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Abstract Aims: Glucagon-like peptide-1 (GLP-1) is an
insulinotropic hormone released from the gut in response to
nutrients. Besides its well-established direct effect on pan-
creatic beta cells, GLP-1 may also act by activating sensors
in the hepatoportal area. We therefore studied the impact
of putative GLP-1 sensors in the splanchnic circulation.
Methods: We infused GLP-1 into the portal vein of con-
scious dogs, while also infusing glucose intraportally or
systemically. In the first experiment, we infused glucose
intraportally, simulating portal glucose values obtained
during a previous mixed-meal test, with or without co-
infusion of intraportal GLP-1. In the second experiment, by
infusing glucose systemically, with or without intraportal
GLP-1, we investigated whether the effects of systemic
glucose with or without portal GLP-1 infusion are similar to
those observed in the first experiment. Results: Intraportal
infusion of GLP-1 and glucose significantly raised periph-
eral GLP-1 levels, but did not produce an insulin response
different from intraportal glucose alone. However, the re-
sulting peripheral glycaemia was significantly lower com-
pared to glucose infusion alone, and there were elevations
in glucagon, cortisol and lactate. In contrast to the portal
glucose infusions, there were no significant differences in
glucose, insulin, glucagon, cortisol or lactate levels be-
tween systemic glucose infusion with or without GLP-1.
Conclusions/Interpretation: Portal GLP-1 and portal glu-
cose, but not systemic glucose, can produce decreased
peripheral glucose levels independently of hyperinsulin-
aemia. This suggests that portal GLP-1 and glucose re-
ceptors mediate insulin-independent changes in peripheral
glycaemia and determine a strong counter-regulatory re-
sponse, as reflected by changes in glucagon and cortisol.
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Introduction

Glucagon-like peptide-1 (GLP-1) is known to increase
glucose utilisation via the peptide’s action as an incretin
[1-3]. GLP-1 is released from the gut in response to nutri-
ents, and is stored in the intestinal L-cells in the active forms
GLP-1(7-37) and GLP-1(7-36) amide [4, 5]. Catalysed by
the ubiquitous enzyme dipeptidyl peptidase IV (DPP 1V),
active GLP-1 degrades rapidly in blood, forming the
inactive form GLP-1(9-36 amide), and accounting for the
very short in vivo half-life of 1.5-2 min for the active pep-
tide [6, 7]. It is generally held that GLP-1 exerts its effects
on glucose turnover by binding to the GLP-1 receptor in
pancreatic beta cells and stimulating insulin release [8, 9].
Paradoxically, the hormone’s very short half-life in vivo
guarantees that only a small fraction of the secreted active
form is able to reach the beta cells intact [6, 10]. Thus, it is
possible that alternative mechanism(s) mediate(s) the ac-
tions of GLP-1 to enhance glucose utilisation. It has been
considered that a target for GLP-1 might be closer to the site
of GLP-1 secretion than the pancreatic beta cell. Several
investigators have suggested that sensors within the hepa-
toportal region may be one site of GLP-1 action [11-15].
This latter suggestion appears reasonable, as the hepato-
portal region has been identified as a locus for one sensing
mechanism for glucose [16—-18]. Moreover, it has been
shown that infusion of GLP-1 in the portal vein increases
the impulse discharge rate in the vagus nerve [19].

The role of GLP-1 sensing in the portal vein remains
controversial. Recent work suggesting that GLP-1 can
modulate the activity of the hepatoportal sensor in mice
[20] has not been confirmed in other studies [21]. Thus, we
believed it important to re-examine the effects of portal
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GLP-1 appearance at levels and with dynamics similar to
those seen in vivo. This required examination of potential
interactions between the hormone GLP-1 and the nutrient
glucose, both of which appear in the portal and systemic
circulations during meals.

Materials and methods
Animals

Experiments were performed on six male mongrel dogs
(1 year old, BW 27.2+0.7 kg; source: Harlan, Indianapolis,
IN, USA) in the conscious relaxed state. All animals were
fasted for 12—16 h before the experiments. Dogs were housed
under controlled kennel conditions (12 h light, 12 h dark)
in the University of Southern California Medical School
Vivarium and were fed once a day with standard diet (26%
protein, 15% fat and 40% carbohydrate; Prolab canine diet,
PMI Nutrition International, Brentwood, MO, USA). Dogs
were used for experiments only if judged to be in good
health as determined by body temperature, haematocrit,
regularity of food intake and direct observation. The Prin-
ciples of Laboratory Animal Care (NIH publication No.
86-23, revised 1985) were followed and all surgical and
experimental procedures were approved by the University
of Southern California Institutional Animal Care and Use
Committee.
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Fig.1 Experimental design. Protocol 1 (a). Glucose (Protocol 1a), or
glucose and GLP-1 (Protocol 1b) were infused intraportally. GINF,
glucose infusion rate (intraportal). Protocol 2 (b). Glucose was either
infused systemically (Protocol 2a), or it was infused systemically with

Surgical procedures

At least 1 week prior to the first experiment, chronic cath-
eters (Tygon, ID=0.050" Norton Plastics, Akron, OH, USA)
were implanted under anaesthesia induced with sodium
pentothal and maintained with isofluorane. Catheters were
placed in the jugular vein (with the tip advanced into the
right atrium) for sampling of mixed venous blood (referred
to as ‘systemic’) and in the portal vein (4 cm upstream from
the porta hepatis) for infusions. All catheters were led sub-
cutaneously to the back of the neck and exteriorised. Cath-
eters were filled with heparinised saline (10 U/ml), were
coiled and capped, and then placed in a small bag protected
with a stiff collar.

Experimental design

Four different experiments were performed in each animal,
in random order (Fig. 1). In two protocols (Protocol 1a and
1b; Fig. 1a) glucose was infused intraportally. Additionally,
in Protocol 1b GLP-1 was also infused into the portal vein.
The portal glucose infusion rate was variable, designed to
simulate the pattern of portal glucose previously observed
during a mixed meal in a separate group of dogs (Fig. 2). In
a second set of experiments (Protocol 2a and 2b; Fig. 1b),
glucose was given systemically, to match the systemic
pattern seen during the mixed meal, with (Protocol 2a) or
without (Protocol 2b) intraportal GLP-1 infusion.

b Protocol 2
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intraportal GLP-1 (Protocol 2b). The GINF is for systemic glucose
infusion. In protocols 1b and 2b, GLP-1 was infused intraportally at a
constant rate of 3 pmol-kg '*min”"'
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Fig. 2 Portal (open squares) and systemic (filled squares) glucose
after administration of a mixed meal (1557.5 kJ, 47% fat, 49%
carbohydrate)

Timing For all experiments, animals were brought at ap-
proximately 07.00 hours to the laboratory and placed in a
Pavlov sling. Basal samples were taken from the jugular vein
at —20 and —10 min. Infusions (glucose=GLP-1 ) started at
0 min and continued for 240 min. Blood was sampled from
the jugular vein catheter at 5, 10, 20, 30, 40, 60, 90, 120,
150, 180, 210 and 240 min.

Protocol 1a and 1b: portal glucose infusion with or without
intraportal GLP-1 infusion In protocol la, beginning at 0
min, glucose (20% hydrated dextrose, anhydrous con-
centration 181.8 mg/ml; B Braun, Irvine, CA, USA) was
infused directly into the portal vein at time-varying rates
(Fig. 1a) to simulate the portal glucose concentration pat-
tern previously observed during the mixed meal (Fig. 2).

In protocol 1b, variable-rate glucose was infused intra-
portally at rates identical to Protocol 1a. In addition, starting
at 0 min, constant-rate GLP-1 (human GLP-1 [7-36] amide;
Bachem Bioscience, King of Prussia, PA, USA; dissolved
in saline with 1% dog albumin) was also infused intrapor-
tally (3 pmolkg ''min").

Protocol 2a and 2b: systemic glucose infusion with or
without intraportal GLP-1 infusion In all experiments re-
quiring systemic infusion of glucose, an intracatheter (BD
Intracath 19 GA; Becton-Dickinson, Sandy, UT, USA) was
placed in the saphenous vein and secured. Basal sampling
was initiated after the dog had rested for 20 min.

Beginning at 0 min (Protocol 2a), glucose was infused in
the saphenous vein at time-varying rates (Fig. 1b) to simu-
late the systemic glucose concentration pattern previously
observed during the mixed meal (Fig. 2).

In Protocol 2b, glucose was infused systemically at rates
identical to Protocol 2a. In addition, starting at 0 min, con-
stant-rate GLP-1 (human GLP-1 [7-36] amide) was infused
intraportally (3 pmol kg ' min ™).

Blood sampling
Samples for the determination of glucose, insulin, lactate,

NEFA, growth hormone and cortisol were collected into
chilled tubes coated with lithium fluoride and heparin, and
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containing 50 pl EDTA 2% (w/vol) (Sigma, St. Louis, MO,
USA). Samples for C-peptide and glucagon assays were
collected into tubes containing 25 ul EDTA, 50 ul Trasylol
(10,000 KIU/ml; Serological Proteins, Kankakee, IL, USA)
and 50 pl 0.1 mmol/l diprotin A (Sigma). Samples for the
assay of active GLP-1 were collected into tubes containing
EDTA and 10 pl/ml blood DPP-IV inhibitor (Linco Re-
search., St Charles, MO, USA). All samples were stored on
ice until centrifugation, after which plasma was separated
and stored at —80°C until analysis. To prevent triglyceride
breakdown, the NEFA samples were kept on ice and either
immediately assayed or kept at —80°C for a limited time
until NEFA determination.

Assays

Blood glucose and lactate concentrations were determined
during experiments using a YSI 2300 autoanalyser (Yellow
Springs Instruments, Yellow Springs, OH, USA). The re-
maining plasma was stored at —80°C for further analysis.
Insulin was measured using a human insulin enzyme-linked
immunoassay kit (Linco Research) adapted in our labora-
tory for dog plasma. The assay uses two monoclonal anti-
bodies that bind to different epitopes on the insulin molecule
and do not bind to proinsulin. The ELISA assay cross-reacts
with canine insulin and has been previously validated in our
laboratory [22]. C-peptide, glucagon, cortisol and growth hor-
mone were measured using radioimmunoassay kits (Linco
Research). Active GLP-1 was measured by ELISA (Linco
Research). Plasma NEFA concentrations were determined
using an enzymatic colorimetric assay based on the acylation
of CoA (NEFA C kit; Wako Chemicals, Neuss, Germany).

Calculations and statistical analysis

Insulin secretion was calculated from the C-peptide data
using the deconvolution analysis based on a two-compart-
ment model of C-peptide kinetics, as previously described
[23].

Results are presented as means+SE. Basal (fasting) val-
ues were calculated as the mean of the two samples taken at
—20 and —10 min. Changes relative to basal were calculated
using repeated measures ANOVA with Dunnett’s post-test.
Repeated measures ANOVA with Bonferroni post-test was
used to compare time lines for infusion experiments. Paired
t-tests were used to identify the significantly different time-
point pairs. AUCs above basal were calculated using the
trapezoid rule. All differences were considered statistically
significant at a p value of less than <0.05.

Results

Protocol 1: portal glucose infusion with or without portal
GLP-1 infusion Infusion of glucose in the portal vein pro-
duced a small, but significant increment in systemic glu-
cose, from a basal level of 5.294+0.23 mmol/Il to a maximum
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Fig.3 Systemic glucose (a), insulin (b), C-peptide (¢) and calculated insulin secretion (d) during intraportal infusion of glucose (open circles)

or infusion of intraportal glucose and GLP-1 (filled circles)

of 5.984+0.29 mmol/l (p<0.01; Fig. 3a). The increase in
glucose concentrations was restrained by the significant
increase in systemic insulin from 37+8 pmol/l to 98+21
pmol/l (p<0.01; Fig. 3b). As expected with intravenous
glucose, active GLP-1 in systemic blood was not changed
(9£3 pmol/l). The increase in insulin secretion was con-
firmed by arise in C-peptide, from 0.16+0.04 nmol/1 to 0.26+
0.07 nmol/l (Fig. 3c). The calculated rate of intraportal
insulin secretion, based on C-peptide deconvolution anal-
ysis, also increased (Fig. 3d). NEFA were suppressed, while
cortisol, glucagon, lactate and growth hormone remained
unchanged (Table 1, Fig. 4). Thus, the infusion of glucose

intraportally yielded a significant insulin secretory response
and a small increment in plasma glucose with little change
in other parameters.

The addition of intraportal GLP-1 to intraportal glucose
infusion raised systemic GLP-1 levels by 11 pmol/l, from 5+
0 to 1644 pmol/l, and resulted in a very different systemic
glucose profile than that produced by portal glucose alone
(Fig. 3a). The concentration of systemic glucose during
GLP-1 infusion was significantly lower than without GLP-1.
In fact, in the second half of the experiment, the glucose
levels were significantly below basal (AUC 59 240 min=
—51.50+19.02 mmol'l "min~" vs AUCq 120 min=20.05+

Table 1 NEFA and growth hormone during portal or systemic glucose infusion with or without GLP-1

Basal 20 min 60 min 120 min 180 min 240 min
Portal glucose infusion
NEFA (mmol/l) —GLP-1 0.78+0.06 0.70+0.06 0.47+0.13" 0.45+0.08" 0.61+0.10 0.88+0.08
+GLP-1 0.66+0.13 0.59+0.12 0.41+0.11 0.34+0.08" 0.36+0.08 0.40+0.07
Growth hormone (pg/l) —GLP-1 1.9+0.4 1.9+0.3 3.6£1.1 2.9+0.8 1.840.2 1.94+0.4
+GLP-1 1.9+0.2 3.4+1.7 7.2+3.4 1.8+0.2 1.8+0.1 2.9+0.4
Sytemic glucose infusion
NEFA (mmol/l) —GLP-1 0.73+0.06 0.65+0.08 0.57+0.10 0.48+0.07" 0.51+0.09" 0.62+0.09
+GLP-1 0.59+0.07 0.58+0.07 0.57+0.07 0.44+0.05 0.52+0.07 0.53+0.08
Growth hormone (pg/l) —GLP-1 1.840.3 2.0+0.3 3.1+1.1 2.3+0.3 3.1+0.7 2.740.5
+GLP-1 1.7£0.3 2.3+0.3 4.5+1.4 2.1£0.2 4.1£1.5 2.3+0.6

#Significantly different from basal (p<0.05)
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Fig. 4 Systemic glucagon (a), cortisol (b) and lactate (¢) during
intraportal infusion of glucose (open circles) or infusion of intraportal
glucose and GLP-1 (filled circles). *p<0.05

7.75 mmol-1 "min~"; p<0.05). It is conceivable that in-

sulin secretion could have accounted for the lower gly-
caemia seen with portal infusion of GLP-1. However, there
were no measurable differences in insulin or C-peptide be-
tween Protocols laand 1b (p=0.47 and p=0.10 respectively;
Fig. 3b, ¢). The insulin AUC above basal for portal glucose
and portal GLP-1 infusion (5,017+889 pmol-l 'min ") was
not higher than that above basal for infusion portal glucose
alone (5,576+1,194 pmol-1 "-min"'; p=0.76). Similarly, the
C-peptide AUC above basal for portal glucose plus GLP-1
(7£2 nmolI""-min ") was lower than AUC above basal for
infusion of portal glucose alone (12+4 nmol-l "'min"'; p=
0.33). When we calculated intraportal insulin appearance,
based on C-peptide deconvolution, we found no significant
difference between insulin intraportal appearance during

971

portal glucose infusion alone and infusion of portal glucose
plus GLP-1 (p=0.2, Fig. 3d). Failing an enhancement in
insulin release, it appears that the combination of intraportal
GLP-1 and glucose was able to reduce peripheral glycaemia,
independently of hyperinsulinaemia.

The levels of the counter-regulatory hormones glucagon
and cortisol increased dramatically in Protocol 1b, whereas
they failed to change in Protocol 1a (Fig. 4). Both glucagon
and cortisol quadrupled in the presence of portal GLP-1,
with glucagon increasing from 5246 ng/l to a maximum of
191448 ng/l at 240 min (p<0.01), while cortisol increased
from 87+17 nmol/l to a maximum of 360+53 nmol/l at 180
min (p<0.01; Fig. 4). Glucagon and cortisol appeared to
increase early at around 10 min; however, this increase did
not achieve statistical significance. Growth hormone did
not increase significantly during co-infusion of GLP-1, and
there was no difference between the levels of growth hor
mone with or without GLP-1 (Table 1).
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Fig. 5 Correlation between systemic glucose and glucagon (a),
glucose and cortisol (b) and glucose and lactate (c) levels during intra-
portal glucose plus GLP-1 infusion. p<0.01 (all panels); /=—0.785 (a);
r=—0.714 (b); =—0.733 (¢)
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NEFA suppression was similar in Protocol la and 1b
(Table 1). The mean lactate concentration increased during co-
infusion of GLP-1, from 1.2+0.2 mmol/l to 1.7+0.3 mmol/l,
but this increase did not reach significance (p=0.08; Fig. 4c).

The plasma concentrations of glucagon, cortisol and
lactate in Protocol 1b were temporally and significantly
correlated with the level of systemic glycaemia. The rela-
tionship is illustrated in Fig. 5, which shows the correlation
between glucose and glucagon levels, glucose and cortisol
levels, or glucose and lactate levels, at each particular time
point for the duration of the experiment (r=—0.79, p<0.01
for glucagon; =—0.71, p<0.01 for cortisol; »=—0.73, p<
0.01 for lactate).
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Protocol 2: systemic glucose infusion with or without portal
GLP-1 infusion To rule out the possibility that the lower
systemic glycaemia and increases in counter-regulatory hor-
mones seen with Protocol 1 were due to a direct peripheral
effect of glucose and GLP-1, we infused glucose systemi-
cally (in Protocol 2a and 2b) to match the modest systemic
hyperglycaemia observed in Protocol la, without or with
portal infusion of GLP-1.

When glucose was infused systemically (without GLP-1
infusion), we measured an increase of 0.4 mmol/l in sys-
temic glucose concentration, from 5.41+£0.14 mmol/l to
5.81£0.18 mmol/l (Fig. 6a). The small increase in gly-
caemia with systemic infusion (Protocol 2a) was not sig-
nificantly different from the increase in systemic glucose
produced with intraportal glucose infusion (Protocol 1a)
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Fig. 6 Systemic glucose (a), insulin (b), C-peptide (¢), glucagon (d), cortisol (e) and lactate (f) during systemic infusion of glucose (open
circles) or systemic glucose and intraportal GLP-1 infusion (filled circles)



(p=0.56). There was a small insulin response (39410 pmol/I
to 8616 pmol/l at 30 min; Fig. 6b), an increase similar to
that observed with Protocol 1a (p=0.32). In the two proto-
cols we also measured very similar increases in C-peptide,
from 0.21+0.03 nmol/l to 0.25+0.04 nmol/I (Fig. 6¢). GLP-1
levels remained constant at 1244 pmol/l. The small in-
creases in mean glucagon, cortisol, growth hormone and
lactate were not statistically different from basal (Fig. 6d—f,
Table 1).

The addition of intraportal GLP-1 increased systemic
GLP-1 levels by 9 pmol/l, but had no significant effect on
any of the other parameters measured. Glucose, insulin, C-
peptide, NEFA, lactate, cortisol, glucagon and growth hor-
mone levels were not significantly different from those
measured with systemic glucose infusion alone (Fig. 6a—f;
Table 1). On the contrary, insulin levels seemed slightly
lower with GLP-1 than without it. The AUC above basal for
insulin was 4,264+1,892 pmol-I "‘min" in the presence of
GLP-1 and 4,577£1,355 pmol-l "min~" without GLP-1
(»=0.91). The C-peptide concentration exhibited a similar
pattern: the AUC above basal was 10+2 nmol-1™"-min " for
the glucose infusion and 7+3 nmol-1 "'min" for the infu-
sion of glucose plus GLP-1 (p=0.54). There were no differ-
ences in calculated intraportal insulin appearance between
glucose infusions with or without GLP-1 (data not shown).
Thus, the lower glycaemia and increases in counter-regu-
latory hormones observed in Protocol 1b cannot be ex-
plained by a direct synergistic interaction between glucose
and GLP-1 at the pancreatic beta cells.

Discussion

The aim of our study was to assess the impact of portal
glucose and portal GLP-1 on glucose regulation. To this
end, we infused glucose intraportally with or without co-
infusion of intraportal GLP-1. The addition of GLP-1 pro-
duced lower systemic glucose levels than those obtained
with intraportal glucose infusion alone, suggesting that the
combination of GLP-1 and glucose in the portal circulation
increased the disappearance rate of systemic glucose and/or
suppressed hepatic glucose output. Interestingly, systemic
insulin levels during the combined intraportal glucose plus
GLP-1 infusion were not different from those produced by
glucose alone. Although we did not measure portal insulin,
the similarity of insulin levels in the two protocols was
confirmed by comparable C-peptide levels, as well as sim-
ilar rates of insulin secretion as calculated from C-peptide
deconvolution analysis, suggesting that the lower systemic
glucose induced by the addition of portal GLP-1 was inde-
pendent of any corresponding increase in insulin secretion.
Although GLP-1 can be expected to increase insulin se-
cretion in the presence of glucose, there is considerable con-
troversy about whether physiological levels of GLP-1 are
able to potentiate insulin secretion in a state of euglycaemia
[24, 25]. 1t is therefore possible that the low increase in
systemic glucose during the portal infusion precluded a
systemic insulinotropic effect of GLP-1. This interpretation
is supported by the result of the systemic glucose and GLP-1
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infusion, when in a similar glycaemic environment, the
addition of GLP-1 did not result in enhanced insulin se-
cretion. It appears from the time lines of insulin and C-pep-
tide concentrations during portal infusions that the addition
of GLP-1 may have contributed to an earlier insulin re-
sponse to glucose. However, it is hard to determine the
significance of this result. Systemic glucose drops rapidly
(<20 min) in response to a rise in insulin [18], therefore we
believe it is unlikely that the early insulin increase is
responsible for the lower glucose levels in the last 120 min
of the experiment. Moreover, if early insulin did contribute,
the insulin pattern should also have produced lower levels
of glycaemia in the systemic glucose infusion.

Several studies have indicated that GLP-1 might have an
insulin-independent effect on glucose homeostasis [26-32],
while other researchers suggested that GLP-1 did not
acutely affect glucose metabolism independently of insulin
[33-37]. These conflicting results may be a consequence of
the large variability in the model and methods used: healthy
vs diabetic, diabetic hyperglycaemic vs diabetic maintained
euglycaemic, clamp vs IVGTT etc. An important factor that
might explain the lack of an insulin-independent effect of
GLP-1 in many studies is the delivery route. The majority
of studies use peripheral infusions of glucose and GLP-1,
therefore supplying GLP-1 in a non-physiological way and
in this manner possibly under-stimulating any potential
receptor in the splanchnic circulation, including the portal
vein. Our study shows that intraportal GLP-1 infusion in the
presence of portal hyperglycaemia has an insulin-indepen-
dent effect; moreover, our results demonstrate that the effect
is present at physiological glucose and GLP-1 concentra-
tions, and while the insulin-secreting ability of the pancreas
is intact, making it more plausible that this type of reg-
ulatory mechanism plays a part in glucose regulation under
normal conditions.

The physiological impact of the presence of portal GLP-
1 cannot be dissociated from the role of portal glucose,
since during a mixed meal both these factors are present in
the portal area. While in mice the infusion of portal glucose
at a rate equivalent to postabsorptive endogenous glucose
production (EGP) induced hypoglycaemia [14, 20], the
result was not replicated in humans [38] or dogs [39]. In our
study the infusion of intraportal glucose at rates similar to
fasting EGP did not have an overtly hypoglycaemic effect.
However, we did obtain lower glucose, approaching hypo-
glycaemia, and a strong counter-regulatory response, when
both glucose and GLP-1 were infused. This is consistent
with other results indicating a functional and possibly
structural relationship between portal glucose and GLP-1
sensors [14], and suggests that the activation of glucose and
GLP-1 sensors in the portal area might be a fundamental
requirement for glucose regulation in response to a meal.

During the combined intraportal glucose and GLP-1
infusion we measured dramatic increases of glucagon and
cortisol in the systemic circulation. This may seem para-
doxical, since it is generally accepted that GLP-1 acting on
the pancreas increases insulin secretion but reduces or
leaves glucagon unchanged [40]. It has been shown that the
previous assertion is true under conditions of hyper- and
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euglycaemia. However, during hypoglycaemia counter-
regulatory mechanisms will override the glucagon sup-
pression [41]. In our study, the hypoglycaemic threshold of
about 4 mmol/l that has been established for counter-
regulation [42] was only reached in one animal, while the
average values, though below basal, remained above the
threshold. However, it has been reported that a non-hyper-
insulinaemic-induced decrease in glucose of 0.6 mmol/l to
5.2 mmol/l can result in a fall of plasma insulin and an
increase in glucagon, indicating that in the dog the pan-
creatic alpha cell is very sensitive to a drop in glucose [43].
Moreover, the increase in lactate levels during GLP-1 in-
fusion might signal an increase in gluconeogenic substrates
that are mobilised to prevent hypoglycaemia. Though
growth hormone levels did not increase significantly during
GLP-1 infusion, the concerted response of increases in
glucagon and cortisol, a reduction in insulin levels to below
basal (starting around 120 min), and increases in lactate
levels indicates a true counter-regulatory response that is
determined by the presence of GLP-1 and glucose in the
portal vein.

In conclusion, this study describes the novel finding that
portal GLP-1 and portal glucose, but not systemic glucose,
can produce lower glycaemia independently of insulin se-
cretion, this lower glycaemia being accompanied by in-
creases in glucagon and cortisol. The data suggest that the
effect is mediated by glucose/GLP-1 receptors in the portal
vein. It appears that GLP-1 contributes to glucose regula-
tion not only through its well-known insulinotropic effect,
but also via an insulin-independent effect. This dual action
makes GLP-1 a very good candidate for therapy in diabetes,
where both the insulin secretory effect and hypoglycaemic
effect could be efficacious in regulating blood glucose.
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