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Abstract—The administration of the antilipolytic agents sodium nicotinate (1 mmole/kg i.p.) or sodium
S-methylpyrazole-3-carboxylate (0.5 or 1.0 mmole/kg i.p.) to alloxan-diabetic rats produced a significant
reduction in the plasma concentration of free fatty acids and a slight reduction in blood glucose
concentration. The concentrations in the freeze-clamped heart of citrate, acetyl CoA, glucose-6-phos-
phate and fructose-6-phosphate were increased i untreated alloxan-diabetic rats relative to normogly-
caemic controls. Treatment of alloxan-diabetic rats with the antilipolytic agents or insulin (60 U/kg i.p.)
lowered these increased concentrations of metabolites in the heart. Treatment of the diabetic rats with
the antilipolytic agents also produced an increase in the activity of pyruvate dehydrogenase in heart,
but only treatment with 5-methylpyrazole-3-carboxylate had a significant effect on the activity of the
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enzyme in freeze-clamped soleus muscle.

There is considerable evidence that in the heart of
the alloxan-diabetic rat the activities of the enzymes
hexokinase (EC 2.7.1.1), phosphofructokinase (EC
2.7.1.11), and pyruvate dehydrogenase (EC 1.2.4.1)
are low [1-4]. These reduced enzyme activi-
ties are responsible for the reduction in the rate of
glucose utilisation and oxidation by isolated hearts
from alloxan-diabetic rats. In other experiments, it
has been shown that the activities of these enzymes
are also inhibited in hearts from normal rats by
perfusion in vitro with medium containing long chain
fatty acids or ketone bodies [3-7]. Hence it has been
suggested that a high rate of fatty acid oxidation in
heart and skeletal muscle leads to an inhibition of
glucose utilisation [2]. A high rate of fatty acid
oxidation produces an increase in the concentration
of citrate, glucose-6-phosphate and acetyl-CoA and
it is these metabolites that regulate the activities of
hexokinase, phosphofructokinase and pyruvate
dehydrogenase.

In the alloxan-diabetic rat there is a high plasma
concentration of non-esterified fatty acids [8, 9]. This
arises because of the rapid rate of lipolysis in adipose
tissue; a process normally inhibited by insulin [10].
Thus it has been suggested [2] that the increased
circulating concentrations of fatty acids in alloxan-
diabetic rats and the consequent high rate of fatty
acid oxidation in diabetic heart muscle may be
responsible for the inhibiting effects on carbohydrate
metabolism. If this suggestion is correct, it would be
expected that reduction in the circulating fatty acid
concentrations might reverse these metabolic
changes. However Randle et al. [2] showed that
acute reduction of the plasma free fatty acids con-
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centration by insulin failed to reverse the abnor-
malities of glucose metabolism of cardiac muscie
after a brief perfusion in vitro. They proposed, there-
fore, that another source of free fatty acids, namely
tissue triglycerides, served to maintian heart con-
centrations of citrate, acetyl-CoA and glucose-6-
phosphate when plasma free fatty acids concentra-
tions were lowered.

In the present paper, we report on the effects of
acute lowering of the plasma concentration of free
fatty acids using insulin and the antilipolytic agents
nicotinate and 5-methylpyrazole-3-carboxylate on
the concentrations of citrate, acetyl-CoA, glucose-
6-phosphate and fructose-6-phosphate in the hearts
of alloxan-diabetic and normal rats in vivo. We have
also examined the effects of these agents on pyruvate
dehydrogenase activity in heart muscle in vivo.

Effects of free fatty acids and ketone bodies on
diaphragm muscle similar to those summarised above
were shown by Randle ef al. [6]. However, studies
using the perfused rat hindquarter showed no effects
of ketone bodies or palmitate on glucose uptake
[11, 12]. These negative findings may have been the
result of inadequate oxygenation, since in prep-
arations using rejuvenated red cells [13], and in
isolated soleus muscle [14], effects similar to those
seen in heart and diaphragm muscle are seen. We
have therefore examined the effects of lowering free
fatty acid concentrations using nicotinate and 5-
methylpyrazole-3-carboxylate on the activity of
pyruvate dehydrogenase in soleus muscle in vivo.

MATERIALS AND METHODS

Materials

Enzymes, co-enzymes and other biochemicals
were purchased from Sigma (London) Chemical Co.,
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Poole, U.K., with the following exceptions: fer-
mocozyme (glucose oxidase reagent) was obtained
from Hughes and Hughes Ltd., Romford, U.K. and
oxaloacetic acid and citrate synthase were obtained
from the Boehringer Corporation Ltd., London,
U.K. 5-Methylpyrazole-3-carboxylic acid was a gift
from Dr. M. Tauscher, Johann A. Wuifing, Gronau,
West Germany. Nicotinic acid was obtained from
Aldrich Chemical Co. Ltd., Gillingham, UK.

CFY albino male rats (remote Sprague-Dawley)
weighing 250-300 g were obtained from Anglia Lab-
oratory Animals, Alconbury, U.K. and were main-
tained on an Oxoid pasteurised rat breeder diet
(H.C. Styles, Bewdley, U.K.).

Methods

Alloxan-diabetes were induced, 48 hr prior to the
experiment, by intravenous injection of alloxan
monohydrate {60 mg/kg) in physiological saline.
Only rats that had a blood glucose concentration
greater than 20 mmoles/l were used for the experi-
ment. Thirty min prior to the intraperitoneal admin-
istration of insulin or anti-lipolytic agents, food was
removed and a blood sample (20 ul) obtained from
the tail of the unanaesthetised, unrestrained rats.
The blood sample was diluted with 0.58 ml 0.02%
(wiv) sodium fluoride containing 4000 U/l heparin
for analysis of blood glucose.

Six hours after injection of insulin or antilipolytic
agents, another blood sample was obtained from the
tail and then the rats were killed by decapitation
using a Luckman animal guillotine (Luckman Ltd.,
Burgess Hill, U.K.). Two ml of blood was collected
in tubes containing 100 U of heparin, centrifuged
within 1 hr and the plasma stored at —20° until assay
for free fatty acid. Immediately following decapi-
tation, a second cut was made in the thoracic region
using the guillotine in order to expose the heart,
which was then freeze-clamped, with tongs cooled
in liquid nitrogen [15]. The hearts were freeze-
clamped 4-6sec after decapitation. Soleus muscles
were rapidly dissected and freeze-clamped within
10 sec of decapitation. Either the heart or the soleus
muscle was obtained from each animal. Tissues were
stored in liquid nitrogen until assay of metabolites
and enzymes. Muscle tissue was ground at the tem-
perature of liquid nitrogen in 150 mm X 25 mm pyrex
tubes using a close fitting case-hardened stainless
steel pestle with a knurled end, driven by a TriR
stirrer motor {model K41 from TriR Instruments,
Rockville, NY) and the powdered muscle was
extracted for metabolites at (° with 5% (w/v) per-
chloric acid (2 ml/g powdered tissue) using a close
fitting power driven Teflon pestle. The extracts were
centrifuged (1800 g min) at room temperature and
the supernatant neutralised with saturated KHCO3
and KClO, removed by centrifugation. Powdered
muscle was extracted for enzymes with 2ml/g of
100mM potassium phosphate buffer pH 7.0 con-
taining 10 mM sodium pyruvate, 5mM EDTA and
5mM 2-mercaptoethanol [16,17]. Extracts were
centrifuged for 2 min using a Beckman Microfuge
B (Beckman Instruments, Hitchin, U.K.) and the
supernatants stored at 0° for up to 2 hr before assay

for pyruvate dehydrogenase and at —20° for 24 hr
before assay for citrate synthase.

Glucose was measured using a Technicon Auto
analyzer MK1 system [18]. Free fatty acid was
extracted from plasma [19] and assayed by the
method of Kashket [20] using a Technicon Auto
analyzer MK 1. Citrate [21], and glucose-6-phosphate
and fructose-6-phosphate [22], were assayed spec-
trophotometrically. Acetyl-CoA was assayed by the
method of Chase [23] after removal of coenzyme A
by incubating sample for 1hr at 30° in 100mM
tricthanolamine buffer pH 6.5 containing 0.05%
(w/v) hydrogen peroxide. Excess hydrogen peroxide
was then removed by the addition of S units/ml
catalase. Control experiments (not reported in this
paper) indicated that acetyl CoA was not affected
by this procedure. Pyruvate dehydrogenase (EC
1.2.4.1) was assayed spectrophotometrically by
coupling with arylamine acetyltransferase (EC
2.3.1.5) {24]. Citrate synthase {(EC 4.1.3.7) was
assayed by a modification of the method of Srere et
al. [25] as described by Coore et al. [24]. All enzyme
activities are expressed as umoles substrate
converted/min/g wet weight of muscle. In order to
compensate for any incomplete extraction of
enzymes, the pyruvate dehydrogenase activity is also
calculated as the pyruvate dehydrogenase:citrate
synthase ratio; since the activity of citrate synthase,
being a constitutive enzyme, is unlikely to be affected
by the treatments used. Citrate synthase has been
shown to be an exclusively mitochondrial enzyme in
rat heart muscle [26}].

RESULTS

In diabetic rats, the administration of the anti-
lipolytic agents 5-methylpyrazole-3-carboxylate (0.5
and 1.0 mmole/kg i.p.) and nicotinate (1 mmole/kg
i.p.) produced a significant reduction in the concen-
tration of plasma free fatty acids (Table 1). Blood
glucose concentrations were reduced slightly by
treatment with the antilipolytic agents and to a much
greater extent by insulin (60 U/kg i.p.). In non-dia-
betic rats, nicotinate did not affect either free fatty
acid or blood glucose concentration. The higher dose
of S-methyl-pyrazole-3-carboxylate produced a small
reduction in both blood glucose and plasma free fatty
acid concentrations {Table 2).

Alloxan-diabetes in the rat resulted in an increase
in the concentration in the heart of citrate, acetyl
CoA, glucose-6-phosphate and fructose-6-phosphate
{Tables 1 and 2). Adenosine triphosphate, adenosine
diphosphate, and adenosine monophosphate con-
centrations were not affected by the diabetic state
or by dosing with antilipolytic agents (results not
shown).

In diabetic rats, treatment with the antilipolytic
agents or insulin lowered the concentration in heart
muscle of citrate, acetyl CoA, glucose-6-phosphate
and fructose-6-phosphate towards the values found
in non-diabetic rats {Table 1). With the exception
of acetyl CoA, neither compound produced any pro-
found alteration in these metabolite conditions in
the heart of normal rats.

The hearts and soleus muscle from alloxan-dia-
betic rats showed a low activity of the pyruvate
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dehydrogenase and a low pyruvate dehydrogenase:
citrate synthase ratio (Table 3). Treatment with the
antilipolytic agents or insulin produced up to a
12-fold increase in the pyruvate dehydrogenase:
citrate synthase ratio in heart. However, only treat-
ment with S-methylpyrazole-3-carboxylate had a
significant effect on pyruvate dehydrogenase activity
in soleus muscle (Table 3).

DISCUSSION

The antilipolytic agents lowered plasma FFA when
they were being rapidly mobilised from adipose
tissue, i.e. in alloxan-diabetes, but not in the normal
fed rats. Concomitant with the reduction in plasma
FFA, the concentrations in heart of citrate, acetyl-
CoA, and hexose monophosphate decreased. These
effects of the antilipolytic agents were mimicked by
insulin. The activity of pyruvate dehydrogenase was
increased by 5-methylpyrazole-3-carboxylate in
heart and soleus muscle, and by nicotinate and
insulin in heart only. The antilipolytic agents were
without consistent effects in normal fed rats.

In contrast to the findings of Randle et al. [2] we
have shown insulin to be capable of reversing acutely
the abnormalities of diabetic heart muscle. These
effects are not due to hypoglycaemia, since the 4 hr
blood glucose concentration was 7.41+3.0
mmoles/litre. Similar effects on heart metabolites
are seen with the antilipolytic agents. The reasons
for the difference between our in vivo results and
the previous results of Randle et al. [2] are not clear.
The antilipolytic agents and insulin may be inhibiting
lipolysis in muscle in addition to adipose tissue.
However insulin [27] and nicotinate [28] are reported
not to do so, and we have found no effect of 5-
methylpyrazole-3-carboxylate on glycerol output of
the isolated perfused hearts of alloxan-diabetic rats
(unpublished observations). The indirect effects of
antilipolytic agents on muscle may be related either
to effects on plasma FFA or to the large falls in
blood ketone body concentrations also observed
(results not shown). Ohlen et al. [29] have shown
that insulin but not nicotinate can increase the
activity of pyruvate dehydrogenase in alloxan-dia-
betic rat hearts. This discrepancy may be related to
the period of exposure to nicotinate: Ohlen et al.
measured pyruvate dehydrogenase activity only 2 hr
after dosing, compared with 6 hr in the case of our
experiments. The effect of the antilipolytic agents
on pyruvate dehydrogenase may involve a direct
effect on, for example, pyruvate dehydrogenase kin-
ase, which is inhibited by a number of halogenated
fatty acids [30] or pyruvate dehydrogenase phosphate
phosphatase. If effects of the antilipolytic agents on
pyruvate dehydrogenase activity in soleus muscle are
mediated by the fall in plasma FFA concentrations,
this is additional evidence for the operation of the
glucose fatty acid cycle in skeletal muscle.
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