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Abstract

Purpose/Aim—Negative feedback controls in endocrine regulatory systems are well recognized.
The incretins and their role in glucose regulation have been of major interest recently. Whether the
same negative control system applies to the regulation of incretin secretion is not clear. We sought
to examine the hypothesis that exogenous administration of glucagon like peptide-1, GLP-1 (7-36)
amide or its metabolite GLP-1 (9-36)amide, reduces the endogenous basal release of this incretin.

Materials and Methods—\We evaluated the endogenous basal release of GLP-1 using two
separate study designs. In protocol A we examined the GLP-1 (7-36)amide levels during the
infusion of GLP-1 (9-36) amide. In protocol B, we used PYY and GLP-2 as biomarkers for the
endogenous basal release of GLP-1 (7-36) amide and assessed the endogenous basal release of
these two hormones during the GLP-1 (7-36) infusion. Twelve lean and 12 obese subjects were
enrolled in protocol A and 10 obese volunteers in protocol B.

Results—The plasma levels of GLP-1(7-36) amide in protocol A and PYY and GLP-2 in
protocol B remained unchanged during the exogenous infusion of GLP-1(9-36) and GLP-1(7-36)
amide respectively.

Conclusions—The negative feedback control system as described by inhibition of the release of
endogenous hormone while infusing it exogenously was not observed for the basal secretion of
GLP-1(7-36) amide.

Introduction

Negative feedback control by hormones on their own secretion is a common feature of
endocrine regulation. Insulin secretion is one such example. When insulin is administered
during a hyperinsulinemic-euglycemic clamp, plasma C-peptide levels fall and C-peptide
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levels return toward the basal level following the discontinuation of insulin infusion in the
absence of change in plasma glucose levels (1). In addition, studies on the isolated perfused
human pancreas demonstrate an inhibition of glucose-stimulated insulin release by insulin
(2). During euglycemia, glucose infusion does not have any influence on insulin secretory
kinetics. Therefore these results demonstrate that there is feedback inhibition of both basal
and stimulated insulin secretion by insulin itself.

The possible negative feedback of other gluco-regulatory hormones is less clear. However,
the phenomenon of negative feed-back has now become clinically relevant because of the
introduction of dipeptidyl peptidase-4 (DPP-4) inhibitors to treat type 2 diabetes mellitus
(T2DM). These agents prevent the acute degradation of the two incretin peptides, glucagon—
like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), and thereby
increase the postprandial biologically active concentrations of both peptides. It is felt that the
increases in intact, insulinotropically active GLP-1 and GIP are sufficient to explain the
antidiabetic effects seen in T2DM patients during DPP-4 inhibition. Additionally, mice
lacking both GIP and GLP-1 receptors do not display any glucose-lowering effect upon
DPP-4 inhibition (3). This would seem to preclude any non-specific effects of DPP-4
inhibition, unrelated to incretin action. However, it is also clear that during DPP-4 inhibition,
secretion of incretins is reduced. Vildagliptin, an orally active DPP-4 inhibitor, caused a 72%
reduction in GLP-1 secretion and a 26% reduction in GIP secretion the postprandial state
(4). Similar but lesser effects have been shown with sitagliptin, another orally active DPP-4
inhibitor (5). Saxagliptin, another DPP-4 inhibitor, has more recently been approved by FDA
and also has similar effects (6).

These results led us to infer that GLP-1, GIP or their metabolites can inhibit their own
secretion. In this study, we have carried out infusions of GLP-1(9-36)amide, the
insulinotropically inactive metabolite of GLP-1, to ascertain if the metabolite directly
influences basal GLP-1 secretion. Additionally, we have carried out GLP-1(7-36)amide
infusions and evaluated Peptide YY (PYY) and glucagon-like peptide-2 (GLP-2) secretion,
which are co-secreted with GLP-1 from secretory granules (7), to evaluate any influence of
insulinotropically active GLP-1 on its own basal secretion. Finally, we assessed the possible
effects of GLP-1 receptor blockade on the basal secretion of GLP-1 by infusing exendin
(9-39), a selective GLP-1 receptor antagonist, in addition to GLP-1(9-36)amide. Studies
were carried out in obese as well as lean volunteers because the insulinomimetic effects of
GLP-1 and its metabolites, per se, are more apparent in the obese state (8, 9).

Materials and Methods

The two protocol designs and subject characteristics have been previously described (8, 9).
We will refer to the GLP-1(9-36)amide infusion study as protocol A and to the
GLP-1(7-36)amide infusion study as protocol B. In protocol A, we enrolled 12 lean (body
mass index (BMI1)=22.33+0.39, age 29+1.86 yrs.) and 12 obese (BMI=37.20+1.50, age
42+2.0 yrs.) volunteers. There were six women and six men in each group, all of whom had
normal glucose tolerance. We performed two euglycemic clamps on each volunteer,
separated by at least 4 weeks. Saline or GLP-1(9-36)amide (1.5 pmol/Kg/min) was infused
from 0 to 60 minutes. In both studies, all parameters were followed for 60 minutes after the
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infusions. A third clamp was performed in seven lean and six obese volunteers. The known
GLP-1(7-36)amide receptor was blocked with the infusion of exendin(9-39) (300 pmol/Kg/
min) from —-60 to +60 minutes and GLP-1(9-36)amide was infused from 0 to 60 minutes. All
parameters were followed for an hour after the infusion of the peptides.

In protocol B we enrolled 10 volunteers, all of whom had normal glucose tolerance, (5 male
and 5 female, age: 32.5+3.0 yrs, BMI: 34.6+0.8 Kg/m?). Protocol B was similar to protocol
A except that GLP-1(7-36)amide was infused (1.5 pmol/Kg/min) from 0 to 60 min. In a
second study, we infused insulin in a manner which reproduced the incretin stimulated
plasma insulin levels in each volunteer during the GLP-1(7-36) infusion. In all studies all
parameters were followed for another hour after the termination of the hormone infusions.

methods

Blood samples, obtained every 10 minutes from —30 to 120 minutes, were collected using
heparinized syringes and were immediately transferred to pre-chilled tubes containing
EDTA, peptidase inhibitors aprotinin (trasylol) and DPP-4 inhibitors) as described
previously (10). An aliquot of plasma was saved for determination of both active and total
GLP-1 in protocol A and both active and total GLP-1 as well as PYY and GLP-2 in protocol
B. Total GLP-1 was estimated with an antibody directed toward the C-terminal moiety of the
peptide and we measured active GLP-1 by ELISA (Linco Research, Inc.) with a detection
limit of 5 pmol/liter. PY'Y was assayed with a RIA (Linco Research, Inc., now marketed by
Millipore), which recognizes both 1-36 and 3-36 forms of human PYYY. The limit of
sensitivity and the limit of linearity of the PY'Y assay are 2.32 and 297 pmol/l, respectively
(interassay variation, <5%). In addition, we checked the cross-reactivity of the PYY
antibody with pancreatic polypeptide (PP) and neuropeptide Y (NPY) by assay of serial
dilutions of PYY-(1-36), PP, and NPY synthetic peptides in human plasma with the same kit
and did not find any cross-reactivity between PY'Y and either PP or NPY as described
previously (7). GLP-2 was assayed with an ELISA (Alpco Immunoassays, Inc.). The range
of the assay is 1.6 to 378 pmol/l.

The trapezoidal rule was used to calculate integrated responses and was divided by time
interval which resulted in a mean concentration for that period. Changes between basal
levels, infusion period and recovery period for total GLP-1, active GLP-1, GLP-2 and PYY,
and difference for those time intervals between total and active GLP-1 were evaluated using
paired t-test, using the Bonferroni adjustment. The same method was used to evaluate the
changes in GLP-2 and PYY levels in protocol B.

In protocol A, fasting total GLP-1 levels for the lean group were similar in all three clamps
(~12.2+1.4 pmol/l). Fasting levels for the obese groups were also similar for all three clamps
and were approximately 5.0+0.7 pmol/I. The infusion of GLP-1(9-36)amide created a square
wave and the mean concentration of total GLP-1 during GLP-1(9-36)amide and saline
infusions for the 0—60 min period for lean group were 145.5+13.0 and 12.8+1.3 pmol/I
respectively. The 60-120 min concentrations were 28.6+2.7 and 13.1+1.3 pmol/l. The 0-60
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min mean total GLP-1 concentrations for the obese group during GLP-1(9-36) amide and
saline infusion were 160.7+12.5 and 4.3+0.7 pmol/Il. The 60-120 min concentrations were
33.7+2.4 and 4.1+0.7 pmol/ I. During the exendin(9-39) and GLP-1(9-36)amide infusion
studies the corresponding values for fasting, 0-60 min and 60—120 min for both lean and
obese groups were very similar to the levels reported above (Fig 1).

The baseline values for active GLP-1 in the lean group were approximately 5.28+0.30
pmol/l for all three clamps. It remained unchanged following the infusion of
GLP-1(9-36)amide or saline. During the recovery hour no significant changes occurred. In
the obese group, the corresponding values for the basal, infusion and recovery period were
similar to those of the lean group and remained unchanged. Similar active GLP-1 levels of
the lean and the obese groups were observed despite the three fold lower total GLP-1 levels
of the obese group. The values for active GLP-1 during GLP-1(9-36)amide and
exendin(9-39) infusions were also very similar and did not change in either group.

In protocol B, we measured PYY and GLP-2 for estimation of endogenous GLP-1 release as
the antibody to active GLP-1 cannot distinguish endogenously released hormone from
exogenously infused hormone. GLP-1 and GLP-2 are colocalized and in some cells GLP-1
and PYY are colocalized; all have similar secretory patterns and reach peak levels at the
same time after nutrient stimulation (7). The basal PYY level, the 0-60 minute level and the
60-120 minute level were 17.9+2.8, 16.8+2.6 and 16.3+2.2 pmol/l respectively. The basal
GLP-2 level, the 0-60 minute level and the 60-120 minute levels were 72.6+5.3, 66.6+5.4
and 62.5+4.5 pmol/l respectively. PYY and GLP-2 levels remained mostly unchanged from
the basal state throughout the study (Figure 2). No effect of exendin(9-39) infusion was
observed on basal levels of cosecreted intestinal L-cell peptides (data not shown).
Replication of the mild insulinotropic effects of GLP-1(7-36) amide by exogenous insulin
infusion also had no effects on the basal levels of co-secreted L-cell peptides (data not
shown).

Discussion

Negative feedback control of basal and stimulated release of peptide hormones by
exogenous infusion is well known in many of the endocrine system secretions. It has been
shown that GLP-1(7-36)amide secretion could be inhibited by somatostatin in certain
species (11-13) Furthermore, GLP-1 infusion has been shown to suppress both GLP-1 and
PYY secretion in the post-prandial state (14, 15). However, the magnitude of the suppression
was approximately 2 pmol/I. In addition, infusion of the selective GLP-1 receptor antagonist
exendin (9-39) has been shown to result in increases in the stimulated level of GLP-1 in
patients after Roux-en-Y gastric bypass (16). The presence of negative feedback control in
the basal state has not been determined, however. Therefore, the plasma levels of
GLP-1(7-36)amide during GLP-1(9-36)amide infusion and PYY and GLP-2 levels during
GLP-1(7-36)amide infusion with and without exendin(9-39) infusion were measured to
assess this concept.

In the protocols described above, we found no evidence of negative feedback from either
exogenous GLP-1(7-36)amide or its metabolite GLP-1(9-36)amide or the blockade of the
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GLP-1 receptor on the basal secretion of intestinal L cells. When GLP-1 levels are measured
with antibodies directed toward the C or the N-terminal of the molecule, it has been
demonstrated that approximately 80 % of the circulating levels are the metabolite of the
GLP-1(7-36)amide, GLP-1(9-36)amide [see Figure 2] (8). Therefore, it may be argued that
the metabolite, the 9-36 moiety, may have a role in the plausible negative feedback control,
which we could not confirm. It should be noted that the basal levels of the total GLP-1 in the
plasma of the lean group of subjects was approximately three-fold higher than that in the
obese group. This difference may be due to a similar three-fold increase in plasma levels of
neprilysin in obese compared to lean human subjects (17) Neprilysin has been shown to
degrade GLP-1 (18) at several sites (19) and likely would reduce plasma levels of
immunoreactive (total) GLP-1 (18) Recently, it has been demonstrated that there is
considerable variability in specificity, sensitivity and precision of all measurable isoforms of
GLP-1 levels as measured in different commercial assay Kits (20). These investigators report
that the Linco (now Millipore) active ELISA GLP-1 kit detect only the active isoform and is
capable of recognizing as little as 1 pmol/L differences in GLP-1 (7-36)amide levels.

Our studies have a serious limitation; however, in that we could only assess the effect of
exogenous infusions on basal (fasting) hormone release from L cells because the studies
were not designed to assess meal-stimulated incretin secretion. Therefore it is possible that
negative feedback inhibition of stimulated GLP-1 secretion by GLP-1 may occur. In
addition, surrogate markers of intestinal L cell secretion products were assessed during
GLP-1 (7-36) infusion in order to infer endogenous GLP-1 secretion, as the GLP-1 antibody
used to measure GLP-1 cannot distinguish endogenously produced from exogenously
infused GLP-1 levels. Although it is unlikely that the secretion of GLP-1 (7-36) is uncoupled
from the co-secretion of PYY and GLP-2 in the basal state, this remains a possibility.

An impetus for undertaking these studies of possible feed-back regulation of GLP-1
secretion by GLP-1(7-36)amide and GLP-1(9-36)amide is the reported finding that in mice
the GLP-1 receptor is not expressed in the intestinal L-cells that produce and secrete GLP-1
peptides (21). In addition the receptor is not expressed in the L-cell progenitor cells (21).
Yet, GLP-1 receptor agonists stimulate the proliferation of L-cell progenitor cells and
increase L-cell mass. These remarkable findings indicate that the effect of GLP-1 on the
proliferation of L-cells is indirect via paracrine mechanisms. Since cell proliferative
responses would take a much longer time than the one-hour GLP-1 infusions used in our
human subjects our failure to observe a modulation of GLP-1 secretion is consistent with the
absence of GLP-1 receptors on L-cells. The rationale for analyzing the effects of
GLP-1(9-36)amide on the modulation of GLP-1 secretion is based on the observations that
the amino-terminal truncated GLP-1(9-36)amide acts via GLP-1 receptor independent
mechanisms [9]. Further, as indicated above, GLP-1(9-36)amide is the major form of GLP-1
in the circulation, comprising ~80% of the total immunoreactive GLP-1 in plasma (Figure
2). Our finding of an absence of acute (one hour) feed-back modulation of GLP-1 secretion
by either GLP-1(7-36)amide or GLP-1(9-36)amide suggests a lack of direct GLP-1 receptor-
mediated or non receptor-mediated secretory responses of L-cells.

There are many theoretical possibilities that could explain how DPP-4 inhibition results in
partial inhibition of K and L cell products. Both GIP and GLP-1 lead to insulin secretion and
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it is possible that increased insulin secretion after DPP-4 inhibition leads to inhibition of the
stimulated secretion of incretins. We found no evidence of an insulin-mediated effect on
basal GLP-1 release. Postcibal incretin secretion is potentially affected by a variety of
factors, including changing circulating levels of the absorbed nutrients. For this reason, we
used the euglycemic glucose clamp method to control for changing levels of glucose in our
studies. In addition to changing glucose and insulin levels, other meal-associated events in
gastrointestinal and pancreatic function may affect changes in the secretion of enteric
hormones. For example, altered enteric hormone release would be predicted to be reduced if
gastric emptying were impeded by a DPP-4 inhibitor. Although GLP-1 and exendin-4
(exenatide) have been shown to reduce gastric emptying in clinical and laboratory studies
(22, 23), Vella et al have shown that DPP-4 inhibition is not associated with changes in
gastric emptying (24). There is evidence that vagal mechanisms are involved in mediating
incretin secretion. Vagotomy results in diminished incretin secretion (25), and it is
theoretically possible that DPP-4 inhibitors influence the active levels of neurotransmitters
such as vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-activating
polypeptide (PACAP) that modulate incretin secretion. Finally it is possible that GIP, either
directly or indirectly, may exert negative feedback control on GLP-1 secretion. During
DPP-4 inhibition, GLP-1 secretion is impacted far more (72% reduction in secretion) than is
GIP secretion. A recent study using exogenous GIP (20 ng/kg/min) infusion for 3 hours in
type 2 diabetes subjects showed that meal-stimulated GLP-1 secretion was diminished for
several hours even after termination of the infusion (26). As plasma GIP levels are elevated
during DPP 4 inhibition in both fasting and postprandial states, it is possible that elevated
GIP levels are responsible for the meal-related diminution of GLP-1 secretion.

Conclusions

The negative feedback control system as described by inhibition of the release of
endogenous hormone while infusing it exogenously was not observed for the basal secretion
of GLP-1 (7-36) amide. Further studies are necessary to identify the effectors of the
mediation of GLP-1 levels after nutrient ingestion or drug administration.
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Figurel.
Left panel represents levels from the lean group and right panel from the obese group (N=12

in each group). The top panels display active and total GLP-1 levels during GLP-1 (9-36)
amide infusions (N=12 in each group). The bottom panels display active and total GLP-1
levels during GLP-1 (9-36) infusion with and without exendin (9-39) infusion (N=7 in lean
and N=6 in obese group).
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Figure 2.

Total and active GLP-1, PYY and GLP-2 levels during GLP-1 (7-36) infusions (N=10).
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