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Abstract
The liver plays a key role for the maintenance of blood glucose
homeostasis under widely changing physiological conditions. In the
overnight fasted state, breakdown of hepatic glycogen and synthesis
of glucose from lactate, amino acids, glycerol, and pyruvate con-
tribute about equally to hepatic glucose production. Postprandial
glucose uptake by the liver is determined by the size of the glucose
load reaching the liver, the rise in insulin concentration, and the route
of glucose delivery. Hepatic glycogen stores are depleted within 36
to 48 hours of fasting, but gluconeogenesis continues to provide
glucose for tissues with an obligatory glucose requirement. Glucose
output from the liver increases during exercise; during short-term
intensive exertion, hepatic glycogenolysis is the primary source of
extra glucose for skeletal muscle, and during prolonged exercise,
hepatic gluconeogenesis becomes gradually more important in keep-
ing with falling insulin and rising glucagon levels. Type 1 diabetes
is accompanied by diminished hepatic glycogen stores, augmented
gluconeogenesis, and increased basal hepatic glucose production in
proportion to the severity of the diabetic state. The hyperglycemia
of type 2 diabetes is in part caused by an overproduction of glucose
from the liver that is secondary to accelerated gluconeogenesis.
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NMRS: nuclear
magnetic resonance
spectroscopy
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INTRODUCTION

The liver plays a key role in the maintenance
of blood glucose homeostasis. It releases glu-
cose in the fasted state and it takes up and
stores some of the glucose ingested in meals.
In so doing, the liver ensures an even and pre-
dictable supply of glucose to the extrahepatic
tissues, primarily the brain. The liver is able
to release glucose to the circulation from its
glycogen stores and it has the capacity to take
up the 3-carbon fragments lactate, pyruvate,
glycerol, and amino acids and convert these
to glucose. Hence, hepatic gluconeogenesis

and glycogenolysis are the two processes re-
sponsible for hepatic glucose production. A
dynamic equilibrium between the two serves
to maintain blood glucose levels within a nar-
row range under widely changing physiolog-
ical conditions.

The central role of the liver in blood glu-
cose regulation was first identified by the
French physiologist Claude Bernard, who
documented that the liver is capable of pro-
ducing glucose even in the absence of in-
testinal absorption. He discovered that car-
bohydrates could be stored in the liver as a
polysaccharide, which he named “glycogen.”
He could also demonstrate that the liver con-
tinues to release glucose even after depletion
of its glycogen stores, thus demonstrating
that hepatic glucose production is possible
via pathways other than the breakdown of
glycogen. The experimental work was pre-
sented during the years 1848–1860 (96), but
it took many decades before the significance
of Bernard’s observations was recognized.

Claude Bernard’s studies were based on di-
rect blood sampling from the hepatic blood
vessels in dogs. Current development of
techniques involving isotopic tracer dilution
methods and nuclear magnetic resonance
spectroscopy (NMRS) have made it possi-
ble to assess hepatic glucose and glycogen
metabolism in animals and noninvasively in
humans in a variety of physiological situations
and in specific disorders, thereby providing
improved insight into the metabolic regula-
tion. This review summarizes recent findings
on the regulation of splanchnic glucose ex-
change in the overnight and prolonged fasted
state, during physical exercise, and in diabetes.

BASAL SPLANCHNIC GLUCOSE
PRODUCTION

In the morning, after an overnight fast absorp-
tion of nutrients from the intestine is com-
pleted, plasma insulin and glucagon concen-
trations have returned to their basal levels and
body fuel consumption is matched by the re-
lease of endogenous substrates from storage
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depots. The major source of energy is free
fatty acids (FFAs), but the body continues to
consume glucose at rates of 8–10 g/hour. The
brain and the tissues with an obligatory need
for glucose account for more than half of this
amount (16). This rate of glucose consump-
tion cannot be supported by the small pool of
circulating glucose (4–5 g). The liver adapts to
this situation by switching from postprandial
glucose uptake and storage to postabsorptive
production of glucose. In the overnight fasted
state, the liver is the dominating source of
glucose production, even though there is also
a small contribution from the kidneys (36).
Basal glucose output from the splanchnic area
in healthy subjects amounts to approximately
0.8 mmol/min or 10 μmoles · min−1 · kg−1

(36, 108).

Glycogenolysis

Hepatic glycogenolysis contributes substan-
tially to the liver’s glucose output after an
overnight fast. Even though the energy con-
tent of the hepatic glycogen stores is small
in comparison with the body’s daily energy
requirements, it is evident that liver glyco-
gen is essential for blood glucose home-
ostasis in the postabsorptive state. Thus,
direct determinations of liver glycogen con-
centrations in biopsy material (81) and
13C-NMRS measurements of hepatic glyco-
gen during the postabsorptive phase (12–24
hours) show that liver glycogen decreases lin-
early at rates corresponding to approximately
40% of the simultaneous whole body glu-
cose turnover (97). During continued fast-
ing, hepatic glycogenolysis decreases gradu-
ally, and the glycogen stores are almost com-
pletely exhausted after 48 hours (Figure 1)
(81, 97).

Gluconeogenesis

The rapid depletion of hepatic glycogen dur-
ing the postabsorptive and early fasting pe-
riod underscores the importance of gluconeo-
genesis from nonglucose precursors for the

FFAs: free fatty acid

MIDA: mass
isotopomer
distribution analysis

maintenance of blood glucose homeostasis.
Our understanding of the quantitative con-
tribution by gluconeogenesis to total glucose
production has until recently been limited be-
cause of methodological problems. Early esti-
mates of hepatic gluconeogenesis were based
on arterial-hepatic venous catheterization and
balance measurements in healthy subjects.
These indicated a relative contribution of glu-
coneogenesis to splanchnic glucose output in
the postabsorptive state of maximally 35%
(Figure 2) (42, 108, 109). It should be rec-
ognized, however, that such estimates do not
take into account splanchnic glucose utiliza-
tion, nor extrahepatic splanchnic exchange or
intrahepatic precursor supply (10). The bal-
ance technique estimates seem low in compar-
ison with determinations of gluconeogenesis
based on the difference between 13C-NMRS-
measured rates of hepatic glycogen break-
down and glucose turnover rates estimated
by tracer dilution methodology, which indi-
cate a gluconeogenic contribution of 50% to
65% (91, 97). Isotope tracing techniques us-
ing 14C-lactate or 14C-acetate have also been
employed, but these are limited by inadequate
labeling of the intracellular precursor pool
or significant extrahepatic metabolism of the
tracer (67, 99). Mass isotopomer distribution
analysis (MIDA) using 13C-glycerol has been
employed for estimation of enrichment of the
glucose precursor pool (52), but it now ap-
pears that this method is limited by hepatic
heterogeneity in the metabolism of glycerol
(64).

The above limitations in the determina-
tion of gluconeogenesis are avoided by the
deuterated water technique (65, 66). With this
method, the relative contribution of gluco-
neogenesis to whole-body glucose production
can be estimated from the ratio of 2H enrich-
ment at carbon 5 over that at carbon 2 of
plasma glucose after the ingestion of 2H2O.
This approach is based on the observation
that all glucose molecules exchange hydro-
gens between body water and those at carbon
5 of glucose during gluconeogenesis and ad-
ditional hydrogens at carbon 2 during both
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gluconeogenesis and glycogenolysis. This
technique indicates a contribution of gluco-
neogenesis, including any renal component,
to glucose turnover ranging from 47% to 53%
at 12–16 hours of fasting in healthy subjects
(Figure 1) (17, 66). Support for the valid-
ity of the deuterated water technique is ob-
tained from the finding that after more than
42 hours of fasting, when the hepatic glyco-
gen stores are almost completely exhausted,
gluconeogenesis as estimated by this method
accounts for 93 ± 6% of glucose turnover
(17). In view of these findings, it is now widely
believed that glycogenolysis and gluconeoge-
nesis each contribute approximately 50% of
glucose turnover in healthy subjects in the
postabsorptive state.

Regulatory Aspects

Insulin is a primary regulator of hepatic glu-
cose production, even though basal glucagon
levels are required to support glucose out-
put in the overnight fasted state (111). In-
sulin acts directly on the liver by binding
to hepatic insulin receptors and activating
insulin-signaling pathways. Small changes in
portal insulin concentrations effectively mod-
ulate hepatic glycogenolysis as evident from
studies in dogs (103) and in healthy subjects
(40). Hepatic glycogenolysis and gluconeoge-
nesis show differential sensitivities to changes
in insulin concentration: even small increases
effectively inhibit glycogenolysis (Figure 3),
whereas substantial increments in insulin lev-
els are required for inhibition of gluconeoge-
nesis (21, 40). It has, however, been observed
in obese subjects that suppression of glucose
production in response to insulin infusion can
occur even when the estimated portal insulin
concentration does not increase (92), which
suggests that insulin may inhibit glucose pro-
duction also by indirect mechanisms. This
may occur by insulin-induced inhibition of
adipose tissue lipolysis that reduces both FFA
levels and glycerol availability for gluconeoge-
nesis. Likewise, insulin inhibits muscle prote-
olysis, resulting in further reduction of gluco-

neogenic precursor supply. Insulin also exerts
inhibitory effects on pancreatic α-cells, result-
ing in reduced glucagon levels (57). Finally,
studies in mice suggest that insulin action in
the brain may play a role in the regulation
of hepatic glucose output (82). A schematic
representation of insulin’s direct and indi-
rect influence on hepatic glucose output is
presented in Figure 4. It is now widely ac-
cepted that both direct and indirect effects
of insulin are involved in the regulation of
hepatic glucose output (1, 20), but the rel-
ative contributions of the two mechanisms
have been controversial. Recent studies ex-
amining the effects of portal venous, systemic
venous, and carotid arterial insulin infusion
provide compelling evidence that the direct
effects of insulin are dominant in overnight-
fasted dogs and that indirect effects of in-
sulin via the brain are of minor importance
(35).

Extrahepatic Splanchnic Tissues

Besides the liver, only the kidney is recog-
nized as being capable of gluconeogenesis.
Recently, however, gluconeogenic capacity
has been proposed also for the small intes-
tine of the rat (77, 78). Gluconeogenic en-
zyme activities are expressed by the intestinal
mucosa of rats and mice (95). Tracer dilution
studies indicate ongoing simultaneous glucose
production and utilization by the small in-
testine during starvation and diabetes (77).
Attempts to identify the precursor for intesti-
nal gluconeogenesis have indicated that glu-
tamine and glycerol carbon may be incorpo-
rated into glucose by the intestine (26). The
results from experiments in small rodents are
not unequivocal and have recently been chal-
lenged (73). Studies using stable isotopes have
failed to demonstrate the presence of mea-
surable intestinal gluconeogenesis in fasting
piglets (15). Moreover, arterial-portal venous
concentration differences for glucose and glu-
coneogenic precursors in humans do not in-
dicate net intestinal glucose synthesis (10).
Thus, the interesting concept of intestinal
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gluconeogenesis does not appear tenable on
the basis of available evidence.

SPLANCHNIC GLUCOSE
DISPOSAL

The liver’s localization and its vascular
anatomy make it ideally suited to regulate the
flux of nutrients to the systemic circulation. It
is also the only organ capable of both produc-
ing and assimilating substantial net amounts
of glucose. Several studies have now estab-
lished that the liver takes up approximately
one third of an oral glucose load; muscle adi-
pose tissue and the noninsulin-dependent tis-
sues together account for the other two thirds
(43, 76). Following ingestion of glucose, in-
sulin and glucose levels rise, hepatic glucose
output is suppressed, and net splanchnic glu-
cose uptake can proceed at high rates (25–30
μmoles · min−1 · kg−1) (14, 43). Direct de-
terminations of hepatic glycogen concentra-
tions following ingestion of a glucose load us-
ing 13C-NMRS confirm a marked increase in
glycogen synthesis; hepatic glycogen deposi-
tion at 5 h after a glucose load accounts for
23% to 26% of the ingested glucose (7, 8).
Studies of glycogen metabolism during infu-
sion of 13C-glucose in healthy subjects have
revealed that hepatic synthesis and degrada-
tion of glycogen occur simultaneously under
conditions of net glycogen breakdown (71).
The observations indicate that glycogen may
regulate its own rate of breakdown and that
hepatic glycogen turnover may be a factor
in limiting the accumulation of liver glyco-
gen. Hepatic glycogen accumulation during
normal eating behavior has also been exam-
ined. Liver glycogen was found to gradually
increase following ingestion of three consec-
utive mixed meals with 5 h intervals, indicat-
ing that hepatic glycogenolysis may be limited
during the daytime, with glucose absorbed
from meals accounting for the dominating
part of whole-body glucose turnover while
net hepatic glycogenolysis contributes to glu-
cose production primarily during the night
(55).

Varying results have been obtained in the
estimation of the extent of suppression of hep-
atic glucose production following ingestion
of an oral glucose load. Using tracer infusion
and arterial-hepatic venous balance measure-
ments in healthy subjects, suppression of hep-
atic glucose production has been estimated at
28% to 55% compared with basal levels (59,
75). The variability may partly be explained
by the absence of steady state conditions after
oral glucose ingestion, resulting in changes in
glucose-specific activity. A new approach has
been developed that is based on variable tracer
infusion rates and results in relatively stable
tracee/tracer ratios (105, 106). The findings
using this technique indicate that 65% to 80%
of the basal glucose production is suppressed
at one hour after a mixed meal, which un-
derscores the importance of this factor in the
disposal of oral carbohydrates.

Hormonal Regulation of Hepatic
Glucose Uptake

Glucose has the ability to modulate its own
metabolism by the liver. Thus, there is a close
relationship between the net balance of glu-
cose across the liver and the ambient glucose
concentration independent of any change in
insulin concentration (101). When insulin and
glucagon are at basal levels, hyperglycemia re-
sults in modest suppression of net release of
glucose from the liver, and supraphysiologi-
cal hyperglycemia (>12 mmol/L) is required
to achieve a substantial rate of hepatic glu-
cose uptake (29, 85, 104). This autoregulation
by glucose is influenced by insulin, since the
ability of the liver to respond to variations in
glucose concentration is impaired in insulin-
deficient states and ameliorated by insulin ad-
ministration (27). Insulin stimulates glucose
uptake by the liver, but physiological hyper-
insulinemia by itself is relatively ineffective
in promoting net hepatic glucose uptake. In
healthy subjects, only modest rates of glucose
uptake were evident in the presence of in-
sulin levels greater than 500 pmol/L and eug-
lycemia (29, 32). Similarly, pharmacological

www.annualreviews.org • Splanchnic Regulation of Glucose 333

A
nn

u.
 R

ev
. N

ut
r.

 2
00

7.
27

:3
29

-3
45

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 M
or

eh
ea

d 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV318-NU27-18 ARI 10 July 2007 7:27

concentrations of insulin (>12000 pmol/L)
were required to achieve a substantial increase
in net hepatic glucose uptake in the pres-
ence of euglycemia, as evident from stud-
ies in dogs (74). Glucagon concentrations
tend to decrease following carbohydrate in-
gestion (76). Somatostatin-induced selective
glucagon deficiency with simultaneous insulin
replacement results in reduced basal hepatic
glucose output but not in augmented hep-
atic glucose uptake after a glucose load (102).
Likewise, lower-than-basal glucagon concen-
trations in dogs made hyperinsulinemic and
hyperglycemic were not accompanied by in-
creased hepatic glucose uptake compared with
basal glucagon under the same conditions
(53). Thus, there is no evidence to indicate
that a decrease in glucagon concentrations is
of importance for glucose uptake by the liver
after oral glucose intake.

Route of Glucose Delivery

Oral ingestion of a carbohydrate load in com-
parison with systemic glucose infusion in
healthy subjects results in substantially higher
rates of hepatic glucose uptake (29). This in-
crease is achieved by augmented splanchnic
fractional extraction of glucose after oral com-
pared with systemic glucose administration
(44), a finding initially attributed to a gut-
derived factor (31). Subsequent studies have
demonstrated, however, that intraportal infu-
sion of glucose in dogs elicits similar rates
of hepatic glucose uptake, as observed af-
ter oral glucose administration (6, 56), ren-
dering an incretin contribution unlikely. The
enhancement of hepatic glucose uptake with
portal infusion was found to be correlated to
the arterial-portal venous concentration dif-
ference for glucose and has been referred to
as the portal signal (2). In fact, the influence
of this signal is such that if insulin concentra-
tions and glucose load to the liver are main-
tained constant, portal as compared with sys-
temic glucose administration results in a 2- to
2.5-fold greater hepatic glucose uptake (79,
85). Further studies have shown that the por-

tal signal also affects nonhepatic tissues; it me-
diates suppression of glucose uptake by skele-
tal muscle (47) and stimulates insulin release
from the pancreas (34), thereby further en-
hancing hepatic glycogen accumulation after
an oral glucose load.

Much experimental work has been under-
taken to elucidate the mechanism underlying
the portal signal. Surgical denervation of the
liver totally blocks the enhancement of hep-
atic glucose uptake following portal glucose
delivery (3), indicating neural mediation of
the portal signal. Glucose-sensitive neurons
have been demonstrated in the portal vein,
and their discharge rate is proportional to the
portal vein glucose concentration (80), sug-
gesting a role in mediating the portal glucose
signal. Cooling of the vagus nerves, which in-
terrupts the efferent parasympathetic firing,
had no effect on hepatic glucose uptake in the
presence of the portal signal (58), indicating
that parasympathetic signaling is not involved
in the transmission of the portal signal. In-
stead, recent evidence suggests that sympa-
thetic efferents may be of importance in the
regulation of hepatic glucose uptake by ex-
erting a basal inhibitory influence that lim-
its glucose uptake in response to systemic
glucose administration (33). It may then be
hypothesized that the portal signal leads to
removal of a sympathetic inhibitory influence
on the liver, which in turn allows hepatic glu-
cose uptake to increase. Whether removal of
sympathetic tone to the liver is accompanied
by a stimulatory signal will require further
evaluation.

Hepatic Glucose Uptake in the
Postexercise Period

It is well known that muscle glucose up-
take and glycogen synthesis are enhanced in
the postexercise period. Important alterations
in glucose metabolism occur also within the
splanchnic area. Thus, the efficiency with
which oral carbohydrate is made available
to the systemic circulation is increased dur-
ing the postexercise period as a consequence
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of both accelerated intestinal absorption (88)
and a shift in the partitioning of the absorbed
glucose, resulting in a larger fraction escap-
ing hepatic retention (51, 70). Nevertheless,
net hepatic glucose uptake after exercise and
oral ingestion of glucose is substantially in-
creased (45). This phenomenon appears unre-
lated to any change in the portal signal, since
its effectiveness in stimulating hepatic glucose
uptake after portal glucose administration is
similar in the basal and postexercise states
(46). Exercise-induced changes in insulin and
glucagon are not required for the postexercise
enhancement of hepatic glucose uptake (87),
and other, possibly intrinsic, hepatic mecha-
nisms will have to be examined. However, ir-
respective of the exact mechanism involved, it
is apparent that the above observations pro-
vide an additional physiological argument for
advocating the benefits of physical exercise in
individuals at risk of developing type 2 dia-
betes, particularly in view of the hepatic in-
sulin resistance in this disorder (28, 89).

SPLANCHNIC GLUCOSE
OUTPUT DURING FASTING

A series of well-coordinated hormonal and
metabolic adjustments serve to ensure ad-
equate supply of substrates to body tissues
during periods of food deprivation. Blood glu-
cose falls slightly when fasting extends be-
yond the first 12 hours after ingestion of a
meal and reaches a new steady state level ap-
proximately 10% to 20% lower than before.
This is accompanied by a reduction in insulin
and rise in glucagon concentrations. Adipose
tissue lipolysis is stimulated by the hormonal
changes, resulting in increased availability and
tissue utilization of FFA. As the period of fast-
ing extends beyond 24–48 hours, there is aug-
mented hepatic FFA uptake and acceleration
of ketogenesis. The concentrations of betahy-
droxybutyrate and acetoacetate in plasma rise
gradually and may in 2–3 weeks have risen as
much as 100-fold above prefasting levels. The
lipid-derived substrates FFA and ketoacids be-
come the dominating fuels for most tissues,

contributing substantially also to the supply
of fuel for the brain. For a recent review of the
metabolic adaptation to starvation, see (16).

Fasting for 12 to 60 Hours

A continued supply of glucose during fast-
ing is essential for the function of specific tis-
sues. The brain requires glucose during the
early phase of fasting, but as food deprivation
continues and ketoacid availability increases,
there is a gradual shift toward utilization of ke-
toacids, particularly betahydroxybutyrate by
the brain, with a correspondingly diminished
but not abolished need for glucose (84). Bone
marrow, renal medulla, red blood cells, and
peripheral nerves are all tissues with an obliga-
tory requirement for glucose unable to utilize
FFA or ketoacids. As a consequence, a min-
imum rate of glucose production has to be
maintained throughout the period of fasting.
This is achieved by continued hepatic glucose
production supported by a gradually increas-
ing component of renal gluconeogenesis. The
contribution from hepatic glycogenolysis, ac-
counting for 50% in the overnight fasted state,
decreases progressively during the first 12–40
hours of fasting and then ceases altogether
(Figure 1) (81, 97). Gluconeogenesis, pri-
marily derived from the liver, continues dur-
ing 12–40 hours of fasting at approximately
the same rate as in the overnight fasted state
(17, 19, 66) and shows a modest increase at
60 hours (36). Since glycogenolysis decreases
during progressive fasting, it follows that the
relative contribution by gluconeogenesis to
total glucose production increases gradually
and accounts for 93 ± 2% after 60 hours of
fasting (36). Several factors contribute to the
sustained or even augmented rates of gluco-
neogenesis during fasting. The arterial con-
centration and splanchnic uptake of glycerol
increase, secondary to augmented lipolysis (9).
Uptake of glucogenic amino acids tends to rise
due to increased fractional extraction, which
overrides the effect of falling arterial concen-
trations (36, 37). Finally, a distinct component
of renal gluconeogenesis is detectable after
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max VO2: maximal
pulmonary oxygen
uptake

60 hours of fasting, accounting for 20% to
25% of whole-body glucose turnover (11, 36).

Prolonged (Five to Six Weeks)
Fasting

The liver and the kidneys show further
metabolic adjustments when fasting contin-
ues beyond 60 hours. In the prolonged fasted
state, hepatic glucose output derived from
gluconeogenesis is further decreased, as indi-
cated by reduced net splanchnic glucose out-
put and diminished urinary urea excretion
(84). The attenuation of hepatic gluconeogen-
esis is an important step in the sparing of body
protein during prolonged starvation, which is
essential for survival. It results from dimin-
ished presentation of amino acids, primarily
alanine, to the liver, while splanchnic frac-
tional extraction is unchanged (39). The ele-
vated levels of ketoacids during fasting have
been suggested as an important regulating
factor in the reduction of muscle proteoly-
sis during fasting (100). Administration of ex-
ogenous alanine results in a prompt hyper-
glycemic response, suggesting that provision
of gluconeogenic precursor substrate is the
rate-limiting step in the control of hepatic
gluconeogenesis in prolonged starvation (38).
The increased levels of ketoacids are accom-
panied by a need to balance their urinary loss
of ammonium cation excretion. Renal am-
moniagenesis, accounting for approximately
40% of total nitrogen excretion in prolonged
fasting, is tightly coupled to renal gluconeo-
genesis, which explains why renal gluconeo-
genesis may account for as much as 45% of
total glucose production in prolonged fasting
(83).

GLUCOSE PRODUCTION
DURING PHYSICAL EXERCISE

It has been more than 100 years since it was
demonstrated that glucose uptake increases
by contracting muscle (18). The magnitude
of the exercise-induced rise in glucose utiliza-
tion during, for example, leg exercise, indi-

cates that the turnover of the blood glucose
pool must increase substantially. Since the ar-
terial glucose concentration is maintained or
even increased during heavy exercise, one can
conclude that the augmented peripheral glu-
cose utilization must be accompanied by con-
tinuous and matching repletion of the blood
glucose pool. Although the kidney has the ca-
pacity to synthesize glucose, direct measure-
ments show that there is very little or no re-
nal glucose output during exercise (108). The
liver is the only other tissue capable of signif-
icant glucose production, and it can be con-
cluded that augmented hepatic glucose output
is the primary source of the increased glucose
available to exercising muscle.

It is primarily the intensity and duration
of the exercise that determine the magnitude
of the rise in glucose output and the rel-
ative contributions from glycogenolysis and
gluconeogenesis (Figure 5). During light bi-
cycle or treadmill exercise of short duration
(20–30 minutes), glucose output rises by 50%
to 100%; during moderate to heavy exercise
it may increase 2 to 5 fold (108), as deter-
mined by either arterial-hepatic venous bal-
ance technique (108) or isotope tracer meth-
ods (5). Low- to moderate-intensity exercise
[∼30% maximal pulmonary oxygen uptake
(max VO2)] lasting several hours is accom-
panied by an initial rise in glucose output
by 50% to 100% to a level that is sus-
tained for several hours and then gradually
decreases (4). During more strenuous (>60%
max VO2) and long-lasting exercise, glu-
cose utilization by working muscle may out-
strip glucose production, resulting in grad-
ual development of hypoglycemia (Figure 6)
(107).

Hepatic glycogenolysis accelerates in di-
rect proportion to the intensity of the ex-
ercise during work of short to intermedi-
ate duration (<60 minutes) as estimated both
from NMRS measurements (90) and arterial-
hepatic venous balance measurements (108).
Particularly during strenuous exercise, aug-
mented hepatic glycogenolysis is the domi-
nating source of increased glucose production

336 Wahren · Ekberg

A
nn

u.
 R

ev
. N

ut
r.

 2
00

7.
27

:3
29

-3
45

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 M
or

eh
ea

d 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV318-NU27-18 ARI 10 July 2007 7:27

(108). With prolonged exercise, the contribu-
tion from glycogenolysis decreases gradually,
in keeping with diminished hepatic glycogen
stores, and the contribution from gluconeo-
genesis become greater. The rate of hepatic
gluconeogenesis during exercise has been es-
timated primarily on the basis of splanchnic
uptake of glucose precursors. Measurements
show that splanchnic precursor uptake in-
creases by 50% to 100% during mild to mod-
erate exercise, mostly because of augmented
availability and uptake of lactate (108), but
total splanchnic glucose output rises more,
so that the fractional contribution by gluco-
neogenesis becomes smaller than in the basal
state. During prolonged exercise, splanchnic
precursor uptake increases severalfold as a re-
sult of augmented precursor availability and
splanchnic fractional extraction, resulting pri-
marily in increased lactate and glycerol uptake
(4). In addition, there is evidence to suggest
that intrahepatic mechanisms more efficiently
channel glucose precursors to glucose dur-
ing exercise (113). Thus, during prolonged
exercise, gluconeogenesis may account for as
much as 30% to 40% of total glucose output
(4).

It should be remembered, however, that
estimates of hepatic gluconeogenesis based on
precursor uptake during exercise are based on
several assumptions; extrahepatic splanchnic
metabolism of glucose and precursors is con-
sidered negligible and intrahepatic conversion
of the gluconeogenic precursors is assumed to
be fully efficient. Other methods for estima-
tion of hepatic gluconeogenesis during exer-
cise have been employed. The results using
MIDA- and NMRS-based estimates support
the contention that hepatic gluconeogenesis
increases with exercise (90, 107), but quanti-
tative interpretation of the data is complicated
by the methodological difficulties discussed
above. In summary, it may be concluded that
both hepatic glycogenolysis and gluconeoge-
nesis contribute importantly to the body’s re-
markable ability to maintain blood glucose
homeostasis over a wide range of exercise in-
tensities and durations.

Regulatory Aspects

Several hormonal changes that accompany
the onset of physical exercise serve to regu-
late splanchnic release of glucose. The plasma
insulin concentration, which decreases with
light exercise, decreases even more so dur-
ing heavy work (108), thereby increasing the
liver’s sensitivity to the effects of glucagon
(68). Glucagon levels are largely unchanged
during mild to moderate exercise but rise in
response to either strenuous or prolonged
work (4, 41), particularly if a degree of hypo-
glycemia ensues. It should be recognized that
the liver is exposed to more marked changes
in glucagon concentration during exercise—
because of the portal venous drainage of the
pancreas—than is reflected by the systemic
concentrations of the hormone. In addition,
hepatic blood flow is known to decrease dur-
ing exercise. Thus, if hepatic blood flow de-
creases by 50% during exercise (108), then a
doubling of the glucagon concentration in the
portal vein would be expected even if secre-
tion rates did not change. Research in humans
and dogs involving clamp studies, pharmaco-
logical blockage, and replacement infusions of
insulin and glucagon have demonstrated that
the exercise-induced reciprocal changes in the
two glucoregulatory hormones account for a
major proportion of the increase in hepatic
glucose output by augmenting glycogenoly-
sis and stimulating both glucose precursor ex-
traction and their intrahepatic conversion to
glucose (22, 111, 114).

Factors other than altered levels of insulin
and glucagon have also been suggested to be
of importance for the exercise-induced rise in
glucose production (24). Plasma concentra-
tions of adrenaline and noradrenalin markedly
increase during exercise (60, 98). Yet, despite
a close relationship between exercise-induced
changes in glucose output and catecholamine
levels, several studies using a variety of ex-
perimental techniques have failed to establish
causality (23, 25, 54). Likewise, neither phar-
macological blockade of the sympathetic in-
nervation of the liver and the adrenals nor

www.annualreviews.org • Splanchnic Regulation of Glucose 337

A
nn

u.
 R

ev
. N

ut
r.

 2
00

7.
27

:3
29

-3
45

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 M
or

eh
ea

d 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV318-NU27-18 ARI 10 July 2007 7:27

surgical denervation of the liver, as in hu-
mans with a liver transplant, result in marked
effects on the exercise-induced increment in
glucose output (61, 62, 112). Thus, it appears
that although glucagon and insulin are of pri-
mary importance for the accurate regulation
of hepatic glucose production during exercise,
other and yet undetermined factors may also
contribute.

SPLANCHNIC GLUCOSE
PRODUCTION IN DIABETES

Type 1 Diabetes

The metabolic alterations observed in type 1
diabetes primarily reflect the degree to which
there is an absolute or relative deficiency of
insulin. Mild insulin deficiency can be ex-
pected to result in diminished ability to re-
plenish the stores of carbohydrates and other
fuels. With major insulin deficiency, not only
is postprandial carbohydrate accumulation
hampered, but excessive mobilization of en-
dogenous substrates also occurs, resulting in
hyperglycemia, hyperaminoacidemia, and el-
evated FFA levels. In keeping with these con-
siderations, net splanchnic glucose produc-
tion in patients with type 1 diabetes, who
were studied after an overnight fast and with-
out having received their morning dose of in-
sulin, was similar or slightly augmented com-
pared with controls (109, 110). Splanchnic
uptake of gluconeogenic precursors was in-
creased as a consequence of augmented frac-
tional extraction in the case of lactate and
amino acids. Hepatic gluconeogenesis, esti-
mated from splanchnic precursor uptake, was
60% greater in the patients compared with
controls (109). Direct determinations of hep-
atic glycogen using 13C-NMRS in mildly
insulin-deficient type 1 patients have indi-
cated reduced glycogen levels and diminished
rates of glycogenolysis (8, 90). Both defects
of glycogen metabolism improved substan-
tially after restoration of near-normal levels
of insulin and blood glucose (7). In agreement
with these observations, gluconeogenesis de-

termined by the deuterated water technique
has been found to be in the normal range in
well-controlled type 1 patients (13). Hepatic
glucose uptake and glycogen repletion after
carbohydrate ingestion is reduced in type 1
diabetes (8, 55), resulting in excessive entry
of glucose into the systemic circulation, in
part caused by insufficient suppression of hep-
atic glucose output (86). Again, intensive in-
sulin therapy and achievement of good blood
glucose control restored normal postpran-
dial suppression of hepatic glucose production
(86) and net hepatic glucose assimilation af-
ter glucose ingestion (7). These observa-
tions emphasize that optimal metabolic con-
trol in type 1 diabetes ensures adequate
postprandial hepatic glycogen accumulation
despite systemic, as distinct from portal,
delivery of insulin.

Type 2 Diabetes

The abnormal glucose homeostasis in type 2
diabetes is a consequence of several metabolic
alterations: defective insulin secretion, insulin
resistance involving muscle, liver, and adi-
pose tissue, and abnormal splanchnic glu-
cose metabolism. Only the latter factor is dis-
cussed here. The potential role of augmented
basal glucose production from the liver in the
pathogenesis of hyperglycemia in type 2 di-
abetes has been much discussed, and mea-
surements of glucose production have yielded
varying results [for a review see (93)]. When
the diversity of the patient population, the
experimental conditions, and techniques of
measurement are carefully considered, the
combined evidence supports the view that
there is a direct relationship between hepatic
glucose production in type 2 diabetes patients
and fasting blood glucose levels (30, 94). An
excessive rate of glucose production may thus
be an important factor contributing to the el-
evated fasting glucose levels in patients with
poor metabolic control (30).

The augmented flux of glucose from the
liver in type 2 diabetes can derive from ac-
celerated glycogenolysis, gluconeogenesis, or
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both. The hepatic glycogen store and rates
of glycogenolysis have been estimated using
13C-NMRS techniques and were found to be
reduced in type 2 patients with relatively poor
metabolic control (72) and similar to that of
healthy subjects in type 2 patients with good
metabolic control (49). Hepatic gluconeoge-
nesis, on the other hand, is reported to be in-
creased in proportion to the severity of the
diabetic state and the reduction in hepatic
glycogen stores, both in absolute and rela-
tive terms (12, 49, 72). In this context, it is
noted that an important component of the
therapeutic effect of peroxisome proliferator-
activated receptor-γ activating agents, such
as thiazolidinediones, on the fasting blood
glucose level is exerted by reducing the glu-
coneogenic flux in type 2 diabetic subjects
(48).

Elevated plasma insulin levels after an
overnight fast together with varying degrees
of hyperglycemia are characteristic features
in subjects with type 2 diabetes. Since hyper-
insulinemia together with elevated levels of
glucose are potent inhibitors of hepatic glu-
cose output in healthy subjects (Figure 3) (40,

103), it can be concluded that there is hep-
atic resistance to the action of both insulin
and glucose in type 2 patients (28) and that
this defect becomes more pronounced with
increasing severity of the diabetic state (50).
Consequently, ingestion of glucose or a mixed
meal leads to excessive and prolonged hyper-
glycemia in type 2 diabetes, which in part can
be attributed to diminished net hepatic glu-
cose uptake and failure to adequately suppress
glucose production (63, 105). Thus, a reduced
efficiency of the splanchnic tissues to take up
glucose after oral ingestion is an important
contributing factor in the impaired glucose
tolerance of type 2 diabetes.

Finally, although Claude Bernard was un-
able to identify the pathogenic mechanisms
underlying the development of diabetes, pri-
marily due to lack of knowledge of the exis-
tence of insulin, much of his original work ap-
plies to normal physiology and to the forms of
diabetes that we now distinguish as type 1 and
type 2 (69). Bernard’s fundamental contribu-
tions in the middle of the nineteenth century
proved a rational basis for subsequent discov-
eries to build on.
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Figure 1

Rates of whole-body glucose production ( yellow) and gluconeogenesis (green) as well as hepatic 
glycogen content (red ) after 14, 22, and 60 hours of fasting. Adapted from (17, 66, 97).
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Figure 2

Rates of splanchnic glucose production ( yellow) and gluconeogenic precursor uptake (green) in the
overnight fasted state in healthy subjects. Adapted from (4, 42, 108, 109).
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Figure 3

Arterial glucose and insulin concentrations and splanchnic glucose output in the basal state and during
intravenous glucose administration (0.8 mmol/min) in healthy subjects. Data from (40).
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Figure 4

Schematic presentation of insulin’s direct and indirect inhibitory effects on hepatic glucose production.
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Splanchnic ( yellow) and leg (gray) glucose exchange during short-term exercise of varying intensity in
healthy subjects. Gluconeogenesis, evaluated as the sum of gluconeogenic precursor uptake by the
splanchnic area, is indicated in green. Data from (108).
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Figure 6

Splanchnic ( yellow) and leg (gray) glucose exchange during prolonged exercise. Gluconeogenesis, 
evaluated as the sum of gluconeogenic precursor uptake by the splanchnic area, is indicated in green.
Data from (4).
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