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Abstract Introduction

Increased nonesterified fatty acid (NEFA) levels maybe impor-
tant in causing insulin resistance in skeletal muscles in patients
with non-insulin-dependent diabetes mellitus (NIDDM). The
acute effect of the antilipolytic nicotinic acid analogue Acipi-
mox (2 X 250 mg) on basal and insulin-stimulated (3 h, 40
mU/m2per min) glucose metabolism was therefore studied in
12 patients with NIDDM. Whole-body glucose metabolism
was assessed using 13-3Hjglucose and indirect calorimetry.
Biopsies were taken from the vastus lateralis muscle during
basal and insulin-stimulated steady-state periods. Acipimox re-
duced NEFAin the basal state and during insulin stimulation.
Lipid oxidation was inhibited by Acipimox in all patients in the
basal state (20±2 vs. 33±3 mg/m2 per min, P < 0.01) and
during insulin infusion (8±2 vs. 17±2 mg/m2 per min, P
< 0.01). Acipimox increased the insulin-stimulated glucose dis-
posal rate (369±49 vs. 262±31 mg/m2 per min, P < 0.01),
whereas the glucose disposal rate was unaffected by Acipimox
in the basal state. Acipimox increased glucose oxidation in the
basal state (76±4 vs. 50±4 mg/m2 per min, P < 0.01). During
insulin infusion Acipimox increased both glucose oxidation
(121±7 vs. 95±4 mg/m2 per min, P < 0.01) and nonoxidative
glucose disposal (248±47 vs. 167±29 mg/m2 per min, P
< 0.01). Acipimox enhanced basal and insulin-stimulated mus-
cle fractional glycogen synthase activities (32±2 vs. 25±3%, P
< 0.05, and 50±5 vs. 41±4%, P < 0.05). Activities of muscle
pyruvate dehydrogenase and phosphofructokinase were unaf-
fected by Acipimox. In conclusion, Acipimox acutely improved
insulin action in patients with NIDDMby increasing both glu-
cose oxidation and nonoxidative glucose disposal. This sup-
ports the hypothesis that elevated NEFAconcentrations may
be important for the insulin resistance in NIDDM. The mecha-
nism responsible for the increased insulin-stimulated nonoxi-
dative glucose disposal may be a stimulatory effect of Acipimox
on glycogen synthase activity in skeletal muscles. (J. Clin. In-
vest. 1991.88:1282-1290.) Key words: glucose-fatty acid cycle
* glycogen synthase * insulin resistance * phosphofructokinase-
pyruvate dehydrogenase
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Patients with non-insulin-dependent diabetes mellitus
(NIDDM)l are characterized by resistance to insulin-stimu-
lated glucose uptake in peripheral tissues (predominantly skele-
tal muscles), and it is generally believed that this defect plays an
important role in the pathogenesis of the syndrome. Patients
with NIDDM often have elevated fasting and postprandial
concentrations of nonesterified fatty acids (NEFA) in plasma
(1, 2). This may be due to an increased rate of lipolysis in
adipose tissues and skeletal muscles in patients with NIDDM.
A significant direct correlation between degree of plasma
NEFAconcentration and magnitude of fasting hyperglycemia
has been documented in patients with NIDDM(3,4). Further-
more, elevations in plasma NEFA concentration have been
shown to lower insulin-stimulated glucose uptake in normal
individuals (5, 6). Thus, it has been hypothesized that insulin
resistance in patients with NIDDMmay be caused by or may
be partly due to elevated NEFAconcentrations in plasma and
skeletal muscles. Recently, this hypothesis has been furtherdoc-
umented by Reaven et al. (7), who demonstrated a lowering
effect of plasma glucose in streptozotocin-induced diabetic rats
by two different antilipolytic agents, nicotinic acid (NA) and
phenylisopropyladenosine (7). NA was shown to increase in
vivo insulin-stimulated glucose uptake in peripheral tissues,
and both NAand PIA were shown to increase in vitro insulin-
stimulated glucose uptake in isolated adipocytes.

The mechanisms that control the relationship between fatty
acid and glucose utilization in human skeletal muscle are not
clear. The classic glucose-fatty acid cycle, demonstrated by
Randle et al. (8) in isolated rat hearts and hemidiaphragms,
involves an inhibitory effect of NEFAon glycolysis and pyru-
vate oxidation. In this model, no effect of NEFAon glycogen
synthesis was demonstrated. The inhibitory effect of NEFAon
glycolysis and glucose oxidation was explained by the same
group to be caused by a buildup of mitochondrial citrate and
acetyl-coenzyme A (CoA), and a rise in the cytoplasmic
NADH/NADratio (9, 10). The increase in acetyl CoA/CoA
ratio activates pyruvate dehydrogenase kinase (11, 12), which
then phosphorylates and inactivates the pyruvate dehydroge-
nase (PDH) complex. Accumulation of citrate causes an inhibi-
tion of phosphofructokinase (PFK) (13), thus slowing down the

1. Abbreviations used in this paper: F-6-P and F-6,1-dP, fructose 6-
phosphate and fructose 1,6-diphosphate; G-6-P, glucose 6-phosphate;
GS, glycogen synthase; HGP, hepatic glucose production; NA, nico-
tinic acid; NEFA, nonesterified fatty acid(s); NIDDM, non-insulin-de-
pendent diabetes mellitus; PDH, PDHa, and PDHt, pyruvate dehydro-
genase, active PDH, and total PDH; PFK, phosphofructokinase;
UDPG, uridine diphosphate glucose.
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glycolytic flux. This may cause an accumulation of glucose-6-
phosphate (G-6-P), which again inhibits the activity of hexoki-
nase in turn causing an intracellular accumulation of free glu-
cose that decreases the gradient of glucose across the cell mem-
brane. These mechanisms, however, have never been
demonstrated to operate in human skeletal muscles.

Acipimox (5-methyl-pyrazine carboxylic acid 4-oxide, Far-
mitalia Carlo Erba, Milano, Italy) is a new potent and long-act-
ing (8 h) antilipolytic drug, which has been derived from NA
(14). By lowering plasma and possibly skeletal muscle concen-
trations of NEFA, Acipimox may have a potential beneficial
effect on glucose metabolism in patients with NIDDM. Further-
more, besides being more long acting, Acipimox may have the
potential advantage over nicotinic acid that it causes a minor
"rebound" effect on lipolysis (15). The aim of this study was to
evaluate the acute effect of Acipimox on basal and insulin-
stimulated whole-body glucose metabolism in patients with
NIDDM. Furthermore, by taking biopsies from skeletal mus-
cles, we intended to establish whether changes in key enzyme
activities in this tissue could be responsible for any of the in
vivo effects of Acipimox. Thus, by using Acipimox, we in-
tended to study the importance of and the possible mecha-
nisms behind the glucose-fatty acid cycle in human subjects
with NIDDM.

Methods

Subjects
12 patients with NIDDMwere included in the study. Their characteris-
tics are given in Table I. The patients were obese and most of the
subjects (n = 7) had fasting plasma triglyceride concentrations above
the upper normal limit (2.20 mmol/liter). Five patients were treated
with diet alone and seven patients were treated with diet and oral hypo-
glycemic drugs (sulfonylurea or metformin). During the study period,
patients were on a weight-maintaining diet consisting of - 55%carbo-
hydrate, 15%protein, and 30%fat. Oral hypoglycemic drugs were with-
drawn at least 36 h before each metabolic study. Five patients were
treated for hypertension. In these patients, antihypertensive drugs were
withdrawn 4 wk before the first investigation and until the end of the
study. During this period, diastolic blood pressures did not exceed 110
mmHg. None of the subjects had clinical evidence of cardiac, hepatic,
or renal disease or endocrine disorders other than diabetes. Further-
more, there was no evidence of diabetic neuropathy, nephropathy, or

Table I. Clinical Characteristics of the Study Patients

Number (females/males)
Age (yr)
Duration of diabetes (yr)
Height (m)
Weight (kg)
Body mass index (kg/m2)
Glycohemoglobin (HbA1,, %)*
Fasting plasma glucose (mmol/liter)
Fasting plasma insulin (nmol/liter)
Fasting plasma C-peptide (nmol/liter)
Fasting plasma NEFA(mmol/liter)
Fasting plasma triglyceride (mmol/liter)
Fasting plasma cholesterol (mmol/liter)

12 (2/10)
55.8±2.3

6.9±1.7
1.74±0.02
90.4±4.5
29.6±1.0

8.4±0.6
10.5±1.1
0.11±0.01
0.94±0.11
0.64±0.06
2.57±0.45

6.1±0.2

Data are mean±SE. * Normal range 4.1-6.1 %.

proliferative retinopathy. Patients were informed of the nature and the
purpose of the study before their voluntary consent to participate was
obtained. The study was approved by the regional ethical committee
and the procedure was performed according to the principles of the
Helsinki Declaration.

Study design
The study was designed as a double-blind crossover study. An isoglyce-
mic insulin clamp (40 mU/m2per min) was performed on two separate
days in random order (Fig. 1). The second study in each patient was
carried out 4-6 wk apart from the first study. On one day patients
received Acipimox (2 X 250 mg) and on the other day they received
placebo. Acipimox or placebo tablets were given 150 min before the
basal steady state period and 150 min before the insulin-stimulated
steady-state period. The studies were carried out in combination with
indirect calorimetry and infusions of [3-3H]glucose to allow quantifica-
tion of respiratory gas exchange, total glucose turnover, and hepatic
glucose production (HGP). On both study days, muscle biopsies were
performed from the vastus lateralis muscle after the basal steady-state
period and after the insulin-stimulated steady state period (Fig. 1).

In vivo methods
Isoglycemic insulin clamp. Patients were admitted to Hvidore Hospital
the night before each clamp study. All studies were started at 0730 h
after a 10-h overnight fast. Acipimox or placebo was given according to
the procedure outlined above. A polyethylene catheter was inserted
into an antecubital vein for infusion of test substances. Another poly-
ethylene catheter was inserted into a contralateral wrist wein for blood
sampling. This hand was placed and maintained in a heated plexiglas
box to obtain arterialized venous blood (16). Each clamp study was
preceded by a 120-min period for basal measurements (Fig. 1). Insulin
(Actrapid, Novo-Nordisk, Bagsvaerd, Denmark) was infused for 180
min at a constant rate of 40 mU/m2per min and plasma glucose was
clamped with a variable infusion of 20% glucose at the fasting plasma
glucose concentration (isoglycemic clamp) (17). The insulin infusion
rate 40 mU/M2per min was chosen in order to obtain high physiologi-
cal plasma insulin concentrations. Blood glucose concentration was
monitored in arterialized blood with a continuous glucose analyzer
(Biostator CGIIS, Life Science Instruments, Miles Laboratories, Elk-
hart, IN) connected to a forearm vein on the "sampling" arm. The
glucose analyzer of the biostator was calibrated at least every 30 min
during study periods using an automated glucose oxidase method (Glu-
cose Analyzer 2, Beckman Instruments, Inc., Fullerton, CA). Steady-
state periods were defined as the last 30 min during basal measure-
ments (-30 to 0 min) and the last 30 min during insulin-stimulated
measurements (150-180 min). Urinary glucose excretion was mea-
sured during each clamp study in order to correct for this when calcu-
lating total peripheral glucose uptake.

Tritiated glucose. The glucose clamp studies were combined with a
primed continuous infusion of [3-3H]glucose (New England Nuclear,
Boston, MA) (Fig. 1). In orderto ensure achievement of isotope equilib-
rium, the continuous infusion of [3-3H]glucose (0.22 MCi/min) was
begun 90-120 min before measurements of glucose turnover were per-
formed, and the priming dose of [3-3H]glucose was increased in pro-
portion to fasting hyperglycemia according to the formula: priming
dose = 22 MCi X plasma glucose concentration (mmol/liter)/5 (mmol/
liter) (18). The radiochemical purity of the tracer was 100% as deter-
mined by HPLC. During steady-state periods, blood samples were
drawn in fluoride-treated tubes every 10 min for determination of
plasma glucose and plasma [3-3H~glucose activity. During the rest of
the study period, plasma glucose and [3-3H]glucose activity were mea-
sured every 30 min.

Indirect calorimetry. Indirect calorimetry was performed using a
computerized flowthrough canopy gas analyzer system (Deltatrac, Da-
tex, Helsinki, Finland). Briefly, air is suctioned at a rate of 40 liter/min
through a canopy placed over the head of the subject. Samples of in-
spired and expired air are analyzed for oxygen concentration by using a

paramagnetic differential oxygen sensor and for carbon dioxide by us-
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Figure 1. Experimental study design. Plasma glucose was clamped at
the fasting glucose concentration during insulin infusion (isoglycemic
clamp procedure). Each isoglycemic clamp study was preceded by a
120-min period for basal measurements (darkened bars). Insulin was
infused for 180 min at a rate of 40 mU/m2 per min. Steady-state
measurements of glucose turnover were made, and indirect calorime-
try was carried out during last 30 min of basal and clamp periods.
During this time, blood was analyzed for insulin, C-peptide, triglyc-
erides, NEFAand lactate every 10 min. Muscle biopsies were taken
from the vastus lateralis muscle in the basal state and after 180 min
of insulin infusion. Each subject was studied twice in randomized
order with or without 2 x 250 mgof Acipimox.

ing an infrared carbon dioxide sensor. Signals from the gas analyzers
are processed by the computer and oxygen consumption and carbon
dioxide production are calculated and recorded once per minute. After
an equilibration period of 10 min, the average gas exchange rates re-
corded over the two 30-min steady-state periods (Fig. 1) were used to
calculate rates of glucose oxidation, lipid oxidation, and energy expen-
diture as previously described (19, 20). The CO2concentrations did not
exceed 1% at any time point during the steady-state measurements.
The protein oxidation rate was estimated from urinary urea nitrogen
excretion (1 g of nitrogen = 6.25 g of protein) and corrected for changes
in pool size (21).

Muscle biopsy. Muscle biopsies were performed with a modified
Bergstrom needle (including suction) under local anesthesia. The biop-
sies were rapidly (within 10-15 s) frozen in liquid nitrogen, where they
were stored for later analysis. Before the biochemical analysis was per-
formed, samples were freeze-dried and dissected free of visible connec-
tive tissue, fat, and blood.

Calculations. During the steady-state periods, glucose turnover
rates (HGP and total peripheral glucose uptake) were calculated at
10-min intervals using Steele's non-steady-state equations (22). Non-
steady-state equations were used during basal measurements because
of spontaneous declining plasma glucose concentrations on both study
days in most patients. In these calculations, the distribution volume of
glucose was taken as 200 ml/kg body weight and the pool fraction as
0.65 (23). Negative rates of HGPwere calculated in most patients dur-
ing insulin-stimulated steady-state periods. Such underestimation of
glucose turnover by the tracer method is largely accounted for by a
model error emerging at high rates of glucose metabolism (24). We
took the negative numbers to indicate a nil HGP. Because HGPwas
fully suppressed during insulin infusion, the infusion rates of exoge-
nous glucose (molar values) were equal to total peripheral glucose up-
take. Total peripheral glucose uptake was corrected for urinary glucose
excretion. Nonoxidative glucose metabolism was calculated as the dif-
ference between total body glucose uptake and glucose oxidation, as
determined by indirect calorimetry.

In vitro methods
Glycogen and metabolite concentrations in muscle biopsies. Glycogen
was measured as glucose residues after hydrolysis of the muscle sam-

ples, in 1 MHCI at 100IC for 2 h (25). Glucose, G-6-P, and lactate were
measured fluorometrically on neutralized perchloric acid extracts (25).
The intracellular concentrations of free glucose, G-6-P, and lactate
were calculated as millimoles per liter intracellular water, assuming an
extracellular water content in the biopsies of 0.3 liter/kg dry weight and
an intracellular water content of 2.8 liter/kg dry weight (26, 27). Intra-
cellular concentrations of free glucose and lactate were corrected for
extracellular concentrations using the above assumptions of intracellu-
lar and extracellular water content in the biopsies.

Muscle enzyme activities. Extraction of muscle samples and assays
for glycogen synthase (GS), PDH, and PFK activities were performed
as previously described by Mandarino et al. (28).

PDHassays were performed by a modification of the method of
Hagg et al. (29), based on the technique of Blass et al. (30). Briefly, PDH
activity was determined in the presence of low (50 uM) and high (10
mM)magnesium concentrations to determine active (PDHa) and total
(PDHt) enzyme activity. PDHactivity was expressed as picomoles of
pyruvate oxidized per minute per milligram extract protein. The frac-
tional activity of PDHis defined as the proportion of total enzyme that
is active (PDHa/PDHt). This measure has been used as a measure of
the extent of activation of PDHin vivo (31).

GSwas assayed by a modification of the method of Thomas et al.
(32). GS activity was assayed in the presence of a near-physiological
concentration of (0. 1 mM)and in the presence of a high concentration
of G-6-P (10 mM) to determine maximal enzyme activity. The total
concentration of uridine diphosphate glucose ([(4C]UDPG + cold
UDPG) in the reaction mixture was 0.31 mM. GS activity was ex-
pressed as nanomoles of UDPGincorporated into glycogen per minute
per milligram extract protein. Fractional velocity that is thought to
reflect the proportion of total GS present that is active in vivo was
calculated as the ratio between GSactivity assayed at 0.1 mMG-6-P
and 10 mMG-6-P.

PFKactivity was assayed spectrophotometrically in supernatants of
muscle extracts by a modification of the method of Beutler (33). The
assay coupled the conversion of fructose 6-phosphate (F-6-P) to fruc-
tose 1,6-diphosphate (F-1,6-dP) with the oxidation of NADHby means
of a series of enzymatic steps including aldolase, triose phosphate iso-
merase, and a-glycerolphosphate dehydrogenase. Activity of PFKwas
assayed in the presence of a near-physiological concentration of F-6-P
(0.1 mM) and in the presence of a high concentration of F-6-P (2.0
mM) to determine the maximal activity of the enzyme. PFK activity
was expressed as nanomoles of F-6-P converted to F- 1,6-dP per minute
per milligram extract protein.

Protein content of the extracts was determined by the method of
Lowry et al. (34).

Analytical determinations. Glucose in plasma and urine was deter-
mined by a hexokinase method (35). Tritiated glucose activity was
measured as previously described (18, 36). Plasma insulin (37) and
C-peptide (38) concentrations were measured with radioimmunologi-
cal methods. Free fatty acids (NEFA) in plasma were determined by the
method of Itaya and Michio (39) and lactate by the method of Pas-
sonneau (40). Plasma concentrations of glucose, insulin, C-peptide,
NEFA, and lactate were measured every 10 min during the two steady-
state periods. HbACwas measured by isoelectric focusing (41), normal
range 4.1-6. 1%.

Statistical analysis. Nonparametric statistical methods (Wilcoxon
test for paired data and Spearman's rho (42) for correlation analysis)
were employed in analysis of data. P values < 0.05 were considered
significant. Data in text and figures are presented as the mean±SE.

Results

Plasma glucose, insulin, and C-peptide concentrations are
given in Table II. Plasma glucose concentrations were similar
on the two study days. A spontaneous decline in plasma glu-
cose concentration was observed during the basal period (0-
120 mmn) on both study days. Although the decline was slightly
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Table II. Plasma Glucose, Insulin, and C-peptide Concentrations
during Studies

Placebo Acipimox

Glucose Fasting 10.5±1.1 11.3±1.1 NS
(mmol/liter) Basal 10.3±1.0 10.8±1.1 NS

Insulin 10.3±1.1 11.0±1.2 NS
Insulin Fasting 0.11±0.01 0.12±0.02 NS

(nmol/liter) Basal 0.12±0.01 0.11±0.01 NS
Insulin 0.51±0.03 0.57±0.05 NS

C-peptide Fasting 0.94±0.11 0.99±0.13 NS
(nmol/liter) Basal 0.99±0.11 0.94±0.13 NS

Insulin 0.75±0.09 0.84±0.11 NS

Fasting values are before administration of Acipimox/placebo. Basal
and insulin values are mean values of four determinations during the
basal and insulin-stimulated (40 mU/m2per min) steady-state pe-
riods. Data are mean±SE.

higher on the day where patients received Acipimox, this differ-
ence was not statistically significant. Plasma insulin and C-pep-
tide concentrations were the same on both study days during
both steady-state periods. Plasma concentrations of insulin and
C-peptide were constant during the predefined basal and insu-
lin stimulated steady-state periods, indicating that steady state
was achieved during these two intervals. The mean coefficients
of variation of plasma glucose concentrations during insulin
infusion were 3% during placebo studies and 2% Acipimox
studies.

Acipimox significantly lowered plasma concentrations of
triglycerides and NEFAduring the basal steady-state period
and during the insulin-stimulated steady-state period (Table
III). The mean coefficient of variation of plasma NEFAcon-
centrations during insulin infusion was 12% during placebo
studies and 15%during Acipimox studies. Acipimox increased
plasma concentrations of lactate during both steady-state pe-
riods.

The CO2 concentrations under the hood during indirect
calorimetry measurements remained constant and did not ex-
ceed 1%at any time point during the steady-state periods. Lipid
oxidation (Fig. 2) was inhibited by Acipimox in all patients in
the basal state (20±2 vs. 33±3 mg/M2 per min, P < 0.01) and
during insulin infusion (8±2 vs. 17±2 mg/m2 per min, P
< 0.01). Concurrently, glucose oxidation (Fig. 2) was stimu-
lated by Acipimox in all patients in the basal state (76±4 vs.
50±4 mg/M2 per min, P < 0.01) and during insulin infusion
(121±7 vs. 95±4 mg/M2 per min, P < 0.01). Note that the
stimulatory effect of Acipimox and insulin on glucose oxida-
tion was completely additive; i.e., Acipimox increased glucose
oxidation with 26 mg/M2 per min in both the basal state and
during insulin infusion. The decrease in lipid oxidation caused
by Acipimox was inversely correlated with the increase in glu-
cose oxidation in the basal state (r = -0.74, P < 0.01) and
during insulin infusion (r = -0.76, P < 0.01). On the placebo
day, insulin was unable to stimulate energy expenditure
(5.2±0.2 vs. 5.2±0.2 kJ/min), whereas on the day where pa-
tients received Acipimox, insulin significantly stimulated en-
ergy expenditure (5.1±0.2 vs. 5.4±0.2 kJ/min, P < 0.02).

Plasma concentrations of [3-3H]glucose were constant dur-
ing both basal and insulin-stimulated steady-state periods, in-

dicating that isotopically steady states were really achieved. In
the basal state, Acipimox did not affect total peripheral glucose
uptake (Acipimox vs. placebo 97±3 vs. 94±4 mg/m2 per min,
NS, Fig. 2). During insulin infusion, however, Acipimox in-
creased total peripheral glucose uptake in all patients (369±49
vs. 262±31 mg/m2 per min, P < 0.01, Fig. 2).

Owing to an increased glucose oxidation and an unaffected
total peripheral glucose uptake, Acipimox significantly inhib-
ited nonoxidative glucose metabolism in the basal state (21±5
vs. 44±5 mg/M2 per min, P < 0.02, Fig. 2). During insulin
infusion, however, Acipimox had a marked stimulatory effect
on nonoxidative glucose metabolism (248±47 vs. 167±29 mg/
m2 per min, P < 0.01, Fig. 2). No correlation was found be-
tween the inhibitory effect of Acipimox on lipid oxidation and
the stimulatory effect of Acipimox on nonoxidative glucose
disposal during insulin infusion (r = 0.07, NS).

HGPwas unaffected by Acipimox in the basal state (pla-
cebo vs. Acipimox, 86±2 vs. 91±3 mg/m2 per min, NS) and
was completely suppressed by insulin on both the day where
patients received placebo (-72±17 mg/m2 per min) and Acipi-
mox (-74±31 mg/m2 per min).

Acipimox increased the activity of glycogen synthase
(FV0, ) in biopsies from skeletal muscles in the basal state and
during insulin infusion (Table IV). Furthermore, the physiolog-
ical insulin stimulation in the present study (40 mU/m2 per
min) was able to increase the activity of glycogen synthase
(FV0.1) on both study days. No effect of Acipimox or insulin
was seen on total GSactivity.

Insulin activated PDHa, whereas PDHt was unaffected by
insulin (Table IV). Thus, the PDHactivity ratio PDHa/PDHt
increased during the insulin infusion. Surprisingly, no effect of
Acipimox was seen on the activity of PDHaor PDHt. Further-
more, no effect of Acipimox was seen on the activity of PFK
either in the basal state or during insulin infusion (Table IV).
Insulin had no effect on the activity of PFK.

Intracellular concentrations of free glucose, G-6-P, glyco-
gen, and lactate in skeletal muscles are given in Table V. Acipi-
mox or insulin had no effect on intracellular concentrations of

Table III. Effect of Acipimox on Plasma Triglyceride, NEFA,
and Lactate Concentrations in 12 Patients with NIDDMduring
a Basal Postprandial State and during Insulin Infusion
(40 mU/rm per min)

Placebo Acipimox

Triglycerides Fasting 2.57+0.45 2.48±0.37
(mmol/liter) Basal 2.56+0.49 2.18+0.30w

Insulin 2.29±0.47 1.84+0.31-
NEFA Fasting 0.64+0.06 0.63_0.08

(mmol/liter) Basal 0.70±0.04 0.12±0.01
Insulin 0.09±0.02' 0.05±0.01*w

Lactate Fasting 0.73+0.12 0.81+0.06
(mmol/liter) Basal 0.78+0.05 0.87+0.07*

Insulin 0.91±0.04 1.07±0.10*1

Fasting values are before administration of Acipimox/placebo. Basal
and insulin values are mean values of four determinations during the
basal and insulin-stimulated steady-state periods. Data are mean±SE.
* P < 0.05 vs. placebo; t P< 0.01 vs. placebo; and i P< 0.01 vs. fast-
ing levels.
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c Placebo to show any stimulatory effect of Acipimox on glucose uptake

in this tissue (J. Vinten, personal communication). This sug-
gests that Acipimox may not stimulate de novo lipogenesis, at

p < 0.01 least not in adipose tissue. However, it is important to empha-
LI size that an overestimation of the effect of Acipimox on glucose

oxidation would mean a corresponding underestimation of
Acipimox on the nonoxidative glucose disposal. Thus, the stim-
ulatory effect of Acipimox on insulin-stimulated nonoxidative
glucose disposal, which in fact was the quantitatively most im-

< 0.01
- portant, may have been even greater than demonstrated in the

p < 0.02

Basal Insulin

Figure 2. Effect of Acipimox on lipid oxidation, glucose oxidation,
total peripheral glucose disposal, and nonoxidative glucose disposal
in the basal state and during insulin infusion in 12 subjects with
NIDDM. Data are mean±SE.

either free glucose, G-6-P, or lactate. The unaffected lactate
concentration in skeletal muscles is in contrast to the increased
concentration of lactate in plasma on the day where patients
received Acipimox. Insulin increased the concentration of gly-
cogen in skeletal muscles on both study days, whereas there was
no significant difference in glycogen concentration between the
days where patients received Acipimox or placebo.

Discussion

In the present study we have demonstrated a marked acute
improvement of insulin action in patients with NIDDMby
giving the antilipolytic NAanalogue Acipimox. The improved
insulin action was due to both a stimulatory effect of Acipimox
on glucose oxidation and on nonoxidative glucose disposal.
Acipimox acutely inhibited lipid oxidation and stimulated glu-
cose oxidation in the basal state and during insulin stimulation.
The effect of Acipimox on lipid oxidation was highly negatively
correlated with the effect of Acipimox on glucose oxidation in
the basal state and during insulin infusion. In contrast, the
effect of Acipimox on lipid oxidation was not correlated with
the effect of Acipimox on insulin-stimulated nonoxidative glu-
cose metabolism. Furthermore, in the basal state Acipimox
had no effect on peripheral glucose uptake, and thus we actu-
ally found that Acipimox decreased nonoxidative glucose dis-
posal in the basal state.

Through using indirect calorimetry, measurements of car-
bohydrate and lipid oxidation represent net rates of utilization
(19). This means that an increase in de novo lipogenesis in the
liver or adipose tissue, unaccompanied by changes in lipid or
glucose oxidation, could be misinterpreted as a decrease in the
rate of lipid oxidation and/or an increase in the rate of glucose
oxidation. Therefore, it could be claimed that the effects of
Acipimox on lipid and glucose oxidation in the present study
partly could be due to a stimulatory effect of Acipimox on de
novo fatty acid synthesis. Weare, however, unaware of any
data indicating that Acipimox may increase de novo lipogene-
sis. Furthermore, preliminary in vitro experiments on isolated

present study.
In vivo studies in humans have demonstrated that infusion

of intralipid (a triglyceride emulsion) with heparin during dif-
ferent degrees of insulinization causes increased lipid oxidation
and decreased glucose oxidation in normal subjects (5) and in
patients with NIDDM(43). The present in vivo data demon-
strates that the glucose-fatty acid cycle also operates the other
way round in patients with NIDDM. The tissue, however,
which is responsible for the in vivo effects of Acipimox on
glucose oxidation, remains obscure. If a true inverse Randle's
cycle in skeletal muscles was responsible for the in vivo effects
of Acipimox on glucose oxidation in the present study, one
would have expected increased activities of PDHand PFK in
biopsies from skeletal muscles. Furthermore, decreased intra-
cellular concentrations of free glucose and G-6-P in skeletal
muscles would have been expected. No effect of Acipimox on
any of these enzyme activities or substrate concentrations were
detected in the basal state or during insulin infusion in this
study, suggesting that the in vivo effect of Acipimox on glucose
oxidation was not due to an increased oxidation of glucose in
skeletal muscles. The fact that the effect of Acipimox on glu-
cose oxidation was seen in both the basal state and during insu-
lin infusion, and furthermore, that the stimulatory effect of
Acipimox on glucose oxidation was exactly the same in both
situations (26 mg/m2 per min) demonstrates that this effect is

Table IV. Effect of Acipimox on Activities of the Key Enzymes GS,
PDH, and PFKin Biopsies from Skeletal Muscles in 12 Patients
with NIDDMduring a Postprandial Basal State and during
Insulin Infusion (40 mU/m2/min)

Basal Insulin

Placebo Acipimox Placebo Acipimox

nmol/ UDPG/min per ng protein
GS(0.I mMG-6-P) 1 2.3±0.5 3.0±0.6* 4.1±0.61 4.9±0.8*1
GS(10.0 mMG-6-P) J 9.1±1.6 9.3±1.6 9.9±1.1 9.9±1.1
GSFVOj (%) 25±3 32±2* 41±4 50±5*w

PDHa
PDHt

PDHa/PDHt (%)

PFK (0.1 mMF-6-P) i
PFK (2.0 mMF-6-P) J

pmol pyruvate/min per mgprotein
301±68 226±47 406±35* 361±38$
521±70 448±53 546±48 443±49

58±7 50±9 74±4$ 81±4*

nmol F-6-P/min per mgprotein
101±12 105±11 116±13 106±11
136±14 137±14 155±16 143±15

Data are mean±SE. * P < 0.05 vs. placebo; $ P < 0.05 vs. basal; and
I P < 0.01 vs. basal.
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Table V. Effect of Acipimox on Intracellular Concentrations of Free Glucose, G-6-P, Lactate, and Glycogen in Skeletal Muscles in 12
Patients with NIDDM

Basal Insulin

Placebo Acipimox Placebo Acipimox

Glucose] 0.24±0.15 0.33±0.15 0.18±0.16 0.24±0.21
G-6-P (mmol/liter intracellular water) 0.10±0.04 0.08±0.02 0.10±0.03 0.07±0.01
Lactate 2.77±0.41 2.43±0.37 3.41±0.46 2.74±0.32
Glycogen (mmol/kg dry wt) 364±19 367±33 389±19* 463±74*

Concentration of glucose, G-6-P, and lactate are given as millimoles per liter of intracellular water. Calculation of these concentrations are based
on the assumptions of an extracellular water content in the muscle biopsies of 0.3 1/kg dry weight and an intracellular water content of 2.8 1/kg
dry weight. Glycogen is given as millimoles per kilogram of dry weight. Data are mean±SE. * P < 0.01 vs. basal.

independent of the degree of insulinization. This could be
taken as an indirect evidence for that the effect of Acipimox on
whole-body glucose oxidation may not necessarily be located
to an insulin-sensitive tissue. This is consistent with data from
animal studies that the glucose-fatty acid cycle operates in non-
muscle tissue such as kidney and liver (44).

Wedid, however, find a significant stimulation of the PDH
activity during insulin infusion on both study days. This may
suggest that the increase in whole-body glucose oxidation seen
on both study days during insulin infusion could be due to an
increase in glucose oxidation in skeletal muscles.

An alternative explanation for the lack of effect of Acipi-
mox on PDHand PFKactivities, and on concentrations of free
glucose and G-6-P, could be that the mechanisms regulating
glucose oxidation in human skeletal muscles are different from
the mechanisms which were pointed out by Randle and co-
workers on perfused rat hearts and hemidiaphragms. It is im-
portant to emphasize that the regulatory mechanisms sug-
gested by Randle have never been demonstrated to operate in
human skeletal muscles. In addition, several investigations
have failed to show inhibitory effects of NEFAon glucose utili-
zation in various animal skeletal muscle preparations (45-50).

An alternative mechanism, by which Acipimox may stimu-
late glucose oxidation in human skeletal muscle could be
through a direct stimulation of glucose transport over the cell
membrane. An increased glucose transport over the cell mem-
brane may enhance the flux through glycolysis and the citric
acid cycle, thus increasing glucose oxidation. If this was the
mechanism, enzyme activities and substrate concentrations in
biopsies from skeletal muscles could be unaffected by Acipi-
mox despite an increased glucose oxidation in the tissue. In
fact, NAhas been shown to increase glucose transport into rat
adipocytes under in vitro experimental conditions (51). We
found that Acipimox increased peripheral glucose uptake dur-
ing insulin infusion, but not in the basal state. Thus, an in-
creased glucose transport into the muscle cell could explain the
increase in glucose oxidation during insulin infusion, but not
in the basal state. The increase in glucose oxidation, however,
was exactly the same in the basal state and during insulin infu-
sion, suggesting identical stimulatory mechanisms in the two
states. Therefore, an increased glucose transport over the mus-
cle cell membrane is unlikely to be the explanation for the
increase in glucose oxidation caused by Acipimox.

The key point in the Randle's cycle is PDH. This enzyme
exists in a phosphorylated less active and a dephosphorylated

more active form. The fractional activity of PDH (PDHa/
PDHt) is decreased by starvation or induction of alloxan-dia-
betes (insulin deficient diabetes) in rat heart, rat skeletal mus-
cle, rat liver, rat kidney, and rat adipose tissue (52-56). Randle
suggested that the decreased fractional activity of PDHin skele-
tal muscles could explain the impaired glucose metabolism in
diabetes. This hypothesis was, however, based on data obtained
in an insulinopenic model, which in humans resembles insu-
lin-dependent diabetes (IDDM) more than it resembles the hy-
perinsulinemic syndrome NIDDM. Recently, it was demon-
strated by Kelley and Mandarino (57) that PDHactivity in
skeletal muscles from patients with NIDDMis not decreased
compared to normal subjects. Instead, these authors demon-
strated an increased skeletal muscle PDHactivity during fast-
ing hyperglycemia in patients with NIDDM. The fact that
PDHmay not be defective in NIDDMmay also provide an
explanation for the lack of effect of Acipimox on PDHactivity.
Thus, it has been shown that intravenous administration of the
fatty acid oxidation inhibitor 2-tetradecylglycidic acid had no
effect on the proportion of PDHcomplex in the active form in
heart, diaphragm or gastrocnemius muscles or in liver, kidney,
or adipose tissue of fed normal rats (58). However, the fatty
acid oxidation inhibitor was able to reverse effects of starvation
and alloxan-diabetes on the proportion of active PDHcomplex
in heart muscle.

Acipimox had no effect on peripheral glucose uptake in the
basal state, whereas during insulin infusion Acipimox had a
marked stimulatory effect on peripheral glucose uptake. In
other words, Acipimox improved insulin action in the
NIDDMpatients. The quantitatively most important part of
this effect was on the insulin-stimulated nonoxidative glucose
uptake. Under insulin-stimulated conditions, nonoxidative
glucose metabolism is thought to primarily represent muscle
glycogen synthesis (59) and is correlated with the activity of
skeletal muscle GS in normal subjects and in patients with
NIDDM(28, 59, 60). Wefound that Acipimox increased the
activity of GSin skeletal muscles in the basal state and during
insulin infusion. Thus, during insulin infusion, the increased
activity of GS in skeletal muscles may be responsible for the
increased whole-body nonoxidative glucose metabolism. In the
basal state, however, we found an increase in muscle GSactiv-
ity, which was not reflected by an increase in whole-body non-
oxidative glucose disposal. In contrast, we found a slight de-
crease in nonoxidative glucose uptake in the basal state. This
apparently paradoxical phenomenon may be explained by the
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fact that, in the basal postabsorptive state, skeletal muscle is
responsible for only a small part (< 20%) of the total peripheral
glucose uptake (61). In contrast, skeletal muscle is responsible
for the majority of peripheral glucose uptake during high physi-
ological insulin concentrations (61). Thus, in the basal state
whole body nonoxidative glucose uptake may represent other
biochemical pathways than glycogen synthesis in skeletal mus-
cles. Such pathways could be either lipogenesis or the pentose
phosphate shunt in the liver or in adipose tissue.

Lactate formation from glycolysis is a further nonoxidative
pathway, which operates in most tissues. Acipimox slightly in-
creased plasma concentrations of lactate in the basal state and
during insulin infusion. Thus, increased lactate formation may
also be responsible for the increased nonoxidative glucose me-
tabolism during insulin infusion. Because intracellular muscle
lactate concentrations were unaffected (or slightly decreased)
by Acipimox, however, the increased plasma lactate concentra-
tion is not likely to be due to increased lactate formation in
skeletal muscles. Furthermore, the possibility that the in-
creased plasma lactate concentration during Acipimox studies
could be due to an impaired uptake of lactate in liver or muscle
cannot be excluded from the present data.

An important question is now whether the increase in non-
oxidative glucose metabolism and GSactivity was caused by a
lower tissue availability of free fatty acids, or whether this was
an effect of the drug per se. This question maybe important not
only for the understanding of the pharmacological action of
Acipimox, but also for the understanding of the impaired insu-
lin action in NIDDM. This is further illustrated by the fact that
the impaired insulin-stimulated nonoxidative glucose disposal
may be of primary (i.e., genetic) origin in NIDDM(62). The
influence of free fatty acids on nonoxidative glucose metabo-
lism is controversial. Infusion of intralipid with heparin has
been shown to inhibit nonoxidative glucose metabolism in
normal subjects (5). In obese subjects (63) and in patients with
NIDDM (44), however, infusion of intralipid did not inhibit
nonoxidative glucose disposal. In the present study, no correla-
tion between the effect of Acipimox on lipid oxidation and
nonoxidative glucose disposal was demonstrated. This suggests
that a pure effect of a lower NEFAavailability may not solely
explain the effect of Acipimox on nonoxidative glucose dis-
posal. Furthermore, Randle and co-workers did not demon-
strate any inhibitory effect of NEFAon glycogen synthesis on
the perfused rat hearts and hemidiaphragms. This is in contrast
to a very recent publication, where elevated concentrations of
NEFAwere shown to inhibit glycogen synthesis in an in vitro
human muscle strip preparation (64). Acipimox inhibits lipoly-
sis in adipose tissue by lowering intracellular concentrations of
cyclic AMP(65). If this is also the case in skeletal muscles,
Acipimox may decrease the activity of the cyclic AMP-depen-
dent protein kinase by this mechanism. This may cause an
increase in GSactivity due to an increased proportion of GS
being on the more active dephosphorylated form. Thus, it is
presently unclear whether the effect of Acipimox on GSactiv-
ity is direct or indirect elicited by changes in NEFA.

In previous studies, nicotinic acid has been shown to both
increase and decrease plasma glucose concentration in normal
and diabetic humans and animals (7, 66-74). The reason for
these discrepancies is not clear. The most obvious explanation
for this is the rebound in plasma NEFAlevels noted to occur
with chronic administration of NA. Thus, most acute experi-

ments with NAhave found a beneficial effect on glucose metab-
olism, while most chronic experiments have revealed a deterio-
ration (diabetogenic effect) on glucose metabolism. Other ex-
planations for the different effects of NA on glucose
metabolism in different studies could be species differences or a
question of doses. However, if the problem lies in the rebound
effect in plasma NEFAlevels, Acipimox may also have poten-
tial beneficial effects on glucose metabolism in NIDDMpa-
tients with chronic treatment, owing to the less tendency to
cause this rebound effect (15). A long-term study is required to
answer this question.

In conclusion, acute inhibition of lipolysis with Acipimox
improved insulin action in patients with NIDDMby increasing
both insulin-stimulated glucose oxidation and nonoxidative
glucose disposal. This supports the hypothesis that elevated
NEFAlevels may be important for the development of insulin
resistance in NIDDM. The increase in nonoxidative glucose
disposal was the quantitatively most important and was proba-
bly caused by an increased activity of GS in skeletal muscles.
The increase in glucose oxidation was seen both in the basal
state and during insulin infusion and could not be attributed to
increased activities of PDHand/or PFK in skeletal muscles.
This suggests that nonmuscle tissues maybe responsible for the
increase in glucose oxidation caused by Acipimox. A long-term
study with Acipimox is required to demonstrate whether the
acute beneficial effect on glucose metabolism can also lead to a
long-term improvement of metabolic control in NIDDMpa-
tients.
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