Failure of Substrate-induced Gluconeogenesis
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Demonstration of Hepatic Autoregulation without a Change in Plasma Glucose Concentration
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Abstract

It has been proposed that increased supply of gluconeogenic
precursors may be largely responsible for the increased gluco-
neogenesis which contributes to fasting hyperglycemia in non-
insulin-dependent diabetes mellitus (NIDDM). Therefore, to
test the hypothesis that an increase in gluconeogenic substrate
supply per se could increase hepatic glucose output sufficiently
to cause fasting hyperglycemia, we infused normal volunteers
with sodium lactate at a rate approximately double the rate of
appearance observed in NIDDM while clamping plasma insu-
lin, glucagon, and growth hormone at basal levels. In control
experiments, sodium bicarbonate was infused instead of so-
dium lactate at equimolar rates. In both experiments, [6->H]-
glucose was infused to measure glucose appearance and either
[U-"C]lactate or [U-'*Clalanine was infused to measure the
rates of appearance and conversion of these substrates into
plasma glucose. Plasma insulin, glucagon, growth hormone,
C-peptide, and glycerol concentrations, and blood bicarbonate
and pH in control and lactate infusion experiments were not
significantly different. Infusion of lactate increased plasma
lactate and alanine to 4.48+3 mM and 610+33 uM, respec-
tively, from baseline values of 1.6+0.2 mM and 431+28 uM,
both P < 0.01; lactate and alanine rates of appearance in-
creased to 38+1.0 and 8.0+0.3 umol/kg per min (P < 0.01
versus basal rates of 14.4+0.4 and 5.0+0.5 umol/kg per min,
respectively). With correction for Krebs cycle carbon ex-
change, lactate incorporation into plasma glucose increased
nearly threefold to 10.4 umol/kg per min and accounted for
about 50% of overall glucose appearance. Alanine incorpora-
tion into plasma glucose increased more than twofold. Despite
this marked increase in gluconeogenesis, neither overall he-
patic glucose output nor plasma glucose increased and each
was not significantly different from values observed in control
experiments (10.8+0.5 vs. 10.8+0.5 pmol/kg per min and
5.4+0.4 vs. 5.3+0.3 mM, respectively). We, therefore, con-
clude that in normal humans there is an autoregulatory process
independent of changes in plasma glucose and glucoregulatory
hormone concentrations which prevents a substrate-induced
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increase in gluconeogenesis from increasing overall hepatic
glucose output; since this process cannot be explained on the
basis of inhibition of gluconeogenesis from other substrates, it
probably involves diminution of glycogenolysis. A defect in this
process could explain at least in part the increased hepatic
glucose output found in NIDDM. (J. Clin. Invest. 1990.
86:489-497.) Key words: glucogenolysis ¢ gluconeogenesis ¢
hepatic glucose production « lactate

Introduction

Output of glucose from the liver is the result of two processes,
glycogenolysis and gluconeogenesis. Although glycogenolysis
normally accounts for more than 70% of hepatic glucose out-
put in the postabsorptive state (1, 2), in other situations, such
as postprandial hepatic glycogen repletion (3), recovery from
hypoglycemia (4, 5) and non-insulin-dependent diabetes mel-
litus (NIDDM)' (6), gluconeogenesis may be the dominant
process.

It remains unclear what critical factors determine the rela-
tive contributions of gluconeogenesis and glycogenolysis to
overall hepatic glucose output in these situations.

Gluconeogenesis may be regulated at three sites: delivery of
substrate from peripheral tissues, transport of substrate into
hepatocytes, and intrahepatic conversion of substrate to glu-
cose (7). Experiments using the perfused rat liver have demon-
strated a linear relationship between gluconeogenesis and per-
fusate lactate and pyruvate concentrations over their physio-
logic range (8). In renal failure (9) and maple syrup urine
disease (10) where gluconeogenic substrate availability is re-
duced, there is reduced gluconeogenesis and reduced overall
hepatic glucose output. Conversely, in NIDDM, where circu-
lating levels of gluconeogenic precursors have been noted to be
increased (6, 11-13), there is increased gluconeogenesis (6, 14,
15) and increased overall hepatic glucose output (6, 11,
14-16).

These observations support the concept that substrate
availability is a critical factor regulating gluconeogenesis and
overall hepatic glucose output. Indeed it has been suggested
that increased substrate delivery may be a major factor respon-
sible for the increased gluconeogenesis and associated fasting
hyperglycemia found in NIDDM (13, 16-18).

However, whether an increase in substrate availability,
such as may occur under physiologic conditions, can augment
gluconeogenesis enough to cause fasting hyperglycemia re-
mains to be established (19-22). An autoregulatory effect of
glucose on hepatic release of glucose formed via gluconeogene-
sis has been demonstrated in vitro (23, 24) and in the dog (25).

1. Abbreviations used in this paper: NIDDM, non-insulin-dependent
diabetes mellitus.
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If this process were active in humans, it would limit the extent
to which gluconeogenesis could increase hepatic glucose out-
put and cause fasting hyperglycemia.

The present studies were therefore undertaken to test the
hypothesis that an increase in substrate supply, independent of
hormonal influences, could augment overall hepatic glucose
output and cause fasting hyperglycemia in normal human vol-
unteers. For this purpose, we infused lactate, the predominant
gluconeogenic precursor (26) for 3 h at a rate approximately
double the rate of appearance found in patients with NIDDM
(18) while plasma insulin, glucagon, and growth hormone
concentrations were clamped (27) at baseline levels. Under
these conditions, gluconeogenesis increased more than twofold
and was estimated to account for ~ 50% of glucose appear-
ance; however, neither plasma glucose nor overall hepatic glu-
cose output increased. We therefore conclude that in normal
humans an increase in gluconeogenic substrate availability is
“insufficient in itself to produce fasting hyperglycemia and that
there is an autoregulatory process which can prevent a sub-
strate-induced increase in gluconeogenesis from increasing
overall hepatic glucose output even in the absence of an in-
crease in plasma glucose concentration.

Methods

Subjects. Informed written consent was obtained from 10 (four men
and six women) healthy, nonobese (body mass index 24+1 kg/m?)
subjects aged 18—47 yr (mean+SEM 29+3 yr). None of the subjects
were taking medication and none had a family history of diabetes
mellitus; all were screened 2-4 wk before the experiments with a medi-
cal history, physical examination, and routine blood-work to exclude
illness. Subjects consumed a weight-maintaining diet containing 200 g
of carbohydrates for 3 d before the study.

Protocol. After obtaining approval from the University of Pitts-
burgh Institutional Review Board subjects were admitted to the Uni-
versity of Pittsburgh Clinical Research Center on two occasions be-
tween 5:00 and 7:00 p.m. the day before the experiments and were
given a standard dinner (10 kcal/kg, 50% carbohydrate, 35% fat, 15%
protein) between 6:00 and 8:00 p.m. At approximately 4:30 a.m. the
next morning, the dorsal vein on the left hand was retrogradely can-
nulated and placed in a thermoregulated device maintained at 65°C
for sampling of arterialized venous blood (28). In addition, a deep
antecubital vein was cannulated on the opposite arm to obtain venous
blood. At 5:00 a.m. primed (30 uCi), continuous infusions (0.3 uCi/
min) of [6-*H]glucose and [U-'*Cllactate (or [U'“CJalanine) (Amer-
sham Corp., Arlington Heights, IL) were started in an antecubital vein
of the left arm. To avoid potential confounding effects of changes in
plasma glucoregulatory hormone levels, endogenous secretion of insu-
lin, glucagon, and growth hormone was suppressed by infusion of
somatostatin; exogenous insulin, glucagon, and growth hormone were
infused as described by DeFeo et al. (27) in amounts designed to
reproduce normal basal systemic levels. Briefly, at 6:00 a.m., a
250-ug/h somatostatin infusion was started along with constant infu-
sions of glucagon (0.7 ng/kg per min) and growth hormone (3 ng/kg
per min). The insulin infusion rate was initially adjusted to maintain
plasma glucose concentrations between 6 and 6.5 mM; once plasma
glucose concentrations were stable in this range for 30 min, the insulin
infusion rate was fixed for the rest of the study. At approximately 9:00
a.m. either a 3-h continuous infusion of Na*-L-lactate (30 umol/kg per
min) or an equimolar amount of Na-bicarbonate (control experi-
ments) was started. The order of the infusions was random. Na-L-lac-
tate was prepared by adjusting the acid form of L-lactate (Sigma Chem-
ical Co., St. Louis, MO) with 10 N NaOH to pH 5.10, filtering the
resultant solution through a filter (0.22 M, Millipore Corp., Bedford,
MA) and steam autoclaving it for 30 min. The Na*-L-lactate was then
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kept at 4°C overnight before experiments. The lactate concentration of
the infusate was measured in each experiment. Blood was drawn at
—-30, 0, 60, 120, 150, and 180 min for determination of plasma sub-
strate and hormone concentrations, specific activities of glucose and
lactate (or alanine), and blood pH and bicarbonate content. Whole
body gas exchange was measured by indirect calorimetry at 0, 120, and
180 min, respectively, using the metabolic measurement cart (Sensor-
medics, Anaheim, CA), as previously described (29). Immediately be-
fore and after these measurements '“CO, in expiratory air was collected
by directing the expiratory air through a 0.5 M hyamine hydroxide
ethanol solution.

Analytical procedures. Plasma glucose was determined in duplicate
on a glucose analyzer (Yellow Springs Instrument Co., Yellow Springs,
OH). Plasma lactate, alanine, and glycerol were determined by stan-
dard fluorometric methods (30-32). The specific activities of plasma
lactate and glucose were determined after isolating lactate and glucose
using ion-exchange chromatography (33). The radioactivity of the iso-
lated lactate and glucose were corrected for recovery using external
standards. A co-oximeter (Instrumentation Laboratory, Inc., Lexing-
ton, MA) (29) was used to measure blood pH, PCO,, and bicarbonate
concentrations. Plasma insulin (34), glucagon (35), growth hormone
(36), and C-peptide (37) were measured by radioimmunoassay
methods previously reported.

Calculations. The rates of appearance (Ra) and disappearance (Rd)
of glucose, lactate, and alanine were determined with the nonsteady-
state equation of DeBodo et al. (38) using a pool fraction of 0.65 and
volumes of distribution of 200, 500, and 300 ml/kg, respectively, for
glucose (38), lactate (39), and alanine (40).

The rate of lactate conversion to glucose was determined using the
nonsteady-state equation of Chiasson et al. (41): [Glucose Rd X ['*C}-
glucose SA + PV ([**Clglucose, — ['“Clglucose Xz, — t,)"')/['*C]-
Lactate SA, where glucose Rd, ['“Clglucose SA, and ['“C]lactate SA
represent the mean values of plasma glucose Rd, ['*Clglucose SA, and
[**Cliactate SA between two consecutive time points. A['*Clglucose
radioactivity and Az represent the A values for plasma glucose counts
and time expressed in disintegrations per minute per milliliter and in
minutes, respectively. P is the fractional constant and V the volume of
distribution for glucose.

The percentage of glucose Ra derived from lactate was calculated
according to the equation: [Lactate conversion to glucose (0.5)]/glu-
cose Ra X 100.

The percent of lactate Rd converted to glucose was calculated ac-
cording to the equation: Lactate conversion to glucose/Lactate Rd
X 100.

Since the infusion of sodium lactate and sodium bicarbonate in-
troduces a nonsteady-state situation in the bicarbonate pool, rates of
lactate oxidation were determined by a revised version of the equation
of Chiasson et al. (41) applied to the rate of '“CO, elimination from
whole body. It is assumed that the specific activity of the '“CO, in the
pulmonary artery is the same as the specific activity of '*CO; in expi-
ratory air and that potential changes in the bicarbonate pool do not
affect the recovery of label. The rate of '*CO, production in whole
body is, therefore, reflected by the rate of disappearance of '“CO,
measured in expiratory air, and the equation of Chiasson et al. can be
applied as follows: Rate of oxidation of '“C-labeled lactate in whole
body = [(CO, expired X SACO,) + PV (SACO,, X venous Pco,,
— SACO,, X Venous Pco, Xt — 1) ']/(['*Cllactate SA X 3), where
CO, expired is the mean rate of whole-body CO, production as mea-
sured in the expiratory air (micromoles per minute) and SACO; is
mean specific activity of '*CO, (disintegrations per minute per micro-
mole) in expiratory air between two time points. The expression
SACO, X venous Pco, gives CO, radioactivity (disintegrations per
minute per milliliter) at the corresponding time points £, and ¢, , respec-
tively. ['“C]Lactate SA is the mean corresponding specific activity of
the '“C-labeled lactate. Volume of distribution for CO,(?) is set to total
body water (600 ml/kg) and the fractional constant is set to 1, assuming
total mixing in the CO, pool. In the experiments in which ['*Clalanine
was infused, alanine oxidation was calculated in an analogous way.



Unless stated otherwise, data presented are means+SEM and were
analyzed with analysis of variance; P < 0.05 was considered significant.

Results

Plasma insulin, C-peptide, glucagon, and growth hormone
(Fig. 1). Bascline plasma insulin, C-peptide, glucagon, and
growth hormone concentrations were comparable in lactate
(7710 pM, 0.113+0.012 nM, 214+31 ng/liter, and
1.73+0.07 ug/liter, respectively) and bicarbonate infusion ex-
periments (78+11 pM, 0.0960.015 nM, 23115 ng/liter, and
1.86+0.07 ug/liter, respectively).

All hormone levels remained constant during both experi-
ments and did not differ significantly in control and lactate
infusion studies.

Blood pH and bicarbonate concentrations (Fig. 2). Baseline
blood pH and bicarbonate concentrations were not signifi-
cantly different in control and lactate infusion experiments
(pH 7.39+0.001 and 7.38+0.01, respectively; bicarbonate
25.2+0.3 and 26.1+1.2 meq/liter, respectively). Blood bicar-
bonate increased significantly in both experiments, but-the
levels attained in both experiments were not significantly dif-
ferent from one another. During the final hour of the study,
blood bicarbonate was 31.0+1.4 meq/liter in the control ex-
periments vs. 32.4+0.6 meq/liter, in the lactate experiments P
= NS. Blood pH also increased significantly in both experi-
ments, but values attained in both experiments were not signif-
icantly different from one another. During the last hour, pH
was 7.46+0.01 and 7.48+0.01 in control and lactate experi-
ments, respectively.

Plasma lactate, alanine, and glycerol concentrations (Fig.
3). Baseline plasma lactate in the control and lactate infusion
experiments (1.31+0.12 and 1.28+0.10 mM, respectively)
were not significantly different. In the control experiment,
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Figure 1. Plasma insulin, C-peptide, glucagon, and growth hormone
concentrations.
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Figure 2. Blood pH and bicarbonate concentrations.

plasma lactate did not change; in the lactate infusion experi-
ment, plasma lactate increased to 4.48+0.38 mM during the
last hour.

Baseline plasma alanine in control and lactate infusion
experiments (417+34 and 43128 uM, respectively) were not
significantly different. A slight, but significant, decrease in
plasma alanine occurred during bicarbonate infusions so that
values during the last hour were 351+28 uM (P < 0.01). Con-

" versely, during the lactate infusion experiments, plasma ala-

nine increased significantly to 610+33 uM (P < 0.01) during
the last hour.

Baseline plasma glycerol concentrations were comparable
in both experiments and did not change significantly during
bicarbonate and lactate infusion experiments.

Plasma lactate appearance, disappearance, and conversion
to plasma glucose, and CO, (Fig. 4). Bascline plasma lactate
rates of appearance were comparable in control and lactate
infusion experiments (14.5+0.4 vs. 14.4+0.4 umol/kg per
min, respectively). With bicarbonate infusion (control experi-
ments), plasma lactate appearance decreased slightly but sig-
nificantly (P < 0.01) to 12.9+0.3 uymol/kg per min during the
last hour. In the lactate infusion experiments, plasma lactate
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Figure 3. Plasma lactate, alanine, and glycerol concentrations.
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Figure 4. Rates of plasma lactate appearance (Ra), disappearance
(Rd), and conversion to plasma glucose and CO,.

appearance increased to 38.0+1.0 umol/kg per min (P
< 0.001) during the last hour.

Baseline plasma lactate rates of disappearance were com-
parable in control and lactate infusion experiments (14.5+0.5
vs. 14.8+0.5 umol/kg per min, respectively, P = NS). In con-
trol experiments, plasma lactate disappearance did not change
significantly and averaged 13.7+0.2 umol/kg per min during
the last hour. In lactate infusion experiments, plasma lactate
disappearance increased significantly to 34.9+0.8 umol/kg per
min during the last hour.

Baseline rates of lactate conversion to glucose were compa-
rable in control and lactate infusion experiments (1.4+0.2 and
1.6+0.2 umol/kg per min, respectively, P = NS). The percent-
age of plasma lactate disappearance accounted for by conver-
sion to glucose was also comparable in control (9.3+1.3%) and
lactate (9.2+1.1%) infusion experiments. With bicarbonate in-
fusion (control experiments), lactate conversion to glucose re-
mained constant, averaging 1.5+0.2 umol/kg per min during
the last hour. In the lactate infusion experiments, lactate con-
version to plasma glucose increased more than twofold to
3.5+0.4 pmol/kg per min during the last hour. The percent of
lactate disappearance accounted for by conversion to plasma
glucose was slightly but significantly greater in lactate infusion
experiments than in control experiments (13.0+0.8 vs.
10.5+1.5, P < 0.05).

Baseline rates of plasma lactate oxidation were comparable
in control and lactate infusion experiments (8.5+0.6 vs.
8.0+0.5 pmol/kg per min, respectively) and accounted for
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57+4% and 54+3% of lactate disappearance in control and
lactate infusion experiments, respectively. During bicarbonate
infusion, lactate oxidation did not change significantly and
averaged 7.9+0.6 umol/kg per min during the last 30 min.
During lactate infusions lactate oxidation increased signifi-
cantly to 15.3+1.0 umol/kg per min during the last 30 min.
The percentage of lactate disappearance accounted for by oxi-
dation did not change in control experiments (57+5%); how-
ever, in lactate infusion experiments, it decreased significantly
to 43+1% during the last 30 min, P < 0.05.

Plasma ["*C] glucose radioactivity, percentage of plasma
glucose derived from lactate, plasma glucose rate of appear-
ance, and plasma glucose concentrations (Fig. 5, Table I).
Plasma '“C-glucose radioactivity did not change from baseline
during the bicarbonate infusion while it increased consistently
to approach a new steady state between times 150 and 180 min
during lactate infusion (Table I). At baseline the percentage of
plasma glucose derived from plasma lactate was comparable in
control (5.8+0.7%) and lactate infusion experiments
(5.6+0.5%). Plasma glucose rates of appearance (12.1+0.3 and
12.4+0.2 pmol/kg per min), and plasma glucose concentra-
tions (6.5+0.2 and 6.4+0.2 mM) were also comparable.

In control experiments, the percent of plasma glucose de-
rived from lactate did not change significantly, averaging
7.2+1.0 during the last hour. In contrast, during lactate infu-
sion experiments, the percentage of plasma glucose derived
from lactate increased more than threefold to 20.9+1.5 during
the last hour. Nevertheless the rate of appearance of glucose
and the plasma glucose concentration did not increase and
during the last hour of the lactate infusion (10.8+0.5 ymol/kg
per min and 5.4+0.4 mM) were not significantly different
from respective values observed in control experiments
(10.8+0.5 umol/kg per min and 5.3+0.3 mM).

Plasma alanine kinetics during infusion of lactate (Table
II). Since it has been suggested that provision of one gluco-
neogenic precursor might diminish incorporation of another
precursor into glucose (19, 42), [U-'“Clalanine was infused,
instead of [U-'*C]lactate, in three additional subjects during
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Table 1. Plasma Glucose '*C Concentration in Control (Bicarbonate) and Lactate Infusion Experiments

Time
min
Experiment =30 0 60 120 150 180
dpm/ml
Control 395+61 390+51 394+67 401+64 398+63 407+71
Lactate 423142 42542 480+44 562+41* 577+47* 598+57*

Values given as mean+SEM. * P < 0.01 vs. min 0.

lactate infusions to determine how infusion of lactate affected
the rate of alanine conversion to plasma glucose. Data from
these experiments are given in Table II.

Plasma insulin, glucagon, growth hormone, C-peptide, bi-
carbonate, glucose pH, and rates of glucose appearance were
not significantly different from those observed in control ex-
periments and in the other lactate infusion experiments.

Plasma lactate and alanine increased to 4.8+0.4 mM and
646+68 uM, respectively, during the last hour of the lactate
infusion, comparable to respective values observed in the other
lactate infusion experiments (4.5+0.4 mM and 610+33 uM).
At baseline rates of appearance and disappearance of plasma
alanine were 5.0+0.5 and 5.0+0.5 umol/kg per min, respec-
tively. During infusion of lactate, plasma alanine appearance
increased to 8.0+0.3 umol/kg per min during the last hour and
its disappearance increased to 8.1+4 umol/kg per min.

The rate of incorporation of alanine into plasma glucose
was 1.320.1 umol/kg per min at baseline and increased in all
subjects to 2.9+0.3 umol/kg per min during the last hour of
the lactate infusion. The percent of alanine disappearance ac-

counted for by conversion to plasma glucose increased during
the lactate infusion (26+4 at baseline vs. 36+3 during the last
hour). Alanine conversion to plasma glucose accounted for
5.7+0.5% of glucose appearance at baseline and 14.7+1.1%
during the last hour of the lactate infusion. Alanine oxidation
was 2.3%+0.2 umol/kg per min at baseline and increased in all
subjects to 4.0+0.5 umol/kg per min during the last 30 min.
However, the percent of alanine disappearance accounted for
by oxidation did not change (46+4 at baseline; 50+4 during
the last 30 min).

Discussion

Substrate supply is generally considered to be an important
determinant of gluconeogenesis and overall hepatic glucose
output (7, 8). Therefore the observations that patients with
NIDDM have increased circulating concentrations of gluco-
neogenic precursors (6, 11-13) associated with increased rates
of gluconeogenesis (6, 14, 15) and increased overall hepatic

Table II. Plasma Hormone and Substrate Concentrations and Plasma Alanine and Glucose Kinetics during [U-'*ClAlanine Experiments

Time
min
Experiment =30 0 60 120 150 180

Plasma insulin (pM) 56+7 59+6 60+3 566 52+5 50+5
Plasma C-peptide (nM) 0.12+0.03 0.13+0.04 0.09+0.02 0.12+0.04 0.12+0.04 0.11+0.03
Plasma glucagon (ng/liter) 245+40 234+26 255+15 229+21 243+10 234+11
Plasma growth hormone (ug/liter) 2.2+0.3 1.9+0.3 1.7£0.2 1.60.1 1.7+0.1 1.5+0.1
Plasma lactate (mM) 1.2+0.1 1.240.1 3.7+0.4 4.2+0.3 4.8+0.5 4.9+0.5
Plasma alanine (uM) 410451 417+60 550+50 645+65 643+72 650+71
Blood bicarbonate (meg/liter) 22.2+1.9 21.3+2.3 26.6+1.5 30.1+£0.9 31.6+0.8 33.2+0.9
pH 7.37+£0.00 7.37+0.00 7.41+0.01 7.46+0.00 7.47+0.00 7.46+0.00
Plasma alanine appearance

(umol/kg per min) 5.0+0.5 5.0+0.4 6.7+0.4 8.0+0.4 7.5+0.6 8.610.5
Plasma alanine disappearance

(umol/kg per min) 5.0+£0.5 5.0+£0.4 6.4+0.6 7.9+0.5 7.5+£0.5 8.7+0.5
Alanine conversion to plasma glucose

(umol/kg per min) 1.3+0.1 1.3+0.1 1.7+0.1 2.5+0.2 2.8+0.3 3.2+0.3
Glucose Ra (umol/kg per min) 11.320.4 11.4+0.5 10.2+0.2 10.5+0.7 9.9+0.5 9.4+0.5
Plasma glucose (mM) 6.5+0.3 6.410.1 5.7+0.1 5.6%1 5.5+0.1 5.0+0.3
Alanine oxidation (umol/kg per min) 2.3+0.2 3.1+0.3 4.0+0.5

Values given as mean+SEM.
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glucose output (6, 14-16) have led to the suggestion that in-
creased delivery of gluconeogenic precursors may be responsi-
ble at least in part for the increased hepatic glucose output
found in NIDDM (13, 16-18). The present studies were there-
fore undertaken to test the hypothesis that an increase in glu-
coneogenic substrate supply could increase overall hepatic
glucose output sufficiently to cause fasting hyperglycemia in-
dependent of hormonal influences. For this purpose, we in-
fused normal volunteers with lactate, the major gluconeogenic
precursor (26), at a rate approximately double the rate of ap-
pearance found in patients with NIDDM (18). At the same
time we maintained plasma insulin, glucagon and growth hor-
mone concentrations constant using a modification of the
pancreatic-adrenocortical-pituitary clamp technique (27). An
equimolar infusion of sodium bicarbonate was employed in
control experiments to take into account changes in pH ex-
pected during the infusion of sodium lactate (43).

Before the lactate infusion, lactate turnover (~ 14 umol/kg
per min) and, the percent of lactate turnover incorporated into
plasma glucose (~ 9%) and into CO, (~ 55%) were compara-
ble to those reported by other investigators (39, 44, 45). During
the lactate infusion, the rate of appearance of plasma lactate
increased nearly threefold to ~ 40 umol/kg per min and the
incorporation of lactate into plasma glucose increased more
than threefold from 1.3+0.1 to 4.8+0.4 umol/kg per min. Be-
cause of recycling of '*C from the glucose molecule to lactate
through glycolysis, the true rate of lactate appearance might
have been slightly underestimated. However, plasma glucose
14C specific activities were only 15-20% of plasma lactate spe-
cific activities. Therefore, even if all endogenous plasma lac-
tate were derived from plasma glucose, this underestimation
could not have been > 10%. At baseline ~ 6% of overall glu-
cose appearance was derived from lactate comparable to
values reported by Foster et al. (40) and Lecavalier et al. (5) but
somewhat lower than those reported by Kreisberg et al. (44).
At the end of the lactate infusion, ~ 25% of overall glucose
appearance in plasma was derived from lactate.

These values for lactate incorporation into plasma glucose
underestimate the true conversion of lactate into plasma glu-
cose because of Krebs cycle carbon exchange (1, 46, 47). It has
been calculated that with [U-'*C]lactate, which was employed
in the present study, Krebs cycle carbon exchange will cause
underestimation of incorporation of lactate into plasma glu-
cose by ~ 55% (1). Correcting our data for underestimation,
the lactate incorporation into plasma glucose in the present
studies would have increased to 10.4 umol/kg per min during
lactate infusion and would have accounted for ~ 50% of
overall glucose appearance in plasma. This value probably still
represents an underestimation because the specific activity of
['*Cllactate in arterialized plasma was used to calculate lactate
incorporation into glucose. Due to dilution of the infused
[**C]lactate with lactate formed within the splanchnic bed, the
specific activity of liver lactate should be lower than arterial
lactate specific activity. Use of a lower lactate specific activity
in the equation of Chiasson et al. (41) would result in a greater
rate of incorporation of lactate into plasma glucose. Thus, our
results probably represent a minimum estimation of the incor-
poration of lactate into plasma glucose.

Nevertheless, one must consider the possibility that the
calculated increase in gluconeogenesis observed during infu-
sion of lactate resulted primarily from the fact that the infusion
of unlabeled lactate diluted the intrahepatic lactate specific
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activity and that no additional carbons from the infused lac-
tate were actually incorporated into plasma glucose. This
seems unlikely, however, because in contrast to the control
experiment, the total amount of '*C radioactivity in plasma
glucose increased during the infusion of lactate. Therefore, the
observed increase in lactate gluconeogenesis cannot be
ascribed merely to an artefact of the isotopic technique em-
ployed.

Despite the marked increase in lactate gluconeogenesis
produced by infusion of lactate in the present studies, overall
glucose appearance in plasma and the plasma glucose concen-
tration did not increase and were not significantly different
from values observed in control experiments. Thus, in the
absence of changes in key glucoregulatory hormones, in-
creased supply of a gluconeogenic precursor which markedly
increased gluconeogenesis did not increase overall hepatic glu-
cose output nor affect plasma glucose concentrations.

This observation suggests that there is normally some auto-
regulatory process which can operate independent of hor-
monal influences and in the absence of a change in plasma
glucose concentration to maintain constancy of overall hepatic
glucose output. Previous studies of hepatic autoregulation
have emphasized the role of changes in glucose concentration
on overall hepatic glucose output and gluconeogenesis in the
absence of neural and hormonal influences (23-25, 48-54).
The present studies extend this concept of autoregulation to
include regulation of overall hepatic glucose output occurring
in the absence of changes in glucose concentration.

Our results are consistent with those of several previous
studies in which gluconeogenic precursor supply was increased
(19, 20, 22, 42). Steele et al. (19) infused glycerol into dogs at a
rate 5 times its normal rate of appearance and found no
change in the rate of glucose appearance despite the fact that
the fraction of plasma glucose derived from glycerol increased
from 20% to 60%; these investigators postulated that a de-
crease in the rate of gluconeogenesis from other gluconeogenic
precursors was responsible for the lack of increase in overall
hepatic glucose output.

Ahlborg et al. (20) infused lactate in normal volunteers at a
rate 10 times its normal rate of appearance for 30 min and
found no increase in net splanchnic glucose output despite
increases in plasma lactate up to 5 mM and an increase in
splanchnic lactate uptake; these investigators did not comment
on the failure to observe a change in splanchnic glucose
output.

Diamond et al. (22) infused alanine into dogs at a rate
equal to its normal turnover under hormonal clamp condi-
tions and found no increase in hepatic glucose output although
hepatic alanine uptake and alanine conversion to plasma glu-
cose increased approximately twofold; these investigators pos-
tulated that the failure to detect an increase in hepatic glucose
output was due to the relatively small fraction of hepatic glu-
cose output contributed by alanine.

Most recently, Jahoor et al. (42) infused normal volunteers
with glycerol at a rate nine times its normal rate of appearance
and found no increase in hepatic glucose output. Although
rates of glycerol incorporation into plasma glucose were not
measured, the fact that rates of urea production diminished led
these investigators, like Steele et al. (19), to postulate that dimi-
nution of gluconeogenesis from amino acids was responsible
for the lack of increase in hepatic glucose output.

Certain observations of the present study suggest that mere



inhibition of gluconeogenesis from other substrates cannot
wholly account for the failure of hepatic glucose output to
increase. In the present study, overall hepatic glucose output
was ~ 12 uymol/kg per min; normally gluconeogenesis ac-
counts for ~ 25% of this (i.e., 3 umol/kg per min) (1, 2), and
lactate accounts for ~ 50% of gluconeogenesis and 12.5% of
overall hepatic glucose output (i.e., 1.5 umol/kg per min) (26).
Indeed in the present study baseline glucose production from
lactate (corrected for Krebs cycle carbon exchange) was 1.5
pmol/kg per min accounting for ~ 13% of overall hepatic
glucose output in agreement with expected values (1, 2, 26). It
follows from these calculations that substrates other than lac-
tate would have been contributing ~ 1.5 umol/kg per min to
overall hepatic glucose output. When lactate was infused in the
present study, the amount of plasma glucose derived from
lactate increased by 3.7 umol/kg per min. Thus even if there
had been total suppression of gluconeogenesis from precursors
other than lactate, 2.2 umol/kg per min of glucose appearance
(3.7 — 1.5 umol/kg per min), a readily measurable amount,
would still be left unexplained.

Furthermore the results of experiments in which we mea-
sured alanine turnover and conversion to glucose during infu-
sion of lactate also argue against suppression of gluconeogene-
sis from non-lactate precursors as an explanation. At baseline,
rates of alanine appearance (~ 5 umol/kg per min), alanine
conversion to plasma glucose (~ 1.3 umol/kg per min) and to
CO, (2.3 pmol/kg per min) as well as the percent of plasma
glucose derived from alanine (~ 6%) and the percent of ala-
nine disappearance from plasma accounted for by conversion
to plasma glucose (~ 26%) and CO, (~ 46%) were compara-
ble to previously reported values (55-59). During infusion of
lactate, plasma alanine concentrations increased. This was due
to an increase in the rate of appearance of alanine most likely
due to conversion of the infused lactate into alanine (40); a
decrease in the rate of alanine disappearance might have oc-
curred had gluconeogenesis from alanine been suppressed but,
in fact, alanine disappearance also increased. The actual con-
version of alanine into plasma glucose increased during the
lactate infusion more than twofold and the percent of alanine
disappearance attributable to gluconeogenesis increased al-
most 50% while the relative oxidation of alanine (and lactate)
was not increased. Thus, at least as reflected by alanine, gluco-
neogenesis from precursors other than lactate was not reduced
during infusion of lactate.

Since incorporation of lactate and alanine into glucose re-
leased from the liver increased during the lactate infusion, it
seems reasonable to consider that a reduction in glycogenolysis
might have prevented overall hepatic glucose output from in-
creasing. Net glycogen accumulation from lactate is also sug-
gested by our failure to fully account for lactate disappearance
from plasma by its oxidation and conversion to plasma glu-
cose. During lactate infusion, lactate disappearance from
plasma averaged 35 umol/kg per min; of this, 3.5 umol/kg per
min appeared in plasma glucose and 15.3 umol/kg per min
was oxidized; this leaves ~ 16 umol/kg per min unaccounted
for which could represent net glycogen deposition. Perfusion
of rat liver with lactate not only increases release of glucose
derived from lactate but also increases glycogen formation
from lactate (60). This indicates that perfusion with increased
lactate increased flux through glucose-6-phosphate. Since the
proportion of lactate and alanine turnover that was incorpo-
rated into plasma glucose increased in the present study during

infusion of lactate, it is probable that infusion of lactate in-
creased the intrahepatic glucose-6-phosphate pool. Glucose-6-
phosphate is a well-known inhibitor of phosphorylase and ac-
tivator of glycogen synthase (61, 62). Therefore, an increase in
intrahepatic glucose-6-phosphate could have led to inhibition
of phosphorylase and activation of glycogen synthase resulting
in a net reduction of glycogenolysis. Such a reduction in net
breakdown could have offset an increase in hepatic glucose
output due to an increase in gluconeogenesis. This situation
would be analogous to the postprandial state in which there is
an increase in net glycogen synthesis, an increase in gluconeo-
genesis and simultaneous suppression of endogenous hepatic
glucose output (3, 63).

Whether or not an inhibition of glucose-6-phosphatase is
also required to explain the lack of increase in overall hepatic
glucose output is unclear. Although insulin and glucose have
been reported to suppress glucose-6-phosphatase activity (64),
plasma insulin and glucose levels did not increase in the pres-
ent studies. An inhibitory effect of glucose-6-phosphate on
glucose-6-phosphatase activity has not as yet been demon-
strated (64). Moreover, the actual increase in hepatic release of
glucose derived from the infused lactate argues against inhibi-
tion of glucose-6-phosphatase.

One must also consider the possibility that glucagon had
not been adequately replaced in the present studies. Similar
infusion rates have been used to replace basal glucagon secre-
tion in other studies (27, 48, 65). Moreover, plasma glucagon
levels were comparable in control and lactate infusion experi-
ments. Thus unless some critical threshold level of hyperglu-
cagonemia is necessary, inadequate glucagon replacement
does not seem a likely explanation. Similarly, overreplacement
of insulin is unlikely to have explained our results since plasma
insulin concentrations were comparable in control and lactate
infusion experiments and the rates of insulin infusion were
similar to those used in other studies for physiologic replace-
ment (27, 48, 65).

The demonstration in the present studies that in normal
human volunteers, an increase in gluconeogenic substrate
supply which increases gluconeogenesis is insufficient in itself
to increase overall hepatic glucose output and the plasma glu-
cose concentration implies that there is some autoregulatory
process which prevents the substrate-induced increase in glu-
coneogenesis from increasing overall hepatic glucose output
even in the absence of an increase in plasma glucose concen-
tration. Moreover the failure of increased supply of gluconeo-
genic precursors to increase overall hepatic glucose output
suggests that the increased hepatic glucose output found in
NIDDM results primarily from an intrahepatic defect. There is
evidence that autoregulation of gluconeogenesis is impaired in
hepatocytes from streptozotocin diabetic rats (53). The fact
that persons with NIDDM have increased gluconeogenic sub-
strate availability (6, 11-13), which is accompanied by an in-
crease in gluconeogenesis (6, 14, 15) and overall hepatic glu-
cose output (6, 11, 14-16) suggests that autoregulation may
also be impaired in NIDDM. Since activation of glycogen syn-
thase is impaired in NIDDM (66, 67) and since activation of
glycogen synthase may be involved in autoregulation, it is
tempting to speculate that this defect in activation of glycogen
synthase limits the operation of hepatic autoregulation and
contributes to the increased overall hepatic glucose output in
NIDDM. Accordingly, impaired activation of hepatic glyco-
gen synthase could play an important role in NIDDM not only

Substrate Delivery and Hepatic Glucose Output 495



for postprandial hyperglycemia (66) but also for fasting hyper-
glycemia.
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