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Abstract

To identify the source(s) of carbon for the indirect pathway of
hepatic glycogen synthesis, we studied nine 42-h fasted
conscious dogs given a continuous intraduodenal infusion of
glucose, labeled with 11-l3Cjglucose and 13-3Hjglucose, at 8
mg* kg-' * min-' for 240 min. Glycogen formation by the direct
pathway was measured by 13C-NMR. Net hepatic balances of
glucose, gluconeogenic amino acids, lactate, and glycerol were

determined using the arteriovenous difference technique. Dur-
ing the steady-state period (the final hour of the infusion), 81%
of the glucose infused was absorbed as glucose. Net gut output
of lactate and alanine accounted for 5%and 3%of the glucose
infused, respectively. The cumulative net hepatic uptakes were:

glucose, 15.5±3.8 g; gluconeogenic amino acids, 32.2±2.2
mmol (2.9±0.2 g of glucose equivalents); and glycerol, 6.1±0.9
mmol (0.6±0.1 g of glucose equivalents). The liver produced a

net of 29.2±9.6 mmol of lactate (2.6±0.8 g of glucose equiva-
lents). Net hepatic glycogen synthesis totaled 93±2.5 g

(1.8±0.4 g/100 g liver), with the direct pathway being responsi-
ble for 57±10%. Thus, net hepatic glucose uptake was suffi-
cient to account for all glycogen formed by both the direct and
indirect pathways. Total net hepatic uptake of gluconeogenic
precursors (gluconeogenic amino acids, glycerol, and lactate)
was able to account for only 20% of net glycogen synthesis by
the indirect pathway. In a net sense, our data are consistent
with an intrahepatic origin for most of the three-carbon precur-

sors used for indirect glycogen synthesis. (J. Clin. Invest. 1991.
88:578-587.) Key words: direct glycogen synthesis * glucose
disposal indirect glycogen synthesis * net hepatic balance.
nuclear magnetic resonance

Introduction

It is well documented that hepatic glycogen can be formed
either by a direct pathway from glucose through glucose-l-
phosphate and uridine diphosphate glucose or by an indirect
pathway from gluconeogenic precursors (1-3). The indirect
pathway apparently continues to operate even during glucose

These data were presented in part at the American Diabetes Associa-
tion Annual Meeting, Atlanta, GA, June 1990.

Address reprint requests to Dr. Moore, Department of Molecular
Physiology and Biophysics, 710 MRB, Vanderbilt University, Nash-
ville, TN 37232.

Received for publication 4 October 1990 and in revised form 22
April 1991.

infusion or carbohydrate feeding, when there is adequate glu-
cose available to replenish glycogen via the direct pathway (4).

Lactate is thought to be a major substrate for the indirect
pathway (1, 5), but the source(s) of lactate and other gluconeo-
genic precursors during glucose feeding remain(s) unclear. Al-
though the intestine, muscle, adipose tissue, erythrocytes, and
the liver itself (through cycling of glucose to three-carbonwunits
and back into glycogen either within the individual hepatocyte
or between different populations of hepatocytes) are potential
sources of lactate in the postprandial period when glycogen
synthesis is occurring, the significance of the contributions of
these sites to indirect glycogen synthesis is unknown.

Powerful techniques are now available for the study of he-
patic glycogen metabolism in vivo. The arteriovenous (A-V)'
difference technique, more recently making use of Doppler
flow probes, allows accurate measurement of net hepatic bal-
ance of glycogenic substrates. Similarly, '3C-nuclear magnetic
resonance (NMR) spectroscopy has proved to be a useful tool
for quantitating the contribution of the direct and indirect
pathways of glycogen synthesis (5, 6), since it allows the deter-
mination of the 13C enrichment at each position of the glucosyl
residues from glycogen simultaneously in the same sample. By
administering [ I-'3C]glucose, determining the '3C enrichment
in portal vein glucose, and comparing it with the pattern of
enrichment in hepatic glycogen, it is possible to determine the
proportion of glycogen that was deposited by the direct path-
way. Despite the obvious advantages of combining these tech-
niques in a suitable animal model, there are no published re-
ports of such a study. Therefore, we undertook a series of ex-
periments that explored the liver's role in the disposition of an
intraduodenal glucose load using the A-V difference and NMR
techniques. Thus, we were able to determine the rate of glyco-
gen synthesis, as well as the contributions of the direct and
indirect pathways, and to compare these values with net he-
patic balance of glucose and gluconeogenic precursors.

Methods

Animals and surgical procedures. Studies were conducted on nine 42-h
fasted conscious mongrel dogs of either sex. A fast of this duration was
chosen because it produces a metabolic state resembling that in the
overnight-fasted human, i.e., the liver is demonstrating net uptake of
lactate (7). After fasting 24 h, the liver of the dog still exhibits net
hepatic lactate output (8). Moreover, a 42-h fast reduces canine hepatic
glycogen concentrations to a stable minimum (9), which was crucial for
accurate determination of the glycogen synthetic rate and direct path-

1. Abbreviations used in this paper: A-P, arterial-portal; APE, atom
percent excess; A-V, arteriovenous; Cl and C6, carbon atom in posi-
tion 1 or 6 of glucose or glycogen; CF, correction factor; HGL, hepatic
glucose load; HL, hepatic load; ICG, indocyanine green; NGB, net gut
balance; NHB, net hepatic balance; NMR, nuclear magnetic reso-

nance.
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way contribution (see Discussion). The weights of the animals ranged
from 18.7 to 23.9 kg (mean±SEM21.2±0.8 kg). They were maintained
on a diet of meat (Kal Kan, Vernon, CA) and chow (Purina Lab Canine
Diet No. 5006, Ralston Purina Co., St. Louis, MO)composed of 34%
protein, 14.5% fat, 46% carbohydrate, and 5.5% fiber based on dry
weight. The animals were housed in a facility which met American
Association for Accreditation of Laboratory Animal Care (AAALAC)
guidelines, and the protocol was approved by the Vanderbilt University
Medical Center Animal Care Committee.

Approximately 16 d before study, each dog underwent a laparot-
omy under general anesthesia (pentobarbital sodium, 25 mg/kg). A
silicone rubber catheter was inserted into the hepatic portal vein, with
the tip 2 cm from the point at which that vessel enters the liver. Another
catheter was inserted so that its tip was 1 cm inside the left common
hepatic vein, which carries almost half of the venous outflow of the
liver, the largest volume of any of the hepatic veins (10). An additional
catheter was inserted into the duodenum through a purse-string suture
3.5-4 cm below the pylorus. The distal tip was positioned - 3 cm
inside the bowel. Doppler flow cuffs (Instrumentation Development
Laboratories, Baylor College of Medicine, Houston, TX) of 7.0 and 3.0
mmi.d. were positioned around the portal vein and hepatic artery,
respectively (11). The proximal ends of the catheters and Doppler
probe wires were brought out through the abdominal incision. The
catheters were filled with heparinized saline (200 U/ml) and knotted.
After closure of the muscular layer, catheters and Doppler wires were
inserted into subcutaneous pockets, and the skin incision was closed. A
small incision was then made in the left inguinal area, and a sampling
catheter was inserted into the femoral artery and advanced into the
abdominal aorta. This catheter was filled with heparinized saline, knot-
ted, and placed in a subcutaneous pocket as described above.

2 d before study, each dog had blood drawn for analysis. The dog
was studied only if it had a white blood count < 18,000/mm3, a hemato-
crit > 38%, good appetite as evidenced by consumption of all of the
daily ration, and normal stools.

On the morning of the study, the proximal ends of the catheters and
Doppler leads were removed from the subcutaneous pockets under
local anesthesia (2% lidocaine, Astra Pharmaceuticals, Worcester,
MA). Catheter contents were aspirated and the catheters were flushed
with saline. The dog was placed in a Pavlov harness, and a 20-gauge
Angiocath (Deseret, Sandy, UT) was inserted in the cephalic vein.

In addition to the experimental group of 9 dogs, 11 dogs treated
similarly were used to provide baseline glycogen data.

Experimental design. Each experiment began with the initiation of
a constant infusion of indocyanine green (ICG) via the cephalic vein;
the ICG infusion continued throughout the study and was used to
confirm placement ofthe hepatic vein catheter and provide an indepen-
dent measure of hepatic blood flow. After 80 min (-120 to -40 min) of
ICG equilibration, there was a 40-min (-40 to 0 min) control period,
and then a 240-min (0-240 min) study period. During the study period,
a glucose infusate consisting of 20% unlabeled dextrose, 20%enriched
with [1-'3CJglucose, with the addition of approximately 350 uCi of
[3-3H]glucose, was administered via the duodenostomy tube. At time
0, a bolus of infusate sufficient to provide 0.15 g of unlabeled glucose/
kg (0.83 mmol/kg) was given, and a constant infusion providing 8
mg* kg-' * min-' (2.66 mmol * kg-' * h-') was started. The infusion con-
tinued for 240 min to ensure that the animals reached a steady state for
glucose.

Blood was drawn every 15-20 min during the control and study
periods, with the total amount withdrawn not exceeding 20% of the
blood volume. Each volume drawn was replaced with 2 vol of saline.
The arterial and portal blood samples were collected simultaneously

- 30 s before collection of the hepatic vein sample in an attempt to
compensate for transit time of glucose through the liver and thus allow
accurate estimates of hepatic balance (12).

At the end of the study period, the animal was killed with an over-
dose of pentobarbital. The liver was rapidly removed and samples of
tissue (3 g) from each of seven liver lobes were freeze-clamped with
aluminum tongs precooled in liquid nitrogen, such that the entire pro-

cess took no more than 10 min from the time of sacrifice. The position
of the catheter tips was then verified to ensure proper placement.

The control dogs did not undergo experimentation but were killed
after a 42-h fast, and liver samples were taken just as in the experimen-
tal animals.

Processing and analysis of samples. Immediately after each blood
sample was collected, it was placed in a tube containing potassium
EDTA(1.6 mgEDTA/ml; Sarstedt, Numbrecht, Federal Republic of
Germany). After gentle mixing, 1 ml of whole blood was pipetted into 3
ml of 4% perchloric acid. This sample was vortexed and then centri-
fuged at 3,200 rpm for 10 min. The deproteinized supernatant was
frozen at -70'C for later analysis ofwhole-blood glucose, lactate, glyc-
erol, and alanine by the method of Lloyd et al. (13). A second aliquot
(20 Ml) of whole blood from the arterial sample was utilized formeasure-
ment of the hematocrit in duplicate in capillary tubes. The remainder
of each blood sample was centrifuged to separate the plasma and
formed elements.

Six to eight IO-Ml aliquots ofplasma from each sample were immedi-
ately analyzed for glucose via the glucose oxidase technique using a
glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). A l-ml
aliquot of plasma was added to 500 UTrasylol (FBA Pharmaceuticals,
NewYork) and stored at -70'C for later determination of immunore-
active glucagon concentration using Unger's 30K antiserum (14). A
l-ml aliquot of plasma was utilized for measurement of tritiated glu-
cose as previously described (15). ICG concentration was measured
spectrophotometrically at 805 nm to estimate hepatic blood flow ac-
cording to the method of Leevy et al. (16). The remainder ofthe plasma
sample was frozen at -70'C for analysis of insulin and amino acids.
Plasma immunoreactive insulin was measured with a Sephadex-bound
antibody procedure (17). Amino acids were derivatized with phenyli-
sothiocyanate, and concentrations were measured by reverse-phase
high pressure liquid chromatography (HPLC) at 254 nmusing a modi-
fied version of the methods of Bidlingmeyer et al. (18) and Heinrikson
and Meredith (19).

The liver samples were ground to powder using mortars and pestles
cooled with liquid nitrogen and were then stored at -70°C. The glyco-
gen was extracted from each lobe and purified as previously described
(6). The cold glycogen content of the liver was determined by the
method of Keppler and Decker (20). '3C enrichment patterns of the
glucosyl residues within the glycogen were determined by NMRas
previously described (6).

Calculations. Net hepatic balance (NHB) of glucose, lactate, glyc-
erol, and alanine was calculated as follows:

NHB= {H-[(A - QA) + (P QP)I} - HBF,

where A, P, and Hrefer to the concentrations of the substrate in arte-
rial, portal vein, and hepatic vein blood, respectively; QAand Qp refer
to the proportion of hepatic flow contributed by the artery and the
portal vein, respectively; and HBFrefers to total hepatic blood flow.
For NHBof amino acids, plasma concentrations and hepatic plasma
flow were substituted for the corresponding blood values. Since the
Doppler- and ICG-determined blood flows were very similar (33.8±0.3
and 34.7±0.7 ml * kg-' - min-', respectively), and balance calculations
performed using either yielded results which were not significantly dif-
ferent, the data reported here utilize only Doppler-determined blood
flow. In glucose balance calculations, plasma glucose values were con-
verted to whole-blood values by using a correction factor obtained by
averaging the ratio of the whole-blood glucose value to the plasma
glucose value at each time point throughout the study. A separate cor-
rection factor (CF) was established for each sampling site in each dog.
Mean CFs were 0.72±0.01 for the artery, 0.7 1±0.01 (control period)
and 0.68±0.01 (infusion period) for the portal vein, and 0.70+0.02 for
the hepatic vein. For the artery and hepatic vein, one CFwas used for
the entire study, since the ratios between whole blood and plasma glu-
cose were found to be the same in the control and infusion periods.
Calculations performed with plasma glucose values converted to blood
glucose values yield almost identical results to those performed with
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blood glucose values per se, but the variance was reduced because of the
accuracy of plasma glucose A-V differences, which do not require a
deproteinization step. The use of whole blood glucose ensures accurate
hepatic balance measurements regardless of the characteristics of glu-
cose entry into the erythrocyte.

The rate of substrate delivery to the liver, called the hepatic load
(HL) was calculated with the formula:

HL = [(A *QA) + (P. Qp)] * HBF.

Net fractional substrate extraction by the liver was calculated as the
ratio of NHBto HL. Net gut balance (NGB) was determined by multi-
plying the arterial-portal (A-P) substrate difference by the portal blood
flow.

The percentage of glycogen synthesized by the direct pathway was
determined by the following equation:

Percentage of direct pathway

Cl glycogen - C6 glycogen . 100,

ClP. .CF

where Cl and C6 glycogen represent the 13C atom percent excess (APE)
in positions 1 and 6, respectively, of the glucosyl residues from hepatic
glycogen, Clpv represents the APE in carbon 1 of portal vein plasma
glucose, and CF is a correction factor to account for the amount of time
required for portal vein 13C to reach steady state. ACFvalue was deter-
mined for each dog based on plasma samples obtained every 15-30
min throughout the glucose infusion period and analyzed by gas chro-
matography mass spectrometry. Thus, the expression "Cl W. CF" rep-
resents the enrichment in the Cl position of the portal vein plasma
glucose, corrected by the integrated area under the curve of APEplot-
ted against time. The use of this factor assumes that hepatic glycogen
synthesis proceeds in a linear fashion, as previously shown in the rat
(6). The calculation was modified to compensate for the mass of the
glycogen present in the liver and for the natural abundance of 13C in
hepatic glycogen at the beginning of the glucose infusion. Thus, the
modified equation was:

Percentage of direct pathway

[((CI - Glyf)-(I. *2.52 ) (C6 - Glyf) - (1.1 . 2.52)\
. Glyf - 2.52 Glyf -2.52 .

XCl xC 100,

where Glyf is the glycogen concentration at the end of the glucose
infusion (g/100 g liver), 1.1±0.5% is the natural abundance of 13C in
glycogen from control animals that did not receive the glucose infusion
(and thus the projected natural abundance in the experimental animals
at the beginning of the glucose infusion), and 2.52±0.08 g/100 g liver is
the glycogen concentration in the control animals (and the projected
concentration in the experimental animals at the beginning of the glu-
cose infusion). The glycogen concentrations for both the control and
experimental animals are the means of the values from seven liver lobes
in each dog, weighted for the proportion of the liver mass contributed
by that lobe (10).

Analysis of variance (ANOVA) with a repeated measures design
(or, where appropriate, a paired t test) was used to evaluate changes
over time within the group. Where significant changes were found, the
Student-Newman-Keuls multiple range test was used for post-hoc anal-
ysis. Where appropriate, correlation coefficients were calculated, and
when significant correlations were found, the method of least squares
was used to obtain a linear regression equation. A P value < 0.05 was
accepted as significant. Results for NMRdata and net glycogen synthe-
sis are presented as mean±SEMfor all nine animals. Owing to the
failure of sampling catheters, balance data from two animals were un-
available, and thus n = 7 for those data.

Results

Blood glucose concentrations; hepatic glucose load, balance,
andfractional extraction; and hepatic bloodflow. Arterial and
portal vein whole-blood glucose levels, arterial and portal vein
blood flow, and the hepatic glucose load (HGL) are shown in
Fig. 1. The mean arterial blood glucose level increased from
73±3 mg/dl in the control period to 125±9 mg/dl during the
last hour of the infusion. The mean portal vein blood glucose
concentration increased from 69±3 to 149±9 mg/dl. There
were no significant changes in blood flow. The hepatic artery
and the portal vein contributed 16% and 84%, respectively, of
the hepatic blood flow throughout the study. The HGL, a mea-

sure of the rate of glucose delivery to the liver, increased from
22.5±3.2 to 48.0±4.8 mg* kg-' * min-'. Before the start of the
infusion, net hepatic glucose output was 1.9±0.5 mg* kg-' -

min-' (Fig. 2). Within 15 min of beginning the infusion, the
dogs had converted to net hepatic uptake of glucose. Net up-
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Mean net hepatic lactate uptake during the control period was
7.0±2.0 ,mol - kg-' * min-'. Within 30 min after beginning the
infusion, the liver changed to net hepatic output of lactate,
reaching a maximum of 9.8±5.6 Mmol* kg-'* min- 45 min
after the infusion started. Net output then declined gradually,
and the group exhibited net hepatic lactate uptake by the end of
the infusion period.

Amino acid concentrations and metabolism. The arterial
blood alanine concentration, net hepatic alanine uptake, and
hepatic fractional extraction of alanine did not change signifi-
cantly during the study (data not shown). Also, when the values
for the gluconeogenic amino acids (serine, threonine, glycine,
alanine, glutamate, and glutamine) were totaled, their arterial
concentration, net hepatic uptake, and fractional extraction
did not differ during the control period and the glucose infu-
sion period (data not shown).

Glycerol concentration and metabolism. The arterial glyc-
erol concentration declined by more than half during the glu-
cose infusion period (Fig. 4). Net hepatic glycerol uptake de-
creased from 2.2±0.3 gmol * kg-' - min' in the control period
to 1.0±0.3 3,mol * kg-' * min' during the final hour ofthe study
(P < 0.05).

240 Hormonal concentrations. Mean control period arterial in-
sulin levels were 9±2 1AU/ml. Levels peaked at 60+16 gU/ml,

ac- then plateaued at 48±14 (Fig. 5). Control period glucagon lev-
ous els were 69±9 pg/ml. Glucagon levels declined during the glu-
of cose infusion period, reaching 37±3 pg/ml by the final time
epre- point of the study.
ut,
iffer-

I Intraduodenal Glucose Infusion

take increased gradually until it reached 4.6±1.5 mg.-kg-'
min'. Net fractional extraction of glucose reached 9.7±2.9%
by the end of the study.

Gut disposition of the glucose load. The dogs received
40.7±1.6 g of glucose during the infusion period. Of this,
29.5±4.3 g (73%) was absorbed in a net sense as glucose per se.
Net lactate production by the gut totaled 10.6+2.2 mmol, or
1.0±0.2 g of glucose equivalents (2.5% of the glucose adminis-
tered). Net production of alanine by the gut totaled 6.8±1.1
mmol, or 0.6±0.1 g of glucose equivalents (1.5% of the glucose
administered). Net gut release of glycerol was 0.4±0.2 mmol
(0.2% of the glucose administered). Therefore, 77% of the glu-
cose infused could be accounted for. Most of the glucose unac-
counted for was probably that remaining within the gut at the
end of the study and that oxidized by the gut throughout the
study. This can be seen more clearly by considering absorption
only during the final hour of the experiment, when steady state
conditions existed. During that time period, net glucose ab-
sorption totaled 8.3±0.8 g (81% of the glucose administered).
In a net sense, the gut also produced (expressed in glucose
equivalents): lactate, 0.5±0.1 g; alanine, 0.3±0.04 g; and glyc-
erol, 0.04±0.02 g (accounting for 5%, 3%, and 0.4%, respec-
tively, of the glucose infused). Thus, in a steady-state condition
in which the glucose remaining in the gut need not be consid-
ered, almost 90% of the glucose administered could be ac-
counted for. A substantial amount of the remainder probably
underwent oxidation within the gastrointestinal tract.

Lactate concentration and metabolism. Arterial lactate lev-
els increased by > 2.5-fold during the glucose infusion (Fig. 3).

<
I--
I--
L.)
-J

o
_0-

0

0m E

I-.

1600 r * T T T S

1200 F

800 I

400 -

0

20

C.)

C.)

IL
Z

z

LIz- ._

U

<I

m v
0
E
AS

10

0

-10

-15

_,H I I I I
l.,I~~~~~~~~~~~

*~ ~ ~~~Utk

0 60 120 180 240-60

TIME (min)

Figure 3. Arterial blood lactate levels and net hepatic lactate balance
during control period (-40 to 0 min) and continuous intraduodenal
infusion (0-240 min, denoted by rectangle at top of figure) of glucose
at 8 mg- kg-' min-' in conscious dogs. Data represent mean±SEM,
n = 7. For balance data, positive values indicate net hepatic output,
and negative values indicate net hepatic uptake. *Significantly differ-
ent from control period, P < 0.05.
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Intraduodenal Glucose Infusion Discussion
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Several previous investigations have examined the disposition
of a glucose meal (21-23), but the current data are unique in
that they were obtained during a continuous glucose infusion,
permitting A-V difference observations during a steady-state

* * * period of absorption in the conscious dog, and they incorpo-
II s rated NMRmethodology.

Over the 4-h infusion period, only 73% of the glucose ad-
ministered was absorbed as glucose. This increases to 81% if
only the last hour of the study is considered. By examining the

' ' ' ' ' ' steady-state period during the last hour of the study when the
gut was already filled with glucose, we obviated the necessity of
considering unabsorbed glucose. Absorption of glucose and gut
production of lactate and amino acids during the final hour in

Output the current study were very similar to the results obtained by
Uptake Abumrad et al. (21) using combined A-V difference and tracer

techniques in dogs given a bolus intragastric glucose load. Al-
;Si+/** * * though we did not measure CO2 production, presumably it

would not be less than the amount found in the study by
Abumrad et al. (21), where it accounted for 4%of the glucose
load. Therefore it probably accounted for a major portion of

60 0 60 1 20 180 24 0 the glucose remaining unaccounted for.
TIME (min) In the present study, the net glucose uptake by the liver

(15.5 g) was the equivalent of 53%of the net glucose which was
rial blood glycerol levels and net hepatic glycerol uptake absorbed (38% of the glucose administered). Hepatic balance
period (-40 to Omin) and continuous intraduodenal measurements would tend to underestimate glucose uptake by

10 min, denoted by rectangle at top of figure) of glucose the liver if hepatic production of glucose continued during the
min-' in conscious dogs. Data represent mean±SEM, glucose infusion. However, the ratio of the specific activity of
lance data, positive values indicate net hepatic output, tritiated glucose in the hepatic vein to the combined hepaticput,and negative values indicate net hepatic uptake. Signincantly daner-

ent from control period, P < 0.05.

Hepatic disposition of glucose and gluconeogenic precur-
sors; pathways of glycogen synthesis. The cumulative net glu-
cose uptake by the liver was 15.5±3.8 g (Fig. 6). In a net sense,
the liver also took up 32.2±2.2 mmol gluconeogenic amino
acids (2.9 g of glucose equivalents) and 6.1±0.9 mmol glycerol
(0.6 g of glucose equivalents). Net hepatic lactate output was
29.2±9.6 mmol, or 2.6 g of glucose equivalents. The final he-
patic glycogen concentrations for the experimental dogs are
listed in Table I. Net hepatic glycogen synthesis totaled 9.3±2.5
g (range, 3.4-20.3 g). NMRanalysis revealed that 57±10% of
the glycogen was formed via the direct pathway (Table II).

Correlational analyses. There was a significant inverse
correlation (r = -0.68, P < 0.05; y = -15.07x + 77.44) be-
tween the mass of hepatic glycogen synthesized (expressed in
grams per 100 grams of liver) and the proportion of glycogen
deposited by the direct pathway. However, there was no signifi-
cant correlation between net hepatic glucose uptake and the
amount of glycogen synthesized, net hepatic glucose uptake
and proportion of glycogen synthesized by the direct pathway,
net hepatic gluconeogenic precursor (gluconeogenic amino
acids and glycerol) uptake and pathway of glycogen synthesis,
or net hepatic balance of all gluconeogenic precursors (gluco-
neogenic amino acids, glycerol, and lactate) and pathway of
glycogen synthesis. Neither were there any significant correla-
tions between insulin and glucagon (levels during the control
and infusion periods, changes in levels of either hormone, peak
or lowest levels, or changes in their molar ratios) and net he-
patic glucose balance, mass of glycogen synthesized, or path-
way of glycogen synthesis.
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artery and portal vein specific activities (weighted according to
the proportion of hepatic blood flow provided by each vessel)
remained constant at 1.00±0.02 throughout the infusion pe-
riod. Since there was no dilution of the specific activity of glu-
cose across the liver, hepatic glucose production must have
been essentially nil and thus the balance measurements accu-
rately reflect hepatic uptake of glucose.

Approximately 1 g (3%) of the absorbed glucose remained

within the glucose space, leaving 44%of the net absorbed glu-
cose, or 13 g, to be disposed of by nonhepatic tissues. If the
assumption is made that non-insulin-dependent tissues (i.e.,
the central nervous system and formed elements of the blood)
took up 75% of the glucose produced by the liver during the
control period (24, 25) and that the amount taken up by these
tissues did not change during glucose infusion, then they dis-
posed of - 7 g of glucose (24% of the absorbed glucose) during
the glucose infusion period, leaving 6 g (20% of that ab-
sorbed) for uptake by muscle and adipose tissue. Thus, the liver
disposed of more than twice as much glucose as muscle and
adipose tissue. These data lead to a different conclusion than
do some previously published reports (21, 26, 27), which indi-
cate that the liver disposes of only 21-24% of an oral glucose
load. However, when the data from the published reports (21,
26, 27) are expressed in terms of the proportion of glucose
absorbed, rather than that administered, it is clear that the liver
is actually responsible for disposal of - 30-35% of the glucose.
The substantial fall in glucagon levels during the glucose infu-
sion no doubt enhanced the importance of the liver in glucose
disposal in our animals; glucagon levels did not change (21) or
were not reported by other investigators (26, 27). The re-
mainder of the difference between our findings and those of
others can be explained by differences in study design. First,
our techniques made possible more accurate measurements of
net gut and hepatic balance. Weprovided the animals with a
constant infusion of glucose, achieving a steady state, while the
other investigators (21, 26, 27) administered bolus loads. We
also utilized Doppler-determined blood flow, whereas others
used dye-extraction methodology. In this way, we had an accu-
rate measurement of the distribution of blood flow between the
hepatic artery and portal vein, which further improved our
ability to calculate balance. Second, our infusion resulted in
creation of a negative arterial-portal, or A-P, glucose gradient
(portal glucose level greater than arterial) and in doubling of
the hepatic glucose load for 4 h. As we have previously re-
ported, the negative A-P gradient appears to be particularly

Table I. Hepatic Glycogen Concentration at the End of the Glucose Infusion Period

Lobe

Left Left Left Right Right Unweighted Weighted
Dog no. Caudate central lateral posterior Quadrate lateral central mean mean*

g/100 g tissue

1 6.28 6.72 6.10 5.93 5.86 5.46 5.13 5.93 5.80
2 5.30 5.99 5.24 5.51 5.87 5.79 4.90 5.51 5.42
3 4.49 5.37 4.92 5.61 3.57 6.07 4.43 4.92 4.96
4 4.76 4.51 4.56 3.70 3.67 3.67 3.52 4.06 4.03
5 3.93 4.73 2.64 2.85 3.89 3.99 3.00 3.57 3.45
6 3.65 2.88 2.68 4.01 3.06 3.60 3.50 3.34 3.18
7 3.50 2.88 2.70 3.72 3.11 3.53 3.73 3.31 3.19
8 5.72 5.40 6.24 5.59 5.50 5.47 5.21 5.59 5.59
9 5.48 6.22 2.92 5.47 5.32 4.81 5.25 5.07 4.66

Mean 4.79 4.97 4.22 4.71 4.43 4.71 4.30 4.59 4.48
±SEM 0.34 0.48 0.53 0.40 0.42 0.36 0.31 0.36 0.37

13%; left lateral, 26%; left posterior,
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* Weighted for the proportion of the liver mass contributed by each lobe (caudate, 7%; left central,
5%; quadrate, 10%; right lateral, 21%; right central, 17%; reference 10).



Table II. Comparison of Net Hepatic Balance of Gluconeogenic Substrates with Net Hepatic Glycogen Synthesis and NMR-determined
Contribution of the Direct Pathway during the Glucose Infusion Period

'3C-NMR and GC-MSdata
NHBof gluconeogenic substrates

'3C Enrichment in glycogen '3C APE Net
Uptake of Output of in C, of Direct glycogen

Dog no. carbon* lactate C, C6 PV glucose CF pathway synthesis

g of glucose equivalents/100 g
liver % g1100 g liver

1 0.49 0.72 4.5±0.4 1.1±0.1 20.2 0.86 34 3.28
2 0.80 0.01 3.3±0.2 1.2±0.02 19.8 0.89 22 2.90
3 0.68 0.58 7.5±0.02 1.2±0.07 20.0 0.86 74 2.44
4 0.82 1.35 4.0±0.2 1.2±0.1 19.6 0.85 45 1.51
5 0.49 0.63 5.6±0.8 1.4±0.1 18.6 0.92 91 0.93
6 0.69 0.15 3.3±0.2 1.1±0.06 20.3 0.86 61 0.66
7 0.62 0.14 3.9±0.4 1.2±0.07 19.3 0.90 72 0.67

(8) -3.0±0.2 1.3±0.9 18.6 0.80 21 3.07
(9) 3.4±0.3 1.4±0.08 21.1 0.87 24 2.14

Mean±SEM 0.66±0.27 0.51±0.19 4.6±0.3 1.2±0.1 19.8±0.2 0.88±0.01 57±10 1.77±0.45
(Mean±SEM)* (4.3±0.5) (1.2±0.04) (19.7±0.03) (0.87±0.01) (49±9) (1.96±0.37)

* Gluconeogenic amino acids and glycerol. $ Values not in parentheses are those for the seven dogs for which all data are available; values in
parentheses include those seven dogs, as well as the two for which balance data are not available. Abbreviations: Cl and C6, carbons 1 and 6;
GC-MS, gas chromatography mass spectrometry; PV, portal vein.

important in producing a signal which stimulates net hepatic
glucose uptake (28). Up to a gradient of - -14 mg/dl, net
hepatic glucose uptake is dependent on the magnitude of the
negative A-P gradient, with the effect appearing to saturate at
larger gradients (Pagliassotti et al., manuscript submitted for
publication). In our study, an A-P gradient of -14 mg/dl or
greater was maintained for the entire 4-h period of glucose
infusion. In studies employing bolus enteral glucose administra-
tion, a gradient of - 14 mg/dl or more existed for only about 2 h
(21, 26, 27). The present data are consistent with those ob-
tained during continuous intraportal glucose infusion. With
insulin fixed at a level approximately fourfold basal, the infu-
sion of glucose intraportally so that the hepatic glucose load
doubled was associated with net hepatic uptake of 38-52% of
the infused glucose (28; Pagliassotti et al., manuscript submit-
ted for publication). Therefore, it appears that the liver disposes
of one-third to one-half of the glucose absorbed from an enteral
load, the exact amount depending on the manner (bolus or
constant infusion) in which the glucose is delivered.

The mean contribution of the direct pathway as deter-
mined by NMR(57% for the seven dogs with all balafice data
available [Table II]), is similar to the 50% contribution by the
direct pathway found during intravenous glucose infusions in
overnight-fasted human volunteers (4). Whenthe data from all
nine dogs is considered, the contribution of the direct pathway,
49%, is even closer to the value obtained in humans (4). The
glycogen concentration following the glucose infusion and the
total mass of glycogen synthesized by the different dogs varied
widely (Tables I and II), as did the percentage contribution of
the direct pathway and the net hepatic glucose uptake. In this
regard, it is interesting to note that the hepatic glycogen con-
centration in the animals varied both from lobe to lobe in the
same liver and from animal to animal (Table I). Thus, glycogen
concentrations derived from samples taken at only one or two

sites within the liver might not have been representative of the
entire liver.

Some of the variability apparent in the experimental ani-
mals may be a result of the fact that calculation of both the
glycogen synthetic rate and the direct pathway contribution
relied upon a comparison of the final hepatic glycogen concen-
tration in the experimental animals with the glycogen concen-
tration in 42-h fasted dogs which did not receive the glucose
infusion. It is possible that some of the experimental animals
had baseline glycogen concentrations which differed from the
mean of the control animals. However, a large control group
( 1 animals) was used in order to minimize the likelihood of
error, and studies were conducted on animals fasted long
enough so that hepatic glycogen levels had reached stable levels
(9). The mean concentrations in the individual control dogs
were remarkably similar: 2.73, 2.78, 2.45, 2.64, 2.79, 2.67,
2.62, 2.07, 2.02, 2.48, and 2.49 g/100 g liver. Thus our data
indicate that the variability in glycogen synthetic rate and con-
tribution of the direct pathway is a result of differences in re-
sponse of the individual dogs to the glucose infusion and not
variability in their baseline glycogen concentrations. More-
over, the glycogen synthetic rate apparent in the current study,
1.8±0.5 mg-kg-' min-', was similar to that previously re-
ported during glucose administration in humans (29) and dogs
(30). It is noteworthy that marked variability in response to
administration of a glucose load has previously been observed
in both dogs (21, 26) and humans (31, 32). In the present study,
the mass of glycogen synthesized by the direct pathway fell
within a relatively narrow range (0.4-1. 1 g/ 100 g liver), except
in one animal (dog 3, 1.8 g/100 g liver), whereas the amount
synthesized by the indirect pathway was extremely variable
(0. 1-2.4 g/ 100 g liver). Animals with the greatest net glycogen
synthesis exhibited the smallest percentage contribution by the
direct pathway. The factor(s) determining the rate of indirect
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synthesis are not clear. Although there were no correlations
between hormonal levels and changes and the pathways of gly-
cogen synthesis, it is notable that dog 3, which had an unusu-
ally large mass of glycogen deposited via the direct pathway,
experienced an increase in plasma insulin concentration (to a
level that was fourfold the mean of the other dogs) during the
final hour of the glucose infusion.

The current data are consistent with the hypothesis (33)
that the three-carbon substrates used for glycogen synthesis by
the indirect pathway are intrahepatic in origin. Approximately
1.0 mg. kg-' -min' of glycogen was deposited by the direct
route and 0.8 mg- kg-' * min' by the indirect route. Net up-
take of gluconeogenic precursors (gluconeogenic amino acids,
glycerol, and lactate) was sufficient to account for only 20% of
net glycogen synthesis via the indirect pathway (Table II),
whereas net hepatic glucose uptake (3.0±0.7 mg. kg-' * min-')
was adequate to account for all glycogen synthesis, with addi-
tional available for hepatic oxidation and lipogenesis. Al-
though hepatic oxidation was not measured, it can be esti-
mated to be - 3 g of glucose, or 0.6 mg- kg-' - min-' (34, 35).
In vitro studies have shown hepatic lipogenic rates to be low,
accounting for only - 5% of hepatic glucose uptake (34),
which would be equal to 0.15 mg kg-' -min-' in this study,
but little is known about the rate of lipogenesis in vivo
under conditions such as we employed. Net hepatic uptake of
gluconeogenic amino acids (0.6 mg of glucose equiva-
lents * kg-' * min-') and net output of lactate (0.5 mgof glucose
equivalents * kg-' * min-') were remarkably similar. In this re-
gard, it is important to note that we relied upon plasma, rather
than whole blood, amino acid concentrations. However, net
hepatic balance is either no different, or net hepatic uptake is
even greater, when plasma gluconeogenic amino acid values
are used rather than whole-blood values (36, 37). Our calcu-
lated net hepatic uptake of total gluconeogenic amino acids is
thus the same as or greater than the value we would have ob-
tained using whole-blood concentrations. The net hepatic up-
take of glycerol and the net hepatic output of pyruvate (esti-
mated at -10% of that of lactate) were trivial. Thus, the NHB
of the total of all gluconeogenic precursors was approximately
zero.

There are at least two possible sources of three-carbon sub-
strates (primarily lactate) for indirect glycogen synthesis which
would be consistent with our findings. The first is that intrahe-
patic glycolysis is responsible for the production of virtually all
of the lactate utilized (i.e., the NHBmeasurements are an accu-
rate reflection of the total hepatic uptake of precusors). Cycling
of glucose to three-carbon units and back into glycogen could
occur either within the individual hepatocyte or between differ-
ent populations of hepatocytes. In regard to the latter possibil-
ity, the hepatic parenchyma displays a remarkable degree of
zonal heterogeneity which has given rise to the concept of "met-
abolic zonation" (38). The perivenous cells have high glucokin-
ase and pyruvate kinase activities, giving them the greater ca-
pacity for glycolysis and for synthesis of glycogen by the direct
pathway. In contrast, the periportal cells are richer in phos-
phoenolpyruvate carboxykinase, fructose 1,6-bisphosphatase,
glucose 6-phosphatase, lactate dehydrogenase, and aminotrans-
ferase activity, and thus are better suited for gluconeogenesis
and synthesis of glycogen by the indirect pathway. Thus, intra-
hepatic glycolysis is theoretically a feasible source of three-car-
bon substrates for glycogen synthesis.

A second possibility is that lactate carbon was derived from
nonhepatic tissues. This implies that there was uptake of lac-
tate by the liver, even though there was net lactate output,
suggesting that the total hepatic lactate production was greater
than the net production. Net balance measurements underesti-
mate absolute uptake or production of substrates which are
both taken up and released by an organ, since they reflect the
quantitatively dominant process. Thus, we cannot rule out this
explanation of our findings. The lactate being taken up by the
liver could come from two sources. First, lactate released by the
liver could be taken up by nonhepatic tissues, then re-released
and taken up by the liver. If this were the case, the liver would
still be responsible for producing the lactate used for indirect
glycogenesis. Second, the lactate taken up by the liver could be
derived from glucose metabolized by nonhepatic tissues. Mus-
cle glycogen synthesis would have been very active under the
hyperglycemic, hyperinsulinemic conditions existing during
the glucose infusion period, accounting for the disposition of
almost all of the 6 g of glucose available to the muscle and
adipose tissue (39, 40). Adipose tissue produces lactate after
glucose ingestion, although the amount released is controver-
sial (41, 42). The net adipose tissue lactate output in our ani-
mals could be estimated to be 0.2-0.5 g of glucose equivalents
(42, 43), an amount which would have made a trivial contribu-
tion to total hepatic glycogen synthesis. Neither skin nor non-
insulin-dependent tissues such as the brain are likely sources of
a significant amount of lactate, since their basal output is low
and they do not increase their net lactate production following
a glucose load (44, 45). The gut was the primary nonhepatic
organ exhibiting net lactate release in our animals. However,
the gut in our dogs did not increase its net output of lactate
significantly in response to enteral glucose administration
(1.9±0.5 Atmol *kg- * min-' during the control period vs.
2.1±0.7 ,mol * kg-' * min' during the glucose infusion), in ac-
cord with previously reported data (27). The cumulative net
output of'lactate by the gut during the glucose infusion period
was 1.0±0.2 g of glucose equivalents. Although it is possible
that our methods underestimated the absolute production of
lactate by the gut, they present an accurate picture of the net
release of lactate. It is clear that lactate from a variety of tissues
mixes in the vascular pool. Although some of the carbon being
deposited in hepatic glycogen via the indirect pathway undoubt-
edly comes from these sources, the liver must have been the
source of the three-carbon precursors for the indirect pathway
in a net sense, since the net hepatic balance of gluconeogenic
substrates was approximately zero.

While this paper was under review, a report was published
by Mitrakou et al. (46) describing the results of a study examin-
ing the disposition of an oral glucose load in conscious dogs,
using net balance as well as isotopic methods. The data of Mi-
trakou et al. (46) are remarkably consistent with ours. Glyco-
gen synthetic rates were very similar in both groups of dogs,
and these investigators noted, as did we, that net hepatic glu-
cose uptake was sufficient to allow for all hepatic glycogen syn-
thesis. Despite the difference in the period of fasting before
study (18 h for the animals in Mitrakou et al. vs. 42 h in ours),
the contribution of the direct pathway was almost the same
(52% vs. 57%, respectively). The primary difference was that
there was sufficient uptake of three-carbon substrates in the
dogs studied by Mitrakou et al. to account for the glycogen
synthesized via the indirect pathway, while this was not the
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case in our animals. Nevertheless, these investigators con-
cluded, as did we, that glycogenesis, gluconeogenesis, and gly-
colysis were occurring simultaneously in the liver, and both
reports are congruent with the postulate that intrahepatic gly-
colysis is an important source of substrates for the indirect
pathway of glycogen synthesis.

In summary, this study provides the most detailed informa-
tion yet available regarding the relationship between hepatic
glycogen synthesis and carbon flux across the liver in vivo.
During a continuous intraduodenal glucose infusion in
conscious dogs, we were able to account for the gut disposition
of - 90%of the glucose administered, either as glucose appear-
ing in the portal vein or as products of gut glucose metabolism.
In a net sense, 53%of the absorbed glucose was taken up by the
liver, 3%remained within the glucose space' 24%was taken up
by non-insulin-dependent tissues and 20% was available for
uptake by muscle and adipose tissue. Thus, the liver was more
than twice as important as muscle in disposal of the glucose
load. The net hepatic uptake of all gluconeogenic precursors
(gluconeogenic amino acids, lactate, and glycerol) was insuffi-
cient to provide substrates for the 43% of glycogen synthesis
which occurred via the indirect pathway, while the net hepatic
glucose uptake was adequate to account for all net glycogen
synthesis via both pathways. These data are consistent with the
concept that, in a net sense, intrahepatic glycolysis is the source
of most of the three-carbon substrates for glycogen synthesis by
the indirect pathway. Interestingly, the mass of glycogen
formed via the direct pathway remained within a narrow range,
whereas that synthesized via the indirect pathway varied
widely. Animals with the greatest percentage contribution by
the indirect pathway also had the greatest total glycogen synthe-
sis. The rate of synthesis via the indirect pathway appeared to
serve as a set point which determined the total mass of glycogen
synthesized.
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