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Increased endogenous glucose production (EGP) contributes to fasting hyperglycemia in type II diabetes. In nondiabetic

subjects, increased gluconeogenesis from lactate does not increase EGP. Type 2 diabetes is associated with hyperglucagone-

mia. The present study was undertaken to examine whether physiologic elevation of plasma glucagon overrides autoregu-

lation of EGP. Eight healthy volunteers were studied on 2 occasions, once during a 3-hour infusion of 30 �mol/kg/min

Na-lactate and once during a control infusion of Na-bicarbonate. Plasma glucagon, insulin, and growth hormone were

clamped at identical levels in both experiments. Rates of appearance of glucose, lactate, and gluconeogenesis from lactate

were measured by tracer techniques. Glucagon infusion rate was elevated when the lactate or bicarbonate infusions were

started to induce physiologic hyperglucagonemia. Plasma glucagon increased from baseline levels (234 � 21 ng/L and 211 �
23 ng/L) to 313 � 47 ng/L (bicarbonate experiments) and 329 � 43 ng/L (lactate experiments, means � SE, P > .3). Lactate

infusion increased plasma lactate concentrations from 1.1 � 0.9 to 4.6 � 0.5 mmol/L (P � .0003). Lactate conversion to glucose

increased from 1.5�0.3 to 2.8�0.8 �mol/kg/min (P � .03) and from 1.7 � 0.3 to 8.1 � 0.8 �mol/kg/min (P � .0003) in the

bicarbonate and lactate experiments, respectively. The increments in lactate conversion to glucose differed significantly (P �
.0008). Nevertheless, plasma glucose and EGP were not different in the bicarbonate and lactate experiments: 5.4 � 0.5 versus

6.6 � 0.7 mmol/L (P � .21), and 10.5 � 0.6 versus 11.6 � 0.6 �mol/kg/min (P � .19). We conclude that in normal volunteers,

neither hyperglucagonemia nor the combination of hyperglucagonemia and increased substrate availability alters the

autoregulation of EGP.

Copyright 2002, Elsevier Science (USA). All rights reserved.

RECENT EVIDENCE indicates that gluconeogenesis and
glycogenolysis are responsible for approximately equal

proportions of endogenous glucose production (EGP) in normal
postabsorptive humans.1 Among the factors regulating glu-
coneogenesis, substrate availability2,3 and hormones (eg, insu-
lin, glucagon, and catecholamines)4,5 are considered to be of
prime importance. With respect to substrate availability, how-
ever, increases in gluconeogenesis induced by infusions of
lactate,6 glycerol,3,7 and alanine8 do not result in increases in
EGP. This phenomena has been referred to as hepatic autoreg-
ulation6,9 and has been proposed to be the result of reciprocal
decreases in glycogenolysis.2,10,11

Type 2 diabetes is a condition characterized by increased
circulating glucagon and substrate concentrations.12,13 Eleva-
tion of plasma glucagon in healthy persons leads to a waning
increase in EGP, mainly accounted for by glycogen break-
down.14 When plasma glucose and insulin concentrations rise,
EGP falls again. If glucagon levels remain elevated for more
than 90 minutes, and insulin levels are unchanged, the rate of
gluconeogenesis increases and contribute by about 67% to
EGP.14

Patients with type 2 diabetes have increased glucose produc-

tion15-17 and increased rate of gluconeogenesis18 despite of
elevated levels of plasma glucose and insulin.19 Thus, autoreg-
ulation of EGP appears to be inoperative in this disorder,
possibly due to the combination of increased circulating glu-
cagon and increased substrate availability.

The present studies were therefore undertaken to test the
hypothesis that hyperglucagonemia inactivates autoregulation
of EGP during increased gluconeogenesis induced by infusions
of lactate.

MATERIALS AND METHODS

Subjects

Informed, written consent was obtained from 8 nondiabetic, non-
obese, healthy volunteers (5 women, 3 men) aged 34 to 57 years,
(mean � SEM, 45 � 3 years) with a body mass index of 24.5 � 1
kg/m2. None had a family history of diabetes mellitus or took any
medication. All subjects had undergone a physical examination and
routine laboratory screening to exclude illnesses. For 3 days before the
experiments, all subjects consumed a weight-maintaining diet contain-
ing at least 200 g of carbohydrates and abstained from alcohol.

Experiments

After obtaining approval from the local institutional review board,
the subjects were admitted to the Clinical Research Unit at 7 PM the day
before the experiments on 2 occasions. A standard meal was given at
7.30 PM (10 kcal/kg; 50% carbohydrate, 35% fat, 15% protein). After
an overnight fast, a primed (30 �Ci), continuous (0.30 �Ci/min)
infusions of [6-3H]glucose and [U-14C] lactate (New England Nuclear,
Boston, MA) were started in a left antecubital vein at 6 AM. A left
dorsal hand vein was cannulated and placed in a thermobox maintain-
ing 65°C for sampling of arterialized venous blood.20 Endogenous
secretion of insulin, glucagon, and growth hormone was suppressed by
infusing somatostatin (250 �g/h), and replaced by exogenous glucagon
(0.7 ng/kg/min), growth hormone (3 ng/kg/min), and insulin infusions
to reproduce basal levels of these glucoregulatory hormones.21 The
hormone infusions were given in the left antecubital vein and started at
7 AM. Plasma glucose concentrations were kept between 6 and 6.5
mmol/L by adjustment of the insulin infusion rate until stable glucose
concentrations were obtained with a fixed insulin infusion rate that was
maintained throughout the rest of the experiments. Six hours after the
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tracer infusions were started, a 3-hour continuous infusion of Na-L-
lactate (30 �mol/kg/min) or equimolar amounts of Na-bicarbonate was
started, and the glucagon infusion rate was raised to 1.68 ng/kg/ min in
order to simulate the hyperglucagonemia seen in type 2 diabetes.12

Na-L-lactate was prepared by diluting the acid form of L-lactate
(Sigma Chemical Co, St Louis, MO) in sterile water, titrating it with 10
N NaOH to pH 5.10 and filtering the solution through a 0.22-�mol/L
Millipore Filter (Millipore Corp, Bedford, MA). Lactate infusate con-
centration was measured in each study and included in the calculations.
Blood samples were drawn at -30, 0, 60, 120, 150, and 180 minutes for
the determination of plasma [14C] and [3H] glucose specific activities,
[14C] lactate specific activity, and plasma glucose, lactate, alanine,
insulin, C-peptide, growth hormone, and glucagon concentrations,
blood pH, and bicarbonate concentrations.

Analytical Procedures

Plasma glucose concentrations were determined by a Yellow Springs
Instruments glucose analyzer (2300 STAT PLUS, Yellow Springs,
OH). Plasma lactate and alanine were determined by standard fluoro-
metric methods.22,23 Ion-exchange chromatography was used for isola-
tion of glucose and lactate before determining plasma glucose and
lactate specific activities.24 Recovery was corrected for by use of
external standards. Blood pH and bicarbonate concentrations were
measured on a co-oximeter (Ciba Corning, Medfield, MA). Plasma
insulin,25 C-peptide,26 glucagon,27 and growth hormone28 were mea-
sured by radioimmunoassay methods. Serum nonesterified fatty acids
(NEFA) were analyzed by an acyl-coenzyme A oxydase-based colo-
metric kit (Wako Nefa C Kit, Osaka, Japan).

Calculations

Rates of glucose and lactate appearance (Ra) and disappearance (Rd)
were calculated by means of the non–steady-state equation of DeBodo
et al.29 The pool fraction used was 0.65. Distribution volumes of
glucose and lactate were defined as 200 mL/kg29 and 500 mL/kg,30

respectively. The rate of lactate conversion to glucose was determined
using the non–steady-state equation of Chiasson et al31:

�Glucose Rd � �14C�Glucose SA� � PV���14C�Glucose���t)�1

[14C]Lactate SA

where glucose Rd, [14C]glucose SA, and [14C]lactate represent the
mean values between 2 consecutive time points. �[14C]-glucose radio-
activity and �t represent the change in values for plasma glucose
counts and time expressed in disintegrations per milliliter and per
minute, respectively. P is the fractional constant and V is the distribu-
tion volume for glucose. The percentage of glucose Ra derived from
lactate was calculated with the following equation:

�Lactate Conversion to Glucose � 0.5�

Glucose Ra
� 100

Changes during experiments were calculated by the value obtained at
the end of the experiments minus the value obtained before bicarbonate
or lactate infusions. These data were analyzed by 1-sample t test.
Differences between the 2 experiments were analyzed both by analysis
of variance corrected for repeated measurements and by 2-sample t
tests. P values were identical. P values obtained by the t tests are
reported, because values obtained during minutes 150 to 180 of the
experiments were normally distributed, highly correlated (r � 0.80),
and had similar variances. P values less than .05 were considered
statistically significant. Data are given as means � SE. All data were
analyzed using the SAS software package (SAS Institute, Cary, NC).

RESULTS

Plasma C-Peptide, Insulin, NEFA, Growth Hormone,
Glucagon, and Alanine

Basal plasma C-peptide levels were 0.220 � 0.002 nmol/L in
the bicarbonate experiment and 0.230 � 0.001 nmol/L in the
lactate experiment (P � .3). The corresponding basal insulin
levels were 59 � 19 and 57 � 16 pmol/L (P � .3); basal NEFA
levels were 177 � 72 and 157 � 41 �mol/L (P � .3); basal
growth hormone levels were 1.40 � 0.30 and 1.00 � 0.20 �g/L
(P � .3); and basal glucagon levels were 234 � 21 and 211 �
23 ng/L (P � .3). At 0 minutes, the infusion rate of glucagon
was raised, and at the end of the study plasma glucagon was
329 � 43 ng/L in the bicarbonate and 313 � 47 ng/L in the
lactate experiments (P � .3). Plasma C-peptide and growth
hormone concentrations remained constant throughout experi-
ments in both lactate and bicarbonate studies (Figs 1 and 2). In
lactate experiments, plasma insulin tended to decline slightly
from 57 � 16 to 50 � 9 pmol/L at the end of the experiments
(P 	 .25). In the bicarbonate experiments plasma insulin was
59 � 19 at baseline and 53 � 11 pmol/L at the end of the
experiments (P 	 .31). Plasma NEFA levels increased simi-

Fig 1. Levels of plasma C-peptide, insulin, and nonesterified fatty

acids (NEFA) before and during a 3-hour infusion of 30 �mol/kg/min

Na-lactate (F) or equimolar amounts of Na-bicarbonate (E) in 8

healthy subjects who underwent a pancreatic-adrenocortical-pitu-

itary clamp where glucagon levels were raised to mimic the hyper-

glucagonemia seen in type 2 diabetes mellitus. Data are means � SE.

*P < .05 for differences between baseline values and values obtained

at the end of the study (1-sample t tests).
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larly at the end of bicarbonate (333 � 101 �mol/L, P 	 .05 v
baseline) and lactate (302 � 78 �mol/L, P 	 .04 v baseline)
infusions (lactate v bicarbonate infusion: P � .3). In bicarbon-
ate studies, plasma alanine concentration remained constant
(471 � 19 v 450 � 16 �mol/L, P � .3). In lactate infusion
experiments, plasma alanine increased slightly from 476 � 28
�mol/L in the basal state to 535 � 44 �mol/L (P 	 .03) at the
end of the studies.

Blood pH and Bicarbonate Concentrations

Basal blood pH and bicarbonate concentrations were not
different in bicarbonate and lactate experiments (pH 7.37 �

0.02 v 7.37 � 0.01; bicarbonate 25.0 � 0.7 v 24.4 � 0.6
mEq/L, respectively, P � .3 for both). Both blood pH and
bicarbonate increased significantly during the studies. For the
last 30 minutes of the experiments, blood pH was 7.43 � 0.01
during bicarbonate infusion and 7.48 � 0.01 during lactate
infusion (P 	 .002, lactate v bicarbonate experiments). Corre-
sponding values for blood bicarbonate were 29.0 � 0.5 mEq/L
and 31.6 � 0.9 mEq/L (P 	 .04, lactate v bicarbonate exper-
iments; Fig 2).

Plasma Lactate Concentrations, Ra, Rd, Conversion to
Glucose, and Percentage of Lactate Rd Converted
to Glucose

Basal plasma lactate concentrations in bicarbonate and lac-
tate experiments were 1.1 � 0.1 and 1.2 � 0.2 mmol/L (P �
.3). Corresponding baseline values for lactate Ra (14.9 � 0.2 v
14.5 � 0.6 �mol/kg/min), lactate Rd (14.5 � 0.5 v 14.5 � 0.6
�mol/kg/min), and lactate conversion to glucose (1.5 � 0.3 v
1.7 � 0.3 �mol/kg/min) were also similar in the 2 experiments
(P � .3 for all). During bicarbonate experiments, lactate Ra
increased to 17.2 � 1.5 �mol/kg/min over the last 30 minutes
of the experiments (P 	 .03 v basal level). Lactate Rd increased
nonsignificantly (from 14.5 � 0.5 to 15.8 � 1.8 �mol/kg/min,
P 	 .15), and no change in plasma lactate could be detected at
the end of experiment (1.1 � 0.9 mmol/L, P 	 .23 v baseline).
During lactate infusion, significant increments occurred in
plasma lactate (4.6 � 0.5 mmol/L, P 	 .0003 v baseline),
lactate Ra (46.0 � 1.4 �mol/kg/min, P 	 .0001 v baseline), and
lactate Rd (46.0 � 1.6 �mol/kg/min, P 	 .0001 v baseline).
These values were also significantly different from the corre-
sponding values in the bicarbonate experiments (P 
 .001 for
all). Rates of lactate conversion to glucose for the final 30
minutes increased significantly both in the bicarbonate (2.8 �
0.8 �mol/kg/ min, P 	 .03) and the lactate experiments (8.1 �
0.8 �mol/kg/min, P 	 .0005). These rates were also signifi-
cantly different from one another (P 	 .0003) (Fig 3). Baseline
percentage of lactate Rd diverted into glucose conversion were
similar in the bicarbonate (10.2% � 1.9%) and lactate exper-
iments (11.9% � 1.9%, P � .3). The percentage of lactate Rd
diverted into glucose conversion increased similarly during the
2 experiments to 17.0% � 3.1% (P 	 .003 v basal level) during
bicarbonate experiments, and to 18.1% � 3.6% (P 	 .03 v
basal level) during lactate experiments (Fig 4).

Plasma Glucose Concentration, Glucose Ra, and Percent
Glucose From Lactate

Basal plasma glucose levels (6.2 � 0.3 v 6.4 � 0.2 mmol/L)
were comparable in the bicarbonate and lactate experiments
(P � .3). Corresponding values for glucose Ra (12.0 � 0.3 v
11.7 � 0.2 �mol/kg/min) and percent glucose derived from
lactate (6.2% � 0.3% v 7.1% � 1.3%) were not significantly
different (P � .3 for both). During bicarbonate infusions, a
transient rise occurred at 60 minutes for plasma glucose (7.0 �
0.3 mmol/L, P 	 .03 v baseline) and glucose Ra (14.5 � 0.8
�mol/kg/min, P 	 .04 v baseline) was observed. The percent of
glucose coming from lactate increased to 11.6% � 2.9% (P 	
.008 v baseline) at the end of the bicarbonate experiments.
During lactate infusion, the amount of glucose coming from

Fig 2. Levels of plasma growth hormone, glucagon, blood pH, and

bicarbonate before and during a 3 -hour infusion of 30 �mol/kg/min

Na-lactate (F) or equimolar amounts of Na-bicarbonate (E) in 8

healthy subjects who underwent a pancreatic-adrenocortical-pitu-

itary clamp where glucagon levels were raised to mimic the hyper-

glucagonemia seen in type 2 diabetes mellitus. Data are means �

SE.*P < .05 for differences between baseline values and values

obtained at the end of the study (1-sample t tests) †P values for

differences between experiments (2-sample t tests).
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lactate increased to 34.3% � 8.4% (P 	 .0005 compared to
bicarbonate experiments). Plasma glucose and glucose Ra rose
transiently at 60 minutes also during lactate infusions: to 7.4 �
0.3 mmol/L (P 	 .01 v baseline) and 13.5 � 0.5 �mol/kg/min
(P 	 .04 v baseline), respectively. This increase was not
different from that in the bicarbonate experiments (P 	 .25).
Mean plasma glucose levels during the third hour of the clamp
did not differ significantly in the bicarbonate (5.4 � 0.5
mmol/L) and lactate (6.6 � 0.7 mmol/L) experiments (P 	
.21). Corresponding values for glucose Ra were 10.5 � 0.5
�mol/kg/min in the bicarbonate and 11.6 � 0.5 �mol/kg/min

in the lactate experiments (P 	 .20, bicarbonate v lactate
experiments). During both bicarbonate and lactate infusions,
plasma glucose and glucose Ra were similar to baseline levels
by the end of the experiments (Fig 4).

DISCUSSION

The present studies were undertaken to test the hypothesis
that hyperglucagonemia, such as found in type 2 diabetes,
might override the autoregulation of EGP that occurs during
substrate induced increases in gluconeogenesis. Comparisons
of changes in EGP rates are difficult due to interindividual

Fig 3. Plasma lactate, rate of appearance of lactate, rate of disap-

pearance of lactate, and rate of lactate conversion to glucose (ex-

pressed in lactate equivalents) before and during a 3-hourr infusion

of 30 �mol/kg/min Na-lactate (F) or equimolar amounts of Na-bicar-

bonate (E) in 8 healthy subjects who underwent a pancreatic-adre-

nocortical-pituitary clamp where glucagon levels were raised to

mimic the hyperglucagonemia seen in type 2 diabetes mellitus. Data

are means � SE. *P < .05 for differences between baseline values

and values obtained at the end of the study (1-sample t tests) †P

values for differences between experiments (2-sample t tests).

Fig 4. Plasma glucose, rate of appearance of glucose, percent of

plasma glucose that was derived from lactate, and percent of lactate

disappearance diverted into glucose conversion before and during a

3-hour infusion of 30 �mol/kg/min Na-lactate (F) or equimolar

amounts of Na-bicarbonate (E) in 8 healthy subjects who underwent

a pancreatic-adrenocortical-pituitary clamp where glucagon levels

were raised to mimic the hyperglucagonemia seen in type 2 diabetes

mellitus. Data are means � SE. *P < .05 for differences between

baseline values and values obtained at the end of the study (1-

sample t tests) †P values for differences between experiments (2-

sample t tests).
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differences in glucoregulatory hormones. Accordingly, we
clamped the gluconeogenic hormones at baseline levels and
infused glucagon along with lactate or bicarbonate to determine
whether EGP would increase during infusion of lactate. At the
end of the lactate experiments, EGP did not increase above
baseline or above that observed when glucagon was infused
without lactate (bicarbonate experiments), despite a 5-fold in-
crease in gluconeogenesis from lactate, resulting in a compa-
rable increase in the proportion of plasma glucose derived from
lactate. When using tracer technique for measurement of EGP
one must consider some methodologic problems. Incorporation
of lactate into glucose measured with the [U-14C] lactate tracer
may be underestimated by as much as 55%13 due to exchange
of labeled carbons with unlabeled carbons in the Krebs cy-
cle,32-34 and elevation of the lactate supply during experiments
probably also influenced tracer dilution. Calculation of the rate
of lactate incorporation into glucose based on measurement of
specific activity of lactate in peripheral blood will also under-
estimate the lactate conversion rate due to tracer dilution when
tracer mixes with lactate formed in the splanchnic bed. Thus,
the lactate conversion rates measured with [U-14C] lactate
tracer must be regarded as minimum estimates of lactate glu-
coneogenesis.

The clamping of hormones may also influence the results in
the present study. Overinsulinization would have inhibited EGP
and also indirectly inhibited gluconeogenesis through suppres-
sion of lipolysis. Oxidative NEFA turnover parallels plasma
NEFA concentrations35 and facilitate gluconeogenesis by the
activation of key enzymes for gluconeogenesis.36 Plasma insu-
lin concentrations ranged between 60 and 50 pmol/L during
experiments, which corresponds with fasting levels. Overinsu-
linization is unlikely since no decreases in NEFA levels were
observed. Insulin levels tended to fall slightly during the ex-
periments and a corresponding increase in NEFA levels was
seen at the end of experiments. These changes may lead to
increased lactate conversion to oxalacetate and thereby in-
creased lactate gluconeogenesis, and may thus have reduced the
underestimation of gluconeogenesis from lactate calculated
with tracer technique.

Even if measurements of lactate conversion to glucose are
minimum estimates, this does not modify the finding that
hyperglucagonemia does not modulate autoregulation of EGP
in healthy volunteers during augmented gluconeogenesis from
lactate. Hyperglucagonemia does not provide an explanation
for the apparent inoperation of this phenomena in patients with
type 2 diabetes,13,16 unless, of course, glucagon has unique
effects in diabetic patients, or a more prolonged period of
hyperglucagonemia is necessary to alter autoregulation of EGP.

Glycogenolysis was not measured in the present study. How-
ever, one may speculate that the stimulatory effect of glucagon
on glycogenolysis may have been counteracted by the fact that
increased gluconeogenesis from lactate probably increased the
glucose-6-phosphate pool, which is known to inhibit net gly-
cagon breakdown.37 It is beyond the scope of this study to
determine the net effects of these processes on glycogenolysis.
Increased glucose-6-phosphatase activity is found in obese type
2 diabetes.38 This could be secondary to increased intracellular
glucose-6-phosphate accumulation, or a primary mechanism
for the increased EGP seen in this condition. Assuming that

hyperglucagonemia in the present study stimulated both glu-
coneogenesis and glycogenolysis, intracellular glucose-6-phos-
phate formation probably rose. However, if this was the case,
glucose-6-phosphatase activity must have been correspond-
ingly downregulated since EGP did not rise.

Other mechanisms could be involved. It has been proposed
that such a mechanism might be the inhibition of gluconeogen-
esis from other substrates.3,39 This is unlikely because in pa-
tients with type 2 diabetes, gluconeogenesis from lactate,13,17

alanine,16,17 and glycerol40 are simultaneously increased in
concert with increased EGP. Jenssen et al6 showed that alanine
conversion to glucose actually increased during infusions of
lactate. In the present study, alanine levels increased slightly
during lactate infusion. This may either reflect increased ala-
nine production from lactate or reduced alanine utilization,
possibly explained by inhibited gluconeogenesis. The rate of
glucose production at the end of the lactate infusion was 12
�mol/kg/min. Gluconeogenesis accounts for approximately
50% of the glucose production,41,42 ie, 6 �mol/kg/min. Glu-
coneogenesis from lactacte increased to approximately 8 �mol/
kg/min, so even if the contribution from all other gluconeo-
genic substrates were suppressed to zero, glucose Ra should
still have increased if the autoregulation of EGP was inopera-
tive.

Although plasma NEFA increased to a comparable extent in
lactate and control experiments in the present study, the levels
were generally lower than those observed in type 2 diabetes,40

and the metabolism of NEFA was not assessed (eg, NEFA
oxidation). It is possible that the abnormalities in NEFA me-
tabolism found in type 2 diabetes might be a possible expla-
nation for the altered autoregulation of EGP during the in-
creased gluconeogenesis seen in this condition. Experiments on
catheterized dogs support this view, as infusions of glucagon
and lactate did not alter EGP, but the addition of Intralipid
infusion (Abbott, Evansville, IN) in order to keep plasma
NEFA slightly elevated during the clamp experiments resulted
in an 1.5-fold increase in EGP.43 Alternatively, some defect
intrinsic to type 2 diabetes might be involved in the abnormal
autoregulation of EGP.

The present design permits some observations on the effects
of glucagon on lactate metabolism and lactate gluconeogenesis.
The bicarbonate control experiments indicated that hyperglu-
cagonemia within the physiologic range caused alterations of
the lactate metabolism. Although plasma lactate concentrations
did not change, lactate production increased from 14.9 to 17.2
�mol/kg/min and was accompanied by an increase in lactate
utilization (from 14.5 to 15.8 �mol/kg/min). The rate of lactate
conversion to glucose nearly doubled, and the percentage of
lactate utilization diverted towards gluconeogenesis increased
from 10% to 18%, without altering EGP. For comparison, no
increase in lactate conversion to glucose during a fixed gluca-
gon infusion at rates mimicking the glucagon levels observed in
healthy people after an over nights fast (� 230 ng/L), was seen
in a previous study6 under identical experimental conditions. In
that study,6 additional lactate infusion at rates increasing lactate
appearance to 38 �mol/kg/min doubled lactate gluconeogene-
sis (from 1.5 to 3.5 �mol/kg/min). In the present study, a 5-fold
increase in gluconeogenesis from lactate (from 1.7 to 8.1 �mol/
kg/min) was seen when lactate of similar rates was infused
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along with physiologic elevated glucagon levels. These obser-
vations are in accordance with the view that prolonged hyper-
glucagonemia stimulates gluconeogenesis.14

In both experiments, an early transient rise in plasma glucose
occurred during hyperglucagonemia, reflecting a waning in-
crease in EGP caused by increased glycogenolysis as previ-
ously seen during glucagon stimulation.13,14,44 The prevailing
hyperglycemia probably contributed to the subsequent down-
regulation of EGP.44 Increased glucagon associated stimulation
of glycogenolysis during simultaneously enhancement of glu-
coneogenesis from lactate did not increase EGP above baseline
at the end of the experiments. Glucose levels at the end of the
experiments were not significantly different, but the slightly
higher glucose concentration observed at the end of the lactate
experiments may have contributed to suppress EGP. In diabe-
tes, however, EGP is increased despite increased glucose and
insulin levels.19 If the defect autoregulation of EGP seen in this
condition was due to the combination of hyperglucagonemia
and increased substrate supply, one would expect EGP to
increase during lactate and glucagon infusion, although perhaps
not as much as if glucose concentration had remained totally
unchanged.

It is tempting to speculate that the newly formed glucose

emerging from simultanously increased glycogenolysis and
gluconeogenesis may be converted through other pathways
than the release into circulation, ie, towards the pentose path-
way, towards glycolysis, or towards de novo lipogenesis
through the acetyl coenzyme A pool.

In summary, the present study indicates that in normal vol-
unteers physiologic hyperglucagonemia increases total body
lactate production, the rate of lactate conversion to glucose, and
the proportion of lactate metabolized through gluconeogenesis.
In spite of this, hyperglucagonemia does not alter the autoreg-
ulation of EGP. The combination of physiologic hyperglu-
cagonemia and increased supply of lactate leads to a 5-fold
increase in the rate of lactate conversion to glucose and a
comparable increase in the percentage of plasma glucose de-
rived from lactate, without increasing EGP.

We conclude that in normal volunteers, neither hyperglu-
cagonemia nor the combination of hyperglucagonemia and
increased substrate availability alters the autoregulation of
EGP.
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