
1/g wet m.
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' gastrocnemius. After 10 weeks of aerobic training the

.PDHt activity was unchanged in either muscle group., However,
the resting PDHa in the soleus and gastrocnemius muscle was
increased by about twofold as a fesult of the 10 week

training programme.

L, Exercise in Human Skeletal Muscle In Vivo

The purpose of these experiments was %o determine
the forms of exercise in man that might be important in the

regulation of skeletal muscle PDH activation. .ot

-

A. Maximum Voluntary Isometric Contraction {(MVIC)

Table 11 shows the results of ckeletal muscle PDH
activity in human subjecﬁs contracting isometrically at 50%
mvic. The PDH, at rest was 111 * 3.nmol/g/min. while the
PDH was.302 I3 nmol/g/min.“ The resting PDH,:PDH, was 37%.
After 10 sec. of contraction the PDH increased oﬁly slightly
to ll? - nmol/g/mln. .No SLgnlflcant changes in PDQ ‘were |
observed at 20, 30, or 60 sec. after contraction.

A number of key muscle 1ntermed1ates were measured

rand are summarlzed in Table 12. The ATP concentratlon
decreased progre551vely w;th tlme from 5. Oé/anol/g at rest -
to 2. 90/anol/g at exhaustlon. The ADP concentratlon 1ncreased
from 0. 5?/4mol/g at rest to 0. 78/u.mol/g after only 10 sec.

but did not increase further thereafter. The ATP:ADP ratio
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Table 10 . -

Aerobically-Induced Training Changes of Pyruvate Dehydrogenase Activity ‘-

In Rat Gastrocnemius anhd Soleus Skeletal Muscle With Running

10 Week 10 Week
Sedentary Control Aerobic Treadmill Running
Non-trained Trained
nmm&woosmawzm Soleus Gastrocnemius Soleus
PDli_:PDH, (%) - 36 39 - 66 82
. + ¥ + + . +
PDH, 266 % 15 382 = 15 553 ~ 28 778 - 33
(nmol/g/min.) A
PDH 811 ¥ 32 990 I 36 - 827 L 22 950 % 37
ﬁssww\m\aw:.v .
Observations 10 10 10 10
Legend: * mean } 5. E.M. There were 10 observations for each condition. The rats

ran aerobically on a motor driven treadmill once-daily, 5 days per week
for 10 weeks and the work rate was increased weekly. During the last two
weeks the rats were running at 19 meters per min. at 5% grade for 45 min.
The animals were not exercised for 18 hours before muscle samples were
taken by freeze-clamping with liquid N, precooled tongs. For further
details see "Methods" section. The results are expressed in nmol/g/min,

ot

&
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h 4
Table 11
The Chanées of Pyruvate Dehydrogenase Activity
By Exercise at 50% Maximum Voluntary Isometric
Contraction For Various Time Periods in Human
Quadriceps Femoris Skeletdl Muscle In Vivo
Pyruvate Dehydrogenaée (nmol/g/min. )
Exercise Time PDH PDH, A:T %
(Sec.}
0 - 111 £ 3% (23) 302 323 ° 37
10 117 £ 3 (8) 30332 (&) 39
20 12923 (5 30314 (5) b2
30 137 22 (5 30722 (5) us
69 £ 3 127 24 (8) 306 %2 (7) il
(Exhaustion) _ ,

Legend: ¥ mean f S.E.M. The subjects for each time
period were exercised at 50% of their MIVC
‘as outlined in "Methods". The number of
observations are shown in brackets. The
concentrations for PDH are expressed in
nmol/g/min. For each exercise period a ‘
control sample was taken on the contralateral

. leg. - The muscle biopsies were taken before
owercise and immediately after the exercise
ceasgd and frozen in liquid N,.

NG
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The Effec

Various Time Periocds

Table 12

S =

t of 50% Maximum Voluntary Isometri

3

On Human Quadriceps Femoris

¢ Contragtion for

Skeletal Muscle Metabolites In Yivo

zmnwvowwam

Exercise (Secl.

3.99% 0.18
0.68 0.02
3,68 0.39
11.82% 0.50
0.29% 0.03
18,391 0.80
47.82210.26

6

L1

- 0 ., 10
ATP o 5,06%0,19"(6) 3.92%0.15 (6)
ADP 0.5720.04 (6) 0.78%0.03 (6)
cr . Hq.wuwm.oo (6) 9.8520.59 (6)
Lactate - 1.83%0.39 (5) w.muww.ao.ﬁmv
Pyruvate 0.0820.02 (5) 0.18%0.02 (5)
Creatine 9.17%0.42 (6) 11.90%0.18 (6)
Glycogen N 21.85%8.88 (6)  58.0026.46 (6)
ATPtADP 9 3
LactateiPyruvate 23 91
Legends * mean - m.m.l. Each subject exercised for the
was 69 ¥ 3. The obgervations are 1in prackets fo
metapolites are reporte

d in xpaoH\m wet. m.- All prof@edures are a

time period

Q

(6)
(6)
(s)
(5)
(s
(6)
(6)

30 Exhaustion

——————

2.95%0.25 (6) 2.96% 0.13 (6)

0.
5.
16.

74t0.02 (6) 0.75% 0.03 {5)
B210:78 (6)  2.85% 0.31 t6)
5820.57 (5) . 17.58% 0.99 (6)

0.46%0.02 ()  0.54% 0.04 (6)

19.99%0.95 (6)  20.26- 0.81 (6)

39.

g7t9.42 (6)  44,26213.55 (6}
b n
2 50

as tabled above, Exhaustion time

r each metabolite.

S ou

The concentration of all

tlined in "Methods” section.
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Al

was lowest at exhaustion. The CP concentration decreased
as contraction time inc;;aseq, with 84% depletion occurring .
at exhaustion. As thg>CP concentrggion decreased the
creatine concentration increased Qith_the highest creatine
éoncentration recorded at exhaustion. Muscle pyruvate n
accumulated at each exercise period“and reached a peak
concentration of 0.54 : 0.0u/uvmol/g at exhaustion.

The resting muscle 1lactate copcentration Was l.B)Imol/g
and increased with time.. Thé.conCenffation at exhaustion
was 17.6 £70.99 /1mol/g. The L:P ratio at rest was 23 and
increased to 40 at exhaus%ion, but the highest ratio of 51
was observed after only 10 sec. of contraction.

The glycogen concentration also decreased with time
with 39% depletion of muscle glycogen stores occurring at -

exhaustion.

B. Progressive Exercise

The effect of progressively increasing aerobic
exercise on the activation of human skeletal muscle PDH is
shown on Table 13. At rest the PDH, activity was 124 Iy
nmol/g/min. which was 40% of the PDH.. At exhaustion, after
approximately 20 min. of exercise, and‘when the subject was
working at about 90% QOZ max, the PDHa activity increased
more than twofold to 260 ¥ 7 nmol/g/min. Virtually all

the PDH was in the active form at exhaustion.



Table 13

' Effect of Yarious Types of Work On a Cycle Ergomeler

In ¥ivo, On the Activation of Human mxmwmnmw Muscle Pyruvate Dehydrogenase

- 98 -

mwomemmw<m Exercise Intermittent Exercise *  Shert Term Haximal
s (20 ¥ 3 min.} (35 I 6 min.) Exercise (65 = 3 sec.}
. Y , o
PDH, PO AT % PDIL, POH, AT % PDH,, PDH AT %
Rest 126 29" 301tk 41 122 10 23615 38 1084 299 X4 36
Exercise 260 7 294l 88 193 2 7 32014 60 18t 3 29825 39
Dbservations 5 -5 ’ 6 6 h 3 . 3
AN '
AN + . ’
Legend: mean - S.E.M. The subjects in each type of exercise were exercised to exhaustion as

oublined in the "Methods". The number of observations is shown on the ‘bottom line. The
values are in nmol/g/min. ALl the exercise was carried out on a cycle ergometer at
the ﬂwamm as indicated.

T
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~

C. Intermittent Exercise

»
The effect of intermittent short-term heavy exercise

(140% GOZ max) until exhaustion is summarized in T&ble 13.
The PDH, increased from 122 to 193 nmol/g/min. at exhaustion.
Despite the increased duration of the exercise‘period and
the }n;reased work accomplished, there Qas significaﬁtly
less PDH activation than with the progresside exercise
wprkload.* At exhaustion, apoﬁt 30-40 min. after the start

of the exercise, only'60% of the PDHt was in the active state.

D. Short Term Maximal Exercise

t
The effect of the anaerobic-type exercise at the

sub.jects’ 602 max on muscle ﬁBﬁ activation is shown in
Table 13. The resting PDH_ activity was 108 I 4 nmol/g/min.
and increased to 118 Z 3 mmol/g/min. at exhaustion (exercise
time: 65, 69, and.?3 sec.). The change was not significantly
different from the values obtained at rest. Essentially
the same‘reéults were obtained with 50% maximum voluntary
isometric contraction. (Table 11) |

In all types of exercise situations the PDH, did not
change at rest or after exhausti%é exercise suggesting that

no significant errors in sampling of the muscle occurred.

+*
Progr?ssive Exercise = 1700Z200 Kpm/min.: Intermittent
Exercise = 2500 * 180 Kpm/min.

~
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The effect of the various exercise regimes on muscle
metabolite concentrations are summarized in Table 14. The
muscle pyruvate concentratiqn increased threefold from

0.07 £ 0.01 to about 0.20 I

0.03 fxmol/g in both progressive
and intermittent enercise, while after short term exercise
it 1ncreased slightly more, to O. 2? - 0. 02/u1nol/g/ The
lactate concentratlon increased sevenfold in progressively
increasing workloaq exercise, twelvefold in intermittent
exercise, ond with short term maximalﬂjﬁercise to exhaustion,

4

it increased almost fifteenfold. The L:P ratio'increased at
the end of every work sitnation with the highest ratio‘ N
increase of over fourfold being recorded with intermittent'
exercise.. i
. There was a merked decrease in CP concentration with
exercise which was associated with a parallel increase in the
creatine concentration in each exercise grouo. The glycogen
concentration with exer01se in all three work reglmens

decreased, with the greatest decrease shown in the lntermlutent

exercise.
1

E. Heavy Resistance Weight Training, Immobilization

_In Human Triceps Brachii Skeletal Muscle

The purpose of this study was to determine the
effects of long-term heavy-resistange weight training and

5 week long immobilization on skeletal muscle PDH activity
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in Human Skeletal Muscle at Rest and After Exhau

Effact of Yarious Types of Wor

Table 14

% on Tissue Metabolite Concentrations

stiv e Exercise On a Cycle Ergometer

~

s

Progressive Exercise

Intermittent Exerclse

Short Term Maximal Exerclse

-

'S

Time {(Min.) ) 20 11 . I35t 6 651 3 sec.
* Regt Exercise Rest Execrcise’ Rest Exercise
glycogen gh. 09112, 39" 16.3612.56 80.30%3.34 24, 255,33 90.5218.12 56.80217.41
Lactate 1.2920.06 9.4110.30 1.18%0.1 13.11%0.48 1.26%0.37 18.22%0.76
Pyruvate 0.0720.01 0.20%0.03 oqoﬂno.oou 0.19%0.02 0.09%0.01 .0,2720.02
ATP 5.2320.16 4.29%0.18 §.99%0. 24 © 3,51%0.18 5, 2470, 3% u.wouo.m:
ADP ‘ 0.92%0.07 1.38%0.09 0.53%0.02 0.61%0,03 0,51%0.02 0.6820.02
cp 15.62%1.30 3.30%0.88 16.05%0.79 m.omup.ow. Hﬂ.cpuw.ﬂ¢ 3.32%0.45
‘Creatine 10.56%0, 50 18.31%1.55 9.65%0.48 21.51%1.11 " 9.60%0.82 18.33%1.00
ATP 1ADP 5.68%0.35 3.1010.23 9.3920, 4k 5.86%0.59 10.25%0.17 I+,B1%0,26
LeP . 18.428,71 47.0527.79 16.,9122.05 72.10%7.49 15.4012.81 52.10%22
Ovservations 5 5 . 6 6 3 3
Lependt * nean 1 S.E.M. The subjects in each type of work were exercised to mxsw:m«poz ag outlined in

"Methods” sectlon. The values” are in X»aow\m wef m.
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and determines whether this might explain the capacity of
muscle to oxidizelpyruﬁate-with this type of training or
be reversed by immobilization. The study was conducted as

outlined in thé?“methods"'on p. L6, . ~

- p' {. Study 1 - (Group 1 and 2)

(g)ﬂ Grouﬁ 1: The muscle bidpsies were taken from
the arm in the foilowing.order: control, after 20 week *
tralnlng and follOWIng 5 week immobilization. (Figurerll)
The cbntrol PDH act1v1ty was 107 £ 3 nmol/g/min. (PDH PDHt
ratio 35%), while post training PDH, had 1ncre;sed to - )
166 = 10 nmol/g/mln. (PDH, PDht ratio 54%). After 5 weeks
of 1mmoblllzat10n after the tralnlng period, the PDH, decreased

to 48 + 2 nmol/g/mln. The PDH activity was unaffected by

the,training or the immobilization. . : © .

(v) . Group .2: The_ﬁusdlé biopsies were taken froh
the ;rm in the'follbwing %rder: contfol,‘after 5 weéks of
-mmoblllzatlon and after 20 weeks of tralnlng. ' ;"_ : R
_The restlng control PDH was 108 Z &4 nmol/g/mln.
_31m11ar to values obtalned in Group 1. The PDH :PDHf ratio
was 36%. The PDH after 5 weeks of 1mﬁoblllzatlon decreased
to 38 sy nmol/g/min. with a PDHy PDH ratio of 12%. . The
1mmoblllzatlon pfograﬁme, where it preceeded the tralnlng
perlod. resulted in. substantlally lower PDH actlvatlon

(48 ¥ 2 vs 38 iy nmo;/g/mln.)a .
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KJ I TRAINING AND II: IMMOBILIZATION

»  JMMOBILIZATION AND TRAINING
HUMAN SKELETAL MUSCLE > HUMAN SKELETAL MUSCLE
o~ B PDH PDH
. '™ T N v I
300} ,
R} ::_:. » < | L \
" g E
_E'l . - -
-— 4. ~
g i ] Total
£ Active .
. T . )
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100}
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o i ’ o -

Figure 11.

I. The effect of training, and immobilization upon PDH, and
' PDHy activity in human triceps brachii skeletal muscle.
The training was with weights for 5 months and
- immobilization was by placing the arm in & cast for
* 5 weeks. Muscle biopsies were taken before and after
~ - v training and immobilization. There were L observations -
for each variable in I. ‘
1I. The particulars are as for .above (I),.but were in reverse
. prder. The vertical bars are + 3.E.M.. and there were -

- '5 observations for each variable in II.
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After the 20 week weight tfaining programme Was
completed, the PDH had increased to 179 = 9 nmol/g/mln.
Qwq"r\\xi.le the PDH PDHt ratio was 56%. (Flgure 11)

(i) Metabolites: (Group 1 and 2)

The concentration'of both CP d creatine were

51gn1flcantly higher (p < 0.05) after wel training in

both groupsg(Table 15), while CP concentrations decreased

significantly if %oth groups follow1ng immobilization. The

decreases in concentratlon of creatine were only significant -

in groupe 1 where 1mmoblllzatlon proceeded tralnlng even -

though both® groups had decreases in creatine. ,;g\ o

PN

The ATP concentratlons were significantly higher in

both gro]is follow1ng traﬁplng (p'< 0. 05) but were not

31gn1f1cantly affected by 1mmoblllzatlon. -

;>When the tralnlng ATP and CP concentratidns were

“ combined and considered as total phosphagen, the phosphagen

pool'5g2¥eased by 13% as a result of training. After
immobilization, the phosphageﬁ concentration decreased 18%
from 44. 7 to 36. 1./Anml/g(ﬂp < 0. 05) The muscle glycogeﬁ
Uconcentratlon increased from 86 I 7 to 114 i.llg}kmol/g
(p < 0. 0l) as a result of training (Groups 1 and 2).
Immoblllz;%ton decreased the muscle restlng glycogen from

86 = 7 to 57 - ¥ 10 /Amol/g (p < 0. Ol} Immobilization, when

it preceeded the tralnlng programme ‘resulted in a larger

v
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Table 15

oo:omzﬁdm&wozm of Metabolites meowm and After

Training and Immobilization

Group 1, N=4

Post Post
Control Training Immobilization

Group 2, N=5

Post Post
Control Immobilization  Training

CP 16.68 ,17.18 12.64
* 0,11 Z 0.25% * 0,95%%
Creatine  11.00 15.61 L1148
t Y o.u1t¥ =~ 0.50%
ATP , 6.08 L, 5.51
Z 0.22% Z0.24
ADP 1.20 . 1.09
¥ o.,03% - - 0,02
Lactate 1.20 ., 1.49 L 0.71
H o.”_lm - O-NH - o.omt
Pyruvate . 0.10 , 0.16 T, 0.09
¥ o.01 T o.02 Z 0.0l
Glycogen Bk, 32 01.90 55,34
X 5,27 : 6. 5l¥ +10.72%%

»

17,46 L13.33 ,18.70
* 0.23 2 0,60%% Z 0.,15%*
10447 , 9.82 L1342 \\
— O E‘O el o-mo - O mu
L,62 4,65 5,85
t 0,14 Y o0.36 Y o.17*
O-ww “_-.O“_r L ”—-”_uN
* 0,07 ~ Y o.10 - * o0.04
1.11 0.82 . 1.69
H O-Hw . . H O-“_vu—‘ R - mﬁu\urm
0.09” 0,95 09
t 0.02 r o%w * 0,01
»
88, 24 mw Le 125.90
t7.91 2 9. 32%k T15,69%#

+

Values are mean - S.E.M., and‘are expressed wd\C,SOH\m wet m. * p<0.05:%* p <0.01
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decrease in the muscle glycogen concentration (Group 1l:
102 £ 7 to 55 T 11; Group 2: 88 9 4059 = 9‘}1mol/g)
(p < 0.01). )

F. Heavy Resistance Weight Training, Immobilization

and Exercise in Human Triceps Brachii Skeletal

Muscle

-—

The second study was similar to Groups I d 2
(p. 46 ) except muscle biopsies were also obtaiped after arm
cranking exercise to exhaustion and the immobilization was

extehded from 5 to 6 weeks. '

I Study 2: (Groups 3 and 41 - .

:

ga) Group é: ‘Resting and exercise muscle%biopsieS'
were obta}néd,in the following sequence: control, after
20 weeks weight training and then 6 weeks after immobilization
" began. " .

The resting control PDH_ was 111 Iy nmol/g/min;
and the PDHa;PDHt ratio was 37%. (Figure 12) After exercise
the PDH, increased to 288 % 6 nmol/g/min. and the PDH,:PDH,
ratio was 95%. As a result of the 20 weeks weight training
programme, the PDH_ increased to 198 X 7 nmol/g/min. at
rest and the PDH_:PDH, ratio was 65%. Immediately after
exercise the PDHa was 295 £ 6 nmol/g/min. with 97% in the

active form. | After 6 weeks of immobilifation the resting
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PDH decreased dramatically to 35 * 2 mmol/g/min. or 11%

of the PDH, activity. Exercise following the immobilization
pericd increased the PDH_ to 158 I 9 nmol/g/min. with only
53% in the active form. The'muécle PDH . activity was not

altered during any of these experimental conditions.,

(b) Group 4: In this series of experiments
resting and exercise'bioﬁsies were obtained under control
conditions, after 6 weeks of immobilizationland after 20
~weeks of welght training. The concentration of the control
PDH, was 113 T 5 nmol/g/min. and increased fo 279 I 10 nmol/
g/min. after'exercise. (Figure 12) After the 6 weeks
immobilization the PDH, decreased to 20 = 4 nmol/g/min or
a PDH, :PDH, ratio of 6%. Following exercise the PDH, activity
increased to 151 T 12 nmol/g/min. with 50% of the PDH, “
activity inthe active form. After the 20 week training
programme the resting PDH, was ool £ 14 nmol/g/min. with
the PDHa:PDHt ratio of 73%. After exercise the PDHa activity
inereased to 299 - 6 nmol/g/min. or 98% of the PDH, activity.

In summary, immobilization markedly decreased PDH activity

while weight.training increased it-We sontrol levels.

Arm exercise after immobilization ésulted in minimal PDH
activatioh while training resultéd in rapid activacfgi with

exercise. No changes in PDH bAetivity were observ d.
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(i) Metabolites: (Groups 3 and 4)

A1l the metabolite control resting values were
similar to those obtained in Study 1 (see p. 104 and 105).
Immobilization, whether it preceded or followed the training
regime, significantly decreased the resting muscle cP
concentration (p < 0.05). (Table 16) Theré was no consistent
trend in the resting ATP concentration as a result of
immobilization. Glycogen content was significantly altered
by immobilization. The glycogen, ATP and CP concentration
increased significantly as a result of the training programme.
Immobilizaﬁion-followed the training, decreased the glﬁcogen,
ATP and CP concentration but only CP was below the values
obtained in the contro¥{?t§te.
| Exercigse, at the same workload and for the same time.
period (control and training) resﬁlted in similar CP
concentration decreases. Simi}arly, the decrease in AfP
concentration as a result of exercise was essntially the
same in control and after training. However, after
smmobilization with a reduced workload but ovef;the same
time period, the CP-concentration.was decreased most while
ATP was essentially the same. The rise in muscle lactate
with work was greatest after immobilization even though the

workload was reduced. The absolute change in-musclelglycogen

(37 m mol/g) was similar in all the'g?oups.

LY



) . . Table 16
\\,N Concentrations of Metabolite s for Before and After 1
— - eﬁmw:w:mm Immobilizat yon and Exercise
. Group 3: N=3 Group b: N=)
. : . Post Post . Post Post
Control Ex Training Ex Immobilization Ex Control Ex Immobilization Ex Training Ex
. DR 2% 20 218 AR 28y 8% Hwnww AR L8 SR A3
AT S B Y L P A S S <R i 7
R L RTINS § P 5 S = SRS ¢+ S+ G 5 A ¢ 4
S R RS (T BEE f- NS 8 RS N IS ot (R ¥ SRR - B TERER R
mowmie L0 LG8 L3R LGB %8 57 a8 eRB 0 a0H 23R 2RR e 82
FTIRtey Gioe Hw“m I F RS B S S O 5 PR SRS S X X SR X
LA TR E QR % W G T, 1 Y B <t A %

Lepend: VYalues are mean 1 85.E.M. and expressed as x»aou\m wet m.

FLLiLE]

* pe 0.051 ** p-< 0,01
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5. Role of Hormonal Factors in Activating

Skeletal Muscle PDH

A, A Comparison(Between Unétimulated.and

Stimulated Pyruvate Dehydrogenase In

) Human and Rat Skeletal Muscle

This study was done to determine if PDH activation

during exercise was hormonally induced or ini%iéted by local
nuseTE factors. ¥

The human skeletal muscle non-exercised contralateral
leg showed no PDH getivation whiie in the exercising leg
the PDH, activity increased about twofold. (Figure 13)

In rat skKeletal muscle the nerve stimulated leg
showed a twofold activation of PDH wiéhin 1 min. while the
non-stimulated contralateral leg at the same time showed
no PDH_ activation. (Figure 13)

In both human and rat skeletal muscle the PDHt did

not change in either leg.

6. Effect of Various Factors on PDH Activation

In the Perfused Rat Heart

The heart was used as a model for pyruvate oxidation
and PDH activafion pbecause the oxidative rate in the heart
varies by about threefold. The degree of PDH activation

that might occur under these circumstances 1is roughly_the‘

.
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UNILATERAL EXERCISE UNILATERAL NERVE STIMULATION
HUMADN SKELETAL MUSCLE RAT SKELETAL MUSCLE
’ PDH PDH
o
700
3001
E = _
E E 500
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T I 4
3 :
100}
100 3
0 . ‘ e S AT iEG LT LG RT;LEG T, LEG
AT Lrsgm-siig' LES Mia:L(FG NON-EX: NON-STIM. STIM. NON-STIM.
CONTROL . CONTROL
Figure 13. n

Left: Three male subjects performed unilateral exercise on 2
cycle ergometer at 800 kpm for 2 minutes. The human skeletal
muscle biopsies for PDH activity were taken. at rest in both
right and left legs and after exercise in the exercised and
non-exercised leg. The vertical bars are I S.E.M.

Right: Rat skeletal muscle was obtained from the vastus
muscle group and the gastrocnemius muscle (not shown) after
unilateral nerve‘stimulation. The PDH activity was measured
at rest in both legs and after exercise in the exercised and
non-exercised leg. There were 10 observations for each 1e2
including the gastrocnemius muscle (not shown). The results
were similar for both muscle groups. The nerve stimulation
was performed in sguare wave fashion at 40 pulses/second at

5 volts and a duration of 5 milliseconds for 1 minute. The
Fertical bars are = S.E.M.
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same. The author is aware that factors other than PDH
‘acti&ation may regulate heart pyruvate oxidation but the
model was used in order to determine whether the major
changes in the rate of pyruvate oxidation in heart could
be explalned by PDH activation alone.

‘The effect of epinephrine (1.3 Lxg/ml) on the rate
of hgart pyruvate oxidation lS outlined in Figure 14, ‘The |
PDH,, increased from 1220 tc & maximum of 45C0 nmol/g/min. -
at 3-6 min. after addition of epinephrine. There was a
similar increase in thé rafe of heart pyruvate oxidation
from 1502 at O time to a maximum of 2960 nmol/g/min. at & min.
after starting épinephrinelinfusion. The degree of PDH.
activation decreased between 6-9 min. after the s rt of
epinephrine snfusion with similar decreases in ¥he rate of
hear: pyruvate oxidation. After starting the éQiE?ibn of
epinephrine the cyclic AMP increased from 330 fmol//xg DNA
to a maximum of 9kl at 9 min. (Figure 15) No significant
difference of cAMP concentration was noted petween 6-9 min. -
after the start of therepihephrine infusion. The PDH- activity
was increased by about fourfold by epinephrine while the -
rate of pyruvate oxidation increased about twafold.

When propranolol (4’;tg/ml) arid epinephrine (1.3 Lag/
_ml) were infused together, the PDH activation was much less
than with epinephrine alone. (Figure 16) There was a-small

increase in PDH activity suggesting that the propranclol

~
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o . RAT HEART MUSCLE
EPINEPHRINE (1.3 ug/ml)

:

HEART PYRUVATE OXIDATION {nmol/g/min)

PDH, {nmol/g/min]}
|

/
/ Pyruvate
Oxidstion

1000 —11000

0 ! !

£

3 6 9
TIME {min)

(=Y

1

Figure 14.

Fasted rats (200-250 g) were anesthetized with ether and the
hearts were removed after I.V. injection of heparin. The hearts
were perfused through the aorta at a pressure of 80 mmHg for

10 min. with XKRB. Epinephrine (1.3ug/ml) was then infused and
the hearts perfused for 1, 3, 6, or 9 min., and at end of time
period, the heart was freeze-clamped. The rat heart muscle
nomogenate of approximately 100 mg wet weight was assayed for
active and total PDH and pyruvate oxidation was also determined.
The PDH+ averaged 5048 mmol/g/min. - All other procedures refer
to "Materials and Methods". The means * S.E.M. are shown on

figure and the number of observations as indicated at each time
point. )
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RAT HEART MUSCLE
EPINEPHRINE {1.3 pg/ml)
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0 3 6 9
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Figure 195.

Perfused:rat heart muscle homogenates were assayed for PDH
activity and cAMP concentrations after treatment with

1.3 mg/ml epinephrine as described in Figure 14, and
"Matérials and Methods". The number of observations are
as indicated at each point and the vertical vars represent
* S.E.M. The total PDH averaged 5048 nmol/g/min,

a
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Figure 16.

* Perfused.rat heart muscle homoge
changes in pyruvate oxidation

time periods

"4 ug/ml propranolol.

RAT HEART MUSCLE
EPINEPHRINE (1.3 ug/ml)
+PROPRANOLOL {4 ug/mi)»

" TIME {min) ‘

after treatment -

indicated and the vertical bars are - S.E.M.
of the experiments are as in "Materials and Methods" and
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. 11000

The average total PDH was’4?89.nmél/g/min.
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was not present in a dose high encugh to block*the effect

of eplnephrlne on- PDH actlvatlon. The inhibilion of PDH
actlvatlon waes followed in a parallel manner in that the
rate of heart pyruvate’ ox1datlon was not changed. (Figure 16)7
The combination of eplnephrlne and propranolol almost
completely prevented the actiakation of PDH, but the heart
cAMP concentration 1ncreaeed substantlally despite the
ability of propranclol to block the activation of PDH.
(Figure 17) B C T

Propranololﬁalone had no effect on PﬁH.activation,
pyruvate oxidation—(Figure 18), or on the heart cAMP by
concentratlon (Pigure l9) B

7 Insulln (L mU/ml) resul?eﬁ,&n almost complete
actlvatlon of heart PDH (Figure 20) within 6 min.tof insulin
addltlon. The rate of pyruvate oxidation increased by about
100%. Whlle 1nsulln resulted in PDH activation, no changes
in heart~cAMP concentration were observed. (Figure 21)

Fhe conditiores of the heart perfusions described
above dld noﬁ 1nvolve pac1ng, spontaneous heart frequency
varied between 120-160 beats/mln. When the heart was
electrlcally stitulated at 5 volts at a pulse frequency of -

300 beats/mln.. there was rapld activation of PDH with

_almost complete actlvatlon of the enzyme by 60 sec. of

-

stlmulatlon. (Flgure 22) Tl 51mllar 1ncrease in the ‘rate of

‘ﬁeart pyruvate oxldatlon was’ obser{éd.
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Figure 17. ‘ | | N

Rat heart perfused with l.B/Ag/ml epinephrine and 4 ug/ml
- propranolol were homogenized and agsayed for PDHy activity
and cAMP concentration. Hearts were freeze-clamped at -
various time periods and the number of observations were
as indicated. The vertical bars are - S.E.M. The total

_ PDH averaged 4789 Amol/g/min. ' )
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Figure 18.

Oxidation of pyruvate and PDHgy activity was measured as
described in "Materials and Methods" and Figure 14, except
the hearts were perfused with 4)4g/m1 propranolol only.
Each point represents a time period and 8 observations.
The vertical bars are * S.E.M. The total PDH activity
averaged 4860 nmol/g/min.

%
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FPigure 19.

PDH, activity and cAMP concentration was measured from
freaze-clamped perfused rat nearts treated with uéxg/ml
propranolol at various time periods. There were

g

observations at each point and the vertical bars are t S.E.M.'

For other particulars refer 1o "Materials and Methods" and
Figure l&4. The total PDH activity averaged 4860 nmol/g/min.

B 4
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Figure 20.
Rat hearts
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were perfused with insulin (1 mU/ml) over various

time periods and freeze-cl
assayed for PDHz activity.

averaged 4942 nmol/g/min.

each time period and the vertical bars ar

amped.

Pyruvate
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Figure 21.

Rat hearts were perfused with insulin {1 mU/ml) and the PDHy
activity and cAMP concentrations were measured. The PDH4
averaged 4942 nmol/g/min. and there were 8 observations at
each time period. The conditions of the experiments are

as described in the "Materials and Methods™ and Figure 1b.
The vertical bars are - S.E.M.
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Figure 22.

Rat hearts were perfused, and paced by electrical stimulation
which produced 300 beats/minute over 30 and 60 second time
periods. The hearts were freeze-clamped, homogenized and
assayed for PDHp and pyruvate oxidation also measured as in
"Materials and Methods". The vertical bars are Y S.E.M. and
there were 8 observations at each time point for PDH and

: L4 observations for the measurement of pyruvate oxidation at

; each point. The total PDH activity averaged Lsk8 nmol/g/min.
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FFA oxidation in heart inhibits cell glucose” entry
and oxidation.9’158’159 In the experiments outlined in
Figure 23, 1.0 mM octanoic acid resulted in marked decrease
in the PDH_ activity. The rate of pyruvate oxidation was
not decreased in a similar way. Octanoic acid resulted in
a'ggcrease in the heart cAMP concentration. {Figure 2i)

The effect of pyruvate concentration (a substrate
for{ pyruvate dehydrogenase) on PDH activatior is showﬁ’%X/
Figure 25. Almost complete activation of PDH was observed

in 2-3 min. of 200 }LM pyruvate addition. The rate of

pyruvate oxidation was, increased but the extent of the
increase was less than the degree of PDY activation. The
effect of 200 M M pyruvate on heart cAMP_concentration is
.shown in Figure 26. It increased from 372 to 934 fmol//x g
DNA within 9 min.. of pyruvate a?dition. (Figure 26) Incfeasing
the pyruvate concentration to 1 mM resulted in the same ’
rate and extent of PDH activation, as 200/1'M pyruvafe.
- (Figure 27), The rate of pyruvate oxiddtion was inc¥eased
by 1 mM pyruvate to a greater extent than ZOO/U.M pyruvate 5
(Figure 25 and 27) The hearty cAMP concentration was increased
by about threefold by the 1 pyruvate. (Figure 28)

In order to det ine whether PDH activation could

account for the observed incréase in pyruvate oxidation,

the extent of PDH, formation was correlated with the J
ohserved rates oi:iﬁfuvate oxidation. (Figure 29) Th?)’
. . |
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. LY R
correlation of PDH activation and rate of pyruvate oxidation

was greater than (r = 0.92), when all agents were compared

I

and plotted.

‘\»/.
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Figure 23.

a
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HEART PYRUVATE OXIDATION

Perfused rat hearis treated with octanoic acid (1 mM) were
freeze-clamped at each time point and the activity of PDHg4

and changes in pyruvate oxidation were meas

were 8 observations at each time period and\t

bars are £ S.E.M.
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Figure 24.

Perfused rat hearts treated with cctanolc acid (1 mM) were
freeze-clamped and assayed for PBH activity and cAMP
concentration. The total PDH activity averaged K nmol/g/
min. There were 8 observations at each time period d the
vertical bars are * S.E.M. All other conditions are as in
“Materials and Methods”.

#t
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RAT HEART MUSCLE
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Figure 25, -

The perfused hearts were treated with 200 UM pyruvate, freeze-
clamped and the homogenates. were assayed for PDH, activity and
pyruvate oxidation changes. The hearts were per usel—£for
either 1, 1.5, 2, 3, 4.5, 6 or 9 minutes and there were 8

} observations at each time point. The results are presehted

as * S.E.M. The PDH{ activity averaged 4694 nmol g/min.

B
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Figure 26. T "

The effect of 200- uM pyruvate infuse%;}p&effﬁg\ﬁat heart is |
shown in this figure. The homogenate was assaye for PDH_
and cAMP concentration after a perfusion of 1, 1.5, 2, 3,
4.5, .and 9 minutes. The PDHy activity averaged L69k .
nficl/g/min. \in these experihents. There were 9 obseyvations
at each time point and the vertical bars are ¥ S.E.M/ .
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RAT HEART MUSCLE
1 mM PYRUVATE

’
,"Pyruvate
i Oxidation

d

1‘-,odu

HEART PYRUVATE OXIDATION {nmol/g/min)

Figure 27.

Effects of 1-mM pyruvat
perfused rat heart and

TIME {min)

e on the activity of PDH

the rate of pyruvate o

in the
xi%ation.
"Materials and

Agsays for PDH, are as for Figure.lh, and in

e o R R S Tyt MR e e

Methods".

are shown as mean - S.E.M.
cach Fime point. -

. The total PDH activity
The perfusion times ‘were 3,

6, an

-averaged 4979 nmel/g/min.

d 9 minutes.

The results

and there were 8 observations at
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Flgure 28. . -

'E:E‘fecrts of 1M pyruvate on cAMP concen‘tratlon and PDHa
activity in perfused rdt heart homogenates: There were

8 Dbserva‘tlons for each time” point and the--perfusion was

.. over 3, 5, , and ‘9 minutes for cAMP,-and 3, é,,and 9 minutes
for PDH: +The PDHt averaged %979 nmol/g/min. The vertical

bars dre. - S.E.M.0:.All other conditions are as in Flgure 14,

: and in 'bhe "Materlals and’ Methods" . .

-
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CORRELATION BETWEEN PDH ACTIVATION
.AND RATE OF “C—PYRUVATE OXIDATION
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Figure 29. i

v, .

The experimental results from all.groups were compiled and.
plotted as PDH, versus the rate of pyruvate oxidation. The &
rate of pyruva%e oxidation was calculated from the rate of |
1400, production after correction for changes in heart-
specific-activity. This was determi
pyruvate to alanine by alanine -dehy
the alanine on a cation exchange resil
resulted-in an r = 0.92. . ,

'-'\_,_b

ed by converting
ogenase and separating
lumn. Correlation
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Symbols (Key) for Figure 29

arox0 +> eb>0F B

20 4 M Pyruvate (Control)

50 M Pyruvate (Con‘frol)

200 MM Pyruvate {Control)

1000 }t M Pyruvate (Control)
1.3 4L g/ml Epinephrine + ZO/AM Pyruvate

1.3 4t g/ml Epinephrine * 50 (M Pyruvate

"1 mU/ml Insulin + 20 M Pyruvate

1 mU/ml Insulin + 50 M Pyruvate

R g/ml Propranolol + 20 MM Pyruvate

b a g/ml Propranolol + 200 U M Pyruvate

b g/ml Propranolol + 1000 it M Pyruvate.

1.3/4 g/ml‘Epinep'hrine + 4/& g Propranolol
+ 20’}1 M Pyruvate

1 mM OctanoiC‘-Acid + 20 U M Pyruvate

Electrical Stimulation of Heart (Pacing)

+ ZO/U. M Pyruvate

/N

+
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‘formation of

-mltochondrlal preparations indicated that the rate of

DISCUSSION

‘1. Methodeclogy

 Pyruvate dehydrogenase activity was assayed by the
14C°2 from pyruvate-l—luc in muscle homogenates
by a modifiéatgon of the method deScribed by Taylor et al.,
19?3.105 By comparing tp;jhomogenate method with the

mitochondrial preparation of Taylor et al.105'15o and Taylor

‘ahd Halperin, 1973,79 it was found that thé quogenate

préparation provided essenfigll& the same fesults for the
PﬂH 'PDHt ratio. If a mitochondrial preparation was used,
a con31derable amount of tigsue and tlme was required Qith
léss than 10% recovery.of mltochondrla.ZOl. Because of this |
low mitochondria yield, it was not posglble to measure PDH
activity in the isolated mitochondrial fréctioﬂ from less
than 50 mg of skeletal muscle biobsy.

The experiments comparirg the homogenate and the
1L

002

production from pyruvate~1- uC was linear with time and

" enzyme concentration (p. 70 ). Separate experimentis
'ihdicaégd that PDH, activity of an homogenate did not change

during 60 min. of storage on ice. This suggests that there

was no net enzyme‘phosphorylation or dephosphorylation.

Since the time period between homegenization and enzyme

- 133 -
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assay dld not exceed 10 min., the observed PDHa PDH ratio
probably reflects the state of the enzyme in vi

VO

PDH activity requires a number of cofactors for
its full activity (p. 74 ). The significance of the
cofactors on the homogenate PDH activity is illustrated by
the results on p. 75 - Mg++ and ca®t were essential for
the full activity of the enzyme. The‘maximum a;tivity of
PDH was achieved with 10 mM MgCl.2 and 10 mM CaCﬂz. The
addition of low%? CaCl, concentrations (10-1.0C mM)} did not
have a majag\effect on the PDH activity. Other direct
evidence that the assay does measure the PDH activity was
provided by the observatlons that 14 llberated required
the following cofactors - TPP, CoA and NAD® (p. 75 ) "When
NAD or CoA were omitted separately, there still was '
considerable PDH activity. As NAD® and CoA are esseqtial‘
cofactors for PDH activify these observations suggest that
some NAD+ and CoA was bound to the enzyme'complex.51

The spontaneous, decarboxylation of pyru@éte produded
significant problems in determining the 14002 produced from
pyruvate—l-luC. This was circumvented by minimizing the
decarboxylation of pyruvate 1—140 by freeze-drying the

pyrﬂvate—l—lu and storing 1t dry in sealed vials at -20 °c

-~
14002

present prior to the ascay was less than 5% of the DPM at

until required. Using these precautions, the basal

the end of the assay. If these precautions were not
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‘considered, the background 14002 present at 0 time was not
much lower than the 14002 present at the end of the
sncubation. Such experimental conditions would not/permit

one to measure PDH activation with any accuracy.

2, Skeletal Muscle

PDH regulates and catalyzes the decarboxylation of
pyruvate to form acetyl CoA.l’B'g’lBa’13b In skeletal muscle
the enzyme's activity is a major determinant affecting
pyruvate oxidation from glycogen and blcod glucose. .Though
the activity of the enzyme could be of major regulatory
importance "in regﬁlating lipogenesis, in this regard, it is
probably of llttle significance in skeletal muscle, since
muscle capacity for lipogenesis 1is very small.211 213 PDH
activity is clearly of importance in regulating the oxidation
of amiﬁo acids which have pyruvate as one of -the intermediate
steps. However, this is probably of llttle quantltatlve \\//ﬂﬁ\“’
31gn1flcance since amino ac1d oxidation forms a very small
fraction of muscle pyruvate oxidation at rest or exercise.

Heavy aerobit exercise perhaps ?laces the greatesf
demand on the muscle capacity to OdelZe energy producing
substrates. Work at close to tbe VO max results in 20-50
fold increases invthe muscle O2 consump‘tn.on.zo5 208,211,212
Mos ef the subsﬁrafe for this is pyruvate derived frep

" muscle glycogen and blood glucose.zo?'zog\JLight work, on

+
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the other hand, results in a2 relatively small increase in
muscle 0, consumption. - In this case, some of the substrate

oxidized is carbohydrate, but the majority of the Co2 is

derived from oxidation of fat, probably derived from increased.

lipolysis seen in these circumstances.Zlo_le Because

heavy work results primarily in muécle carbohydrate oxidation
it would appéar that regulation of PDH activity plays a

major role in regulating pyruva%e oxidation derived from
glucose or glycogen. With heavy work, ~the flow through the
enzyme step;must be increased 20-50 fold, while only a small )
change in fiow would be required with light work. It was a

goal of this study to determine how muscle pyruvate oxidation

egulated during exercise. - ' . v
The initial goal was to determine to what extent

the increased muscle pyruvate oxidation with exercise was

due to 1ncreased formation of PDH + The assay.of-PDHa activity
was not a major problem and is dlscussed elsewhere. The

major difficulty was the quantitation of muscle Co,

productlon derlved from pyruvate. One method could involve

-

.determining muscle glycogen concentratlon changes ‘and the

muscle balance of key metabolic fuels by sampling femoral,
arterial and venous blood s es if the leg blood flow is
known. In this manner,ﬁlf agg:;erc151ng muscle mass was //

assumed, it would be possible to determine the balance of
' 1

" the key metabolites across the muscle vascular bed and
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calculate the rate of pyruvate oxidation. While this

212’213 it was

(‘/ technique 1is possibie and has been used,
generally felt that such an approach could not be justified
ethically. The other quahtitﬁtive method would involve the

" use of a pyruvate—luc tracer to heasure the body-pyruvate,

é%%urnover. A major prgﬁiem with thls approach is that body
pyruvate utilization does hot necessarlly equal muscle
pyruvate oxidation since yruvate can ge metabolized in
different ways 1n many different organs 21k,215 In addition,

i
1t would be difficult to measure quantitative changes in

. muscle pyruvate oxidation because the exchange between the
muscle generated Co and the bicarbonate pool would introduce
a delay of at least 30 m:Ln.ElE"'218 .
' . Because of these problems in quantltatlng the rate
of muscle pyruviate oxidation, an advantage was taken of the
physiological ‘observation that ‘hea\_ry 'Teilércise'la')s a situation
where most of the mufcle 002 is derived from muscie glycogen‘ f
and blood glucose. 206,219 mpys, ét‘was assumed that the
lncre e in body 002 productlon a\¥1ng heavy exercise must
“have éen_me‘taboll_zed t+hrough PDH. The relationship between
calculated pyruvate oxidation and PDH_ activity is summarized
in Figure 30. The rate of mﬁsele pyruvate oxidation increased
about 10-15 fold‘while the PDH, varied from 94-126 nmol/g/min.
,. at rest £o 260 nmol/g/min. during exercise. It was uﬁusual,

‘for PDH not to be almost fully'aqtivafed during exercise,”

T ’ . - i . .
: \ -
'
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PROGRESSIVE CYCLE EXERCISE—
HUMAN SKELETAL MUSCLE

- Exorcise

'YOTAL CO, PRODUCED (mi/min)
]

n X :
& o+ T4 ) Rast
1 1 \ 1 1 |
00 1 2 - ' 3
* PPHg (x100)(nmoliglm'ml
i .

Figure 30. .

. R .
The rewationship between PDH activation and calculated muscle
pyruvate oxidation. The points at the bottom of the graph
represent the calculated rate of muscle pyruvate oxidation and
the observed PDH: activity at rest. values at the top of
the graph indicate the degree of PDH acii ation with.exercise
and the calculated increase in muscle pyruvate oxidation
assuming that B80% of the increase in 0» consumption is due *

~ to muscle pyruvate oxidation. The .curfed line represents she

best fit with The data‘E The dotted line represents the
increase in pyruvate oxidation anticipated if the increased.
oxidation was entirely due to PDH activation. The exercise

was conducted in a progressive-increase t Ttk logd. -
The total YCOz and VO was determined atﬁgqﬂ of the calculated
¥0» max. ach point represents one subjett at rest and durin
exerci : : - -

s
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It is important to note that close to 40% of the
PDHt was in the active form at rest. If thls reflects the
situation in the.muscle cell, it follows that activation of

PDH alone could only increase the rate of pyruvate oxidation

by 2-3 fold. The calculated increase in the rate of muscle

pyruvate oxidation was at least 10-15 fold. It is possible
that the latter figure could Dbe adjusted somewhat by ‘
altering the basic assumptions. However, it is clear that -
the manipulation of assumptioﬂs could not reduce the increase
4o 2-3 fold because- this would not be cons;stent with
published ;%servations.zzo 1221 It follows that elther PDH
activation is not the primary control of. pyruvate oxidation
during exercise,\gszhat there is a fundamental error in

the assay of PDH_. The latterzpossiply caq\?e exeiqded fo?
several reasons. Firstly, using the same assay it has been
possible to demonstrate a dramatic decrease in PDH, activityw
with 1mmoblllzat10n. Thﬁs. there is no fundamental Tlaw in

the assay technlque that prevents the measurement of low

PDH actlvlty using the same methods and same tissue sources.

* Secondly, the PDH, Activity tends “$o be higher.in the fed
state. 87 The subaects were all tested after a 12-14 hour )

fast which would ‘tend to decrease, not inerease, the restlng
PDH act1v1ty
- These results suggest that skeletal muscle

pyruvate oxidation during exercise 1is controlled by factors

1
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other than PDHa formation. The formation of PDH,
during exercise could only explain an increase of pyruvafé
oxidation of 2-2.5 fold whereas the actual observed increase
was at least 15 fold; The 1nterpretat10n of these observations
is that the rate of muscle(gfruvate oxldatlon is largely
regulated by factors which fiodqulate the act1v1ty of PDH
For example, it is possmble that the measured activity of
PDH of 124 nmol/g/mln at rest (Table 13), represents the
act1v1ty when all cellular inhibitory factors have been
diluted out during the assay. Thus, a relatively high
mitochondrial free NADH/NAD+ ratio and other ‘possible
factofsléB’léa‘could reduce the PDH, activity in the cell
to 10 from the measured activ£%§ of 124 nmol/g/min. During
exercise a number of regulatory factors inhibiting PDH at,
rest would decrease and result in a marked stlmulatory effect
on PDH :at1v1ty In addition to these factors, there is
formatlon of PDH from PDH; by modulating the PDH klnase
and PDH phosphatase activity. The comblnatlon of both T\a_,.,f\\
ﬁechanisms could explaiP the marked ingrease 15 the & ‘
calCulatedlrate of skeletal muscle pyruvate oxidation during
exercise. | =

‘ Some of the factors that might regulate PDH act1v1ty
have been explored but interppetatlon of these data must
be cautious because it cannot be assdmed that the total

tigsue concentration of a metabolite necessarily reflects its
- L)

concentfatioﬁ in the mitochondria at the location of PDH.

. P
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One of the factors controlling PDH activity is

the pyruvate concentrétion. The resting mu /;;iZyruvate )
concentration-is abouf 50 nmel/g. With heavy exercise it
increased up to 500 mmol/g. If the PDH, K, for pyruvate

was well above 50 nmol/ml, a substantial increase in muscle
pyruvate concentration could by itself increase the rate of
muscle pyfuvate oxidation. When this pyruvafe concentration
: increase is combined with the increased formation of PDH,_,
+he calculated rise in pyruvate oxidation was about 5-7 fold.
These calculations assume a relatively high (Figure 31) Ko
of pyruvate which has not been observed with the purified
»enzyme.ﬂ’?3 Experiments whiéﬁ were subsequently obtained .
in the heart (Figufe 32)~indica£§;%hat the “"observed" K

is lower in intact muscle. If the observations in the heart
apply to skeletal muscle in vivo, it is likely that the ’
.change in muscle pyruvate c;ncentfation with exercise would
have a relaéivély minor effect OP PDH activity.

_ It has been established thét a decrease in ATP and
an increase in AMP and ADP will stimulate PDH, activity:léu’lég
This‘effect has to be distinguished from the,knoﬁﬁ effectsi
of adenine nucleotides on PDH kinase and PDH phosphatase

v

which control intercdhversion between PDH, and PDH;. In:

the expefiments done for this purpose,, it was observed that

N
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Figure 31. .

~—~_The effect of pyruvate concentration on the active pr¥

/- ctivity in human skeletal muscle at rest and exercise.

THeé Zraph is a schematic Michaelis-Menton plot combining

the activation of PDH and_ pyruvate concentration. The

plot assumes a 'Ky of 0.1 M/ml. The pyruvate concentration
increased from 0.07 to 0. IuM/g wet wt with the progressive
cycle exercises ) : . .

-
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' decrease in ATP and increase in ADP and possibly AMP.

pyruvate oxldatlon were corré_“ted w1th PDH formatlon'the

- & | IR - bk - K

a significant decrease in muscle_ATP with heavy exercise
resulted (Tdble 14) - These obsenvations are consistent with
the 1nterpretat10n that relatively hlgh ATF and low AMP
and ADP concentratlons a} rest .would inhibit PDHa actlv;ty.
During exercise, PDH; would no longer-be inhibited bythgzi‘*—\
Similar experimente.could have been dong” for other known
modulators of PDH activity to see if the changes during
'exer01se nge consxstent w1th‘Ih1s 1nterpretat10n. These {,)

studles are now under way.

I

In summary, “there is eviderice that skeletal muscle

yruvate oxldatlon\duffng exerc1se is regulated largely vy

»factors regulating the -active PDH act;v;ty. while a r a.1
mlnor part of the pyruvate oxidation changeﬁigan be exp "ned.
by converszon of PDH “to PDH . In the heart,Jhgmever, the
.51tuat10n appears to be qultelglfferent. mpe cap301ty to

‘1ncrease-pyruvafxiaxldatlon\ks less than. 1n,skeletal muscle.
and all the experlmental manlpulatlons used to @alter heart

pyruvate oxldatlon have the same ‘effect on PDH formatlon-

~,(F1gure 29) In fact,. when the changes in the rate of

~ r
correlatlon coeff1c1ent was, greater than 0 g2, ThlS does .
,not prove. however, that the h ar% pyrﬁvate is not regulated
by factors altéring PDH actlv%%y. but it does 1nd1cate that ‘ -

1

. no mechanlsms other than PDH formatlon need be 1nvolved in

der to explaln the results. 7>”

‘.6 : 4 ’- - v ' .- . . I‘,":

"'I\
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It is possible that altered musclé PDH. activity
. could ﬁg\iﬁportént in certaiﬁﬁdiseasé state;\bécause
- : skeleta.l muscle is such & large 'organ". To pursue this
p0551blllty further, some calculatlons to determine the
capacity of’the muscle -PDH system were undertaken.
\) \' . Ifa 70 kg ath ete wn.‘th a vo max oi‘ 70 ml of
' | oxygen/kg/mln. is exerCLSlng at a rate utlllzlng 50 ml of
oxygen/kg/mln. w1th/gp kg of muscle, one obtalns a pyruvate
oxidation rdte of about 2, 000 nmol/g/mln., assuming that
the only muscle substfafé'ﬁgEENWQE earbohydrate in nature.
The average PDH, activity in humannskeletal muscie was about
le nmol pyruvate/g[min;h(most;of ‘the PDH assays were
- conducted at a pyruvate concenﬁrati6n~of ZO/U.M based on

the kinetic elatioﬁéhipé oujlined in*Figufe 29). .The actual

'éféﬁg hlghest PDH ac tvity and pyruvate concentratlon which was
‘ observed durl exerclse was about 1,100 nmol pyruvate/g/
E min. _These calculations’ suggest that the capacity of the
% pyruvate dehydrogenase reaction maj be -close toAthe capacivy

;' of the maxlmal observed pyruvate oxldatlon in v1v6, “In this

case, an' inability to form PDH could have 51gn1flcant \
] effects in a variety of disea%e states., > f ’ )
2 . f—/_gﬁf In one chlld where there was an opportunlty to study
pyruvate metabollsm where the cllnlcal presentatlon was
‘ ) . 'severe Q‘:tic acidosis, it was obse::ved_ that there was a
~—~

large decrease in the mudtle PDH, amd in the PDH, activity

d

s TR et e R e e
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(Table‘l7). A number of other case reports of similar

disease entities have been repor‘ted.221 -22k In most caees.

the' PDH¢9bt1v1ty 15 not absent, suggesting that it is not

an inborn error of metabollsm involving a fallure to synthesize

pyruvate dehydrogenase. It is possible that the decrease

in PDH activity was secondary to some other problem. This

is especially pertinent as it relates other physiological
situations we have studied an )'iscussed lg}er.'(Tables
18 and 19)

In a study involving normal young male atbletes; it
was demonstrated tbat an aerobic type training program did'
not change the muscle PDH, activity but substantially
increased tbe PDHa actimify. When thermuscle groups were
immobilized the PDH, activity did not change but the PﬁHa_
~dropped substantially. In one subject where a_fracture
“acecurred requiring immobilization, the PDH activity dropped-
dramaticelly from a normal of 110 to 25 nmol/g/min. These
observations indicate that immobilizetion or the training
programme does not alter the total capacity for. PDH activiby,
but substantlally alters the amount of PDH in the active
form. It is p0351ble that under a variety.of medlcal or
surgical conditions that the assoc1ated immobilization
results in a substantial reduction in PDH activity. This,
in itself; may not present any significant problem, unless

specific metabolic stress'is applied. For example, how would
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Table 17

Muscle PDH Activity

In a Child With Severe Lactic Acidosis

.(:>\ r

PDH_ 'PDH,, A:T %

Controls (&) 110 T4 - 308 %2 37

Baby AM

12 Liy 27

Legend:

-t lateralis muscle grolp. ’ .

The 8 week old infant presented Wf;h'severe
metabolic acidosis. The entire anion gap
could be accounted for by lagtate (20-31 mM) .
The controls were normal adult male sub jects.
All biopsies.wergohtained from the vastus

> »

e v e g e s
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such patients respond when large amounts of glucose were
administered? It.is possible that the glucoee would enter
the cell, be partially metabolized and subsequently be
converted to lactate because of the inability to decarboxylate
pyrd;ate. This could explain increased susceptibility to -
lactic acidosis under a variety of medical conditionslih
whlch immobilization ig a major feature. It is reJOgnized
that circulatory problems by themselves would and could
contfibute:to lactic acidosis purely on the bhasis of poor -
organ perfusion; However, the possibility that the lactic
acidoeis develops first,followed'cy dehydration and decraased
cardiac function cannot be excluded. ’
Another general‘observation is that patients with v
severe medical or surgical prcbiEEs have Qecreased glucose
tolerance. The mechanisms for this\may ha&e’nevef been
clearly'explained. It is pOSsible that a significant or
major contributing fact5; t0Ethis could be the inability of
.the muscle and perhaps other cellular systems to decarboleate
pyruvate derlved from glucose.
It is dlfflcult at the present time to know the
\_,)31gn1f1cance of these generallzatlons° However, one cannot
readily dismiss these poss1b111t1es since the capac1ty for
pyruvate decarboxylation seems to have Vvery little reserve '

based the calculations in skelfbtal muscle.a“This does

appear to be a unlque position for enzyme systems, since



g

gy

- 149 -
- .
ﬁost regulatory enzymes are present in concentrations that
would facilitété'flux through the appropriate pathway higher
than is normally observed. |

Insulin and epinephrine have bgen shown 6 be

,1mportant hormonal factors regulating the injerconversion

of PDH; and PDH_. In studles, ‘outlined .later 1n,the heart
(Figures 20 and 14), it was demonstrated that insulin and
epinephrine resulted in activation. of heart PDH. _In other

reported studies in the isolated fat cell, epinephrine

decreased PDH, activity drama‘tically.loo’lcl'225’226 Insulin

in the fat cell results in complete activation of ?DH.98’lOl’llg

*

The mechanisms by which the hormones exert their)effect is

not clgar.' On the basis of the studies injthe heart, 1%

‘Would appear clearly that cyclic AMP' is not an important

factor regulating interconversion of PDH; and PDHa.. Thus,
epinephrine resulted in complete activation of PﬁH with a
parallel-increase in the cAMP concentration. Insulin resulted
in PDH activation that followed a similar time course but

the cAMP concentration under ‘theése conditions decreased.
(Flgures 15 and 21) Other 1nvestlgators pursuing a 51m11ar

approach have not been able to demonstrate the mechanism by

- which these hormones exert their effect on PDH activation .

and inactivation.102’1031107’108’1133122

Therefore, in the following studies, the possible.

role of hormones in regulating skeletal muscle PDH activation

\_k

- T/“\\ I
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was pursued in several ways. In the first serIes of studles
the femoral nerve Qas stimulated unllaterally and ‘the
extent of PDH activation was determined bilaterally (Figure 13).
The.muscle PDH was actlvated in the stlmulated leg while no
actlvatlon was observed in the contralateral leg. If the
primary‘mechanlsm for muscle PDH actlvat;on was hormonal,
one would have expected eilateral acfivationuoccurring at
the same rate. These studies were extended -to a human
situation where subjects exercised one leé"while the ether
one was at rest (Figure 13). In.the'human study, as—in the
at, muscle PDH was act;vated in the exercising leg while
no changes were observed on the ree/}ﬂg side. These
observations strongly suggest that th physiological
regulator of PDH activation is not hormonal but probably

1n1t1ated by nervous impulses.

' Addltlonal studies _were done in the rat o’determine

whether changes in voltage or frequency had any effects on
PDH activation (Tables 1, 2, 6, and 8). Five volts is
consistently used by lnvestlgator5192 237 238 to elllclt
maximal nerve excitation. With regard to the effect of

. voltage on PDH activation. it appears from ohr'date that 4
voltage between 5 and 40 volts are sufficient to induce almost
100% actlvatlon of PDH. However, the time required to reacq
100%'actid§tion-2ppears to be effected by voltage and is
directly proportlonal to the voltage applied. Thus, at 40

volts,- 90% PDH _actlvatlon was reached within 15-20 sec.

whereas much longer times were required for gimilar



- 151 -

o
o]

=
'—lv
ot
5
d
o
’_J
&
o©
17
|_l

o
o -
0
ct
]
o
<
Q

’_-l
o+
n

=]

o3
®
o
)
o
o -
oy
)
=
o
ot ‘
ﬁ b

T — I -
perhaps somewhat difTicult to extrapolate from these animal
experiments to the in vivo situations since the results in \

human skeletal muscle were n t _what one would have predicted,

- For example, we observed that

aerobic work at abowt 50% 02max._resu1ted in fairly rapid -

Y

studies.

PDH acﬁivatibn, whereas.with more‘intensp‘work, at.about

140% \'fozmax, the rate of PDH activation was Slower. A%

present, these different results obtained with nerve stimu-

lation in the rate and exercise in thé.human cannot be readily

explained. .- » | ”
A number of studies. in the past féw years have

demonstrated that certain mitoehoﬁdrial marker enzymes, such .

as succinate ‘dehydrogenase and othérs, increase by up to 50%

following appropriate aerobic train}ng programmes.zou In

. other-similar studies, investigators have.used morphometric

techniqﬁeg and h;ve demonstrated that the number of mitochon-

dria appear to have iricreased significantly with aerobic |

training-R:ogrammes.227'2?9' A SEmil?r study .was performed

;%o determine whether skeletal muscle PDH activity would

change during #arious training programmes. The rationale

was that the changes might be substantially gfeater_fof'

PDH because it is likely that the key enzyme regulating g

mitochondrial metabolism is from carbohydrate derived

-



substraf%s. In the aerobic running training programme for

essentially the same. (Table 18)  While the VO, max was much -

o T e
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rats, it was observed that the PDH_ portion increased but
nobzﬁénges in the PDHy activity was observed. Essentially
the same results were obtained with weight training in
humans. A very small number of competitive athletes -were

also tested for PDH concentrations and the results were

~higher’ in the competltlve athletes than in the matched

controls. the muscle PDH act1v1ty was the same. The PDH
activity in the athletes was significantly greater, however,
than that in the control subjects. These experiments suggest
that aerobic training, while it ﬁay increase the activity of

certain mitochondrial marker -enzymes, does not increase the

. act1v1ty or amount of PDH,G present in skeletal muscle.”'The :

PDH- activity is 1nvar1ably higher in the uscle of trained

subjects. The physiological sigriificance of this is nét clear

at the present time. "I'l':e ‘earlier calculations (p. 145) indi-
cating that the aerobic capaclty is very close to the mea;ured
PDHt activity in muscle suggests that under both trained and
untrained conditions the‘ngulatlon of pyruvate oxidation in
skeletal muscle 1s‘largely controlled by factors regulating
the.PDHa activity. There clearly is activation of PDH dufing
exefeise but the contribution this makes to increasing the

capacity of pyruvate oxidation in muscle appears to be rela-

tively small,
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Table Hm

Muscle PDH Activity in Competitive Athletes

«om max © PDH, PDH, A:T
(ml om\mm\aws.v (== nmol/g/min.--) : %4 . .
Non-athlete ! + . + . .
controls (%) b7 - 3 124 - 9 304 - 4 . mmw L
Competitive ' + a 4 +
athletes (Y . . 71 I L4 215 ¥ 15 . 309 = 7 _ 70

N

Legend:

‘

V0O, max was determined as outlined in the "Methods". Muscle

biopsies at rest and PDH assays were conduc
in the "Methods". The number in brackets T
number of subjects. The non-athlete contro

ted as outlined
efers. to the
1s were physical .

education students. The competitive athletes were two well-

.,wﬁmwbmn oarsmen Aand two trained distance runners.
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least 25% of the total pyruvate dehydrogenase is in the
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~ 154 -

3. Heart Muscle \,;,—)

The major goal of these studies was to determine
whether changes in pyruvate oxidation in the heart was
entirely regulated by endocrine conversion (lnterconver81on)
of PDH ‘and PDH_, unlike skeletal muscle. Heart is unique

in that it camnot depend on angeroblc sources of energy for

significant perlods of tlme. It is different in other <i\

respects.in thafﬁthe range of oxygen consumption is

substantially less than in skeletai muscle. Because at

-~

ackive form, it is difficult to see how pyruvate flow could

increase by a factor of 10 or 20 on the ba31s of interconversion

of PDH, and PDH;. The neart with the smaller range of

.oxidative metabolisn could be regulated only by interconversion

ef the two enzyme forms Dbecause of the smaller range of
oxidative capacity.

The perfus 7 T hearf was.used as a model because
this permitted better'control-of all the varizbles. The |
general nature of the expefiments involved the use of a
veriety'of agents which have been demonstrated to affect the
rate of elther pyruvate or glucose oxidation. - The
anticipation was that these would be modulated b fDH
activation and in this way information coujd be obtalned
ebgut the significénce of PDH activation vengus the regulation

of PDH_ by substrates, products, and allosteric factors.

D
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A
In the individual experiments 1% Wéﬁ observed that
‘activation of PDH occurred with epinephrine and insulin.
(Figures 1& and 20) Octanoic acid and propranolol decreased
PDH activity. (Figures 18 and 23)-'Additioﬁs of higher

concentrations of pyruvate above SO/u.M, resulted in .rapid

‘ activation of PDH. (Flgures 25 and 27) - In all these studies )

the change. in pyruvate oxidation was paralieledlby the

amount of PDHa formed. When the rate of heart pyrdvaté
oxidation was correlated with the change in PDH, activity,

a very close cof;elation between the twc was observed. The
correlativm cer{icient was greater than 0.92, suggeéting
that any deviation from this correlation probably répresented
experimental error. Based on these correlationé,’one”is &
tempted to conclude that the alteratlon in pyruvate oxyﬁatlon
was mediated by changes in PDHa for@gthn. While it 1s
‘recognized that irch correlétioﬁs‘do not proté that PDHa
formation initiated the incréase in pyruvate oxidation, iﬁ

does indicate that one does not have to invoke any

‘paplanations other ‘than PDHj formation in the change of

pyruvate oxidati?n in the perfused rat heart.

In order to pursue the mechanisms of- heart PDH
‘activation furthef, the rate of PDHa formation, heart
p§ruvate oxidation, and changes in heart cAMP concentration

were determined. ' Epinephrine had a marked stimulator&

_effect on PDHé formation and a comparable increase in the

J
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rate of pyruvate oxidation. The muscle cAMP concentration
increigid substantially and temporally with PDH_ formation. :
When\bropranolol‘was added ﬁgth\epinephrine; the rate of
pyruvete'oxidation was decreased to the same-degree as the
decrease in PDH activity. The cAMP concentration. wes

stlll 1ncreased but was substantially less than w1th

_epinephrine alone. These results ape con51stent w1th cAMP

playlng a role as a second messenger in actlvatlng PDH.
However, other experlments done with 1nsu11n, indicate that
PDH was actlvated, the rate of pyruvate oxldatlon was
increased, but the heagxt cAMP concentratlon was deereased.
Thevresu;ts obtained with insulin in conjunction wtth’those
obtained with epinephrine indicate that hormonal activation

»

of PDH can occur lndependent of changes 1n ;the ‘§MP gr
concentratlon. These observations are g'onﬂlstent with -

studies- by Reed, Hucha, Denton and Jungas"8 19 51 99 who were

. unable to demonstrate any effect of cAMP on PDH!klnbse or

PDH phosphatese act1v1ty. Some earliep experlments in the ad
fat and liver cells suggested that cAMP may pliy a role’ in' |

PDH activation,ua’lll o112 however, subsequeﬁt experlments ‘

in the same cell systems haveUfalled 1o establlsh an

important role fw in PDH. actlvatlon a.nd 1nact1vatlon.9 »26

43,101,103,108 /'\ o o
In addltten to the hgzbonal effects on PDH activation

in the heart, it seems glear

-

hat hlgh eoncentratlons of ,’”“f

o



oxygen consumptlon decr ased.- These observatlons

‘K{that the met®polic éffects on RQH actlvatlon and-

D . e 15? =

-

pyruvate result in a rapid PDH actiﬁatidgt To what extent

-these effects represent regulafioh of the physioibgical

nature is not clear., It would appear that thesé may not

be that imporxénf since . ¥he plasma byfuvate concentration
rarely increases to concentrations higher than~lOO'p\M.

C

g -
to separate the effeg

Earlier studies xh the perfuéed rat heart attempted

. ~
'6f epinephiine and other hormones

in terms of its kno effects gn.contrﬁszflity and métapolic.

‘even%s.lél’ZBOFZBl “The perfusbd rat heart model used in
these experime’ does not permlt deflnltlve conclusions

_ ‘o be made on this point 51nce the heazgiums essentially a

N
non-working model. However, an 1nd1rect assegsment of the

presumed role of.co;;}actlllty with this direct meta olic

. -~
effgct can be assessed;by comparl the degree of PDH -,

] ete 4w
activation, pyruvate oxldatlon and oxygen c0nsumpt10n under
»

" .the various experlmenta ~cond1t10ns. (Table 19) Eplnephrlne;

resulted in marked 1ncrg‘ses ;n,pyruvate Ode&tlQn,'@mh

actlvatlon. as(well7as a_$§é;ificant increase in the rate

of oxygen. consumptlon._ Iﬂéﬁlin resulted in very similar |

‘

increases in pyruvate ‘oxidation 'and PDH activation,: but had 7

very little effect on oxygenisansumptlbn. ngh concentratlons#

of pyruvate resulted in marked 1ncreases in the rate of

B
pyruvate oxldatlon and actlve PDH formatlon. Howe er, the
- :

‘

¢
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Table 19

Effect of Different Manipulations

On Heart Pyruvate Oxidation, PDH Activation w:a.om Consumption -

Legend:

0y

The pyruvate oxidation, PDH_ and PDH, were all determined as.. Pee
outlined in the "Methods" . :>The 0, cOnsumption was calculated )
from flow rate and the Po,. The mcsdmwm in dHWowmdm‘Hmwmﬂ to
number of observations.’ fhe walues represent - S.E.M:

p Pyruvate Qm Consumption Pyruvate oxme&wosuﬂ PDH, PDH,

. .cczm (hatoms/ht/min, ) ASEOP\M\awsnv r Alzaow\m\aw:.lv
Control Anmy.. 20 6.5 % 0.1 1457 2 131 1225 ¥ 48 4895 = 176
mwwsmwsww:m.hpmv 20 9.6 104 . - 2333 321 384l I 162 5017 % 106 -
Insulin (8) 20 8.2%o. ” 2272 2 198 ‘“._‘mwmm t 66 4851 L 74

: mmdws$wo Acid (8) .20 .ymw - - 1220 * 186 7/4 406.% 95 4831 * 212
Proprfanolol (8) 20 5.9 0.6 1500 ¥ 171 - 1281 f133 uosy ® qumn@
mmovdmbowow . R . * . . . : ..M.u -
% Fpihbphrine (8) 20 . . 5.8 = 0.7 . 1466 ¥ 263 2100 = 98- 48BL = 132 .-
omnwwpp (8) ) 1000 #ofog o séom 240 . hool Y8y 50511 146

L .«

=
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" oxidation carn cccur independently df‘ény changes in the rate

of heart oxygen consumptlon.' While this does not prove that

PDH activation and pyruvate ox1dat10n occur 1ndependently

3 of‘contractility, it suggests that there may be separaue

efféﬁts of the varlous agents. ‘

Insulln in the perfused heart llke eplnephrlne,
"stimulated PDH act1v1ty and 1n a parallel way stimulated
‘pyruvate oxidation. (Flgures 14 and 20) The mechanism by
whlch-lnsulln.actlvates PDH is unknown. Recently it has
been demonstrated tﬂat.insulin had no effect on PDH

184,232,233

phosphatase in diabetic heart suggesting that

insulin may have an effect on the PDH kinase actifity.

Direct evidence fbr this is not available. The effect of

8l

: pyruvate

o

insulin on PDH activation in the heart is essentially the
same . as observed in adipbse tissﬁe with or without added
glucose.' In fat cells, insulin increases llpogghe51s from
98, 99 101,109 sy gestlng that one -of the magor
effects ‘of lnsulln lé t;i\stlmulatlon of trlglycerlde

formatlon from pyruvate. The heart has a relat 1vely low -

rate of llpogene51s, suggesting that insulin 1n

must havé a major‘effect_on pyruvate ox1datlon ‘rather

i

on llpogene51s.
It is possible 1nsu11n may act in some way" to changea
the adenylate charge whlch 1n turn may activate PDH -

actlvatlon by decreasing the ATPwQPP rattj 53,66, ?2 73 169 180

v -
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I+ seems unlikely that this would be the major regulatory _
mechanism by the way insulin works, as the ATP:ADP ratio
has not been shown to change with insulin administration'in

the heart.232723&

on the contrary, insulin lack results in a
decreated ATP:ADP ratio and decreased adenylate:sharge
which should, if these arguments apply, result in PDH
activation. Experimentally, insulin lack invariably results
in PDH activation. | '
. The PDH act1v1ty in the rat heart homogenate was
not influenced by a 24 or 48 hr starvatlon period, however,
M;he PDH_, was considerably  decreased during the same starvation
period. (Table 2Q) The inactivation Suggests that the
acthlty changes are hormonal or nutrltlonally regulated.
Insulin lack, lncreased plasma FFA could be responsible.
Most information has been'primar;ly»carrled out on the
regulation of increased fat oxidation'and, therefore; the
effects could possmbly be mediated by this mechanlsm. -The
experlments in v1tro suggest that the increase in the supply
of FFA can lead to an mcreased ’Qhosphoryla‘blon of PDH.in
heart, liver, and kidney. 70,163,235 Perfusioﬁ of isolatéd-
163

'rat heart with acetoacetate showed s1mllar effects.
Insulln has been shown to act directly on adipose tmssuelo5 » 107
.and on liver. ?7 As phosphorylatlon is diminished 1n these
tissués the PDH is greatly_st;mulated. As 1nsu11n has also

»

exerted a stimulatory action in the heart, in this work,

. ’ - A ..
- b . ’ i L
ay . «
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Table 20

Rat Heart PDH Activity

In Various Stages of Starvation

ﬂ ~ PDH, PDH,, _. I ¥
(--nmol/g/min,--) . %

oot tmoiom 12 aes® 73 seestiw . s J-
18-24 hr. starve (12) 1286 ¥ 109 . k728 t 168 | 27
48 hr. starve (12) 920 + 149 4829 = 91 19

Legend:

The activity of PDH, and PDH, in rat heart of normal
fed rats, 18-24 hr. starved rats and 48 hr. starved
rats. - The number in brackets refers to the number

of rats. The values represent ¥ S.E.M.

-
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insulin lack seems a likely candidate for producing the
. N ' * N

‘changes. The effects of insulin may be more widespread

than those found in the results and the current literature.
- ( . M .

The degree of inactivation in the heart with starvation may
be, therefore, directly due to the drop in insulin

2]

concen%;gﬁion in starvation. Of course, other factors
may be/reghvn$iblevfor the decrease in PDH, activity.

£

Y
———— b Ty BT I T T e




N

&~

5.

6.

7

- Linn,

- 163 -

BIBLIOGRAFHY

T.C., Pettit, F.H., Hucho, F., and Reed, I.J.

<- Keto acids dehydrogenase complexes.

XI. Comparative studies of regulatery properties
of the pyruvate dehydrogenase complexes from
kidney, heart and liver mitochondria. Proc. Nat.
Acad. Sci. (U.S.A.) 64: 227-234, 1969.

- Henning, U. Mu}jtienzyme Complexes. Angew. Chem.“

{Internatl. Edit.) 5: 785-790, 1966.

Jagannathan, V., and Schweet, R.S. Pyrﬁvic oxidase of

.  _Schweet, R.S., Katchman, B., Bock, R.M., and

pigeon breast muscle.” I. Purification and properties
of the enzyme. J. Biol. Chem. 196: 551-562, 1952. .

Jagannathan, V. Pyruvic oxidase of pigeon breas
miuscle. II. Physiochemical studies. J. Biol.
Chem. 196: 563-567, 1952.

Hayakawé.'T.. Hirashigé, M., Ide, S., Hamada, M.,

Ishika

Okabe, K., and Hoike, M, jMammalian cC-keto acid
dehydrogenase complexes. I. Isolation, purification,
and properties of pyruvate dehydrogenase complex

ofégig heart muscle. . J. Biol. Chem. 241: L694-L699, D
1966. - . 1

.

wa, E., Oliver, R.M., and Reed, L.T. Oc=keto acid
dehydrogenase complexes. V. Macromolecular
organization of pyruvate and cc-ketoglutarate
dehydrogenase complexes isolated from beef kidney

mitochondria. Proc. Nat. Acad. Sci. (U.S.A.)

56: 534-541, 1966,

.Linn, T.C., Pettit, F.H., and Reed, L.J. ©X-keto acid

dehydrogenase complexes. X. Regulation of the

.activity of the pyruvate dehydrogenase complex

7

| 8./:Hucho;

from beef kidney mitochondria by phosphorylation

‘and dephosphoérylation. Proc. Nat. Acad. Sci.

(U.8%A.) 62: 234-2k1, 1969.7

P

F. Pyruvate“dehydrogenase multienzyme complex.

Angew. Chem. (Internat. Edit.) 14: 591-601, 1975.

/

e



1i0.

11.

1z2.

13a.

13b.

lLF.

15.

16,

l?u

- 164 - //*\,

Denton, R.M., Randle, ?.J., Bridggs{/B.J., Cooper, R.H.,

Kerbey, A.L., Park, H.T.,-Severson, D.L.,
Stansbie, D., and Whitehouse, S. Regulation of
mammalian pyruvate dgﬁydrogenase. Molec. and
.€Cell. Biochem. 9:~27-53, 1975.

Koike, Ml, Reed, L.J., and Carxroll, W.%: CxX-keto

Reed,

acid dehydrogenation complexes. l. Purification
and properties of pyruvate and oX-ketoglutarate
dehydrogenation complexes of escherichia coli.
J. Biol. Chem. 235: 1924-1930, 1960.

©.5., and Willms, C.R. Methods in Enzymolozy
Vol. 9, p. 247. W.A, Wood, Ed., New York:
Academic Press, 1966+

Brestens,' T.W., Krul, J., Scheepens, P.C., and

Reed,

Reed,

Veeger, C._'Phosphotransacqtylase‘associated with
the pyruvate dehydrogenase complex from the
nitrogen fixing azotobacter vinelandii.

FEBS Lett 22: ,305-309, 1972,

1.J., Leach, F.R., and®Koike, M.. I. Studies on
a lipoic acid activating system. J. Biol, Chem.
232: 123-142, 1958.

.J., Koike, M., Leviteh, M.F., and Leach, F.R.
TI. Studies on the nature and reactions of protein
bound lippic acid.: J. Biol. Chem. 232: 143-158,
1958. ‘ '

Harding, R.W., Caroline, D.F., and Wagner, R.P. The

pyruvate dehydrogenase complex from the
mitochondrial fraction of Neurospora crassa.
Arch. Biochem. Biophys. 138: 653-661, 1970.

Wieland, C.H., Hartmann, U., and Siess, E.A. Neurospora

Wais,

Wais,

Crassa pyruvate dehydrogenase: Interconversion
by: phosphorylation and dephosphorylation.
FEBS. Lett. 27: 240-244, 1972.

U., Gillmann, U., and Ullrich, J. Regulation,
_isolierung und charackterisierung des -pyruvate-
dehydrogenase-Komplexes aus hefe. Hoppe=-Seylers
. 7. Physiol. Chem. 354%: 206, 1973. g

U., Gillmann, U.j and Ullgich, J. Isolation and
characterisation of pyruvate dehydrogenase complex
from brewers yeast. Hoppe-Seylers Z. Physiol.
Chem.: 354: 1378-13, 1973.- '

/7 | L




O T

.X‘

1

18|

19.
20,

21.

22.

23.-

2k,

25,

- 165 -

+

Junger, E., Reinauer, H., Wais, U., and Ullirich, J.
Electron microeoscopic study, of pyruvate
dehydrogenase complex froF/Saccharomyces
carlesbergensis. Hoppe-Seylers Z. Physiol.
Chem. 354: 1655-16, 19?3

Compton, M., and Laties, G.G. [The regulatory function

of potato pyruvate dehydrogenase. Arch. Biochem.

. Biophys. 143: 143-150, 71.

Glemzha, A.A., Zilber, L.S., fnd Severin, S.E.
Separatlon and charact istics of three
compongnts of muscle pyruvate déhydrogenase.,
Biokhimiya 31: 1033-10L0, 1966,

erin, 'S.E., Kﬁ;ZIZQa, f:S., and Gomazkova, V.S.
Decarboyylase components of. pyruvate and
C-ketgglutarate dehydrogenase complexes from
breast muscle. Abstracts of the 8th
Intern. Cong. Biochem. (Sympos. 2),4dRwitzerland
P ll?-ll9, 1970, :

Blass, J.P. , and Cederbaum, S.D., and Gibson, G.E.

"Clinical and metabolic abnormalltles accompanying
deficiencies in pyruvate.ox1datlpn In: Disorders

of Energy Metabolism by: Hommes, F.A., and
Van de rg, C.J., Eds. London: J. Wlley and
sons, 9?5. p. 193-207. -.

"Scriba, P.,'é%d Holzer, H. Gewinnung von

Oc-Hydroxyagthy»-2 thiamin-pyrophosphate mit

pyruvatoxydase aus schwelneherz—muskel. Biochem.

Z. 334: L473-486, 1961.

Hayakawa, T., Muta, H., Hirashima, M., Ide, S., :
. Okabe, K., and Koike, M. Isolation and propertles

of pyruvate and O<-ketoglutarate dehydrogenase’
complexes from pig heart muscle. Biochem.
Biophys. Res. Comm. 17: 51-56, 1964,

Linn, T.C., Pelley, J.W., Pettit, F.W., Hucho, E.,

Randall, D.D., and Reed, L.J. <X-keto acid
dehydrogenase complexes. XV. - Purification and
properties of the .component enzymes of the
pyruvate dehydrogenase complexes from bovine
* kidney and heart. ‘Arch. Biochem. and Biophys.
- 148: 327-342, 1972. e

—

e



26.

27.

BN

.
.

29.
30.
31"

32.

33,

34.

35.

- 166 -/

-

. ) 4 L . ‘
Eley, M.H\, Namihara, G., Hamilton, L., Munk, P., and

Reed, L.J. CX-keto acid dehydrogenase complexes.
XVIII. Subunit composition of the Escherichia
coli pyruvate dehydrogenase complex. Arch, '
Biochem. and Biophys. 152: 655-669, 1972.

Breslow, R. On the mechanism-of thiamine action.

1

o

IV. Evidence from studies on model systems.
J. Amer. Chem. Soc. 80: 3719-3726, 1958.

chellenberger, A. Structure and mechanism of action

of the active center of yeast pyruvate
decarboxylase. Angew. Chem. (Internat. Edit.).
6: 1024-1035, 1967, '

Holiér. H., and Beauchamp, K. Nachivies un&

charackterisierung von Zwischenprodukten der
decarbogylieurung und oxydation von pyruvate:
aktiviertes pyruvat und, aktivierter acetaldehyd.
Angew Chem. 71: 776-782, 1959. g

Schellenberger, A., Kolbe, A., and Hubner, G. The

theory of cocarboxylase working. Hoppe-Seylers
7. Physiol. Chem. 341: 22-26, 1965. :

A . ‘ )
Das, M.L., Koike, M,y and Reed, L.:J. On the Role of

Reiss,

_thiamine pyrophosphate in oxidative -degarboxylation
of _keto acids. Proc. Nat. Acad. Sei. (U.S.A.)
(& ?53—7@5, 1961.

 Gansalus, J.C., Barton, L.S., and Gruber, W.

Biosynthesis and structure of lipoic acid
derivatives. J. Amer. Chem. Soc. 78: 1763~
1766, 1956. T .

0.K. Pyruvate metabolism. II. Restoration of
yruvate utilization in heart sarcosomes by
Cxﬁ(+)—lipdic acid. J. Biol. Chem. 233: 789-
793, 1958. . ’ .

Roche, T.E., and Reed; InJ.. Function of the nonidentical

subunits of* mammalian, pyruvate dethro enase.
‘Biochem. Biophys. Res. Comm. 48: 840-8L6, 1972.

Maldonado, M.E., Ok, K=i., Frey, P.A. Studies on

Escherichia coli pyruvate dehydrogenase complex.

.\\\\\I. Effect of bromopyruvate on the catalytic

activities of the complex. J. Biol. Chem.
2b7: 27112716, 1Q72.

L




e aind

36.

" 37,

38.

39.

Lo,

bl..

42'

k3.

4"}'

45.

- 167 -

Schwartz, E.R., and Reed, L.J. C<-keto acid

dehydrogenase complexes. IX. Effects of
jodination of the tyrosyl residues on the '

properties of .the dihydrolipoyl transacetylase N\
of Escherichia coli., J. Biol. Chem. 243:
639-643, 1968. - :

Massey, V., and Veeger, C. Studieé on the reaction .
mechanism of lipoyl dehydrogenase. Biochim.
Biophys. Acta. 48: 33-47, 1961.

Massey, V. The Enzymes. Boyer, P.D., Lardy, H., and
Myrback, K., eds. Vol. 7, p. 275. New York:.
» Academic Press, 1963. ,

Searls, R.L., Peeters, J.M., and Sandi, D.R.
ox~ketoglutaric dehydrcgenase. X. On the
mechanism of dihydrolipoyl dehydrogenase
reaction. J. Biol. Chem. 236: 2317-2322, 1961.

Palmer, G., and Massey, V. On the sulphydryl groups
of lipoamide dehydrogenase. Biochim. Biophys.

Slater, E.C. Flavins and Flavoproteins. Amsterdam:
- Elsgevier, 1966. S—

Reed, L.J., Linn, T.C., Hucho, F., Namihira, G.,
Barrera, B.R., Roche, T.E., Pelley, J.W., and
Randall, D.D. In: Metabolic Interconversion of
Enzymes. By: Wieland, O., Helmreich, E., and
Holzer, H. Berlin: Springer, 1972, p. 281.

Barrera, C.R., Namihira, G., Hamilton, L., Munk, P. .
Eley, M.E., Linn, T.C., and Reed, L.J. < -keto .
‘ & acid dehydrogenase complexes. XVI. Studies on
the bunit siructure of the pfBuvate -/
dehffdrogenase complexes from bovine kidney and
heart. *Arch. Biochem. Biophys. 148: 343-358, 19

Hamanda, M., Hiroaka, T., Koike, K., Ogasahara, K.,
Kanzaki, T., and Koike, M." Properties of wsubunit
structure of pi heart pyruvate. dehydrogenase.
J. Biol. Chem. %Tokyo) n9: 1273-1285, 1976.

Davis, P.F., Pettit, F.H., and Reed, L.J. Peptides
derived from pyruvate dehydrogenase as Ssub trates

for pyruvate dehydrogenasg kinase and phosphatase.

"‘Biochem. Biophys. Res. Comm. 75: s41-549, 1977.
. - 7



Le.

b7,
48.

49,

50,

51.

.52,

53

s,

P I

- 168 -

Sugden, P.H., Hutson, N.J., Kerbey, A.L., and Randle,
P.J. Phosphorylatign of additional sites on

pyruvate dehydro se inhibits' its re-activation
by pyruvate dep#fdrogenase phosphate phosphatase.
Biochem..J. 2£9: 433-435, 1978, -

Severin, S.E., and Feigina, M. M, O¢=keto acid
dehydrogenases and acyl-CoA synthetases from

. pigeon breast muscle. Advan. Enz. Regul.

15: 1-21, 1976.

Wieland, 0.H., and Siess, E.A. Intkrconversion of
phospho- and dephospho- forms of plg heart
yruvate dehydrogenase. Proc. Nat. Agad. Sci.
U.S.4.) 65: 947-954, 1970,

Garland, P.B. Some kinetic properties of pig-heart
oxoglutarate dehydrogenase that provide a basis
for metabolic control of the enzyme activity
and also a stoicheiometric assay for co-enzyme
in tissue extracts. Biochem. 92 J]0e-12c, 19 &,

Pettit, F.H., Réche._T»E;, and Reed, L.J. Function of
calcium ions in pyruvate dehydrogenase '
phosphatase activity. Biochem. Biophys. Res.

- Comm. 49: 563-5?1,';972. -\5_‘\h\ i

‘Hucho, F., Randall, D.D., Roche, T.E., Burgett, M.W.,

Pelley, J.W., and Reed, L.J.. ¢ -keto acid
dehydrogenase complexes. XVII. Kinetic and-:
regulatory properties of pyruvate dehydrogenase -
kinase and pyruvate dehydrogenase phosphatase
from bovine kidney and heart. Arch. Biochem.
Biophys. 151: 328-340, 1972. .

Roche, T,.E., and Reed, L.J. Monovalent cation requirement - °

for ADP lnhlbltlon of pyruvate dehydrogenase
kinase. Biochem. Biophys. Res. Comm. 59:
1341-1348, 197&

Coopeér, . R.H.,. Randle, P.J., and Denton, R.M. Regulation
(of heart muscle pyruvate dehydrogenase kinase.
Biochem, J. lHB 625-641, 1974. g

Whltehouse, S., and Randle, P.J. Actlvatlon ef pyruvate
' dehydrogenase in perfused rat heart by
. dichloroacetate. Biochem. J. 134 651 653, 1973.

" w

B



55.

56.

57.

58.

59+

60.

61.

¢

63.

64

'62>7

- 169 -

Whitehouse, S., Cooper, R.H., and Randle, P.J.
Mechanism of activation of pyruvate dehydrogenase
by dichloroacetate and other halogenated ’
carﬁoxylic acids. Biochem. J. 141: 761-781,
197k, . L A

Randle, P.J., ‘and Denton, R.M. Rate control by insulin
,and its mechanism. In: Rate control of biological
processes.. Cambridee Sympos. Soc. Exp. Biol. °
27: 401-428, 1973. .

Hoffman, B., and Hucho, F. Infiuence of phenylpyruvate
on the inierconversion of pyruvate dehydrogenase
complex from mammalian drain and kidney ;
FEBS Lett. 43: 116-119, 1974, .

Krebs, H.A., Notton, B.M., and Hemé,'R. ‘Gluconeogenesis
’ “in mouse-liver slices. Biochem,.J. 101: 607-617,

1966.

Krebs, H.A., Gascoyne,.T., and Notton, B.M. ‘Generation
of extramitochondrial reducing powers in i
gluconeogenesis. Biochem. J. 102: 275-282, 1967.

Burgett, M.W. Studi€s on_the regulation of pyruvate

) dehydrogenase tomplex. Dissertation Abstr.
73-7519. Ph.D. Thesis, University of Texas,
Austin, Texas, 1972.

' Denton, R.M., Randle, P.J., and Martin, B.R. Stimulation

by calcium ions of pyruvate dehydrogenase _
phosphate phosphatase. Biochem. J. 128: 161-163,°
19?20 ’ - ) i

‘Severson;'D.L.,,Denfon. g?M«,_Piikixﬁ.T., and Randle,

P.J. Calcium and magnesium ions as effectors of
adiposel-tissue pyruvate'dehzdrogenase phosphate
phosphatase. Biochem. J. 140: 225-237, 1974.

Siess, R.A., and Wieland, 0.H. Purification and
characterization of pyruvate dehydrogenase,
phosphatase from pig heart muscle. Europ. J.

Veloso, D., Guynn, R.W., Oskarsson, M., and Veech, R.
The concentration of free. and bound magnesigmjin
rat tissues. Relative constancy of free M
ioncentrations. J. Biol. Chem. -248: 4811-4819,
973 , N

i e —— T .




o e T YT

ETORNT A

677

. 68.'

69.

70.

»1. - Cooper, R.H., Randle, P.J., and Denton, R.M. Stimulation.

—~

- 170 -

1A

Blair, J. McD. Magnesium, potassigm.'andfthe adenylate

. kinage . equilibrium. Magnesium as a feedback
-signal from the.adenine nucleotide pool. Europ.
I. Biochem. 13: 384-390, 1970.

Huehe, F. Regulation of . the mammalidn pyruvate o

: dehydrogenase multiengyme complex by Mg2' and
- the adenineé nucleotide pool. Europ. J. Biochem.
46: 499-505, 197k, '

Walajtys, E.I., Gottesman, D.P., and.Williamson, J.R.

Regulation of pyruvate dehydrogenase in rat liver N

mitochondria by phdsphprylationidephosphorylation.
J s Biol- Chemo 249: 1857“1865' 19740‘ .

Schuster, S.M.; and Olson, M:S.- lStudies,df'fhe energy—',.‘>'

depéndent uptake of divalent metal ions by beef
heart mitochondria. J. Biol. Chem..249: 7151-
7158' 19743 ' Lo

Chiang, P.C., and Sacktor, B. Control of pyruvate
dehydrogenase activity in intact cardiac
mitochondria. Regulation of the inactivation
and activation’ﬁf the dehydrogenase, dJ. Biol.
Chem. 250: 3399"3408t 1975, '

Pettit, F.H., Peiley; J.W., and Reed, L.T. Regulation"
of pyruvate dehydrogenase kinase and phosphatase

— by acetyl-CoA/CoA and NADH/NAD ratios. Biochem.
Biophys. Res. Comm. 65: 575-582, 1975.

" of phosphorylatiom and inactivation :of pyruvate
dehydrogenase by Pphysiological innibitors of the
pyruvate dehyfrogenase reaction. Nature (London)
257: 808-809, 1975./ : . i

' : : ' ' : L » . o
72.. 'HansﬁprdfaﬁyG. Studies on the effects of Coenzyme At
L "t

o

,chtyl CoA, Nicotinamide adenine dinucleotide:
educed nicotinamide adenine,nucledtide. and , -
adendsine diphosphateeadenosine‘triphosphate ratios
on the intérconversion ¢f active and inactive
pyruvate dehydrogenase-in_isolated.fat heart

'tmitochondria. 'J. Biol. Chem. 251: 5483~5489, 19?6u

:Pagk, H.T., an Regulation of
pyruvate dehydrogenase in rat hedrt. Biochem. J.

15k 327-348, 1976. -

/;;T—\\KgibéY|‘A-Lo; Randlqé;gég%éﬁgggpgi} R-Hol Whitehouse, S..: e
. y R.M o

.',‘ R ‘_:.I - L. 'l - &-'



\t
;
L
;

S e 1 2 At

. ST
3

1

L) : ) £

- 171 -

~

7k, Garland, P.B., and‘Randle, P.J. Cdnﬁfol of pyruvate
dehydrogenase in perfused rat heart by o
intracellular concenirations of acetyl CoA.

Biochem, J. 91: 6c-7c, 196L.

75. Bremer, J. Pyruvate dehydrogenase; substrate |
specificity .and product Iinhibition. Euron. J. .
Biochem. B8: 535-540, 1969. . ~

. o6, Erfle, J.D., and:.Somer, F. The inhibitary effects of

acyl-coenzyme A°esters on the pyruvate and
<X -oxoglutarate dehydrogenase complexes.
Biochim. Biophys. Acta. 178: Lhl-4; 1969.

2. Haslam, R.J.,7and Krebs, H.A. Substrate competition

in the respiration of animal tissues. The
metabolic imteractions of pyruvate and
cx-oxoglutarate in rat-liver homogenates.
Biochem. J. B6: WL32-446, 1963. . .

8. Silvert, C.K., and Martig; D.B. Inhibition vy citrate .
. of pyruvate dehydrogenase in rat liver mitochondria.
Biochem. Biophys. Res. Comm. 31:-818—824.'1968.

S P 3 s
79, Taylor,'W.M.,‘%nd Halperin;}@?h. Regulation of pyruvate
o s~ dehydrdgenase in muscie. Inhibition by citrate.
J. Biol. Chem. 248: 6980-6084, 1973.

o : : : A ‘
80.» Schwartz, E.R., 01d, L.0., and Reed, L.J. Regulatory

ﬁproperties of pyruvate dehydrogenase from .
¥ Egeherichia coli, Bjochem. Biophys. Res. Comm. -
31: 495-500, 1968.f7} N

\

s

o L ‘.
. 81, Shen, L.C., and Atkinson, D.E. Regulation of pyruvate€

dehydrogenase from Escherichia coli. Interaction
of adenylate energy charge. and .0ther regulatory

82. Hanson, R.G., énd‘Henning! U.“Regulation of pyruvafe

dehydrogenase activity . in Escherichia coli Kl2.
Biochem. Biophys: Acta. 122kg§59—358| 1966.

éB;,a Biss', ger, H., and.Hénhing, U. Regulatory pro%erties{
i _ the pyruvate dehydrogenase, complex from .
’ Escheritiia coli, ' Positive-and negative

- cooperativity. Europ. J. Béochem.' 24: 376-384,
1971. . N ] R .

'.

T oA .‘- - ‘ g



el.

83"

86..,

87.

38.

89'

90,

91-

92.

- 172 -

Séhwartz,aE?R., and Reed, L.J. Regulation of the
activity of the pyruvate dehydrogenase complex
. of Escherichia coli. Biochemistry 9: 1434-1453,
< 1970,

Shen, L.C., Fall, L., Walton, G.M., and Atkinson, D.E.
Interaction between energy charge and metabolite
modulation in the regulation of enzymes of

hibolic sequences. Phosphofructo-kinase and
pyiruvate dehydrogenase. Biochemistry 7: 4041- -
—2045, 1968.

Siess, E., Wittmann, J., and ‘Wieland, 0. Interconversion
and-kinetics properties of pyruvate dehydrogenase
from brain. Hoppe-Sevylers Z. Physiol. Chem.

352: Lh7-L4s52, 1971.

Wieland, 0., Siess, E., Schulze-Wethmar, F.H., Funcke,
'H.G.V., and Winton, B. Active and inactive forms
of pyruvate dehydrogenase in rat heart and kidney:
Pffect of diabetes, fasting, and refeeding on
_pyruvate dehydrogenase interconversion. Arch.
Biochem. Biophys. l43: 593-601, 1971.

Wieland, O.H., Siess, E.A., Funcke, H.G.V., Patzelt, C.,

‘Schirmann, A., Loffler, G., and Weiss, L.

Metabolic Interconversion of Enzymes. Wieland, O.,
"Helmreich, E., and Holzer, H., eds. Berlin: .
Springer, 1972, p. 293.- :

Blass, J.P., and Lewis, C.A. Kinetic properties of
the partially purified pyruvate dehydrogenase
complex of ox brain. Biochem. J, 131: 31-37,

1973.
Ngo, T.T., and Bardeau, A. ‘Steady state kinetics of
rat brain pyruvate dehydrogenase multienzyme »

complex. J. Neurochem, 31: 69-75, 1978.

Wieland, 0.H. On the mechanism of irreversible pyruvate
dehydrogenase inactivation in liver mitochondria

Jope, R+, and-Blass, J.P. A comparison of the
regulation of pyruvate dehydrogenase in
mitochondria from rat brain and liver. Biochem.
J. 150: 397-403, 1975.



93.

9“‘-

\y/m

95.

96.

97.

98.

99.

100,

101.

loz.

- 173 -

7

Jope.nR.,'and Blass, J.P. The regulation of pyruvate
. dehydrogenase in brain in vivo. J. Neunochem.
26: 709-71L, 1976.

Tsai, C.S., Burgett, M.W., and Reed, L!J. Cc-keto
acid dehydrogenase complexes. XX. A kinetic
study of the pyruvate dehydrogenase complex from
bovine kidney. J. Bicl. Chem. 248: 8348-8352,
1973, '

Booth,, R.F.G., and Clark, J.B. The control of pyruvate
' dehydrogenase in isolated brain mitochondria.
J. Neurochem. 30: 1003-1008, 19?8. N

Wilobur, D.O0., and Portel, M.S. Development of
~mitochondrial pyruvate metabolism in rat brain.
J. Neurochem. 22: 709-715, 1974.

Keeizak, H. Effect on hypoxia, ischemia, and
barbiturate anesthesia on interconversion of
" pyruvate dehydrogenase on guinea pig brain.
FEBS Lett. 63: 149-153, 1976.

Jungas, R.L. Effect of insulin on fatty acid synthesis
from pyruvate, lactate, or endogenous sources in
adipose tissue: Evidence for the hormonal .
regulation of pyruvate dehydrogenase. Endoerin.
86: 1368-1375, 1970.

Jungas, R.L. Hormonal regulétion of pyruvate
dehydrogenase. > Metabolism 20: 43-53, 1971.

Coore, H.G., Denton, R.M., Martin, B.R., and Randle, .
P.J. Effects of insulin and adrenaline on rat
epididymal-fat-pad pyruvate dehydrogenase.
Biochem. J. (Proc. Biochem. Soc.) 123: 38p-39p,
1971.

~
Coore, H.G., Denton, R.M., Martin, B.R., and Randlef
} P.J. Regulation of adipose tissue pyruvate
dehydrogenase by insulin and other:hormones,
Biechem. J. 125: 115-127, 1971. °

Denton, R.M., Martin, B.R., Cogre, H.G., and Randle, P.J.
Properties of pyruvate dehydrogenase from fat-cell
mitochondria and its hormonal control. 3Biochem.
Jd. (Proc. Biochem. Soc.) 123: 39p, 1971.



- 17k -

‘103, Mar+tin, B.R., Denton, R.M., Pask, H.T., and Randle, v

© P.J. Mechanisms regulating adipose-tissue.
Biochem. J. 129: 763-773, 1972,

oL

104, Denton, R.M., Coore, H.G., Martin, B.R., and Randle,
P.J. TInsulin activates pyruvate dehydrogenase
in rat epididymal adipose tissue
(New Biol,) 231: 115-116, 19?%.

105. Taylor, S5.I., Mukherjee, C., and Junga . tudies
on the mechanism of activation of aéip sef tissue
pyruvate dehydrogenase by insulin. J( Biol.

’ Chem. 248: 73-81, 1973. B

106. Wieland, O0.H., Siess, E.A., Weiss, L., Loffler, G.,

4 Palzelt, C., Portenhauser, R., Hartmann, 'U.,
and Schirmann, A. Regulation of the mammalian
pyruvate dehydrogenase complex by covalent
modification. Cambridge Svmpos. Sdc. Exp. Biol.
27: 371-400, 1973.

107. Weiss, L., Loffler, G., Shirmann, A., and Wieland, -0.H.
) : Control of'-pyruvate dehydrogenase interconversion
in adipose tissue by insulin. FEBS Lett. 15:
2292231, 1971.

108. Weiss, L., Loffler, G., and Wieland, O0.H. Regulation
' by insulip of adipose tissue pyruvate
dehydrogehase. A mechanism controlling fatty
acid synthesis from carbohydrates. Ho :
Seylers Z. Physiol. Chem. 355: 363-377, 1974

109, Berman, B.G., and Halperin, M.L. Activation of

: pyruvate dehydrogenase in adipose tissue: Role
of insulin and pyruvate. Can. J. Biochem.
51: 1lshh-1547, 1973, -

110, Berman, B.G., and Halperin, M.L. Effect of insulin
. . on pyruvate metabolism in epididymal adipose
tissue of the rat. QCorrelation of intracellular
pyruvate contents and pyruvate dehydrogenase
activity. Biochem. J. 134: 885-889, 1973.

111. Sica, V., and Cuatrecasas, P. Effects of insulin,
‘epinephrine, and cyclic adenosine monophosphate
on pyruvate dehydrogenase of adipose tissue.
Biochemistry 12: 2282-2291, 1973.

*



. i - 17% -
-
11z, Schimmel, R.J., and Goodman, H.M. Effects of dibutyryl
cyclic adenosine-3'5'-monophosphate pyruvate

metabolism in rat adipose tissue. Biochim.
Biophys. Acta. 260; L53-158, 1972.

113. Tay1or, S.I., and Jungas, R.L. Regulation of
lipogenesis in adipose tissue. The significance
of the activation of pyruvate dehydrogenase by
insElin. Arch. Biochem. Biophys. 164: 12-19,
1974,

114, Stansbie, D., Dentorr, R.M., Bridges, B.J., Pask, H.J.,
and Randle, *.J. Regulation of. pyruvate
dehydrogenase and pyruvate dehydrogenase
phosphate phosphatase activity in epididymal
fat-pads! Biochem. J. 1l54: 225-236, 1976.

115, otansble. D., Brownsey, R.W., Crettaz, M., and Denton,
R.H. Regulation of pyruvate dehydrogenase and
pyruvate dehydrogenase phosphate phosphatase
activity in rat epididymal fat-pads. . Effects
of starvation, alloxan-diabetes and hlgh fat
diet. Biochem. J. 160: 413-416, 1976.

116. Severson, D.L., Denton, R.M., Bridges, B J., and
: Randle, P.J. ., Exchangeable and total calc1um
" pools in mitochondria of rat epididyme? fat-pads
and isolated fat-cells. Role in the regulation
.of pyruvate dehydrogenase agtivity. Biochem. J.
154: 209-223, 1976,

117, Crofford, 0.B., and Reneold, A.E. Glucese uptake by
incubated rat epididymal adipose tissue. Rate
limiting steps and site of insulin action. J.
Biol. Chem. 240: 14-21, 1965,

118, Vinten, J., Gliemann, J., and Osterlindes K. Exchange
of 3-0-methylglucose in isolated fat cells.
Concentration. dependence and effect of insulin.
J, Biol. Chem. 251: 794-800, 1976.

119. Denton, R.M. Hormonal regulation of fatty acid

. synthesis in adipose tissue through changes in
the activities of pyruvate dehydrogenase
(EC1.2.4.1) and acetyl CoA carboxylase (EC 6.4.1.2).
j Proc. Nutr. Soc,. 34: 217-224, 1975.
W —




- 176 - .

120, Denton, R.M., and Halperin, I.L. The control of fatiy
acid and triglyceride synthesis in rat epididymal
adipose tissue. Roles of coenzyme A derivatives,
citrate, and L-glycerol 3-phosphate. Biochem.

J. 110: 27-38, 1968.

121, Hughes, W.A&., and Denton, R.M. Incorportion of 32Pi
into pyruvate dehydrogenase phosphate in
mitochondria from control and insulin-treated
adipose tissue. Nature (New Biol.) 264: 471-
473, 1976.

122, * Denton,. R.M., Bridges, B., Brownsey, R., Evans, G.,
Hughes, W., and Stansbie, D. Regulation of the
conversion of glucose into fat in white adipose
tissue by insulin. Biochem. Soc. Trans. 5: 894 -
803, 1977.

123. Sooranna, S.R., Harper, R.D., and Saggerson, E.D.
Effects of pyruvate on- pyruvate dehydrogenase
activity and fatty acid oxidation on rat fat-
cells. Biochem. Scoc. Trans. 5: 989-992, 1977.

124, HMcCormack, J. and Denton, R.M. Evidence.that fatty
.. acid synthesis in brown adipose tissue and cold
adaption .rats is increased in vivo by insulin b
mechanism involving parallel activation of
pyruvate dehydrogenase and acetyl-ccenzyme A =
carboxylase. Biochem, J. 166: 627-630, 1977.

125, Halestrap, A., and Denton, R.M. Hormonal regulation
of adipose-tissue acetyl-coenzyme A carboxylase
by changes in the polymeric state of the enzyme.
The role of long chain fatty acyl-cocenzyme A
,thrioesters and citrate. Biochem. J. 1h2: 365-
377, 1974, , .

126. Halestrap, A., and Dentorn, R.M. Insulin and the
regulation of adipose tissue aqﬂ%yl coenzyme A
carboxylase., Biochem. J. 132: 509-517, 1973.

»

127." Volpe, J.J., and Vagelos, P.R. Mechanisms and
regulation of biosynthesis of saturated fatty
acids. Physiol. Rev. 56: 339-417, 1976.

128. Brownsey, R.W.,.Bridges, B.J., and Denton, R.M. = -
Effects of fluoroacetate and (-)-Hydroxycitrate
on fatty acid synthesis in rat epididymal adipese
tissue, Biochem. Soc. Trans, %5 1286-1288, l9?ﬁﬁ\J

+

-
e

~



129.

132.°7

133,

1341

135.

136, ,

- 177 -

iuknerjee, C., and Jungas, R.L. Activation of pyruvate
dehydrogenase in adipose tissue by insulin.
Evidence for an effect on insulin on pyruvate
dehydrogenase phosphate phosphatasenr Blochem.
J. 148: 229-235, 1975.

Schiller, C.M., Taylor, W.M., and Halperin, M.L.
Control of fatty acid synthesis in white adipose
tissue by insulin: Coordination between the
mitochondrial citrate transporter and pyruvate
dehydrogenase, Can. J. Biochem. 52: 813-821,
1674,

Paetzke-Brunner, 1., Schon, H., and Wieland, O.H.
Insulin activates pyruvate dehydrogenase by
lowering the mitochondrial acetyl-CoA/CoA ratio
as evidenced by digitonin fractionation of
isolated fat cells. FEBS Lett. 93: 307-311,
1978,

" Wieland, 0. Proc. of 7th Congresg-of National Diabetes

Federation (Buenos Alres). P.R. Rodriguez and
J. Valance-Owen, eds. Amsterdam: Excerpta
Medica, 1970, p. 18k, :

Secling, H.D., Bernhard, G., and Janson, G.
Interconversion of inactive and active pyruvate
dehydrogenase in rat liver after fructose
application in _vivo. FEBS Lett., 13: 201-203,
1971.

Stucki, J.W., Brawand, F., and Walter, P. Regllation
of pyruvate metabolism in rat liver mitochondria
by adenine nucleotides and fatty acids. Europ.
J. Biochem., 27: 181-191, 1G72. .

1

Portenhauser, R.,‘and Wieland, 0., Regulation of
pyruvate dehydrogenase in mitochondria of rat
liver. ERurop., J. Biochem. 31: 308-314, 1972.

Wieland, 0.H., and Portenhauser, R. Regulation of

pyruvate dehydrogenase interconversion in rat
liver mitochondria as related %o the

- phosphorylation state of intramitcchondrial
adenine nucleotides. Europ., J. Biochem. 45:
577-588, 1974.

Sa -



137.

138.

139.

141,

142,

143,

iLLLl» .

145,

- 176 -

Sukarai, T., Miyazawa.’S., Shindo, Y., and Hashimoto,

T. The effect of tryptophan administration on
fatty acid synthesis in the liver of the fasted
normal rat. Biochim. Biophys. Acta. 360: 275-
288, 1974. -

Lombardo, Y.B., and Menahan, L.A. Pyruvate

dehydrogenase activity in several tissues of
genetically obese hyperglycemic mice. Life
SCi. 22:. 1033"10!‘4’21 19_78|

Jomain-Baum, M., an@ Hanson, R.W. Regulation of

hepatic glaconeogeneSLS in the guinea pig by
fatty acids and ammonia. J. Biol. Chem. 250:
8978-8935, 1975.

Jomain-Baum, M., Ogata, K., Weinhouse, S., and

Hanson, R.W. Competition for NADH by mitochondrial
dehydrogenases in rat and guinea pig livers.
J. Biol., Chem. 253: 2140-2147, 1978.

Roche, T.E., and Cate, R.L. Evidence for lipoic acid -

mediated NADH and acetyl CoA stimulation of
"liver and kidney pyruvate dehydrogenase kinase.
Biochim. Biophys. Res. Comm. 72: 13753-1383, 1976.

Xnowles, 3.E., and Ballard, F.J.  Pyruvate

dehydrogenase actlv1ty in rat liver during
development. Biol. Neonate. 24: 41-48, 1974,

Baiiey, K., Hahn, P., and Palaty. V. Pyruvate

dehydrogenase activity in liver -and ,brown fat
of the developing rat. Can. J. Biochem. 54:

VY '534-538, 1976.
Wieland, 0., Siess, E., and Schulze-Wethmar, F.H. ’ .

Interconversion of phospho- and dephospho- forms

of mammalian pyruvate dehydrogenase in vitro,

.and its occurrences in-vivo. In: First i
International Sympscium on Metabolic Interconver51on

of Enzymes (Abstract), S..Margherita, Italy,
May 18-20, 19?0n

Wieland, 0.H., Patzelt. C., and Loffler, G. Active

and inactive forms of pyruvate dehydrogenase
in rat liver. Europ. J. Biochem. 26: 426-433,
1972, . ‘




146,

Wy,

148,

149,

150.

151,

152.

153.°

Soling, H.D., Willms, B., and Janson, G. Ketogenic
action of fructose in the isolated perfused
rat and guinea-pig liver.  FEBS Tett. 11:
324-327, 1970. .

Batenburg, J.J., and COlson, M.5. The inactivation
of pyruvate dehydrogenase by fatty acid in
isolated rat liver mitochondria. Bilochem.
Biophys. Res. Comm. 66: 533-540, 1975.

Topping, D.L., and Mayes, F.A. The immediate effects
cf insulin and fructose on the metabolism of
the perfused liver. Changes in lipoprotein

secretion, fatty acid oxidation and

esterification, lipogenesis and carbohydrate
metabolism. Biochem. J. 126: 295-311, 1972.

Batenburg, J.J., and Olson, M.S. Regulation of
pyruvate dehydrogenase by fatty acid in °
isolated rat liver mitochondria. J. Biol.
Chem. 251: 1364-1370, 1976.

Paylor, S.I., Mukherjee, C., and Jungas, R.L..
Regulation of pyruvate dehydrogenase in isolated
rat liver mitochondria. Effects of octanoate-
oxidation-reduction state, and adenosine
triphosphite to adenosine diphosphate ratio.

J. Biol. Chem. 250: 2028-2035, 1975.

Yansford, R.G. Studies on inactivation of pyruvate
dehydrogenase by palmitoylcarnitine\oxidation
in isolated rat heart mitochondria, J. Biol.

- Chem. 252: 1552-1560, 1977.

Walajtys-Rode, E.I. Studies on the influence of fatty
acids on pyruvate dehydrogenase interconversion
in-rat liver mitochondria. Europ. J. Biochem.

71: 229-237, 19?6.

_Dennis, S.C., DeBuysere, M., Scholz, R., and Olson,

M.S. Studies on the regulation between
ketogenesis and -pyruvate oxidation in isolated ’
rat liver mitochondria. J. Bicl. Chem. 253:
2229-2237,- 1977.

"Cate, R.L., and Roche, T.E. A unifying mechanism for

stimulation of mammalian pyruvate dehydrogenase

kinase by reduced nicotinamide ‘adenine a
dinucleotide, dihydrolipoamide, acetyl coenzyme A
or pyruvate. J. Biol. Chem. 253: L496-503, 1978.

-

»



- 180 -

155. Roche, T.E., and Ca%te, R.L. Evidence for lipoic acid
' mediated NADH and acetyl-Co4 stimulation of
liver and kidney pyruvate dehydrogenase kinase.
Biochem. Biophys. Res. Comm. 72: 1375-1383, 1976.

156. Roche, T.E., and Cate, R.L. Purification of porcine
liver pyruvate dehydrogenase complex and
characterization of its catalytic and’
regulatory properties. Arch. Biochem. Eiophys.
183: 664-677, 1977. ) :

157, Topping, D.L., Goheer, M.A., Coore, H.G., and flayes, 3
P.A. Regulation by insulin and free fatty acids -
of pyruvate dehydrogenase activity in perfused
rat liver. Biochem. So¢c. Trans. 5: 1000-1001,
19777 |

158, Randle, P.J. Regulation of glycolysis and pyruvate

oxidation in cardiac muscle. Circ. Res. 38:

8-15, 1976. «

159, Wieland, 0., Weiss, L., Loffler, G., Brunner, I., and
Baird, S. Metabolic Interccnversion of Enzymes.
Fischer, E.B., Krebs, E.G., Neurath, H., and
Stadtman, F.R., eds.eBerlin: Springer-Ferlag,
1974% p. 117-129. :

160. Randle, P.J., England; P.J., and Denton, R.M. Control
of the tricarboxylate cycle and its interactions

with glycolysis during acetate utilization in -
rat heart. Biochem. J. 117: 677-695, 1970. %f‘
161. Buse, M.G., Biggers, J.F., Drier, C., and Buse, J.F.

The effects of epinephriné&, glucagon, and the
nutritional state on the oxidatipn of branched
chain amino acdids and pyruvate by isclated
hearts and diaphragms of the rat., J. Biol., Chem.
2L8: 697-706, 1973. '

162.  Hansford, R.G., and Cohen, L. Relative importance of
pyruvate dehydrogenase intérconversion and .
feed-back inhibition in the effect of fatty *
- acids on pyruvate oxidation by rat heart .
mitdchondria. Arch. Biochem. Biophys. 191: 65-
. Bl, 1978, o

163. Olson, M.S., Dennis, S.C., DeBuysere, M.S., and Padma,
A. The Regulation of pyruvate dehydrogenasle in
the isolated perfused rat heart. J. Biol. Chem,
253: 7369-7375,

2 ~



164.

165-

166.

170.

171.

Portenhauser, R., Wieland, 0.H., and Wenzel, H.
Regulation of pyruvate dehydrogenase in heart
‘mitochondria. Hoope-Seylers Z. Physiol. Chem.

358: 647-658, 1977.

%vans, J.R., Opie, L.H., and Renold, A.E. Pyruvate
Metabolism in the perfused rat heart. Am. J.
Physiol. 205: 971-976, 1943.

Garland, P.B., Newsholme, E.A., and Randle, P.J.
Regulation of glucose uptake by muscle.
9. Effects of fatty acids and ketone bhodies,
and of alloxan-diabetes and starvation on
pyruvate metabolism and on lactate/pyruvate and |
.L—glycerol—3—phosphate/dihydroxyacetone phosphate
concentration ratios in rat heart a rat

diaphragm muscles.

1964.

Bremer, J. The effect on acylcarnitines on the
metabolism of pyruvate in rat-heart mitochond&
Biochim. Biophys. Acta. 104: 581-590, 1965.

Wieland, 0.H., von Jagow-Westermann, B., and Stukowski,

Biochem. J. 93: §5—678

.#\ . d

B. Kinefic and regulatory properties of heart
muscle pyruvate dehydrogenase. Hoppe-Seylers

7. Physiol. Chem. 350: 329-334, 1969.°

Kerbey, A.L., Radcliffe, P.M., and Randle, P.J. .
: Diabetes and the control-of pyruvate dehydrogenase
in rat neart mitochondria by concentration ratios
‘s of adenosine triphosphate/adenosine diphosphate,
- of reduced/oxidized nicotigamide-adenine .
q‘of acetyl-coenzyme A/Coenzyme A.
X 509-519, 1977.

Neely, J.R., Denton, R.M., England, P.J., and Randle,
P.J. The effects of increased heart work on
the tricarboxylate cycle and its interactions .

dinucleotide an
“Biochem. J. 164

with glycolysis in the perfused rat heart.
: 147-159, 197z,

Biochem, J. 128
-
Hiltunen, J.K., and H

assinen,

I.E. Energy-linked

regulation of glucose and pyruvate oxidation a
‘in isolated perfused rat heart. Role of pyruvate

dehydrogenase.
377-390, 1976.

Biochim.

Biophys. Acta. #40:

A}

<



- 182 -

172, Randlie, P.J., Denton, R.M., Pask, H.T., and Severson,

-«

D.L. Calcium ions and the regulation of

. pyruvate dehydrogenase. Biochem. Soc. Symp.

39: 75-88, 1974, =~

173. Brostrom, C.0., Hunkelef, F.L., and Xrebs, E.G. The

regulation of skeletal muscle phosphorylase
Kinase by Ca2t, J. Biol. Chem. 246: 1961-1967,
l97ln -

174, . Lorini, M., and Ciman, M. Hypoglycaemic actién of

diisopropyl-ammonium salts in experimental
diapetes., Biochem. Pharmacol. 11l: 823-827,
1962.

175. Stacpoolé, P.W., and Felts, J.M. Diisopropylammonium

176, Stacpqdle, P.W., 'and Felts, J.M. Diisoproplylammonium

dichloroacetate and sodium dichloroacetate;
effect on glucose and fat metabolism in normal
_and diabetic tissue. Metab. 19: 71-78,°1970.

dichloroacetate: Regulation of metabolic
intermediates in muscle of alloxan-diabetic
rats. Metab., 20: 830-834, 1971.

¥

1770 Rahdle; P.J. Blood glucose homeostasis - glucose

U

utilization., In: Pathogenesis of Diabetes
Mellitus. Proc. 13th Nqbel Sympos., Stockholm,
September 1969. Cerasi,‘E., and Luft, R., eds.
New York: Wiley Interscience Division, J. Wiley,
and Sons, 1970, p. 174-194. .

178. McAllister, A., Allison, S.P., and Randle, P.dJ.

}

Effects of dichloroacetate on dhe metabolism of
glucose, pyruvate, agetate, 3-hydroxybutyrate
and palmitate in rat diaphra and heart muscle
in vivo and on extraction of%ﬁlucose, lactate,
pyruvate and free fatpy acids by dog heart in
vivoe. Biochem. J. 134: 1067-1081,-1973.

179. Whitehouse, S., Cooﬁer, R.H., .and Randle, P.J.

Mechanism of activation of pyruvate dehydrogenase
by dichloroacetate and. other halogenated ’
carboxylic acids. Biochem. J. 141: 761-774,
1974. '

180. Schuster, S.M., Olson, M.S., and Routh, C.A. Studies

on the regulation of pyruvate dehydrogenase in ‘
 isolated beef heart mitochondria. Arch. Biochem,
'Biophys. 171: 745-752, 1975

$



- 183 -~
181. Portenhauser, R. Inte conversiog of pyruvate
dehydrogenase iw mitochondria from ra% heart,

Fed. Europ. Biochem. Soc. (9th Meet.—Abst.)‘f\\J R
o Ezv 197@ !

182. Walsh, D.A., Cooper, R.H., Denton, R.M., Bridges, B.J.
: - and Randle, P.J. The elementary reactions of
the pig heart pyruvaje dehydrogenase copplex.
Biochem. J. 157: 41-67, 1976,

183. Read, G., Crabtree, B., and Smith, G.H. The activities
' of 2-oxoglutarate dehydrogeriase and pyruvate
dehydrogenase in hearts and mammary glands from
ruminants and non-ruminants. Biochem. J., 164:
349-355, 1977.

18%.  Siess, E.A., and Wieland, 0.H. ,Cellular distribution
of pyruvate dehydrogenase phosphatase. Activity
of normal, hyperinsulinized and diabetic rats.
FEBS Lett. 65: 163-168, l93§.'

»

185, Hayakawa, T., Hirashima, M4, Hamada, M., and Koike, M.
Effect of wvarious bivalent cations and chelating
. agents on the oxidative decarbvoxylation of
C<-keto acids. Biochim. Biophys. Acta. 128: .
5747576, 1966. . -

186. Krebs, H.A., and Henseleit, K. Utersuchungen uber
ide harnstaff bpilduhg in tierkorper. Hoppe-
Seylers Z. Physiol. Chem. 210: 33-66, 1932.

'187.  Umbreit, W.W., Burris, R.H., and Stauffer, J.F.
Manometric Techniques, 4th ed. Minneapolis,
Missouri: Burgess Publishing Company, 1972,
p. 132.

188, Ruderman, N/B., Toews, C.J., and Lowy, C., Vreeland,
I., and Shafrir, E. 'Inhibition of hepatic
gluconeogenesis and fatty acid oxidation by
pent-4-encic acid: Amer. J. Physiol. 219:
~51-57, 1970. - ’

rw/\

. J
189. Wollenberger, A., Ristau, 0., and Schoffa, G. Eine
: einfache technik der extrem schnellen
abkuhlung grosseres gewegestucke. Pflugers
Arch. Gesamte Physiol. Menschen Tiere., 270:
399-412, 1960.




Edington, D.W., Ward, G.R., and Saville, W.A. Energy
metabolism of working muscle: Concentration
profiles of selected metabolites. Amer. J.
Physiol., 224: 1375-1380, 1973.

161. Edwards, R.H.T., Jones, D.A., Maundér..C., and Bazra,
’ G.J. HNeedle biopsy for muscle chemlstry.
Lancet I: 736-740, 19754 :

=
0
o

-

19z. Edwards, R.H.T., Haxris, R.C., Hultman, E., Kaijser,,
L., Hog, D., and Nordesjo, L-0. Effect of
temperature on muscle energy metabolism and
endurance during successive isomeiric
contractions, sustained to fatigue, of the:
quadriceps muscle in man. J. Physiol, 220:
335-352, 1972,

yé3. Bergstrom, J. Muscle el¥ctrolytes in man. Determined
by neutron activatfon analysis on needle biopsy
specimens. A study on normal subgects. kidney
: patients and. patfents with chronic diarrhoea.
Scand. J. Clin. Wab. Invest. 14: Suppl. 68, 1962.

)

194, Jones, N.L., Campbell, §.J.M., Edwards, R.H.T., and
. Robgrts D.G.,~Clinical Exertise Testing.
Tordnto: : aunders Company, 1975,

L3

195. Reybrouck, T., Helgenhauser, G.F., and Faulkner, J. A"
Limitation to haximum oxygen uptake in arm, leg
and combined arm-leg ergometry. J. Aupl
Physiol..38: 774-779, 197s5.

196. Bergmeyer. H.U. Methods of Enzymatic Aﬁaly51s.
: London, England: Academlc P*ess,ol963

“197.° Passonneau, J.V., and.Lauderdale, V.R. A comparison_
- of three methods of glycogen measurement in
tissues. Anal. Biochem. 60: L05-412, 1974,

198. Nahorski, S.R., and Rogers, K.J, An enzymatic
fluorometric micdro method for determination of
glycogen. Anal. Biochem, 49: 492-497, 1972.

199. Lowry, 0.H., and Passonneau, J.V. -.A Flexible System
) of Enzymatic Analysis. New York: Academic
Press, 1972. S N




- 185 -

‘A

200. Toews, C.J., Lowy, C., and Ruderman, N.B. The
regulatlon of gluconeogenesis. Effect of pent-
L4-enoic acid on gluconeogenesis metabolite
concentrations of isolated perfused rat liver.

Jde Biolo Chem- 2“’5: 818-824, 19700 ’

201. Chappell, J.B., and Hansford, R.G. Preparation of
mitochondria .from animal tissues and yeast.
In: Subcellular Components: Preparation and
Fractionation. Birnie, G.D., ed. London,
England:  Butterworth (In U.S.A. Baltimore:
University Park Press, 1972), p 77-91

202. Hansford, R.G. Contrel of tricarboxylate-cycle
oxidations in blowfli flight muscle. - Biochem.
J. 142: 509-519, 197

203. - Lowry, 0.H., Rosebrough N.J., Farr, A.L., and
Randall, R.J. "Protein measurements w1th the

® rolin phenol reagent. J. Biol. Chem. 193:
. 265-275, 1951,

204, Holloszy, J.0. Biochemical adaptations in muscle.
Effects of exercise on mitochondrial oxygen
uptake and respiratory enzyme activity in

_skeletal muscle. J. Biol. Chem. 242: 2278-
2282, 1967, CT .

205, Saltin, B., and Astrand, P-0. Maximal cxygen uptake
insathletes. J. Appl. Physiol. 23: 353-358,
1970 :

206, Hermansen, L., and Saltin, B. Oxygen uptake durlng
maximal treadmill and bicycle exercise. J.
- Appl. Physiol. 26: 31-37, 1969.

207. Chrlstensen, E.H., and Hansen, 0. I. Zur methodik
) dér respiratorischen quotient-bestimmugen in
ruhe und arbeit. II. Untersuchungen uber die
" verbvrennungsvargange bel langdauernder, '
schwerer muskelarbeit. III. Arbeltsfahlgkelt ’
und ernahrung. Scand. Arch. Physiol. 81: 152-
160 - 1939, il

-

‘2%8. Baker, P.G., and Mottram, P F. The metabolism of
exercising human muscle. J. Physiol. (London)
19L|': 64P-65Py 1968l ' »

-



209.

210,

211.

212.

- 186 -

k4

Bergstrom, J:, and Hultman, E. . The effect of exercise
on muscle glycogen and electrolytes in normals.
Scand. J. Clin. Lab. Invest. 18: 16-20, 1966.

Havel, R.J., Pernow, B., and Jones, N.L. Uptake and
release of free fatty acids and other metabolites
in legs of exercising men. J. Appl. Physiol.

23: 90-98, 1967.

Havel, R.J., Carlson, L.A., Ekelund, L.G., and
Holmgren, A. Turnover rate and oxidation of
different free fatty acids in man during exercise.
J. Appl. Physiol. 19: 613-618, 1964.

Havel, R.J. Influences of intensity and duration of

;\nﬂz///————aexercise on supply and use fuels. In: Advances
in Experimental Medicine and Biology. Vol. XTI

'213.

214,

215.

216.

Muscle Metabolism During Bxercise. Pernow, B.
and Saltin, B., eds. New York: Plenum Press,
19?1, p. 315-325. . , N

Therriault, D.Ge, Beller, G.A., Smoake, J.A., and
Hartley, L.H. - Intramuscular energy sources in
dogs during physical work. J. Lip. Res. 1bk:
54-60, 1973.

Felig, P. and Wahten, J. Interrelationship between
. amino acid and carbohydrate metabolism during
exercise. The glucose-alanine cycle. In:
Muscle Metabolism During Exercise. Pernow, B.
and Saltin, B., eds. New York: Plenum Press,
1971, p. 205. ‘ ‘

Mallette, L.E., Exton, J.H., and Park, C.R. Control
of gluconeogenesis from amino acids in the
perfused rat liver. J. Biol. Chem. 2K4: 5713-

. 5723, 1969. .

Carlson, L-A, and Pernow, B. Studies on blood lipids
during exercise. II. The arterial plasma-free
fatty acid concentration during and_after
exercise and its regulation. J. Ldb. Clin. Med.’
58: 673~681, 1961. ’

217. "[arlson. L—ﬁi and'Pefnqw, B. Studies on blood lipids

during exercise. I. Arterial and venous plasma
concentrations of unesterified faitty acids.
J. Lab. Clin., Med. 53: 833-841, 1959.

~




218. Carlson, L-A., and Mossfeldt, F, Effects of
prolonged, heavy exercise on the concentiration
of plasma lipid and lipoproteins in man. Acta.
Physiol. Scand. 62: 51-59, 1964,

219. Bloom, B., and Stetten, D., Jr. Pathways of glucose
' catabolism. J. Amer. Chem. Scc. 75: 5446,
- 1953,

220. Carlson, L-A.,.and Pernow, B. Studies on the.
peripheral circulation and metabolism in man.
I. Oxygen utilization and lactate-pyruvate
formation in the legs at rest and during
exercise in healthy subjects. Acta. Physiol.
Scand. 52: 328-336, 1961.

221. Pernow, B., and Wahren, J. Lactate and.pyruvate
' : formation and oxygen utilization in human
forearm muscles during work of high intensity
and varying duration. Acta. Physiol. Scand.
56: 267-274, 1962.

222. ‘Robinson, B.H., Gall, D.G., and Cutz, E. Deficient
activity of hepatic pyruvate dehydrogenase and
pyruvate carboxylase in Reye's Syndrome.
Pediat. Res. 11: 279-281, 1977.

223. Robinson, B.H., and Sherwood, W.G. Pyruvate
_dehydrogenase phosphatase deficilency: A cause
"of congenital chronic lactic acidosis in infancy.

Pediat. Res. 9: 935-939, 1975.

- 224, Stromme, J.H., Borud, 0., and Moe, P.J. Fatal lactic
acidosis in a newborn .attributable to a
congenital defect of pyruvate dehydrogenase
Pedlat Res. 10: 62-66, 1976.

225, Sooranna, S.R., and Saggerson, £.D. Interactions of
' insulin and adrenaline with glycerol phosphate
acylation processes in fat-cells from rat.
FEBS Lett. 6é4: 36-39, 1976.

226. Smith, S.J., and Saggerson, E.D. Regulation of
pyruvate dehydrogenase activity in rat
epididymal fat-pads and isolated adipocytes by
adrenaline. Biochem. J. 174: 119-130, 1978.



- 188 -

227. Edington, D.W., and Cosmos, A.C. Effect of maturation
and training on mitochondrial size distributions
: in rat hearts. J. Appl. Physiol: 33: 715~718,

- * 19720 : [

228,  Laguens, R.P., Lozada, B.B., and Gomez-Dumm, c.L.
Effects of acute and exhaustive exercise upon
the fine structure of heart mitochondria.
Experientia, 22: 24b-246, 1966,

229. Barnard, R.J., Edgerton, V.R., Furukawa, T., and
Peter, J.B. Histochemical, biochemical and
contractile properties of red, white and
. intermediate fibers. Amer. J. Physiol, 220:
Lio-4, 1970.

230, Williamson, J.R. Metabolic effects of epinephrine in
the isolated, perfused rat heart. -J. Biol.
Chem. 239: 2721-2729, 1964,

231, Willebrands, A.F., and Tasseron, S.J.A. Effect of
hormones on substrate preference in isolated
rag heart. Amer. J. Physiol. 275: 1089-1095,
19 8- .

232. Hutson, N.J., and Randle, P.J. Enhanced activity of
pyruvate dehydrogenase kinase in rat heart
mitochondria in alloxan-diabetes or starvation.

FEBS Lett. 92: 73-76, 1978,

.233.  Ohlen, J., Siess, E.A., Loffler, G., and Wieland, 0.H.
The effect of insulin on pyruvate dehydrogenase
interconversion in heart muscle of alloxan-

diabetic rats. Diabetologia. 14: 135-139, 1978.

234, Randle, P.J. Apparent reversal of insulin resistance
in cardiac muscle in alloxan-diabetes by ,
>_Bromosiearate. Nature (London) 221: 777,
1969. .

235. Scholz, R., Olson, M.S., Schwab, A., Schwabe, U.
Noell, C., and Braun, W. The effect of fatty
acids on:the regulation of pyruvate dehydrogenase
in perfused rat liver. Europ. J. Biochem. 86:
519-530, 1978.

236. Cook, G.A., Sullivan, A.C., and Ontko, J.A. Influences
of intracellular pyridine nucleotide redox states..
on fatty acid synthesis in isolated rat .
hepatocytes. Arch. Biochem. 179: 310-321, 1977.




237.

238.

239.

240 *

241,

2h2.

243,

2 qu L]

2’4’5 .

- 189 -

Hemmig, G., Loffler, G., and Wieland, 0.H.” Active
and inactive forms of pyruvate dehydrogenase
in skeletal muscle as related to the metabolic

~and functional state of the muscle cell. FEBS
Lett. 59: 142-145, 1975,

Hage, S.A., Taylor, S.I., and Ruderman, N.D. Glucose
metabolism in perfused skeletal muscle.
pyruvate dehydrogenase activity in starvation,
diabetes, and exercise. Biochem. J. 158: 203-

Ruderman, N.B., Goodman, M.N., Berger, M., and Hagg,
S, Effect of starvation on muscle glucose
metabolism: Studies with the isolated perfused
rat hindguarter. Fegb. Proc. 36: 171-176, 1977,

tansbie, D. Regulation of the human pyruvate
dehydrogenase complex. ‘Clin. Sci. and Molec.
Med. 51'- 4“’5-1‘;’52, 19?6- .

. Ward, G.R., Sutton, J.R., Jones, N.L., and Toews, C.J.
The activation of skeletal muscle pyruvate
dehydrogenase by exercise. Abstract. 9th
Canadian Assoc. Sports Sci. Ann. Meeting,
Ottawa, 1975.

Ward, G., Sutton, J., Lin, J., Jones, N., and Toews,
C.J. The activation of human skeletal muscle
pyruvate dehydrogenase by exercise. Clin. Sci. |
23: 640A, 1975.

Ward, G.R., and Toews, C.J. The role of pyruvate
dehydrogenase activation in human skeletal
muscle during exercise. Student Sympos. in
Sports Medicine. University of Iowa, Iowa City,
Towa. .In: Sports Medicine Bulletin, Fall edit.-
1976. 3 '

Ward, G.R., and Toews, C.J. Pyruvate dehydrogenase
activation as a control in human skeletal
muscle., Canadian J. Appl. Sport Scgi. 2: 217,
1977. .

moews, C.J., Ward, G.R., Leveille, R., Sutton, J.R.
and Jones, N.L. Regulation of glycogenolysis
and pyruvate oxidation in human skeletal muscle
'in vivo. Diabetes Suppl. 28: 100-102, 1979.

+



- 190 -
L\

jii;16. Steiner, A.L., Paglian, A.S., Chase, R.L. and Kipnis,
P.M. Radioimmunoassay for cytlic nucleotides.
II. Adenosine 3',-5'monophosphate in mammalian
tissues and body fluids. J. Biol. Chem. 247:

1114, 1972,

-

1





