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Abstract

The pathway for hepatic glycogen synthesis in the postpran-
dial state was studied in meal-fed rats chronically cannulated
in the portal vein. Plasma glucose concentration in the portal
vein was found to be 4.50+1.01 mM (mean+SE; n = 3) before
a meal and 11.54+0.70 mM (mean=SE; n = 4) after a meal in
rats meal-fed a diet consisting of 100% commercial rat chow
for 7 d. The hepatic-portal difference of plasma glucose con-
centration showed that liver released glucose in the fasted state
and either extracted or released glucose after feeding depend-
ing on plasma glucose concentration in the portal vein. The
concentration of portal vein glucose at which liver changes
from glucose releasing to glucose uptake was 8 mM, the K., of
glucokinase [E.C. 2.7.1.12). The rate of glycogen synthesis in
liver during meal-feeding was found to be ~ 1 pmol glucosyl
U/g wet wt/min in rats meal-fed a 50% glucose supplemented
chow diet. The relative importance of the direct vs. indirect
pathway for the replenishment of hepatic glycogen was deter-
mined by the incorporation of [3-*H,U-"*Clglucose into liver
glycogen. Labeled glucose was injected into the portal vein at
the end of meal-feeding. The ratio of *H/'C in the glucosyl
units of glycogen was found to be 83-92% of the ratio in liver
free glucose six minutes after the injection, indicating that the
majority of exogenous glucose incorporated into glycogen did
not go through glycolysis. The percent contribution of the di-
rect versus indirect pathway was quantitated from the differ-
ence in the relative specific activity (RSA) of [°H] and ['‘C}-
glycogen in rats infused with [3-*H,U-"Clglucose. No signifi-
cant difference was found between the RSA of [*Higlycogen
and ["“Clglycogen, indicating further that the pathway for gly-
cogen synthesis in liver from exogenous glucose is from the
direct pathway. Our results do not support the thesis that the
majority of liver glycogen is synthesized from glucose-6-phos-
phate derived from gluconeogenesis. Reasons for the discrep-
ancy between current findings and other reports supporting the
indirect pathway for glycogen synthesis in the liver are dis-
cussed.

Introduction

Glycogen in liver is synthesized from glucose-6-phosphate via
glucose- 1-phosphate and UDP-glucose. Glucose-6-phosphate
can be formed in the liver either by the direct phosphorylation
of glucose or via gluconeogenesis from three-carbon interme-
diates (C;). A widely accepted view is that in most mammals
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including human, postprandial glycogenesis from exogenous
glucose primarily proceeds directly through glucose-6-phos-
phate derived from the phosphorylation of glucose (1-5). Re-
cently however, Katz and McGarry (6) and Katz et al. (7)
postulate that liver can not utilize glucose efficiently, and that
postprandial glycogen replenishment is mostly brought about
through the operation of an indirect pathway that requires
prior degradation of glucose to compounds located at the level
of triose phosphates or lower down the glycolytic pathway. The
carbon from these intermediates of glycolysis is then converted
via gluconeogenesis to glucose-6-phosphate, glucose-1-phos-
phate and ultimately ends up in the glucosyl units of newly
synthesized glycogen. This metabolic route for hepatic glyco-
gen synthesis has been termed the “indirect pathway” (6, 7) to
distinguish it from the more conventional “direct pathway”.
Further, the futile breaking down of glucosyl units followed by
their resynthesis from the indirect pathway has been cited as
evidence for either intracellular compartmentation of path-
ways or functional “zonation” of liver (8).

Experimental evidence favoring the indirect pathway for
glycogen synthesis in liver in vivo was first reported by New-
gard, McGarry, and co-workers (9-11). These authors used an
isotopic technique similar to that used frequently in studies of
futile cycling in glucose metabolism (12). In their studies, rats
were fitted with intragastric, femoral artery and/or femoral
vein catheters. In one experiment (9), [3->H,U-"*C]glucose was
infused intragastrically or intravenously 20 h after the implan-
tation of cannulae. The retention of tritium relative to '*C in
liver glycogen was determined. Since tritium from [3-*H]-
glucose would be released in triose phosphate isomerase reac-
tion while “C radioactivity would remain in C; intermediates
(lactate, pyruvate and alanine) that can be reincorporated in
the glucosyl units of glycogen via gluconeogenesis, a decrease
in the ratio of H/!C in glycogen would reflect glycogen syn-
thesis from the indirect pathway. Newgard et al. (9) reported
that the ratio of *H/'C in liver glycogen is reduced to 40-65%
compared with that in the infused glucose. The percent con-
tribution of the direct versus indirect pathway was quantitated
from the relative specific activity (RSA)' of [*Hlglycogen. The
RSA of glycogen was calculated by dividing the specific activ-
ity of glycogen-glucose by that of glucose in the infusing solu-
tion (9). Since the range of the RSA of [*H]glycogen found to
be 12-28%, it was concluded that ~ 72 to 88% of glycogen
synthesized in the liver is through the indirect pathway in liver.
In another experiment (10), [3-*H,U-!'“C]glucose was re-
placed by [1-"“C]glucose. Glycogen synthesis from the direct
pathway retains '“C-radioactivity in the same carbon position
in glucosyl units of glycogen, whereas glycogen synthesis from
the indirect pathway results in the translocation (scrambling)
of the radioactivity to the lower half of the glucose molecule in

1. Abbreviation used in this paper: RSA, relative specific activity.



glycogen. Newgard et al. reported that only ~ 50% of the ra-
dioactivity in glucosyl units of glycogen was retained in the C-1
position (10), indicating also that extensive breakdown of the
glucose molecule occurs during glycogenesis.

Using nuclear magnetic resonance technique and [1-'*C]-
glucose, Shulman et al. (13) determined the percent enrich-
ment of '*C in C-1 of the glucosyl units in glycogen and glu-
cose in the portal vein after an intragastric gavage of [1-'*C]-
glucose. Unlike Newgard et al. (9, 10) who reported significant
scrambling of glucose carbons, Shulman et al. (13) found that
82-87% of the 'C in liver glycogen is located at C-1 of glucosyl
units in glycogen. This data show that prior breakdown of the
glucose molecule into C; intermediates and subsequent syn-
thesis of glucose-6-phosphate from these intermediates are not
obligatory for the glycogen synthesis in liver. Shulman et al.
also concluded from the RSA of glycogen that the direct path-
way can account for no more than one third of the total glyco-
gen synthesis in the liver. More recently, Lang et al. (14) also
reported that at physiological concentration of plasma glucose,
the indirect pathway for glycogen synthesis predominates. In
human, there is also indication supporting the indirect path-
way for glycogen synthesis in the liver (15).

In their reviews (6, 7) on the “glucose paradox,” Katz and
McGarry have noted the difficulty in measuring metabolite
concentrations in the portal vein (6, 7) and the scarcity of this
information in the literature. They cited the work of Rémésy et
al. (16) who showed glucose uptake in livers of anesthetized
rats fed a high carbohydrate diet having a portal vein glucose
concentration of 8.8 mM. We have recently developed a
method to chronically cannulate the portal vein of meal-fed
rats to allow glucose concentration to be measured across the
liver during meal feeding. It is the aim of the current study to
reexamine the role of the direct versus indirect pathway for the
replenishment of hepatic glycogen in meal-fed animals. Using
an isotopic method similar to that of Newgard et al. (9) and
Lang et al. (14), we found that glycogen synthesis in liver from
the infused glucose is derived mostly from the direct pathway.
Previous reports (9-11, 13, 14) showing the predominance of
the indirect pathway in liver glycogen synthesis were attributed
to inappropriate method of calculation.

Methods

Animals. Male Wistar rats (250-300 g) were anesthetized with nem-
butal (50 mg/kg), the abdominal cavity was opened, and a cannula (PE
10) was inserted in the portal vein through the lower pancreatoduo-
denal vein (17). Thus, the circulation through the lower pancreato-
duodenal vein is blocked by cannulation but hormonal supplies from
the pancreas or pancreatic islet can still be achieved through the supe-
rior pancreatoduodenal vein. Hormonal supplies are not affected be-
cause in rats the superior and inferior pancreatoduodenal veins are not
united (17). The suprahepatic cannula (PE 10) was inserted through
the external jugular vein and extended through the atrium to a point
Jjust below the diaphragm. Both cannulae were exteriorized subcutane-
ously in the interscapular region. The cannulae were filled with hepa-

rin and were protected by rodent jackets (Harvard Apparatus Corp., -

Natick, MA) for the duration of the experiment. The cannulated rats
were kept individually in metabolic cages where they could move
freely. Meal feeding from 8:00 to 10:00 a.m. with diet indicated was
initiated on the second day after the surgery. Unoperated animals for
the determination of glycogen synthesis were caged in groups of three
and were meal-fed a diet containing 50% ground chow and 50% glu-
cose from 8:00 to 10:00 a.m. for 5 d.

Hepatic extraction of glucose. Blood samples (0.3 ml) were taken
simultaneously from the portal and suprahepatic cannulae on days 1,
3, 5, and 7 after the initiation of the meal-feeding schedule before and
after meal or during feeding as required. Plasma glucose concentration
was measured enzymatically by spectrophotometric assay (18).

Glycogen synthesis in liver. To determine the rate of hepatic glyco-
genesis, one group of unoperated rats meal-fed glucose-supplemented
diet was sacrificed at 8:00 a.m. before meal-feeding. The second and
third groups of rats on the same dietary regimen were sacrificed 1 and 2
h later after the initiation of feeding. Livers were freeze-clamped and
glycogen content was determined according to Watanabe and Passon-
neau (19). Glycogen in liver (~ 0.2 g) was precipitated by heating for
15 min at 85°C with 20% KOH in 65% ethanol. The precipitates were
washed with chloroform-methanol (1:1) and were dissolved in 1.0 ml
of 1.5 N acetic acid. After adjusting the pH to 4.5 with NaOH, glycogen
in the solution was hydrolyzed by incubating with amyloglucosidase
for 1 h. Glucose produced was assayed by spectrophotometric method
(18). The incorporation of labeled glucose into glycogen was per-
formed in cannulated rats 5 to 9 d after the initiation of meal-feeding
schedule. A bolus of [3-*H,U-"“C]glucose (100 xCi/10 xCi; 2.3 pmol)
in 100 ul saline was injected into the portal vein at the end of meal-
feeding. 5 min after the injection, blood samples were taken from the
portal and suprahepatic cannulae. Livers were freeze-clamped 6 min
after the injection. Glycogen was isolated and assayed as described.

Intravenous infusion of [3-*H,U-"*Cglucose. In other experiments,
[3-3H,U-"*Clglucose were infused into the suprahepatic cannulae of a
group of rats cannulated and starved overnight. Blood samples were
taken from the portal vein periodically. At the end of three hours, liver
were freeze-clamped. Labeled glucose in plasma and liver were isolated
by ion exchange chromatography (20). Two columns were arranged in
tandem, the first contained 3 ml each of Dowex AG 1 resin in formate
form and Dowex 50 in H* form, the second contained 3 ml of Dowex
AG 1 resin in borate form. Labeled glucose was eluted from the borate
column by 5 ml 1 N HCl after the tandem columns were washed with
10 ml of water and separated. Glycogen in liver were isolated and
hydrolyzed as described. Radioactive glucose liberated from liver gly-
cogen was also isolated by ion-exchange chromatography (20).

Materials. Enzymes for metabolites assay were obtained from
Boeringer Mannheim (Indianapolis, IN). Isotopes were obtained from
New England Nuclear (Boston, MA). The specific activity for [3->H]-
glucose was 13.5 Ci/mmol; for [U-'“C]glucose was 4.43 mCi/mmol.

Results

Body weight and food intake. Our surgical method to cannu-
late the portal and hepatic veins is different from those de-
scribed in the literature (21-23). Since we do not insert the
cannula directly into the portal vein, circulation through the
latter during the operation is not disrupted. We are the first to
describe that rats can be trained to meal-feed with cannulae
implanted in the portal vein and suprahepatic veins. The
status of animals were, therefore, monitored daily postsurgi-
cally. Changes in daily food intake and body weight were
measured (Table I). In the first 2 d after the surgery, weight loss
and appetite suppression in the cannulated rats were evident.
Cannulated rats resumed eating on the third day after the
surgery. From the fourth day on, the amount of food con-
sumed and the change in body weight in the cannulated rats
are comparable to that of unoperated, meal-fed rats.

Hepatic extraction of glucose. Portal vein plasma glucose
concentration increased significantly after meal feeding. In
rats meal-fed a diet consisting of 100% of rat chow for 7 d,
plasma glucose concentration in the portal vein was found to
be 4.50+1.01 mM (mean=SE; n = 3) before meal and increase
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Table I. Daily Food Intake and Change in Body Weight in Chronically Cannulated and Unoperated Rats*

Days on meal feeding
1 2 3 4 5 6

A Cannulated rats

change in body wt. (g) ND —15.3£2.3 —10.320.6 -1.7+0.9 3.5+2.0 2.7+0.9

food intake (g)* 0 1.7+0.9 5.7+0.6 10.8+0.7 13.0£1.5 11.8+0.8
B Unoperated rats

change in body wt. (g) ND —8.7+2.1 -3.7+0.7 1.2+1.5 -2.6x1.7

food intake (g) 7.6x1.1 11.2+1.8 13.9+3.3 13.2+1.5 11.5+0.6

* Meal feeding with 50% glucose supplemented chow diet from 8:00 to 10:00 a.m. daily.
# Rats were implanted with intraportal and suprahepatic cannulae as described in Methods. Starting from the second day after the operation,

rats were put on meal feeding.
§ Rats were housed three in a cage.

to 11.54+0.70 mM (mean=SE; n = 4) after feeding. The ability
of liver to extract glucose was found to be dependent on portal
vein glucose concentration. As shown in Fig. 1, plasma glucose
concentration in mixed hepatic blood for the most part is
higher than that in the portal blood before daily feeding, indi-
cating that in the absence of ingested food, liver releases glu-
cose in most cases as would be expected. Liver either released
or extracted glucose at the end of meal feeding, depending on
the amount of food they consumed which varied from 0 to
~ 13 g during the 7 d postoperative period (Table I). The
difference in plasma glucose concentration in the portal and
hepatic veins is highly correlated with plasma glucose concen-
tration in the portal vein (Fig. 2). Liver changes its status from
a glucose releasing organ to glucose uptake organ at a portal
plasma glucose concentration of 8§ mM (Fig. 2).

Hepatic balance of glucose during meal-feeding. Glucose
concentrations in blood sampled from the portal and suprahe-
patic cannulae during the first hour of meal-feeding were de-
termined (Fig. 3). The animals were meal-fed with 100% rat
chow for 6 d. Plasma glucose concentration was determined
on the seventh day. Fasting plasma glucose concentration in
the suprahepatic vein appeared to be slightly higher than that
in the portal vein (Fig. 3). Plasma glucose concentration in the
portal and suprahepatic veins increased rapidly as soon as the
animal started eating, indicating that the absorption of glucose
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Figure 1. Difference in plasma glucose concentration [glc] in hepatic
vein (h.v.) and portal vein (p.v.) vs. portal plasma glucose concentra-
tion before meal feeding. Mixed hepatic and portal blood were sam-
pled from implanted cannulae on days 1, 3, 5, and 7 after surgery be-
fore meal feeding.
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from the ingested complex carbohydrates in the diet is very
rapid. The gradient of plasma glucose concentration in the
portal and suprahepatic veins was also achieved early. 5 min
after the initiation of eating, the difference between plasma
glucose concentration in the portal and hepatic vein became
significant (Fig. 3). This difference persisted throughout the
entire period of observation.

Glycogen synthesis in liver. The rate of glycogen synthesis
in meal-fed rats was determined in a group of unoperated rats
on a 50% chow and 50% glucose diet. Before daily feeding,
significant residual glycogen was found in livers of rats fed the
glucose supplemented diet (Fig. 4). Glycogen content in-
creased over the 2-h meal-feeding period. The rate of glucose
deposition in liver glycogen was estimated to be 57.7 umol
glucosyl U/g wet wt per h (Fig. 4).

Glycogen synthesis from intraportally injected [3-*H,U-
4Clglucose. The incorporation of radioactive glucose into
liver glycogen was determined in a group of cannulated rats on
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Figure 2. Difference in plasma glucose concentration [glc] in hepatic
vein (h.v.) and portal vein (p.v.) vs. portal plasma glucose concentra-
tion after meal feeding. Rats were fed diets of 100% ground chow (m),
50% chow + 50% glucose (a), 50% chow + 50% fructose (o), 50%
chow + 25% glucose + 25% fructose (0), and 50% chow + 50% su-
crose (0). Plasma samples were taken after meal feeding. The correla-
tion coefficient of the linear regression was r2 = 0.77; P < 0.002.



Figure 3. Changes in
plasma glucose concen-
tration in the portal (0)
and mixed hepatic
blood (e) during meal
feeding. Rats were
meal-fed a 100% rat
chow diet for 6 d. The
experiment was per-
formed on the seventh
i day during meal-feeding
with the same diet.
Data were mean+SE of
MIN three experiments.

meal-feeding schedule fed 100% chow or 50% chow + 50%
glucose for at least 5 d (Table II). A tracer dose of [3-*H,U-
14Clglucose was injected into the portal vein at the end of meal
and the incorporation of radioactivity from glucose into gly-
cogen was determined six minutes after the injection. As
shown in Table II, the ratio of H/!*C in liver glycogen was
~ 83 and 92% of that found in liver free glucose for rats
maintained on 100% chow and 50% glucose supplemented
chow diet, respectively. These results indicated that the major-
ity of the exogenous glucose incorporated in liver glycogen did
not go through triose phosphate isomerase and C; interme-
diates. Supplementation of glucose in the diet resulted in 1.6
times more glycogen synthesized and 1.13 times higher *H/'“C
ratio in glycogen, indicating further that glucose can be di-
rectly utilized for hepatic glycogenesis immediately following
phosphorylation in liver (Table II).

Glycogen synthesis from intravenously infused [3-*H,U-
"Clglucose. The incorporation of glucose infused intrave-
nously into liver glycogen was also determined. Rats were in-

200

umol/g LIVER

Figure 4. Glycogen accumulation
(in glucosyl units) in rats meal-fed
with 50% glucose supplemented
chow diets. Data were mean+SE;
HOUR n=3.

fused with [3-*H,U-"*C]glucose intravenously at a rate of 1350
pmol/h per 100 g (~ 243 mg/h per 100 g), a rate similar to that
used by Newgard et al. (9) or Lang et al. (14). Plasma glucose
concentration in the portal vein increases in response to intra-
venous feeding of glucose. The increase in plasma glucose
concentration leveled offin 1 h at ~ 11 mM, which is consid-
erably less than that reported by Lang et al. (14) but greater
than that of Newgard et al. (9) who reported plasma glucose
concentration in the portal vein rarely exceeds 8 mM during
glucose infusion. The difference in plasma glucose concentra-
tion between the portal and arterial blood were not significant
as would be expected in the fasted state (Fig. 5). The specific
activity of plasma glucose in the portal vein and in the aorta
showed time dependent increase during the entire period of
infusion (Fig. 6). Unlike Newgard et al. (9) who showed that
the specific activity of plasma glucose concentration equals
that of glucose in the infusion medium, we found that the
specific activity of plasma glucose can reach only as high as
80% of that in the infusing medium. Further, the specific activ-
ity of plasma glucose in either the artery or the portal vein is
not constant during the infusion.

The weighted mean specific activity of plasma 3H- and
14C-labeled glucose in the portal vein as well as RSA of liver
glycogen at the end of 3 h of infusion were shown in Table III.
The percent contribution of the indirect pathway which was
calculated by substracting the RSA of [*H]glycogen from that
of ["*C]elycogen show that the majority of glycogen synthesis
in liver is brought about by the direct pathway.

Discussion

In this report, we found that liver can extract glucose from
blood plasma when glucose concentration in the portal vein
exceeds 8 mM, a concentration consistent with the reported
K., of glucokinase (24). Plasma glucose concentration in the
portal vein at or above this level is routinely attainable in the
postprandial state in meal-fed rats. We also found that the
ratio of *H/"C in glucosyl units of hepatic glycogen after in-
traportal injection or intravenous infusion of [3-°H,U-'“C]-
glucose is ~ 80-90% of that found in plasma glucose, indicat-
ing that little scrambling of glucose carbon occurs during the
incorporation of glucose into liver glycogen. Our data oppose
the so-called “glucose paradox™ (6, 7) which states that glucose
can not be utilized efficiently through glycolysis in liver, and
that liver glycogen is synthesized from C; intermediates via the
“indirect pathway” (6, 7). Our data also contradict several
recent reports (9, 10, 13, 14) which showed that no more than
one third of the glycogen synthesized in the liver is from the
direct pathway (9, 13) and that at physiological concentration
of plasma glucose the majority of the glycogen is synthesized
from the indirect pathway (14). Reasons for the discrepancy
between this data base of published work and our results will
now be discussed.

Both Newgard et al. (9) and Lang et al. (14) used doubly
labeled glucose in their study on the indirect pathway for gly-
cogen synthesis. The difference in the rate of metabolism be-
tween an irreversible tracer (25) such as [3-*H)- or [6-*H]-
glucose and a reversible tracer (25) such as ['*C]glucose has
been commonly used in studies on substrate cycling in glucose
metabolism (12). Thus, the difference in the rate of metabo-
lism between [2-3H]- and [3-*H]glucose has been used to indi-
cate the extent of futile cycling between glucose and glucose-
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Table I1. Incorporation of Intraportally Injected [3-°H,U-"*C)Glucose into Liver Glycogen*

Rate of glycogen synthesis?
3H/!C in liver
Diet 3H/™C in glycogen free glucose Content of glycogen [3-*H]glucose [U-"“Clglucose
umol/g umol/g/6 min
100% chow ) 7.96+0.25 9.58+0.06 45.8+3.3 2.45+0.61 2.97+0.82
50% chow + 50% glucose 8.97+0.24 9.75+0.04 73.3+18.8 6.05+2.67 6.43+2.74

* Rats were meal-fed diets indicated for 2 h daily from 8:00 to 10:00 a.m. Data were means=SE of three experiments. [3-*H,U-"C]Glucose was
injected into the portal vein at the end of meal feeding. Livers were freeze-clamped 6 min after the injection.
* Calculated by dividing the content of radioactivity in liver glycogen (disintegrations per minute per gram) by the specific activity of free glu-

cose (disintegrations per minute per micromole).

6-phosphate (26); the difference in the rate of metabolism be-
tween [6->H]- and [3-*H]- or [5-*H]glucose has been used to
indicate futile cycling between fructose-6-phosphate and fruc-
tose-1,6-bisphosphate (27); and the difference between the rate
of metabolism of [6->H}- and [6-'*C]glucose has-been used to
indicate the Cori cycle and glucose-alanine cycle (27, 28). In-
stead of using the difference between *H- and '“C-labeled glu-
cose in the synthesis of liver glycogen, Newgard et al. (9) and
Lang et al. (14) chose the RSA of [*H]glycogen to estimate the
percent contribution of the direct pathway. They calculated
the RSA of labeled glycogen by dividing the specific activity of
glucose in glycogen by either the specific activity in the infus-
ing glucose (9) or by the specific activity of glucose found in the
plasma (13, 14) at the end of the infusion period. Since glyco-
gen is synthesized over the 3 h infusion period, it is obvious
that for the calculation of the RSA of glycogen to be meaning-
ful, the specific activity of plasma glucose must be constant
from the very beginning of the experiment, and that the spe-
cific activity of plasma must be equal to that in the infusing
medium at any time during glucose infusion (9). Furthermore,
in order for the RSA of glycogen to equal the percent contri-
bution of the direct pathway, glycogenolysis must not occur
during the infusion of glucose.

These basic requirements for calculating a meaningful
RSA of glycogen are not considered in the study of Newgard et
al. (9), Shulman et al. (13) and others (14). Despite similar

Figure 5. Changes in
plasma glucose concen-
tration in arterial (o)
and portal (o) blood
during glucose infusion.
Rats were previously
fed ad lib. regular com-
mercial chow diet. They
were cannulated and
fasted overnight before
the experiment. The ar-
terial blood was sam-
pled from a cannula
implanted in the aorta
from the external ca-
rotid artery, The rate of
glucose infusion was
2F 1,350 umol/h per 100 g.
Data were mean+SE of
= L s agroup of three experi-

120 180
(MIN) ments.
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conclusions regarding the importance of the indirect pathway
for hepatic glycogenesis between Newgard et al. (9) and Shul-
man et al. (13), the actual primary data leading to these con-
clusions from each group are contradictory. Shulman et al.
(12) showed that most of the '3C label in glucosyl units of
glycogen remained in its original position (82-88%) during
intragastric infusion of [1-'*C]glucose, while Newgard et al.

- -
» N
T T

-
N
T

00
T

[
T

SA OF PLASMA 3H-GLUCOSE (dpm/pmol x 10-3)
S
T

»
T

Figure 6. Changes in
2 the specific activity of
plasma glucose in the
L ) arterial (@) and portal
© T 18 (o) blood during the in-
fusion of [3-*H]glucose
b (a) and [U-"*Clglucose
(b). The rate of glucose
infusion and blood
sampling were as de-
scribed in Fig. 5. The
rate of infusion of [3-
3H]glucose was 13.3
uCi/h per 100 g; and for
[U-"Clglucose was 1.33
#Ci/h per 100 g. The
horizontal line in each
figure represents the
specific activity of glu-
T cose in the infusion me-
dium. Data were
mean=SE of three ex-
MIN periments.
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Table I11. Specific Activity of Liver Glycogen, Plasma Glucose,
and the Relative Specific Activity of Glycogen during Intravenous
Infusion of [3-°H,U-"C1Glucose*

Results from
[3-*H]glucose [U-"Clglucose 3H/MC
SA of liver glycogen 12,650+1,100 1,593+123 7.93%0.19
SA of plasma
glucose! 14,838+854 1,830x110 8.14+0.50
RSA of liver
glycogen (%) 85.8+9.4 87.1+£6.6

* Glucose was infused at a rate of 1,350 umol/100 g per h (243
mg/100 g per h). [3-*H]Glucose was infused at a rate of 13.3 uCi/h
per 100 g; [U-'*C]glucose was infused at a rate of 1.33 xCi/h per 100
g. The unit for SA is dpm/umol. Data were mean+SE of three exper-
iments.

 Weighted mean specific activity of plasma glucose in the portal
vein was calculated according to Lang et al. (14).

using [1-'"“C]glucose showed that only 39-59% of the '“C-label
could remain in its original position during the incorporation
into liver glycogen. In spite of these differences, both groups of
workers concluded that the direct pathway can account for no
more than one third of total glycogen synthesis in liver. To
reiterate, both Newgard et al. (9) and Shulman et al. (13) failed
to consider the nature of constant infusion of labeled metabo-
lites in estimating the RSA of labeled glycogen. By simply
dividing the specific activity of glucose in glycogen by that in
the plasma glucose or glucose in the infusing solution, they
assumed that the specific activity of glucose in plasma can
reach a constant level instantaneously following infusion. In
our experiment, we found that the specific activity of plasma
glucose can not reach a constant level even after a lengthy
period of infusion (Fig. 6). Since glycogen is synthesized over a
period when the specific activity of plasma glucose varies, the
RSA of labeled glycogen determined based on the specific ac-
tivity of glucose in the infusing medium or plasma glucose at
the end of infusion is bound to contain errors leading to seri-
ous underestimation.

Lang et al. (13) considered the variability of the specific
activity of plasma glucose during constant infusion and cor-
rectly used weighted mean specific activity of plasma glucose
as the denominator to calculated the RSA of labeled glycogen.
This calculation of the RSA of glycogen was a significant im-
provement over the method of Newgard et al. (9) or Shulman
et al. (12). However, the RSA of [*H]glycogen can not be used
as an indicator for the contribution of the direct pathway as
Lang et al. concluded. It should be calculated by comparing
the 3H to 'C ratio in liver glycogen with the same ratio in
plasma glucose as Lang et al. later noted (see Fig. 6, reference
14). These two ways to quantitate the percent contribution of
the direct versus indirect pathway are incompatible.

In our opinion, the percent contribution of the direct
pathway in the synthesis of liver glycogen can be best esti-
mated from the difference of the RSA of [*H] and ['*C]-
glycogen, determined based on the weighted mean specific
activity of plasma glucose (Table III). This approach can cir-
cumvent the problem of a glycogenolysis and glycogenesis fu-

tile cycle (12). Since glycogen like most other metabolites is
subjected to constant degradation and synthesis, futile cycling
between glycogenolysis and glycogenesis is inherent in the
RSA calculated for [*H] and ['“C]glycogen. The effect of such a
cycle is significant and can be seen from the data for RSA of
[**C]elycogen. Since the radioactivity of ['*C]glucose can not
be released by the indirect pathway, RSA of ['“C]glycogen
should be equal to 1 if glycogenesis is the only metabolic pro-
cess involved in the incorporation of radioactivity from glu-
cose to glycogen. Experimentally, the RSA of ['*Clglycogen is
far less than 1 as the present result and that of Newgard et al.
(9) indicated. Nevertheless, the effect of glycogenesis and gly-
cogenolysis can be eliminated from consideration simply by
subtraction. In our experiment with glucose infusion (Table
III), the difference in the RSA of [*H] and ['“C]glycogen was
taken to indicate the contribution of the indirect pathway,
since all else is the same for both *H- and '*C-labeled glycogen
except that caused by the indirect pathway of glycogen synthe-
sis. We found no significant difference between the RSA of
[*H] and ["C]glycogen, indicating that glycogen is synthesized
predominantly from the direct pathway, in spite of the fact
that the RSA for [*H]glycogen is not 100%.

Newgard et al. (9) reported that the specific activity of
plasma glucose can be equal to that of glucose in the infusing
solution, indicating that infused glucose can not be diluted by
existing glucose in the animal body. Such a result is highly
improbable and reflects a highly unphysiological condition. It
disregards the fact that there is sizable glucose pool in the body
and that glucose in the body is constantly being degraded
through glycolysis and synthesized from endogenous sub-
strates through gluconeogenesis in either starved or fed state
(27). Although this result was interpreted by Newgard et al. to
indicate that the rate of glucose output is completely inhibited
by glucose infusion (9), this explanation can not be supported
by data in recent reports. Lang et al. (14) showed that glucose
infusion has little effect on hepatic output of plasma glucose or
on gluconeogenesis. At high rate of glucose infusion (1300
pmol/h per 100 g), glucose output was inhibited by only 33%.
In our experiment, the specific activity of labeled glucose in
blood plasma can only reach a level of ~ 70-80% of that in the
infusing solution (Fig. 6), indicating that significant dilution of
the infused glucose by endogenous glucose still occurs.

In conclusion, the present study indicates that liver can
extract glucose and synthesize glycogen directly from exoge-
nous glucose by phosphorylation in the postprandial state.
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