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The provision of the high-fat diet (47% of calories as fat) for 28 days evoked a significant decline in cardiac PDH, activity, together with marked 
increases in the activity of PDH kinase measured in isolated mitochondria and freshly-prepared cardiomyocytes from adult rats. Plasma insulin 
concentrations in fat-fed rats were not significantly different from control, but plasma NEFA concentrations were elevated. PDH kinase activity 
in cardiomyocytes from fat-fed rats fell substantially in culture (25 h). This decline was prevented by the inclusion of n-octanoate and DBcAMP 
in combination, but not individually, in the culture medium. The results are discussed in relation to the role for fatty acids and insulin in the long-term 

modulation of cardiac PDH kinase activity by high-fat feeding. 
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1. INTRODUCTION 

The pyruvate dehydrogenase (PDH) complex is a mi- 
tochondrial multienzyme complex catalysing the oxida- 
tive decarboxylation of pyruvate to acetyl-CoA. In 
mammals, including man, the activity of the PDH com- 
plex reaction is regulated by reversible phosphorylation 
and end-product inhibition [1,2]. The PDH complex is 
inactivated by phosphorylation of the El alpha com- 
ponent by PDH kinase and reactivated by its 
dephosphorylation, catalysed by PDH phosphatase. 

In heart, a decline in active PDH complex (PDH,) 
activity can be achieved by acute activation of PDH 
kinase by metabolite effecters [3]. The activity of car- 
diac PDH kinase is enhanced by increasing mitochon- 
drial concentration ratios of acetyl-CoA/CoA, NADH/ 
NAD’ and ATP/ADP. The effects of fatty acids and 
ketone bodies to promote phosphorylation and inacti- 
vation of the PDH complex in the perfused heart are 
mediated by the increase in the mitochondrial acetyl- 
CoA/CoA concentration ratio and enhanced by the in- 
crease in mitochondrial NADH/NAD’ concentration 
ratio which the oxidation of these lipid fuels is known 
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Abbreviations: DBcAMP, dibutyryl cyclic AMP, NEFA, nonesteri- 
fied fatty acids; PDH, pyruvate dehydrogenase; PDH,, the active form 
of PDH. 

to induce [3,4]. Similarly, the mechanism whereby car- 
diac PDH, activity is decreased during starvation in- 
volves direct, short-term effects of increased oxidation 
of lipid-derived fuels [3-51 which lead to activation of 
PDH kinase by an increased mitochondrial acetyl-CoA/ 
CoA concentration ratio [4]. 

In progressive starvation, the short-term effects of 
oxidation of fatty acids and ketone bodies to decrease 
the percent PDH, in heart are supplemented by a more 
long-term mechanism, involving a stable increase in the 
specific activity of PDH kinase which is observed after 
24 to 48 h [6]. Primary cultures of rat cardiomyocytes 
have been used to investigate potential factors that may 
mediate the increase in PDH kinase activity [7]. Results 
from these studies are consistent with the concept that 
the effect of prolonged starvation to increase cardiac 
PDH kinase specific activity may be mediated by fatty 
acids and cyclic AMP [7]. 

The present study examined the consequences of the 
administration of a high-fat diet on cardiac active and 
total PDH complex and PDH kinase activities in vivo. 
Previous studies [8,9] had demonstrated that high-fat 
feeding for 19-23 days evokes a significant decline in 
cardiac PDH, activity in vivo, without a change in PDH 
total activity, but the mechanism(s) underlying this re- 
sponse were not defined. The studies in vivo were ex- 
tended by an investigation of the longer-term regulation 
of PDH kinase in primary cultures of adult cardiomy- 
ocytes from fat-fed rats in relation to the effects of fatty 
acids and cyclic AMP. 
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2. MATERIALS AND METHODS 

Biochemicals were from Boehringer Mannheim Ltd., Lewes, East 
Sussex, UK or Sigma Chemical Co. Ltd., Poole, Dorset, UK. Medium 
199 and foetal calf serum (FCS) was purchased from Life Technolo- 
gies Ltd., Uxbridge, Middlesex, UK. Primaria culture dishes were 
from Marathon Laboratory Supplies Co,, London, UK. Antibiotics 
and antimycotics were from Sigma Chemical Co. Ltd., Poole, Dorset, 
UK. Kits for measurements of plasma insulin concentrations were 
from LadyBee Ltd., Horam, East Sussex, UK. Kits for measurements 
of plasma non-esterified fatty acid (NEFA) concentrations were from 
Alpha Laboratories, Eastleigh, Hampshire, UK. Rodent diets were 
from Special Diets Services, Witham, Essex, UK. 

Female Wistar rats were maintained on a 12-h light/l2-h dark cycle 
(light from 10.00 h). Fed rats were sampled in the absorptive state 
(within 0.5 h of the end of the dark (feeding) phase). Rats were 
permitted free access to either a standard rodent diet or a semi-syn- 
thetic high-fat diet. The dietary lipid source in the high-fat diet was 
lard, supplemented with corn oil (4% of total calories) to prevent 
essential fatty acid deficiency. Caloric distribution was 20% protein, 
72% carbohydrate and 8% fat in the standard diet and 20% protein, 
33% carbohydrate and 47% fat in the high-fat diet. One group of rats, 
maintained on standard diet, was starved for 48 h (from the end of the 
dark phase) immediately before use. 

PDH complex, active form (PDH3 activities were measured in 
freeze-clamped heart extracts by coupling to arylamine acetyltrans- 
ferase as described in [4], with the addition of protease inhibitors 
(benzamidine (1 mM), leupeptin (10 PM), TLCK (0.3 mM)) but not 
Triton X-100 to the extraction medium (see [lo]). PDH, activities are 
expressed relative to citrate synthase, measured as in [4], to correct for 
possible differences in the efficiency of mitochondrial extraction be- 
tween groups. Total PDH activities were measured in heart mitochon- 
dria [ll]. A unit of PDH or citrate synthase activity is defined as that 
which converts 1 pmol of substrate into product/min at 3O’C. 

Calcium-tolerant ventricular cardiomyocytes were isolated by col- 
lagenase digestion of adult rat hearts [12]. Following isolation, they 
were washed 3 to 4 times at 37°C with bicarbonate-buffered saline [13] 
containing 10 mM glucose, 2% BSA and 50-500pM Ca*+, and allowed 
to settle under gravity. Following aspiration of the supematant, the 
cardiomyocytes were resuspended in medium 199 containing 4% (v/v) 

foetal calf serum (which had been extensively dialysed before use), 
antibiotics and antimycotics (see [I) and the additions indicated. Car- 
diomyocytes were plated in petri dishes at a density of lo5 cells . ml-’ 
and cultured in an atmosphere of 95% 0,/5% CO, for 25 h at 37OC 
without change of medium. At the end of culture CCCP was added 
to the medium to 15 PM and incubation was continued for 30 min to 
effect PDH activation (see. [7]). The cells were then dispersed and 
aspirated into plastic centrifuge tubes. The cardiomyocytes were spun 
down (2 min, 145 x g) and then resuspended in extraction buffer [14] 
for measurement of PDH kinase activity as described in [A, except that 
Triton X-100 was not included in the extraction buffer. For assay of 
PDH kinase activity in cardiac mitochondria, mitochondrial pellets 
(after 30 min incubation of mitochondria at 30°C without respiratory 
substrate in the presence of 15 PM FCCP) were frozen, thawed and 
dispersed into 50 mM KH,PO,, 50 mM K2HP04, 10 mM EGTA, 2 
mM dithiothreitol, 1 mM benzamidine, 10 PM leupeptin, 0.3 mM 
TLCK, pH 7.5 and then extracted by freeze-thawing 3 times. PDH 
kinase activities were estimated in mitochondrial and cardiomyocyte 
extracts by the rate of ATP-dependent inactivation of PDH complex 
as described in [ 141. PDH kinase activity was computed as the appar- 
ent first-order rate constant [6]. The incubation mixture contained 0.5 
mM ATP, 1 mM MgCI,, 36 @ml oligomycin B and 150-350 m-units 
PDH complex/ml. Samples for assay of active PDH were taken at 3-4 
time intervals over up to 8 min (depending on PDH lcmase activity). 

Plasma NEFA and TG concentrations were measured using com- 
mercial kits. 

Statistical signiticance of differences between groups was assessed 
by Student’s unpaired r-test. Results are means + S.E.M. with the 
numbers of obs. in parentheses. 

3. RESULTS 

3.1. Insulin and NEFA concentrations 
Plasma insulin concentrations in rats provided with 

the high-fat diet ad libitum for either 10 or 28 days were 
not significantly different from those observed in rats 
fed ad libitum on standard (high carbohydrate, low fat) 
diet (Table I). Starvation (48 h) decreased plasma insu- 

Table I 

Cardiac PDH, and PDH kinase activities and plasma insulin and non-ester&d fatty acid (NEFA) concentrations in rats provided with standard 
or high-fat diet 

PDH, activity 
(mu/U of citrate 

synthase) 

PDH kinase 
(pseudo-first-order 

rate constant 
(mm-‘)) 

Insulin cont. NEFA cont. 
(nglml) (mM) 

Standard diet 
Fed 

Starved (48 h) 

32.00 + 4.99 
(5) 

0.37 rt 0.08$ 
(3) 

High-fat diet 
10 day 

28 day 

24.60 f 2.13 
(4) 

11.20 f 4.28* 
(5) 

0.130 + 0.008 
(13) 

0.264 f 0.0298 
(10) 

0.144 * 0.009 

(5) 
0.206 + 0.026* 

(9) 

2.18 + 0.25 
(18) 

0.47 + 0.138 
(3) 

2.10 f 0.52 
(9) 

1.52 ?r 0.22 
(7) 

0.11 * 0.03 
(20) 

0.56 f 0.02$ 
(4) 

0.15 f 0.04 
(13) 

0.39 f 0.06*** 
(10) 

Full experimental details are given in section 2. PDH, activities were measured in extracts of freeze-clamped hearts. Total PDH activities 
(mitochondria) were: standard diet, 65.5 f 4.6 mu/U of citrate synthase; high-fat diet, 73.2 + 19.2 mU/U of citrate synthase. Citrate synthase 
activities, measured in extracts of freeze-clamped tissue or mitochondria were unaffected by high-fat feeding (results not shown). PDH kinase 
activities were measured in extracts of cardiomyocytes. Rate constants were calculated by least-squares linear regression analysis of (ln 96 zero time 
activity) against time. Results are means f S.E.M. for the number of observations in parentheses. Statistically-signiticant effects of high-fat feeding 

are shown by: *P < 0.05; ***P < 0.001. Statistically-significant effects of starvation are shown by: *P < 0.001. 
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Fig. 1. Effects of culture, and of n-octanoate, DBcAMP and isoprenal- 
ine in culture, on the PDH kinase activity of cardiomyocytes from rats 
fed standard diet, 48-h starved rats or 28 day fat-fed rats. Full exper- 
imental details are given in section 2. Bars show mean f S.E.M. for 
the number of observations given in parentheses. Ott, n-octanoate 
(1 mM); DBcAMP, dibutyryl cyclic AMP (50 ,uM). *P < 0.05 for the 
effects of addition to culture medium, t P < 0.05 for the effects of 

starvation for 48 h or of high-fat feeding for 28 days. 

lin concentrations in rats previously allowed access to 
standard diet (Table I). Plasma NEFA concentrations 
measured in the fed state were increased significantly by 
the provision of the high-fat diet for 28 days, but not for 
10 days (Table I). Starvation (48 h) of rats maintained 
on standard diet also increased plasma NEFA concen- 
trations (Table I). 

3.2. Effects of fat-feeding on PDH, and PDH kinase in 
freeze-clamped hearts and isolated mitochondria 

The provision of the high-fat diet for 28 days led to 
a significant (65%) decline in cardiac PDH, activity, 
measured in extracts of freeze-clamped tissue (Table I). 
In contrast, only modest (25%, P > 0.05) suppression of 

cardiac PDH, activity was observed after 10 days of 
fat-feeding. As demonstrated by others [8], total PDH 
activity (sum of active and inactive forms) was not 
changed by the provision of a high-fat diet for up to 28 
days. PDH measured in extracts of freeze-clamped 
hearts from rats provided with standard diet was ap- 
prox. 49% active, whereas the percentage of active PDH 
complex was 34% after 10 days of fat-feeding and 15% 
after 28 days of fat-feeding. Cardiac PDH, activity was 
almost completely suppressed by 48 h of starvation 
(Table I). The concentrations of total PDH complex, 
active PDH complex and the proportion of active PDH 
complex observed for hearts of fed rats provided with 
standard diet and sampled at the end of the dark phase 
were comparable with those observed previously [4,5]. 

The provision of the high-fat diet for 28 days was 
associated with a substantial (2.0-fold) increase in the 
activity of PDH kinase measured in isolated mitochon- 
dria (control, 0.094 f 0.013 (4) min-‘; fat-fed, 
0.189 + 0.034 (3) mm-‘; P C 0.05). The activity of PDH 
kinase measured in isolated mitochondria after 28 days 
of fat-feeding was not signiticantly different from that 
found in isolated mitochondria prepared from hearts of 
rats maintained on standard diet and subsequently 
starved for 48 h. 

3.3. PDH kinase activities in isolated cardiomyocytes 
The effect of high-fat feeding for 28 days to increase 

PDH kinase in isolated cardiac mitochondria persisted 
in freshly-prepared cardiomyocytes (Table I). As meas- 
ured in extracts of fresh cells, absolute PDH kinase 
activity was comparable in magnitude to that observed 
in extracts of mitochondria prepared from hearts of 
fat-fed rats (see above). Starvation (48 h) was associated 
with a 2-fold increase in PDH kinase in freshly-isolated 
cardiomyocytes (Table I). This fold increase in PDH 
kinase in response to starvation, measured in freshly- 
isolated cardiomyocytes, is similar to that observed pre- 
viously by others [7]. 

3.4. Effects of culture on PDH kinase activity in cardio- 
myocytes 

Culture (25 h) of cardiomyocytes from fed rats pro- 
vided with standard (high carbohydrate, low fat) diet ad 
libitum led to a 31% decline in PDH kinase activity 
compared with freshly-prepared cells (Fig. 1). As ob- 
served by others [7], a more marked (51%) decline in 
PDH kinase activity was observed on culture (25 h) of 
cardiomyocytes from 48 h starved rats (Fig. 1). As oc- 
curs when cardiomyocytes from 48 h-starved rats are 
cultured, PDH kinase activity in cardiomyocytes from 
rats provided with the high-fat diet for 28 days fell 
substantially (by approx. 45%) on culture (Fig. 1). 

3.5. Effects of n-octanoate and dibutyryl cyclic AMP 
The activity of PDH kinase in cultured cardiomy- 

ocytes from rats provided with unrestricted access to 
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standard diet was increased by n-octanoate (1 mM), 
dibutyryl cyclic AMP (DBcAMP) (50 PM) and by n- 
octanoate (1 mM) and DBcAMP (50 PM) in combina- 
tion (Fig. 1). The effects of n-octanoate and DBcAMP 
to increase PDH kinase were not additive (Fig. 1). The 
value of PDH kinase activity observed after culture for 
25 h with n-octanoate was similar to that measured in 
cardiomyocytes from 48-h starved rats cultured under 
identical conditions. The PDH kinase activities ob- 
served after culture for 25 h with DBcAMP plus n- 
octanoate exceeded those observed in freshly-prepared 
cells. The fold increases in PDH kinase activities evoked 
by n-octanoate and DBcAMP are similar to those ob- 
served previously in primary cultures of cardiomyocytes 
of chow-fed rats [7]. 

PDH kinase activities in cardiomyocytes from 
starved rats cultured with either n-octanoate or 
DBcAMP remained significantly (P < 0.05) lower than 
those observed in freshly-prepared cells from starved 
rats (Fig. 1). DBcAMP, when added alone, failed to 
increase PDH kinase activity significantly above control 
values, obtained by culture without this addition (Fig. 
1). The addition of n-octanoate (1 mM) was, however, 
associated with a significant (approx. 43%) increase in 
PDH kinase activity; this effect was not enhanced by the 
further addition of DBcAMP (50 PM) (Fig. 1). Culture 
of cardiomyocytes from starved rats with n-octanoate 
and DBcAMP in combination increased PDH kinase 
activity significantly above control values; however, the 
activity of PDH kinase observed was still significantly 
different from that of freshly-prepared cells from 
starved rats (Fig. 1). 

The decline in activity of PDH kinase observed in 
cardiomyocytes from fat-fed rats after 25 h of culture 
was not prevented by the inclusion of either n-octanoate 
or DBcAMP individually in the culture medium (Fig. 
1). However, the addition of these agents in combina- 
tion lead to a significant (P < 0.05) enhancement of 
PDH kinase activity and compensation for the effects 
of 25 h of culture to suppress PDH kinase activity (Fig. 
1). However, as with cardiomyocytes from starved rats, 
the activity of PDH kinase observed after culture of 
cardiomyocytes from fat-fed rats with n-oc- 
tanoate + DBcAMP did not exceed that found in 
freshly-isolated cardiomyocytes from fat-fed rats 
(Fig. 1). 

4. DISCUSSION 

A high-fat diet has been demonstrated to decrease the 
proportion of active PDH in the rat heart in vivo [8] and 
in vitro [9] without affecting the total activity of PDH 
[8]. In these previous studies, the dietary content of fat 
was increased to 40% at a constant protein intake for 
19-23 days [8]. In the present study, we used a semi- 
synthetic diet in which lipid contributed 47% of calories 
and, again, protein content was maintained. We ob- 
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served that high-fat feeding for a period of 28 days was 
associated with significant suppression of cardiac PDH, 
activity (to approx. 30% of control). However, a less 
extended period of fat-feeding was not associated with 
a significant decline in cardiac PDH, activity. It was 
noted that the decline in cardiac PDH, activity observed 
after 28 days of fat-feeding was accompanied by a sig- 
nificant elevation in plasma NEFA concentrations. 
These findings suggest that PDH inactivation in the fed 
state after long-term fat feeding is related to an in- 
creased NEFA supply. As cardiac PDH total activity 
was unchanged by high-fat feeding, decreased cardiac 
PDH, activities can be attributed to inactivation of the 
PDH complex by reversible phosphorylation by PDH 
kinase. 

The administration of a high-fat diet for 28 days led 
to a substantial stable increase in the activity of PDH 
kinase measured in isolated mitochondria or cardiomy- 
ocytes; this response was absent after 10 days of fat- 
feeding. The failure to increase PDH kinase after 10 
days of fat-feeding when NEFA concentrations are low, 
compared with the significant increase in PDH kinase 
observed after 28 days of fat-feeding (when NEFA con- 
centrations are increased), strongly implicates a pri- 
mary role for fatty acids in the stable activation of 
cardiac PDH kinase. This is supported by the results 
obtained with cultured cardiomyocytes, namely the 
demonstration of a direct effect of n-octanoate to in- 
crease PDH kinase activity in cultured cardiomyocytes 
from rats fed standard diet but not from rats provided 
with the high-fat diet, and the observation that culture 
of cardiomyocytes from fat-fed rats with DBcAMP + 
n-octanoate can only maintain (rather than enhance) 
the activity of PDH kinase. 

The fold increase in PDH kinase activity observed in 
response to 28 days of fat-feeding was similar to that 
evoked by 48 h-starvation. However, importantly, the 
high-fat diet we provided contained a significant carbo- 
hydrate content (33% of caloric intake) and thus plasma 
insulin concentrations in the fat-fed rats were similar to 
those observed in rats fed ad libitum on standard diet 
(and significantly higher than those observed in rats 
starved for 48 h). The results thus indicate that a high 
circulating insulin concentration in vivo is unable to 
oppose the enhancement of cardiac PDH kinase activity 
induced by long-term fat-feeding. In addition, the re- 
sults imply that the increase in PDH kinase activity 
observed in response to starvation is not of necessity 
directly dependent on the observed decline in insulin, 
but instead reflects the increase in fatty acid supply 
occasioned by increased adipose-tissue lipolysis second- 
ary to the decline in insulin. 

Although the increase in the activity of PDH kinase 
observed in response to 28 days of fat-feeding was sim- 
ilar to that evoked by 48-h starvation, the suppression 
of cardiac PDH, activity associated with 28 days of 
fat-feeding was considerably less than that evoked by 
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48-h starvation. These findings are significant since they 
indicate that, despite an increase in PDH kinase activity 
which can be clearly demonstrated both in isolated mi- 
tochondria and in cardiomyocytes, a relatively high car- 
diac PDH, activity can be retained in the fat-fed rats in 
the fed state. It is possible that a relatively high insulin 
concentration can compensate for long-term increases 
in PDH kinase activity and/or counteract the acute ef- 
fects of fatty acid oxidation to activate PDH kinase in 
the fed state, despite a failure to oppose the increase in 
cardiac PDH kinase activity evoked by fat-feeding. 
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