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Splanchnic Glucose and Amino Acid Metabolism in Obesity

PHILIP FELIG, JOHNWAHREN,ROSAHENDLER, and T. BRUNDIN

From the Department of Internal Medicine, Yale University School of
Medicine, NewHaven, Connecticut 06510, and the Department of Clinical
Physiology of the Karolinska Institute at the Serafimer Hospital,
Stockholm, Sweden

A B S T R A C T Arterial concentrations and splanchnic
exchange of glucose, lactate, pyruvate, glycerol, free
fatty acids, and individual acidic and neutral amino
acids were determined in obese and nonobese control
subjects in the basal state and during a 45 min infusion
of glucose. Glucose was administered to the controls at
a rate (2 mg/kg/min; 144±4 mg/min) known to in-
hihit splanchnic glucose output without influencing
peripheral glucose utilization. The obese subjects re-
ceived glucose at two dose levels (75 and 150 mg/min)
which simulated either the rise in insulin or the inhibi-
tion in splanchnic glucose production observed in the
controls.

In the basal state splanchnic glucose production did
not differ significantly between obese and control sub-
jects. However splanchnic uptake of lactate, glycerol,
alanine, free fatty acids, and oxygen was 50-160%
greater in obese subjects. Splanchnic uptake of glucose
precursors could account for 33% of hepatic glucose
output in the obese group as compared to 19% in con-
trols. The increase in alanine and lactate uptake was
due in part, to a 50% increase in splanchnic fractional
extraction.

Administration of glucose to the control subjects
144±4 mg/min) resulted in a 50-60% increment in
arterial insulin and a 75% reduction in splanchnic glu-
cose output. In the obese group, infusion of glucose at
a rate of 75 mg/min resulted in an equivalent rise in
arterial insulin, but was accompanied by a less than 40%
inhibition in splanchnic glucose output. Glucose infu-
sion at a rate of 150 mg/min in the obese resulted in
a 75% reduction in splanchnic glucose output which was
equivalent to that observed in controls, but was accom-
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panied by a significantly greater rise (100-200%) in
arterial insulin.

It is concluded that in obesity (a) despite basal hyper-
insulinemia, splanchnic uptake of glucose precursors is
increased, the relative contribution to total glucose re-
lease attributable to gluconeogenesis being 70% higher
than in controls; (b) infusion of glucose at rates caus-
ing equivalent increases in arterial insulin induces a
smaller inhibition in splanchnic glucose output than inl
controls; (c) infusion of glucose at rates causing com-
parable inhibition in splanchnic glucose output is ac-
companied by a disproportionately greater increase in
endogenous insulin than in controls. These data are
compatible with hepatic resistance to insulin in obesity.

INTRODUCTION

Obesity has been characterized by a variety of abnor-
malities in carbohydrate and insulin metabolism. Aug-
mented insulin secretion (1, 2), decreased responsiveness
of fat and muscle tissue to insulin (3, 4), and an in-
creased incidence of diabetes (5) have been well docu-
mented. Despite these clear indications of altered carbo-
hydrate homeostasis, the contribution of the liver to
these metabolic changes has not been established. Spe-
cifically, direct observations of glucose production and
uptake of precursor substrates by the splanchnic bed
have not been previously reported in obese subjects.
Furthermore the effect of obesity on hepatic responsive-
ness to increments in endogenous insulin has not been
determined. Our interest in examining these parameters
was stimulated by recent observations from our labora-
tories, in confirmation of earlier work by Madison in
dogs (6), indicating that the liver is the primary site
of action of small increases in endogenous insulin in
normal subjects (7). In addition we have demonstrated
that augmented gluconeogenesis in diabetes is a conse-
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quence of altered hepatic rather than peripheral processes
(8).

In the present study the hepatic venous catheter
technique has been employed to determine the effects of
obesity on splanchnic exchange of glucose and glucose
precursors in the basal, postabsorptive state. In addi-
tion we have examined splanchnic sensitivity to en-
dogenous insulin by infusing glucose in nonobese control
subjects at a rate (2 mg/kg/min) known to affect
splanchnic glucose output without influencing peripheral
glucose utilization (7). The response was then compared
with that observed in obese subjects in whom glucose
was infused at two dose levels (75 and 150 mg/min)
which simulated either the rise in insulin or the change
in hepatic glucose output observed in the controls. In
this manner the splanchnic response to comparable in-
crements in arterial insulin and the insulin rise associ-
ated with a comparable inhibition of splanchnic glu-
cose output was determined for the obese and control
subjects.

METHODS
Subjects and procedures. The obese group consisted of

13 male subjects who were in good health, and had no
history or evidence of diabetes, as indicated by an absolute
glucose disappearance rate (K) of 1.3%/min or greater
on intravenous glucose tolerance testing (9). Clinical data
for each of the subjects are presented in Table I. Five of
the subjects were studied on two separate occasions. The
control group consisted of 12 healthy, adult male volunteers
21-48 yr of age, weighing 58-82 kg (71.3+2 kg, mean
+SE), all of whom were within 10%o of ideal weight (as
determined by Metropolitan Life Insurance Tables, 1959).
For at least 1 wk before study all of the subjects ingested
a weight-maintaining diet containing 40% carbohydrate.
The nature, purpose, and possible risks involved in the
study were carefully explained to all subjects before ob-
taining their voluntary consent to participate.

The studies were performed in the morning after an
overnight (12-14 h) fast. Teflon catheters were inserted
percutaneously into a brachial artery and an antecubital
vein. A Cournand catheter (no. 7 or 8) was then inserted
percutaneously into an antecubital vein and advanced under
fluoroscopic control to a right-sided hepatic vein. The tip
of the catheter was placed 34 cm from the wedge position
and its location was checked repeatedly by fluoroscopy dur-
ing the study. Patency of the catheters was maintained
throughout the study by flushing with saline intermittently.
Heparin was not employed.

After the catheters were in place, simultaneous arterial
and hepatic venous blood samples were drawn repeatedly at
10-15-min intervals until three to four sets of simultaneous
samples had been obtained from each subject. In the con-
trol group glucose was then infused intravenously as a 5%
solution at a rate of 2 mg/kg/min (144+4 mg/min, mean
-+SE) for 45 min. In the obese group, five of the sub-
jects (S. G., A. F., K. B., S. M., and 0. 0.) were infused
with glucose at a rate of 75 mg/min for 45 min. A second
study was subsequently performed in these five obese sub-
jects at which time glucose was infused at a rate of 150
mg/min for 45 min. Blood samples were obtained from the

TABLE I
Clinical Data on Obese Subjects

Ideal
Subject Age Height Weight weight*

yr cm kg %
L. 0. 29 182 155 213
G. A. 36 169 135 216
C. B. 26 180 101 141
S. G. 31 177 102 147
S. L. 24 186 105 141
S. Gu.J 32 178 96 134
A. F.: 25 190 117 148
K. B.1 27 180 108 151
S. M.1 41 178 101 146
0. 0.4 31 180 107 150
A. H. 18 180 116 163
S. Mu. 29 178 99 138
T. W. 28 175 108 159

* Based on Metropolitan Life Insurance Tables, 1959.
t Studied on two occasions.

arterial and hepatic venous catheters every 5-8 min after
the start of the glucose infusion. Eight of the obese sub-
jects were studied in the basal state only.

Analyses. The methods employed for the determination
of hepatic blood flow and for measurement of blood glu-
cose, lactate, pyruvate, glycerol and oxygen, individual
acidic and neutral plasma amino acids, and plasma insulin
and glucagon, have been described previously (7, 8, 10, 11).
In five of the obese subjects splanchnic exchange of ala-
nine in the basal state was determined using whole blood
for analysis (12). Free fatty acids were determined by the
gas chromatographic procedure of Hagenfeldt (13).

The Student's t test and the analysis of variance were
employed in the statistical analyses (14). Splanchnic ex-
change was calculated from the arterio-hepatic venous dif-
ferences and the estimated hepatic blood flow. Data in the
text, tables, and figures are presented as the mean± SE.

RESULTS
Arterial concentrations. The arterial concentrations

of substrates and hormones in the basal state are shown
in Table II. The concentrations of glucose and lactate
were comparable in the obese and control groups. How-
ever, in accord with previous studies (15, 16), eleva-

TABLE I I
Arterial Concentrations of Sulstrates and Hormones in Obese

and Control Subjects in the Basal State*

Obese Control Pt

Glucose, mmol/liier 4.35 40.11 4.27 +0.09 NS
Lactate, mmoi/liter 0.72 +0.06 0.61 +0.05 NS
Pyruvate, pmoi/1iter 82+5 6543 <0.02
Glycerol, jumol/liler 8546 52+5 <0.001
FFA, mmol/liter 1.000+0.169 0.55340.054 <0.02
Insulin, lU/ml 31+4 134+1 <0.001
Glucagon, pg/ml 7447 80+13 NS

* Data represent the mean of two to three observations in each subject in
both groups and are presented as mean+SE.
I Significance of difference between obese and control groups.
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TABLE III
Arterial Concentration and Splanchnic Exchange of Plasma Amino Acids in the Basal State

in Obese and Control Subjects*

Arterial concentration Splanchnic exchange

Obese Controls P+ Obese Controls Pt

pmol/liter jumol/min

Taurine 41 ± 1 4043 NS -4.2±4.0 0.942.4 NS
Aspartic acid 9±1 14±3 NS -2.040.7 1.1i1.3 NS
Threonine 125 ± 12 97±7 <0.05 17.0±2.8 11.2±-4.0 NS
Serine 122±10 121±8 NS 24.9±5.4 22.5±5.7 NS
Proline 186±23 163±24 NS 4.9±3.3 8.9i7.6 NS
Citrulline 40±3 33±3 NS -12.5±2.5 8.3±2.6 NS
Glycine 175±11 187±13 NS 16.3±4.2 9.0±2.6 NS
Alanine 301±23 187±15 <0.001 136.2±14.8 58.2±9.8 <0.001
a-Aminobutyrate 23±1 23±3 NS 1.2±:1.1 1.4±1.1 NS
Valine 286±17 215±12 <0.005 -3.6±2.3 -2.7±-8.3 NS
Cystine 135±5 97±6 <0.001 0.2±2.9 3.0±4.6 NS
Methionine 23±2 18±1 <0.025 4.7±1.0 4.3±1.7 NS
Isoleucine 72±5 55±5 <0.025 -1.2±2.0 -1.6±:2.4 NS
Letucine 143±10 115±:9 <0.05 -0.3±3.4 -4.0±5.5 NS
Tyrosine 58±5 45±3 <0.025 8.1±1.0 6.5±2.3 NS
Phenylalanine 54±4 41+3 <0.025 3.9±1.0 3.3±-1.3 NS

* Data are presented as the mean±SE.
t Significance of differences between obese and control subjects.

tions in plasma glycerol and free fatty acids (FFA) were
noted in the obese subjects. An increment in plasma
pyruvate was also observed in the obese group. As
anticipated (1, 2), basal arterial insulin levels were
two to threefold higher in the obese subjects as com-
pared with controls. In contrast, basal glucagon con-
centration was similar in the two groups.

The arterial concentrations of individual plasma amino
acids are given in Table III. Particularly noteworthy is
the increment in arterial alanine, the key endogenous

TABLE IV
Splanchnic Exchange of Glucose, Precursor Substrates, FFA,

and Oxygen in Obese and Control Subjects in the
Basal State*

Obese Control +

Glucose, mmol/min -1.10±t0.12 -1.2340.11 NS
Lactate, mmol/min 0.38 ±0.04 0.22 ±0.02 <0.005
Pyruvate, mmol/min 0.0044±0.011 0.021 ±0.003 NS
Glycerol, mmol/min 0.105 40.008 0.068 ±0.07 <0.005
FFA, mmol/min 0.259±0.053 0.12840.013 <0.02
Oxygen, ml/min 93.6±7.7 58.1 ±2.9 <0.001
EHBF§, ml/min 1,571 ±37 1,359±51 <0.05

* Data represent the mean of two to three observations on each subject in
both groups and are presented as the mean4SE. Splanchnic exchange was
calculated from arterio-hepatic venous differences and estimated hepatic
blood flow. Negative values indicate net splanchnic release (e.g., gltucose);
positive values indicate a net splanchnic uptake.
+ Significance of difference between obese and control groups.
§ Estimated hepatic blood flow.

glycogenic amino acid (17, 18). Increased levels of the
branched chain amino acids (valine, leucine, and isoleu-
cine) and of tyrosine, methionine, phenylalanine, threo-
nine, and cystine were also noted in the obese subjects.

Splanchnic metabolism. Net splanchnic balance of
glucose, lactate, pyruvate, FFA, and oxygen is shown in
Table IV. The basal rate of splanchnic glucose ouptut,
calculated as the product of the arterial-hepatic venous
difference and hepatic blood flow, was slightly but not
significantly lower in the obese group. Despite the simi-
larity in net glucose release, significant increments were
noted in the obese subjects with respect to splanchnic
uptake of glucose-precursor substrates. Thus net up-
take of lactate and glycerol was 50-75% higher in the
obese group (Table IV). Inasmuch as the arterial con-
centration of lactate was not increased in the obese sub-
jects, the increased uptake of this glucose precursor was
a result of a 50% greater fractional extraction by the
splanchnic vascular bed (Fig. 1).

Of the 16 plasma amino acids measured, consistent
uptakes by the splanchnic bed were demonstrable in
both groups for 7 amino acids: Alanine, threonine,
serine, glycine, methionine, tyrosine, and phenylalanine
(Table III). In accordance with previous observations
(17), in both groups alanine uptake exceeded that of
all other amino acids. Of note is the demonstration that
splanchnic uptake of alanine in the obese subjects was
130% greater than in controls (Table III). This aug-
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mentation in splanchnic uptake was not only due to an
increase in arterial concentration, but resulted also in
part from a 50% greater rate of fractional extraction of
this amino acid by the splanchnic bed (Fig. 1). The
splanchnic exchange of other amino acids was not sig-
nificantly different between the two groups.

In view of recent data indicating that blood cells con-
tribute to splanchnic uptake of alanine (12), whole blood
analyses in addition to plasma determinations were per-
formed in five obese subjects. Splanchnic uptake of ala-
nine from whole blood in the obese group (179±27
Amol/min) was significantly greater than in nonobese
controls (107±10; P < 0.05).

In association with the augmented uptake of glucose
precursors, an increase in splanchnic uptake of FFA and
oxygen was observed in the obese group (Table IV).
Hepatic blood flow was also slightly (15%) higher in
the obese subjects (Table IV).

Response to glucose infusion. In Table V the effect of
intravenous administration of glucose on arterial levels of
glucose, insulin, and glucagon and on splanchnic glu-
cose production in the control and obese subjects is
shown. In the control group infusion of glucose at a rate
of 2 mg/kg/min resulted in a maximal rise in mean

60

0
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-

U
0s
2
0

I

Lactate

P<0.05
Alanine
P<0.02

FIGURE 1 Fractional extraction by the splanchnic vascular
bed in obese subjects (cross-hatched bars) and in nonobese
controls (open bars) of lactate and alanine. Mean values
+SE are shown. P values indicate the significance of dif-
ferences between obese and control subjects.

TABLE V
Influence of Glucose Infusion on Arterial Levels of Insulin and Glucagon and on Arterial

Concentration and Splanchnic Output of Glucose*

Glucose infusion, min

Basal 5 10 15 22.5 30 37.5 45

Controls, 144 4:4 mg/min§
Arterial glucose, mM 4.27±0.09 4.5440.16 4.6740.17 4.80±0.17 4.9440.16 5.05±0.16 5.17±0.16 5.20±0.16
Arterial insulin, pU/ml 12.9±1.4 21.6±2.0 23.4±2.3 17.842.9 - 18.8±2.5 - 21.0±2.5
Arterial glucagon, pg/ml 79.8±12.5 89.7±24.1 82.1 ±24.6 68.8±:19 - 81.4±20.1 - 76.7±22.0
Splanchnic glucose 1.23±0.11 1.05±0.22 0.90±0.21 0.70±0.18 0.44±0.09 0.42±0.11 0.37±0.11 0.30±0.(005

Output, II mmoi/min
EHBF,¶ ml/min 1,359±51 1,334±83 1,298±69 1,310±77 1,277±77 1,274±75 1,270±86 1,288±86

Obese, 75 mg/min§
Arterial glucose, m.M 4.56±4.02 4.61 40.20 4.82 ±0.16 4.89±0.19 5.00 ±0.24 5.05 ±0.26 5.10±0.26 5.1640.28
Arterial insulin, pU/ml 28.1 43.1 45.4 ±7.5 43.4 ±9.1 40.8±7.2 - 46.14±8.9 - 44.8 ±10.9
Arterial glucagon, pg/ml 76.2 ±9.2 74.0 ±4.0 63.2 ±10.3 63.44±8.5 - 69.6±8.1 - 68.2 ±9.3
Splanchnic glucose 1.35±0.25 1.10±0.23 0.90O.18 0.81±0.16 1.04±0.25 1.22±0.29 1.06±0.27 1.13±0.27

Output, 11 mmol/min
EHBF,¶ ml/min 1,588±-41 1,538±85 1,528±74 1,540±82 1,562±112 1,559±133 1,545±135 1,526±128

Obese, 150 mg/min§
Arterial glucose, mll 4.614±0.15 5.29 ±0.25 5.26 ±0.22 5.304±0.17 5.27 ±0.22 5.384±0.17 5.41-±0.19 5.51 ±0.20
Arterial insulin, ,uU/ml 25.5±1.7 57.0l10.0 48.3±8.6 54.1 ±9.5 - 73.9417.2 - 51.7±13.7
Arterial glucagon, pg/ml 71.2 ±10.1 55.0+±7.1 62.0 ±6.3 69.2 ±7.5 - 63.0 ±6.1 - 65.5 ±8.0
Splanchnic glucose 1.344±0.20 0.814±0.37 0.70 ±0.34 0.664±0.30 0.53 ±0.30 0.414±0.23 0.304±0.12 0.42-±0.21

Output,11 mmol/min
EHBF,¶ ml/min 1,580±54 1,544±39 1,508432 1,544±66 1,567 ±72 1,572 ±98 1,594±83 1,577 ±75

* Data are presented as the mean+SE.
Basal values represent the mean of two to three observations in each subjects at 10-15 min intervals before the infusion of glucose.

§ Glucose infusion rate. In the control group the infusion rate was calculated as 2 mg/kg of body wt/min.
11 Calculated from arterio-hepatic venous differences and estimated hepatic blood flow.
¶ Estimated hepatic blood flow.
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____ 0.01). At termination of the infusion, the rate of
splanchnic glucose production (which was comparable
in the two groups in the basal state), was significantly
higher in the obese group than in the controls (1.13±0.27
mminol/min vs. 0.30±0.05, P < 0.01). It should be noted
however, that during the initial 5-15 min of the 75
mg/min glucose infusion the fall in splanchnic glucose
output was comparable to the control group (Fig. 2).

Administration of glucose to obese subjects at a rate
of 150 mg/min resulted in an elevation of blood glucose
of 0.9 mmol/liter (16 mg/100 ml), and in a 75% re-
duction in splanchnic glucose production (Table V).

P<.O°°i The absolute rate of splanchnic glucose output in the
obese subjects during the course of the 150 mg/min glu-
cose infusion was not significantly different from that
observed during the glucose infusion in the control
group (Table V). This rate of infusion thus resulted in
an inhibition in splanchnic glucose output which was

30 375 45 comparable to the controls (Fig. 3). In contrast to the
similarity in changes in splanchnic glucose balance, the
1"01111;t -ro~r%"sC"M ;" fukCai cvili;tc~+ xna~r crrron-+Ar fkn"

FIGURE 2 Splanchnic glucose output in obese (open circles)
and control (closed circles) subjects during the infusion
of glucose at rates causing an equivalent increase in ar-
terial insulin concentrations. Glucose was infused at a rate
of 144±4 mg/min (2 mg/kg/min) in the control group
and at a rate of 75 mg/min in the obese group. The P
value represents the significance of the difference in re-

sponse of splanchnic glucose output over the course of the
infusion (analysis of variance). Arterial glucose levels
(Table V) did not differ between the two groups during
the infusion.

blood glucose concentration of 0.9 mmol/liter (16 mg/
100 ml) and in a 50-60% rise in arterial insulin levels.
In association with these small increments in circulating
glucose and insulin, splanchnic glucose production fell
as expected (7), to 0.3 mmol/min, representing a de-
cline of 75%.

In the obese subjects, infusion of glucose at a rate of
75 mg/min resulted in an elevation in blood glucose of
0.6 mmol/liter (11 mg/100 ml), and a 50-60% in-
crease in arterial insulin (Table V). This rate of infu-
sion was selected for the obese subjects so as to simulate
the insulin rise in the control group. Despite the com-

parability in the increase in insulin in the two groups,

a much smaller diminution in splanchnic glucose pro-

duction was observed in the obese subjects (Fig. 2).
Thus mean splanchnic glucose output in the obese at no

time fell below 0.8 mmol/min (Table V), representing a

maximal decline of 38%. Over the entire course of the
infusion the extent of inhibition of splanchnic glucose
output was significantly less in the obese subjects than
in controls (P < 0.001, analysis of variance; Fig. 2).
In absolute terms, the mean maximal decline in splanch-
nic glucose output was 1.01±0.16 mmol/min in the con-

trols and 0.42±0.09 mmol/min in the obese group (P <

1insUlin 1respUonslin i1e UUo3s SUUJtLL Was gratdLr Eildnl

that observed in the control group (Table V). Over the
entire course of the 150 mg/min glucose infusion the
percent rise in insulin (Fig. 3) was significantly greater
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FIGURE 3 Changes in arterial insulin from basal concen-
tration in obese (open circles) and control (closed circles)
subjects during the infusion of glucose at rates associated
with equivalent inhibition of splanchnic glucose output.
Glucose was infused at a rate of 144±4 mg/kg in the con-

trols and a rate of 150 mg/min in the obese group. The P
value refers to the significance of the difference between
the insulin response in obese and control subjects (analysis
of variance).
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TABLE VI
Splanchnic Exchange of Plasma Amino Acids after the Infusion of Glucose in

Obese and Control Subjects*

Obese Controls

Glucose Glucose
Basal infusionz Basal infusiont

Taurine -4.2 ±4.0 0.6-41.6 0.9±2.4 3.4A3.6
Aspartic acid -2.0+0.7 -1.8±0.4 1.1±1.3 0.1±2.3
Threonine 17.0±2.8 14.5±2.6 11.2±4.0 8.0±9.2
Serine 24.8±-5.4 21.5±4.8 22.5±5.7 14.4i0.7
Proline 4.9±3.3 1.0±-3.8 8.9±7.6 6.6±12.4
Citrulline -12.5±2.5 - 12.8±2.3 -8.3±2.6 - 1.2i5.7
Glycine 16.3±4.2 13.0±4.0 6.8±8.9 8.9±14.6
Alanine 136.24±14.8 128.54±16.2 58.24±9.8 63.7 ±9.7
a-NH2-Butyrate 1.2±1.1 0.4±0.3 1.4±t1.1 1.4±1.9
Valine -3.6±2.3 -2.6±2.9 -2.7+8.3 3.3±t13.8
Cystine 0.2±2.9 2.3±3.5 3.0±4.6 2.8±11.8
Methionine 4.7±1.0 4.6±0.5 4.3±1.7 2.4±1.9
Isoleucine -1.2 ±-2.0 -0.1±-1.3 -1.6±2.4 -0.1±3.3
Leucine -0.3±3.4 -0.1±2.6 -4.0±5.5 -0.7±7.4
Tyrosine I. 1±1.0 8.3±1.1 6.5+2.3 8.5±2.0
Phenylalanine 3.9±1.0 3.6±1.2 3.3±1.3 3.3±2.4

* Data are presented as mean±SE, in micromoles per minute.
t Samples obtained after a 45-min infusion of glucose at a rate of 144±4 mg/min in the con-
trols and 150 mg/min in the obese group.

in the obese group than in controls (P < 0.02, analysis
of variance). The mean maximal increment in insulin
levels was 208±65% in the obese group vs. 82±15% in
the controls (0.05 <P < 0.10). Comparable inhibition
of splanchnic glucose output thus was associated with
a disproportionately greater increment in arterial in-
sulin concentration in obese as compared with control
subjects. The absolute concentration of arterial insulin
in the obese group was significantly greater during the
course of the 150 mg/min infusion as compared to the 75
mg/min infusion (P < 0.05, analysis of variance).

In the control group and in the obese subjects the
glucose infusions failed to cause a consistent change in
arterial glucagon concentration (Table V). Estimated
hepatic blood flow declined 7% in the control group and
remained unchanged in the obese subjects (Table V).
Splanchnic uptake of amino acids was not influenced by
the glucose infusion in the control or obese subjects
(Table VI). The latter findings are in accord with
previous observations in which a similar rate of glucose
infusion was employed (7).

DISCUSSION
In the present study the hepatic venous catheter tech-
nique has been employed to determine the effect of
obesity on hepatic glucose production and precursor up-
take in the basal state and after stimulation of endoge-

nous insulin secretion. While this method measures net
splanchnic balance rather than actual hepatic exchange,
previous data in normal subjects utilizing blood samples
obtained from the portal vein indicate that splanchnic
balances underestimate the true hepatic production of
glucose by less than 5% (11). While the possibility can-
not be excluded that increased mesenteric fat in obese
subjects may increase arterial-portal venous differences
for glucose, this is unlikely to be of quantitative sig-
nificance since the overall contribution of the entire mass
of adipose tissue to total glucose turnover is less than
5% (19).

In the basal state splanchnic glucose release in obese
subjects was comparable with the control group. This
finding is in agreement with previous reports in which
glucose turnover was determined by means of radioiso-
topic studies employing [1-14C]glucose (20, 21). In con-
trast to the similarity in overall glucose production,
splanchnic uptake of glucose precursors was signifi-
cantly augmented in the obese group, suggesting that
the contribution from gluconeogenesis to total hepatic
glucose release is increased in obesity. Thus splanchnic
uptake of lactate, alanine, and glycerol was increased by
50-130%. With respect to alanine, augmented splanchnic
uptake was demonstrable on the basis of measurements
with whole blood as well as plasma. Furthermore, inas-
much as arterial-portal venous differences of both whole
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TABLE VII
Balance of Glucose and Glucogenic Substrates across the

Splanchnic Vascular Bed in the Basal State in Obese
and Control Subjects

Obese Controls

Glucose production* 1.10 1.23
Uptake of

(1) Lactate: 0.190 0.110
(2) Pyruvatet 0.002 0.011
(3) Glycerolt 0.052 0.034
(4) Alaninet§ 0.090 0.054
(5) Other amino acidstJJ 0.032 0.028

Sum of 1-5 0.366 0.237
Percent of glucose production 33 19

* Data are presented in millimoles per minute.
1 Expressed as glucose equivalents in millimoles per minute.
§ Based on whole blood measurements.
11 Sum of splanchnic uptake of threonine, serine, glycine,
methionine, tyrosine, and phenylalanine (Table III).

blood and plasma indicate a net release of alanine from
the gut (12), the current findings underestimate rather
than overestimate the true hepatic uptake of this amino
acid.

In Table VII the balance data for glucose and glucose
precursors across the splanchnic bed is shown. On the
basis of net precursor uptake it can be seen that 19% of
hepatic glucose output can be accounted for by gluco-
neogenesis in the controls, whereas over 30% was de-
rivable from precursor substrates in the obese group.
Supporting an increased rate of gluconeogenesis is the
elevation in splanchnic consumption of oxygen and FFA
observed in the obese subjects (Table IV). In this re-
gard, it is noteworthy that studies with isotopic alanine
(22), lactate (23), and glycerol (24) have also demon-
strated increased incorporation of these substrates into
glucose in obesity. In addition, an augmented gluconeo-
genic rate has been suggested in obese subjects on the
basis of their resistance to alcohol hypoglycemia (25).

It is of interest that the increase in gluconeogenic pre-
cursor uptake observed in obese subjects corresponds
closely to that previously demonstrated in insulin-de-
pendent, nonobese diabetic patients (8). In the latter
group, as in the obese subjects, 33% of glucose output
is attributable to precursor consumption as compared to
19% in controls. Furthermore, in obesity as well as in
diabetes (8), the increase in substrate uptake is due
in part, to augmented splanchnic fractional extraction.
Thus, whereas 38% of the alanine and 26% of the lac-
tate presented to the liver was extracted by the control
group, 55 and 39%, respectively, were taken up by the
obese subjects (Fig. 1). The similarity to diabetes with
respect to increased hepatic uptake of gluconeogenic pre-

cursors despite the presence of basal hyperinsulinemia in
the obese group, suggests that the liver is resistant to
insulin in obesity. That peripheral resistance to insulin
may also contribute to increased gluconeogenesis in
obesity is indicated by the elevated circulating levels
and splanchnic uptake of glycerol and FFA.

The question of altered hepatic responsiveness to insu-
lin may also be raised by the response to glucose infusion.
In accordance with previous data (7), administration of
glucose at a rate of 144 mg/min (2 mg/kg/min) to the
control subjects resulted in a 75% inhibition in splanch-
nic glucose output despite no more than a 50-60% in-
crease in arterial insulin levels. In contrast, infusion of
glucose in obese subjects at a rate (75 mg/min) eliciting
a comparable increase (50-60%) in arterial insulin
concentration resulted in a much smaller decline in
splanchnic glucose output (Fig. 2). In addition, infu-
sion of glucose at 150 mg/min in obese subjects elicited
a 75% inhibition in splanchnic glucose output which was
comparable with controls, but was achieved only in the
face of a significantly greater rise in arterial insulin
(Fig. 3). These data are thus compatible with dimin-
ished hepatic sensitivity to insulin, provided the rela-
tionships observed between obese and control subjects
with respect to arterial insulin levels apply to portal
vein concentrations as well. Direct measurements of
portal vein insulin levels were not feasible in the cur-
rent study. A direct relationship between portal and
peripheral insulin levels over a wide range of insulin
concentrations has been demonstrated in nonobese sub-
jects (26). It may be argued however, that inasmuch as
binding of insulin by liver cell membranes is reduced
in obesity (27), a substantial portion of insulin escapes
hepatic degradation so that the concentration of insulin
in the portal vein is not proportionately elevated. On
the other hand, inasmuch as the liver is a major site of
insulin degradation, and since insulin turnover rates are
increased rather than decreased in obesity (28), the
possibility of diminished hepatic degradation of insulin
in obesity and an accompanying decrease in the portal
peripheral gradient is unlikely.

The possibility must also be considered that differ-
ences in arterial glucose or glucagon levels contribute to
the altered responsiveness of splanchnic glucose balance
observed in obesity. That this is unlikely is indicated by
the fact that arterial glucose concentration during the
75 mg/min infusion in the obese subjects was virtually
identical with the levels observed during glucose infu-
sion in controls (Table V). Furthermore, arterial glu-
cagon levels were similar in the two groups in the basal
state (Table II), and were uninfluenced by the small
increments in arterial glucose induced by the glucose
infusions in both groups (Table V). Nevertheless, fac-
tors other than changes in insulin levels may be of some
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importance in determining the hepatic response to in-
fusion of glucose. Thus in the obese subjects the ab-
solute increment in mean insulin concentration at termi-
nation of the 150 mg/min infusion was only'65% greater
than that observed at termination of the 75 mg/min in-
fusion yet was accompanied by a fourfold greater de-
cline in splanchnic glucose output (Table V).

The question may be raised as to whether the infusion
of glucose influenced peripheral glucose utilization in
addition to its effects on splanchnic glucose output.
Although peripheral glucose uptake was not directly
measured, the glucose utilization rate may be esti-
mated from the available data. Since extrahepatic glu-
cose production is negligible in postabsorptive man (29),
peripheral glucose utilization must equal splanchnic glu-
cose output plus the glucose infused minus the glucose
accumulation in body fluids. Since the glucose infu-
sion rate was maintained at a constant rate, peripheral
glucose utilization may be estimated from the data in
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FIGURE 4 Estimated peripheral glucose utilization rate
(mean ±SE) in the basal state (open bars) and after a
45-min glucose infusion (cross-hatched bars) in control
and obese subjects. The figures in parentheses represent
the glucose infusion rates for each of the groups. Esti-
mated peripheral glucose utilization = splanchnic glucose
output + glucose infused-glucose accumulation in body
fluids. Glucose accumulation in body fluids was calculated
as the product of the increase in arterial glucose concen-
tration and the glucose space. The glucose space was taken
to be 25% of body weight in the controls (9, 34), and
15%o of body weight in the obese group (34, 35). In all
three groups the mean estimated glucose utilization rate
after the 45-min glucose infusion was not significantly
different from the value observed in the basal state (P>
0.1).

Table V. As shown in Fig. 4, in the control group and
in the obese subjects the mean estimated rate of glucose
utilization was not significantly different at termination
of the infusion from that observed in the basal state.
These data are in accord with previous findings in nor-
mal subjects (7) and prediabetics (30) in whom glu-
cose was infused at similar rates. Furthermore these
observations support the conclusion advanced previously
(7, 30) that the liver is the primary site of action of
small increments in endogenous insulin.

The changes in amino acid concentration noted in the
current study are in agreement with previous observa-
tions of elevations in the branched chain amino acids
in obesity (31, 32). However, in contrast to earlier ob-
servations in which venous blood was utilized (31, 32),
an elevation in arterial alanine was also noted. In previ-
ous studies a relation between arterial alanine and py-
ruvate levels has been observed in the resting state and
during exercise (10). In addition, it has been suggested
that alanine formation and its accumulation in arterial
blood depend in part, on peripheral glycolysis and the
rate of pyruvate production (10, 18, 33). It is note-
worthy in this regard that arterial pyruvate levels were
also elevated in the obese subjects (Table II). Fur-
thermore, Rabinowitz and Zierler reported an increase
in basal uptake of glucose by resting muscle in obesity
(4). Thus hyperalaninemia in obesity may be a conse-
quence of increased muscle glycolysis and greater avail-
ability of pyruvate for transamination.
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