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Abstract Under normal healthy conditions, exercise initiates simultaneous elevations in
hepatic glucose production (glucose Ra) and glucose utilisation. As a result,
circulating glucose levels are maintained at a relatively constant level. This
relatively simple and effective relationship between the liver and the skeletal
muscle is maintained by a complex interplay of circulating and locally released
neuroendocrine controllers. In large part, exercise-induced changes in the pancre-
atic secretion of glucagon and insulin are primarily responsible for the stimulation
of glucose Ra during moderate exercise. However, exercise imposed on an
additional metabolic stress (heavy exercise and poorly controlled diabetes mel-
litus) can increase sympathetic drive and has been suggested for decades to play a
significant role in glucoregulation. In addition, blood-borne feedback and afferent
reflex mechanisms may further modulate the glucose Ra response to exercise. This
article discusses new findings from novel animal and human experiments specifi-
cally designed to examine the regulatory components of the neuroendocrine
system and their influence on glucoregulation during exercise.
1. Glucoregulation During cose Ra) is a complex system (figure 1). Studies
Moderate Exercise utilising the pancreatic clamp technique in dogs

have demonstrated that glucagon and insulin are
The neuroendocrine regulation of exercise-in-  responsible for ~60% and ~55% of the exercise-
duced changes in hepatic glucose production (glu-  induced increment in glucose Ra, respectively.!-?]
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Fig. 1. An overview of factors in involved in the regulation of hepatic
glucose production. SNA = sympathetic nerve activation.
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The importance of glucagon and insulin in the stim-
ulation of glucose Ra during exercise has also been
demonstrated in humans using similar pancreatic
clamp techniques.! The advantage of the pancreatic
clamp technique in dogs is that glucagon and insulin
are introduced into the portal circulation that pre-
serves their physiological entry site. Using this
methodological approach, the regulatory roles of
glucagon and insulin sum to control >100% of glu-
cose Ry during moderate exercise due to the overlap
in the mechanism of action by both hormones.™!

The catecholamines have also been proposed to
stimulate glucose Ra under conditions of particular-
ly high metabolic stress (heavy exercise, diabe-
tes).>01 Sympathetic activity is known to increase
dramatically in conjunction with glucose Ra at the
onset of exercise and these responses can be exag-
gerated under the aforementioned conditions./”-!
For example, catecholamines may increase as much
as 10- to 15-fold during heavy exercise with little to
no change in arterial glucagon and/or insulin in the
first few minutes of heavy exercise.””! This supports
the notion that the catecholamines may be involved
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in the stimulation of glucose Ra during heavy exer-
cise.

2. Adrenergic Mechanisms and Heavy
Exercise: Animal Models

It is important to mention that the ability of the
catecholamines to directly stimulate glucose Ra is
dependent on their delivery to the liver. Catecho-
lamines are delivered by the circulation (adrenaline
[epinephrine] and noradrenaline [norepinephrine])
and by sympathetic nerve activity (noradrenaline).
The gut extracts 50% of the plasma catecholamines
delivered to it (figure 2)."1 Extraction of this magni-
tude leads to portal adrenaline concentrations that
are ~50% of the arterial adrenaline concentrations.
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Fig. 2. Arterial, portal vein, and hepatic vein plasma (a) adrenaline
(epinephrine) and (b) noradrenaline (norepinephrine) concentra-
tions in the basal state and during heavy exercise. Values are
significantly increased for both hormones from basal levels at t = 5,
10, 15 and 20 minutes for arterial, portal vein and hepatic vein (p <
0.05). Data are means + standard error of the mean; n = 7.
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Fig. 3. Endogenous glucose production during basal, heavy exer-
cise, recovery and blockade test periods. Data are means * stan-
dard error of the mean; n = 7 for control and n = 6 dogs for hepatic
adrenergic blockade. * p < 0.05 difference between the two groups.

Because of the sympathetic innervation of the gut,
portal vein noradrenaline concentrations are largely
similar to arterial noradrenaline concentrations. De-
spite the similarity between arterial and portal vein
noradrenaline levels, noradrenaline is 30-fold less
effective in the stimulation of Ra compared with
adrenaline.l'”) Thus, it seems clear that arterial
adrenaline levels overestimate those at the liver, and
noradrenaline is less effective compared with adren-
aline in stimulating glucose Ra.

Despite splanchnic kinetics that weaken the im-
pact of catecholamines in the stimulation of glucose
Ra, previous studies have still postulated that they
are the primary mediators of glucose Ra during
heavy exercise.P! These authors concluded that the
catecholamines were the principal stimulus of the
increase in glucose Ra based upon a correlation
analysis. In contrast, studies that utilised the in-
traportal infusion of phentolamine and propranolol
to block o- and B-adrenoceptors at the liver had no
effect on glucose Ra or net hepatic glucose output
(NHGO) during heavy exercise in dogs!!! (figure 3).
These studies utilised rapid arterial sampling, arte-
riovenous difference techniques (NHGO), advanced
glucose tracer methodology and a novel method of
adrenergic blockade to accurately assess the role of
the catecholamines acting directly at the liver in the
stimulation of glucose Ra.'! Intraportal delivery of
phentolamine and propranolol resulted in minimal
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extrahepatic effects (similar insulin, glucagon, glyc-
erol, free fatty acids [FFA] and heart rate responses
in both groups) in these studies due to the efficient
hepatic extraction and the reduced delivery of the
blockers. Therefore, experimental strategies de-
signed to specifically address the role of hepatic
adrenergic mechanisms do not support their role in
the stimulation of glucose Ra during heavy exercise.

3. Adrenergic Mechanisms:
Human Models

A variety of novel experimental methodologies
have been employed to study the role of neuroen-
docrine regulation in the stimulation of glucose Ra
in humans.['>!" In accordance with findings from
animal studies, exercise-induced increases in glu-
cose Ra were identical in liver-transplant recipients
(presumably free of hepatic innervation) compared
with healthy control subjects. The exercise-induced
increases in glucose Ry were also similar in liver-
transplant recipients as well as kidney-transplant
recipients who received a similar hormonal and im-
munosuppressive drug treatment.['*! Liver-trans-
plant recipients were investigated approximately 8
months after surgery and showed no sign of rein-
nervation in any of the patients as judged from the
content of noradrenaline in liver biopsies.['¥ These
findings indicate that sympathetic liver nerves do
not play an important role for the exercise-induced
rise in glucose Ra.

The role of hepatic nerves has also been investi-
gated in healthy humans by anaesthetising the coeli-
ac ganglion that provides sympathetic innervation of
the liver, the pancreas and the adrenal medulla.
During these studies, infusion of somatostatin sup-
pressed pancreatic hormone secretion and exercise-
induced changes in glucagon and insulin were mim-
icked via peripheral infusion.['?! During coeliac gan-
glion blockade, glucose Ra increased similar to find-
ings in control experiments. This was true whether
or not exercise-induced increases in adrenaline were
mimicked via exogenous infusion. However, when
adrenaline was infused at supraphysiological doses,
adrenaline was able to enhance glucose Ra during
exercise.l'?! Furthermore, exogenous adrenaline in-
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fusion that produced normal physiological levels in
adrenalectomised individuals augmented glucose Ra
only during the early stages of exercise, and the
maximal response was not altered, not even during
intense exercise!!'”! (figure 4). Taken together, sym-
pathetic liver nerves or circulating noradrenaline
does not appear to be important in the stimulation of
glucose Ra during heavy exercise, and circulating
adrenaline plays only a minor role during intense
exercise, and late during prolonged exercise.

4. Blood-Borne Feedback versus
Neural Mechanisms

In order to understand the relative role of blood-
borne feedback versus neural mechanisms in the
regulation of glucose R, studies were completed in
spinal-cord injured individuals utilising electrical
stimulation of paralysed muscle to induce cy-
cling."¥ During cycling exercise in spinal-cord in-
jured individuals, glucose uptake increased by 50%,
whereas blood glucose declined, and glucose R; did
not increase from resting levels.['* However, the
fact that sympathetic impairment in these individu-
als did not allow for an exercise-induced decrease in
pancreatic insulin release, made it possible that lack
of arise in Ry was because of the inhibitory effect of
high insulin levels.

In a similar experiment, functional electrical
stimulation (FES) was utilised in healthy individuals
who had their lower limbs paralysed with epidural
anaesthesia. Cycle exercise was performed using
FES in these subjects at an oxygen uptake of almost
2 L/min and plasma glucose dropped indicating that
the rise in glucose Ry during involuntary electrical
exercise was falling behind the rise in peripheral
glucose uptake.['®! However, the exercise-induced
reduction in plasma insulin was less pronounced
during FES versus voluntary control exercise with-
out blockade. The importance of unidentified blood
factors regulating glucose Ra is yet to be deter-
mined. Interestingly, in a perfusion model with rat
muscle and liver in series, it has been shown that
substances released from contracting muscle can
cause a release of glucose from the liver.!') It is also
important to mention that recent studies from our
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Fig. 4. Plasma adrenaline (epinephrine) [ADR], rates of glucose
disappearance (Rd) and metabolic clearance rates (MCR) during
cycling exercise at 68% of maximum oxygen consumption
(VO2max) for 45 minutes, followed by 84% of VOzmax in ad-
renalectomised subjects with saline (—ADR) or adrenaline (+ADR)
infusion commencing at the onset of exercise and increased at 45
minutes. Data are means + standard error of the mean (n =
6). * indicates significantly different (p < 0.05) from +ADR; + indi-
cates significantly different (p < 0.05) main effect from +ADR. Hori-
zontal bar represents the complete absence of ADR.

laboratory have demonstrated a decrement in glu-

cose or a signal elicited by a moderate decrement in
glucose stimulates glucose release from the liver,

Sports Med 2005; 35 (7)
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independent of catecholamine and/or hormone-
induced action on the liver during moderate exer-
cise.l?" These data support the contention that small
decrements in portal plasma glucose may have a
stimulatory influence on glucose Ra.

Neural reflexes from working muscles have been
demonstrated to be important in the stimulation of
glucose Ra. Although electrical stimulation of the
central end of cut muscle nerves (n. femoralis) in
animals resulted in both an increase in plasma glu-
cose and in glucose Ra,!! reduction of afferent
neural feedback by partial lumbar epidural sensory
blockade in humans did not influence glucose Ra
during exercise.'”! Therefore, afferent neural reflex
mechanisms can cause increased glucose mobilisa-
tion during exercise, but it is probably not essential
in healthy individuals. However, in patients with
metabolic disorders in their skeletal muscle, neural
feedback mechanisms may be of more importance.
In myophosphorylase deficiency (McArdle’s dis-
ease, no intramuscular glycogenolysis), exercise
mobilisation of extramuscular fuel (e.g. glucose)
was more pronounced compared with healthy con-
trols, and compensated for the impairment in
glycogenolysis.[??l This larger response in glucose
Ra is most likely because of neural feedback directly
from metabolism in working muscle (table I). This
occurs, because substances likely to act as blood-
borne feedback signals, such as glucose or FFA, did
not decline and showed similar plasma levels as in
healthy control subjects. When glucose was infused
to mimic the increment in glucose release from the
liver, glucose Ry was abolished, indicating that the
blood-borne mediated inhibition of glucose Ra was
intact in these individuals.?? It is attractive to accept
these findings as an attempt to supply the muscle
with an alternative carbohydrate fuel under condi-
tions in which glycogenolysis is impaired. However,
it is more difficult to explain the exaggerated
mobilisation of glucose also found during exercise
in patients with phosphofructokinase deficiency as
well as with mitochondrial myopathy.[?*?4! The re-
sponses during exercise in the two latter groups
contributes to increased substrate mobilisation and
thereby potentially encourages an augmented syn-
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Table I. Hepatic glucose production during exercise in patients with
metabolic disorders. Exercise-induced increase in hepatic glucose
production measured by isotope dilution technique ([3-3H]glucose)
during 20 minutes of cycling in patients with metabolic disorders
and control subjects!?2-24

Metabolic disorder Glucose Ra
(umol/kg/min)

McArdle’s disease (n = 3) 3172
Controls

same absolute 19+5

same relative 26t 4
Mitochondrial myopathy (n = 4) 28 + 52
Controls

same absolute 12 £1

same relative 18+2
Phosphofructokinase deficiency 30 + 42
Controls

same absolute 18+2

same relative 20+ 1

a Difference between patients with metabolic disorders and
control subjects (p > 0.05).

Ra = hepatic glucose production.

thesis of adenosine triphosphate (ATP), but at the
same time it results in an accumulation of nonox-
idised substrates in contracting muscle. As in pa-
tients with McArdle’s disease, the endocrine and
glucose mobilising responses are most likely due to
neural feedback and may be linked to the oxidative
demands of the muscle rather than to the oxidative
capacity of the muscle.

5. Peripheral Glucose Uptake

The role of adrenaline in regulating glucose up-
take during exercise has been examined in adrena-
line-deficient, bilaterally adrenalectomised hu-
mans!!”! (figure 5). Glucose uptake always increased
in response to exercise, but was lower and metabolic
clearance was reduced with the infusion of adrena-
line. This demonstrates that adrenaline plays an
inhibitory role in muscular glucose uptake during
exercise, and is in line with findings in humans who
receive adrenaline infusion in the resting state. Fur-
thermore, these results are also corroborated by
studies in rodents where glucose transport was re-
duced with adrenaline infusion despite increased
glucose transporter (GLUT 4) translocation.?>! Tak-
en together with the findings on glucose Ra, adrena-

Sports Med 2005; 35 (7)
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Fig. 5. Non-hepatic splanchnic and hepatic noradrenaline (nore-
pinephrine) spillover during the basal and moderate exercise peri-
ods in normal control (n = 6) and diabetic (n = 5) dogs. Non-hepatic
splanchnic noradrenaline spillover was significantly greater in the
diabetic group at t = 50, 100 and 150 minutes of exercise versus
the normal control group (p < 0.05). Hepatic noradrenaline spillover
was significantly greater in the diabetic group throughout the exper-
iment versus the normal control group (p < 0.05). Data are means +
standard error of the mean.

line infusion in adrenalectomised humans seems to
result in a mismatch by simultaneously enhancing
glucose R, and inhibiting glucose clearance, causing
an increase in plasma glucose levels during exercise.

6. Adrenergic Mechanisms and Exercise
in Diabetes Mellitus

It has been proposed that exercise-induced
changes in glucose fluxes may be more sensitive to
adrenergic stimulation in poorly controlled diabe-
tes.[26271 Studies have also demonstrated increased
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non-hepatic splanchnic and hepatic noradrenaline
spillover (index of sympathetic drive) during exer-
cise in alloxan-diabetic dogs compared with normal
healthy dogs (figure 6).18 The efficacy of the direct
stimulation of glucose Ra by the catecholamines is
also supported by studies that demonstrate a reduc-
tion in glucose Ra as a result of peripheral propra-
nolol administration during exercise in depan-
creatised dogs.[®) However, it is important to under-
stand that the regulatory elements by which
adrenergic mechanisms can mediate glucoregulation
during exercise in the poorly controlled diabetic
state are multifactorial. This is largely because of the
possibility of adrenergic stimulation influencing the
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Fig. 6. Endogenous glucose production and glucose utilisation dur-
ing the basal, exercise, recovery and blockade test periods in poor-
ly controlled diabetes mellitus. Data are means + standard error of
the mean, n = 6 dogs for controls and n = 6 dogs for hepatic
adrenergic blockade. * p < 0.05 difference between the two groups.
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rate of hepatic glycogenolysis and/or gluconeogenic
parameters (peripheral or hepatic mechanisms).

The effect of hepatic adrenergic stimulation on
glucose Ry during exercise in diabetes has been
studied using intraportal infusions of phentolamine
and propranolol in exercising alloxan-diabetic dogs.
The results of these studies demonstrated that the
hepatic adrenergic blockade had no effect on the
stimulation of glucose Ra during exercise in diabetes
(figure 6).1281 Exercise-induced FFA and glycerol
responses were not affected by the hepatic adrener-
gic blockade in these studies. Thus, the stimulatory
effects of the catecholamines on the peripheral
mobilisation of gluconeogenic substrate were pre-
served. The use of the intraportal adrenergic blocker
delivery in this study allowed the direct effects of
the catecholamines on the liver to be distinguished
from their indirect effects (peripheral mobilisation
of gluconeogenic substrate) and demonstrated that
direct adrenergic stimulation does not play a role in
the stimulation of glucose Ra during exercise in
poorly controlled diabetes.

Support for glucagon as a critical element in the
stimulation of glucose Ra during exercise in health
and diabetes has been provided.>*! In addition, re-
cent investigations have shown a 4-fold greater ex-
ercise-induced increment in portal vein glucagon in
alloxan-diabetic dogs compared with normal
healthy dogs (figure 7).*" This excessive increment
may be partially responsible for the needless in-
crease in glucose Ry during exercise in the poorly
controlled diabetic state because of glucagon’s stim-
ulatory effects on glycogenolysis and glucone-
ogenesis.># Although the catecholamines may not
be involved in the direct stimulation of glucose Ra
via hepatic adrenergic mechanisms, increased sym-
pathetic drive during exercise in diabetes!® may
influence the mobilisation of gluconeogenic precur-
sors and could influence hormone secretion adrener-
gic stimulation of the pancreas.303!]

7. Adrenergic Mechanisms and
Pancreatic Hormones

It seems evident that exercise-induced changes in
glucagon and insulin play the most important role in
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Fig. 7. Arterial, portal vein, and hepatic vein plasma immunoreac-
tive glucagon (IRG) concentrations during basal (=30 to 0 minutes)
and exercise (0 to 150 minutes) in (a) non-diabetic (n = 6) and (b)
alloxan-diabetic (n = 5) dogs. Data are means + standard error of
the mean. * p < 0.05 difference between non-diabetic and alloxan-
diabetic dogs.

glucoregulation under a variety of conditions (mod-
erate exercise, heavy exercise, and exercise in diabe-
tes). However, the mechanisms that control glu-
cagon and insulin secretion during exercise are not
well understood. It is known that vagal and splanch-
nic nerves can modulate glucagon and insulin secre-
tion.3?! More specifically, o- and B-adrenergic stim-
ulation results in increased pancreatic secretion of
glucagon.3%311 While the stimulation of o-adrener-
gic mechanisms inhibits insulin secretion, B-adren-
ergic stimulation increases insulin release.[3%3!
Thus, the potential for adrenergic stimulation of
changes in pancreatic hormone secretion during ex-
ercise does exist.

Studies have shown that the partial denervation
of the canine pancreas reduces the increase in glu-

Sports Med 2005; 35 (7)
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cagon but not the fall in insulin.*¥ Unfortunately,
glucose kinetics was not assessed in these studies.
Furthermore, even though glucagon did not increase
as much in the denervated dogs, arterial glucose was
not affected. In more recent studies, NHGO and
glucose Ra was measured during rest and exercise in
dogs whose pancreas was surgically denervated.
The completeness of the denervation was verified by
a >98% reduction in pancreas tissue noradrenaline.
Insulin and glucagon responses to exercise as well
as arterial glucose, NHGO and glucose Ry were
similar in controls and denervated dogs.’* Al-
though pancreatic innervation was not essential
for the normal exercise-induced increment in glu-
cose Ra, preservation of normal exercise-induced
changes in both groups may support a plausible role
for circulating catecholamines or some other regula-
tory factor that serves to ensure glucose homeostasis
during exercise

8. Conclusions

Glucagon and insulin are primarily responsible
for effective glucoregulation during moderate exer-
cise. Although sympathetic activity is dramatically
increased during exercise under conditions of exag-
gerated metabolic stress such as heavy exercise and
poorly controlled diabetes, recent studies have
demonstrated that non-hepatic splanchnic extraction
reduces adrenaline levels by ~50%. Thus, arterial
adrenaline levels overestimate the efficacy of the
direct stimulatory effects of adrenaline on glucose
Ra. Furthermore, studies utilising a hepatic adrener-
gic blockade have demonstrated that adrenergic
mechanisms acting at the liver are not necessary for
the stimulation of glucose Ra during heavy exercise
or exercise in poorly controlled diabetes. An exces-
sive increment in glucagon has been demonstrated
during exercise in poorly controlled diabetes and
may be responsible for the stimulation of glucose Ra
despite the prevailing hyperglycaemia. It is also
interesting to note that compensatory increases in
glucose Ra do occur under conditions of deficient
muscle glycogenolysis during exercise, thereby sup-
porting the role of neural and/or blood-borne feed-
back in the modulation of exercise-induced incre-
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ments in glucose Ra. Lastly, removal of pancreatic
innervation had no effect on exercise-induced
changes in glucagon, insulin, or glucose Ra during
moderate exercise.

The network of neuroendocrine control illus-
trates the degree of complexity relative to glucose
metabolism during exercise. Nonetheless, exercise-
induced changes in glucagon and insulin seem to
exert a primary influence of the regulation of glu-
cose Ra, even during intense exercise or under the
conditions of poorly controlled diabetes. Future in-
vestigations should be designed to elucidate the role
of circulating metabolites and/or neural feedback on
the modulation of hormone secretion and/or the
stimulation of glucose Ra during exercise under
various levels of metabolic control.
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