Skeletal Muscle Glycolysis, Oxidation, and Storage of an Oral Glucose Load
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Abstract

Although muscle is considered to be the most important site
for postprandial glucose disposal, the metabolic fate of oral
glucose taken up by muscle remains unclear. We, therefore,
employed the dual isotope technique (intravenous, [6->H]-
glucose; oral, [1-'“Clglucose), indirect calorimetry, and forearm
balance measurements of glucose, lactate, alanine, pyruvate,
0,, and CO, in nine normal volunteers to determine the rela-
tive importance of muscle glycogenic, glycolytic, and oxidative
pathways in disposal of an oral glucose load. During the 5 h
after glucose ingestion (1 g/kg), 37+3% (24.9+2.3 g) of the
load was oxidized and 63+3% (42.8+2.7 g) was stored. At least
29% (19.4+1.3 g) was taken up by splanchnic tissues. Muscle
took up 26% (17.9+2.9 g) of the oral glucose coincident with a
50% reduction in its oxidation of fat. 15% of the oral glucose
taken up by muscle (2.5+0.9 g) was released as lactate, ala-
nine, or pyruvate; 50% (8.9+1.4 g) was oxidized, and 35%
(6.4+2.3 g) was available for storage. We conclude that muscle
and splanchnic tissues take up a comparable percentage of an
oral glucose load and that oxidation is the predominant fate of
glucose taken up by muscle, with storage in muscle accounting
for < 10% of the oral load. Thus, contrary to the prevailing
view, muscle is neither the major site of storage nor the pre-
dominant site of disposal of an oral glucose load.

Introduction

Muscle is generally considered to be the predominant tissue
responsible for insulin-mediated glucose disposal in normal
man (1, 2) and the major site of insulin resistance in patients
with noninsulin-dependent diabetes mellitus (1, 3). In the
postabsorptive state, most glucose uptake occurs in noninsu-
lin-sensitive tissues (4). It is, therefore, primarily in the post-
prandial state that insulin-stimulated muscle glucose uptake
would be physiologically most important (5). Despite this role
for muscle in postprandial glucose homeostasis, the metabolic
fate of oral glucose taken up by muscle is unclear.
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Theoretically, disposal of glucose by muscle should pri-
marily involve storage as glycogen for subsequent use and gly-
colysis followed by either oxidation or release of potential glu-
coneogenic precursors such as lactate, alanine, and pyruvate.
The latter pathway is of particular interest, since recent studies
suggest that hepatic glycogen formation may occur primarily
via glucose-6-phosphate derived from gluconeogenic precur-
sors (indirect pathway) rather than glucose-6-phosphate de-
rived from direct phosphorylation of glucose (6).

Experiments employing the hyperinsulinemic euglycemic
clamp technique in conjunction with whole body indirect ca-
lorimetry indicate that most of the infused glucose undergoes
nonoxidative disposal (glycogen formation and glycolysis) in
muscle (7-9). These results, if applicable to the postprandial
state, suggest that nonoxidative disposal in muscle may be the
major fate of ingested glucose. Since balance studies across the
human forearm (10-12) indicate that there is little net release
of glycolytic intermediates after glucose ingestion, it would
appear that, if nonoxidative disposal were the major fate of
oral glucose, most of the glucose taken up by muscle should be
stored as glycogen.

Such a conclusion, however, remains to be established and
may be questioned on several grounds; first of all, in the only
study to date directly examining this point, Nuttall et al. (13)
found no increase in muscle glycogen after an oral glucose load
in normal volunteers. Secondly, in euglycemic clamp experi-
ments during which glucose disposal and plasma insulin con-
centrations exceeded those observed after oral glucose, Mott et
al. (14) also failed to observe an increase of muscle glycogen.
Conceivably, the inability to detect small changes in muscle
glycogen content might explain these observations.

However, the proposal that muscle glycogen formation is
the major fate of ingested glucose may also be questioned from
a physiologic point of view. The classic studies of Andres et al.
(15) indicate that during an overnight fast, muscle consumes at
most only ~ 10 g of its glycogen. If this deficit were com-
pletely replenished, it would account for only 10-15% of a
conventional oral glucose load. On the other hand, energetic
considerations suggest that oxidation may be the major fate of
ingested glucose in muscle. In the postabsorptive state, fat is
the predominant fuel in muscle (15). Previous studies em-
ploying indirect calorimetry have found that after glucose in-
gestion there is a 20-30% suppression of whole body fat oxi-
dation (16, 17). If muscle fat oxidation were decreased to a
similar extent after glucose ingestion, a substantial proportion
of the oral glucose taken up by muscle would have to be oxi-
dized to compensate for the reduced oxidation of fat.

The present studies were, therefore, undertaken to test the
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hypothesis that oxidation is the major fate of oral glucose
taken up by muscle and to more precisely characterize the
disposition of ingested glucose. For this purpose, we employed
an approach that combined the use of isotope dilution, fore-
arm balance, and indirect calorimetric techniques to quanti-
tate the extent to which muscle glycogenic, glycolytic, and
oxidative pathways, as well as splanchnic uptake, were respon-
sible for the overall disposal of an oral glucose load in normal
human volunteers. Our results indicate that oxidation is the
predominant fate of oral glucose taken up by muscle and that
contrary to the prevailing view, muscle is neither the major site
of storage nor the major site of disposal of an oral glucose load.

Methods

Subjects. Informed written consent was obtained from nine healthy
volunteers (four female, five male), who were 27.7+2.6 yr old and
weighed 74.4+5.6 kg. All were nonobese (ideal body weight, 110+4%,
Metropolitan Life Insurance Co. tables, 1985) and had no family his-
tory of diabetes mellitus. Six of the nine subjects exercised two to four
times a week on a noncompetitive basis, but none participated in
strenuous physical activity for at least 24 h before study.

Protocol. The subjects were admitted to the inpatient facility of the
Clinical Research Center, the evening before experiments, having
consumed a weight-maintenance diet containing at least 200 g carbo-
hydrate for the preceding 3 d. After a standard dinner (10 kcal/kg, 50%
cholesterol, 35% fat, and 15% protein) between 5 and 7 p.m., the
subjects received only water for the subsequent 12-14 h until experi-
ments were begun.

At ~ 5 a.m. the next morning, an 18-gauge intravenous catheter
was inserted into a superficial forearm vein for initiation of a primed
(28 uCi), continuous (0.40 xCi/min) infusion of [6-*H]glucose (New
England Nuclear, Boston, MA) to permit determination of the overall
rates of glucose appearance. The ipsilateral radial artery was cannu-
lated with a 20-gauge arterial catheter (Arrow International, Inc.,
Greensboro, PA) for intermittent arterial sampling. In the contralateral
arm, a large antecubital vein was cannulated in a retrograde direction
for intermittent sampling of the deep venous system of the forearm.
Slow saline infusions without added heparin were infused to maintain
patency. After a 3-h isotope equilibration period, each subject ingested
over a 5-min period an oral glucose solution (Dextrol, 200 ml, 1 g/kg,
maximum 75 g; American Scientific Products, McGaw Park, IL) con-
taining 100 uCi [1-'“C)glucose (Research Products Intl., Gif sur Yvette,
France) for the determination of the rate of appearance of the ingested
glucose. Subjects remained supine throughout the experiment. Simul-
taneous arterial and venous blood was obtained at 30- or 60-min
intervals before and over a 5-h period after glucose ingestion for deter-
mination of glucose, [*“C]glucose specific activity, [*H]glucose specific
activity, alanine, lactate, pyruvate, O,, CO,, and insulin concentra-
tions.

Forearm blood flow. Blood flow of the proximal forearm was de-
termined at each blood sampling using electrocapacitance plethysmog-
raphy (18) after the procedure described by Jackson et al. (10): in brief,
the arm was maintained in a resting position with an electrocapaci-
tance plethysmography cuff fitted to the circumference of the proximal
forearm. A pediatric sphygmomanometer cuff (child size Baumano-
meter cuff; W. B. Baum Co., Caplauge, NY) was inflated to 240 mmHg
at the wrist beginning 2 min before flow measurements and continued
until completion of venous sampling in order to exclude hand blood
flow and metabolites from forearm measurements. Blood flow was
measured with a sphygmomanometer cuff (Baumnanometer cali-
brated V-lok; W. A. Baum Co.) placed on the upper arm and inflated
to 50 mmHg. This cuff was deflated at least | min before venous
sampling. Calibration of the apparatus was performed at least hourly
by injecting known volumes of saline into a bladder applied to the
inner surface of the plethysmography cuff. Linearity of response was

1564 Kelley et al.

demonstrated by using sequential graded injection volumes. Three
flow measurements were made at each time point and the mean value
was used. Blood flow was determined as milliliters per minute per 100
ml forearm tissue. The forearm circumference was measured at the
proximal and distal borders of the plethysmography cuff and the con-
tained volume calculated using the equation for a truncated cone.

Whole body glucose and lipid oxidation. Whole body glucose oxi-
dation was determined at 30-min intervals throughout the experiments
by means of indirect calorimetry (19-21) using a metabolic measure-
ment cart (Sensor Medic, Anaheim, CA) equipped with a polarogra-
phic O, sensor, an infrared CO, analyzer, and an inline turbo trans-
ducer for determination of expired gas volume. The machine was
calibrated immediately before each experiment and at 45-min inter-
vals throughout the experiment. For 15 min before each blood sam-
pling, the subject’s expired air was collected by means of a comfortable
yet tightly sealed mask that covered the nose and mouth. After appli-
cation of the mask, the pattern of breathing was allowed to stabilize for
several minutes as determined by demonstration of a constant minute
volume. A 9-min continuous measurement was made and the mean
value was used for calculations. Nonprotein respiratory quotient was
calculated from the calorimetric values and urinary nitrogen excretion
(19). Glucose and lipid oxidation were determined from the tables of
Lusk (20). It was presumed that glucose not oxidized was stored (16,
17). The assumptions and limitations of this use of indirect calorimetry
have been discussed in detail elsewhere (21).

Analytical procedures

Samples for glucose, intermediary metabolites (lactate, alanine, and
pyruvate), and glucose specific activity were collected into NaF-oxalate
tubes, placed on ice, and centrifuged at 4°C. Plasma was separated,
aliquoted, and stored at —20° and —70°C for later analysis of glucose
specific activity and intermediary metabolites, respectively. Plasma
glucose was determined in duplicate by a glucose oxidase method (YSI
glucose analyzer; Yellow Springs Instruments, Yellow Springs, OH).
Plasma lactate was determined with a YSI lactate analyzer (Yellow
Springs Instruments); plasma alanine (22) and pyruvate (23) were de-
termined microflurometrically. Plasma insulin was determined by ra-
dioimmunoassay (24). Blood for O, and CO, content were collected in
an air-free manner into heparinized syringes, placed in ice, and ana-
lyzed immediately using an IL282 CO-Oximeter and an IL813 pH/
Blood Gas Analyzer (Instrumentation Laboratory, Lexington, MA).
The coefficient of variation for determinations of O, and CO, was 0.5
and 1.0%, respectively, over the range of values examined in the
present experiments; the accuracy was +0.7 ml/100 ml for O, and +0.2
ml/100 ml for CO,. Deep venous oxygen content did change through-
out the experiment (11.6 ml/100 ml before glucose ingestion, ~ 12
ml/100 ml after glucose ingestion).

Plasma for determination of [*H}- and ['“C]glucose specific activity
was deproteinized with an equal volume of chilled 7% perchloric acid,
neutralized with KOH, and passed through cation (AG-50-X8) and
anion (Ag-1-X8) exchange columns (Bio-Rad Laboratories, Rich-
mond, CA) to remove charged compounds (25). The eluate was evapo-
rated (Speedvac Concentrator; Savant Instruments, Hicksville, NY) to
remove tritiated H,O and then reconstituted in 2 ml distilled H,O. A
1-ml aliquot was counted for *H and '“C disintegrations per minute by
dual channel scintillation spectrometry after addition of 10 ml scintil-
lation solvent (RPI, Mount Prospect, IL) with correction for quench.
Another 1-ml aliquot was used to determine recycling of the “C-label
by determining '*C in the sixth carbon of plasma glucose using perio-
date degradation and dimedon trapping according to the method of
Bloom (26). Adjustment for efficiency of the degradation and subse-
quent dimedon reaction was made by concurrently measuring recov-
ery of °H on carbon 6. The amount of 6-'*C disintegrations per minute,
multiplied by four according to the equation of Reichert (27), was
subtracted from the total '“C disintegrations per minute to obtain 1-'“C
glucose disintegrations per minute. As previously found by other in-
vestigators (11, 28, 29), recycling did not exceed 10% of total '“C
disintegrations per minute.



Calculations. The rates of overall glucose appearance (endogenous
plus exogenous) were calculated using the nonsteady state equations of
Hetenyi and Norwich (30) from [6-*H]glucose data, since this ap-
proach has been shown to provide a good approximation of glucose
turnover in the nonsteady state (30). The rate of appearance of the oral
glucose in the systemic circulation was calculated from [1-'“C]glucose
data, after correction for recycling, with the equation of Chiasson et al.
(31), the derivation of which has been described in detail (31); this
represents a modification of standard equations in which disintegra-
tions per minute per milliliter is substituted for concentration of unla-
beled glucose to trace the appearance of a labeled substance instead of
unlabeled glucose. Endogenous glucose production was calculated as
the difference between the overall rate of glucose appearance ([6-*H]-
glucose data) and the rate of appearance of exogenous glucose ([1-
!4Clglucose data) (11, 28, 29, 32).

Overall splanchnic glucose uptake was calculated as the difference
between the amount of oral glucose administered and the total sys-
temic appearance of the oral glucose (11, 28, 29). It was assumed that
absorption of the orally administered glucose was completed within
the 5-h experimental period (32, 33).

The forearm balance of substrates was calculated at each time as
the product of the arteriovenous difference and the forearm blood
flow. Plasma concentrations were converted to whole blood values
using the equation: whole blood value equals plasma value times
(1 — 0.0294 hematocrit) (34). The area under the curve was measured
for each substrate to determine the overall net balance of each sub-
strate during the 5-h experimental period. The net balance for lactate,
alanine, and pyruvate, expressed as glucose equivalents (e.g., 2 mol
lactate equals 1 mol glucose), was divided by net glucose balance to
calculate the fraction of glucose uptake that was released as glycolytic
intermediates. It was assumed that under the postprandial conditions
of hyperinsulinemia and hyperglycemia, proteolysis was suppressed
and did not contribute significantly to the release of alanine and lactate
(35). Forearm oxidation of lipid and carbohydrate were calculated
using the table of Lusk (20) and the forearm RQ and oxygen con-
sumption (19). The area under the glucose oxidation curve over the 5-h
experimental period was divided by total net forearm glucose uptake to
determine the fraction of glucose taken up by the forearm that was
oxidized.

Forearm uptake of glucose derived from the oral load was calcu-
lated as the product of overall net forearm glucose uptake and the
fraction of the arterial glucose content derived from the oral load. The
latter was determined at each sampling time as the ratio of arterial
[1-"Clglucose specific activity to 1-'“C-specific activity of the oral
glucose load (31). It was assumed that, after uptake by the forearm
tissues, orally derived glucose and endogenous glucose were metabo-
lized identically and, therefore, that the fractions of overall forearm
glucose uptake that were oxidized, stored, and released as glycolytic
intermediates were identical for orally derived glucose and endogenous
glucose.

Forearm data per 100 ml of tissue were converted to values per
kilogram forearm muscle, assuming that 80% of the measured forearm
blood flow perfused muscle (36) and that muscle comprised 60% of the
measured forearm volume (15). Assuming that forearm muscle was
representative of muscle elsewhere in the body, these values were mul-
tiplied by total body skeletal muscle mass, then calculated from mid-
arm circumference and triceps skinfold thickness using the equation of
Heymsfield et al. (37) to obtain values for total body skeletal muscle.
The validity of these assumptions has been described in detail else-
where (15, 36).

The amount of whole body glucose oxidation attributable to the
orally derived glucose was calculated as the product of whole body
glucose oxidation and the fraction of the arterial glucose content de-
rived from the oral glucose (see above). The amount of the oral glucose
load that was stored was calculated as the difference between the total
glucose ingested and the amount of the ingested glucose that was oxi-
dized.

Data in text and figures are presented as mean+SEM and their

statistical significance was analyzed using paired Student’s ¢ tests; a
P < 0.05 was considered significant.

Results

Plasma glucose and insulin concentrations (Fig. 1)

After ingestion of glucose, arterial plasma glucose increased
from 5.3+0.1 mmol/liter to a peak value of 8.9+0.5 mmol/
liter at 60 min (P < 0.01), and returned to basal levels by 240
min. Plasma insulin followed a similar pattern, increasing six-
fold from 6.4+0.5 to 37.4+5.9 xU/ml at 90 min (P < 0.01) and
returning to basal values by 240 min.

Rates of endogenous, exogenous, and overall

glucose appearance (Fig. 1)

Basal (endogenous) glucose appearance averaged 10.9+0.2
pmol/kg per min. After ingestion of glucose, overall glucose
appearance increased to a peak value of 26.3+1.4 umol/kg per
min at 90 min (P < 0.01) and returned to basal values by 240
min. The rate of appearance of the exogenous (orally adminis-
tered) glucose increased within 30 min to a peak rate of
24.4+1.4 umol/kg per min at 60 min (P < 0.01) and then
progressively decreased to 2.2+0.3 umol/kg per min at 300
min. Endogenous glucose production decreased ~ 40% at 30
min (P < 0.02), reaching a nadir (> 85 percent suppression,
1.5+0.3 umol/kg per min) at 90 min, and was still significantly
suppressed 30% below basal values at 300 min (7.9+0.5 umol/
kg per min, P < 0.01).

Muscle glucose metabolism (Figs. 2 and 3, Table I)
Forearm arterial and venous concentrations and the balance of
glucose and glycolytic intermediates (alanine, lactate and py-
ruvate) are given in Fig. 2. Forearm blood flow (Fig. 3) did not
change significantly during experiments and averaged 2.8+0.3
ml/min per 100 ml of tissue, comparable with values reported
by other investigators (11, 15).

Glucose uptake. Forearm glucose uptake increased from a
basal rate of 0.45+0.08 umol/min per 100 ml tissue to a peak
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Figure 1. Plasma glucose and insulin concentrations and rates of sys-
temic appearance of endogenous glucose, orally administered glu-
cose, and oral plus endogenous glucose after ingestion of a 1-g/kg
glucose load in nine normal volunteers.
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Figure 2. Arterial and venous concentrations and net balance of glu-
cose, lactate, alanine, and pyruvate across the forearm after ingestion
of a 1-g/kg glucose load in nine normal volunteers.

value of 3.51+£0.31 umol/min per 100 ml at 30 min (P <0.01),
and returned to basal values by 210 min. During the 5-h exper-
imental period (Table I), overall glucose uptake was 406+59
pmol/100 ml; of this, 268+43 umol/100 ml was oral glucose.
Total body muscle mass, calculated from mid-arm circumfer-
ence and triceps skinfold thickness using the equation of
Heymsfield et al. (36), was 27+3 kg. Based on this value,
17.9+2.9 g, or ~ 25% of the oral load was taken up by muscle.

Glycolysis. Before ingestion of glucose, the forearm re-
leased lactate and alanine at rates of 0.38+0.12 and 0.28+0.06
pmol/min per 100 ml tissues, respectively. After ingestion of

Table I. Muscle Glucose Metabolism during Assimilation
of Oral Glucose Load

Forearm tissue

(u#mol/100 mi)* Total body muscle (g)
Overall Oral glucose Overall Oral glucose
Uptake 406+59 268+43 27.3+4.3 17.9%+29
Glycolysis 60.2+16.6 37.9+11.5 4.0+1.5 2.5+0.9
Lactate release ~ 35.6+12.2 22.9+7.8 2.3+1.1 1.5+0.7
Alanine release  30.5+6.0 18.9+3.6 2.1+0.5 1.3+0.3
Pyruvate release —6.4+2.9 —4.0+1.8 —0.4+0.2 -0.3+0.1
Oxidation 208+28 138+22 13.6£2.0 8.9+1.4
Storage 138154 91.5+354 9.8+3.7 6.4+2.3

* Micromoles as glucose equivalents calculated as (a) sum of lactate,
alanine, and pyruvate release, (b) glucose uptake minus glycolysis
plus oxidation, and (¢) as described in Methods.

1566 Kelley et al.

glucose, there was a transient decrease in release of both of
these substrates lasting 120-180 min (P < 0.05). During the
5-h experimental period (Table I), net overall lactate and ala-
nine release was 35.6+12 and 30.5+6.0 umol glucose equiva-
lents per 100 ml, respectively. Of this, 22.9+7.8 (lactate) and
18.7+3.6 (alanine) umol glucose equivalents per 100 ml were
derived from the oral glucose. There was a small net uptake of
pyruvate by the forearm in the postabsorptive state (0.05+0.02
umol/min per 100 ml); this increased transiently after inges-
tion of glucose (P < 0.05), so that over the 5-h experimental
period 6.4+2.9 umol glucose equivalents per 100 ml were
taken up (Table I): of this, 4.0+1.8 umol glucose equivalents
per 100 ml were derived from the oral glucose. Extrapolation
of these values for forearm lactate, alanine, and pyruvate bal-
ance to whole body indicated that 2.5+0.9 g, or ~ 15% of the
17.9 g oral glucose taken up by muscle was released as glyco-
lytic intermediates.

Glucose oxidation and storage. Forearm O, and CO, arte-
riovenous differences, respiratory quotient, and glucose oxida-
tion calculated via indirect calorimetry, as well as whole body
nonprotein respiratory quotient and glucose oxidation calcu-
lated by indirect calorimetry, are given in Fig. 3. Forearm O,
arteriovenous difference did not change significantly during
the experiment and averaged 6.9+0.2 ml/100 ml tissue. Fore-
arm CO, arteriovenous difference increased significantly after
glucose ingestion from a basal postabsorptive value of 5.9+0.4
ml/100 ml to a peak of 7.4+0.5 ml/100 ml at 30 min (P
< 0.01), and subsequently returned to basal values by 240 min.
Forearm RQ in the postabsorptive state was 0.80+0.08, simi-
lar to values in normal volunteers found by Andres et al. (15)
for forearm and Lyngsoe et al. for leg (38). After glucose inges-
tion, the RQ increased to a peak of 1.07+0.05 at 60 min (P
< 0.01) and returned to baseline at 240 min.
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Figure 3. Forearm O, and CO, arteriovenous differences, blood flow,
respiratory quotient and carbohydrate oxidation, and overall (whole
body) respiratory quotient and carbohydrate oxidation after inges-
tion of 1 g/kg glucose in nine normal volunteers.



Forearm glucose oxidation in the postabsorptive state was
0.44+0.10 umol/min per 100 ml of tissue; after ingestion of
glucose, it increased threefold to a peak value of 1.21+0.3

- pmol/min per 100 ml at 60 min (P < 0.01), and subsequently
returned to basal values between 240 and 300 min. During the
5-h experimental period, forearm glucose oxidation totaled
208+28 umol/100 ml, of which 138+22 umol/100 ml was
attributable to oral glucose. Extrapolation of this value to total
body (Table I) indicated that 8.9+1.4 g, or ~ 50% of the 17.9 g
oral glucose taken up by muscle, was oxidized. Subtraction of
the oral glucose oxidized (8.9 g) and the oral glucose released
as glycolytic intermediated (2.5 g) from the total oral glucose
taken up by muscle (17.9 g) left 6.4+£2.3 g, or ~ 35% of the
oral glucose taken up by muscle available for storage. Thus, of
the 67.6-g oral glucose load, ~ 10% could be accounted for as
muscle glycogen.

Fat oxidation. In the postabsorptive state, forearm fat oxi-
dation averaged 72+12 ug/100 ml tissue/min; after ingestion
of glucose, it decreased > 80% to 10+4 ug/100 ml tissue/min
at 120 min, and returned to basal values by 240 min (69+19
ug/100 ml/min). During the 5-h postprandial period, forearm
fat oxidation was decreased > 50%, averaging 346 ug/100
ml/min, P < 0.01. ‘

Splanchnic glucose metabolism (Table II)

The overall systemic appearance of glucose during the 5-h
experimental period was 66.5+4.6 g. Of this, endogenous glu-
cose accounted for 28% (18.5+1.6 g) and oral glucose ac-
counted for 72% (48.2+3.2 g). Since the dual isotope technique
measures only first pass uptake, the difference between the
67.7 g glucose administered orally and the 48.2 g of the oral
glucose that appeared systemically (19.4+1.3 g, or 29% of the
oral glucose load) represents a minimal estimate of the oral
glucose retained in the splanchnic bed. Endogenous glucose
production was suppressed an average of 58+2% during the
5-h postprandial period, resulting in splanchnic conservation
of 25.7+1.6 g glucose.

Whole body glucose and fat oxidation

and glucose storage (Fig. 3)

Whole body RQ in the postabsorptive state was 0.80+0.01;
after ingestion of glucose, it increased to a maximum of

Table I1. Splanchnic Glucose Metabolism during Assimilation
of an Oral Glucose Load

Percent g/5h

Overall systemic glucose appearance

(endogenous and exogenous) 66.5+4.6
Baseline endogenous glucose appearance 44.2+29
Endogenous glucose appearance after

oral glucose 18.5+1.6
Suppression of endogenous glucose

appearance 58.4+1.5
Endogenous glucose not released 25.7+1.8
Glucose administered orally 67.6+2.7
Oral glucose appearing systemically 48.2+3.2
Oral glucose taken up by splanchnic bed 19.4+1.3
Proportion of oral load taken up by

splanchnic bed 29.3+2.4
Overall glucose retained by splanchnic

45.1+3.1

bed (endogenous and exogenous)

0.92+0.02 at 120 min (P < 0.01) and returned to baseline by
270 min. Glucose oxidation in the postabsorptive state was
5.6+0.6 pmol/kg per min. During the 5-h experimental pe-
riod, a total of 37.7+4.0 g of glucose was oxidized; 24.9+2.3 g
was attributable to the oral glucose. This amount of glucose
oxidation left 42.8+2.7 g, or 63+3% of the oral glucose load
available for storage. During the 5-h postprandial period,
whole body fat oxidation decreased 35%, averaging 0.60+0.06
mg/kg per min compared with 0.92+0.08 mg/kg per min in
the postabsorptive state (P < 0.01).

Discussion

Ingestion of glucose normally suppresses release of endoge-
nous glucose from the liver (11, 28, 29) and reduces the oxida-
tion of fat (16, 17). To the extent that this occurs, ingested
glucose must be substituted for endogenous glucose and fat to
satisfy tissue energy requirements. Since fat is the major energy
source for muscle in the postabsorptive state (15), we postu-
lated that oxidation rather than storage would be the predomi-
nant fate of ingested glucose in muscle. To test this hypothesis
and to more precisely characterize the metabolic fate of an oral
glucose load, we employed a dual isotope technique (31), .
which permitted measurements of endogenous glucose output,
the appearance of orally administered glucose in the systemic
circulation, and the proportion of plasma glucose derived from
the ingested glucose. This approach, in conjunction with use of
indirect calorimetry and determination of substrate balance
across the forearm, enabled us to calculate uptake of the orally
administered glucose by muscle and the splanchnic bed, as
well as the relative proportions of the oral glucose that were
oxidized, stored, or released as glycolytic intermediates from
muscle.

Muscle glucose metabolism. Over the 5-h experimental pe-
riod, the forearm took up 73 mg (406 umol)/100 ml of tissue;
extrapolation of this value to whole body muscle, assuming (as
have other investigators) (10, 11, 15, 29, 39) that 80% of mea-
sured forearm flow was muscle and that 60% of the measured
forearm was muscle, yielded a value of 27 g for whole body
muscle glucose uptake. This value, of course, includes both
oral and endogenous glucose. When the endogenous compo-
nent is subtracted from knowledge of the proportion of plasma
glucose due to the oral glucose, ~ 18 g, or 26% of the oral load
was found to be taken up by muscle.

This value is comparable with the 33-46% estimated by
other investigators (10, 11, 28, 29, 39) on the basis of forearm
or leg glucose extraction data, given the fact that the endoge-
nous glucose component was not subtracted in those studies.
However, these values are substantially less than that reported
by Katz et al. (5). These investigators estimated, on the basis of
leg glucose extraction data, that muscle took up 65 g of a 92-g
load (71%). The latter value would appear to be in error, since
it approximated the total splanchnic glucose output in their
subjects and brain alone would have taken up > 15 g during
their experiment (40-42).

A possible explanation for the discrepant results of Katz et
al. (5) is that these investigators did not take into consideration
leg blood flow distribution and leg tissue composition, and
they did not subtract from their total leg glucose uptake the
component due to endogenous glucose. Recalculation of their
data, taking these factors into consideration, would give a

Metabolic Fate of Oral Glucose =~ 1567



value of 31 g, or ~ 34% of the 92-g oral load for muscle
glucose uptake, which is more in line with the results of pre-
vious studies (10, 11, 29, 39).

Although currently available data thus indicate that
25-30% of an oral glucose load is disposed of in muscle, the
metabolic fate of the glucose taken up by muscle has not been
previously studied in detail. The measurement of forearm bal-
ance of lactate, alanine, pyruvate, O,, and CO, in the present
experiments permitted calculation of the relative amounts of
the oral glucose that underwent glycolysis, oxidation, and
storage in muscle. Of the 18 g oral glucose taken up by muscle
in the present study, ~ 15% was released as either lactate,
alanine, or pyruvate (glycolysis); an additional 8.9 g, or ~ 50%
of uptake was oxidized. This left 6.4 g, or ~ 35% of the
amount taken up available for storage.

That oxidation should be the predominant fate of ingested
glucose in muscle is consistent with the fact that after glucose
ingestion there is a marked suppression of fat oxidation (16,
17). In the present study, whole body fat oxidation decreased
35%, equivalent to ~ 6 g over the 5-h experimental period.
During the same period, oxidation of fat by the forearm was
decreased > 50%. This value would predict a decrease of ~ 4 g
of fat oxidation by muscle tissue. Thus, the decrement in
whole body fat oxidation can be largely accounted by the dec-
rement in muscle fat oxidation. Oxidation of the glucose taken
up by muscle would, therefore, be needed to compensate for
diminished fat oxidation in order to satisfy muscle energy re-
quirements.

The value that we obtained for storage of glucose in muscle
does not appear to be an underestimation, since it could ac-
count for complete replenishment of muscle glycogen stores
that had been depleted during the overnight fast. In the basal
period, we found a net negative glucose balance of 0.30 umol/
min per 100 ml tissue, comparable with those found by Andres
et al. (15) for forearm and Lyngsoe et al. (38) for leg. Extrapo-
lation of these data would indicate that overnight there had
been ~ 11 g depletion of body muscle glycogen, a value quite
comparable with the overall amount of glucose that we found
was stored in muscle (~ 10 g).

It is well established the arterial lactate concentrations in-
crease after glucose ingestion (10-12, 43, 44). In the present
study, net forearm output of lactate decreased as arterial lac-
tate increased. This observation and those of Jackson et al. (10,
11) and Radziuk et al. (12), demonstrating only a small
amount of lactate release from forearm tissues after an oral
glucose load in human volunteers, would argue strongly
against muscle lactate release being a major factor responsible
for the rise in arterial lactate concentrations.

Although it is currently thought that hepatic glycogen is
formed predominantly via a so-called indirect pathway from
3-carbon gluconeogenic precursors (6), the source of these
precursors has not been established. One potential source
could be Cori cycle and glucose-alanine cycle activity in mus-
cle (27, 35). The findings in the present study of only 4 g of
alanine, lactate, and pyruvate net output by muscle indicate
that muscle cannot be a major source of 3-carbon fragments
for postprandial hepatic glycogen repletion via the so-called
indirect pathway (6). Recent studies (43-45) suggest that
splanchnic tissues may be important. However, the situation
may be different in the postabsorptive state. In the present
studies, muscle released 185 umol/min of lactate, alanine, and
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pyruvate. Since gluconeogenesis averages ~ 280 pmol/min in
normal volunteers (46), muscle could supply as much as two-
thirds of the 3-carbon precursors used for gluconeogenesis in
the postabsorptive state.

Splanchnic glucose metabolism. In the present studies,
48.2+3.2 g of the 67.6+2.7 oral glucose load administered
(71%) appeared in the systemic circulation over 5 h. All of the
oral glucose should have been absorbed during this period (32,
33). Therefore, the difference between the amount ingested
and the amount appearing in the systemic circulation,
19.4+1.3 g, or nearly 30% of the oral load, can be considered to
have been disposed of within the splanchnic bed. Although this
percentage was not significantly greater than that attributable
to muscle, it should be pointed out that this value probably
underestimates the overall splanchnic contribution to disposi-
tion of the oral load since our calculation represents only ini-
tial splanchnic extraction (32) and does not include splanchnic
uptake of glucose from the systemic pool.

Our results agree quite well with the results of several re-
cent studies examining splanchnic glucose uptake over a com-
parable period of time using either the hepatic venous catheter
technique (5, 28) or an isotopic approach (11, 28, 47). The
somewhat greater percentages for splanchnic glucose retention
reported by Felig et al. (48) and Waldhausl et al. (49) can be
reconciled with the above results, given the fact that in those
studies splanchnic output was measured only for 2-1/2 to 3 h,
in contrast to the 3-1/2 to 5 h duration of the other studies.
Since splanchnic output of oral glucose may not have been
complete within 3 h (32, 33), the experiments of Felig et al.
(48) and Waldhausl et al. (49) probably overestimated
splanchnic retention. Thus, if allowances are made for the
different experimental conditions, the results of all the above
studies indicate that splanchnic tissues are responsible for a
minimal disposal of 25-30% of orally administered glucose in
normal human volunteers. Indeed, values similar to these have
been found recently in experiments in dogs in which hepatic
glucose balance was directly measured by simultaneous portal
venous and hepatic venous glucose sampling (43, 44).

In the present studies, endogenous glucose production was
suppressed 58% over the 5-h period after ingestion of oral
glucose. This is comparable with values found in other recent
studies (11, 28, 29) that averaged 56%. In the present studies,
this suppression of endogenous glucose output resulted in
nearly 26 g of glucose not being delivered into the systemic
circulation. Thus, these results indicate that suppression of
endogenous glucose output by splanchnic tissues is at least as
important as splanchnic uptake of exogenous glucose (26 vs.
19 g, respectively, in the present studies) in determining post-
prandial oral glucose tolerance.

Overview of disposition of oral glucose load. The simulta-
neous measurement of splanchnic and forearm glucose bal-
ance in conjunction with forearm and whole body indirect
calorimetry in the present studies permit a more complete
assessment of the metabolic fate of an oral load than has been
previously available. Given the numerous assumptions of the
techniques that we employed and some potential inaccuracies
involved in extrapolation of forearm data to whole body mus-
cle and use of values taken from other studies for brain, kid-
ney, and heart glucose metabolism, the schema shown in Fig. 4
should not be taken as strictly quantitative. Nevertheless, as a
general overview of the relative importance of various tissues
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Figure 4. Overview of metabolic fate of 68-g oral glucose load in nor-
mal human volunteers. Values for kidney storage actually represent
net uptake and may include glucose that was metabolized.

in the disposal of oral glucose, the values probably represent
reasonable estimates.

The data of the present study indicate that splanchnic tis-
sues account for a minimum of 29% of the disposal of an oral
glucose load and that muscle accounts for ~ 26%. Human
brain, kidney, and heart have been reported to take up glucose
in the postabsorptive state at rates of 83 (40-42), 26 (50, 51),
and 14 (15) mg/min, respectively. Assuming that their uptake
of glucose would not decrease after glucose ingestion, and that
exogenous glucose would substitute for endogenous glucose
due to suppression of hepatic glucose production, brain, kid-
ney, and heart glucose uptake could account for a minimum of
23, 7, and 4%, respectively. Adipose tissue could account for
another 3% (52), leaving at most ~ 10% of the load to be
disposed of by other tissues. Thus, brain, muscle, and splanch-
nic tissues appear to be major sites of disposal of an oral glu-
cose load, together accounting for at least 80% of the load.

The data of the present and previous studies (16, 17,
53-55) indicate that 30-40% of an oral glucose load is immedi-
ately oxidized; specifically, in the present studies 24.9 g (37%)
of a 67.6-g oral load was oxidized. About 35% of this (8.9 g)
could be accounted for by muscle. Since nearly all (~ 90%) of
glucose taken up by the human brain is oxidized (56, 57), an
additional 55% of the oxidation of the oral load (15.3
X 0.9/28.2 g) could be accounted for by brain. Thus, muscle
and brain together can account for ~ 90% of the oxidation of
an oral glucose load. Heart oxidizes ~ 20% of the glucose that
it takes up in the postabsorptive state (58). Assuming its basal
glucose uptake (14 mg/min) would not decrease after glucose
ingestion, heart could account for an additional 0.5 g of the
oral glucose load oxidized in the present study. This would
leave only between 1 and 2 g available for oxidation by
splanchnic and other tissues.

Of the 63% of the oral glucose load (42.8/67.6 g) not oxi-
dized in the present study and presumed to have been stored,
splanchnic tissues could account for at least 45% (19.4/42.8 g).
Muscle accounted for 15% (6.4/42.8 g). Thus, contrary to a
prevalent view (5, 28, 29), muscle would not appear to play a
major role in the storage of an oral glucose load. The remain-
ing 17 g of the oral glucose load whose storage was not directly
measured in the present study could be accounted for in the

following manner: 7 g could be attributed to kidney (50, 51)
and heart (15, 58), based on the data from other studies in
which balances across these organs were made in the postab-
sorptive state. We have assumed that net glucose minus release
of glycolytic intermediates would not increase after glucose
ingestion (which would give a minimum for storage). The data
of Bjorntrop and Sjostrom (53) indicate that an additional 2 g
could be attributed to adipose tissue. This would leave ~ 8 g of
the load unaccounted for. Note that our estimate for splanch-
nic glucose storage represents a minimal estimate, since the
double isotope method we used measures only first pass glu-
cose uptake. Moreover, our calculations for splanchnic glucose
storage did not include 3-carbon fragments derived from glu-
cose that may have been incorporated into hepatic glycogen
(6). Considering only the net release of 2.5 g of lactate, alanine,
and pyruvate from muscle, our estimate of splanchnic glucose
storage would increase to 51% of the storage of the oral load
and leave only ~ 10% of storage of the load unaccounted for.
Given the fact that we assumed that brain, kidney, and heart
glucose uptake would not increase after glucose ingestion, our
calculations appear to provide a reasonable accounting of the
disposition of the oral glucose load.

In summary, our results indicate that (@) muscle and
splanchnic tissues each take up 25-30% of an oral glucose
load, and that, (b) 50% of the glucose taken up by muscle is
immediately oxidized; 15% is released as glycolytic interme-
diates, and 35% is stored, with the latter accounting for only
~ 15% of the overall storage of the oral glucose. We conclude
that oxidation is the predominant fate of oral glucose taken up
by muscle, and that contrary to the prevalent view, muscle is
neither the predominant site of storage of ingested glucose nor
the major site of disposal of an oral glucose load.
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