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Abstract

Exercise leads to marked increases in muscle insulin sensi-
tivity and glucose effectiveness. Oral glucose tolerance im-
mediately after exercise is generally not improved. The hy-
pothesis tested by these experiments is that after exercise
the increased muscle glucose uptake during an intestinal
glucose load is counterbalanced by an increase in the effi-
ciency with which glucose enters the circulation and that
this occurs due to an increase in intestinal glucose absorp-
tion or decrease in hepatic glucose disposal. For this pur-
pose, sampling (artery and portal, hepatic, and femoral
veins) and infusion (vena cava, duodenum) catheters and
Doppler flow probes (portal vein, hepatic artery, external il-
iac artery) were implanted 17 d before study. Overnight-
fasted dogs were studied after 150 min of moderate tread-
mill exercise or an equal duration rest period. Glucose
([**C]glucose labeled) was infused in the duodenum at 8 mg/
kg - min for 150 min beginning 30 min after exercise or rest
periods. Values, depending on the specific variable, are the
mean=SE for six to eight dogs. Measurements are from the
last 60 min of the intraduodenal glucose infusion. In re-
sponse to intraduodenal glucose, arterial plasma glucose
rose more in exercised (1034 to 1546 mg/dl) compared
with rested (104*2 to 139+3 mg/dl) dogs. The greater in-
crease in glucose occurred even though net limb glucose up-
take was elevated after exercise (35*5 vs. 20+2 mg/min) as
net splanchnic glucose output (5.1+0.8 vs. 2.1£0.6 mg/kg -
min) and systemic appearance of intraduodenal glucose
(8.1£0.6 vs. 6.3+0.7 mg/kg - min) were also increased due
to a higher net gut glucose output (6.1+0.7 vs. 3.60.9 mg/
kg - min). Adaptations at the muscle led to increased net
glycogen deposition after exercise [1.4+0.3 vs. 0.5+0.1 mg/
(gram of tissue - 150 min)], while no such increase in glyco-
gen storage was seen in liver [3.9+1.0 vs. 4.1+1.1 mg/(gram
of tissue - 150 min) in exercised and sedentary animals, re-
spectively]. These experiments show that the increase in the
ability of previously working muscle to store glycogen is not
solely a result of changes at the muscle itself, but is also a re-
sult of changes in the splanchnic bed that increase the effi-
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ciency with which oral glucose is made available in the sys-
temic circulation. (J. Clin. Invest. 1996. 98:125-135.) Key
words: exertion « gut « liver « skeletal muscle « glucose « car-
bohydrate

Introduction

Despite the adaptations that facilitate muscle glucose disposal
after acute exercise, the increase in systemic blood glucose that
occurs in response to oral glucose is generally no less (1-3) and
may even be greater than the response in sedentary subjects
(4, 5). This suggests that prior exercise leads to extramuscular
adaptations that increase glucose availability to peripheral tis-
sues during an oral glucose load. Since the rate of glucose en-
try into the systemic circulation after feeding is determined by
gastrointestinal glucose absorption and net hepatic glucose
balance, it is likely that one or both of these processes are in-
fluenced by prior exercise. Despite the integral role of splanch-
nic tissues in glucoregulation, very little is known about how
these tissues function after the added metabolic demands
placed upon them by physical exercise.

After exercise, liver and muscle glycogen stores are de-
pleted and gluconeogenic efficiency and lipolysis are elevated (6).
Furthermore, basal (1, 6, 7) and glucose-stimulated (2, 4, 5, 8)
insulin levels are often reduced. Adaptations after exercise
compensate for reduced circulating insulin at the muscle (9).
However, it is unclear whether hepatic sensitivity to insulin or
any other determinant of hepatic glucose metabolism is in-
creased in a similar manner. It was the aim of these studies to
determine whether the gut and liver adapt after exercise to fa-
cilitate the disposition of oral glucose. Specifically, the work
herein describes the influence of prior exercise and in-
traduodenal glucose on (a) intestinal glucose absorption; (b)
net hepatic glucose uptake and its determinants (e.g., hepatic
glucose load, insulin, arterial-portal vein glucose gradient); (c)
partitioning of glucose between oxidative and nonoxidative
processes within the liver and skeletal muscle; and (d) parti-
tioning of carbons between splanchnic bed and previously
working limb. These aims were assessed using dual isotopic
methods in a chronically catheterized conscious dog model.

Methods

Animal maintenance and surgical procedures. Mongrel dogs (n = 15;
mean wt 20.80.4 kg) of either gender that had been fed a standard
diet (beef dinner from Kal Kan, Vernon, CA and Wayne Lab Blox:
51% carbohydrate, 31% protein, 11% fat, and 7% fiber based on dry
weight, Allied Mills, Inc., Chicago, IL) were studied. The dogs were
housed in a facility that met American Association for the Accredita-
tion of Laboratory Animal Care guidelines and the protocols were
approved by the Vanderbilt University School of Medicine Animal
Care Committee. At least 16 d before each experiment a laparotomy
was performed under general anesthesia (sodium pentobarbital, 25
mg/kg). Silastic catheters (0.03 ID) were inserted into the vena cava
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for tracer and indocyanine green infusions. A silastic catheter (0.08
ID) was inserted through the duodenal mucosa 3-4 cm below the py-
lorus for infusion of glucose (cold and U-["*C]glucose) and secured
with a purse string stitch. Silastic catheters (0.04 ID) were inserted
into the portal vein and left common hepatic vein for blood sampling.
Incisions were also made in the neck region and inguinal region for
the placement of arterial and common iliac vein sampling catheters,
respectively. The carotid artery was isolated and a silastic catheter
(0.04 ID) was inserted so that its tip rested in the aortic arch. A silas-
tic catheter (0.03 ID) was introduced into the common iliac vein via a
lateral circumflex vein. Exposure of the lateral circumflex vein was
achieved with a 2-cm incision in the lower femoral region and dissec-
tion of the vein from the subcutaneous tissues. The catheter tip was
positioned in the common iliac vein, distal to the anastomosis with
the vena cava. The median sacral vein was ligated to prevent dilution
from other sites. Verification of catheter placement was made
through the abdominal incision site. After insertion, the catheters
were filled with saline containing heparin (200 U/ml; Abbott Labora-
tories, North Chicago, IL) and their free ends were knotted.

Doppler flow probes (Instrumentation Development Laboratory,
Baylor University School of Medicine, Waco, TX) were used to mea-
sure portal vein, hepatic artery, and external iliac artery blood flows
(10). Briefly, a small section of the portal vein, upstream from its
junction with the gastroduodenal vein, was cleared of tissue, and a
7.0-mm ID flow cuff was placed around the vessel and secured. The
gastroduodenal vein was isolated and then ligated proximal to its coa-
lescence with the portal vein. A section of the main hepatic artery ly-
ing proximal to the portal vein was isolated and a 3.0-mm ID flow cuff
was placed around the vessel and secured. The external iliac artery
was accessed from the abdominal incision, dissected free of surround-
ing tissue, and fitted with a 6.0-mm ID flow probe cuff which was then
secured around the vessel. The Doppler probe leads and the knotted
free catheter ends, with the exception of the carotid artery and com-
mon iliac vein catheters, were stored in a subcutaneous pocket in the
abdominal region so that complete closure of the skin incision was
possible. The carotid artery and the common iliac vein catheters were
stored under the skin of the neck and inguinal regions, respectively.

Starting 1 wk after surgery, dogs were exercised on a motorized
treadmill, regardless of whether they were used for sedentary or exer-
cise experiments, so that they would be familiar with treadmill run-
ning. Animals were not exercised during the 48 h preceding an exper-
iment. Only animals that had (@) a leukocyte count < 18,000/mm?, (b)
a hematocrit > 36%, (c) normal stools, and (d) a good appetite (con-
suming all of the daily ration) were used.

Studies were conducted after an 18-h fast, since this allows for
complete meal absorption in the dog (11). On the day of the experi-
ment, the subcutaneous ends of the catheters were freed through
small skin incisions made under local anesthesia (2% lidocaine; Astra
Pharmaceutical Products, Worcester, MA) in the abdominal and
neck regions. The contents of each catheter were aspirated and they
were flushed with saline. Silastic tubing was connected to the exposed
catheters and brought to the back of the dog where they were secured
with quick drying glue. Saline was infused in the arterial catheter
throughout experiments (0.1 ml/min).

Experimental procedures. Animals were either exercised at a
moderate intensity (100 m/min, 12% grade) on a motorized treadmill
(n = 7) or remained sedentary (n = 8) for a corresponding time pe-
riod (t = —180 to —30 min). The exercise intensity and duration used
in these experiments has been shown previously to result in a twofold
increase in heart rate (12) and an increase in O, uptake to 50% of
maximum (13). Furthermore, a fall in liver glycogen from 35*4 to
13+3 grams results (6). A period of exercise recovery or continued
rest followed (t = —30 to 150 min). Glucose (50% dextrose), mixed
with U-["*C]glucose to give a specific activity of ~ 8,700 dpm/mg, was
given as a primed infusion (150 mg/kg; 8 mg/kg - min) into the duode-
num from t = 0 to 150 min. At t = —70 min primers of 3-[*H]glucose
(42 nCi) and sodium “C-bicarbonate (0.64 n.Ci/kg) were given. Con-
stant rate venous infusions of 3-[*H]glucose (0.30 wCi/min) and in-
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docyanine green (0.1 mg/m? - min) were also initiated at this time.
These infusions were continued for the duration of the study. Iso-
topes were obtained from New England Nuclear (Boston, MA) and
indocyanine green was purchased from Hynson, Westcott, and Dun-
ning (Baltimore, MD). Arterial samples were drawn at 5-min inter-
vals from t = —20 to 0 min and at 15-min intervals from 0 to 150 min.
Portal, hepatic, and common iliac vein samples were drawn at t = —20,
—10, 0, 15, 30, 60, 90, 120, and 150 min. Portal or hepatic vein catheter
failure occurred in three experiments and consequently frans-hepatic
sampling could not be performed. Portal vein, hepatic artery, and ex-
ternal iliac artery blood flows were recorded continuously from the
frequency shifts of the pulsed sound signal emitted from the Doppler
flow probes (10). At the cessation of the experiment animals were
anesthetized using sodium pentobarbital, an abdominal midline inci-
sion was made, and ~ 2-gram biopsies were taken from each of the
seven lobes of the liver. An incision was then made on the medial as-
pect of the left hindlimb and ~ 2-gram biopsies were taken from
three hindlimb skeletal muscles (gastrocnemius, gracilis, vastus later-
alis). Upon excising, all tissue samples were immediately freeze
clamped in liquid nitrogen. The time interval between the induction
of anesthesia and last biopsy was < 5 min.

Processing of blood and tissue samples. After centrifugation plasma
and deproteinized blood were stored on dry ice until the completion
of the experiment. Samples were then stored at —70°C until later
analysis. Plasma glucose levels were determined by the glucose oxi-
dase method using a glucose analyzer (Beckman Instruments, Fuller-
ton, CA). For the determination of plasma glucose radioactivity (°*H
and “C), samples were deproteinized with barium hydroxide (Sigma
Immunochemicals, St. Louis, MO) and zinc sulfate (Sigma Immu-
nochemicals), placed over Dowex 50W-X8 (Bio Rad Laboratories,
Richmond, CA) and Amberlite (Rohm and Haas, Philadelphia, PA)
resins, the supernatant was evaporated, and reconstituted in 1 ml of
water and 10 ml of Ecolite™ (ICN Biomedicals, Irvine, CA). Radioac-
tivity was then determined by dual-label liquid scintillation counting
using a Beckman LS 5000TD. Whole blood lactate, glycerol, and glu-
cose concentrations were determined in samples deproteinized with
an equal volume of 8% perchloric acid by enzymatic methods (14) on
an AutoAnalyzer (Technicon, Tarrytown, NY) or on a Monarch 2000
centrifugal analyzer (Instrumentation Laboratories, Lexington, MA).
Enzymes used in analyses of metabolites and amino acids were ob-
tained from Sigma Immunochemicals or Boehringer-Mannheim Bio-
chemicals (Mannheim, Germany). Whole blood lactate and glucose
radioactivities were measured on the deproteinized whole blood su-
pernatant by an established method (15). The “CO, in whole blood
was liberated by acidification with hydrochloric acid and trapped on
chromatography paper using hyamine hydroxide.

Liver and muscle glycogen mass and radioactivity were measured
by a previously described method (16). Glycogen synthase activity
was determined in the absence of glucose 6-phosphate and in the
presence of 10 mM glucose 6-phosphate by the method of Golden et
al. (17). Glucose phosphorylating activity in liver (glucokinase) and
skeletal muscle (hexokinase) homogenates was measured by a previ-
ously described method (18).

Immunoreactive insulin was measured using a double antibody
system (interassay coefficient of variation [CV]! of 10%) (19). Immu-
noreactive glucagon (3,500 mol wt) was measured in plasma samples
containing 50 pl of 500 KIU/ml Trasylol (FBA Pharmaceuticals, New
York) using a double antibody system (interassay CV of 7%) modi-
fied from the method developed by Morgan and Lazarow for insulin
(19). Glucagon and insulin antisera were obtained from Dr. R.L. Gin-
gerich (Washington University School of Medicine, St. Louis, MO),

1. Abbreviations used in this paper: CV, coefficient of variation; HAF,
hepatic artery blood flow; NEFA, nonesterified fatty acid; PVF, por-
tal vein blood flow; R,, glucose appearance; R, glucose disappear-
ance; SA, specific activity.



and the standard glucagon and '>’I-glucagon were obtained from Novo
Research Institute (Copenhagen, Denmark). Standard insulin and
125]-insulin were obtained from Linco Research Inc. (St. Louis, MO).
Plasma norepinephrine and epinephrine levels were determined us-
ing an HPLC technique (interassay CV of 11 and 13%, respectively)
(20). Plasma cortisol was measured using the Clinical Assays Gamma
Coat™ Radioimmunoassay Kit (Clinical Assays, Travenol-Genetech
Diagnostics, Cambridge, MA) (interassay CV of 6%).

Calculations. Total glucose appearance (R,) and disappearance
(Ry) were determined by non-steady state equations for isotope
(3-[*H]glucose) dilution (21) using a pool fraction of 0.65 (22). He-
patic [**C]glucose production was determined in a manner analogous
to the measurement of R,, with the difference being that the specific
activity (SA) was the ratio of [*H]glucose to [““C]glucose instead of
the ratio of [*H]glucose to glucose. The systemic rate of appearance
of the intraduodenal glucose load was calculated by dividing the he-
patic [**C]glucose production by the intraduodenal infusate SA. En-
dogenous R, was calculated as the total R, minus the systemic rate of
appearance of the intraduodenal glucose load. The systemic appear-
ance of intraduodenal glucose will be overestimated by an amount that
is dependent on the rate that [*C]glucose is recycled. As a consequence,
endogenous R, will be underestimated by the same magnitude.

Net hepatic lactate, glucose, and *CO, balances were determined
by the formula HAF X ([H] — [A]) + PVF X ([H] — [P]), where [A],
[P], and [H] are the arterial, portal vein, and hepatic vein substrate
concentrations and HAF and PVF are the hepatic artery and portal
vein blood flows. These calculations were performed using Doppler-
determined blood flow measurements except in one experiment in
which probe failure required the use of results obtained using the dye
extraction method. The dye extraction technique measures total he-
patic blood flow but does not differentiate between inputs from the
portal vein and hepatic artery. In the experiment that was reliant on
the dye extraction technique, portal vein blood flow was assumed to
be 80% of total hepatic blood flow (23). The load of glucose reaching
the liver equals [P] X PVF + [A] X HAF. Net gut balances were cal-
culated as PVF X ([P] — [A]) and net splanchnic glucose balances
were calculated as (HAF + PVF) X ([H] — [A]).

Net limb balances were calculated as LF X ([A] — [I]). LF is limb
blood (or plasma) flow through the external iliac artery and [I] is the
substrate level in the common iliac vein. The sign was reversed for the
calculation of limb “CO, production. Limb fractional glucose extrac-
tion was calculated as the net limb glucose uptake divided by the limb
glucose load, which was considered equal to LF X [A]. Blood levels
and flows were used for the calculation of all hepatic and limb bal-
ances. The ratio of blood to plasma glucose was calculated for the
basal period and the glucose infusion period for each dog at each of
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Figure 1. Arterial plasma insulin (fop) and glucagon (bottom) dur-
ing an intraduodenal glucose load (8 mg/kg - min) in sedentary
(open circles) and exercised (closed circles) dogs. Data are
mean*SE; n = 8 and 7 sedentary and exercised dogs, respectively.
Plasma glucagon levels were significantly elevated after exercise
from —20 to 30 min (P < 0.05-0.001).

the four sampling sites. Plasma glucose values were then multiplied
by their corresponding ratio (i.e., blood glucose/plasma glucose) to
convert to blood glucose concentrations. The advantage of using
plasma glucose measurements is that a large number of replicates can
be done quickly and at little added cost. The ability to measure repli-
cate samples reduces the measurement CV. The conversion to blood
values alleviates the need for assumptions regarding the equilibration
of substrates between red cell and plasma water.

Hepatic conversion of glucose to CO, was calculated as the net
hepatic *CO, production rate divided by the hepatic [“C]glucose
precursor SA. The precursor SA was considered to be the [**C]glu-
cose SA in the inflowing blood to the liver and was calculated as
({portal vein [**C]glucose SA} X PVF + {artery [*“C]glucose SA} X
HAF)/(HAF + PVF). Since, during a [““C]glucose infusion [**C]lac-

Table I. Arterial Plasma Concentrations of Cortisol, Norepinephrine, and Epinephrine in Sedentary and Exercised Dogs before

and during Intraduodenal Glucose

Intraduodenal glucose

Pre-glucose load 15 min 30 min 60 min 90 min 120 min 150 min

Arterial plasma cortisol (pug/dl)

Sedentary 2.0x04 3.7£0.9 44x12 5.1*13 3.8+0.7 48x14 42=*1.5

Prior exercise 3.7x0.6* 6.8+1.7 7.7*+1.9 7.0x2.7 5.0x1.7 53*14 3.6*1.6
Arterial plasma norepinephrine (pg/ml)

Sedentary 128+21 13020 13226 128+18 124+13 110£12 117+12

Prior exercise 187+44 15226 159+19 159+24 137+24 165+45 158+32
Atrterial plasma epinephrine (pg/ml)

Sedentary 83*10 96%30 128+34 110£24 92+21 87+15 94+28

Prior exercise 137+23% 133+38 115+32 102+21 8026 93+24 124+37

Data are mean*SE. n = 8 and 7 in sedentary and exercised animals, respectively. *Values are significantly different compared with sedentary ani-

mals (P < 0.05-0.002).
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Figure 2. Arterial plasma glucose (top), total glucose appearance
(middle), and glucose disappearance (bottom) during an intraduode-
nal glucose load (8 mg/kg - min) in sedentary (open circles) and exer-
cised (closed circles) dogs. Data are mean+SE; n = 8 and 7 sedentary
and exercised dogs, respectively, for arterial plasma glucose and n =
8 and 6 sedentary and exercised dogs, respectively, for total glucose
appearance and disappearance. Arterial plasma glucose was signifi-
cantly higher in exercised dogs at t = 15, 30, 60, 75, 120, and 135 min
(P < 0.02-0.001). Total glucose appearance was significantly higher
in exercised dogs at t = 15 and 45 min (P < 0.05-0.01).

tate accumulates, it is necessary to consider lactate SA in the calcula-
tion of precursor SA when [**C]lactate uptake is present. In these ex-
periments, lactate was predominantly produced by the liver and,
therefore, was not included in the calculation of hepatic glucose me-
tabolism. Net limb lactate uptake was present during the intraduode-
nal glucose infusion requiring that lactate SA be considered in the
precursor SA for limb glucose conversion to CO,. Limb glucose +
lactate oxidation was calculated as the limb “CO, output divided by
the sum of the SAs of glucose and lactate weighted for their respec-
tive net limb uptakes. Limb nonoxidative glucose + lactate metabo-
lism was determined as the difference between net limb glucose + lac-
tate uptake and oxidation. Inclusion of lactate SA into these
calculations resulted in a < 5% change when compared with values
obtained when lactate was not considered. Assumptions involved in
these calculations have been described in detail previously (24, 25).
Net glycogen deposition in liver and muscle during intraduodenal
glucose was calculated as the fraction of glycogen derived from blood
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Figure 3. Systemic appearance of glucose from the intestine (top) and
liver (bottom) during an intraduodenal glucose load (8 mg/kg - min)
in sedentary (open circles) and exercised (closed circles) dogs. Data
are mean*SE; n = 8 and 6 sedentary and exercised dogs, respec-
tively. Systemic appearance of intraduodenal glucose was signifi-
cantly higher after exercise throughout the intraduodenal glucose in-
fusion period (P < 0.02-0.01). Endogenous glucose production was
suppressed to a greater extent during intraduodenal glucose in exer-
cised dogs at t = 30, 45, 75, 90, and 105 min (P < 0.05-0.005).

glucose (mean ["*C]glucose precursor SA during the intraduodenal
infusion/['*C]glycogen SA) multiplied by the glycogen content of the
liver. Cold and radioactive liver glycogen concentrations were the
mean of biopsy measurements from all liver lobes.

Statistics were performed using SuperAnova (Abacus Concepts,
Inc., Berkeley, CA) on a Macintosh PowerPC. Statistical compari-
sons between groups and over time were made using ANOVA de-
signed to account for repeated measures. Specific time points were
examined for significance using contrasts solved by univariate re-
peated measures. Statistics are reported in the corresponding table or
figure legend for each variable. Differences were considered signifi-
cant when P values were < 0.05. Data are expressed as mean=SE.

Results

Arterial plasma hormone levels. Intraduodenal glucose elic-
ited a fourfold increase in arterial plasma insulin levels which
was equivalent in sedentary and exercised dogs (Fig. 1). Gluca-
gon levels (Fig. 1) were significantly elevated after exercise
(626 pg/ml) compared with sedentary animals (39+2 pg/ml).
Glucagon levels remained elevated at t = 15 and 30 min of in-
traduodenal glucose. Table I shows that the arterial plasma
cortisol, norepinephrine, and epinephrine levels were elevated
after exercise before the intraduodenal glucose infusion. Dif-
ferences in cortisol and epinephrine levels between exercised
and sedentary animals were significant (P < 0.05). Although
there was a tendency for cortisol to be higher during the in-
traduodenal glucose load, no significant differences between
groups were present.

Arterial plasma glucose levels and whole body glucose
fluxes. Arterial plasma glucose was not significantly different
in sedentary and exercised dogs before the intraduodenal glu-
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Figure 4. Net gut (fop), hepatic (middle), and splanchnic (bottom)
glucose balances during an intraduodenal glucose load (8 mg/kg -
min) in sedentary (open circles) and exercised (closed circles) dogs.
Data are mean=SE; n = 6 dogs in each protocol. Net gut glucose out-
put during intraduodenal glucose was greater after exercise at t = 15,
60, 120, and 150 min (P < 0.05-0.005). Net hepatic glucose output was
greater in the basal period after exercise (P < 0.02). Net splanchnic
glucose output was greater after exercise at t = —10, 30, 60, 90, 120,
and 150 min (P < 0.02-0.01).

cose infusion (Fig. 2). It rose to a greater extent with in-
traduodenal glucose in exercised dogs. The larger increase in
arterial glucose after exercise occurred due to a more rapid in-
crease in total R, as compared with sedentary dogs in the first
15 min. Glucose clearance (R, divided by arterial glucose

level) increased similarly in sedentary and exercised dogs over
that same period.

Splanchnic glucose metabolism. The exaggerated initial in-
crease in total glucose appearance after exercise was due to a
greater systemic appearance of intraduodenal glucose (Fig. 3).
The systemic appearance of intraduodenal glucose was ~ 2
mg/kg - min greater after exercise throughout the infusion pe-
riod. Splanchnic glucose output was elevated in exercised ani-
mals compared with the sedentary group before the in-
traduodenal infusion (2.4%0.4 vs. 0.920.3 mg/kg - min) and
rose to a greater extent during infusion (4.5+0.7 vs. 2.1+0.9
mg/kg - min at t = 150 min) (Fig. 4).

The reason for the increases in the systemic appearance of
intraduodenal glucose and net splanchnic glucose output after
exercise relates to effects of exercise on gut and liver glucose bal-
ances. Net gut glucose output during intraduodenal glucose
was accelerated by prior exercise reaching a rate of 5.60.7 mg/kg
- min at t = 150 min compared with a rate of 3.0=1.0 mg/kg -
min in sedentary animals (Fig. 4). Net hepatic glucose output
was ~ 70% greater in the control period after exercise com-
pared with rest (Fig. 4). Nevertheless, net hepatic glucose up-
take was not significantly different in response to intraduode-
nal glucose. Fig. 3 shows that endogenous R,, while similar
before intraduodenal glucose in the two protocols, was reduced
to a lower rate (~ 1 mg/kg - min) during intraduodenal glucose
after exercise. The hepatic glucose load and the portal vein to
arterial glucose gradient, both stimulators of hepatic glucose
uptake, were unaffected and increased by prior exercise, re-
spectively (Table IT). Although the tracer-determined systemic
appearance of intraduodenal glucose is determined by the gut
and hepatic glucose balances, the response of these variables
determined by arteriovenous differences is somewhat different
than the tracer-determined variable. The balances rapidly ob-
tain plateau rates during glucose loading, while the tracer-
determined systemic appearance of intraduodenal glucose
continues to rise gradually after an initial rapid rise. The gradual
rise phase may reflect the contribution of [*“C]glucose recy-
cling.

Hepatic glucose oxidation (Fig. 5) was significantly greater
in response to intraduodenal glucose in sedentary compared
with exercised dogs reaching rates of 0.78+0.14 and 0.40+0.13
mg/kg - min, respectively, during the last 60 min of intraduode-
nal glucose.

Limb glucose metabolism. Net limb glucose uptake (Fig. 6)
was elevated during the control period approximately twofold,
in the exercised dogs. During intraduodenal glucose infusion it

Table I1. Arterial Plasma Concentration and Portal-Vein Plasma Glucose Gradient in Sedentary and Exercised Dogs before and

during Intraduodenal Glucose

Intraduodenal glucose

Pre-glucose load 15 min 30 min 60 min 90 min 120 min 150 min
Hepatic glucose load (mg/kg-min)
Sedentary 23+2 34+4 38+4 38+2 39+4 37+3 33+3
Prior exercise 20*1 35+5 36*5 39+4 36*3 36x3 33+4
Arterial-portal vein blood glucose (mg/dl)
Sedentary 3+1 —13+4 —-16=x3 —-11x4 —15+4 —15%3 —13%5
Prior exercise 3%1 —34+6% —31+3% —=30=*7* —28+3% —29+3% —29+4%

Data are mean=SE. n = 6 in both protocols. *Values are significantly different compared with sedentary animals (P < 0.001).
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SE; n = 6 dogs in each
protocol. Hepatic glu-
cose oxidation was
greater after exercise at
t =90, 120, and 150 min
(P < 0.05-0.002).
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increased to 19£3 and 37=7 mg/min at t = 150 min in seden-
tary and exercised dogs, respectively. The elevated net limb
glucose uptake was largely due to an elevated net limb frac-
tional glucose extraction (Fig. 6). Greater than 90% of the glu-
cose taken up by the limb during the intraduodenal glucose in-
fusion was metabolized nonoxidatively in both groups (Fig. 7).
In addition, the added glucose taken up by the limb after exer-
cise was metabolized nonoxidatively as rates of 35+7 mg/min
were achieved compared with rates of only 18+3 mg/min in
sedentary animals. Limb glucose oxidation was not signifi-
cantly affected by prior exercise (Fig. 7).

Arterial blood levels and splanchnic and limb balances and
lactate. Arterial blood lactate was similar in both groups be-
fore and during the intraduodenal glucose infusion (Fig. 8).
Slight net gut lactate output was present in both protocols be-
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Figure 6. Net limb glucose uptake (fop) and fractional extraction
(bottom) during an intraduodenal glucose load (8 mg/kg - min) in sed-
entary (open circles) and exercised (closed circles) dogs. Data are
mean*SE; n = 8 and 7 sedentary and exercised dogs, respectively.
Net limb glucose uptake was significantly greater after exercise
throughout the intraduodenal glucose infusion period (P < 0.02—
0.001). Net limb fractional extraction was higher after exercise at t =
—20, 15, 30, 120, and 150 min (P < 0.05-0.01).
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Figure 7. Limb oxidative and nonoxidative glucose metabolism dur-
ing an intraduodenal glucose load (8 mg/kg - min) in sedentary (open
circles) and exercised (closed circles) dogs. Data are mean*SE;n = 8
and 7 sedentary and exercised dogs, respectively. Limb nonoxidative
glucose metabolism was higher in exercised dogs throughout the in-
traduodenal glucose infusion (P < 0.05-0.01).

fore and during intraduodenal glucose (Fig. 8). Before in-
traduodenal glucose, net hepatic lactate output was present in
sedentary animals (0.53+£0.49 mg/kg - min), while net hepatic
lactate uptake was present (—0.49+0.08 mg/kg - min) in the
previously exercised animals. In response to intraduodenal
glucose, the liver consistently produced lactate at similar rates
in both groups. Before the intraduodenal glucose infusion, net
limb lactate balance showed a reciprocal pattern compared
with net hepatic lactate balance (Fig. 8). Net limb lactate up-
take was present in sedentary animals, while net lactate release
was evident after exercise. In response to intraduodenal glu-
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Table I11. Arterial Blood Glycerol and Plasma NEFA Concentrations in Sedentary and Exercised Dogs before and during

Intraduodenal Glucose

Intraduodenal glucose

Pre-glucose load 15 min 30 min 60 min 90 min 120 min 150 min
Glycerol (pM)
Sedentary 68+4 50+8 373 31=%5 32+4 28+3 28+4
Prior exercise 156+9* 78£8* 68+7* S1x5% 41£5 40x4 37+£3
NEFA (nEq/liter)
Sedentary 855+106 675+90 351+43 178+34 143*18 13322 148+28
Prior exercise 1566+134* 794+93 441+42%* 268+39% 194+36* 167+22 152+24

Data are mean=SE. n = 8 and 7 for sedentary and exercised animals, respectively. *Levels are significantly different compared with sedentary ani-

mals (P < 0.02-0.001).

cose, the limbs of sedentary and previously exercised dogs con-
sumed lactate at equal rates (~ 3 mg/min).

Arterial blood glycerol and plasma nonesterified fatty acid
(NEFA) levels. Arterial glycerol levels (Table IIT) were signif-
icantly greater after exercise both before and during the in-
traduodenal glucose infusion. Arterial NEFA levels (Table
IIT) were increased by approximately twofold after exercise.
Although intraduodenal glucose led to a suppression in NEFA
levels in both sedentary and exercised dogs, statistically higher
values were still present at t = 30, 60, and 90 min in dogs hav-
ing exercised.

Liver and muscle glycogen levels, glycogen synthase activity,
and glucose phosphorylating activity (glucokinase and hexoki-
nase). Hepatic glycogen is depleted by ~ 70% with the exer-
cise protocol used in these studies (6). Table IV shows that
liver glycogen levels are still reduced even after a 150-min in-
traduodenal glucose infusion. The percentage of the total he-
patic glycogen mass synthesized and the net rate of hepatic gly-
cogen synthesis during the intraduodenal glucose infusion
were not affected by prior exercise. Skeletal muscle glycogen
was not significantly different in sedentary and exercised dogs
after intraduodenal glucose. The fraction of muscle glycogen
formed and the muscle glycogen synthetic rate during the in-
traduodenal glucose infusion were threefold higher in exer-
cised dogs. Hepatic and skeletal muscle glycogen synthase ac-
tivities in the presence and absence of glucose 6-phosphate
(data not shown) and fractional velocity (Table V) after in-
traduodenal glucose were similar in sedentary and exercised

dogs. Moreover, liver glucokinase and skeletal muscle hexoki-
nase activities after intraduodenal glucose infusion were unaf-
fected by prior exercise.

Blood flow measurements. Blood flows in the portal vein
and hepatic artery were not significantly influenced by prior
exercise or intraduodenal glucose (Table VI). Splanchnic
blood flow measured using dye extraction techniques was not
significantly different from and was always within 20% of the
sum of portal vein and hepatic artery blood flow measure-
ments assessed using Doppler flow probes. Mean external iliac
artery blood flow tended to be higher after exercise compared
with sedentary dogs (Table VI). However, differences were in-
significant. Blood flow through this vessel was not influenced
in either protocol by intraduodenal glucose.

Discussion

These results show how prior exercise affects the partitioning
of ingested (intraduodenal) glucose between splanchnic bed
and skeletal muscle. The rate that glucose escaped the splanch-
nic bed was ~ 2.5 mg/kg - min higher during intraduodenal
glucose in dogs having undergone prior exercise as compared
with those that were previously sedentary. This finding is ap-
parent from two independent techniques. Exercised dogs had
a greater net splanchnic glucose output as demonstrated using
arterial-hepatic venous differences (Fig. 4) and an increased
systemic appearance of intraduodenal glucose determined by
tracing the rate of appearance of [“C]glucose mixed into the

Table 1V. Liver and Muscle Glycogen (mg/gram of tissue), Percentage of Total Glycogen Formed during the Intraduodenal
Glucose Infusion, and Rate of Glycogen Synthesis during the Intraduodenal Glucose Infusion (mg/[{gram of tissue-150 min])

Total glycogen

Percentage of glycogen formed during intraduodenal glucose

Glycogen synthesis during intraduodenal glucose

Liver
Sedentary 38.3+4.8 11+3
Prior exercise 26.2+1.2* 15+4
Muscle
Sedentary 6.2+0.9 9+2
Prior exercise 5.3+0.8 27+5%

4.1=1.1 (0.810.22)
3.9%1.0 (0.64=0.17)

0.5+0.1
1.4%0.3*

Data are mean*=SE. n = 8 sedentary and n = 6 exercised dogs. Values in parentheses are the glycogen formed from absorbed glucose expressed in
mg/kg-min. *Values are significantly different compared with sedentary animals (P < 0.02-0.005).
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Table V. Liver and Skeletal Muscle Glycogen Synthase Activity
(Fractional Velocity) and Glucose Phosphorylating Activity
(I mU NADPH/[mg protein-min])

Liver Skeletal muscle

Glycogen synthase Glucokinase Glycogen synthase Hexokinase

71£5
67+6

0.19+0.02
0.19+0.03

239+23
206+12

0.46x0.01
0.46+0.02

Sedentary
Prior exercise

Data are mean=SE. Liver and skeletal muscle glycogen synthase activi-
ties were measured in six sedentary and five exercised dogs. Liver and
skeletal muscle glucose phosphorylating activities, which correspond to
glucokinase and hexokinase activities, respectively, were measured in
six sedentary and seven exercised dogs. Liver values represent the mean
of two separate biopsies and skeletal muscle values are the mean of
three separate muscles of the hindlimb (gastrocnemius, flexor hallicus
longus, and gracilis).

intraduodenal glucose infusate using [*H]glucose (Fig. 3). The
physiological basis for the increased rates of net splanchnic
glucose output and systemic appearance of intraduodenal glu-
cose was an increase in intestinal glucose absorption in the pre-
viously exercised dogs. Whether this increase in intestinal glu-
cose absorption is a result of a nonspecific increase in intestinal
permeability that affects many nutrients or is specific to intesti-
nal transport is unclear. The two- to threefold greater net limb
glucose uptake and glycogen synthesis shows that the fate of
the added glucose escaping the splanchnic bed is the previ-
ously working muscle. These findings are consistent with a
study that showed that twofold more glucose escapes the
splanchnic bed after a 100-gram oral glucose load in humans
after exhaustive exercise and ~ 66% of that which escapes is
channeled into muscle glycogen (26). Furthermore, these data
explain why prior exercise, well known to increase muscle in-
sulin sensitivity and glucose effectiveness, generally does not

improve (1-3) and may even worsen (4, 5, 27) oral glucose tol-
erance. This is reflected in the present study by the ~ 15 mg/dl
greater increase in arterial plasma glucose during intraduode-
nal glucose in the postexercise state.

Net hepatic glucose uptake during intraduodenal glucose
was unaltered by prior exercise and, therefore, did not contrib-
ute to the increased net splanchnic glucose output. However,
closer examination showed that intraduodenal glucose exerted
a greater suppressive effect on endogenous R, after exercise.
By taking the difference between the tracer-determined total
R, and the systemic glucose appearance derived from the in-
testinal load it was evident that the rate of endogenous R, was
suppressed more effectively and comprised a smaller percent-
age of the total R, in the postexercise state. Arterial plasma
glucose was ~ 15 mg/dl greater and, perhaps more signifi-
cantly, the portal vein plasma glucose was ~ 30 mg/dl higher in
exercised compared with sedentary dogs. It is possible that
higher glucose levels may have resulted in a greater suppres-
sion of endogenous R, after exercise (28). Differences in
plasma insulin levels did not cause the greater suppression of
endogenous R, since the levels of this hormone were similar in
sedentary and exercised dogs. It is possible that, like skeletal
muscle, the liver (or kidney) may be more insulin sensitive af-
ter exercise. Studies in humans suggest that tracer-determined
endogenous R, is more easily suppressed by hyperinsulinemia
after exercise (29, 30). However, these findings have to be con-
sidered in light of problems in the interpretation of tracer data
during insulin clamps (31). The nature of the tracer problem is
such that a greater error might be predicted in individuals hav-
ing conducted prior exercise since their glucose turnover will
be higher and the endogenous R, will be a smaller percentage
of total glucose flux. Although arterial glucagon levels were
actually higher in exercised dogs, they fell to a greater extent
in response to intraduodenal glucose in this group. Therefore
it is possible that the greater suppression of endogenous R, re-
sulted from the greater decrement in this hormone. In a sense,
the greater suppression of endogenous R, during intraduode-

Table VI. Portal Vein, Hepatic Artery, Dye-Determined Splanchnic Blood Flow and External Iliac Artery Blood Flows in
Sedentary and Exercised Dogs before and during Intraduodenal Glucose

Intraduodenal glucose

Pre-glucose load 15 min 30 min 60 min 90 min 120 min 150 min

Portal vein (ml/kg - min)

Sedentary 25%3 27+2 28+2 28+2 27+2 26+2 25%2

Prior exercise 23+1 22+3 21%2 23+2 22+2 22+2 20x2
Hepatic artery (ml/kg - min)

Sedentary 49+04 4.9x03 52+0.3 53+0.3 53+03 52+03 4.9x03

Prior exercise 4.7x0.5 43*0.5 43*0.6 4.8+0.6 4.7x0.6 4.6*0.6 43*0.6
Dye-determined total splanchnic (ml/kg - min)

Sedentary 34+4 31=%3 32=+5 32+4 35+4 31=+3 28+4

Prior exercise 29+3 242 242 25+3 23%2 24+3 23+1
External iliac artery (ml/min)

Sedentary 221+25 212+20 21422 205*15 199+16 20017 218+20

Prior exercise 25147 25152 257%52 245+48 252+49 257+45 248+40

Data are mean=*SE. Portal vein, hepatic artery, and external iliac artery blood flows were measured using a Doppler technique, while dye-determined
splanchnic blood flow was measured using a constant infusion of indocyanine green.n = 6 for portal vein and hepatic artery in both protocols.n = 8
and 7 for external iliac artery in sedentary and exercised animals, respectively.
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nal glucose after exercise is a paradox since the purpose of
other splanchnic adaptations to prior exercise described in
these studies is to facilitate net splanchnic glucose release.
Similar rates of net hepatic glucose uptake in sedentary and
exercised dogs during intraduodenal glucose, coupled to a
greater suppression of endogenous R, in exercised dogs, imply
that the absolute rate of hepatic glucose uptake was also atten-
uated. However, this variable was impossible to quantify. The
measurement of hepatic glucose uptake requires either the ac-
curate determination of hepatic balance of isotopic glucose or
calculation of the difference between endogenous R, and net
hepatic glucose balance. Both measurements are limited by
high inherent variabilities. Furthermore, the second method
for calculating hepatic glucose uptake, which requires that to-
tal R, be subtracted from net hepatic glucose balance, will be in
error due to the contribution of the kidney to total R, (~25%)
(32, 33). The possibility that total hepatic glucose uptake is at-
tenuated during intraduodenal glucose after exercise is inter-
esting in light of the fact that plasma insulin and hepatic glu-
cose load were not significantly different and that the
magnitude of the arterial-portal vein glucose gradient, an inde-
pendent stimulator of net hepatic glucose uptake, was actually
increased about twofold. Aspects of each of these factors that
control net hepatic glucose uptake are worth noting. It at first
seems surprising that arterial insulin levels and hepatic glucose
load are no different even though arterial glucose was higher
in exercised dogs. The similar insulin levels despite higher glu-
cose levels during glucose loading in exercised dogs are consis-
tent with the well-described blunting effect of prior exercise on
glucose-induced insulin secretion (8). Hepatic glucose load
was no higher despite elevated glucose levels as hepatic blood
flow tended to be greater, although insignificantly, compensat-
ing for the lower plasma glucose in sedentary dogs. Although
the arterial-portal vein glucose gradient was clearly higher
when exercise preceded the glucose load, it should be noted
that hepatic glucose extraction is relatively insensitive to gradi-
ents in the range observed between sedentary and exercised
dogs (~ 15-30 mg/dl) (34). Very little is known about how
acute exercise affects hepatic glucose uptake. An attenuated
hepatic glucose uptake is consistent with the report that habit-
ual physical activity decreases insulin’s effect on glucose clear-
ance by the perfused liver (35). Glucagon has been shown to
antagonize net hepatic glucose uptake in dogs (36). The higher
glucagon levels in exercised dogs may have contributed to an
attenuation of hepatic glucose uptake. We speculated that at
the cellular level differences in hepatic glucose uptake may be
due to an effect of prior exercise on the enzyme that catalyzes
glucose phosphorylation, glucokinase. Although the activity of this
enzyme was reduced by 14 %, differences were insignificant.
The physiological importance of the adaptations at the
liver due to prior exercise is difficult to evaluate since prior ex-
ercise did not affect net hepatic glucose balance during in-
traduodenal glucose. Regardless, distinguishing hepatic glu-
cose uptake from net hepatic glucose balance is necessary to
understand the apparent incongruent behavior of net limb glu-
cose uptake and whole body R,. Net limb glucose uptake dur-
ing intraduodenal glucose was increased by approximately
twofold by prior exercise, while R; was only slightly increased
(0.5-1.0 mg/kg - min; P > 0.05; NS). If one considers an aver-
age dog weight to be 20 kg (25) and assumes that all four limbs
are equal in weight (forelimbs are ~ 80% of the mass of the
hindlimb) and respond equally to exercise, one can estimate

that whole body R, should be ~ 3.0 mg/kg - min greater during
intraduodenal glucose in the postexercise state. The difference
between R, projected from limb arteriovenous data and the
actual rate calculated using isotope dilution might possibly be
explained by differences in hepatic glucose uptake. As de-
scribed in the preceding paragraph, the differences between
net hepatic glucose uptake and endogenous R, during in-
traduodenal glucose suggest indirectly that total hepatic glu-
cose uptake is attenuated by prior exercise. A rough estimate
indicates that this variable is reduced by ~ 2.0-2.5 mg/kg * min.
This is enough to mask the predicted increase in Ry due to ex-
cess limb glucose uptake.

Liver glycogen accumulated at similar rates in sedentary
and exercised dogs. This is consistent with the demonstration
that hepatic glycogen synthase activity after intraduodenal glu-
cose was unaffected by prior exercise. The sums of net hepatic
glycogen synthesis and lactate output for sedentary and exer-
cised dogs were 2.1 and 1.6 mg/kg - min, respectively, and he-
patic glucose oxidation averaged 0.6 and 0.4 mg/kg - min dur-
ing glucose loading. Differences in hepatic glucose oxidation
were due entirely to greater rates during the last hour of intra-
duodenal glucose in sedentary dogs. It can be estimated from
these data that ~ 75% of the glucose taken up by the liver in
both groups was metabolized by nonoxidative processes.

Prior exercise increased net limb glucose uptake during in-
traduodenal glucose by causing a larger increase in arterial glu-
cose and, consequently, limb glucose load, as well as by in-
creasing limb fractional glucose extraction. This finding of
increased glucose uptake by skeletal muscle supports numer-
ous other studies conducted in rat and humans (for review see
reference 37). The increase in limb fractional glucose extrac-
tion corresponded to an approximately fourfold increase in in-
sulin in both groups. The greater increase in fractional extrac-
tion in exercised animals occurred even though insulin levels
were no greater than in sedentary controls. Differences in limb
fractional glucose extraction were probably due to increases in
skeletal muscle insulin sensitivity (9, 38—41) and insulin-inde-
pendent glucose uptake (9, 38, 42).

The vast majority of glucose taken up by the hindlimb was
metabolized nonoxidatively in both sedentary and exercised
animals. These data also show that the added glucose taken up
in the postexercise state, beyond that seen in sedentary ani-
mals, was metabolized nonoxidatively. The improved capacity
of exercised animals to metabolize glucose nonoxidatively is
consistent with numerous other studies (38, 39, 41, 43-45).
While both arteriovenous difference and biopsy methods indi-
cated that two- to threefold more glucose was disposed of by
nonoxidative pathways after exercise, the absolute values
given by the two methods were markedly different. Arterio-
venous differences of glucose, lactate, and *CO, were used to
calculate nonoxidative metabolism of glucose and lactate (see
Methods) and showed that ~ 2.2 and 4.5 grams of glucose was
disposed of nonoxidatively during intraduodenal glucose by
the hindlimb of sedentary and exercised dogs, respectively.
This differs markedly from values of 0.4 and 0.9 grams for net
glycogen deposition for sedentary and exercised dogs mea-
sured using biopsy methods in hindlimb skeletal muscle (as-
suming that hindlimb is 660 grams of skeletal muscle [25]).
Clearly the two variables measure unique parameters and it is
reasonable to expect differences. For example, values for non-
oxidative metabolism measured with arteriovenous differences
reflect all tissues of the entire hindlimb, while net glycogen
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deposition obtained from muscle biopsies is calculated only for
the portion of the hindlimb that is skeletal muscle. Since adi-
pocyte glucose uptake is sensitized by prior exercise to the
stimulatory effects of insulin, some of the difference may be
ascribed to glucose taken up by these cells and used for triglyc-
eride synthesis (46). Furthermore, nonoxidative metabolism
assessed with arteriovenous differences also includes the re-
lease of glucose metabolites from the hindlimb. Lactate is ac-
tually consumed during intraduodenal glucose by the dog
hindlimb and therefore is not one of these metabolites. It is
possible that a comprehensive assessment of amino acid re-
lease will show that additional glucose carbon is released in
this form. Finally, it is likely that some of the radioactive car-
bons are lost due to the capacitance of metabolic intermediate
pools and the equilibration of “C-compounds within these
pools. This will result in an underestimation of *CO, release
and glucose plus lactate oxidation and an overestimation of
nonoxidative glucose plus lactate metabolism. Even with
methodological differences in mind, the magnitude of the dif-
ferences in results obtained using these techniques is surprising
and warrants further examination.

Intraduodenal glucose load resulted in an increase in arte-
rial lactate, net splanchnic (and hepatic) lactate output, and
net hindlimb lactate uptake in both groups. This is similar to
the response that occurs in human subjects. After an oral glu-
cose load, the splanchnic bed releases (or consumes less if the
oral glucose load is small) lactate in humans (47-49). The in-
crease in hindlimb lactate uptake during intraduodenal glucose in
dogs is consistent with the demonstration that oral glucose is
accompanied by an increase in net lactate uptake by the human
forearm (50). It is important to recognize that the liver of the
overnight-fasted dog usually produces lactate, while the splanch-
nic bed of overnight-fasted human is characterized by net lactate
consumption. This difference is probably related to the shorter
time needed for meal absorption in humans (mixed meal ab-
sorption time of ~ 6 vs. 16 h). This, in effect, leads to a more
gluconeogenic state at any given postmeal interval in humans.

Prior exercise facilitates glucose storage as glycogen in
skeletal muscle. It is well known that adaptations at the muscle
that result in increased sensitivity to insulin and insulin-inde-
pendent processes are an important part of this response. The
results of the experiments presented here show that the increase
in the ability of previously working muscle to store glycogen is
not simply a result of changes at the muscle itself. Specifically,
in the postexercise state glucose is absorbed more rapidly from
the intestine resulting in a greater net rate of splanchnic glu-
cose release and an exaggerated rise in circulating glucose. On
the other hand, net hepatic glucose uptake is no different from
sedentary animals. The shift in the partitioning of absorbed
glucose from splanchnic bed to skeletal muscle after exercise
results in a threefold greater rate of net muscle glycogen depo-
sition in the absence of increased net hepatic glycogen deposi-
tion. Finally, the ability of the gut and liver to adapt to physical
activity, and perhaps other changes in metabolic or nutritional
state, emphasizes that splanchnic glucose metabolism is a ma-
jor factor in determining oral glucose tolerance.
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