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prolonged exercise the changes were even more marked:
the contribution of lipids was reduced from 58 to 2% and
the contribution of carbohydrates increased from 30 to 67 %
(Table 4). Thus, nicotinic acid appeared to shift the metab-
olism of the heart in the fasting state, both at rest and during
prolonged exercise, from the predominant utilization of
blood lipid substrates to a predominant utilization of blood
carbohydrate substrates.

Although the OERs in the control and nicotinic acid
groups totaled 97 and 94 %, respectively, at rest, they
amounted to only 88 and 69 % during prolonged exercise
(Table 4). This suggests, particularly in the nicotinic acid
group, that during prolonged exercise the heart is deriving
energy from some source other than the blood substrates
which we measured. Plasma ketone bodies can provide
5-7% of the heart’s energy supply in the resting, fasting
state (33, 43), but both after the administration of nicotinic
acid and during exercise the arterial concentration of these
substrates falls (7, 13). Although this fall could be due to
increased peripheral utilization, it has been shown that the
splanchnic production of ketone bodies is suppressed over
90 % by nicotinic acid (9) and that during exercise myo-
cardial extraction of ketone bodies decreases (33). Other
blood metabolites such as amino acids do not appear to
play a significant role in myocardial energy metabolism in
the isolated perfused rat heart (17, 24) or in man either at
rest or during exercise (14), although their role in myo-
cardial metabolism during the administration of nicotinic
acid has not been studied.

The fact that in the nicotinic acid group the total OER
for the blood energy substrates which we measured is
significantly less than 100 %, and that the deficit can prob-
ably not be accounted for by other blood metabolites,
suggests that during exercise in the presence of nicotinic
acid there is a reduction in the total energy content of
endogenous myocardial substrate pools. The principal
endogenous myocardial energy stores are triglyceride fatty
acids (18, 39) and glycogen (3, 28, 44). It is known that
both exercise and nicotinic acid administration are ac-
companied by a decreased glycogen content in the rat heart
(3, 42, 44) and that glycogenolysis is accelerated if the
isolated perfused animal heart performs increased work
(29, 38). It would seem possible, therefore, that in man
during prolonged exercise combined with nicotinic acid
administration there may also be increased utilization of
myocardial glycogen stores.

Certain results in the present study suggest that there is
also utilization of endogenous myocardial triglyceride
stores in these circumstances. The average myocardial RQ
of the nicotinic acid group was 0.91 both at rest and during
prolonged exercise (Table 1). Although there are certain
limitations in using the RQ of an organ to determine the
percentage participation of carbohydrate and lipid in its
oxygen consumption (47), an RQ of 0.91 would suggest
that the heart is using approximately 70% carbohydrate
and 30 % lipid. It can be seen from Table 4 that at rest the
total carbohydrate and lipid OERs are in reasonably good
agreement with this predicted value. However, during
exercise although the OER for total blood carbohydrates is
67 + 6 (sem) %, that for lipids is only 2 &= 10 (sem) %. If
the assumptions upon which the RQ and OER concepts

TABLE 4. Relative contribution of blood lipid and
carbohydrate substrates to myocardial energy metabolism
at rest and during exercise as estimated from both

oxygen extraction ratios and myocardial RQ: comparison
between control and nicotinic acid groups

ik, Control Nicotinic Acid
OER RQm OER RQm
Rest i
Lipid 64 £ 69, | 829 | 22 & 7% 319,
CHO 33 = 59, 189, | 72 = 5%, 69%
Total 97 £ 8% | 1009, | 94 + 9% | 100%
Exercise
Lipid 58 4+ 49,1 65% | 2 &+ 0% | 319,
CHO 30 &= 59, | 35% | 67 & 6% 69%,
Total 88 + 6% | 1009, | 69 + 129, | 1009,

OER = oxygen extraction ratio. RQm = myocardial respira-
tory quotient. Percentage contribution of lipid and carbohydrate
to oxidative metabolism. (From Documenta Geigy, 6th ed., p. 628,
Table 2). CHO = carbohydrate. Values are means =+ SEM.

are based are valid, this would imply that the principal
endogenous source of myocardial energy during prolonged
exercise with nicotinic acid is in fact lipid, i.e., the myo-
cardial triglyceride fatty acid pool. In this context it is of
interest that in intact rats both exercise and the adminis-
tration of nicotinic acid have been shown to reduce the
triglyceride content of the heart (10, 19).

The radiopalmitate measurements also suggest that
hydrolysis of glycerides is occurring across the heart in the
nicotinic acid group, and they support the contention that
it is endogenous myocardial glycerides rather than plasma
triglycerides which are undergoing hydrolysis (31). At rest
the specific activity of the coronary sinus FFA in the control
group was almost always less than that of their arterial FFA,
so that the ratio, SA,SA,, was less than unity. However,
during exercise this ratio approached unity. We have dis-
cussed these observations in earlier publications where we
concluded that the low ratio at rest indicated the efflux into
the coronary sinus of unlabeled or low specific activity
FFA, and although these could arise from plasma triglyc-
erides, the evidence suggested that endogenous myocardial
glyceride stores were the most likely source (31, 34). Since
this FFA efflux was not accompanied by free glycerol, we
concluded that unless the fatty acids were derived from
partial hydrolysis of glycerides, the rate of hydrolysis at rest
must not exceed the myocardial capacity for reutilization
of glycerol. Furthermore, we interpreted the findings that
during prolonged exercise in these subjects the ratio ap-
proached unity, but that under this circumstance there was
an efflux of free glycerol, as indicating accelerated myo-
cardial glyceride hydrolysis with either ¢) a continuing
efflux from this glyceride pool of fatty acids which now had a
specific activity very close to that of the arterial FFA or
b) increased intramyocardial oxidation of the fatty acids.

In the case of the nicotinic acid group in the present
study, however, the ratio, SA,SA,, was less than unity at
rest, and although it rose during exercise, it still remained
significantly less than unity. The fact that unlabeled fatty
acids were entering the coronary sinus blood in this group
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in which there was no evidence of significant hydrolysis of
plasma triglycerides is support for the contention that the
unlabeled fatty acids are derived from endogenous rather
than plasma triglycerides (31). This argument will be valid
unless formation of partial glycerides is an important fate
of plasma triglycerides during passage across the heart,

However, neither at rest nor during exercise was there
efflux of free glycerol into the coronary sinus blood. If the
earlier interpretation of these phenomena is correct, then in
the presence of nicotinic acid endogenous glyceride hy-
drolysis must occur at rest and must also continue during
exercise, but not at a level which exceeds the myocardial
capacity for metabolism of glycerol.

As discussed in the earlier publication, the rise in the
ratio, SA,.SA,, which occurred with exercise in the absence
of nicotinic acid, could be contributed to by one or more of
three possible mechanisms: a) an increase in coronary blood
flow, b) an increase in the specific activity of the FFA re-
leased into the coronary sinus relative to that of arterial
FFA, ¢) a decrease in the rate at which FFA is released into
the coronary sinus blood (31). In the present study, an
increase with exercise in the coronary blood flow in the
nicotinic acid group to only about 1.6 times the resting
level could account for the entire rise observed in the ratio.
With the heart rates which occurred during exercise in
these subjects, coronary blood flow almost certainly in-
creased by two to three times the resting level (26, 30).
Since there was a fall in arterial FFA specific activity during
exercise in the nicotinic acid group, this would also tend to
reduce the difference between the specific activity of the
arterial FFA pool and that of the endogenous pool from
which fatty acids entering the coronary sinus were derived.
It seems unlikely, therefore, that there was any reduction
with exercise in the rate of entry of fatty acids into the
coronary sinus blood. These results, and the apparent
deficit between the relative contributions of lipid and
carbohydrate indicated by the myocardial RQ and that
actually provided by the blood substrates, suggest that
endogenous myocardial glyceride hydrolysis occurs at rest
in the presence of nicotinic acid and that during prolonged
exercise it may even continue at increased levels.

The failure of glycerol to appear in the coronary sinus
blood during exercise in the nicotinic acid group indicates
that under these circumstances the myocardial capacity for
glycerol metabolism has not been exceeded by glycerol
production despite the fact that both the changes in the
FFA, SA_/SA, ratio and the RQ) and OER measurements
discussed above suggest that there is increased utilization
of endogenous lipid. This apparent paradox could arise a)
if the actual magnitude of the exercise-induced increase in
myocardial glyceride hydrolysis in the nicotinic acid group
was not as great as that in the control group or b) if the
myocardial capacity for glycerol reutilization was increased
in the nicotinic acid group.

It is known that in adipose tissue nicotinic acid inhibits
glyceride hydrolysis and blocks catecholamine stimulation
of lipolysis (6). It is theoretically possible, therefore, that it
has a similar effect on endogenous myocardial glyceride
hydrolysis and suppresses the exercise-induced acceleration
of hydrolysis which was thought to occur in the control
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group. In this case, if myocardial triglyceride content is
reduced in exercising man after the administration of
nicotinic acid, as it is in the rat (10), then the rate of tri-
glyceride synthesis in the myocardium would have to be
reduced to a proportionately greater extent than is tri-
glyceride hydrolysis. Such a situation might occur with
nicotinic acid since the very low arterial FFA concentration
and myocardial FFA extraction would reduce the availa-
bility of fatty acids for incorporation into triglycerides.
However, our data do not allow calculation of turnover or
fractional turnover rates of endogenous lipid pools, and
nothing appears to be known about the direct effect of
nicotinic acid on glyceride metabolism in the heart. Simi-
larly, although it is possible that the increased myocardial
metabolism of carbohydrate substrate which occurs when
nicotinic acid is administered could accelerate myocardial
glycerol utilization, nothing definite seems to be known
about the mechanisms controlling metabolism of glycerol
within the heart.

Effect of Nicotinic Acid on Myocardial
Extraction of Blood Substrates

At rest the arterial concentrations of lactate and pyruvate
were significantly higher in the nicotinic acid group, but
the concentration of glucose, both at rest and during
exercise, and the concentration of lactate and pyruvate
during exercise did not differ significantly between the two
groups (Table 2). Thus, in most cases, the increased myo-
cardial extraction of these carbohydrate substrates by the
subjects receiving nicotinic acid cannot be attributed to
increased arterial concentrations of those substrates. Nor
does it seem likely that the increased glucose extraction was
due to an insulin effect, since the arterial insulin concentra-
tion did not differ between the two groups (unpublished
observations). In previous studies (34, 35) we demonstrated
a significant negative linear relationship between myo-
cardial extraction of glucose, lactate, and pyruvate and
arterial FFA concentration, which suggested that FFA
might inhibit myocardial uptake of these carbohydrate
substrates in a manner analogous to the inhibition of glucose
uptake by FFA in the isolated perfused rat heart (41, 45).
Since the arterial FFA concentrations in the present study
were very much lower in the subjects receiving nicotinic
acid than in the control subjects, reduced FFA inhibition
could be one explanation for the increased extraction of
glucose, lactate, and pyruvate in those subjects. It is also of
interest that, particularly during exercise, there continued
to be significant extraction of glucose by the heart even
when the arterial concentration fell below the so-called
myocardial glucose ‘““threshold” of about 3,330 wpmoles/
liter (2, 20, 21) (Fig. 4).

The fact that the average arterial glucose concentration
did not fall in the nicotinic acid group even after 2 hr of
relatively strenuous exercise implies that there was either
increased production of glucose from hepatic glycogen
stores or gluconeogenesis, or that there was decreased
peripheral utilization of glucose. The latter possibility seems
unlikely, however, since myocardial glucose extraction was,
in fact, increased in our subjects, and Bergstrém et al. (1)
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FIG. 4. Relationship between myocardial extraction of glucose
(A(a-cs)glucose) and arterial glucose concentration, (4) at rest
(circles) and (B) during prolonged exercise (triangles) in 15 control
subjects (solid symbols) and 10 subjects receiving a constant intra-
venous infusion of nicotinic acid (open symbols).
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