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Summary &horbar; Insulin and glucagon levels, the mass of glucose presented to the liver and the portal sig-
nal are important regulators of the liver’s response to glucose delivery. The portal signal not only
serves to direct glucose into the liver but also appears to stimulate its deposition in glycogen. Moreover,
the portal signal impacts on tissues other than the liver: intraportal glucose delivery is associated with
changes in glucose uptake by nonhepatic tissues and neurally-mediated enhancement of pancreatic
insulin secretion. Our current understanding of the neural control of hepatic glucose metabolism
includes a tonic block to the entry of glucose into the liver, probably mediated both by sympathetic neu-
ral activity and by a low insulin:glucagon ratio. An increase in the portal vein glucose level is detected
by sensors in the portal region, which cause a decrease in the firing rate in the afferent fibers in the hep-
atic branch of the vagus nerve. The change in the afferent firing rate is processed in the hypothalamus
and instigates a change in the efferent firing rate in the hepatic and pancreatic branches of the vagus
(with corresponding increases in insulin secretion and net hepatic glucose uptake). The portal signal
thus relieves the sympathetic inhibition of hepatic glucose uptake and enhances hepatic glucose
uptake directly by stimulating the parasympathetic innervation to the liver and indirectly by enhancing
insulin release.
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Résumé &horbar; Interaction entre facteurs nerveux et pancréatiques conduisant à l’utilisation nette
de glucose par le foie. Les niveaux de concentration en insuline et en glucagon, la quantité de glu-
cose arrivant au foie, et le signal porte sont d’importants paramètres modulant la réponse hépatique
à la fourniture de glucose. Le signal porte favorise non seulement la captation nette de glucose par le
foie, mais également son stockage sous forme de glycogène. De plus, le signal porte affecte d’autres
tissus que le foie : à la fourniture intraportable de glucose, sont associés des changements de l’utili-
sation de glucose par des tissus extra-hépatiques, ainsi qu’une augmentation de la sécrétion d’insu-
line contrôlée par le système nerveux. Dans l’état actuel de nos connaissances, le captage de glucose
par le foie semble freiné par un stimulus nerveux d’origine sympathique et un faible rapport insu-
line-glucagon. L âugmentation de la glycémie portale est détectée par des capteurs situés dans la région
portale qui vont provoquer une dimunution de l’activation des fibres afférentes de la branche hépatique
du nerf vague. Ce changement d’activation des fibres nerveuses afférentes, relayé au niveau hypo-



thalamique, induit un changement d’activation des fibres efférentes des branches hépatique et pan-
créatique du nerf vague (associé aux stimulations correspondantes de la sécrétion d’insuline et de l’uti-
lisation nette de glucose par le foie). En définitive, le signal porte module l’utilisation hépatique de
glucose, d’une part en levant son inhibition par la voie nerveuse sympathique, d’autre part en la stimulant,
directement, par la voie nerveuse parasympathique du foie et, indirectement, par l’augmentation de la
sécrétion d’insuline.
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The liver plays a key role in maintaining glu-
cose homeostatis, since it is the primary
organ with the ability to function as both a
producer and a consumer of glucose. This
bifunctional role requires that a signal or
signals exist to indicate to the liver the need
to make the transition between net output
during fasting and net uptake of glucose in
response to feeding. We will discuss the
combination of signals, including changes
in circulating substrate concentrations, hor-
monal secretion and neural activity, which
have been found to contribute to the regu-
lation of net hepatic glucose uptake (NHGU)
in the fed state.

REGULATION OF NET HEPATIC
GLUCOSE UPTAKE

Response to enteral feeding of glucose

Following enteral (oral, intragastric or
intraduodenal) glucose delivery, rates of
NHGU in the conscious dog or pig have
been reported to reach 16.7 to 41.6
¡Jmol.kg-1.min-1 (Abumrad et al, 1982;
Bergman et al, 1982; lshida et al, 1983; Bar-
rett et al, 1985; Radziuk, 1987; Moore et al,
1991). These rates of NHGU were achieved
with the pancreatic hormones free to
change; arterial plasma glucose concen-
trations were 7.8 to 10.3 mmol/L (- 1.5- to
two-fold basal), and arterial plasma insulin
concentrations ranged from 300 to 558
pmol/L (- five- to ten-fold basal) (Abumrad

et al, 1982; Bergman et al, 1982; Ishida et al,
1983; Barrett et al, 1985; Radziuk, 1987;
Moore et al, 1991 It It is difficult to assess
NHGU in humans because of the ethical
constraints imposed by the necessity of can-
nulating the portal vein. However, net
splanchnic glucose uptake (NSGU; net glu-
cose uptake by the liver and gastrointestinal
tract) in humans was 32.8 jJmol.kg-1.min-1
following oral ingestion of 1.2 g glucose/kg
body weight; plasma glucose and insulin
concentrations were 12.4 mmol/L and
918 pmol/L, respectively (DeFronzo et al,
1978). Thus, under conditions where phys-
iologic levels of hyperglycemia and hyper-
insulinemia are achieved, enteral glucose
delivery is able to produce a substantial
amount of NHGU or NSGU.

Effect of glucose

Studies in both humans and dogs have
shown that, in the absence of a rise in insulin
hyperglycemia in the physiologic range
(< 12.5 mmol/L) does not result in NSGU
or NHGU. In humans, increasing the plasma
glucose level from 5.5 to 12.4 mmol/L (by
intravenous glucose infusion) under

insulinopenic conditions caused hepatic glu-
cose production to decrease 74%, but
splanchnic glucose uptake did not increase
significantly over that observed during con-
ditions of euglycemia and basal insulinemia
(DeFronzo and Ferrannini, 1987). Similarly,
doubling the glucose level by peripheral vein
glucose infusion, in the presence of basal



levels of insulin and glucagon, decreased
net hepatic glucose output -60% in the con-
scious dog but did not result in NHGU
(McGuinness et al, 1989). Thus, hyper-
glycemia greater than that normally
observed in the postprandial state sup-
pressed hepatic glucose output but was
unable, by itself, to induce the liver to
become a net consumer of glucose.

Actions of insulin and glucagon

Insulin has long been recognized as a reg-
ulator of hepatic glucose uptake. Neverthe-
less, physiologic hyperinsulinemia, in the
absence of a rise in circulating glucose con-
centrations, does not stimulate significant
rates of NHGU. In humans, moderate hyper-
insulinemia (plasma concentration

318 pmol/L) reduced net splanchic glucose
output from 9.4 to 0.2 !mol.kg-1.min-1
(DeFronzo and Ferrannini, 1987). More pro-
nounced hyperinsulinemia (-600 pmol/L) in
the presence of euglycemia resulted in a
low rate of NSGU, but even insulin con-
centrations > 6 600 pmol/L produced a max-
imal NSGU of only 3.89 Nmol.kg-i.min-!
(DeFronzo and Ferrannini, 1987). Similar
findings are apparent in the dog. Physio-
logic hyperinsulinemia (720 pmol/L) in the
presence of euglycemia was accompagnied
by NHGU of only 3.31 umol.kg-l.min-!
(McGuinness et al, 1989). Pharmacologic
hyperinsulinemia (12 264 pmol/L) resulted in
substantial NHGU (16 !mol.kg-1.min-1)
(McGuinness et al, 1989), although even
those rates of NHGU were less than the
maximal rates produced in response to
enteral glucose feeding.

Plasma glucagon levels tend to decline
following enteral glucose feeding. A selective
decrease in glucagon levels in the presence
of basal levels of insulin and glucose
decreased hepatic glucose production but

did not result in NHGU in dogs or NSGU in
humans (Liljenquist et al, 1977; Shulman et
al, 1978).

Combined effect of posffeeding changes
in glucose and pancreatic hormones

The combination of hyperinsulinemia and
hyperglycemia (resulting from a peripheral
glucose infusion) is sufficient to produce
NHGU, but under physiologic conditions the
rate of NHGU remains markedly reduced in
comparison to the maximal rates produced
by enteral glucose delivery. In humans,
hyperinsulinemia (circulating insulin levels
of 240 to 330 pmol/L) coupled with hyper-
glycemia of peripheral origin (9.7 to 12.5
mmol/L) was associated with rates of NSGU
of 5.6 to 8.9 I-Imol.kg-1.min-1 (Sacca et al,
1982; DeFronzo and Ferrannini, 1987).
Intestinal glucose uptake would have
accounted for approximately half this
amount, so there was little net uptake of glu-
cose by the liver.

Peripheral glucose infusion producing
arterial plasma glucose levels of 9 to
16 mmol/L, combined with insulin levels of
210 to 2 300 pmol/L, resulted in rates of
NHGU ranging from 5.6 to 27.8

I-Imol.kg-1.min-1 (Ishida et al, 1983; Barrett
et ai, 1985; Adkins-Marshall et al, 1990;
Myers et al, 1991 a, b). The rates of NHGU at
the upper end of the range in these studies
were similar to those rates observed follow-

ing enteral glucose delivery, but the higher
rates were achieved only with unphysiologic
levels of glucose and/or insulin.
A fall in glucagon levels in the presence

of basal insulinemia and hyperglycemia pro-
duced by peripheral glucose infusion has
been shown to have much the same effect
as hyperglycemia combined with hyper-
glycemia in both dogs and humans (Shul-
man et al, 1978; Liljenquist et al, 1979).



Effect of route of glucose delivery

The fact that physiologic levels of hyperin-
sulinemia and hyperglycemia were insuffi-
cient to produce rates of NHGU comparable
to those achieved with enteral glucose deliv-
ery prompted several laboratories to exam-
ine the effect of route of glucose delivery
on NHGU. Initially it was proposed that glu-
cose ingestion stimulated the release of a
gut factor which enhanced NHGU

(DeFronzo et al, 1978). However, several
laboratories (Bergman et al, 1982; Ishida et
al, 1983; Barrett et al, 1985) demonstrated
independently in the conscious dog that
NHGU was no different when glucose was
administered enterally or infused directly
into the portal vein so as to mimic the
absorption profile of the enterally-delivered
glucose. Although insulin levels and the load
of glucose reaching the liver could not be
precisely controlled in these studies

(Bergman et al, 1982; Ishida et al, 1983;
Barrett et al, 1985), they demonstrated that
there was no need to invoke a putative gut
factor to explain the enhancement of NHGU
with enteral glucose delivery.

Subsequently, investigators in our labo-
ratory (Adkins et al, 1987) doubled the glu-
cose load reaching the liver with either
peripheral or intraportal glucose infusion in
dogs with fixed, basal levels of insulin and
glucagon; NHGU did not occur during
peripheral glucose infusion, but NHGU dur-
ing intraportal infusion averaged 7.8
Nmol.kg-l.min-1. During intraportal glucose
delivery, the arterial glucose concentration
was less than the portal vein concentration
(a ’negative arterial-portal [A-P] gradient’),
and conversely, during peripheral glucose
infusion, the A-P gradient was positive.
Adkins et al (1987) postulated that the neg-
ative A-P gradient served as a signal
(termed the ’portal signal’), probably neu-
rally-mediated, which enhanced NHGU.
Subsequent work from our laboratory
defined the precise relationship between
insulin, glycemic level (expressed as hepatic
glucose load, or the mass of glucose reach-
ing the liver) and the route of delivery in
determining the magnitude of NHGU (table
I). At any given insulin concentration and
hepatic glucose load, within the physiologic
range, intraportal infusion of glucose



enhanced the rate of NHGU -2.5- to three-
fold over that observed during peripheral
glucose infusion (Adkins et al, 1987; Adkins-
Marshall et al, 1990; Myers et al, 1991 a, b).
It was clear that the difference in NHGU
was not due simply to differences in portal
vein glucose levels, because at any portal
glucose load examined, NHGU was -two-
fold greater with portal delivery than with
peripheral delivery (Myers et al, 1991 b).
NHGU was found to respond to small
changes in the size of negative A-P gradient,
an effect which plateaued at a gradient of
approximately -1 mM (Pagliassotti et ai,
1991 ).

Further work has been done to compare
the time-course of the effect of the portal
signal, insulin and the combination of insulin
and the portal signal on NHGU (Pagliassotti
et al, 1996). In dogs with fixed, basal lev-
els of glucagon and insulin, hyperglycemia
(arterial plasma glucose -13 mM, hepatic
glucose load -283 I-Imol.kg-1.min-1) was
maintained by peripheral glucose infusion
for 90 min. At that point, the dogs were
maintained on a glucose infusion which kept
the hepatic glucose load - 283

I-Imol.kg-1.min-1 for an additional 240 min.

The animals were divided into four groups
for this final 240 min period: one group con-
tinued to receive the peripheral glucose infu-
sion with basal insulin (control group), one
group received portal glucose with and basal
insulin (portal group), one group received
a peripheral glucose infusion with insulin at
four-fold basal (insulin group) and one group
received a portal glucose infusion with
insulin at four-fold basal levels (insulin/por-
tal group). The portal and insulin groups
demonstrated similar maximal rates of
NHGU (-13 and 18 pmol.kg-l.min-1,
respectively). However, the maximal rate
was achieved much more rapidly in the por-
tal group than in the insulin group (-15 vs
- 90 min). The maximal rate of NHGU was
highest in the insulin/portal group (23.6
pmol.kg-l.min-1), with this rate being

achieved within 60 min (Pagliassotti et al,
1996).

Neural signaling and NHGU

Sympathetic and parasympathetic innerva-
tion of the liver exerts reciprocal control over
hepatic glucose metabolism and glycogen
synthesis. Stimulation of the sympathetic
innervation, either at the level of the ven-
tromedial hypothalamus (VMH), the subdi-
aphragmatic splanchnic nerve or the hilus of
the liver, increases hepatic glucose and lac-
tate production and raises the blood glu-
cose level (Lautt, 1983; Shimazu, 1987;
Niijima, 1989). VMH stimulation increases
the activity of phosphorylase without chang-
ing glycogen synthase, and thus reduces
the liver glycogen content (Lautt, 1983; Shi-
mazu, 1987; Niijima, 1989). On the other
hand, parasympathetic stimulation at the
level of the lateral hypothalamus or the cer-
vical vagus nerve increases hepatic glyco-
gen synthesis and reduces hepatic glucose
output (Lautt, 1983; Shimazu, 1987; Niijima,
1989). LH stimulation is associated with
enhanced activity of glycogen synthase,
without a change in phosphorylase activity
(Lautt, 1983; Shimazu, 1987; Niijima, 1989).
Moreover, the firing rate in the afferent fibers
of the hepatic branch of the vagus nerve is
inversely proportional to the portal vein glu-
cose concentration (Niijima, 1989).

Several in vivo studies support a role for
the nervous system in regulation of NHGU
in response to a glucose load. Atropine infu-
sion to block the parasympathetic nervous
system reduced NHGU in response to an
enteral glucose load by 44% in conscious
dogs (Chap et al, 1985). In dogs which had
undergone complete surgical denervation
of the liver, the response to the portal signal
was significantly blunted (Adkins-Marshall
et al, 1992), but the rate of NHGU in
response to a peripheral glucose infusion
was significantly enhanced, compared to



that seen in normally innervated dogs
(Adkins-Marshall et al, 1992; Moore et al,
1996). Rates of NHGU during peripheral
and portal glucose infusion were similar in
the hepatic-denervated dogs, and these
rates were intermediate between the rates

observed during peripheral and portal glu-
cose infusion in the hepatic-innervated dogs
(Adkins-Marshall et al, 1992). These data
are consistent with the existence of a tonic
inhibition of NHGU in the postabsorptive
state. This inhibition may be produced by
sympathetic neural tone, as well as by the
hormonal milieu (low levels of circulating
insulin and a lower insulin:glucagon ratio
than that which prevails following glucose
feeding). In response to enteral or portal
glucose delivery, the parasympathetic ner-
vous system is activated. The parasympa-
thetic nervous system can enhance NHGU
both directly, by stimulating hepatic glucose
uptake and glycogen synthesis, and indi-
rectly through stimulation of insulin release
(Lautt, 1983; Shimazu, 1987; Niijima, 1989).
NHGU in response to peripheral and portal
glucose delivery is similar in hepatic-de-
nervated animals because there is no neu-

rally-mediated inhibition during peripheral
delivery and no enhancement during portal
delivery.

HEPATIC GLYCOGEN SYNTHESIS

Evidence suggests that the portal signal is
not only a determinant of NHGU but also
participates in the regulation of hepatic
glycogen synthesis. Hepatic glycogen syn-
thase activity and net hepatic glycogen syn-
thesis were compared at two time points
(30 and 240 min) in dogs who received
peripheral glucose infusion in the presence
of basal insulin levels (control group), periph-
eral glucose infusion with four-fold basal
insulin (insulin group), portal glucose infusion
with basal insulin (portal group) or portal
glucose infusion with four-fold basal insulin

(insulin/portal group) (Pagliassotti et al,
1996). In the portal group, glycogen syn-
thase activity and net hepatic glycogen syn-
thesis were significantly increased at 30 min
over that in the control group, and net hep-
atic glycogen synthesis was significantly
greater than in the insulin group (Paglias-
sotti et al, 1996). At 240 min, hepatic glyco-
gen synthase activity in the insulin group
was significantly greater than that in the
control and portal groups, and net hepatic
glycogen synthesis was significantly greater
in both the insulin and portal group dogs
than in the control animals. Net hepatic
glycogen synthesis in the insulin/portal dogs
was significantly higher than in the portal
and control group dogs (134 ± 17 7 pmol/g in
insulin/portal vs 65 ± 16 in portal and 84 ± 17 7
in insulin) (Pagliassotti et al, 1996). Thus,
the portal signal serves not only to enhance
the uptake of glucose by the liver but also to
direct a significant portion (-75%) of the glu-
cose into glycogen. The results suggest that
insulin and the portal signal act in coopera-
tion with the portal signal stimulating early
glycogen accumulation. The effect of the
portal signal on glycogen synthase appears
to ebb over time, and hyperinsulinemia then
assumes a primary role in stimulating glyco-
gen synthase and glycogen accumulation
(Pagliassotti et al, 1996).

EFFECTS OF THE PORTAL SIGNAL
ON NONHEPATIC TISSUES

The portal signal affects tissues other than
the liver. Both pancreatic insulin output and
circulating insulin levels were significantly
greater during intraportal glucose infusion
than during peripheral glucose infusion,
although the glucose infusion rate and the
steady-state arterial plasma glucose levels
were the same with each delivery route
(Dunning et al, 1995). Autonomic blockade
with hexamethonium prevented the
enhancement of insulin levels with portal



glucose delivery (Dunning et al, 1995). In
addition, the increase in NHGU during intra-
portal glucose delivery is associated with a
decrease in disposition of glucose by non-
splanchnic tissues (Adkins et al, 1987).
These peripheral effects may be neurally-
mediated; changes in hypothalamic activ-
ity are accompanied by changes in glucose
uptake in skeletal and cardiac muscle (Taka-
hashi et al, 1992; Lang et al, 1995). More-
over, hepatic receptors appear to be key
elements contributing to the sensations of
hunger and satiety. Both the frequency and
size of meals are altered in rats in which

neural signaling between the liver and cen-
tral nervous system is interrupted by total
hepatic denervation or hepatic vagotomy
(Ratto et al, 1991; Yang et al, 1992). Thus,
the portal signal is not an isolated mecha-
nism for regulating hepatic carbohydrate
but instead appears to be part of an elabo-
rate system for control of whole body car-
bohydrate metabolism.
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