J c I The Journal of Clinical Investigation

Demonstration of a critical role for free fatty acids in mediating
counterregulatory stimulation of gluconeogenesis and suppression
of glucose utilization in humans.

C Fanelli, S Calderone, L Epifano, A De Vincenzo, F Modarelli, S Pampanelli, G Perriello, P De Feo, P Brunetti, J E Gerich

J Clin Invest. 1993;92(4):1617-1622. https://doi.org/10.1172/JCI116746.

Research Article

In vitro studies indicate that FFA compete with glucose as an oxidative fuel in muscle and, in addition, stimulate gluconeogenesis in liver.
During counterregulation of hypoglycemia, plasma FFA increase and this is associated with an increase in glucose production and a
suppression of glucose utilization. To test the hypothesis that FFA mediate changes in glucose metabolism that occur during
counterregulation, we examined the effects of acipimox, an inhibitor of lipolysis, on glucose production and utilization ([3-3H]glucose), and
incorporation of [U-14C]-alanine into glucose during insulin-induced hypoglycemia. Eight normal volunteers were infused with insulin for 8 h
to produce modest hypoglycemia (approximately 3 mM) on two occasions, first without acipimox (control) and then with acipimox
administration (250 mg per os at 60 and 240 min). Despite identical plasma insulin concentrations, glucose had to be infused in the
acipimox experiments (glucose-clamp technique) to maintain plasma glucose concentrations identical to those in control experiments.
Acipimox completely prevented counterregulatory increases in lipolysis so that during the last 4 h plasma FFA were below baseline values
and averaged 67 +/- 13 vs. 725 +/- 65 microM in control experiments, P < 0.001. Concomitantly, overall glucose production was reduced by
40% (5.5 +/- 11 vs. 9.3 +/- 0.7 mumol/kg per min, P < 0.001), and gluconeogenesis from alanine was reduced by nearly 70% (0.32 +/- 0.09
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Abstract

In vitro studies indicate that FFA compete with glucose as an
oxidative fuel in muscle and, in addition, stimulate gluconeogen-
esis in liver. During counterregulation of hypoglycemia, plasma
FFA increase and this is associated with an increase in glucose
production and a suppression of glucose utilization. To test the
hypothesis that FFA mediate changes in glucose metabolism
that occur during counterregulation, we examined the effects of
acipimox, an inhibitor of lipolysis, on glucose production and
utilization ([3-H|]glucose), and incorporation of [U-'C}-
alanine into glucose during insulin-induced hypoglycemia.
Eight normal volunteers were infused with insulin for 8 h to
produce modest hypoglycemia (~ 3 mM) on two occasions,
first without acipimox ( control) and then with acipimox admin-
istration (250 mg per os at 60 and 240 min). Despite identical
plasma insulin concentrations, glucose had to be infused in the
acipimox experiments (glucose-clamp technique) to maintain
plasma glucose concentrations identical to those in control ex-
periments. Acipimox completely prevented counterregulatory
increases in lipolysis so that during the last 4 h plasma FFA
were below baseline values and averaged 67+13 vs. 725+65
u#M in control experiments, P < 0.001. Concomitantly, overall
glucose production was reduced by 40% (5.5+11 vs. 9.3+0.7
umol/kg per min, P < 0.001), and gluconeogenesis from ala-
nine was reduced by nearly 70% (0.32+0.09 vs. 1.00+0.18
umol /kg per min, P < 0.001), while glucose utilization in-
creased by 15% (10.8+1.4 vs. 9.3+0.7 pmol / kg per min). We
conclude that FFA play a critical role in mediating changes in
glucose metabolism during counterregulation, and that under
these conditions, FFA exert a much more profound effect on
hepatic glucose production than on glucose utilization. (J. Clin.
Invest. 1993. 92:1617-1622.) Key words: free fatty acids « glu-
coneogenesis * counterregulation « hypoglycemia

Introduction

In 1963, Randle et al. (1) postulated a glucose/fatty acid cycle
in which FFA compete with glucose as a physiological sub-
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strate. Over the years, considerable attention has been paid to
the interaction between fat and glucose metabolism in cardiac
and skeletal muscle (2). It is now generally accepted that FFA
compete with glucose as an oxidative fuel (3), and this has
been demonstrated to reduce skeletal muscle glucose uptake in
humans (4, 5).

An additional effect of FFA, its increase of hepatic glucose
output, was postulated shortly after Randle’s original proposal
(6-9). Most in vitro studies have found that FFA augment
gluconeogenesis (6-13). However, in vivo studies have yielded
conflicting results concerning the effects of FFA on overall he-
patic glucose output (14-27). Thus, the effect of FFA on he-
patic glucose output and gluconeogenesis in vivo remain in
doubt.

During counterregulation of hypoglycemia, plasma FFA
concentrations and rates of lipid oxidation increase (23, 26).
This is temporally associated with an increase in glucose pro-
duction and a suppression of glucose utilization (23, 26).
Therefore, it has been postulated recently that FFA may medi-
ate some of the changes in glucose metabolism that occur dur-
ing counterregulation of hypoglycemia (23).

To test this hypothesis and to determine the relative impact
of alterations in FFA availability on glucose production and
glucose utilization, we assessed the effect of acipimox, an inhibi-
tor of lipolysis (19, 24), on glucose production, gluconeogene-
sis, and glucose utilization, as well as plasma alanine fluxes
during counterregulation of insulin-induced hypoglycemia in
normal volunteers.

Methods

Subjects. Informed consent was obtained from eight healthy volunteers
(four males and four females) aged 25+ 1 yr who were all within 10% of
their ideal body weight (101+2%, Metropolitan Life Insurance Tables;
body mass index of 24.4+1.0 kg/m?) and had no family history of
diabetes mellitus or other endocrine disease. Each subject was studied
on two different occasions: control experiments without acipimox were
performed first, followed by experiments with acipimox 7-10 d later.
For 3 d before each experiment, all subjects consumed a weight mainte-
nance diet containing > 250 g carbohydrate.

Protocol. Institutional Review Board approval was obtained for
these studies. In both experiments, subjects were admitted to the Clini-
cal Research Center between 6:30 and 7:00 a.m., after overnight fasting
(10-12 h). They were placed in bed rest and maintained supine posi-
tions throughout the experiments. To obtain arterialized venous blood
samples, a dorsal vein of a hand was cannulated in a retrograde position
with a 21-gauge butterfly needle, and the hand was maintained at 60—
65°C in a thermoregulated Plexiglass box. An antecubital vein of the
contralateral arm was cannulated with an 18-gauge catheter for infu-
sion of [ 3->H]glucose, [ '“C]alanine, insulin, and, when required, glu-
cose (20% solution) by separate syringe pumps (Harvard Apparatus,
Inc., The Ealing Co., South Natick, MA). Both forearm and venous
lines were kept patent by 0.9% NaCl infused by separate peristaltic
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pumps (VM 8000 M; Vial Medical, St. Martin-Le-Vinoux, Grenoble,
France), at a rate 30 ml/h. Between 7:00 and 7:30 a.m. primed continu-
ous infusions of [ 3-*H ] glucose (22 uCi, 0.22 xCi/min) (New England
Nuclear, Boston, MA) and ['“C]alanine (28 xCi, 0.28 xCi/min)
(Amersham Corp., Arlington Heights, IL) were begun. 3 h were al-
lowed for isotopic equilibration, after which baseline blood samples
were taken. Lipid and carbohydrate oxidation expenditure were mea-
sured in all subjects by indirect calorimetry (28). 90 min before begin-
ning experiments, a transparent plastic ventilated hood was placed over
the subject’s head and made airtight around the neck. Air flow and O,
and CO, concentrations in the expired and inspired air were measured
by a computerized continuous open-circuit system (Deltatrac; Datex
Instruments Co., Helsinki, Finland) (29) that has a precision of 2.5%
for oxygen consumption and 1.0% for carbon dioxide production. Pro-
tein oxidation was estimated from urinary excretion of urea before and
during insulin hypoglycemia. After the subjects had adapted to the
hood and stabilized their breathing pattern, gas-exchange measure-
ments were taken during a 45-min basal period and were continued
throughout the studies.

In control experiments, insulin (regular U-40; Eli Lilly & Co., In-
dianapolis, IN), diluted to 1 U/ml in 100 ml 0of 0.9% NaCl containing
2 ml of the subject’s blood, was infused at the rate of 0.35
mU -Kg™'-min™" for 8 h to induce moderate hypoglycemia. In acipi-
mox experiments, insulin was infused as in the control experiments
and acipimox ( 5-methyl-pyrazene-carboxylic acid 4-oxide) (Olbetam,
Farmitalia Carlo Erba, Milan, Italy) (250 mg p.o.) was given 60 min
after starting the insulin infusion and again at 240 min to inhibit lipoly-
sis. Because we anticipated from previous studies (23) that suppression
of lipolysis might impair glucose counterregulation, glucose was in-
fused when needed to maintain plasma glucose concentrations identi-
cal to those in the control experiments using the glucose-clamp tech-
nique as previously described (23).

Analyses. Blood samples were collected at 30-min intervals and
assayed for glucose (Beckman glucose analyzer; Beckman Instru-
ments, Fullerton, CA ), alanine (30), [*H]- and [ '*C]glucose radioac-
tivity (31), ['*C]alanine radioactivity (31), insulin (23), glucagon
(23), cortisol (23), growth hormone (23), epinephrine, and norepi-
nephrine (23), FFA (Wako NEFA C test kit, Wako Chemicals GmbH,
Neuss, Germany), 3-8-OH-butyrate (30), and glycerol (30). For FFA
determination, blood (2 ml) was collected in tubes containing 50 ul of
the lipoproteinlipase inhibitor diethyl- p-nitrophenyl-phosphate (Para-
oxon; Sigma Chemical Co., St. Louis, MO) diluted to 0.04% in diethyl
ether (32). Urine was collected from the onset to the end of each
study period to determine nitrogen excretion using the Kjeldahl
method (33).

Calculations. Oxidation rates for carbohydrate, fat, and protein
were calculated from the measured O, consumption, CO, production,
and urinary nitrogen excretion before and during the insulin infusion
adjusted for changes in serum urea during insulin infusion (34, 35).
Rates of glucose and alanine appearance (Ra) and disappearance (Rd)
were calculated using the non-steady-state equations of De Bodo et al.
(36); a pool size of 0.65 and a distribution of 200 mg/kg were used.
When glucose was infused, endogenous glucose appearance was calcu-
lated by subtracting the exogenous glucose infusion rate from the over-
all glucose appearance. Gluconeogenesis was estimated as the rate of
appearance of glucose from alanine calculated using the non-steady-
state double isotope technique of Chiasson et al. (37) in which the
appearance of “C in glucose is traced by [*H]glucose. Data in text and
figures are given as mean+SEM, and the statistical significance was
evaluated using Student’s paired ¢ test. A P < 0.05 was considered
significant.

Results

Plasma insulin and glucose concentrations, and glucose infu-
sion rates (Fig. 1). Baseline and subsequent plasma insulin
concentrations were comparable in the control and acipimox
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Figure 1. Plasma insulin and glucose concentrations and glucose in-
fusion rates.

experiments. During infusion of insulin, plasma glucose levels
decreased similarly in both experiments to a plateau of ~ 3.0
mM. However, in the acipimox experiments, glucose had to be
infused to maintain the plasma glucose concentrations compa-
rable.

Plasma counterregulatory hormone concentrations (Fig.
2). Baseline plasma concentrations of all counterregulatory
hormones were comparable in control and acipimox experi-
ments. During the insulin-induced hypoglycemia, plasma glu-
cagon, epinephrine, and norepinephrine responses were not
significantly different in both experiments. After an initial de-
lay, plasma growth hormone responses were greater in the aci-
pimox experiments (21.5+2.3 vs. 4.3+1.1 ng/ml at 480 min, P
< 0.001). Although initially plasma cortisol responses were
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Figure 2. Plasma glucagon, epinephrine, norepinephrine, growth hor-
mone, and cortisol concentrations.



also delayed in the acipimox experiments, ultimately responses
were comparable to those in the control experiments.

Plasma FFA, glycerol, and B-OH-butyrate concentrations
and rates of lipid oxidation (Fig. 3). Baseline measurements
were comparable in control and acipimox experiments. In con-
trol experiments, plasma FFA, glycerol, and 3-OH-butyrate
were initially suppressed for 120-240 min after starting the
insulin infusion but subsequently increased markedly above
baseline values. Lipid oxidation followed a similar pattern. In
the acipimox experiments, plasma FFA, glycerol, and 8-OH-
butyrate as well as rates of lipid oxidation remained suppressed
below basal values throughout the study (all P < 0.001 vs.
control after 240 min).

Hepatic glucose output and gluconeogenesis from alanine
(Figs. 4 and 5). Baseline hepatic glucose output was compara-
ble in both experiments. In control experiments, it decreased
transiently after starting the insulin infusion and then in-
creased to a peak rate of 12.1+1.1 umol/kg per min at 210 min.
In the acipimox experiments, hepatic glucose output was simi-
lar to that in control experiments through 240 min but after-
wards was consistently less. Thus during the last 240 min he-
patic glucose output was only 5.5+1.1 umol/kg per min in
acipimox experiments compared to 9.3+0.7 umol/kg per min
in control experiments, P < 0.01.

Baseline rates of gluconeogenesis from alanine were compa-
rable in both experiments. In control experiments, it increased
progressively after 240 min, reaching values more than three-
fold above baseline. In the acipimox experiments, gluconeogen-
esis did not increase at all, and during the last 240 min, aver-
aged only 0.32+0.09 umol/ kg per min compared to 1.00+0.18
umol/kg per min in control experiments, P < 0.001. As shown
in Fig. 5, rates of gluconeogenesis during the last 240 min of
both experiments were positively correlated with rates of lipid
oxidation (r = 0.91, P < 0.001).

Plasma alanine concentration, appearance, and disappear-
ance (Fig. 6). Baseline plasma alanine concentrations were
comparable in both experiments. In the control experiments
during infusion of insulin, plasma alanine gradually decreased
by ~ 130 umol/liter over the course of the study. In the acipi-
mox experiments, plasma alanine decreased significantly less
(by 90 umol/liter), so that at the end of the study it averaged
250+36 vs. 190+22 uM in control experiments, P < 0.01.

Baseline rates of plasma alanine appearance and disappear-
ance were comparable in both experiments. In control experi-
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Figure 4. Rates of overall hepatic glucose output, gluconeogenesis
from alanine, glucose utilization, and glucose oxidation.

ments, after a transient decrease after starting the insulin infu-
sion, plasma alanine appearance returned to basal rates after
120 min. In the acipimox experiments, plasma alanine appear-
ance remained suppressed throughout so that during the last
hour of the experiment, it averaged 5.0+1.2 vs. 6.8+1.1 umol/
kg per min in control experiments, P < 0.05. In control experi-
ments, the proportion of alanine appearing in plasma that was
converted to plasma glucose increased from 13+3% at baseline
to 32+2% by the end of the experiment (P < 0.001), whereas in
the acipimox experiments, it did not increase (12+3% at base-
line vs. 10+£2% at the end of the experiment).

Rates of plasma alanine disappearance in control experi-
ments transiently decreased after start of the insulin infusion
and then rose to slightly above basal values (7.8+1.1 umol/kg
per min at 480 min vs. 6.7+1.3 umol/kg per min at baseline, P
< 0.05). In contrast in the acipimox experiments, after a tran-
sient decrease and return to rates comparable to those in con-
trol experiments, plasma alanine disappearance progressively
decreased, so that at the end of the experiment, it averaged only
4.7+1.2 umol/kg per min, P < 0.01 vs. the control experiment.

Glucose utilization and oxidation (Figs. 4 and 7). Rates of
glucose utilization and oxidation were comparable in both ex-
periments at baseline and for the initial 150-180 min. Subse-
quently both glucose utilization and glucose oxidation were
consistently greater in the acipimox experiments. During the
last 240 min of the study, glucose utilization and oxidation
averaged 10.8+1.4 and 9.5+ 1.3 umol/kg per min, respectively,
vs. 9.3+0.7 and 4.8+1.0 umol/kg per min in control experi-
ments, both P < 0.01. As shown in Fig. 7, rates of glucose
utilization and oxidation during the last 240 min of both exper-
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Figure 5. Correlation
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neogenesis from alanine.
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and disappearance, and fractional conversion of alanine to glucose.

iments were inversely correlated with rates of lipid oxidation (r
= —0.71, P < 0.001 and r = —0.80, P < 0.001).

Discussion

The present studies were undertaken to test the hypothesis that
alterations in FFA mediate changes in glucose production and
utilization that occur during counterregulation of hypoglyce-
mia. For this purpose, we assessed the effect of acipimox, an
inhibitor of lipolysis, on overall hepatic glucose output, gluco-
neogenesis from alanine, glucose utilization, and glucose oxi-
dation during counterregulation of insulin-induced hypoglyce-
mia in normal volunteers.

Administration of acipimox suppressed lipolysis (as re-
flected by plasma glycerol and FFA levels) throughout the ex-
periments and markedly reduced lipid oxidation. During the
last 4 h of the experiments, overall hepatic glucose output was
reduced by 40% (5.5 1.1 vs. 9.3+0.7 umol /kg per min), gluco-
neogenesis from alanine was reduced by nearly 70%
(0.32+0.09 vs. 1.00+0.18 umol/kg per min), glucose utiliza-
tion was increased by ~ 15% (10.8+1.4 vs. 9.3+0.7 umol/kg
per min), and glucose oxidation was doubled (9.5+1.3 vs.
4.8+1.0 umol/kg per min). These results thus indicate that
alterations in FFA availability markedly influence glucose me-
tabolism during counterregulation and that under these condi-
tions FFA exert a much more profound effect on hepatic glu-
cose production than on glucose utilization. Moreover, to the
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Figure 7. Correlations between rates of lipid oxidation and glucose
oxidation and utilization.
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best of our knowledge, these results provide the first clear cut
evidence for a dependency of an increase in.gluconeogenesis on
an increase in FFA availability in vivo.

It has been proposed that most of the compensatory in-
crease in hepatic glucose output during prolonged counterregu-
lation is due to gluconeogenesis (38, 39). Our results support
this view. Alanine usually accounts for ~ 15% of overall gluco-
neogenesis (40). The reduction in conversion of alanine to
glucose (0.7 umol/kg per min glucose equivalents) observed in
the present study during inhibition of lipolysis suggests that
suppression of gluconeogenesis accounted for substantially all
of the associated reduction in hepatic glucose output (3.8
umol/kg per min).

As expected (11) (see below), the mechanism for the sup-
pression of gluconeogenesis during inhibition of lipolysis by
acipimox appeared to be intrahepatic since the fractional con-
version of alanine to glucose by the liver was reduced despite
the fact that alanine availability, as reflected by plasma alanine
concentrations, was increased. This increase in plasma alanine
occurred because its rate of disappearance from plasma de-
creased more than its rate of appearance decreased. The latter
might reflect the fact that more glucose was being oxidized
during the inhibition of lipolysis, and, therefore, less glucose
was available for conversion to alanine. The decrease in ala-
nine disappearance from plasma might simply reflect less ala-
nine being used for gluconeogenesis.

Presumably the effects of acipimox on gluconeogenesis and
glucose utilization were mediated by suppression of lipid oxi-
dation secondary to inhibition of lipolysis. This is supported by
the correlations that we found between rates of lipid oxidation
and rates of both gluconeogenesis (7 = 0.91) and glucose utili-
zation (r = —0.71) and by the temporal relationship between
changes in lipid oxidation and those of gluconeogenesis and
glucose utilization. Inhibition of lipid oxidation within the
liver could suppress gluconeogenesis by several mechanisms
(11): (a) limitation of NADH needed for the glyceraldehyde
3-phosphate dehydrogenase reaction; (b) reduction of ATP
needed to support gluconeogenesis; and (¢) suppression of ace-
tyl-coenzyme A and other thio-esters needed to activate pyru-
vate carboxylase. Some other action of acipimox on hepatic
glucose output not involving FFA oxidation appears unlikely
since Saloranta et al. (19) were able to completely reverse the
effects of acipimox on hepatic glucose production by restora-
tion of FFA availability. Moreover, nicotinic acid, of which
acipimox is a derivative, has no direct effect on gluconeogene-
sis by the perfused rat liver (13). Regarding glucose utilization,
inhibition of lipid oxidation could increase glucose uptake and
oxidation by a complex set of mechanisms recently reviewed
by Randle et al. (2). The observation by Piatti et al. (5) that
acipimox did not further increase forearm glucose uptake
when plasma FFA were already markedly suppressed by insu-
lin argues against an effect of acipimox on glucose utilization
not involving changes in FFA availability.

Although most in vitro studies have found that FFA in-
crease gluconeogenesis (6~13), a consistent effect on overall
hepatic glucose output in vivo has not been demonstrated (14—
26). In addition to the present experiments, only one other
study (22) has directly examined the effect of FFA on gluconeo-
genesis and overall hepatic glucose output in humans. In that
study, Clore et al. (22) found that increasing FFA availability
increased gluconeogenesis from alanine consistent with our



finding that a reduction in FFA availability reduced gluconeo-
genesis from alanine. However, Clore et al. (22) found no
change in overall hepatic glucose output whereas in our study
overall hepatic glucose output was markedly reduced.

An explanation for this difference may relate to two factors.
First of all, there appears to be some autoregulatory mecha-
nism, probably involving inhibition of glycogenolysis, by
which an increase in gluconeogenesis does not necessarily in-
crease overall hepatic glucose output (41, 42). This may ex-
plain why Clore et al. (22) observed no increase in overall
hepatic glucose output. Secondly, suppression of gluconeogene-
sis in our experiments probably decreased overall hepatic glu-
cose output because under our experimental conditions gluco-
neogenesis was responsible for most of hepatic glucose output
(38, 39). Moreover, a compensatory increase in glycogenolysis
would have been minimal because of the ongoing insulin infu-
sion and because of previous glycogen depletion caused by gly-
cogenolysis earlier during counterregulation and nearly 24 h of
fasting. Support for this explanation is provided by studies (42,
43) in which inhibition of gluconeogenesis by ethanol in over-
night fasted volunteers who would have had glycogen reserves
did not affect hepatic glucose output, whereas it did reduce
hepatic glucose output in 69-h—fasted volunteers whose glyco-
gen would have been depleted (44).

In summary, the present studies demonstrate that inhibi-
tion of lipolysis by acipimox during counterregulation of insu-
lin-induced hypoglycemia reduced overall hepatic glucose out-
put by 40% and gluconeogenesis from alanine by 70% while
increasing glucose utilization by 15%. These results indicate
that FFA play a role in mediating changes in glucose metabo-
lism that occur during counterregulation and that, under these
conditions, FFA exert a much more profound effect on hepatic
glucose production than on glucose utilization. Finally, our
results suggest that increased FFA availability/oxidation may
be a prerequisite for increased gluconeogenesis.
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