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~stimulates PDH, for'S_veeks,”after which glucose oxidation rates were

ABSTRACT

The acute and chronic effects of elevated fatty acid levels
¥

on myocardial glucose oxidation and cardiac function in diabetes were.l

investigated,- Administration of agents which activate pyruvate

debydrogenase'(PDH) by inhibiting fatty acid oxidation at carnitine = -

palmitoyltransferase.lA(CPT‘I) can reverse depressed myosin ATPase

_activity in diabetic rat hearts via regulation of myosin isoenzyme

production. In the first study, chronicallyfdiabetic rats were

administered-dichlorgzcetate (DCA); an agent which directly

o

/

measured as 14002 oroductiOn from }QC-glucose in fatty

., acid-perfused isolated working hearts. Depressed,glucose okidation

»

rates in diabetic rat hearts were increased by DCA treatment.

Ca2+-activated myofibril ATPase activity, measured in hearts from
4

N £
the same animals,lwas depressed in untreated diabetics, but was

comoletsly normalik;d by DCA treatment. 'However,vdepressed cardiac
. A . N w0
function~in diabetic'rats was not. increased by DCA treatnent.f In the
;o "%, S :
absence of increase serum thyroxine in DCA treated diabetics these
vsl

data suggest that a metabolic signal related to’ glucose oxidation

regulates ATPase activity or: cardiac myofibrils, probably by

affecting myosin isozyme expression

3

‘In the sscond study, the acute effects of fatty acids on
glucose oxidation and function were studied in isolated working
hearts from chronically diabetic rats. In control hearts, the

presence of 1.2 oM palmitate in the perfusate.produced a marked

'13-fold decrease in'glucose oxidation, to rates seen in diabetic rat

3

14



hearts peffu;ed;witﬂ gicCOse alone. The presence of paluiz:te
;resulted rn alﬁost.coﬁpiete suﬁpreseioﬁ of glucos..gxidation in
diabetic rat heerts; Direct measurement of erbgencue palmitete
’oxidation showed no difference between control and diabetic rat
" hearts. Cardiac function was reduced 1n diabetic rat "hearts cnder
both substrate conditions. 'Addition of the CPT I.inhibitor,‘Etomoxir
‘(10'6 M)J'significantly‘increased glucose oxidation retee in ail
fconditrdcs, but the increase‘vas smaller 1nvdr;betic;palmitate
perfused ret ﬁéarts;lvEtomoxir did hot reduce'exogencus pplmitete
 ox1dation‘rates.or;citrétellevele._ Anzihcreaseeiﬁ.cardiac‘functi
maini& due to 1ccreased heart rate was-obserQed after addition of /’.
Etomoxir to palmitate perfused cOntrol and diabetic rat hearts. “;{
lThese data suggest that acutely reversible effects of fatty acids can
contribute to reduced myocerdial glucose oxidation and fupcticntin

a

diabetes. .
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CHAPTER 1: INTRODUCTION.

Epideniologica}\studiesfdeqonstrate that the increased incidence of
heart disease and incidence of congestive heart'faiiure‘in patients
with diabetes meliitus is-partly attributable to an inherent

cardiomyopathy independent of atherosclerosis (for reviews see

Kannel and McGee, 1979; Kannel 1985 Kereiakes et al., 1984). For

«
3

instance, survival after nyocardiallinfarction is reduced in patients
with diabetes}(Kannel and McGee, 1979).; Experimentaliy, a greater f
sﬁsceptibilit& to ischemic insult has.been'suggested‘by'studies.in
isolated working hearts from diabetic rats (Feuvray et al. , 1979;
Hekimian and Feuvray, 1986) . This may be related to fatty acids
>(Lopaschuk and Spafford 19888 b), which are increased inxthe blood
-.and myocardium of the diabetic (Denton and Randle 1967,_Paulson and
1Crass~ 1982; Murthy and.Shipp, 1977; Lopaschuk and Tsang, 1987).
Even in the absence of diabetes, perfusion of‘working hearts with
-£atty acids can increase the severity of ischemia (Liedtke et al.
1984 DeLeiris and Opie, 1978; Lopaschuk et al, 1988). 1In

non- ischemic hearts, impaired cardiac performance in diabetics in?

responsejto high»work demand}has‘been denonstratEd ‘in both'clinical
studies, such as during exercise (Fisher et al., 1986, 1987; Vered et
al., 19BA Mildenberger et al,. 198&)'and'in isolated working rat -

heart preparations where work was increased by increasing preload

and/or afterload or by cardiac pacing (Miller 1979; Penparkgul et



S
.

] ) s 2
P ol o . . N
al. 1980 Vadlamudi et al , 19825 Garber and Neely, 1983). o
& - . .
) ~ One experimental model used to demonstrate impaired cardiac
. B ‘ [—— N N -
performance in diabetics is the isolated rking diabetic rat h’art.
, .

At physiologic: workloads, reductions in Ieart rat€ (HR) and,peak
systolfc pressure (PSP) occur (Miller 1979 Ingebretsen ot’ al
l§80; genparkgul et al., 1980; Vadlamdﬁi et al. 1982 Garber and
Neely, 1983)' Contractile function (as. measured hm changes in left
. ventricular dP/dt) is also impaired in response to an increasing
range of left atrial filling pressure (Miller 1979; Penparkgul et
al., 1980: Vadlamudi et al., l982; Ingebretsen et al., 1980;_Barbee :
t et al., 1988). At maximal Lorkloads;elicited by increaSing left-
atrialhfilling pressure‘and aortic’afterload, HRXPSP is reduced ;s»t
Qresult of louer HRvand ?SP. Depressed left ventricular +dP/dt at
high worhload"cannot be corrected in diabetic rat hearts even when'hR
ss‘\a.nd PSP are normalized by electrical pacing and adjustment of aortic
afterload (Garber and Neely, f983). Insulin injections can prevenf’*.
the functiohal changes, or reverse such changes occurring after abouc
) 6 weeks of.diahetes, 1if insulin treatment is continued for 4 weeks

(Tahiliani et al. , 1983; Fein et al., 1981, 198& Garber et al.

1983; Rubinstein et al.,“1984)4_.Functional changes occurring‘over 5

-

months of'diabeteS'could not be reversed“by 4 weeks of ‘insulin
treatment however (Tahiliani and HcNeill 1984). Reduced
; contractility has also been demonstrated directly in isolated
papillary muscle preparations as prolonged time to peak tension and
time to half relaxation in isometric studies, and prolonged time to ‘

peak shortening and decreased shortening velociry during isotonic

contractiop (Fein et al.,,l989)y»'



' Several biochemical mechanisms can be invoked to account for *
r-

(the functional changes that occur in the diabetic rat myocardium

The decreased heart rate appears as early as aa hours after induction
of chemical diabetes and can be noted;in the ‘spontaneously diabetic
"BB" Uistar rat as soon as 24 hours after insulin withdrawal (Garber
and Neely, 1983; Lopaschuk and Spafford 1988a; Lopaschuk and Tsang,
: 1987). The reduction in heart rate may "be related to altered
{electrophysiology of the systems responsible for generation of the
pacemaker potential. The membrane properties ‘wihich determine the
pacemaker behaviour are changes in permeability to K+ "Na

and/or caZ* during diastole. In,this regard, Sauviat and ‘Feuvray ‘ 4’
(1986) have demonstrated prolonged actibn potential.duration and
repolarization time, as well as ‘greater reductions'in maximal rate of

N < s

action potential development in response ‘to Jecreasing external

o,

'cffp 2% concentration, in diabetic rat papillary muacles Other
-.fauthors have also noted greater sensitivity to externall"Ca2+

deprivation (Bielefeld et’ al , 1983) or altered function of

Nat-k* ATPase (Fein et al. 1983 Ku and Sellers, 1982' Pierce;and

Dhalla 1983), which may also be related to decreased intrinsic heart

rate in diabetic rats. Depressed sarcolemma or sarcoplasmic

reticulum Ca2+ fluxes or reuptake or binding by these systems

‘

(Lopaschuk et al., ‘1983; Pierce'et al., 1983), may contribute to

impaired activation or relaxation of cardiac muscle in the diabetic

- A major determinant of contractility of cardiac muscle is the
myosin ATPase acti;¥E This is demonstra‘=d by good correlationS'
lbetveen maximal shortening velocity of isolated papillary muscles

»

4
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.
(Vmax) and‘activity of myosin ATPase (Hamrell and low, 1978; Maugham
et al., 1979). Cardiac myosin In rats exists as three isoenzymes
with varying ATPase activity (ATPase activity increases from V3-V1)
which are diatinguishable by native pyrophosphate gel electrophoresis
(Hoh et al., 1978).‘ Two myosin heavy chain (MHC) types (a and
B) which are encoded by distinct gene; (Hahdavi-et,al., l9d6)
form three possible MHC dimers in myosin. Thus, V1 myosin contains
an aa homodider, V2 anaf heterodimer, and V3 a 88
homodimer ‘(Hoh et al.; 1979). The myosin isozyme distributioo can be

correlated with mechanical indices of contractility (Schwartz et al.,

1981; Ebrecht: et al., 1982; Pagani and Julian, 1984; Lecarpentier et

‘al., 1987; Holubarsch et al., 1985). Measurement of ATPase activity
: ¥

of intact myofibrils is suggested to be a physiologically relevant

: biochemical indicator of: myocardial contractility, since the

coordinated regulation of myosin ATPase by Ca2+ and the thin
filament are accounted for (Scheuer and Bhan, 1979). ‘Cardiac
myofibril ATPase activity can be correlated with myoain {sozyme
‘istribution and contractility of isolated trabecular preparations
under normal conditions afd in various experiméZtal situationsgin
which myosin isozyme switches occur (Rupp, 1981 1982; Holubarsch et
al., 1985) As mentioned, reduced conxractility in diabetes haa been‘
demonstrated in the isolated working heart and in iaolated papillary

muscle preparations. Thus, it is not surprising that diabetic rat

hearts have depressed ATPase activity of actomyosin, myosin, and

[

.myofibrils (Maihotra etxal., 1981; Dillmann, 1980 Plerce and Dhalla,

1981; Garber and Neely, 1983; Maclean et al., 1987). This appears to

be largely due to a shift in cardiac myosin isoform predominance from

A

S
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-

V1l to V3 (Dillman, 1980), although the role of other-components of

the myofibril has not been examined.

There is controversy regarding the status of myocardial high |
energy phosphates levels in diabetes., - Allison (1976) demonstrated a
reduction in in vivo ATP levels in diabetic rats which he attributed

»

to decreased-red blood cell 2,3-diphosphoglycerate levels, which

'would increase oxygen affinity for hemoglobin. and thereby reduce

doxygen delivery In this and other studies of acutely diabetic rats,

:

* the nitochondrial adenine nucleotide translocase (Paulson and Shug,

ATP levels could be normalized by provision of high glucose

concentrations orx insulin in'vitrO'(Allison, 1976; Miller, 1979;

.Garber and Neely, 1983). However Opie et al. (1979) observed

Y
decreased ATP ‘and creatine phosphate (CP) levels in hearts from rats.

'with diabetes of 3 days or more duration even. when hearts vere

perfused'in the presenCe of insulin. Rosen et al. (1986) observed |
decreased myocardial levels of ATP and CP in vivo and reduced CP

1evels in hearts perfused in the Langendorff mode with glucose and -

' octanOate in chronically diabetic versus control rats. They
. [ N . '

—~

suggested that therevvasja-losshof-adengge nucleotides and an

inpairment of the creatine kinase reaction. Dillmann et al. (APS

abstr.1987 San. Diego) also observed reduced creatine kinase at both
£ e

protein and nRNA levels As described in the next section, levels of

fatty acid internediates long chain_acylcarnitine-and long chain

acyl CoA can be increased in diabetic rat heart (Feuvray et al.

1979). Pieper et al (198Aa b) and Paulson and Shug (1982) suggest'

&'""

: that ATP levels are reduced in perfused diabetic rat heart due to

 elevated long chain acyl CoA levels, which are suggested to inhibit.

~



1984); thereby reducing ATPVekport from the mitochondrion. Pieper et
al. (1984a) observed that in Langendorff-perfused hearts from\acutelx
diabetic rats, ATP levels were reduced as the concentration of |
palmitate]in'the perfusate was increased, and that ATP'levels-yere
inversely‘correlated with tissue long chain acyl CoA levels.

However tissue ATP levels were low eﬁen in control hearts They .

-

claimed that. administration of carnitine to normalize decreased
myocardial carnitine levels in the ‘diabetic would reduce long chain *
acyl CoA by facilitating transfer of the acyl group to carnitine

The resultant drop in long chain-acyl CoA levels would relieve

v inhibition\of the adenine nucleotide translocase thus alleviatingr- :

_ diminished ATP levels. The mechanism by which carnitine improves
_metabolism and performance in hearts from diabetic rats (Paulson et
al., 198&), or cardiomyopathic Syrian hamsters (Whitmer, '1987),

- during acute myocardial ischemia (Paulson et al 1986) may be Tfi\)/
related to its ability to decrease the mit0chondria1 ratio of acetyl
QOA/COA. Carnitine by facilitating acetylcarnitine efflux from the
»mitochondrion-(LysiAR et al., 1988), may increase glucose oxidation

by subsequently reactivating the PDH complex (Randle et al., 1984).

The concept of 1ong chain acyl CoA in'inhibiting the adenine

nucleotide translocase has been examined mainly with reference to the
decrease in ATP 1evels occurring in myocardial is&hemia The

original concept was that the decline in ATP duriig ischemia was -
exascerbated by inhibition of the translocase as long chain acyl CoA
accumulated.% This has.received considerable criticism, however.

Some objections are- that cytosolic lejfls of long chain‘acyl.CoA may

-not be high enough to cause inhibition (LaNoue et al. 1981).u



7
inhibition 15 not necessarilybaeen'in noo-ischemic tissue with high
1evels of long chain acyl CoA (Lochner et al. 1981;, and inhibition
by matrix-localized long chain acyl CoA is not always observed
(LaNoue et al 1981; Ho and Pande, 197@, Woldeglorgis et al 1932‘
vPaulson and Shug, 1984). Pande et al. (1984) suggest that a decrease
1n ATP levels must occur before binding of long chain acyl CoA to 'the
translocase, and that binding sefves to prevent further metabolism of
fatty acids and accumulation of fatty acid intermediates. It remains
to be resolved exactly what changes in myocardial high energy'
_phosphate metabolism occur, and what effect of tatty‘acids may have
in diabetes. | |
In dlabetes, the heart ﬁhst'deoeho oore op fatty acids for'

bprovlsion of energyl(Dentonvand Ranole; 1667).‘ Tﬂl@_oay have acote
and chronic effects on cardiac function; Seruo fattylacids'and ‘
myocardial triacylglycerol éoncentrations are elevated in: the
diabetic (Denton anleandle 1967; Murthy and Shipp, 1977 Paulson
and Ctass,‘19§2; Lopaschuk and’Tsang,‘1987). Hyocardial levels.of
'ifatty'acidlintermediates,iloﬁg chain acyl :CoA and long chain'm7
aeyloarnitlne, are increaseo in toe diabetic (Feuvray et al., 1579?.\
These intermediates have been soggested to.iﬁpair membrane'functlog\‘
}«l Qia their detergent-llke effect on membranes (Katz and;Hessineo,

ﬁ!l981):lahd/or by 1hhib1tlog soecifio memoraﬂe;aSSOoiated enzyme
aystehs (Adams et‘al.,Ll979; Lopaschuk et al., l983; Kakar et al.,
1987; Paulson and Shug, 1984). High fatty acid levels may.be aoutely
'detrinental to function 1n the chronically diabetic ‘rat heart

perhaps by 1nh1bit1ng critical glucose metabolism required for high

LN
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work output. Lopaschuk and Spafford (1988b), in‘exanining the effect
of perfusion with fatty acids on failure rate in diabetic rat hearts
during low-flow ischemia and cardzgc pacing, observed that
chronically diabetic rat hearts could not be paced at the same rate
as controls if l.2'mH\galmitat% was added to the perfusate..

As mentioned myotardial triacylglycerol‘Stores are increased

invdiabetes While this has been attributed to elevated serum levels

s
\ 5

of fatty acids which can both increase triacylglycerol synthesis
- (Denton and Randle, 1967) and inhibit hydrolysis (Paulson.and Crass,
1982; Murthy ;t al., 1983), it has been recently suggested that
elevated levels of total CoA seen in diabetes increase
triacylglycerol synthesis. Increased cytosolic levels of long chain
~acyl CoA, resulting from»elevated circulating fatty acids;and
cytosolic CoA‘favours storage of fatty'acids in comolex lipids, as
,opposed to transport to t’e mitochondrion for oxidation (Lopaschuk et
al., 1986, Lopaschuk and Tsang, 1987) ~ Fatty acids which are stored
.esterified in triacylglycerols can be used for energy provision via
mitochondrial oxidation.' Work by.Denton and Randle'(l967) in which

i
h

endogenous fatty acid oxidation rate was calculated from measured

glucose utilization and total oxygen consumption demonstrates that

fatty acid oxidation from stored triacylglycerols provides a greater
I*

b

proportion of energy in glucose- perfused diabetic than in control rat

:?héarts. ‘Paulson and Crass (1982), who measured 1l"COZ_production RET

fron prelabelled triacylglycerol stores, also demonstrate that rates
of fatty acid oxidation from stored triacylglycerols can vary
depending on the concentration of exogenous fatty acids (Paulson and

fsCrass, 1982) Rates of exogenous fatty acid oxidation can also. vary



_dcpending on the exogenous fatty acid concentration (Neely and
Morgan, 1974). Therefore, levels of exogenous fatty -acids and stored
triacylglycerols are.probabiy important determinants of myocardial
'fatty acid oxidation in the diabétic. Earlier studies.snggested that
rates of fatty acid oxidation from perfusate 14c_jabelled fatty
acld were actually reduced in isolated hearts from alloxan diabetic
rats (Kreisberg, 1966). nowever,'when reduced work performed in |
diabetic hearts is accounted'for, there.is no difference in palmitate
oxidation rates between control and spontaneouslf-diabetrc "BB"
Wistar rat hearts (Lopaschuk and Tsang, 1987). This question had not
yet been investigated in chemically diabetic (i.e., streptozotocin) |
:diabetic rats. .
Perhaps the most profound effect of an increased‘reliance-of
diabetic rat hearts on fatty acid metabolism is a reduction in
myocardial glucose oxidation. Insulin deficiency results in
decreased glucose uptake. In addition elevated flux of fatty acids
from serum and stored’ triacylglycerols reduces glucose utilization as
a result of accumulation of intermediates of fatty acid oxidation
According to the classic concept of_the glucose-fatty acid cycle
(Randle etval., 1963); increased~rates of fatt& acid oxidation cause
" "unspanning" of the TCA cycle (Randle et al., 1970; Neely and Morgan,
1974). Increased citrate levels inhibit glycoiysis at ‘
phosphofructokinase 1 (PFK 1) vhile increased acetyl CoA and ratio of
:-acetyl CoA/CoA inhibits pyruvate oxidation at pyruvate dehydrogenase
‘(PDH) (Neely et a1 1970 Randle, 1983 1986 Randle et al., 1978;
ijvkandle et al 198&) Addition ‘of fatty acids to. isolated perfused

hearts from normal rats can suppress glucose oxidation at steps of

. R
L

Lo
2
St
‘
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glucose.uptake ’glyco(geno)lysis,»and pyruvate oxidation to ratea
seen in glucose perfused diabetic rat hearts (Garland et al 1965‘
1964a,b; Newsholme and Randle, 1964, Randle et al., 1963 1964)

" This suggests that‘reduced glucose oxidation in diabetic rat hearts
may occur‘partly due to the acute effects of increaaed fatty acidv,
boxidation In addition to this however, a ‘more atableieffect 6£-'
diabetes reduces glucose oxidation at the PDH compl:x, and’ this mav
be mediated by chronically {ncreased lipid metabolism. The
‘-percentage of the PDH complex in the active, dephosphorylated form
(%PDHa) is regulated by reversible phosphorylation at three sites
This phosphorylation is under the influence of PDH kinase and PDH
phosphataSe. PDH kinase is stimulated by increasing the

v mitochondrial concentration ratios~of acetyvaoA/CoA, NADH/NAD+.
and ATP/AD?, and inhibited by.pyruvate; PDH phosphataaevis
stimulated by ca?* within a physiologic range and its effectivenesa
is reduced with increastng number of sites phosphorylated on‘PDH.

The PDHa is also regulated by feedback inhibition from increaaing
"product/substrate concentration ratios (see Randle et al | , 1984;
Kerbey et al.,’ 1985 for reviews). The effect ofvoxidation of'lipid ‘f
‘fuels (fatty acids‘or'ketone bodies).is to,increase PDH kinase

- activity by increasing mitochondrial concentraiton ratios of acetyl
i»CoA/CoA and possibly NADH/NAD Hence inhibition of carnitine
ipalmitoyltransferase I (CPT I), the enzyme catalyzing the first step
:in the transport of activated long. chain fatty acids into the

' mitochondrion for oxidation -can activate the PDH complex in perfused
rat hearts However CPT I inhibition does not increase tPDHa to the

' _same extent in diabetic rat heart as it does in controls perfused

Ty
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with glucose and insulin (Csterson et ai , 198i); The fDH‘complex,
velso is resistant to activators such as. dichloroacetate (DCA) and
“‘calt in isolated mitochondria from diabetic rat hearts (Kerbey et
w‘al-"., 1976, 1977;.Hutson et al., 1978). The %PDHa appears to be Jvf
‘reduced in diabetes due to.increased PDH.kinase activity;_hoth‘\
intrinsic.to the complex and in the form of[a free."kinase/ﬁctivator"
protein. Thus, perfusion ﬁith fattyvacids reduces theb%fDHa'tol7,m
whereas in diabetes the $PDHa is‘only 1-2. This increased
phosphorvlation of the fDH complex results in'resistancé;to
reactivation'by PDH phosphatase (xandle et‘al., 1984; Kerbey et-al.,
1984). The net effect is that-sPDHa 1is reihtively‘iover in‘isolated
perfused_diabetic rat hearts than in»normals when hearts are"perfdsed'
Aunder_vl!ious conditions vhich changevPDH activity, such as ischenia,
high vork 'and perfusion with.fatty*aeids>or insulin;(Randie et all,
1984). ;:rfusion with CPT I inhibitors such as tolbutamide and the
phenylalkyloxirane carboxylic, POCA ‘can increase glucose oxidation
‘in glucose perfused diabetic'rat heart to some extent (Tan et al
1984; Rosen and Reinauer 1984) However - the effectiveness of
:perfusion in the presence of CPT I inhibitors in increasing glucose
oxidation in the diabetic rat heart has not been. assessed in the
'presence of physiologic levels of fatty»acids which may override the
inhibition of CPT 1 (Caterson et a1 1982). 'The effects of chronicg
.edninistration of - CPT 1 inhibitors ‘on glucose oxidation or tPDHa in
diabetic rat heart has similarly not been examined Incubation of
‘cuit:red hepatocytes~for 21»hours with octanoate and glucagon ati |

concentrations approximating in vivo levels during starvation or

" diabetes can.increase PDH kinase activity (Fatania et al., 1986).

0 % O
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The{long-term hormonalﬂand/or metabolic factors in diabetes'which ‘
regulate increased PDH hinase activity;»and stable\reduction of \PDHa
;infrelation to decreased glucose.oxidation in'the myocardqu, are

incompletely understood.

o

A The role of citrate in diabetes-induced inhibition of

glycolysis should be Treevaluated in relation to the importance of
reductions in levels of fructose-2,6;bisphosphate (Fru§2,6-P2)&Soéhor
et al., 1984). .Fru-2“6-P2, produced by the PFK_2'reaction; is the .
.most potent known stimulator of PFK l.ksee Hue and Rider, “1987 for
'reviewx; It acts by relieving inhibition due to citrateband ATP and
has been suggested to be cfitical in maintaining physiologic rates of:
 glycolysis in the working heart (Lawsdn and Uyeda .1987; Narabayashi
et al. 1985) '.However the role of this compound in regulating PFK
"1 in the presence of fatty acids ‘or in diabetes has not been
_investigated. ’*
Chronic administration of the CPT I inhibitor
methylpalmoxirate can partially normalize the shift in myosin isozyme
predominance and depressed myosin ATPase activity, and completely

_ normalize depressed sarcoplasmic reticulum Ca2

uptake seen-in
diabetic rat heart (Dillmann, 1985; Tahiliani and McNeill, 1985)

was not confirmed however if improvements in metabolism were
accomplished by methylpalmoxirate in these studies In any case,
these biochemical changesﬁin sarcoplasmic reticulun and myosin msy
not directly correlate with functional changes, as increases were not
seen.in variables such as papillary muscle shortening velocity

- (Popovich et al. 1985) or left ventricular developed pressure in ‘

isolated working hearts subjected to increasing left atrial filling
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pressure (Tshiliani and McNeill, 1985).

Diabetes is often essociated with decreased serum indices of"

thysoid hormone action in clinical.(Saundersletfal.,-1978) and
\\expefimentel (Gavin et al., 19%1).settingsf Han& biochemicaltsystems
<n the myocerdium.can be affected'both.by diabetes and ‘l |

'hppothyroidism Sarcolemnal Na-K hTPase (Ku and Seilers 1982"

ﬁ;Chadhury-et_al 1987), beta adrenergic receptor adenylate cyclase

(Ishacbet al., 1983; Sundaresen_et al. 198&), sarcoplasmic reticulum

2+ TPase (Dillmann et al. 1987; Lopaschuk et al., 1983; Limas,
1978), mitochondrial.adenine nucleotide translocase (Paulson end
Shug, 1984 ; Mowbrey and Co:rigal,'1984) and myosdn ATPase (billmann,
1980;}L6npreiet al., 1984) all demonstrate reduced activity under
both conditions In many cases activity may be restored by T3 or
1nsu11n injection often by directly increasing the 1evels of the
respective mRNA coding for the enzyme (Dillmann et al. 1987
Chadhury et al. 1987) | T3 replacement can partiaily reverse some of

the enzymatic changes in diabetic rats (pillmann, 1982 Sundaresen et

”; al., 1984). ~ Cardiac function is 1mptoved in diabetic rats by T3

adninisuration ‘but cannot be normallzed by T3, even when |

pharnacologic doses are used (Tahiliani and McNeill 1985 Garber et

- 1983, Batbee et a1 1988) Additional 1ntervention using the
CPT I 1nhib1tor methylpalhoxirate to 1mprove metabolic defects is-
required to normalize cardiac function in these animals (Tahiliani
and HcNeill, 1985) Thus, it appears that improvement of fatty acid
ehnotnalities;is required 1n addition to T3,treatment to’ normalize

" the heart in diabetes. . . - o

Vo
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Thyroid hormone effects'on cardiac contractility at the.-
biochemical . level can be explained mainly by its effect of increasing
‘ _alpha -MHC and decreasing beta-MHC levels thus increasing \Vl and
decreasing V3 myosin T3 appears “to directly regulate transcription
:frate of each of the MHC genes by. interaction of ‘the T3- nuclear T3
receptor cOmplex with regulatory sequences of the MHC genes. For '
. instance, T3 has a rapid effect on MHC- mRNA levels (Lompre et al
1984; Dillman, 1984; Gustafsson et a1 1986) and increases
_transcription rate of the alpha-MHC ‘gene (Darling et al.}-1985). T3
can also regulate_the expression of a transfected alpha-MHC fusion
kgene‘in.fetaf heart cell‘culture (Gustafson'et al.; 1987), and can.
- regulate myosin isozyme expression in the heterotopically
isotransplanted heart which does not respond to the work- mediated
effects of T3 (Korecky et al., 1987). In addition, thyroid hormone
responsivevelements similar to those observed for other genes which
.are regulated by the T3- receptor complex have been demonstrated in
the - S'Iregulatory sequence of ‘the alpha -MHC gene (Markham et al
1987). -

A reduction in thyroid hormone levels cannot fully account
for the switch in HHC isoform expression in diabetic ‘rat heart The .
Vinteraction of T3 with a distinct carbohydrate generated metabolic
signal is suggested by the following evidence: 1) a pharmacologic T3
_dose is. required to normalize cardiac myosin isozyme patterna in .
‘diabetic rats (Dillmann 1982' Garber et_alf 1983); 2) the
‘genetically diabetic BB/W rat develops the typical shift in myosin
isozymes without reduced thyroid hormone levels (Halhotra et al.

. / .
1985), and 3) chronic administration of the CPT I inhibitor
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methylpalmoxirate to diabetic rats can reverse .the diahetic pattern-
of myosin isozyme expression (Dillmann,.l985); Unfortunatel}, in
this 1fst case it was not determined exactly what-metabolic effects
_inhibition of fatty acid oxidation had in conjunction with the
observed myosin isozyme changes In the 1iver,va similar interaction“_
between carbohydrate and T3 signals has been .observed for the
induction of several proteins related to lipogenesis (Mariash and

¥
Oppenheimer, 1985). It was shown ‘that DCA, which increases PDH

activity by inhibiting PDH kinase, could mimic the effects of glucose
‘in inducing malic enzyme in cultured hepatocytes, even in the
presence of glucagon. T3 was suggested to amplify the carbohydrat:)
signal‘:Z a‘post-T3 receptor site, based on analysis of T3 receptor
occupancyband the rapid.synergistic'effects of the two agentsvin

increasing specific mRNA ‘levels (Mariash and Oppenheimer 1985;

Hariash et al 1986).

| . The focus of these experinents was the role of the
lglucose fatty acid cycle in causing distarbances of cardiac function .
.and glucose oxidation in diabetes. Dillmann (1985) has demonstrated A
~ that chronic administration of methylpalmoxirate which inhibits long
chain.fattyjacid-oxidation by blocking CPT" I, could partially reverse
the shift in'cardiac myosin-isozyme predominance’in diabetic rats.
These results suggested that increased glucose oxidation as a resultl"
'of CfT I'inhibition;signalled the myosin isozymebtransitions; since
serum thyroidlhormone levels vere unchanged. ”Neither the assoclated

inprovenentS“in oarhohydrate metabolism nor the effects on cardiac

v
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function were inyestigated in this study. The purpose of the first

_study was to determine if reactivation of the PDH complex could
T

increase myocardial glucose oxidation rates, myofibril ATPase, and

cardiac function in diabetic rats. DCA was administered to

-~

chronically diabetic rats for 5 weeks in order~to‘direct1y actﬁvate
the PDH(complex. This duration of treatment was chosen since the |
<;switch in myosin isozyme pattern in diabetes is completed after at’
least 4 weeks Glucose oxidation rates and- cardiac function were\
measured‘using the isolated workinglheart apparatus in presence of a
high concentration of :fatty acids, in ordervto‘annroximate the
diabetic condition. Hyofibril ‘ATPase activity was determined .in
ltissue from these same hearts frozen after perfusion.
Glucose’oxidation‘rates are profoundly suppressed in the
presence of fatty acids. fSerum and myocardialmleyels of fatty acids.
are elevated'in'diabetes. Fatty acids may also play a role in
decreased cardiac function in diabetes. The short:term, reversible
_ effects of fatty acids on myocardial glucose oxidation and cardiac
~.function in diabetes had not been investigated -The purpose of the
second study was therefore to’ determine the acute, effects of fatty .
'vscids and of CPT I inhibition on myocardial glucose oxidation rates

and cardiac function in chronically diabetic rats. Hearts were

perfused in the isolated working heart apparatus with buffer

: containing glucose in the absence and presenCe of a high fatty acid

. concentration. The phenylalkyloxirane carboxylic acid, Etomoxir, was
also added.to the perfusate to determine {f CPT 1 inhibition could

reverse the effects of fatty acids.



" The isolated working rat heart is‘a good model for the study
" of cardiac metabolism and function ' The corcribution of carbohydrate.
and lipid substrates to energy metabolism closely parallels that seen
in the human (Wisneski et al. 1987 Neely and Morgan, 1974) - While
neural influences which would be seen in‘vivovare absent, this factor
along with flow‘?ox;%enation,'work substrate, and hormonall
‘ conditions can be controlled in the isolated working heart. (Cardiac -
- function can be assessed by measuring heart rate, peak systolic
presSure and/or cardiac output | In the present study, the
rate pressure product (HRXPSP) was chosen as an indicator of. cardiac
fun tion This has been extensively used in the past as to.asse;s:
cardiac function in normal and diabetic rat hearts.(see for example
arber and Neely, 1983), and has been shown to -be highly correlated
to indices of performance of the heart such as cardiac output. in our -
laboratory, underlsuch'conditions as diabetes and ischemia.
Rate-pressure product 1; also a good indicator of oxygen consumption ‘
or metabolic rate of the heart and can therefore be used. to compare |
<substratevoxidation rates relative to the total energy demand'of the
heart | | |

- The streptozotocin diabetic rat is a-non-insulin dependent
model of diabetes which has been well characterized by previous
investigators.v The’ genetically diabetic “BB”’ Wistar rat is probably ‘
' more similar to the‘human insulin-dependent diabetic in that insulin
.injections are required for ;urVival. ﬁetabolism of .the diabetic |

"BB" Wistar rat heart has not been extensively studied and therefore,

comparisons between this model and the alloxan or streptozotocin

. -~
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- models of diabeteS’would be:incomnlete at this time. K'stﬁdy by .

.Lopaschuk,and Tsang (1987) suggests that insulin withdrawal from> L

diabetic "BB" Wistar rats for as little as 2& hours can lead to
metabelic-d&sturbances such as“increased myocardial lipid storage;
and decreased heart rate. Similar to streptozotocin diabetes in the
,vrat serum lipid and and glmcose prefiles can be disturbed in human
insulin dependent diabetics, and this is related to’ ‘the degree “of
insulin deficiency (Denton and Randle, 1967; Taylor and Agius

’ 1988). The decreased heart rate, contractility, and altered myosin

‘isozyme paptern seen in chemically induced diabetic rat hearts is

alse seen in the diabetic "BB" Wistarvrat. Howevér, in human heart;“"

the fast Vl myosin ATPase does not exist 'Therefcre 'ft is unknown

" whether metabolic disturbances would affect contractility of the .

P

human heart by inducing a slower myosin isozyme For obvious .

E

~ reasons, the defects in other enzyme systems such as sarcoplasmic‘
reticulum Ca2 ‘ATPase have not been examined in hearts from human'
" diabetics. The diabetic rat heart is also a good model_to examine
the direct;metabolic effects of diabetes on~heart function;

v

independent of possible increased incidence of coronary artery

disease in diabetes, since'diabetic rats do not develop this problem

(Gotzsche, 1986).

B
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CHAPTER 2: DICHLOROACETATE INCREASES GLUCOSE

" OXIDATION AND MYOFIBRIL ATPase IN DIABETIC RAT MEART* ~
ABSTRAGT

.;”q?;evious reports have suggested that gdmigiétration of
aggnfs.wﬁich reactiva;e pyruvate dehydrogenase (PDH) can increase
. cardiac myosin ATPase actiyify by 1ﬁéfeasing the percent of myosin as.
the V1 isozyme and decréasing the percent as_the V3 iéozjﬁéf Ve -
therefbre studied the effect of éhronic administration of
dichloroacétate (DCA), which directly activates PDH, on'glucose \
oxidation‘rates and myofibril ATPase activity in diabéttc'rat
hearts. Coﬁtrol and 4 week streptozotocin diahetic rats were
administered DCA (2 mg.(g body weight)'l) ini;heir diet for 5 
-weeks. Glucose oxidation rates were subsequéﬁély measured as .
27
14002 production from lac. glicose (11 mM) in’ 1solated workin;/ﬂ\\<
hearts in the presence of fatty acids (1. 2 l‘lmitate) Glucose
.oxidation was markedly decreased in diabetic versus control rat
R hearts (1843 and 204444 nmol. gvary'l.min'l,‘respectivély). Botb
m#x{mal Caz+-activated éérdiac myofibril ATPase activity'anq

<

*& version of this chapter has been submitted to the American Journal

e

of Physiology. .WALL, S.R., G.D.LDPASCHUK.. Dichloroacetate increases

glucose oxidation and myofibrillar ATPase in diabetic rat hearts.
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~_heart rate were also depressed in diabetic compared to control rats.
>

DCA treatment significantly increased glucose oxidation rates in

diabetic rat hearts (from 18+3 to 85+i3 nmol. g dry . min” 1)

2+

and prevented the decrease in maximal Ca“’-activated myofibril

-ATPase activity frpm'occurring in diabetic rats. However, heart

function (HRXPSP product) was not improved in diabetic‘rats treated
.with DCA. Depressed serumbthyroxinevin~diabetic rats.was unaffected.' -
by Déh treatment: These data. suggest thatka metabolic signal

distinct from thyroid hormones can regy{ate cardiac contractile
. L

protein function, probably at the level of myosip isozyme oW

‘expressiOn. Other factors must be responsible for the persisting
B v . 4

cardiac dysfunction in isolated working'hearts from diabetic rats.

INTRODUCTION
‘Increasing evidence suggests that a cardiomyopathyf

independent of agheroschlerotic 1esions develops. in humans and - -

-

. animals with diabetes mellitus - Eptdemiologic and clinical studies
indicate an impaired cardiac function in diabetics which is. related .
to the metabolic disturbances of the disease (Fisher et al., 1987,
‘Kannel and McGee, 1979). lA depression of cardiac function developing
lorer several weeks has also been demonstrated in experimentalimodels

of diabetes such as the rat (Ingebretson et al., 1980; Fein et al.,

-\

19§Q; Miller, 1979; Penparkgul et al. 1980 ,Vadlamudi et al.

1982)". These chronic changes are - associated with changes in cardiac
b)

membrane function, such as reduced. g2+ transporting ability of the

#

sarcoplasmic feticulum (Ganguly et al., 1983; Lopaschuk et al. 1983;

Penpatkgul et al., 1981)~ A decrease in myofibril and myosin ATPase

A
]\ h's
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activity also develops in the heart (Dillman 1980 HacLean et al

1987; Malhotra et al., 1981; Pierce and Dhalla, 1981).

Rat cardiac myosin exists as three isoforms with varying -
.ATPase activity These isoforms. are distinguished by the types of
myosinvheavy chain (MHC) that form the MHC dimer in the myosin
molecule,i.e.; V3=BAMHC homodimer; V2-oﬂMHCVheterodimer;
V1-aaMHC homodimer} (Hoh et al., 1978, 1979). An increase in
i myosin ATPase activity as the isoform predominance shifts from V37Vi
- myesin is thought to be correlated to mechanical indices of ‘
‘contractiiity (Ebrecht.et ai , 1982; ; Lecarpentier et al;, 1987;
Pa ani-::d Julian, 1984; Rupp, 1982 Schwartz et al. 1981). "Chronic
diaggges or hypothyroidism in the rat induces a shift in myosin
isoform predomiﬁance from V1 to v3 (Dillmann 1980 Hoh et al.
-»—"1978) . Triiodothyronine (T3) induces aMHC expression and
“ suppresses BMHC expression by transcriptional regulation of the,
genes for each of these proteins (Gustafson et al . 1987, Lompre et;
';i' al., 1984; Mahdavi et al}, 1984), thereby increasing V1 and:
~decreasing v3 myosin predominance While diabetes is- ACcompanied by .
'decreased serum levels of thyroid hormones the fect that there is a
distinct carbohydrate-related metabolicgsignal'torMHC expression is
suggested by several lines of evidence. Firstly, a pharmacoiogic Tjg
dose is’needed to normaiize cardiac myosin ATPase actiyity and myosin
- _'isozyme pattern in'diabetic rats (Dillman, 1982; Garber et al.,
A? 1583) Secondly, the genetically diabetic ”BB/W" rat develops the
::typical shift in myosin isozyme pattern without reduced thyroid

hormone levels (Malhotra et al., 1985). Finally,'administration of'.u

methylpalmoxirate (an:inhibitor'of:fatty acid oxidation)itO'diabetic'

Sy
s
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rats reverses nyosin isozyne changes without increasing thyroid

-.hornone levels (Dillman, 1985) At a functional level, it has been
demonstrgted that performancp'of isolated Qorking hearts from
diabetic rats can bé normalizea by qdministrétion of T3 and
methylpalmoxirate, but noE}T3’a10ne (Tahiliani and McNeill, 1984).
’ In diabetic compared with normal hearts, a greater
proportion of myocardial eﬁergy préﬁision is deriveé'froﬁ oxidation ,
of lipid fuels (Denton_and,kaﬁdle;‘1967). Apart from the primary '
defect, insulinvlack, elevated levels of circulating fatty acidé and
increased myocardial triacylglycer§1 stores are thought to congribgté”
to a decrease in | |
giuéose qxid;tion iates. vThis is thouéht to occur through
accumuigtion of mitochoﬁdrial interﬁediates of fatty acid oxidation’
such asuciffate and acetyl CoA, which inhibit phosphbfructokinase 1
(PFK 1) and pyruvate dehydrogenase (PDH), respectively (Randle et

al., 1963; Randle et al. 198&) Thus, perfusion with:agents that
either reactivate the PDA\fomplgx or inhibit fatty acia‘tranéport
~into che mitochondrion can greatly increase glucose oxidati?& rates

in the diabetic rat heart. Both dichloroacetate (DCA), which\\
activates the PDH complex by inhibiting PDH" kinase,bandvcarnitin§
palnitoyltransfetase I (CPT I) inhibitors such as the
phenylalkyloxirane carboxylic acids POCA and Etomoxir are ;gééts;
'whiéh have been’shown»t§~iﬁeréés;¥glucose oxidation in diabééic rat
hearts (HcAilister et alf,‘1973; Ros#n and Reinauer, 1984; Wall and
Lopaschuk, 1988). -

Chronic administration of the CPT I inhibitor

methylpalmoxirate, to diabetic rats has been shown to partially
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reverse the shift in myosin isozyme pattern (Dillman 1985).:

However, it was not determined whether PDH activity glucose
oxidation rates, or mechanical function were concommitantly increased ~
in hearts from these diabetic rats. ‘%ahiliani and McNeill (1985)
were unable to_demonstrate an improvement in cardiac performance in
diabetic rats administered methylpalmoxirate The purpose of this
study was to détermine if improvement of myocardial glucose oxidation
is associated with both reversal of depressed cardiac myofibril
ATPase "and function in the diabetic. "T6 do this, DCA was
administered to chronically diabetic rats.over a period of 5 weeks to
overcome the suppressed PDH activity seen in diabetes. ‘Myofibril
ATPase activity, glucose ox{dation rates, and mechanical function

were subsequently measured in fatty acid perfused isolated working

‘hearts from these animals. H @%ﬁ

NMATERIALS AND MElHODS
B ’ Streptozotocin was obtained from Upjohn DCA;vas purchased
‘from BDH Chemicals. Bovine serum- albumin (fraction V) was purchased
from'Sigma . D- [U-lac] glucose (l 5 mCi.mmol"~ 1) was purchased

from New England Nuclear. Palmitic acid Was a product of Kodak
‘Insulin was obtained from Connaught Novo Laboratories (To&fnto)
Thyroxine radioimnunoassay kits were purchased fron Radioassay
Systems Laboratories (Carson California) .Qualiti control sera were
from Biomega Diaghostics (Mpntreal). - All other chbmicals were
reagent grade. : -
v -

Animals: , |
* Male Sprague.Dawléy’rats (200-250 gramn; vere anesthetized -



. Kx,“p
with halothane and injegkég'with 65 g. kg -1 streptozotocin

dissolved in citrate buffer (pH 4. 5) into the dorsal penile vein

vControl animals were injected with the same volume of citrate buffer
only. Serum glucose was determined using a Beckman Glucose Analyzer'
2. Rats with a serum glucose greater than 350 mg.dl” -1 were

o

ﬁgonsidered diabeticf Animals were allowed water ad libitum and were

maintained on a reverse day-night cycle Q? hanging metabolic cages
L2 g

Animals were fed standard rat chow Food consumption was

imonitored by periodic weighing of .ground chow contained in feeding

g o
ay *

dishes that allowed free access °to food without spillage. At 4
weeks, serum-glucose!was againydetermined and the control and
diabetic groups were then randouly divided into 2 control groups and
2 diabetic groups. One. control and one'diabetic group was Eed normal
chow and the otner 2 groups were fed the:same-diet put with DCA
added. DCAiwae first neutrali:ed, then dried onto lab chow, ‘and
adninistered‘at“a doSe of 2 mg D¢A.(g body ueightfday)’l uas
administered. This wahlachieved by continuous monitoring of food
intake and body weight,”and individual adjustment of DCA
concentrations in the food;.'This second phase of th? experiment
lasted 5 weeks, during which time serum glucose was determined after
2 and 4 weeks. o ' .
Heart Perfusi . :

Hearts from Na pentobarbitol anestnetized rats were excised
and cannuleted as described previously (Lopaschukjet al., 1986).
Blood was removed fron the thoracic cavity qu determination of -serum

glucose and thyroxine. Hearts were initially perfused retrogradely

# through the aorta for 10 minutes with Krebs-Henseliet buffer, pH 7.4,

st Lt
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. aortic afterl%gd of BG%hm Hg. Glucose oxidation was measured as

/(r - . 3 e | - | 36

mM glucose. During this time the left atrium was cannulated. Hearts
were then switched to the working heart mode and perfused with

- buffers containing 11 mM 1Z‘C-glucose (600,000 dpm.ml'l) and 3%
t o ‘
bovine serum-albumin, Depending on the experiment, 1.2 mM palmitate,

0.4 mM palmitate plus 20 wU.ml~ -1 insulin, or 500 sU. ml
insulin was also added to the~perfusate. When added palmitate was

prebound ‘to albumin Unless otherwise stated, hearts vere perfused

at a left atrial filling pressure of 15 cm H20 and hydrostatic
[}

steady state 1l‘COZ production from lac. glucose, as described

previously (Lopaschuk et a1. 1986) . Briefly, at 10 minute L.

intervals, 1 C02 was collected from &»closed recirculating system
J‘a.

connected to a methylbenzethonium hydroxide C02 trap (for gaseous

A

14 o) and from buffer samples via a sampling port (for

140 bicarbonate) Buffer samples were injected into ?losed

metabolic flasks containing HZSO£ to drive off 1Z‘COZ which
was collected in centrewells containing methylbenzethonium
)

hydroxide. At the end of perfusion, hearts were freeze-clamped with

Wollenberger clamps cooled in liquid N,. -

Myofibril ATPase:

Cardiac myofibrils were isolated from frozen hearts by

differential centrifugation and assayed for: myofibril ATPase activity

as described by MacLean et "al. (1987) Freshly isolated myofibrils
(at a final protein concentration of 0.25 mg.ml~ 1) vere initially

preincubated at 30 degrees Cc in alml reaction medium containing 5
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""""" mH’TfIi(hya%b&yaéEhyl)hmiﬁdméfﬁdhé’(pH“7:Q);'75TﬁH‘KCIffI‘ﬁﬁ’MgClé‘ljl,}
and various free caZ* conéént:aéions as calculatgd by HacLeanvet{g*J

+ al. (1987). ATPase activity was determined by neasurihg Pi_. |

‘accumulétion over a 5 minute period following addition of MgATP to a
final concentration of 5 mM. The reaction has been demonstratéd to
be linear'over this time period. The reaction waSICerminated by
addition of 1 ml of cold 20% trichloroacetic acid. Tubes-were‘
centrifuged at 1000 g for 10 miﬁutés andiiﬁorganic phosphate was
determined on the protein-free supernatant. Values were corrected
for»non-spgcific ATP‘Pydrolyéis by addition of f}ichlofoacetic acid

;‘Npgior to-ATP. Contamination from mitochondrial ATPase y;s |
negligible, as determined by Na azide sensitivity; Basal
(K32+-stimulated) ATPase activity was measured in the presence of 5
mM EGTA. C82+-stimu1ated ATPase activity'was determined by
subtracting basal from total (Hg2++032+) activity. pCagg was
determiﬁ;d as Ca2+ concéntration at half maximal ATPase activity
from curve-fitted Caz+Faétivation plots using the computer program
GRAPHPAC on an Apple‘comﬁuéer.

Data were analjzéﬁhuéing two-way ANOVA follo&eﬁ by the

Newman Keuls test or Student';‘g;fest, using a siénificance level of

p<0.05.

RESULTS

DCA treatment was initiated;at 4 weeks following the on#ét
of diabetes.v The amount of DCA ingested during the 5 week treatment
period averaged from 1.41-2.62 mg.(g body weight.day)'1 and was

similar in diabetics and controls. Physiologic variables of rats in

L
/
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o _”tﬁé“'a'gréﬁﬁs_'it‘thé’ ehA"af “the sit\idy are shown in Table 1. Diabetic
animals had teduté@ sétuq T4 levels compared to control rats,
vVentriculat weight was reduced in DCA-fed rats cémpared with
untreated coﬁtrols;bhﬁd-also in DCA-treated coﬂtrols versus untreated
diabetics.. Hyofibtil protein yield Qas decreased in DCA-treated
diabeticé ;;r§u§Jﬁﬁtre$téd controls. Elevateé'serum glucose leﬁels
ih diabetic animals tersisted throughout theittudy period in
untréated and DCAwtreated rats. DCA-treatedjrats,-aowever, did have
significéntly lowet’serum glucose 1evéls at[6 and 8 weeks of

. diabetes.

Figure 1 shows the food intake of ‘rats throughout the
ékperimental treatment‘period. As expected, untreated diabetic
aﬁimals were hyperphagit compared with controls. DCA treatment
resulted in a decrease in food intake per gram body weight in
diabetic and control animals compared to their respective control
groups. Figure 2 shows the body weights of the rats thro;éht the
étﬁdy. As expected, weight gain in diabetic rats was rgguced

, cqméared’to caontrol animals. DCA'treated diabetic and control
'gniﬁals shoﬁed a decrease in body welght gain compared to their

-vrespective controls. The decrease in food 1htake.in both DCA-fed
control and diabetic rats (see Figure 1) appears to be responsible
"for decreased growth rate in these rats.

"Initial experimtnts Qere péfformed in control rat hearts to
détefminé.the effeéts of fatty acids, insulin, aqd increased cardiac
work would have on glucose oxidation rates (Figure 3). Addition Qﬁ“

N

fatty acids to the perfusate at levels which can be observed in

diabetes (1.2 mM palmitate), results in‘a-substantiaL'drop in glucose

..



oxidation to about 20% of rates seen inrglucose perfused hearts

-1 min'l)

(204444 nmol.g dry In hearts perfused with ‘buffer
approximating normal fatty acid and insulin levels (O. 4 mH palmitate
+ 20ul/ml insulin), glucose oxidation rates are 640+167 ‘mol.g .
dry']'.min'1 (Figure 3), Addition of high levels of insulin to
normal hearts perfused.with giucose alone approximately doubles

glucose oxidation. Subsequently increasing cardiac work in thegf

8
0

"hearts by increasing left atrial filling pressure and hydrestatic

' afterload raises glucose oxidation rates to over 3000 nmol g

'1.min 1.

dry Since fatty acid levels-are elevated in diabetes,

and serum insulin levels are decreased, all subsequent glucose

" oxidation rates were measured in the presence of 1.2 m&»palmitate.

To ensure that DCA directly increases myocardial glucoee oxidation

under these conditions, experiments were .also performed where DCA
(0.5-5 mM) was added directly to the‘perfusate of isolated working
hearts. A marked increase in glucose oxidation was eeen in
paimitate-perfused nearts frem chronically diabetic rate (from 3443
to 9684130 nmol. g dry'ﬁm'l).
o y Glucose . 6xidation rates in:hearts from control and diabetic
2::23 fed normalvchow or the DCA diet are shown in Figure 4. Cempared
to controls, glucose oxidation was greatly reduced in diabetic rat
hearts. DCA treatment of control rats decreasedlglucose oxidation
rates, although this was not significant However, in diabetic * \‘T{
animals DCA treatment resulted in an 1nerease in glucose oxidation. -

2+

i, Figure 5 shows Ca“" -activatien curves for

: Hg2+-stimulated myofibril ATPase in the 4 experimental groups'

determined at the end of the experimental protocol. (Ca2++Mg2+)
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myofibril ATPase was significdht?§oréduced at pCa2+ 5.3 and 5 in-

diabetics'compared.with a11 otherigroups. DCA treatment normalized

2+ 2+

maximal Ca -activated Mg” -stimulated myofibril ATPase activity

in diabetidutats,‘and was without effect on myofibril ATPase in
control rats. Table 2 shows basal (Mgz+-stiuulated) myofibril
ATPase activities and pCagy values measured in the study. Basal

ATPase activity was reduced in untreated diabetics compared to

controls, aﬁd was not significantly increased by DCA-treatment in

diabetic rats. There wére no differences in Ca2+-stimu1ated ATPase
activity'at any pCa2+ between the 4 exﬁérimgnt&l‘gtoups (data not
-shown) , suggestiﬁg unchanged calcihm sensitivity of myofibril
ATPase. Calculated pCagy values were no different among the

el

groups. .
{ Heart function (HéXPSP) was also determined in DCA-treated

and untreated controi and %iabetic rats (Table 3). Hegrt rate'was

significantly reduced in unfreated diabetics versus tontrols,

‘ :although the HRXPSP productawas not different between the grouts

Both heart rate and HRXPSP /ere reduced in DCA-treated diabetics

compatehitp untreated contrpls. In addition,’DCA treatment alsa

B o - . . e
" resulted in decreased heart|function in control animals. '

!
|
ﬁ
DISCUSSION

Results frtm this skudy show that depress;d cardiac
myofibril ATPase activity in diabetic rats can be normalized by
.chronic administration of DCA , an agent which gctivates the PDH
':téupiex. Suppression of the |PDH is. thought to élgy a key regulatory

role in depressing myocardia' glﬁcose oxidation in diabetes (Randle
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et al., 198&) " When glucose oxidation rates wergﬁheasured_in

Y o
isolated working hearts from DCA- tﬂﬁ?ted animals, a dramatic increase

was seen. These data therefore support.the concept that a metabolic
signal related to myocardial glpcoae oxidation regulates‘function of
the cardiac contractile proteins. Since myofibril ATPase activity is
correlated with myosin isoform predoninance (Rupp,1982; Ebrecht et
al., 1982)} it seems likely that the increased myofibril ATPase
activity in diabetic rats after DCA treatment:is dqe to altered rates

of expression of the two HHC'genes which determine the myosin isozyme
' : 2

‘pattern This 1is_ supported by- the work of Dillman (1984, 1985) who
demonstrated increased cardiac myosin ATPase activity and Iincreased
%Vl myosin in diabetic rats after experimental treatments designed to
_ increase myocardial carbohydrate utilization. The experimental
protocol used in his studies, however,. did not include an assessment

of heart function. In our study, although myofibril ATPase "activity

was normalized by DCA treatment in diabetic rats, we failed to see an

improvement in heart function in isolated working hearts from DCA-fed

diabetic rats. These data indicate that fagrtors other than decreased
myofibril ATPase activity must be contributing to reduced
. rate pressure product in diabetic rat hearts o >

v oy o
w The involvement of carbohydrate. utilization and thyroid

hormone signals in the regulation of rat cardiac MHC genes is evident

K]

from observations that a high carbohydrate or fructose diet can
induce vi myosin in hypothyroid rats (Dillman 1985) and that T3 can
‘:hinctease V1 myosin in diabetic rat hearts (Dillman, 1982). 1In
addition Hariash and Oppenheimer (1985) have shown that some hepatic

proteins inVOlved in lipogenesis and the pentose phosphate pathway

- -

1
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are under siﬁilar dual reguletion by'eatbohydretes and T3. They
demonetrated that DCA eouléfmimic the effects of glecose on 1neuccion
of malic enzyme in hepatecytes, even in the preéenée of glucagon.(
They suggested that the observed syhergistic induction of proteins
such as malic enzyme by the two signals was due to a multiplication
of the carbohydrate signal by-thyroid hormone (Mariash and
Obpenheieer; 1985, Mariash et'al., 1986). 1In heertf Dillman (1985)

reported increased cardiac V1 myosin without increase in serum

thyroid hormone levels in diabetic rats after feeding the CPT I

* B
l

inhibitor, methylpalmoxirate, which would tﬁgoretically increase
myocardial glucose oxidation byxactivating PDH. In our studyl we .
direqtly measured the effecte of DCA treatment on glucose Oxig!tion
and on contractile protein blochemistry in the.same hearts. Our data
support‘the conclusion of Dillmenn and demonstrate an increase in
glucose ‘oxidation with a concommitant increase in myofibril ATPase'
activity In addition, since DCA is does not directly inhibit fatty
acid flux this suggests that the effects of mpthylpalmoxirate on
myosin ATPase observeﬁ by Dillmann are due to an inhibition of fatty,
: acid oxidation which allows an increase in ‘glucose oxidation.

| Myocardial glucose oxidation is highly dependent on the
presence of fatty acids and/or insulin in the perfusate, as well as

the r;te of work performed by the heart As shown in Figure 3

E3 o

* . addition of palmitate to glucose perfused control hearts reduced

glucose oxidation to rates seen in glucose perfused diabetic rat
hearts (Wall and Lopeschuk, 1988; Garland et al., 1964),
'demonstrating the key role of fattfiacids in inhibiting myocardial

glucose oxidation. However, other factors are also in;olved in
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decreasing glucose oxidation in diabetes. Sﬁppression of glucose

oxldation due to inactivation of-tjle PDH complex ‘is shown by

‘resistance of PDH to activation by the CPT I inhibitor
' . N

tetradeé;lglycidic acid in the berfused diabetic rat heart (Caterson
et al., 1982). PbH is also resistant to such activators as‘g;2+

and DdA ;n 1solA£ed mitpchqndria from diabetic rat hearts (Kerbey et
al., 1985). Tﬁe percentage  of PDH-in the active form (sPDHa) is
reduced in diabetes by increased PDH kinase activity, both intrinsic*
to the complex and in the form of.a frée "kinase/activator" protein,
resulcing in 1nqreased phasphorylation of the complex agd resistance
to PDH phosphatase (Randle et al., 1984; Ketbey et aI., 1984, 1985).
The hormonai and/or metabolic factors which cause this stable
re@uction in $PDHa in diabetés are unknown but are érobébly related
to chronically‘increased oxidatiéﬁ of lipid fuels (R#ndle et al.,
1984 ; fatania et al., 1986). The ﬁet’effect is that glucosg
oxidgéion is almost nqnexistenc in diabetic rat hearts perfused yith

palmitate at a concentration approximating in vivo levels (éee

Figures 3 and 4).

DCA increases $PDHa in the heart( by inhibiting: kinase
(Whitehouse et gl.,,197A); VAddition of millimolar concentrationé of

.DCA to the perfusate can increase glucose oxidation rates in normal

and diabetic rat hearts perfused with glucose and insulin, as well as
in hearts from notpql”érlétéfved'ra; hearts in the pfesencé of -added
acetate, Rptone bodies, or palmitate (Hc&llister et al., 1973;

Higgins et al., 1978). We show that chromic DCA treatment could

increase glucose oxidation rates in diabetic rat hearts even in the

‘presence of a high concentration of fatty acids. 'Oné problem

.4

N

N
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encountered wltﬂ the DCA treatment regime was e decreased food intake ‘
in rats fed DCA. However, this cannot account for the observed
effects of DCA, slnce theigbsultant inereaeed serum-fetty acid levels
with reduced food iqtake would produce a decrease in glucose
oxidation. The effect of DCA on glucose oxidation was further
confirmed by expetimeets.lh which DCA was added directly‘tottﬂe'

‘perfusate.of isblated working hearts. In untreatedLAlabetle rat.
.hegrts.petfused.ﬁitﬁ palmitate,'bCA-ellpihéted the effect of in vitre
aedition of palmitate and of the diabetic condition on glucoee
oxidation. Thus,bpyruvate must have effectively competed with fatty
acids for oxidation in the mitochondrion, as suggested by earlier
workl(Broshan and Reid, 1986; McAllister et al., 1973; Forsey et al.,
'l§é7;_nggins et al., 1978). These results demonstrate the key role
of the PDH complex in regulation of myecardial glucose oxidetion by
fatty acids and in diabetes. |

. Contractile performance of isolated working hearts perfused ’
with glucose ieiteduced in diabetic rats. As demonstrated in this
study, cardiac fuﬁction is also depressed in the presence of fatty .
eelds. - Depressed function in long-term diabetes is thought to.be due
to’ slowly developing defects' in membrane function and decreased
2+-a:ctivated myosin ATPase activity and altered myosin isozyme

‘distribution. In accord with previous observations (Pierce and

‘c

] MacLean et al., 1987), we also observed depressed

‘ :_'_‘;Dhqéla», 198
\"'.'}‘ 4z b*"‘*‘* -u
*myof igrase activity in diabetic rat hearts. Although nyofibril
i e

ATPase ac@ﬁélty was normalized by DCA treatment in the diabetics
heart function at this worﬁ!oad was not improved in these aninals'

(see Table 3)'w A dissociation between contractile perein
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biochemical activity and mechanical function has also been
denonstrated in other studies. .Popovich et al. (1987) have shown
that in diabet%c»rats administered methylpalmoxirate, mechanical Vmax
of isolated papillary muscles was unéhanged ‘even though .myosin ATPase.

and V1 mydsin were increased compared to untreated diabetic rats. A

LI ‘

T3 replacement dose which normalizes myosin ATPase activity-does not
pre&ent the decline in left Qentricular pressure develqpmentgin
diabetic rats (Garber et al., 1983; Tahiliani and McNeill, 1935).
Together, these data indicate that changes iﬁ myosin ATPasé actiﬁity
do not necessitate changes in in cardiac fgnction, as indiéated by |
rate-pféssure product.

In summary, we have shown that reduced glucese oxidation
rates and my&fibrLl ATPase activity in diabetic rat heart can bey
simultaneously improved by chronic administration of DCA. This
supports prévious work suggesting that inactivation of the PDH
complex is an important mechanism of reduced myocatdiai glucose

oxidation in diabetes. The increase in calt

-activated myofibril
ATPase in DCA-treated diabetic animals occurred without chaﬁge in
serum thyroid hormone levels, suggesting that alterations in
metabolic rates of glucose og,fafﬁy acids per se signal changes in
. contractile protein function.” Together, these datﬁ suggest that a

s .
common metabolic signal related to energy metabolism may regulate

ot

myosin isozyme expression. The nature of this putative metabolic
signal and the mechanism by which-it mey interact with thyroid
hormone in régulating expression of myocardial proteins' such as

myosin are important. questie~ . which remain to be elucidated.
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Ta able 1: Physiologic characteristics of control and diabetic rats
treated with dichloroacetate

r

_ CONTROL o "+~ DIABETIC
Untreated - DCA-Fed *  Untreated DCA-Fed

Ventricle ,

Wet Weight .

(grams) 1.67+0.05 1.19+0.04%t 1.4510.13 1.1940.13%

Ventricle/ N &

Body Weight ' ' N D

Ratio(X1000) 3.45+0.12 .. *3.91+0.08% 3.98+40.35 .. 4.07+0.16
&

Myofibril

~ Protein "

Yield (mg/g) 30.35+2.45 25.7741.78 27.90+0.87  20.96+2.29%*

Serum T4 . ' ' . .

(ug.dL'l) " 4.16+0.18 1.59ip.30* 2.2540.14% 1.26+0.36%

Serum Glucose

()

4 day - - < 32.48+3.01 30.53+1.21

4 week - - ‘ 29.20+2.46 27.36+1.70

6 week - o - . 37.38+1.91 - 24.40+1.96t

8 week - - 36.93£1.69. 21.6412.71t

Unless otherwise indicated, data was obtainedfffdmf;ﬁts at the end of
the 9 week experimental treatment period. Data are meantSEM from at
least 5 animals per group. *, significantly different from untreated
control; t, significantly different from untreasted diabetic.

£l
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(Mg~
-EGTA as ‘described i Hetgods) pCaso is the Ca * concentration
_at ‘half- maximal (Ca *iMg? *) ATPase activity for each heart. *,
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Table 2: Myofibril ATPase activity of ventrigles from

“dichlorodcetate-treated control and diabetic rats.

CONTROL DIABETIC

/;ﬁ .Untrgated DCA-Fed Untreated . .DCA?Fed
. (Mgﬁ+-stimulated)
3 myofibril ATPise
(umol Py. mg C ‘ .
min 0.0578 ° 0.0665 0.0300 0.0465
' +0.007 +0.012 +0.010* +0.005a
plasy 6085 S 6.315  6.254 6.142
e ‘.‘f+0 099 . 20,172 +0.082 +0.037

HeaEts are the same as those described in Table 3. Basal -
stimulated ATPase activity was determined in the presence of

significantly different from untreated control a, significantly
different from DCA- fed control.
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Table 3: Function of isolated working rat hearts frqaﬁ
dichloroacetate-treated control and diabetic rats.

d )
I : . o . o
CONTROL. - ‘ . DIABETIC - &«
~ . Uptreated  DCA-Fed Untteated _  DCA-Fed
Heart Rate - S '%JE'WA : , , R
(beats.min” 1)2%& 5+13. 2 166.3+7.2% "~ 183.0+19.7*%  168.318.6% 7
Peak Systolic - B
. Pressuré =~ . ' : R ‘ _
(mm Hg) 0 :112.126:9  100.1+11.8 122.646.9 :115.844.2
}mxespxm AN I SO
?g .beats. ‘ \ : T
min 25.35+1.86  16.50+1.54% 21.94%1.42 19.43+1.00%
“xi; S E
Héarts are the same as thosendescribed 4n Figure b, *, significantly ..,
different from untreated’ “controls. . o ' : A .
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Figure 1: Food intake of dichloroacetate-treated control and
"diabetic rats.

Food intake was mgasured as described in Methods and is corrected for
individual body weight. Values are meantSEM for 5 animals.' *,
p<0.05 versus control, normal chow; +, p<0.05 versus diabetic, normal
chow; 'a, p<0.05 versus diabetic-DCA. .
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Figure 2: Body weight of dichloroacé%ate-treated control and
N _@diabetic rats. '

Rats are the same as described in Figure 1. *, significantly
different from untreated control. +, significantly different from
, untreated diabetic. a, significantly different from DCA-fed diabetic.
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Figure 3: Effects of irsulin, palmitate, and increased work on
glucose oxidation rates in normal rat hearts. .

Glucose oxidation ratei were determined as described in Methods in
the presence of 11 mM- 4¢.- glucose and other additions as *
indicated. In the high cardiac work situation, left atrial filling
pressure was increased from 15 to 25 cm H,0 and aortic afterload
wvas increased to 150 mm Hg. Values are mean+SEH for at 2-5 hearts.
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Figure 4: .Glucosg oxidation rates in dichloroacetate-treated control
and diabetic rats. :

Hearts were obtained from animals after the 9 week experimental
) fzeatment‘pergod and were perfused in the presence of 11 mM
C-glucose and 1.2 mM palmitate. Glucose oxidation rates were
measured as described in Methods and _were expressed per gram of dry
heart weight (A), or per (HRXPSPX10'3) (B). Values aréjmeanisEM of .
at 5 hearts in each group. *, significantly different from untreated

control. +, significantly different from untreated diabetic.
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-stimulated myofibril ATPase was determined as increasing free ‘
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CHAPTER 3: GLUCOSE OXIDATION RATES IN FATTY ACID-PERFUSED
ISOLATED wom(inc‘ HEARTS FROM DIABETIC RATS*
-
> |
ABSTRACT & ‘ _ : . . o
The contfibutioﬁ of elevatea fatty acid levels to decreased
mydcardial glucosé 3kidatiqp in diabetes was studied. '14C02
production from 11 QM 14G-glucose was me#sured in control or 6 week
*streptozotocin-diabetic isolated working rat pearts perfused with or
without 1.2 mM %aimitate (prebound to 3; albuﬁip). .In control’
hearfs, addition oé palm;tate to the buffer resulted in a marked
redaction (13-fold) in glucose oxidation rates, to rates seen in
.diabétic rat hearts perfused in the absence of palmi%ate. Gluéose
oxidation in diabetic rat hearts perfused with palmit#te was almost
compléggly“suppressed. Even though glucose oxidation rates were low,
'exogengﬁzlpalmitaﬁé oxidation rates, measured as'lacoz production
from 14C_-palmit:ate, were not increased in diabeﬁic versus, control
hearts. Addition of the carnitine palmitoyltransferégg\} inhibitor,

Etomoxir (10'6 M), resulted in a doubling of glucose oxidation

rates in control rat hearts in the presence or absence of palmitate,
, . .

-

as well as in diabetic rat hearts perfused in the absence of

-

*A version of tl'k paper has b:?h submitted to the American Journal
of Phjsioiogy. WALL, S.R., G.D. LOPASCHUK. Glucose oxidation rates

in fatty-acid petfused isolated working hearts from diabetic rats.

Il
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. palmitate.  In palmitate-perfused diabetic rat heants. a relatively_

. smaller, but still significant increase also oceur i
5
' of Etomoxir on glucose okidation could not be exprined by reduced

The effect& ;

exogenous palmitate oxidation, or decreased leveisfgf citrate
Cardiac function, as measured by the heart rate X peﬁk aystolic

pressure product was reduced in’diabetic rat hearts.

significantly increased heart function in palmitate- perfuseﬂ‘hearts-éﬁ

“ gl

. ﬁ.!g,.

»'-«"

. o ;
from both control and diabetic Tats. These data suggest that acuteTy‘

reversible effects of fatty acids can contribute to decreased glucose
i‘xidation and cardiac function in diabetic rat hearts.

INTRODUCTION |

Myocardial glucose oxidation is reduced in diabetes mellitus
by several mechanisms. The primary defect,uinaulin lack, results in
diminished glucose uptake. in addition, according to the classic
concept of the“glucose-fatty aciﬁ cycle (Randle et al., 1965. 1984),
elevateé serum and tissue fatty acid levels in diabetes are also
aasociated with decreased glycolytic rates. . Increased citrate
‘concentration, which inhibits phosphofructokinaae 1 (PFK 1), with
glycogenolysis and glucose uptake being subsequently decreased due to,
accumulation of glucosegg-phosphate (Neely et al., 1970; Newsholme

=4
and Randle, 1954 Randle et al., 1964). Pyruvate oxidation is
,,'\-“:.. -”W\ :
decreased as’ increased fatty acid levels. inhibit the pyruvate
" . ‘a ‘-"‘

dehydrogenase (PDH) step in the mitochondrion (Garland et al. 1962,
1964). Fatty acids inhibit the PDH complex by increaaing the
mitochondrial ratios of products/substrates of the reaction. ‘This_

reduces the~proportion of the complex in the active dephosphorylated
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form by stimulating PDH kinase,,end reduces the activity of this

active PDH by feedback inhibition (see Randle et al., 1984, for '
review). In diabetes, the PDH complex is inhibited further by

enhanced intrinsic PDH kinase activity and increased activity of an
d i,-.

as yet unidentified "kinase/activator” fAhich produces a more

.'stable activation of PDH kinase (Kerbeyv' }984: 1985; Randle et
al., 1984). | .

The key role of fatty acid‘metabolism in decreasing glucose
oxidation ratee in diabetes has led to the development of A range of
: hypoglyeemic'drugs whigh block the keyhregnlatgryvstep in long chain
fatty acid oxidation, carnitineJ;:iBmitoyl transferase I (CPT I)
(Cook, 1987; Stephens et al., 1984; Tutwiler et al. 1978; Wolf et
’ ai., 1982). This enzyme catalyzes the reaction producing long chafh
acylcarnitine from cytosolic carnitine and long chain acyl CoA. The

b

. eifectiveness of some of these agents in eugmenting myocardial
glucose utilization in d;;betes has,Been‘assessed using the isolated
berfused rat heart.. Tan et al. (1984) ehoned that the hypeglycemic
sylfonylurea tolbutamide, a CPT inhibitor kCook, 1987), increased
iglncose oxidation rates three-fold in glucose-perfused, isolated
working hearts from chronically streptozotocin-diabetic rats. Rosen
.and Reinauer (1984) also demonstrated that addition,gg the CPT 1
“inhibitor 2-[5-(h-chlorophenyl)pentyll-oxirene-Z-carboxylate (POCA)
inhibited lipolysis and restored insulin sensitivity of glucose
oxidation in glucose-perfused hearts from acutely .,

streptozotocin-diabetic rats. However, in the chronically diabetic

v

rat heart, Rosen et al. (1986) was unable to ipcrease glucoee

utilization aftér POCA addition. However, the effectiveness of such
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inhibitors in increasing myocardial glucose‘oxidaeion rates has not
been‘eésessed in the presenoe of fatty acids. This is especially
pertinent in diabetics which 6hnvheve boto elevated serum and

L)

myocatdi#l levels of fatty acids (Denton and Randle, 1967; Paulson

by

‘In this study*&we employed the isolated working rat’ hearc to

.
B

and Crass, 1982)

assess the extent to which myocardial glucose oxida;ion rate is
suppressed by paloitate in the chronically;streptozooocin-diabetic
rat. We also used Etomoxir (2-[6;(4-chlorophenoxy)heiyl]'
-oxirane-2-carboxylate), to determine the efficacy of CPT 1
inhibition in increasing glucose oxidation rete in diabetic rat heaft
perfused in the presence of palmitate. This‘hypoglycemic, |
hypoketonemic agent is a potent new CPT T’ inhibitors in the class of -
phenylalkyloxirane carboxylic acids and is presencly being ‘assessed
for clinical use in diabetics (Wolf et al . 1982 Eistetter aod Wolf,
1986, Kruszynska and Sherratt 1986; Bliesath et al ,,1987 Reeveo'et

bR
al., 1988). The effect of CPT I inhibitiqP on cardiac function was

also assessed. T s ’ -

. -
o

N ’ . . . . 3

MATERIALS AND METHODS

Etomoxir (sodium 2: [6 (4- chlorophenoxy)hexyl]-‘
oxirane-2- carboxylate) was a generous gift of Dr.- H. Wolf Byk Gulden

‘L

Pharmazeutika, Konstanz Feder@l RepubliC'of Germany )

{1 140] palmitate (56 6 mCi. mmol 1) and D [(U)lbc] glucose (1-5

&

mCi.mmol” ) were purchased from New England Nuclear Bovine serum

s

albumin (fraction V) was obtaineqafrom Sigma Chemicals.; All other

chemicals were reagent grade. ' -
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Male Wistar rats (200-300 g) were injected via the tail vein
. . .
with 65 ng.kg'l streptozotocin. Serum glucose was determined using

Sigma kits on serum samples obtained 48 hours after streptozotocin

injection and at the time of hedrc excision. Rats were considered '

‘diabetic if serum glucose was > 400 mg$.

Heaxrt Perfusions: , :
~ B » !
Hearts from Na pentobarbitol anaesthetized control or

diabetic rats were excised and cannulated as described previously
r \‘ N .

(Lopaschuk et al,. 1986; Lopaschuk and Tsang, 1987), and initially

perfused reﬂk&gf%:’iy via the aorta for 10 minutes with

Krebs- Héﬁseli&ﬁ qﬂffer pH 7. A gassed with 95% 0y, 5% C02,
containing 2.5 mn\free calcium and 11 mM glucose. During this time

the left atrium was cannulated. Hearts were then switched to the

‘working heart mode and perfused with buffer conﬁaining %éshér 11 mM

' glucose or 11 mM glucose + 1.2 mM palmitate. To measure oxidative

‘rates, 14C-glucose (609,000 dpm.ml'l) or lac-palmitate (80,000

"

dpm.ml'l) was present in the buffer. All working heart buffers

L%
contained 3% bovine serum albumin and when used, palmitate was
prebound to albumin‘w
fil%}ng presguxe d§?15

80 mm Hg. Oxidative rates were determined by measuring lag €0,

,v

Perfusions were performed at a left atrial

cm H20 and a hydrostatic aortic afterload of

production (Lopaschuk et al 4 , 1986). Hearts were perfused in a
plosed system with the gas outlet connected to a methylbenzethonium -
hydroxide COé trap. 14002 production was determined at 10

minute intervals By simultaneously collecting methylbenzethonium
hydroxide samplé’s (gaseous 14 €O, ) and buffer samples via a

sampling port (for 1l‘C-bif:.arbomate). Buffer samples were stored

~ >
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under mineral oil and’ subseqhently injected into closed metabolic
f@pﬁks containing H,S0,. The released 16C02 was collected in
megﬁylbenzethonium hyroxide- fiLled centrewells. Methylbenzethonium
hydroxide samples containing gaseous and buffer 1I‘COZ were then
counted on a liquid scintillation. .counter with quench correction.
Steady- state substrate oxidation rates were obtained between 10 and
30 minutes of perfusion and between 40 and 60 minutes in the same
hearts after addition of Etomoxir a 0 minutes_(final concentration
of 1078 M). Some hearts were perfused without radiolaﬁelled
substrate or Eﬁoﬁoxir for one hour Eo'obtain'control levels ;f Eiséue
metabolites. Hearts weie freeze-&laﬁﬁed at the end of perfusion with
Wollenberger clamps cooled to the temperature of liquid N,.
‘ ssue alysig: | |
Frozen\ventrichlar tissue was weighed and powdered in a
mortar and peStle cooled to the temperature of 11Qu1d Ny. FA
portioniof the powdered tissue was used to determine the dfy to wet
weight'fatio. Using this ratio, as well as éhe total ffozen )

ventricular\weight and weight of the dried atrial tissue, totalldry

heart weight was calculated. Extraction of ATP, creatine-P, long

o
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-chain acyl CoA, and long chain'acylcarnitine was as described

previously {Lopaschuk and Spafford, 1988). Extracted long chain acyl
CoA was hydrolyzed and free CoA measured fluorometrically. Extracted
long chain acylcarnitine was also hydrolyied‘and free carnitine

2

measured radiometrically (McGarry and Foster,: 1976)‘4 ATP,

" creatine-P, and citrate were determined using standard enzymatic .

assays (Bergmeyer and Grassl,’1983). o L e flah

Data analysis was‘perforned'using two- way or three-wayiANOVA
T & 8 & %
followed by Newman-Keuls or Student s t-tests on individual groups @

.
S

“t

3 e

2

il

%

means. 'l. I s .;7 K 4@-.§&“

. The effect of energy-substrate-on mechanical'fungtiOniis-
showr

prod ﬂﬂ}was reduced in diabetic rat hearts perfused unde§ both 2 §

.’,

substrate conditions, due to a decrease in‘heart rate. In diabétic o

rat hearts perfused in the presence of palmitate peak systolic~ =

pressure was reduced compared to diabetic rat ‘hearts perfused with
glucose alone. Addition of Etomoxir (10'6 M) to either control or .

a

diabetic rat hearts: perfused with' glucose was without effect on the".

heart rate or rate pressure product. In palmitate perfused control ;

\and diabetic rat hearts, however _Etomoxir resulted in a significant'

v

,increase in heart rate and, as a result, a significant increase An -

ey
rate pressure product. -

The effects of diabetes on. myocardial glucose oxidation are

shown in Table 2. If hearts are perfused with glucose alone, glucose

n Table 1. Heart function. as reflected by rate pressure ‘lf" :"
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oxidation rates in‘diabeticvratsiare approximately 13-fold lower than
in control r1ts Addition of 1.2 mM palmitate to the perfusate of
control hearts resulted in a marked drop in glucd‘!@oxidation to
rates similar to those seen in diahetic rat hearts perfused in the
ahsence of palmitate. If palmitate is added to the perfusate of
diabetic rat hearts, glucose oxidation is almost completely
abolished. The effect of palmitate and .diabetes on glucose oxidation

.. remains if glucose oxidation rates are corrected for differences in
work performed by the hearts (Table 1).

CIf 10'6.M Etomoxir is added to the perfusate, glucose
oiidation rates per gram dry welght are significantly increased by
approxim:tely two-fold under alllexperimental conditions except in’

.paimitate-perfused diabetic hearts, where a 1.63 fold increase was
observed. If glucose oxidation rates were corrected for cardiac
work the stimulation of glucose oxidation by Etomoxir remained in

i: all experimental groups except in diabetic, palmitate perfused, Jhere
‘ no significant change was observed. I
‘Oxidation,rates of exogenous palmitate in controi and

P

Qdiabetic rat hearts are‘shown in Tahle 3. No difference in palmitate

: oxidation was observed between control and diabetic rat hearts

° whether expressed on per gram dry heart weight or per unit cardiac
function Tﬁis supports earli‘f work in which we demonstrated no
difference in myocardial palmitate oxidation rates between normal and

"genetically diabetiC'"BB"/Wistar rats (Lopaschuk and Tsang, 1987).

’ Etomoxir did not inhibit1 xosenous palmitate oxidation in either

Sy

N

controls or diabetics, In fact even when rates were corrected for
increased cardiac function, a Iignificant increase in palmitate

, . . g
v LS .. Py
. . .

o
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oxidation occurred in diabetic rat hearts after Etomoxir.

The relative contribution of exogenous_.gl.ucose and palmitat?
oxidation to éTP generation in control and diahetic rat hearts is
presented in Table 4. ATP generation wasigilculated using the values
of 38 ATP per nolecule of glucose oxidized and 129 ATP per molecule

¢

of palmitate oxidized In diabetic rat hearts perfused with glucose J :

N (A

alon% ATP production from glucose is parkedly depressed suggesting i
that the majority of ATP production under these conditions is derived

from endogenous triacylglycerols In both control -and- diabetic rat .

s

hearts perfused with glucose alone,~5tomoxir doubled'ATP production s
from exogenous glucose. ‘In control hearts”perfused innthe'presence

; ‘ i 27 o a :
of 1.2 mM palmitate, ATP generated‘from exogenOus'glucose oxidation
is only 6% of that generated from exogenous palmitate oxidation In
diabetic rat hearts perfused under the same conditions ATP from

!
exogenous glucosé oxidation represents a’ mere 0. 6% of thﬂt from

-
oxidation of perfusate palmitate The balance of energy pr\vision is

yshifted, only slightly under these conditions by Etomoxir, the percent
J

ATP provided by exogenous glucose/palmitate increasing about 1.6

t ._\.

e in diabetics.

times in controls, and remaining essentially the) s&

N,

~ A
Tissueﬂlevels of intermediates of the CPT I reaction measured

" Na :
, in hearts freeze-clamped after perfusion under the various.
/ experimental conditions are shown‘in Figures 1 and 2. As expected

! K

addition of palmitate to the perfusate increaseqalevels of long chain
acyl CoA and long chain acylcarnitine in control hearts. Levels of
"long chainvacylAcoA,vere‘elevated'higher in diabetic,ver%us control
glucose-perfused;rat‘hearts. and were surprisingly reduced in

diabetics_by_the presenceiof_palmitate.‘ Long chain acylcarnitine
) b é} e " . o
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‘leyels were not elevated in diabetic rats hearts perfused with

l‘
glucose and were not increased in these hearts if palmitate was added
. 6

“%ate. Etomoxir reduced levels of long chain acyl CoA in
hearts perfused in the presence of palmitate, and

arts perfused in the absence of palﬁitate. Etomoxir

?i;on.

Accumﬁlf' b, of citrate during oxidation of lipid fuels is
thought to supp;-&wﬁéipcose utilization by iﬁhibiting‘PFK 1. Figure
3 shqus citrate levels from tissue obtained from hearts frozen
following perfusion. As expected, palmitate increases the
concentration of citrate in both control and diabetic rat hearts.
Citrate 1eveis were not'increased in diabetic rat héarts under either
substrate condition. Etomoiir was without effect on citrate levels

except in control rat hearts perfused with glucose, where a

significant increase was observed.

DISCUSSION o

This study demonstrates the important role of fatty acids in
regulating myocardial glucosé oxidation in normal and diabetic rats.
Addition of free fatty acids (1.2 mM palmitgg;) to isolated working
hearts from non-diabetic rats perfused with glucose resulted in a
maéked reduction (13-fold) in glucose oxidation rates, to levels seen
in chronically diabetic rat hearts perfused in the absence of added
fatty acids. We also demonstrate that the CPT I inhibitor, Etomoxir,
can increase myocardial glucose oxidation, with a coﬁconnitant

increase in cardiac funtion in both control and diabetic, fatty
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acid-perfused rat hearts. The data demopetrating the effeét of fatty
acids on glucose oxidation support the work of Randle and coworkers
qyewsholme and Randle, 1964; Raﬁdle et al., 1964; Garland et al.,
1962, 1964; Garland and Randle[ 1964) who demonstrated that addition
of fatty acids or ketone bodies to‘Langéndorff perfused rat hearts
reduces glucose utilization at the sites of glucose uptake,
glycolysis, and pyruvate oxidation. We have extended these studies
to the isolated working heart in which cardiac functiom can be

measured. We also demonstrate that in diabetic rat hearts, glucose

5

oxidation is almost{cdmpletely suppressed by a physi_o*cally
obtainable concentrations of exogenous free fatty acids.

The low glucose oxidation rates inglue rfused diabetic
rat haerts cémpared to control hearﬁs perfusiﬁvunder the same
conditions may be explained ﬁy an increased reliance on fatty acid
oxidation. In acutely diabetic r;t hearts, inhibition of glucose
metabolism can be almost entirely explained by short-term, reversible
effects ofvinCreased lipid oxidation. Our resﬁlts parallel those of
_Randle's group, in which glucose oxidation rates seen in diabetic rat
hearts can be produced by perfusion of normal rét hearts with fatty
acids (Newsholme ;hd Randle, 1964; Randle et al.,‘1964; Ggrland et
ai., 1962, 1564; Garland'and Randle, 1964). The decrease in glucose
oxidation in diébeticlrat‘hearts perfused in the absence of added
palmitate may be explained by an increased metabolism of fatty acids
from endogenous triacylglycerols (Dentoﬁ and Randle, 1967). Indeed,
tissue levels of fatty acids stored in the form of triacylglycerols
- are markedly elevated in the diabetic rat heart. This occurs in part

due to higher circulating fatty acid concentrations, which both



» 70
stimulates synthesis of; and iqhibit hydrolysis of triacylglycerols ‘
(Dentonfang Randle,’1§67; Paﬁlson and‘Crgss, 1982). In addition,' (
myocardial total CoA leveis are elevated in diabetes (Reibel et al.,
1981), 'which favours storage of long chain fatty acids as
triacylglycerois instéad of transport across the mitéchpndrial
membrane for o*idﬁtion (Lopaschuk.et al., 1986 ; Lopaschuk and Tsang,v
1987). .
Ad&ition of palmitate to the perfusate of diabetic rat héarts
resulted in an almost éomplete suppression of glucose oxidation
(Table 2). This decrease cannot be accéunted for by an incfease in
oiidaﬁion of either exogenoﬁs long chain fatty acids (Tasles 3 and 4)
or short chain fatty acids (Barbee etal.;, 1988) in diabetic rat
hearts.b In the presence éf palmitate, endogenous fatty acid
o*idation from stored gfiacylglycerols has not beern shown to be
elevated in diabetic rat hearts (Paulson and Crass, 1982). . In
addition, analysis of whole tissue levels of long chain acylﬁCoA,
long\chain acylcarnitine, and citrate suggest that flux of fatty
acids through the carni;ine gpyltransferases and the TCA cycle was no
greater in these chronic giﬁbetics and that sensitivity of CPT I to
inhibition by Etomoxir wgﬁ no different in controls and diabetics.
The;}nability of diabetic rat hearts to oxidi;e glucose without a
concommittant increase in fatty acid oxidacioﬁ may result in a
decreased ability of the heart to maintain metabolic demand gnder
ce¥tain conditions. Perfusi&h with fatty acids decreased pe@k
systolic pressure and tended to decrease HRXPSP in diabetic rat

hearts. We have observed that chronically diabetic hearts perfused

in the presence of fatty acids could not maintain PSP at the
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_ same rate of electrical pacing as in the ab§ence_of_fatty'acids
{Lopaschuk and Spafford, unpublishgd)._ This may be related to a
limitatioq,of energy production by suppressed glucose oxidation. A
{dirgcy‘study of the gffgéts of fatty acids on fhe abi ty of
ch;on;callx diabetic rat hearts to perform at maximal workloads has

not been carried out, however.

The inhibition ‘of myocardial glucose oxidation in diabetes

1

N

may occur by a comBination of several mechanisms. Besides an
1hhibition of glucose uptake, citrate accumulation.as a result of

‘ fafty acid oxidation may be critical in the inhibition of'glyCOlysié
at the phosphofructokinase step, resulting in further depression of
glucose uptake and glycogenolysis (Randle et al., 1963; Neely et al.
1970) .- However," there is evidence ;o suggest that in the long term
diabetic Qsdel‘ahchronic adaptation in myocardial l}pid handling
mechanisms may. ogcuf. For instance, Rosen et al. (1986) showed that
in contrast to7eie§ated rates of endogenous lipidA§§idation and
increased citrate levels in glucose-perfusgd hearts from agutely,
diabetic rat#, valges were no different from controls in chronically
diabetic rat hearts. We demonstrate hefe that citrate levels are not
elevated in the chronically diabetic model (Figure 4). Aﬁother
mechanism for the decreased glucose oxidation”}n diabetes is the
lower $PDHa, mediated by oxidation of fatty acids, which increases
acetyl CoA/CoA tatio during fatty acid oxidatioﬂ;; Catefson et al.
(1982) demonstrated that normalization of $PDHa in glucose-perfused
acutely diabetic rat hearts by insulin and the CPTﬁllinhibitor TDGA
is accompanied by a ndrnali:a:ion of ;the ratio of acetyl CoA/CoA. Ve

’

did not measure acetyl CoA levels in our hearts, but suggest~thétp
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similar to citrate, acetyl CoA levels may not necessarily be . | /
increased in thé éhronically diabetic rat heart. The data of /
Caterson et al. (1982) also do not rule out that \PDHg could be ’/
reduced by factors in dlabetes other than acute alterations in adetyl
CoA/CqA,'since it was not stated whether acetyl CoA/CoA was

normglized by TDGA in diabetic hearts perfused without glucose alone,
where $PDHa was not normal%zed. Miller et al. (1987) demonstrated
- -

that TDGA acutely increases acetyl CoA {ﬁ“fatty acid-perfused swine

~— 3

hearts.

In this study we determined the effezt gf CPT I inhibition on
myocérdial glucose oxidation rates in bothﬂéontrol ana diabetic
rats. Addition of Etomoxir incfeaéed myocardial glucose oxidation
rates in all e;perimental conditions. Our results contrai: with

those of Rosen et al. (1986) who failed to demonstrate any.increase

~ in glucose oxidation in chronically diabetic rat heart, using the CPT

I inhibitor, POCA. & l sen’'s group found little difference in .

3
;

glucose oxidation becﬁl," Ls and diabetics, an observation

which'conﬁrasts'the o our study and of other groups (Randle

et a1;; 1964; Tan et ;1t1;1§845i- Although Etomoxir did not
completely inhibit the acute effects of‘pflmitate on glucose
oxidation in control hearts, it did improve mechanical function.
Heart rate aﬁd rate-pressure product were increased by ngnoxirlin
palmitate-perfused hearts from control and diabetic rats.Q-&ﬁis
suppofts tﬁe.abovementioned concept that fatty acids may have
depressive effects on cardiac function which are acutely reyersible
and mediated by effects on glucose utilization.

This study emphasizes the importance of fatty acids in
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'_regulating myocardial glecose oxidation, especiall; in diabetes.
Glucose oxidation is substantially reduced in normal rat hearts by
the presence of fatty dcids. Glucose oxidation is almost completely
(suppressed in diabetic rat heatts perfused with the same fatty acid
,concentration. which‘is in the range of serunlfree fatty acids
observed in diabetes.‘ CPT I inhibition resulted in an inérease in

glucose oxidation rates and a slight increase in cardiac function in

" hearts perfused with fatty ‘acids. These data suggest that acutely '

e
o, 3
Vreversible effects of fagty acids can- contribute to decreased i
. {
.myocardia!‘%lucope oxidation and céYdiac fqnction in diabetes.
* £ » : ) ’ et
. ; s .
) v
. - 3 '
4 '
. . .
o ’ S !
*
; 5 .
- - ’
- LR N
I4 - . .
4 v /’
¢ 2 °



.

!> N - ) i 74 -

Table 1: Effect of palmitaté and Etomoxir on heart function in
isolated working hearts from control aqﬂ diabetic rats.

4

Heart Rate

Perfusion Heart Ratel Peak Systolic @~ X Peak Systolic
Condition " (beat.min” ") Pressure (mm Hg) Pressyre '
o ’ ‘ (Xlo- ) 6
CONTROL
1) 11.mM glucose 204.9+10.8 114.942.5 23.541.1
+ Etomoxir ¢ 217.146.2 110.8+1.8a 24.040.7
2)11 mM glucose, a ' | %
1.2 mM palmitate 201.149.2 111.3+2.1a 22.310.8 :
+ Etomoxir 225.846.9a 106‘#_11.'7  24.110.8a
EIABETIC . ' ‘ L ® w ' N
1) 11 mM glucose 140.046.7* 126.443.9 17.6+0.8%
+ Etomoxir , 160.0$15.8  119.047.8 18.740.6 = -
- - ) - ) . ° - »
2) 11 mM glucose, o ) -
1.2 mM palmitate 128.0+13.1*- 111.6+3.7¢ 14,241 . 4%
+ Etomoxir - - 1 155.0410.5a  105.7+1.9  16.3%l.1a

/

Heart ra?e, peak systolic pressure, and the heasrt-rate-peak systolic
pressure”product were determined in hearts perfused at.a 15 cm H,0
preload and 80 mm Hg afterload.. Etomgxir, when used, was addeg to
the perfusate at.concentration of 107° MY *, p<0.05 diabetic versus
control; t, p<0.05 palmitate versus glucose; a, p<0.05 Etomoxir
versus paired group without Etomoxir. o

[
a4
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Table 2: Effect of palmitate and Etomoxir on glucose oxidation rates
in isolated working hearts from control angd diabetic rats. ’

1

COSTROL DIABETIC
1%c0, production 1%c0, productien
Perfusion (nmo §1ucosi. (nmo flucosi“
Condition g dry “.min™ ") g dry " .min”
1) 11 mM glucose 11274140 89+11%
+ Etomoxir 2146+214a . 195#4la
ER) ilﬁpﬂnglucose, e
1.2 mM palmitate: 89+19t . 942%t .
+ Etomoxir 192+38a 15+3a-
co production . 1“002 production
(nmo glueoge.Tin'l. (nmol glucgseimin'l.
(HRXPSPX1Q7 Y " (HRXPSPX10 7))~ ) »
1) 11 mM glucose © 14.57+1.88 . . 1.19£0.22% -
- ] ’ . ‘ E
+ M Etomoxir _ Zié§312.663 ~2.50%0.52a
2) 11 mM glucgse, : ‘
1.2 mM palmitate - 1.2330.15¢ .0.2440.07*t
+ Etomoxir 2.5240.50a . ' ‘0.310.08

Q)

_ Hearts are the same as those ‘described in Table 1. Glucose oxidation -
- 'was measured as described in Methods and expressed:per gram dry heart.
\"yeight, or corrected for work performed by the heart. *, p<0.05-
diabetic versus control; t, p<0.05 palmitate versus glucose; a, '
'p<e.?5 Etomoxir versug paired group without Etomoxir. ' E
k4
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Table 3: Efﬁ?ct of Etomoxir on palmitate oxidation rates in isolataéd
working hearts from control and diabetic rats.

CONTROL DIABETIC
Perfusion I“COZ productioY
Condition (umol palmitate.g dry~ .min'l).
11 mM glucose, . »
1.2 mM palmitate 453451 403449 ‘
+ Etomoxir  601#6la . ' * 593:68a

_ l“COZ production
(nmol palmitate.min”'.(HRXPSPX10 3)~1)

11 mM glucose, : '
1.2 mM palmitate 7.10+0.89 . 5.66+0.43

+ Etomoxir 8.88+1.25 | ©7.2240.49a
o |

Hearts are the same as those described in Table 1. Palmitate
oxidation was measured as described in Methods and expressed per gram
dry heart weight, or corrected for work performed by the heart. ¥,
p<0.05 diabetic versus control; t, p<0.05 palmitate versus glucose;

a, -p<0.05 Etomoxir versus pair%d group without Etomoxir.
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Table 4: Calculated ATP produced from oxidation :8f exogenous glucose
and palmitate in isolated working hearts from control and diabetic

rats.

ATP Production (nmol. g dryl.min™')

CONTROL - DIABETIC
N LY
Perfusion . From - From From From ﬁw
Condition Glucose Palmitate = Glucose Palmitate
1) 11 mM glucose 42830 , 3372
‘ . _ , ,
+ Etomoxir 82547 | . 7399 4
25\11«mH glucose, ) : _ . o ’
’ 1.2 mM palmitate 3379 , 58476(5.8) 349 52039(0.67)
+ Etomoxir - 7309 - 77581(9.4) 568 - 76&84(0.7&)

Data are derived from the same hearts as described in Table 1... ATP

'>\\\; production was calculated from theoretical ATP 'yeilds of 38 and 129 -

for complete oxidation of glucose and palmitate, respectively, as
described in Methods. Values in parentheses are the ratio of ATP
produced from exogenous glucose/palmitate for eachicondition.f

2
o

iy
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Effect of Etomoxif and palmitate on léong chain -
acylcarnitine levels in isolated. working ‘hearts from control and
diabetic rats. . : e =

Values are obtained from hearts freeze clamped after1perfusion
Hearts were. perfused with 11 mM glucose + 1.2 mM palmitate either for
“a 30 minute control period without Etomoxir followed by a 30 pbnune '
. period ‘after addition of Etomoxir. (asedescribed in Table 1y, ‘or.
“hour without Etomoxir\(see Materials and Methods). 'Values are mean +
o SEM of at legst 5 hearts. -Glucose= 11 mM glucose; PalnitBCQ- 11 e .
e “glucose + 1.2 mM palmitate. *, p<0 05 diabetic versus control; e
p<0. 05" palmitate versus glucose a, p<0 05 Etonoxir versus unpnired Co

control wichout Etonoxit .
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CHAPTER 4: GENERAL DISCUSSION.

. ‘ . A .
’ 4
Rat Heart:

'Ebé‘acute and chronic factors responsible for decreased /§w‘
cardiac perfoxnance in diabetic animals remain to be fully . ?J |
elucidated. Reduced contractility in the chronically diabetic rat
heart is .largely due to changes in myosin‘isczyme predominance, from

, the ncrmaily high ATPase V1 to the lower ATPase V3‘isoiyme (Dillmann,
1980)! Signals from reduced thyroid hormone levels and altered
cardiac metabblism contribute to this shift in myosin:isozyme
exptession in;diabetes. The role of triiodothyronine (T3) in
regulating mycsin.isczyme phenotype‘is fairly well characterized. A
distinct metabolic signal, probably generated by'carhohydrate
metabolism, also regulates myosin isozyme expression It was
hypothesiced that chronic administration of an agent which directly
activates the PDH cdgplex-to diabetic rats would result in increased

i .wglucose oxidation and subsequently increased myofibril ATPase

activity. DCA increases the percentage of the PDH complex in the
~_active form (%PDHa) by inhibiting PDH kinase (Whitehouse et al.,
| 19?4) In the first study DCA was administered chronically in an
attempt to provide a long-term reactivation of the PDH complex in

diabetic rat hearts. This study demonstrates that long-term

adiministration of high doses of DCA can increase giucose oxidation in
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isolated-working heartsvfrom diabetic rats, even in the presence of
f?tty acids. Depressed cardiac GaZ*.activated mycfibril ATPase
seen in ;he uptreated diabetic rats was completely normali;ea by DCA
treatment. This effect was not due to increased serum T4 levels in
DCA-trea;ed diabetic rats. These data nggest tﬁat a m;tabolic
signal generated by increased flux through PDH induces altered
activity of contractile protéins. Diabetes and DCA did not alter the .
calcium sensitivity (pCaso)gﬂf myofibril ATPase, but rather the
maximal Ca2+-activated, Mg2+-stimulated myofibril ATPase. This

2+

can be explained mainly By effects on basal Mg“ -stimulated

myofibril ATPase, although a clear 1nterpretatidn 6f the mechanism of
()' altered maximal myofibril ATPase activity f£s not apparent from the
data. As suggested by Belcastro et al. (1985), an adaptaﬁion in

2+

response of the ﬁyofibril ATPase to Mg“' may therefore. have taken

place in d§§betes, which was also ameli&ratea by DCA treatment.
Giacomelli and Weiner (1979) have noted alteﬁattons in the thin

‘filament of the myofibril in the diabetic raﬁ;heaﬁti which may relate

7
?
N

 ;:5’to altered regulation’of myofibril ATPase. It is likely that a
"_?H;ﬁgq in myosin isozyme predominance from V1 to V3 can account for
{mést of the deqreaﬁe iﬁ‘myofibril ATPase %n diabet;cs (Dillmann,
'ibiégifQSQlealhotra et al.,'1981). although this wars not measured in th&
| %;égent study. An_increase in V1 nyosin and a decrea;e in V3’myo§iﬂ
. contenﬁ hay also account-for increased ﬁyofipril ATPase\in
DCA-treated diabetiés. Hethylpalu;xirate tre#tment can also»increase‘
8Vl myosin and Ca2+-myo§1n ATPase 1in diabetié rat hearﬁs kDillmann,

7

1985). At was speculated that this effethwas due to an increase in

2

?

glucose oxidation as a result of 1nh15§fiod of fatty qcid oxidation.

"

®
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Another factor that must - be Qonsidered is altered regulation of V1
T myosin itself Winegrad and Weisberg (1987) have recently
dehonstreted'that V1 myosin ATPage.activity is increaseo by eyclic™
AMP, whileévs myosin.is unaffecteo. o - ll - | L
A 4 , < : .
Whiie_cerdiao-mvofibril ATPese activity was decreased in
diabetic rats and normalizeq by DCA-treatnent, eortesoonoing changes
- in rate~pressureiprohuct were not;observed\iﬁ'the'samee hearts’

¥ .

perfused as iegleted'working hearts. This woold suggest éhat.
myofiorii\ATPase activity‘ie not always directlv correlated with
contractile functioo.. This dissociation Betweeo oontractile o;otein'
activity and function has also been shown in oeatts from.diabetit
rats fed methylpalmoxirate,’where vl myoein was lncreased but '.
isoiated papiilary muscie contractility wasvnot similariy oorpelized
(PoBovioh et al., 1987). Similerly;-Tahfliani and HcNeiil (1§85)- |
: , _ .

‘wetevuneble to»demonstrate improved caréiacbfonction (as aeeess,ﬂ by
left ventrioulet deveiooed preesdre'io reepohee‘to increasing left
atrial (i%ling pressure) in diabetic rats fed methylpalmoxirate .‘In
this 1ast study, deﬁressed sarcoplasmic reticuldr calcium transport
was prevent:o by the drug treatment. Function in the isolated
wotking heart is also determined by factors other than the
Icontractility, as measured directly. by mechanical Vmax of isolated
‘cardiec muscle. ‘Vmax may be closely related to isomyosin pattern and
'myofibril ATPase activity HOWever changes in the time course of
' development “of peak tension or shoré%ning velocity (measured in
‘isolated musole_preparations) or in intrinsic_heart,rate (i.e.,iip

the isolated working heart) may. be due to factors othe:‘than'

.myofibril or’ sarcoplasmic reticulum function. Prolongation of time

"

I}



..potention duration in hearts undergoing'hypertrophy from renal

to peak shortening was shown to be correlated with increased action

Y

hypertension (Capassq&et al. 1982)' Abnormalities in action

potential development and response to calcium have been observed in

diabetic rat hearts (Sauviat and Feuvray, 1986). These observations
may be related to consistently reduced heart rate in diabetic rats, -

which can occhur within 48 hours of induction of streptozotpcin

-

diabetes, or within,ZA‘hours after insulin withdrawal of insulin in

, spontaneously.diabetic~ratsf(Lopaschuk and Spafford, 1988; LopaSchuk

and Tsang, 1987). Heart rate was also_reduced in diabetic rats ing_'t

e ) : : '
the present study, and remained unaltere%iby DCA treatment. -

Similarly, many of the abovementioned biochemical derangements in the
- : . 7
myocardium of diabetic rats may been unaffected DCA-treatment. ‘The

| presence of high palmitate levels in the perfusion buffer may

v

decrease rate- pressure product in isolated working’ hearts from :
diabetic as*yell as’gontrol animals (wall and Lopaschuk 1988 Fields
et al 1986)*5 Therefore differences in’rate -pressure product
between control and diabetic rat hearts may have been masked by this'
conditionﬁin the present study. The lack of increase-in cardiac
performance in DCA-treated diabetic rats may be-due.to a protein

catabolic state in caused by the combined effects of low food intake

Land DCA. Fields et al. (1987) demonstrated that loss of lean body

mass and nitrogen in starving rats was accelerated by DCA
administration, which was suggested ‘to increase gluconeogenesis from

amino acids as a result of its glucose wasting effect ‘Thus, cardiac

performance was reduced in both control and diabetic rats treated
» . : . o . . @ ’ '
with DCA; possibly dua to reduced heart size and myofibril protein

-
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yield.

o . ~

. Glucose oxidation rates measured in isolated working hearts

in the presence of 1.2 mM palnitate and no insulin were depressed in.

[}

(’diabetic versus control rat hearts. This vas partially reversed by

chronic DCA treatment. Therefore, it can be reasonably inferred\that

\

" depressed myocardial glucose'oxidation_rates in diabetics would be

increased to at least the same'degree in Viﬁo hj'the DCA-treatmenc

N . . v

regime It is also plausible to assume that tPDHa was increased by
‘the DCA treatment, since this agent has a specific action on PDH

(Whitehouse et al. 1974) . Suppression.ofvthis step is of key

W

importance in diminishing myocardial glucose oxidation in diabetes

(Randle et al . 1984) It is unknown whether the effects of DCA in

¢ e

vivo were diminished upon excision of hearts and perfusion in the

abSence”ofbDCA.b Glucose oxidation rates did mot decline over thex30 ’

minute perfusion period in hearts from DCA-fed diabetic rats.

However, Whitehouse et al. (1974) showed that in normal hearts

perfused with 1 mM DCA in addition to glucose, acétate, and insulin;“

switching to DCA-free medium. after 6 minutes resulted in reversal of
DCA effects on $PDHa after about 5 minutes. Neverthelh%s;.ifnthe

'effects of circulating DCA were reduced by perfusion without DCA, the

observed increase.in glucose oxidation in DCA-fed diabetics could

A

only be an underestimate of the increase in glucose oxidation due._to .

.

‘DCA in vivo When 0.5 mH DCA was "added to the perfusate, glucose

>

oxidation rates were .increased maximally fn palmitate- perfused hearts
from diabetic rats, reaching rates seen in control hearts in the
~absence of palmitate. This demonstrates the key involvement of the

PDH complex in‘depressed glucose oxidation in diabetic rat heart.

-
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The nature of the metabolic signal'that‘alters myocardial

protein expression in the diabetic cannot be clearly deducedhfrpn/
o

studies in which chtOnic drug administration to alter substrate g

- .

ufluxes is carried out ~ DCA does activate the. PDH_complex thereby

Y

"increasing flux of pyruvate to the TCA cycle for,oxidation However,f

[

it also has secondary effects on other netabolic pathways. DCA
decreases fatty dcid utilization by the in situ canine heart ‘and
,redu‘es the inhibitory effect of fatty acids on extraction ‘of
glucose, yruvate, and lactate (HcAllister et al. 1973 Hjos et al;;
‘l976) DCA alsp decreases 1[‘COZ production ‘and’ diminishes '
V“specific activity of acetyl CoA during perfusion with glucose and
ﬁlac aceﬁfte (McAllister et al. 1973) The redox state of the
.>cytosol can be affected sfnce DCA increases the lactate/pyruvate
{ratio (Higgins et a1 1978) Glycolytic rates can also be _
‘increased especially during fatty acid oxidation/l occuring in part
due to decreased citrate 1evels (McAllister et al , 1973). ‘As with
s
th CPT 1 inhibitor methylpalmoxirate which reverses the myosin
isozyme switch in diabetes (Dillmann, 1985), the reversal of "3
depressed myofibril ATPase in diabetes by DCA could be related to an

,_inhibition of fatty acid oxidation\or an increase in glycolytic rate,

",
N .

‘ias opposed to'increasing'pyruvatefoaidation by reactivating the PDH. . -~ "~

complex. A

kol

- It is. interesting that a specific group of glucose regulated

‘proteins are induced by glucose starvation in a variety of cells (see:

Led, 1987 for review). These proteing are produced under a variety
of_stress conditions suchvas calciun ionophore administration and

 anaerobiosis. " They are related to the heat shock/stress proteins,
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.which can be induced in cardiac tissue by ischemia (Dillmann et al.

'1986 Curry, 1987) and conditions which elevate tissue lactate

. concent;ations, such as aortic stenosis (Hammond etfal . 1982) In
diabetes, the redox state of the cytosol‘is also altered.. The
connection between heat shock/stress proteins and glicose regulated :

.proteins remainsvelusive. However, it is noteworthy that in both

- diabetes and in responsevto aortic, stenosis the isotyme shift from

' fVl tQ V3 ‘myosin occurs (Dillmann 1980 Swynghedauw et al. 1980;

‘ leeda et al ,.1987; Izumo et al' 1987) ©V3 myosin has higher
ﬁmechanical efficiency, in terms of ATP hydrolyzed per unit of force
:developed (Holubarsch et al. 1985) Perhaps the production of these
proteins is related to the signalling of a metabolic compromise,,
which induces protein:”such as the V3 myosin which allow
conservation of cellular energy. Mariash and Oppenheimer (1985) have
shown that DCA can reproduce the effects of glucose which induces
malic enz&me in,hepatocytes This suggests that :the signal inducing
this carbohydrate regulated gene is’ generated at the PDH complex. It

stands to reason . that such a highly regulated step in cellular

g&metabolism might signal the energy status of the ce11 since the fate

,of glucose is irreversibly determined at PDH (Randle et al. 1978,
" Randle, 1986). o
¢ . ‘._‘ “a1though;the‘cardiac;myosin heavy chains are regulated by.T3,

and probably a metabolic signall the site‘at which this'interaction;

occurs is open for’ speculation The phosphoenolpyruvate .

carboxykinase gene is regulated by interaction of both insulin and T3

with.S"regulatory sequenceS'of the gene (Wynshaw-Boris et al.,

1986). Diabetes results in réduced T3 receptor‘levels in liwer

Yy
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(ﬁurty et al., 1986), which could rpduce the T3 effect in the
: . PR o
~nucifus As discussed in Chapter 2, sinilar to diabetes, a signal
4
related to energy netabolisn may cause.the decreased V1 and increased :

v3 myosin content in hearts undtrgoing cardiac hypertrophy due to
aortic'stenoais However, is seens unlikely that the metabolic ‘

signal to‘isonyosin switches would_act by,reducing T3 receptor levels

during aortic stenogis. s

The‘relative cOntribution of acute and chronic effects-of

increased reliance on fatty.acid oxidation to decreased myocardial
:grucose oxidation and cardiac function in diabetes is ‘not
understood A key regulatory step in this inhibition is the PDH '
complex whose activity is reduced via phosphorylation by increased
PDH kinase activity (Kerbeyvetral. 1984' Randle et al. .1984).

- .While fatty acidametabolisn .can acutely increase PDH kinase activity

land dacrease %PDHa mainly by increasing acetyl CoA/CoA “the factors

'responsible for the additional increase in PDH kinase and
,"kinase/activator’ factor in diabetes are unknown In cultured

7

*hepatocytes, octanoate and glucagon at concentrations which

approximates starvation or diabetes can increase PDH kinase activity

to. 1ev81s seen under these conditions in vivo (Fatania et al

1986) The effects of long term inhibition of fatty acid. oxidation

)

by blocking entry of long chain fatty acids into the mitochondrion at
CPT I, on,myocardial glucose oxidation have not been determined,‘ In
fact, prior to the present study, the effects of acute- CPT I

inhibition on glucose oxidation in the isolated heart had ‘not been
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' .characterized in the presence of conpeting fatty{acid'substrates

‘ which would be present in vivo In’ addition fatty acids may have'
.i acute effects on heart function até%igh workloads in diabetes
Therefore in the second part of this thesis, the effects of g
palmitaée and of the CPT I inhibitor Etomoxir on gluoose oxidation

rates and cardiac function were determined in. isolated working hearts

from normal and chronic\lly diabetic rats
£

Glucose oxidation rates were highly dependent on the presence

of pall.tate and on the diabetic condition . In control rat hearts,

”.lthe“presence~of palmitate reduced glucose oxidation to leyels\seen in
l

diabetic rat. hearts perfused without palmitate while perfusion\with'
\palmitate virtually eliminated glucdse oxidation in diabetic rat »
hearts. The lower glucose oxidation rates in diabetics ‘4n ‘the
glucose perfused condition may have been due to grester endogenous .

N

fatty acid oxidation rates from incyeased myocardial triacylglycerol

-

stores (Denton and Randle 1967 Lopas¢huk and Tsang. 1987), with the,. :

resultant production of intermediates which are inhibitory to glucose;
oxidation. Levels of long chain acyl CoA 'long chain acyl carnitinep
and citrate were not higher in diabetic rat hearts perfused with
glucose‘ However whole tissue concentrations of intermediates of
fatty acid metabolism do not’ necessarily reflect rates of fatty acid

\\\tdation Oxidation rates of endogenous fatty acids fran stored

'

triacylglycerols in a glucose perfused heart can be calculated by
measuring myocardial oxygen consunption and . calculating glycolytic
'rates and glucose oxidation from exogenous glucose and stored
glycogen,'by measuring metabolites of these pathways., The remainder
of oxygen consumption unaccounted for is attributed~to endogenous

A

-
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fattyuacid‘oxidation (Denton and Randle, 1967). Since this is not a

direct measurement, reduced. giucose oxidation rates invdiabetid rat

R

heerts perfused - wigh glucose cannot be definitely attributed to—

higher fatty acid oxidation rates In support of this levels of

’

: itrate which can inhibit glycolysis were not higher in diabetic

\
rat hearts in the present study. ‘ -

£

Perfusion with 1.2 mM palmitate drastically decreased glucose (

oxidation'rates._ Levels of intermediates of fatty acid oxidation,

longxchain acyl CoA; long chain acylcarnitine,iand citrate, were i.

" increased in palmitate-perfused hearts,-supporting the concept that

~

glucose.oxidation was reduced due tO'increased fatty acid oxidation.
The‘ainost compiete suppression of glucose oxidation'in B L.
paimitate-perfused.diabetic rat hearts may have been a result of
increased fatty acid‘oxidasionwrates from_comhined endogenous and
egogenous sources. ihis-study, is the first to measure exogenous

palmitate oxidation rates directly in experimental diabetes.

Pelmitate oxidation measured as 14C02 production from

Lac. palmitate in the perfusate was no different in control and ‘ '/)-

diabetic rat'hearts, taking into account the lower work output of the »

diabetic rat hearts. ‘This corresponds with previous work by

Lopaschuk and Tsang (1987),-uho observed no difference infpaimitate"

' oxidation rates ‘between control and spontaneously diabetic "BB"

Wistar rats. It is unresolved whether endogenous fatty acid L
oxidation is increased in‘diabetic rat hearts.under these
conditions. In the presence‘Of fatty acids, levels of long chain.

acyl CoA, long chain acylcarnitine, and citrate were also -not higher.

hxjﬁabetics.verSus c9ntroIs. Endogenous fatty'acid oxidation can he
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assessed more directly by perfusing with 14¢.1abelled fatty acid to
prelabel th}

Ktriacylglycerol pool, and then perffising with unlabelled
substrate(s), subséquently collecting 1“002 to measure\oxidative
rates Using this method, Paulson and Crass (1982) observed that
endogenous fatty acid oxidation rates were no different inpcontrol

_rat hearts perfused with a low fatty acid concentration !nd diabetic
rat'hearts perfused with a high fattj acid concentration;: lt is
unresolved whether endogenous fatty acid oxidation rates would have

{been lower in control hearts of they had been perfused with the

~higher. fatty .acid concentration which would inhibit triacylglycerol
lipolysis. In: this type of experiment relative oxidation rates must

be'related to the work or metabolic rate of the heart which is lower

-2

. in diabetic rat hearts Thus. it cannot be: concluded from this study

"whether glucose oxidation rates in the presence of palmitate are
ilower in diabetic versus control rat hearts due to increased fetty
acid: oxidation )

: . It 1s well- established that cardiac function,is impaired‘in
.'deabetic rat‘hearts (Ingebretsen et a1.,-1980;‘Yadlamudi'et al.,
‘/1982; Penparkgul et al., 1981}>Garber and ﬁeely, 1983;lLopaschURfandA |
)Tsang,'12&7);' This can be attributed to reducedfleft xentricular
_‘d3yeloped pressure'and'positiveﬂand negative dB/dt, as well as"
Jdecreased‘intrinsic heart rate in the‘isolated working'heart. lhis‘

i§ the first;stud;ito'assess cardiac functionfin diabetiC'ratvhearts
in. the presence of high fatty acid levels In diabetic rat heerts,
peak systolic pressure was decreased in the presence of palnitate

' In diabetic rat hearts there was as trend towards a lower perfornance

(HRXPSP) in the presence of palmitate which was accompanied by



. : A ’lg_:pg?"_' : i _?6
significantly reduced heart rate‘ A critical rate of glucose
utilization may be necessary for optimal functioning of membrane ion
transportﬂor other systems related to’ intrinsic rate of the heart or :

“

contradtility, as suggested by, Opie and Bricknell (1979) . GluCOse.

- utilization would be reduced by high fatty acid levels and in

aiabetes If a suppressive effect of fatty»acids on-function is -

~

rmediated by reduced glucose oxidation, then it follows ‘that - fatty

e
N

‘acids; Energy from oxidation of fatty acids is required for
performance-of'high leyfls of*cardiac work (Pearce_et al.%\l979;l
' s§$1y and Horgan, l974). ‘However, high;fates of.fatty adid»ﬂi' L
utilizatidn at the expense‘of glucose utilization nay suppressf
.gcardiac,function. A recent-study by }ppaschukvand Spafford (1988) - L
showed that pressure deyelopnent could not be maintained”in

palmitage perfused chronically diabetic rat hearts at the same rate

of pacing ‘as ‘in the absence of palmitate The‘requirement for- v
iincreased glucose oxidation at high rates of cardiac work may not be.
met in hearts using fatty acids for a high proportion of energy \
provision as in the case: of diabetes The present study<;hows that
glucose oxidation rates‘are_practically_non-existent:under the same

' preload andgafterlo‘d and suhstrate’conditions,.but uithout'pacing.

' Etonorir increased dhrdiac function~in'palnitate-perfused control and
diabetic hearts; primarilyidue tolan increase in heart rate.

Etomoxir also‘increased glucose,oaidation rates, Miller et.al.

- (1987) obsorved invin'situ aerohicallylperfused_heart.fron norua;,;l.;ffm

: & ,
‘ _ ) v L »
‘swine, that the deleterious effects of high serum fatty acid levels
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on regional work and systolic and totalrshortening could be prevented

~ by the CPT I inhibitor, tetradecylglycidic acid. They assumed that
glucose oxidation increaSed“in.hearts treated with tetradecylclycidic

'acid,‘since.palmitate oxidation decreased and oxygen conshmption

remained unchanged,rpThey concluded that. this may have exerted a

L

. beneficial effect'on‘aerohic‘heart'function Other studies hage also
- shown increased cardiac function after CPT 1 inhibition (Tan et al.

1984; Rosen et al 1986a) : However some - researchers have. either

H shown no effect ‘or a detrimental effect of CPT 1 inhibition on the
ability of‘the normal“heart to perform high workloads,(Pearce et -al.,
l979' Bielefeld.et al 1985; Rosen and Reinauer, 1984) The effect
of CPT I inhibition on cardiac function appears to be dependent. on

_the;levels of competing fatty acid substrate, and the work demand.

»

For example,‘if'high fatty-acidllevels are present and glucose

»

, oxidation is impaired then an appropriate concentration of CPT I

. -inhibitor would allow an increase in. glucose oxidation without

»- ]

inhibiting fatty acid oxidation to an extent that would impair work
capacity, as suggested by the present study on the contrary, if

fatty acid levels are not increased and gluqose oxidation is normal
then the same concentration of CPT 1 inhibitor might block fatty acid
oxidatfhn to an extent that would impair energy delivery and limit
cardiac function at high workloads, as suggested by Pearce et al

(1979) It must be cOnsidered a‘iso that: the inhibitory ef&ct of

these agents depends on the concentration of competing fatty acid _

: _substrate L o " B

The mechanism by which Etomoxir ihcreases glucose oxidation

did not inxoive a’ reduction in levels of citrat\§ Exogenous fatty

-

an.
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“dcid oxidation does net appear to be inhibited by . Etomoxir: at this
chcentration This is demonstrated by direct méﬁsurement of
14C palmitate oxidation rates. H:wever,vendogenous fatty acid
ioxidation rates may have been inhibited by Etomoxir, especially in
glucose-perfused hearts, where conpetition from exogenous fatty acids
_in the perfusate was not present. 'Etomoxir also.increased the
overall rate of‘metaboiism. It appears that in Edch fatty»acid and. x”//‘
'glucose oxidation increased to meet the'increased energy demand,
since -oxidative rates of both‘subStrates'increased on;an absolute
(pérlgram dry weight) basis. Hovever, glucose oxidation was still™
‘ increased when*corrected for the increase in work after Etomoxir, |
?_suggesting that its relative contribution to energy supply was
‘increased by Etomoxir. Increased TCA cycle activity with increased
'vmetabolic rate may explain the failure of Etomoxir to decrease
citrate levels The PDH complex may, therefore still be indirectly
activated by Etomoxir as shown by Rosen and Reinauer (1984) who
demonstrated an increase in glucose oxidation rates and PDH activity
in diabetic rat hearts after perfusion with a related
phenylalkyloxirane carboxylic aﬁig POCA._ Lo
*  The reduced sensitivity of diabetic Tat hearts to the effects

of Etomoxir on glucose oxidation may be due in part to the increased
PDH. kinase activity in-diabetes;_vhich has been shown byskerbey et
al. (198&). jlncreased\PDH kinase activity in diabetes results in a’
reduced tPDHa in diabetic rat heart relative to starved or normal rat
yheart,iunder various physiologic conditions which.inerease $PDHa
(Randle et al. , 1984) .. CPT 1 inhibition.using‘tetradecylglycidic

acid can norualiZev%PDHa in starvedvratbhearts'in the presence of

1
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glucose’ alone, whereas addition of insulinjis.necessary_to reactivate
PDH in diasbetic rat hearts. 'While thia”aéent'can nornalize'tgpﬂa ity -
normal hearts perfused with 0.5 mM palnitate ‘%PT I inhibition has

1itf1e effect on $PDHa in’ pai;itate perfused diabetic rat hp;rts R;

(Caterson et al. 1982). Thus, either the iqhibitory effect of these v
agents\at CPT I may be decreased ‘due to increased competition from
‘stored fatty acids, persisting increased PDH kinase activity, pr |

altered sensitivity of CPT I to inhibitors, in diabetic rat heart“

The effects of Etomoxir on glucoseloxidation“occurred in the

~—

absence. of expected decreases in'long chain acylcarnitine. Etomoxir
-is suggested to ‘be~a selective CPT 1 inhibi as are otherﬂl

' comé'ﬁﬁ?s in the same class known as oxirane carboxylic acid

n'derivatiyes (Wolf et al. 1982) Etouoxir or POCA, acting in the CoAF
ester form, decreases oxidation rates of paiﬁitoyl Coﬁ;hnt not.
palmitoylcarnitine gpen addedvto isolated liver mitochondria. In
Aisolated liverzand'nuscie mitochondria from POCA-treated .imaIe,
oxidation rates of palmitoyl CoAT‘but Eot-of palmitoyicernitine, are
also reduced (Furnbuli-et.al.,'1984).' The CoA ester of oxirane
.Tcarboxylic‘acid derivatives such.aa tetradecylglicidate, POCA, and
iﬁtomoxir, bindsito the CPT I'mononer,'bhttnot CPT 1I, in an ’
irrever;ible'manner,.therehy'inhibtting CPT I, but net CPT I1
c(Declerq et al., 1987).v Binding is suggested tc oceour at the

' palmitoyl.CoA binding site and at another locus which depends on thei'
configuration of the chemical group on carbon 2 (Declerq et a1
1987). The-CoA ester is said not to affect citric acid cycle
.activity or oxidative phosphorylation directly (Turnbull et al.

1984; Eistetter and Wolf,'1986); Recent evidence sugge:ts that
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starvation or ‘diabetes canggecrease the sensitivity of CPT I to

inhibition by the physlqlbglc inhibitor malonyl CoA and to synthetic
" inhibitors such as 4-hydroxyphenylglyoxylate'and POCA in livér
mitochondria (Saggewson, 1986; Cook and Gamble, 1987; Grantham and

Zammlt, 1987, 1988; Stephens and Harrls,.1987).' One recent report

" (Fiol et’al.f

1988) indicates that decreased sensitivity to CPT 1
4nhibition also occurs in heart mitochondria’iaolated from starved
animals;h This suggests that the potency of CPT I inhibition by

'Etopoxfrlhightjbe reduced in diabetic rat hearts. -In the present
- study, elevated levels of long'chaln acyl CoA in glucose-perfused

diabetic'hearts were substantially reduced by Etomox#f. This may be

due to reduced mitochondrial -fatty acyl CoA,levels as a result of

' transport of fatty acids 1nto'the mitochondrion. However,

interpretation of these data 1is complicated by the fact that
B ’ '1".
variations in the 1evels of CoA in particular cehl compartments can

Rt
'

<
s

BN
i

Jbe.masked»by*measuring changes in total cellular concentrations
: “?A It was suggested that elevated long chain acyl CoA levels in
diabetic hearts perfused with high fatty acid levels could decrease
myocardial ATP levels by_lnhiblting the adenine nucleotide :'5 2l
translocase (Padlson and‘Shug, 1982; Pieper et 51., 1984). .Pieper
and coworkers observed that creatine (CP) phosphate levels remained
unchanges’in these hearts In the present study, ATP levels_were not
reduced in dlabetic_hearts perfdsed for one hour in the prosehce'of
1.2 mM palmitate, Sdéjcr levels were substantially reduced. Rosen et
al. (1986) also‘observed that disturbed high energy phosphate
1metaoolism vas mainly as a:qesultiof decreased CP concentrations. iIt
renalns unresolved what effect diabetes has on metabolism of hlghv:

-
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energy phosphates.
Besides reduced activity of the PDH complex, other factors

may play an important role in altering glucose oxidation rates in

diabetes and during fatty acid oxidation. Citrate has traditionally
X _ :

‘been suggested to mediate the effects of fatty acids and diabetes on

glycolysis, byvinhibiting PFK 1 (Randle et alt, 1963; Neely et al.,
19705. Fructose-2,6-bisphosphate (fru-2,6-P2) has'been-demonstrated
as'an_important regulator of glycolysis'in.many cell types, includiné
heart and liver &see Hue. and Rider, i987 for review). Fru-2,§-P2 is
produced by the PFK é reaction and acts as a very potent stimulator
of ?FK 1, reducing the inhibitory effects'of citrate‘and ATP.

Recently the_relative roles of various effectors oflPFK 1 and

glyoglysis have been reassessed in relation to the contribution of

Fru-2;6-éé. Epinephrine, insulin, and cardiac work were {dentified

as factors whicw can regulate PFK 1 activity_and glycolytic rate, in

part by affecting concentrations Fru-2,6-P2 or, its stimulatory effect

on PFK 1 (Laéson and Uyeda; 1987; Narabayashi et al., 1985). These
inVestigators'suggest that variations in glycolytic r7ke and PFK 1

- L 2
activity in response to insulin and cardiac work are related to

are unrelated to increased citrate levels or alterations in other

effectors_of PFK 1 such as phosphorylation potential (Lawson and

Uyeda,. 1987). They suggest that atrcitrate levels which have been

;Qobserved’dufing‘fatty acid'oxidation, which can_be'produced,by .

“waddition of insulin to glucose-perfused hearts,‘giycolytic<rate and
PFK 1 activitf would be unaffected. Unpublished work from the

vlaboratorf of Louls Hue shoﬁs that‘Fru-2,6-P2.concentration.ano

L . -

AR ¥

%
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glycolytic rate dectease‘in hearts perfused with ketonevbodies, whichr
Vthey suggested was due to the inhibitory effect of cftrate on PFK 2
.(Hue and Rider, 1987). Thus, the relative roles'of citrate and-
Fru-2,o-P2 in'ecute regulation of gljcolysis bygfatty acids are
unclear. Fru-2,6-P2 may~be involved in 16hg-ternsregu1ation of
glycolysis”under oonditions such as starvation’and diabetes. Levels
or Fru-2,6;P2 are reduced in diabetic rat heart sliées’CSochor et

al., 1984)\. The recent work of French et’all (1988) demonstrates
that, in contrast to overnight starvation (Rider and Hue, 1984), 48._v
hour starvation results in ; decrease in Fru- 2 6- P2 levels which
canndt be immediately restored by glucose refeeding and insulin

AP

This suggests that in diabetic rat heart, similar to*reduced %PDHa,
decreased Fru-2,6- P2 levels would not be increased by short-term
v “treatments to increase glucose uptake or inhibit fatty acid |
oxidation. In general, ‘the role of fatty acids in regulation of PFK
1 in normal and diabetic rat hearts, particulary by citrate and
Fru-2,o-P2 needs further investigation.‘ ‘
CONCLUSIO&S-

ke

The following summary -and conclusions can be ~drawm from the
" results of this thesis: :

1 Treatnent of‘diabetic;rats with DCA significantly increases
.nyocardial glucose oxidation rates in isolated working hearts from'
?diabetic rats perfused with 1.2 mM palnitate Glucose oxidation i
.rates were increased up to 50 fold in palmitate perfused untreated.

| diabetic rat hearts by addition of nillinolar concentrations ofsDeA

- to. the perfusate.
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2. In these same hearts, DCA treatment overcame the depressed

calt-activated myofibril ATPase activity that éas seen in untreatsd

diabetic_rats. In. the absence of an increase in seru;‘thyroxine»
levels in DCA\treated‘diabetics these data suggest that a metabolic
signal related to glucose utilization reguldtes ATPass activity of
cardiac ‘;ofibrils.. o ST f L vz> cr
3. Cardiac function, which is depressed in the diabetic,.wasunot,
concoumitantly increased by DCA treatnentf DCA must not have

_ affected variablesvother than myofibril ATPase, which also regulate
.cardiac'contractility Reduced heart size and myofibril protein
‘yield as a result of reduced food intake or deleterious effects of -

the high ‘'dose . of DCA may also account for reduced cardiac function

in these rats.//.

P

4, In isolated worhing hearts perfused with glucose as the sole
substrate' glucose‘oxidation rates were‘reduCed‘in 6Hweek diabetics o
‘versus age- matched controls - However, levels of citrate, which is an "
.-intermediate of fatty acid oxidation known to inhibit glucoee
oxidation, were not increased in diabetic rat hearts

. 5. The .presence of 1.2 mM palmitate resulted in a profound inhibition
.of glucose oxidation Inhibition of glucose oxidation upon addition ;
of fatty acids to the perfusate appears to be due to increased fatty
acid oxidation compared to glucose-perfused hearts, as suggested by
elevated levels of intermediates of fatty acid metabolism. Clufo;e
oxdation was almost completely suppressedvin.diabetic rat helrts in
the presence of palmitate. e 3 ) : ‘

6. Rates of 1“COZ production frou exogenous 14 C palnitate were

.no diffefbnt in diabetic and control rat hearts. In these



N
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palnitate perfused hearts, levels of long chhin acylcarnitine, long
- chain acyl CoA, and citrate were not higher {n diabetics versus
controls L .\ . 7 1 ) 2 )

7. Addition of the CPT 1 {nhibitor Etomoxir (10'6 M) produced an
increase in glucose oxidation/rates in‘hoth the presence and absence
of pal{mita_te.. However, oxidation -lo'f exoggnous palmitate ;as' not
inhibited by Etomoxir. Nor were levels of long chain acylcarnitine
the product of the CPT I reaction, or cicrate, reduced "by Etomoxir
Etomoxir may have exerted its ‘effect by.increasing flux of pyruvate
into'the TCA cycle without a decrease'in TCA"cjcle intermediates.such
as citrate. ‘> :
>'8. Qardiac function was reduced®in diabetic ratrhearts]andywas-
increased by EtohoXir in palmitate-perfused control;shd diahetic rat
hearts. This suggests that cardiac'fuhction may'be compromised”
_ during conditions ofilow glucose utilization such as in the,pr;sencef
of high fatty acid levels and 1n diabetes. This may be in part.-
acutely reversible by blocking the suppressive effect of fatty acids
L glucose utilization with CPT I inhibitors such as Etomoxir.

. These studies_demonstrate that fattf acids are involved in acute and

'l chronic regulation of glucose oxidation and function in the-heart in

diabetes,

RECOMMENDATIONS : N
) \ - 7
The results of these studies Suggest many avenues for further
research ‘to clarify the role of netabolic disturbances in- the

.'myocardiun in impairing cardiac function in diabetes

~In terms of the actual metabolic-signal yhichjgegulates
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expression of contractile proteins and other proteina in the heart in
diabetes, several studies could'be undertaken to further'the
. nnderstanding of the mechanisms involved, as vell4as the phyaiologic
significance of‘these‘changes; krrom.th; point of view of.the hCA
treatment Study. an approximapion\of the in vitro ah& in vive PDH
activity and levels of Fru-2,6-P2 in diab%%}c and DCA-treated rats
would he enlightening. The relevance of changes in_myosin isozyme |
predominance or myofibril ATPaseeactivity to contractility must be
examined in 1ight,of the'results of the present atuoy. The effect of
diabetes ano‘auch therapy to improve cardiac metabolism on |
isomyoains, ATPase hctivity.of myosin and myoiibrils, as well as
~contractility of isolated papillary muscles and 1solated working
hearts must he coordinately‘investigated.v.In this regard.
oiabetes-indncedcalterations in otﬂ)r,contractile proteins and fon
transporting‘aystems should be examined in terms.of.gene expression
and biochemical activity;, Examination of the time course of
: ' :
- induction of a-MHC nRNA.by insulin or Etomoxir"invthe intact ﬁ%bir
';diabetic animal, in relation‘to.the effects of T3 replacement, wouldb
ﬁ‘hrovide SOne insight as to the nechanism~o¥\action of the metaholic

l signal Regulation of MHC genes by T3 receptor occupancy in diabetes'
;ig would also be informative regarding the site of interaction between
"~ -~T3 and metabolig signals. wHeaaurement of expression of transfected
a-MHC tusion genesfnnder various‘netabolic conditions, as well as
:ﬁ cellular signalling compounds in cultured heart cells would help to
: further isolate the metabolic mechanisns of MHC induction -0f
conrse identification of the actual signalling cheuical(s) would be

an ultimate goal.b In terms of the long term control of netabolic



"’e

106
changes in thevmyocardiumdin diabetes, cardionyocyte culture or |
chronic treatment with CPT I inhibitors s?ch as Etomoxir ‘could be
_used to examine the time course of changes in levels of Fru 2,6P2 and;
of PDH_"kinase/adtivator" factor which inhibits PDH in diabetes.

From the point'of view of acute effects of fattj acids 6n
glucose oxidation gnd function id the hgart ddring diabetes, one

L]

should investigate the dcute effect df high concentrations of
. palmitate and reversibili;&-by Etomoxir od»funCtion in isolated
working hegfﬁs ffom diabetic rats at‘h;gh workloéd thch could be.
proddced—by incréasing left‘atrial filling pressure and aortic
prgésufe and/or-electrical pacing;‘ This should be car;iéd out in
conjunction with measurement of glycolytic and glucose oxidationlb
rates. Measurement of COdbinéd‘enddgénous and'exogedousdfétty A;fd
oxidation rates would add to the understanding of substrate
utilization in diabetes. . As discussed this could be performed by
";radiolabelldng.the myochrdial triacylglycerol pool with subsequent
measurement of lgboz_production from'sédred fatty acidd-(Paulsbn

.'and Crass, 1982). quther techgdque_would pe kovmeasure ﬁpecific
'_activity.éf purified 1ntermedi;£es ke.g.,~1ong chain acylcarnitine )
common-ﬁo pathways of'éiogendus and:endogenous fatty acid oxidation,
and estimate the dilution -of radiolabelled exogenous fatty acids by.
‘:_endogenous fatty acids (Lopaschuk et al 1986) _ Adaptation of the

" systeam such that simuICaneous neasutenents of myocardial oxygen |
_'consunption could be carried out would allow for calculation of theb
“contribution of carbehydrate and lipid substrates to oxidattVe

metabolism. It would be useful to deternine vhether a high epough

dose of Etonokif‘could be used to completely block the acute effecfé&{
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'of palnitate on glucose oxidation in isolated working hearts from
'_control aninals ., The effects of this concentration of Etouoxir .on

'*-metabolisu and function could then be compared in: diabetic rat -

hearts Possible defects in high energy phosphate metabolism remain

}:to be ciearly identified A useful approach to investigate this
‘would .be measurement of kinetics of ATP synthesis and utilization in
' perfused hearts by 31P NHR (Ugurbil et al. '1986) ‘The relative
hroles of citrate and Fru 2,6-P2 (and other regulators) in control of‘

1

PFK l,and glycolysis in the presence of fatty acids and in diabetes

~

should ‘also be clarified. «
Finally, as the mechanisms of insulin resistance in diabetes:

are elucidated by experimental work,_clinical trials could be carried

‘out to investigate the effectiveness'oflthe new class of hypoglfcemic :

5

agents, the phenylalkyloxirane carboxylic:acids, in ameliorating

" metabolic control (Bliesath et al.,~l987). Since metabolic control
may be related.to“cardiac1d§sfunction in diabetic patients-(Fisher et
al., 1987), it would beuuseful to describe'the relationship between

possible improvements in glucoregulation and cardiac functioniin

human diabetics using these_hypoglycemic agents;
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~APPENDIX A: DETAILED METHODOLOGY

Function in the Neely Isolated Working Rat Heart Apparatus:

.Thé.isdiated'wprkiﬁsvfat hea;t'prephfafioﬁ.as used 1n_€heée

':experiments was adapteé from.the 6rigin;i methodqlogy deﬁeloped by

i J.R..Ngely and colleagues in'#he'1960's'(ﬁee1y et al., 1967; see
Neeiy'ahd Ro§e§C§ fét detailed descripﬁion-ﬁloﬁg-with diagrams). The.
édapted:afparatus hgs'an.qugeﬁation’chamber-which a119§§ fq; gassing

;qf.Alb;mi#-conﬁainingAbqffér‘suqh that pe;fﬁsign-witﬁ 1oﬁg.cha1ﬁ.g

.fatéy écids B&ﬁnd to élquin.may bé c;rfied outﬁ(Horgaﬁ et ala:

. 1980). _Thé rig consists of custbglque'water-jaqketed gla;gware N
cqhbponénts aﬁd Teflon adapgefs which‘alloﬁ a tightly sealed g&stém
whicﬁ is required fof cqllectign of gaséous 14C62 during |
mé;sufement of 14C-substrate oxtdatién. A Haake L water circulator
was usgq to maintain the sy#tem at %7 degréeé C.  Buff¢; was
récirculated by a peristaltic pump (Cole:Palmer, Model 7545) at a
flowrate of approx..lﬁd ml/min. .Buffer is pumped to the oxygenation
chamber, where it drains through coating the inside surfaces of the
chamber, allowing oxygenatidn.but preventing foaming of

-

albumin-containing buffer. The chamber has a gas inlet for cafbbgen

vz

. . . . 1 .
and an outlet which may be conneqsed to a bubble trap for gaseous

4
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C02 collection Near the bottom of the chanber is an overflow ‘
outlet which allows }ree drainage of buffer back into the buffer'
""reservoir under the heart, thereby setting the height of the |
hydrostatic left atrial filling pressure. From the bottomlof the
hchamber buffer flow; into the left atriun via a right angled
cannula, From the aortic.cannula,.buffer is pumped by the heart to a
:compliance1éhamber’whose yolumeican be adjusted-using.a.plastic. |
syringe which is connected toiit Buffer then is pumped out of the
chamber up to an a smallwchamber which connects ‘to overflow tubing

. This aspect of the apparatus diffe;s from that described by Horgan et

>

(1980), who describe a needle apparatus connected to the
compliance chamber ‘which creates ‘aortic afterload Buffer flowing
.‘through the needle. then draini back into the buffer reservoir. . On
our-apparatu34 the height of the’ overflow chamber determines the
:aortic hydrostatic afterload against ‘which the heart must work
After reaching the chamber fixed at this heightﬁ'buffer drains freElf
back down'intovthe'buffer reservoir under the heart. The left atrial
and aortic cannulas pass through a custom- made Teflon adaptor, which
”seals tightly with the heart chamber. A sidearm off of the acrtic
outflow line is connected to a pressure transducer (Gould P23) which
permits measurement of pressure generated by the heart during each
cardiac cycle and therefore heart rate. A branch of this line is
connected to the Langendorff reservoir located 15 cm above the heart
chamber: |
GENEhAL PERFUSION. PROTOCOL:

Rats were anesthetized by sodium pentobarbital injection.

The thoracic cavity was then opened with surgical scissors, and the
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hedrt 1uoyed and placed in a beaker of coldeangendorff buffer
'(Krebs Henseleit withkll mM glucose; see Perfusioh Buffers).;;The
heart was then cannulated via the aorta (hangendorff,f1895) an§@
4._clampedeith bulldog clamps as flow from the Langendorff reservoir'
'was started Extraneou54tissue.wa dissected away using forceps and
.surgical scissors. The aortic canhulation was secured with sutures,-
.and the pulmonary artery was then cut to allow drainage of coronary '
_ effluent The, left: atrial opening was located cannulated d
similarly secured-A After this initial preperfusion period of about
10‘minutes the Langendorff line was then clamped the buffer
reservoir placed under the: heart; the left atrial line opened and :
the afterload line opened The heart chamber was then sealed to the
Teflon adapter thereby closing the systeu The compliance chamber
. was then adjusted and the gas outflow line placed in the bubble
trap. Tracings were recorded from the. physiograph (Grass Model 79D)
every 5 minutes and samples were taken for 14C02 every 10

minutes, starting at 10 minutes after function and 002 production',
hadvassumed a steady state. At the end of perfusion the seal was
Hbroken buffer flow was clamped and ‘the. heart was freeze- clamped
using Wollenberger clamps cooled in 1iquid nitroge

MEASUREMENT OF 14002 PRODUCTION FROH laC SUBSTRATE o | T
| Buffers containing l4c. labelled substrate and 3% bovine
serum albumin were: prepared as described 1a§er (see Perfusion

14,

Buffers). €O, was collected at lO midute intervals by =~

simultaneously sampling from: 1) the nethylbenzethonium hydroxide

bubble for gaseous 14 €O, in the forn of carbamate using an

automatic pipette, andv2) the perfusion’bufferjfor 1 C-bicarbonate

Ve

¥

'4"" “‘

— e
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via a.resealable rubber sampling port using a syringe and needle.
Buffer samples vere immediately stored under mineral oil u.ﬁ}l later
processing. This consisted of injecting a known/(olume of buffer
into a closed metabolic flask containing sulfuric acid, through a
rubber - stoppered sidearm A plastic centrewell suspended in the
ﬂflask contains methylbenzethonium hydroxide Samples were shaken on
a metabolic shaker for 1 hourvto so that 1I‘COZ from bicarbonate |
'could be liberated and trapped in the centrewell The centrewells
uere then dropped.into»liquid scintillation vials, to which
scintillation fluid (ACS Amersham) was added, and counted on a
liquid scintillation counter (Beckman LS3801) Automatic quench

" correction by the H# method ‘(external standard) was-used to determine
dpm.values. Substrate'oxidation rates were then calculated on an
using-a program written on Lotus 123 (Iﬁu); see Ekamble dalculation.
Total dpm as C02 contained in the*25 ml methylbenzethonium

hydroxide :rap.:and in the 100 nl perfusion bufferfvolune were

calculated aftechorrection for sample removal. fhevamount of

substrate oxidized could be calculated by dividing IQCQh dpm by

‘the snecific activity of 14C-substrate in thenbuffer (dp;/mol
substrate). ’6§idatiue ratesjwere obtained.in nmoles glucose onidized

- per gram dry heart weight per minute, or nmoes 81&9953 oxidized per

minute per heart rate-peak systolic pressure‘product, as shown .in the

N

exanble calculation.
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PERFUSION BUFFERS:
. vl‘ ) N ’
Krebs Henseleit Concentrate (10X):

Cpd. 'M.W. - Final Concn. (mM)  gm/4L

NaCl 8.4 C s - © 275.65 ﬁg.
KCl - 74.56 ‘ 4.7 | 14.02
KH2POA 13609 1.2 o 1 6.53
MgS04.7H20  246.49 1.2 11.83
CaCl2.2H20  147.02 - 3 f . 17.64

'EDTA Stock: 20 mM EDTA (pH to 7.4 with NaOH)

Krebs.Henseleig Buffer (11 mM glucose):

-~ /4L
KH 10X Stock . 400 ml
 EDTA Stock N 100 ml
" H20 i 3500 ml
| glucose B L0, ]
NaHCO3 .~ | 8.4 g -

. . 8

o

Glucose and NaHCO3 are dissolved in a portion of the water and added
to theibuffer during gaséing with carbogen. ' For no-substrate buffer,

4

eliminate glucose.
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Krebs_HenSeleib Working Heart Buffers:

: , \

" To make 500 ml of albumin:palmitate containing‘buffer:- o
~ -

1 Make 2L of no- substrate Krebs Henseleit buffer. : ‘~h‘

2 Use approx 250 m1 of this buffer to dissolve 15 gms Fraction v

4
bovine serum albumin (BSA; Sigma)(to nake 3% BSA solution) Stir oq

low heat. ‘

3.-Dissolue palmitic acid (Kodak) and Na2CO3 to make sodfum .
palmitate: £y~ ' | | |

0.4 mM palmitate: 0.0513 ¢ palmitate + 0.025 g Na2C03

A1.2 mM pelmitete; 0.1539 g palmitate + 0.075 g Na2CO03

Add pélmitate and sodium cerbonate to dpprox. 15 m}‘distiiledeZOAagd
8 51‘953 ethanolu. Warmvsolution with stirring until ethanol |
_evaporated and peimitate dissolved. If’using 1ac-pa1mitatef~seal

the solution in a flask connected to enoiber fdask on ice to
condeose any radioactive vapour. ‘

4. Add sodium palmitate solutiou to albumin with stirring. Observe
clear soiutionﬁ |

5..Dialfze overnight at A’degrees c ageinst remeihing Kfebs Henselelt
no-substrate buffer. |

6 Make up wofking heart buffet onvdaj of perfusiou. Hake up‘e large
volume of Krebs Henseleit Perfusion’ Buffer (11 mM glucose) Heasute
volume BSA: palmitate containing Krebs Henseleit no-substrate buffer
dializate. Eilter this through a Watman,filter under vacuum, |
'Calculafe remaiuing volume of'11 mM glucose Krebs Henseleit buffer to
make‘up to- 500 ml ;ofkiog heart buffer. Calculate the remaining

, o ' y i
amount of glucose needed to make this solution 11 mM (i.e., based on



’volu-e of BSA palnitate.no'substrace buffer)x, Dissg}gg 't

'vKrebs Hensaleit gluc:sé b&%fer and add to BSAnpalnigatQ no- substi%igr

buffer through the filter. If 1I‘C glucoge‘buffen mgeded, ;dd sol? s
&

lag. glucose along thh cold glucose dnd dissolve bP";.;.ﬁer as: '~

before <, , , ‘: C v

& s

1984):

" Solutions: ‘
qufe;'lz'39 mM Na-bbrateu(pH.7.1);v25_hM KCl: 5 mM EbTA
Buffer 2: 39 mM Na-borate (pH 7.1); 50 mM Tris

. Wash sglgcion: 50 mM Tris (pH.7.6);‘5'mM\HgCiZ; 100 mM KC1; 0.5%
Trfton X-100 | | ] o
Suspensioh Medium: 50 mM Tris (pH 7.4);.150'mMEKCl

S .

Procedure: ' - » | A BRI
1. Héﬁdgenizgvappfox. 1005300<mg powdéred ve?tricular tissde.iﬂ‘?old
’Bﬁffet 1 ﬁéing a_Pélytrqn PT-10 for 2 but;#s of 10 seconds at 2
'se:ting‘of 7. - i -

2. Ceritrifuge in abfefrigera;ed éentrifuge at‘lQbOXg.

3. .Aspirﬁte the supernatant and discard. Resuspend‘the péliet in: 20
vols Buffer 1 and recentrifuge |

4. Aspirate the supernatant and resuspend the pellet in 20 vols.

.uBuffer 2. Centrifuge,at 1000Xg as above.
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ST'Repéht step 4.

M7,'Resuspend in 20 vols Suspension Hediun . .

® 123

. 6.“Repeat steps 4 and 5 except with Wash solution

8. Take a small aliquot for protein determinatioé (Lowry et al.,

1951).

PROTEIN ASSAY (Lowry et a

1., 1951): :
: @
v .
Stock Solutiohs
Al 2% Na2CO%§ 0.1N NaOH s f
A2: 10% Sodium Dodecyl Sulphate’
31_ 13 Cusou ' 3
2:( Yia Tartrat:e
oC: 50 ml Al, 5 ml A2,. O 5 ml Bl 0.5 ml B2 ‘ _ e
D: 2 N Folin Phenol Reagent
BSA standard: 1 mg/ml
Procedure: "
) S;andard Curve:
‘ml BSA Std. ml H20 \SSA](ug/mi)';ample(dilucion factor
1. 0 . g 05 . |
':2; 0.05 . _0.45" © 20 X50
3. 0.1 0.4 40 X25
4.°0.2 0.3 . 80 X12.5 B
5. 0.25 '0.25 100 X10 |

- Make up standard§ and samples to 0.5 ml with H20. Take 2X0.1 ml

/
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aliquots from each staﬁdard and sample ﬁﬁbe and make up volume to 0.5
‘with'ﬁéogv'Add 3 ml: Solution C. fLéc stand 10 ;1nutes.‘ Add 0.3 ml
§61uCioﬂ D. .Let:;Ehnd 3d>q1ndtes. ,Read-at 750>nn on Pye Unicam

¥ . o . .
PU8B00 Spectrophotomgter. o v

MYOFIBRIL ATPase ASSAY (Goodno et al., 1978):

S&lucionS' | : | - 3@"

1. Incubation Medium: 4 mM Tris (pH 7.0); 50 mM KC1, 4 mH MgC12

2. CaC12 EGTA Solutions in 1 mM imidazole to produce the following
free pCa values in the 1 ml reaction volume at pH 7.0 in the preseqce
-of 5‘mM:MgATP, with addition of 0.05 ml Ca-EGTA solﬁéion tq the

agsay*: WB; 7, §‘6,16.3, 6, 5.6, 5.3, and.S‘(based on equations of

-

Katz et al. 1970) ' q.
RCa - EGTA (WO -g/250 gl total calciun (W) 8250 ml
5 1000 0.1902 166 . 0.120
5.3 B . 14 0.1036
5.6 . o 118 | 0.0867
6.0 ™ | o g8 ® N oiosgi"'
6.3 - 71 . 0.0522
6.6 L SO : _ 0.0397
7.0 ‘ 32 0.0235
8.0 .‘ . w3 | ' 0.0032,

, - . -

® P

*{.e., iInal ml &ssay volume, with addition of 0.05 3& "of solution
(i.e., a 20-fold dilution) pCa 4=10 uM=0.2mM free calcium stock

"+ solution.
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3. 20% Trichloroacetic Acid
4. 50 mM MgATP
5. Suspension Hediuﬁ*(feelﬂyofibrilvIsolation) -

Procedure: “&;

J Make up a 1 ﬁl* re;ction volume with?tﬁe follgwing:

0.5 ml_incubgtion mediﬁm | "

'0.05vm1 Ca-EGTA buffer (S’mM EGTA solugion for basal ATPase)
.0.25 ml freshly isolated myofibril p;:;ein solution (1 mg/ml)

0.1 ml suspension medium

(N.B. final [KC1]=77.5 mM)

*0.9 ml + later additidn og\O.llml ATP sqlutién
. . 7 _'_ N
Preincubate. at 30 degrees C for 5 minutes.
Assay:
1. Add 1 nl ép1d TCA solution to X tube.
2. Add 0.1 ml MgATP solytion with vortexing agﬂ?Q-second intervals t;
each tube. |
3. Incubate exactly 5 minutes at 30 degrees C.
4. Stop the reaction by a&aition to each tube of 1 ml cold TCA
solution with vortexing at 30 second i;tervals. .
5.’Céntrifuge the tubes at fdeXg and use supernatant for phosphate

‘assay. .
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FHOSPHATE ASSAY (Taussky and Shorr, 1953):

| Solutions: i |
;éﬂi,’1$1n'uzsoa

‘”2. Ammonium Molybdate, Ferrous Sulphate‘Solution: add 0.5 g ammoniumi_

_ molybddte to 5 ml 10 N H2SO&: Dissove and mdke'up volume to 8 ml.

Add 2. ? g ferrous sulphate and make up volume to 50 ml (fresh daily).

3. Phosphate Standard (1 mM)

Ta e

1. To blank and standard tubes\ add 1 5 ml 12% TCA.

. 2. To sample. tubes (A and X) add 1 ml TCA.

3. Remove 0.05 ml from standard tubes and replace with 0. 05 ml

’phosphate standard (1 mM)-..

3 4. To sample tubes add 0.5 ml ‘supernatant from centrifugation.

N

5. Add 1 ml of ammonium molybdate fetrous sulphate -solution to all

tubes, vortex,'and let stand at least 10 minutes.

6. Read OD at 7001nm against water.
~ L P

| @
Calculation of Myofibril ATPase Activity:

&

4 X 0.05 ugo1f?1 X [((sdmpl% OD) - (xtube OD))/(std. 0D)]/0.25 mg

‘prot./5 minutes=...... umoles Pi/(mg prot.min)

£
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3. Tissue Workup and Metabolite Agsays:
B TISSUE WORKUPI*:;” ‘- .
1. Weigh §1a1:(4.289 g) cbﬁtaining frozen tis#ui.
2. Add approx. 400 mg frozen veﬁtricﬁlat'tissue to cold mortar /
containing 1.5 ml 6% PCA. ‘
3. Homogenize tissue with pestle immediately.
4, Réwe;gh vial (3.712.5) to determine the total weight of tissue
transferred (0.577 g)!,.-. .
5. Tfansfer solution to preweighed tube C; save mortar.j
6. Centrifuge at 10000 rpm for 10 minutes.l 5o .
7. Pour sﬁpernatant into tube A (for free CoA, cicratégg.il,' i/”\\

8. Riﬁse mortar and pestle with 4 ml (2X2 ml) 1.2 % Pc’d' bour onto
pellet. ' ‘ | ' S E Ty
‘HQT-Break'up‘pellet with glass rod and tr#nsfer to a glgss
hohqgeni;gr{.

5

10. Homogenize, pour into tube C (for long chain_ééquarnitine (LCAC).
and long chain acyl CoA (LCACoA); fiﬁse hOmogenfzeF Vith 2X2~ﬁ1.1.2%
PCA. |

11. Spin at 10000 rpm fPr 10 minﬁte;.‘

12. Resuspend pellet in 6 ml 2% PCA. Stir with glass r;d.
13. Spin Agaih at 10000 rpm for 10 minutes. R ’Liﬁ

*N.B. weights in parentheses are those used for example cg}gulation"' o

SW 174,
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o ‘ .
_ WORKUP FOR SUPERNATANT (Tube A):
. ,
© elzh Tube s (9,514 & i

' Add 0.2 ml 1 M MOPS
495 ul 0.32 .M DTT
Neutralize with KOH . S =

Weigh Tube. (9.992 g)

Centrifuge at 10000 fpm “ .
- o R '
~ for 10 minutes--------------------- .- -->Dry Precipitate
’ . "- - °

Supérnatant contains Citrate,, : TVWeigh tube A (8.319 g)

AT, CP
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(Prdcessing for LCAC in Tube D, continued from previous page):

Spln at 10000 _rpm 10 min -------

Supernate into o

| ,nr_e__dxhﬂ_ﬂb.e__ﬁ(B 512g)

Hgizh_suhg_ﬂ (9 309 g)
. Add 100 ul 1 M MOPS

Neutralize with KOH

' Welgh tube 5(9.508 g)

~ Spin 10000 rpm 10 min----------

Supernatant contains LCAC

se---------->Dry pellet

. andw gjgh D (8.402 g)

............ _->Dry Pellet

and weigh E (8. 551 g)



~ Citratex:

Calculations:

[icorrected neutral vol.)/(supernatant) X (1.5 ml{iis;ue H20)/
(g.dry wé.)-ml/g dry weight] X umoles/mol (from 353;;)-
ﬁmoles/g dry weightf_ .

e.g;,SW 174 . | ' . I. .
((5.592-8.319)/(9.514:8.319))X((1.5+(0.577-0.083))/0.0830§)— i
30.26 ml/g dry wt.X0.104 Gmol/ml kfrom citrate assay)=-

3.14 umol/g dry wt. | .
Long Chain Acyl CoA: .
(corrected neutral vol. )/(supernatant) %(ipellet before/pellet after)
X(l/g gry wt.)=ml/g dry wt.

e.g., SW 174

((9.991- 8. 385)/((9 314-8.385)+0.5))X((9.839-8. j%%b/(9 314-8.304))

X(1/0. 08309)-20 6 ml/g dry wt.X6.53 nmol/m1-1a3 6 nmol/ g dry wt.

Long Chain Acyl Carnitine »
(le-dry)/(supernatant)X(neutral-dry)i(péllet béfogé/peileﬁ traﬁsf,j
X(1/g dry)-ml/g dry wt. o

e.g., SW 174 |

((9.440-8. 402)/(9 309- 8 512))X((9 508 8.551)/1)

X((9.839- 8 304) /(8. 818 8 330))X(1/O 0839)-47 2 ml/g dry wt.

X9. 50 nmol/m1-448 4 nmol/g dry wt.
*see ASSAY METHODOLOGY (next’ page) ) ] , : L

N.B. use same calculations as for citrate for ATP and CP.

-
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METABOLITE ASSAY METHODOLOGY:

T 777" " Long Chain Acylcarnitine (McGarry and Foster, 1976):
Principle

L- carnitine + 3H- acetyl CoA--:' ----- >3H-acetyl-L-carnitine + CoASH

‘ (CAT) e

i, R
Y oa . A

CAT-cérﬁitine ééetyltgansferase.
~ Reagents: | |
HEPES buffer 120 aM (pH 7.3) s
Assay Buffer: Aé;tyl CoA QL&S m;/SO ml ’
Carniﬁihe acetyltransferase 62.5 ul (U?)/Sd m
Na Tetrathﬁbn#te (reducing agent) 15.3 mg/50 ml
3H4acéty1 CdA‘l uCi/s50 ml . ‘
Procedure: . _
1. Add 1 ml buffer td édo.ﬁl sample or standard in Epﬁendorf’tube |
(range 0-4 nmoi; linéar up to appyox. 5 ﬁmol).
2. Shake once. _ _ - .
3..Incubate_for 30 minutes at room tehp. .
4; Add 300 Ql of Dowex to tube, \
5; Shake, incubate 10 minutes Repeat Shake. .

‘6. Spin at 1&000 rpm in Eppendorf microcentrifuge‘for 10 min
7. Add 750 ul supérna;ant (contains 3H-acetyl carnitine) to 20 ml
scintillation vialé.v |
8. Add 10 ml scin;illati;n flﬁid And count.

‘D§§§xAColumns: . | | » A

Dév;§'LH(200;AOO mesh: chloride anion exchanger).

¢ Activate with 1 N HCl., Pass through filter. Wash with.H20 until

S
*

n
B
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tr

neutral pH 5-7 (use Litmus paper). Filter to dryness. Store in

beaker reffigerated.

Day of use: Mix Dowex withfﬁZO 1:2. 10 g/20 ml. To each Eppendorf

T

tube add 300 ul of slurry.
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Long Chain Acyl CoA (Tubbs and Garland, 1969): -

Principle:

CoASH + alpha-ketoglutarate + NAD-------- >succinyl CoA + COZ,+‘NADH
\ (alphaKGDH) | |

Reagents:

Tris HCI bufferl(pH 6.8) v A
0:1 mM NADH Stﬁndard Solutio; in Tris buffer (kéep fr;zen)
alpha-kgtoglutarate dehydrogenase | |
NaCﬁ stock, 0.1 M S , _
MOPS ;g?ck‘; 1 M pH 6.8 . =
CoA Buffer: per 50 ml ®

NAD 12.5 mg

alphé-ketoglutaf&te 5 mg

NaCH S£9qk 1 ml

H20 46.5 ml pH to 6.85
NADH Standardization:> o
Determine OD of 0.1 mM NADH solution;;t"340jnm. The exact'NADH
_conceﬁtraiton can then be determined'ugeing.fhe extinction
coefficient of NADH (6.22). 10 ul will be added to fluorimetric
ﬂassay séluti#ﬂxto calibrate the aﬁounplof ﬁADH produced in the assay
under tﬁe>§§6§;tivity conditions used. | '
e.g., 1If 00—0;59, thén 0.59/0.622-0.949 nmoleS/ﬁi ;
"f;f.0.0IO ml NADH réads 16.5 units on the'fluorimeter,:ﬁhen a
c&nstant can be dgfived, k=0.949/16.5=0.0575
-if‘a 0.1 ml sample is added to the assay and the fluorescence change
is 11 unit;, the concentration of lqﬁg'chain acyI CoA can be

calculated‘as:

sy L
BT A %‘3’;&
AR ’9' . N



__11X0.0575X10-6,325_mioles/al. _
Procedufé: |
Run assay on Perkin Elmer Flporescence Sp?ctropﬁqtometer as at 340 nm
excitafion, and 640 nm~gmm1§iQn; - A
Set scale.to get about 15-30 units per 10 ul of 0.1 hM NADH‘soluﬁion
- in assay volume.’ | ~

— N L

2.5 ml CoA Buffer

- Assay contents:

100 ul sample | .
Zero the machine. Take integrated reading.
Add 10 ul alpha-KGDH

>

Follow reaction on chart recorder until completion.
Take integratﬁﬁireading. Add 10 ul enzyme. Take reading and-
calculate change in fluoréscence due to reaction (subtfact eniyme

fluorescence).

Add 10 ul NADH solution and observe difference due to NADH.-

2



- Hexokinase 3 U/assaf
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Adenoiine~Trtphosphate;—Greatine/Phosphatef(L#nprecht'and“Steiﬂ;"“""‘Jﬁ"

1974):

USe'Neutralized.PCA Extract (i.e., tube A from Tissue Workup).

Principlé:

Anp'f‘CP----a--} --------- ~>ATP + Creatine
(CPK)
Glucose + ATP---------=--=- >G6P + ADP . - :
(HK)
G6P + NADP-----------c-ennne >6 phosphogluconate + NADPH
 (céPDH) | |
Reagents:

‘

Reaction Buffer: 100 ml 50 mM HEPES, 10 mM MgCl2, 5 mM EDTA pH 7.4

NADP 25 mg.

Glucose 45 mg o 4?%?? -

G6PDH (300 U/ml) 200 ul

ADP#3 .8 mg va"

Creatine Phosphokinase 10 U/assay

érocedure: _If J* ‘

Add 1 ml buffer and 50-100 ul’sample. Read El at 340 nm.

Add 10 ul HK. Let'féacfion run to completion. Read E2.

/add 10 ul CPK. Let reaction run to completion. Read E3.

ATP-E2-El.

CP-E3-E2.

Calculation: (deltaE X assay vol)/(6.22Xsample Qol)-umoleg/ml

A ' : : A



Citrate "(’Da'gléy;’lé'fl;)": o e

Use neutralized PCA'eitract from tube A.

Principle:
Citratef --------- R R >0AA + Acetate
(CL)

OAA--f-;-;47-Q ---------------- >Pyrﬁvat;;t co2
Pyruvate + OAA + NADH; ------- ->Lactate + Malate + NAD
(LDH, MDH)

Reégcntﬁ:

0.1 M Tiéthanolamine (TRA), 0.2 mM ZnCl2 Buffer pH 7.6
" NADH 10 mM in TRA buffer |

MDH (2200 U/ml) 230 ul

LDH (1100 U/ml) 110 ul: bring up to 1 ml TRA bﬁffer
Citraté Ly;se'SO U/500 ul

Ammonium Sulphaté 3.2 M

Procedure:
Reaction Mixture: Q
50 ul LbH/MDH .
60 ul NADH 6
2;8 ml TRA buffer
100 ul sample
Mix Read Eiiat-340 nm. ‘ _ \\\ﬁ

L I
Add 20 ul CL. Let reaction run to completion. Read E2.

E1-E2=0D due to citrate.

13¥Ca1culacion: (delta E X reaction vol)/(6.22Xsanp1e vol)=umol/ml
tE C -
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