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Inhibition of dipeptidyl peptidase-4 (DPP-4) activity improves glucose homeostasis through a mode of
action related to the stabilization of the active forms of DPP-4-sensitive hormones such as the incretins
that enhance glucose-induced insulin secretion. However, the DPP-4 enzyme is highly expressed on the
surface of intestinal epithelial cells; hence, the role of intestinal vs. systemic DPP-4 remains unclear. To
analyze mechanisms through which the DPP-4 inhibitor sitagliptin regulates glycemia in mice, we
administered low oral doses of the DPP-4 inhibitor sitagliptin that selectively reduced DPP-4 activity in
the intestine. Glp1r~/~ and Gipr /" mice were studied and glucagon-like peptide (GLP)-1 receptor
(GLP-1R) signaling was blocked by an iv infusion of the corresponding receptor antagonist exendin
(9-39). The role of the dipeptides His-Ala and Tyr-Ala as DPP-4-generated GLP-1 and glucose-depen-
dent insulinotropic peptide (GIP) degradation products was studied in vivo and in vitro on isolated
islets. We demonstrate that very low doses of oral sitagliptin improve glucose tolerance and plasma
insulin levels with selective reduction of intestinal but not systemic DPP-4 activity. The glucoregulatory
action of sitagliptin was associated with increased vagus nerve activity and was diminished in
wild-type mice treated with the GLP-1R antagonist exendin (9-39) and in Glp7r~’~ and Gipr /~
mice. Furthermore, the dipeptides liberated from GLP-1 (His-Ala) and GIP (Tyr-Ala) deterio-
rated glucose tolerance, reduced insulin, and increased portal glucagon levels. The predom-
inant mechanism through which DPP-4 inhibitors regulate glycemia involves local inhibition of
intestinal DPP-4 activity, activation of incretin receptors, reduced liberation of bioactive dipeptides, and
activation of the gut-to-pancreas neural axis. (Endocrinology 152: 3018-3029, 2011)

uring a meal, glucagon-like peptide-1 (GLP-1) and
Dglucose—dependent insulinotropic peptide (GIP) are
secreted into the mesenteric and hepatoportal veins (1, 2).
Upon binding to their respective receptors on insulin-
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secreting B-cells, both peptides enhance glucose-dependent
insulin secretion and improve glycemic control (3, 4). This
mechanism underlies the incretin effect (5). Hence, both
peptides have drawn interest for development of innova-
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Abbreviations: DPP-4, Dipeptidyl peptidase-4; Ex9, exendin (9-39); GIP, glucose-depen-
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PepT1, peptide transporter 1.
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tive therapeutic strategies based on enhancing incretin ac-
tion. However, one major drawback to the use of native
GLP-1 and GIP is that the peptides are rapidly degraded by
an endoprotease, dipeptidyl peptidase-4 (DPP-4) as soon
as they are secreted by enteroendocrine L and K cells, re-
spectively (6, 7). Dpp4 '~ mice exhibit reduced glycemic
excursion after a glucose challenge in association with
increased levels of glucose-stimulated insulin and the in-
tact insulinotropic forms of GLP-1 and GIP (8), illustrat-
ing the importance of endogenous DPP-4 for control of the
incretin axis.

Two new therapeutic strategies are now available based
on potentiation of incretin action, one employing inject-
able DPP-4-resistant GLP-1 receptor (GLP-1R) agonists
and a second approach involving orally active inhibitors of
DPP-4. The development of DPP-4-resistant GIP analogs
has also been initiated for the treatment of type 2 diabetes
(9, 10), and clinical trials are ongoing to validate their
efficacy (11). The administration of either liraglutide or
exenatide, the approved GLP-1R agonists, results in phar-
macological levels of these peptides, increases in plasma
insulin, decreases in glucagon, and improvement in gly-
cemic control (12-14). In contrast, DPP-4 inhibitors pre-
vent degradation of endogenous incretin hormones, sta-
bilizing intact concentrations of GLP-1 and GIP in the
mesenteric and hepatoportal veins, close to the site of in-
testinal incretin secretion. However, the increase in circu-
lating intact GLP-1 levels is often modest, and whether this
small increase in plasma GLP-1 engages the B-cell GLP-
1R, accounting for the improvement in glycemic control
observed after DPP-4 inhibition, is unclear. Therefore,
whether endogenous GLP-1 acts as a true circulating in-
cretin hormone in the context of DPP-4 inhibition remains
to be determined (15).

We and others previously showed that in the awake
free-moving mouse and other animal models, a vagal
hepatopancreatic reflex (16) is initiated by activation of
the hepatoportal glucose sensor to control peripheral glu-
cose utilization in a GLP-1R-dependent manner (17-21).
This mechanism required the simultaneous activation of
brain GLP-1 signaling to trigger control of glucose-regu-
lated insulin secretion (22), muscle blood flow and insulin
sensitivity (23), and hepatic glucose production and food
intake (24, 25). Together, these data show that a physio-
logical increase in GLP-1 regulates glucose metabolism
through a mechanism that involves the enteroportal gut-
to-brain-to-periphery axis (26).

These findings raise the possibility that the glucoregu-
latory actions of DPP-4 may involve local regulation of the
GLP-1-dependent gut-to-brain-to-periphery axis. To test
this hypothesis, we inhibited DPP-4 activity in the intestine
using a very low oral dose of sitagliptin and show that
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selective local reduction in intestinal DPP-4 activity is suf-
ficient for activation of the neurally mediated gut-to-
brain-to-periphery axis. Moreover, reduced liberation of
the bioactive dipeptides released from GLP-1 (His-Ala)
and GIP (Tyr-Ala) may also contribute to the therapeutic
effects of DPP-4 inhibition.

Materials and Methods

Animals and research design

Eleven-week-old C57BL6/] (Charles River, L’Arbresle,
France), Glp1r~'~ and Gipr~/~ male mice were housed in a
controlled environment (inverted 12-h daylight cycle, lights off
at 1000 h) with free access to food and water. All the following
animal experimental procedures have been approved by the local
ethical committee of the Rangueil hospital or the Mt. Sinai Hos-
pital/Toronto Center for Phenogenomics. Mice were fed a nor-
mal carbohydrate diet (energy content of 12% fat, 28 % protein,
and 60% carbohydrate; A04, Safe, France). Intrafemoral and
intraportal catheters were indwelled for glucose and drug ad-
ministration. A few days after recovery from surgery, the cath-
eters were connected to infusion systems, allowing the animal to
remain in its cage. This allows for injections without handling the
animals. Mice underwent a glucose tolerance test as described
below. Mice allocated to the recording of vagus nerve activity
were infused with the GLP-1Rantagonist exendin (9-39) (Ex9)
into the femoral catheter (0.1 nmol/kg:min) for 45 min before the
intragastric glucose challenge and until the end of the experi-
mental procedure. We defined this small dose in previous exper-
iments to be fully functional in the mouse (17). In all the other sets
of mice, a higher dose of Ex9 was flash injected (1 nmol/mouse)
to pharmacologically inhibit GLP-1R signaling. We used this
high dose to ensure a full inhibition of the GLP-1R because the
ip administration might not allow homogeneous distribution of
the antagonist peptide into the body.

Surgical procedures

For intraportal or femoral catheters, the mice were anesthe-
tized with isoflurane (Abbott, Rungis, France). A catheter was
indwelled into the femoral vein (23) or the portal vein (17, 27,
28). After insertion of catheters, mice were allowed to recover for
a full week to reach their presurgical body weight. Mice that did
not recover completely were not used in additional experiments.

Glucose tolerance test

In a first set of experiments, a glucose solution (30%) was ad-
ministered (2 g/kg) orally or iv in mice fasted for 6 h. This high-
glucose dose still resulted in rapid normalization of glycemia when
administered iv. The mice were gavaged with the DPP-4 inhibitor
sitagliptin (Merck Sharp Dohme and Chibret Laboratories, Rah-
way, NJ) diluted in 200 wl water at different concentrations ranging
from 4-400 pg/mouse 30 min before the glucose challenge. In a few
instances, we used the dose of 40 mg/mouse to totally inhibit in-
testinal and systemic DPP-4 activity. No physiological conclusion
could be drawn using 40 mg sitagliptin because this dose completely
inhibited gastric emptying.

Another set of mice was allocated for assessment of portal
vein GLP-1 and GIP concentrations. Sitagliptin was also admin-
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istered 30 min before the glucose challenge. Then, after the glu-
cose challenge, blood was sampled in the presence of diprotin A
(ile-pro-ile, 0.1 mmol/liter; Sigma-Aldrich, St. Louis, MO) and
heparin 15 min after the glucose challenge, i.e. 45 min after the
administration of sitagliptin, as follows. A rapid anesthesia (less
than 5 min) was induced by an ip injection of a mix of ketamine
1000 (Virbac, Carros, France) xylazine (rompum 2%, 100 and
10 mg/kg ip, respectively; Bayer HealthCare, Loos, France) to
perform the portal vein blood samplings. Because 250 ul portal
blood was required and collected at each time point, one set of
mice was allocated to each time point. This procedure allows the
sampling of blood before the glucose rises above 6.5 mm.

Plasma parameters

Plasma insulin concentration was determined from 10 ul us-
ing the mouse ultrasensitive insulin ELISA kit (Mercodia, Upp-
sala, Sweden). Plasma GLP-1 concentration was determined
from 100 wl using the GLP-1 (Active) ELISA kit (Linco Research,
St. Charles, MO). Plasma glucagon was determined using the
RIA kit for glucagon (Millipore, Billerica, MA). Active GIP con-
centrations were measured as described previously (29).

Measurement of parasympathetic nervous system
activity

The mice were gavaged with sitagliptin or water 30 min be-
fore the intragastric glucose challenge. Afterward, the mice were
anesthetized, and vagus nerve activity was recorded at the level
of the trachea as previously described (23, 30). Briefly, while the
mice were kept on a heating blanket at 37 C in a Faraday cage set
up, a first electrode was hooked to the vagus nerve while a second
one was implanted under the skin as a reference. The vagus nerve
activity was recorded using a data acquisition system (Powerlab
8/3, ADInstruments, Colorado Springs, CO). The signal was
filtered between 0.1 and 1000 Hz, with a 4 koctet/sec sampling
rate, and amplified by the BioAmp. After the glucose challenge,
vagus nerve activity was recorded for 30 min. At completion of
the recording period, 600 ug acetylcholine was injected into the
peritoneal cavity. This dose was extremely high and employed to
nonspecifically activate the overall system and make sure that we
could obtain a response. Consequently, this dramatically in-
creased vagus nerve activity, facilitating calibration of the re-
cording and validating the sensitivity of the experimental set-up.
Mice in which the firing rate activity of the vagus nerve was not
increased by acetylcholine were not included in the analysis.

Insulin and glucagon secretion from isolated
human and mouse islets

Murine islets

Mice were killed by cervical dislocation, the pancreas re-
moved, and islets isolated by collagenase digestion and subse-
quently separated from the remaining exocrine tissue by hand-
picking under a stereomicroscope, as previously described (31).
Islets were then cultured overnight in CMRL-1066 (Invitrogen,
Carlsbad, CA) supplemented with 0.25% human serum albu-
min, 20 mM L-glutamine, 64 mg/liter gentamicin, and 25 mm
HEPES at 37 C in 95% 0,/5% CO, and saturated humidity in
96-well filter plates (multiscreen Durapore BV1.2 um; Milli-
pore) (five islets per well). In vitro insulin release was assayed
under static incubation. The culture medium was replaced by
Krebs-Ringer-bicarbonate-HEPES buffer/0.05 % fatty acid-free
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BSA containing 5.5 or 16.7 mM glucose with or without histi-
dine-alanine (His-Ala) dipeptides at 1, 10, and 100 nMm, and islets
were further incubated for 90 min at 37 C. The plates were then
centrifuged, and the supernatants were stored at —20 C until
assayed for insulin and glucagon.

Human islets

Human islets were isolated from 20- to 52-yr-old nondiabetic
adult donors (19 kg/m? < body mass index < 25 kg/m?) with
brain death as previously described (31). The islets were hand-
picked and cultured overnight in CMRL-1066 (Invitrogen). In
vitro insulin release was assayed under static incubation using
the same protocol followed for mouse islets.

DPP-4 assay

DPP-4 activity was assessed in the plasma or the intestinal
lumen, mucosa, or the epithelium from the duodenum, jejunum,
and ileum 15 min after the glucose challenge, 7.e. 45 min after the
administration of sitagliptin. To assess DPP-4 activity, 50 ul
plasma or 30 mg of the intestinal extracts were used. Luminal
contents were collected by immediate flushing of the intestine;
the mucosa was hydrated with 1 ml PBS (140 mm NaCl, 3 mm
KCl, 4 mm Na,HPO,,1.5 mm KH,PO,) and collected by gentle
scraping. The epithelial cells are then spun down by centrifuga-
tion (8000 rpm at4 C for 5 min), and the supernatant was stored.
We hence assessed the non-membrane-associated and the mem-
brane-associated fractions for DPP-4 activity. Eventually, the
remaining intestinal epithelium corresponding to the basal mem-
brane of the intestine was stored in the same buffer. DPP-4 ac-
tivity was assayed from 50 ul of the extracts incubated with kit
reagents for 2 h at 37 C according to the manufacturers’ recom-
mendations using recombinant DPP-4 as a standard, expressed
in nanograms per milliliter (DPP-4 Glo protease assay; Promega,
Madison, WI). The data are expressed as percentage of control,
which corresponds to the value obtained in the absence of
sitagliptin.

Statistical analyses

Results are presented as means = SEM. Statistical analyses were
performed using Prism GraphPad version 5.01 (GraphPad Soft-
ware Inc., San Diego, CA). Between-group differences were ana-
lyzed using the Student’s # test for single comparisons and two-way
ANOVA with Bonferoni post hoc test for multiple comparisons, and
a statistical difference was considered significant when P < 0.05.

Results

Inhibition of intestinal DPP-4 by low-dose oral
sitagliptin improves glucose tolerance

We first determined the minimal oral dose of sitagliptin
sufficient to reduce glycemic profiles after an oral glucose
challenge. Oral administration of as low as 4 ug sitagliptin
per mouse improves glucose tolerance in normal healthy
mice (Fig. 1, A and C). Larger doses of sitagliptin (40, 80,
120, and 400 pg) produced more robust glucoregulation
(Fig. 1, Band C). Interestingly, a pharmacological dose of 40
mg almost totally blunted glycemic excursion (not shown)
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FIG. 1. Oral administration of sitagliptin. In all instances, sitagliptin was administered orally 30 min before the oral glucose challenge. A and B,
Glycemic profiles 30 min before and during an oral glucose tolerance test (n = 12 for 0, 4, 40, and 80 ug/mouse, and n = 8 for 120 and 400 wg/
mouse); C, corresponding area under curve (AUC) (micromolar X minute) for data in A and B; D, portal concentrations of plasma insulin
(nanograms per milliliter) measured in different sets of mice: E, portal active GLP-1 (picomolar); F, portal active GIP (picomoles per liter); G-J, DPP-4
activity (percentage of control in the absence of sitagliptin) (G and H) and concentration (picograms per milliliter) (I and J) in the plasma (G and 1),
and in the different segments of the intestinal lumen (lum), mucosa (muc), or in the intestinal submucosal epithelium (epi) (H and J) determined 15
min after the glucose challenge in mice where sitagliptin at the dose of 40 uwg/mouse or 40 mg/mouse has been administered orally. *, Statistically

significant from the non-sitagliptin-treated group, P < 0.05.

due to complete inhibition of gastric emptying. Plasma in-
sulin concentrations in the portal vein assessed 15 min after
the oral glucose challenge were significantly increased by a
dose of sitagliptin as low as 40 pug/mouse (Fig. 1D).

The hepatoportal concentrations of active GLP-1 in the
presence of sitagliptin at doses ranging from 4-40 ug/
mouse remained almost undetectable, close to the detec-
tion limit of 2 pm GLP-1. They were significantly higher
after administration of 400 pug/mouse (Fig. 1E), which was
also associated with a robust reduction of plasma DPP-4
activity (not shown). In contrast, active hepatoportal GIP
concentrations were significantly increased with 40 and
400 pg/mouse sitagliptin (Fig. 1F). Although lower sita-
gliptin doses (40-120 pg) reduced glucose (Fig. 1A) and
increased portal insulin levels (Fig. 1D), these bioactive
doses had no effect on plasma DPP-4 activity (Fig. 1, Gand
I). In contrast, the maximal sitagliptin dose employed (40
mg/mouse) markedly reduced plasma DPP-4 activity and
inhibited gastric emptying (Fig. 1, G and I, and data not
shown). We next quantified DPP-4 activity in different
compartments of the intestine, specifically the lumen, mu-

cosa, and submucosal epithelium. The 40-ug sitagliptin
dose was sufficient to reduce DPP-4 activity in multiple
compartments of the duodenum and jejunum and partly in
the ileum (Fig. 1, H and J). In contrast, the control dose of
40 mg sitagliptin reduced DPP-4 activity in all compart-
ments (Fig. 1, H and ]).

Low-dose parenteral sitagliptin and parameters of
glucose tolerance

The iv administration of enterally active doses of sita-
gliptin had only modest effects on glycemic control (Fig. 2,
A and B). It is noteworthy we did not observe a similar
dose-response relationship with low doses of sitagliptin
given iv, relative to the effect observed when the drug was
given orally (compare with Fig. 1, A and B). Portal vein
insulin levels were increased by oral glucose alone but not
further augmented when the low doses of sitapliptin were
administered iv (Fig. 2B, inset). In contrast to the signifi-
cant reduction of gut DPP-4 activity with low-dose enteral
sitagliptin administration, plasma DPP-4 activity was un-
changed after iv sitagliptin treatment at lower doses (4—
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FIG. 2. Intravenous sitagliptin administration. In all instances, sitagliptin was administered iv 30 min before the oral glucose challenge. A and B,
Glycemic profiles 30 min before and during oral glucose tolerance test after iv administration of sitagliptin (n = 12 for 0, 4, 40, and 80 wg/mouse,
and n = 6 for 120 and 400 pg/mouse); inset in A, corresponding area under curve (AUC) are represented in micromolar per minute for data
shown in A and B. Portal hormone levels were measured indifferent sets of mice. Inset in B, Portal concentrations of plasma insulin (nanograms per
milliliter) 15 min after glucose administration (six mice per group) (see Supplemental Fig. 1 for the corresponding DPP-4 activities). C, Glycemic
profiles during oral glucose tolerance test after portal vein administration of sitagliptin (40 wg/mouse, six mice per group). D, Portal active GLP-1
concentrations (picomolar) and E, circulating DPP-4 activity (nanograms per milliliter) in mice where 40 wg/mouse of sitagliptin or NaCl (0.9%) has

been injected into the portal vein (five mice per group).

120 g, see Supplemental Fig. 1, published on The Endo-
crine Society’s Journals Online web site at http:/
endo.endojournals.org), with a significant 30% reduction
observed only at 400 ug sitagliptin (Supplemental Fig.
1). Consistent with the importance of suppressing
DPP-4 activity within intestinal tissue, portal vein ad-
ministration of sitagliptin (40 ug/mouse) was not suf-
ficient to change glycemic profiles, portal GLP-1, or
plasma DPP-4 activity (Fig. 2, C-E). Portal GIP con-
centrations remained similarly unchanged (87 + 15 vs.
92 + 22 ng/ml in the absence or presence of 40 ug/
mouse sitagliptin, respectively).

The control of glucose tolerance by intestinal DPP-
4 requires GLP-1 and GIP receptors

To determine whether the GLP-1R mediated control of
oral glucose tolerance by low-dose sitagliptin, we coad-
ministered the GLP-1R antagonist Ex9 into the systemic
circulation simultaneous to the oral administration of sita-
gliptin at the lowest maximally efficient intestinal gluco-
regulatory dose of 40 pg/mouse. Ex9 impaired the anti-
hyperglycemic action of low-dose sitagliptin (Fig. 3A). A
similar effect was observed with sitagliptin administered
at the dose of 80 ug/mouse (not shown). Surprisingly, Ex9
did not block the increase in plasma insulin levels previ-
ously observed (Fig. 1D) with 40 ug/mouse sitagliptin
(Fig. 3B). To further study the role of incretin receptors in
the control of glycemia by low-dose sitagliptin, we ana-
lyzed Glp1r~'~ and Gipr~'~ mice. Sitagliptin at doses of
4,40, or 120 pug/mouse had no effect on oral glucose tol-

erance in GIp1r~'~ mice, whereas the 120-ug dose did
improve glycemic profiles (Fig. 3C). Plasma insulin levels
increased modestly after sitagliptin treatment (Fig. 3, C
and D). Similarly, whereas the two lower doses, 4 and 40
pg/mouse sitagliptin, had no effect on glucose excursion
or insulin levels, 120 pg sitagliptin did reduce glucose ex-
cursions in Gipr~'~ mice (Fig. 3D).

DPP-4 inhibition regulates vagus nerve activity

Enteric glucose activates the gut-to-brain axis by a
mechanism that requires the GLP-1R (18,22, 32) and the
autonomic nervous system. Hence, to determine whether
low-dose DPP-4 inhibition could also activate the gut-
brain neural axis, we recorded vagus nerve activity before
and after an oral glucose load with or without sitagliptin
(40 pg/mouse), a dose sufficient to inhibit intestinal but
not plasma DPP-4 activity (Fig. 4A). Preliminary experi-
ments using the 4-ug dose did not show any effect that was
most likely due to the anesthesia that lowers the sensitivity
to the inhibitor. Glucose alone increased the basal firing
rate by 2-fold (Fig. 4, B and C). After treatment with sita-
gliptin, neural activity was further enhanced but could be
totally blunted by coadministration of the GLP-1R antag-
onist Ex9 (Fig. 4, B and C).

The dipeptides His-Ala and Tyr-Ala, generated by
degradation of GLP-1 and GIP, modulate glucose
tolerance

Inhibition of DPP-4 activity increases the concentration
of active incretins in the mesenteric and portal blood but
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FIG. 3. Sitagliptin action after transient or genetic disruption of incretin receptor signaling. A, Oral glucose tolerance assessed in wild-type mice in
the presence or absence of Ex9 after low-dose sitagliptin (S), 40 wg/mouse, six mice per group or saline administered orally 30 min before the oral
glucose challenge; B, portal concentrations of plasma insulin after 40 wg/mouse sitagliptin in the presence or absence of Ex9 (six mice

per group); C, effects of sitagliptin, 4, 40, and 120 wg/mouse (six mice per group) on oral glucose tolerance in Glp1r~'~ mice; insets in C,
corresponding AUC (micromolar per minute; lower inset) for glycemia and for portal plasma insulin values (nanograms per milliliter; higher inset)

15 min after the glucose challenge in Glp1r=/~
respectively) on glucose tolerance in Gipr =/~

glycemia and for portal insulin values (nanograms per milliliter; higher inset) 15 min after the glucose challenge in Gipr

significant from control, P < 0.05.

also reduces the concomitant production of the corre-
sponding degradation products i.e. GLP-14_54 and the di-
peptide His-Ala and GIP;_,; and the dipetide Tyr-Ala.
Although GLP-14_;¢and GIP;_,5 have no consistent effect
on oral glucose tolerance and insulin secretion, the puta-
tive importance of the corresponding dipeptides for the
control of glucose tolerance has not been examined. Ac-
cordingly, we performed iv (1, 10, and 100 nmol/mouse)
injections of the peptides in the presence or absence of a
low dose of sitagliptin (40 pwg/mouse). Administration of
His-Ala alone impaired glucose tolerance (Fig. SA). Sim-

mice; D, effects of sitagliptin, 4, 40, or 120 ug/mouse (ten, nine, and eight mice per group,
mice; insets in D, corresponding area under the curve (AUC) (micromolar per minute; lower inset) for

~/~ mice. *, Statistically

ilarly, His-Ala also reduced the glucoregulatory effect of
sitagliptin (Fig. 5B). The dipeptide reduced plasma insulin
levels in the absence of sitagliptin (Fig. SA, inset) in a
dose-dependent manner, whereas a more robust diminu-
tion of plasma insulin levels was observed in the presence
of sitagliptin (Fig. 5B, inset). His-Ala also increased portal
glucagon levels after oral glucose challenge (Fig. SA, inset).
Importantly, Tyr-Ala also impaired glucose tolerance in the
absence (Fig. 5C) or presence of sitagliptin (Fig. 5D), together
with reduced portal insulin levels (Fig. 5, Cand D, insets) and
increased levels of portal glucagon (Fig. 5, C and D).
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FIG. 4. Effect of sitagliptin and Ex9 on glucose-induced vagus nerve activat

ion. A, Experimental design: 45 min before the glucose challenge, 40

g sitagliptin or water was administered orally to the mice, and then Ex9 was infused in the femoral vein at the rate of 0.1 nmol/kg-min 30 min

before the glucose challenge, after which glucose was directly administered
recorded before and after the glucose challenge (upper panel) for up to 24

into the stomach. B, The vagus nerve activity (millivolts) has been
min or in mice where sitagliptin has been administered in the absence

of Ex9 (middle panel) or the presence (lower panel) of Ex9. After completion of the recording, 600 wl acetylcholine was administered ip to validate
the specific recording. C, Quantification of the number of spikes per 10 min in percentage of change over basal (before glucose challenge).
*, Statistically significant from the group of mice not treated with sitagliptin, P < 0.05 with four mice per group studied.

In vitro effect of His-Ala on glucagon and insulin
secretion from isolated mouse and human islets

His-Ala was incubated with islets at concentrations
ranging from 1 pmto 100 nm, and 100 pm His-Ala reduced
glucose-induced insulin secretion from isolated mouse is-
lets (Fig. 6A) and both 1 and 10 nm His-Ala similarly
reduced insulin secretion in human islets (Fig. 6C). Con-
versely, His-Ala dose-dependently increased glucagon se-
cretion in mouse (Fig. 6B) and human (Fig. 6D) islets. In
allinstances, the basal insulin and glucagon secretion rates
remained unchanged by His-Ala.

Discussion

We have now refined our understanding of mechanisms
through which DPP-4 inhibitors improve glycemic con-
trol. Specifically, we demonstrate the importance of selec-

tively reducing DPP-4 activity in the intestine vs. the sys-
temic circulation, through mechanisms requiring incretin
receptors and associated with the triggering of a gut-to-
pancreas neural signal. Furthermore, we also identify a
putative role for the dipeptides liberated from GLP-1 and
GIP by DPP-4 activity.

The importance of the GIP and GLP-1R for transduc-
tion of the glucoregulatory actions of DPP-4 inhibitors
was revealed through analysis of DPP-4 action in mice
with genetic deletion of one or both incretin receptors (33,
34). Similar findings were demonstrated in obese-diabetic
oblob mice where the glucose-lowering activity of a DPP-4
inhibitor was abolished by coadministration of Ex9 (35).
Nevertheless, the relative importance of the intestinal
compartment for transduction of a glucoregulatory signal
pursuant to local DPP-4 inhibition has not been exten-
sively studied. Our studies were motivated in part by find-
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FIG. 5. The incretin dipeptide degradation products His-Ala and Tyr-Ala blunt the glucoregulatory action of sitagliptin. A and B, Glycemic profiles
before (basal) and during oral glucose tolerance tests in mice treated with 1, 10, 100 nmol of His-Ala (iv). Water (A) (eight mice per group) or
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glucose tolerance test analyses 15 min after the glucose challenge. *, Statistically significant from the group of mice not treated with dipeptides,

P < 0.05.

ings that the acute oral or systemic administration of
DPP-4 inhibitors produces only modest increases in cir-
culating active incretin and insulin levels in animal models
of diabetes (36). Similarly, in humans, augmentation of
plasma levels of active GLP-1 with DPP-4 inhibition is
nonlinear and maximized at 10 mg of PF-00734200, a
dose that resulted in about 75 % weighted average DPP-4
inhibition over 24 h and only a 2.3-fold increase in active
GLP-1 levels over placebo (37). Moreover, whereas sub-
stantial inhibition of plasma DPP-4 activity was observed
for over 24 h, plasma GLP-1 concentrations declined over
the same time period (37). Hence, a transient increase in
circulating plasma GLP-1 concentrations associated with

DPP-4 inhibition is likely not the only mechanism respon-
sible for improved glycemic control.

Our data demonstrate efficacy of a very low dose of
sitagliptin sufficient to achieve selective intestinal DPP-4
inhibition and glucoregulation without a significant in-
crease in systemic levels of GIP and GLP-1. Hence, acti-
vation of glucose-induced insulin secretion by circulating
incretins acting directly at the level of the pancreatic B-cell
is unlikely to represent a dominant mechanism of action
for DPP-4 inhibitor-mediated glucose control. In contrast,
much higher doses of the DPP-4 inhibitor were associated
with significant increases in circulating active GLP-1,
without increased insulin levels likely due to the lower

20z Iudy 01 uo 1senb AQ 61.2/5+2/810€/8/ZS L /9I0IME/OPUS/LI0D"dNO"0ILISPEOE)/:SARY W) PAPEOUMOQ



3026 Waget et al. Sitagliptin Mode of Action

A 87 0O GSss
E 77 M G16.7
5 ¢ .
23 51 :
57 4 * T %
~ ©
g 2 1
w
14
0- T T T
250
B_ %
< £ 200
3E -
22 150
£2
?-; 100
5% s0
v
0 10 10? 103 104 10°
pM of dipeptide His-Ala
C Insulin D Glucagon
(uWU/ml/S human islets/60min) (pg/ml/5 human islets/60min)
= OGss 40 5
201 o G 16.7
*
20
10
0
0 1 10 100 0 1 10 100

nM of dipeptide His-Ala  nM of dipeptide His-Ala

FIG. 6. His-Ala regulates insulin and glucagon secretion in human and
mouse islets. Measurement of insulin and glucagon secretion from
isolated C57BL6 mouse (A and B) and human (C and D) islets in the
absence (—) or presence of His-Ala at the indicated concentrations and
with basal (G5.5 mm) or high (G16.7 mm) glucose concentration.
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glycemic excursions and gastric retention of glucose ob-
served in these experiments.

Our findings provide functional support for the impor-
tance of DPP-4 localization in capillaries surrounding the
enteroendocrine cells within the intestinal mucosa (6). In-
deed, lower enterally active doses of sitagliptin did not
improve glucose tolerance when administered iv. The local
intestinal action of sitagliptin was further supported by
our data that show that bioactivity of the inhibitor when
administered directly into the portal vein was lower than
when administered orally. We cannot rule out that the
membrane form of intestinal DPP-4 could have a higher
affinity for sitagliptin than the soluble circulating sys-
temic form. Therefore, the efficacy of the inhibitor
might be relatively increased in the intestine. This in-
terpretation, however, requires further examination be-
fore clear conclusions can be drawn as to how selective
inhibition of intestinal DPP-4 preferentially controls
glucose metabolism.

The respective importance of GLP-1 and GIP for the
actions of DPP-4 inhibitors has previously been delineated
in studies using much larger doses of inhibitors producing

Endocrinology, August 2011, 152(8):3018-3029

systemic DPP-4 inhibition (33, 34). Our current data ob-
tained with lower doses of sitagliptin, Ex9, and incretin
receptor knockout mice clearly demonstrate an important
role for both incretins as mediators of the glucoregulatory
mechanisms activated by intestinal DPP-4 inhibition.

We and others have described an enteric role for incre-
tins in the activation of the gut-to-brain-to-periphery axis
including the hepatoportal glucose sensor, an important
regulator of glucose homeostasis (27, 28, 38). Upon oral
absorption of glucose, a positive glucose gradient is es-
tablished between the mesenteric/hepatoportal vein and
the arterial blood. This activates glucose-sensitive struc-
tures such as intraganglionic laminar endings in connec-
tion with vagus nerve afferents (39—41). These neural
structures probably surround the numerous capillaries of
the mesenteric veins emptying into the portal vein and are
capable of regulating the gut-to-brain neural axis (42, 43).
We and others further showed that the GLP-1R is one
molecular component of the glucose sensor that regulates
many physiological functions involved in the control of
glycemia such as muscle glucose utilization, hepatic glu-
cose production, or counterregulatory hormone produc-
tion (16-21, 44). We first demonstrated that this mech-
anism increased muscle glucose utilization through an
insulin-independent mechanism (28); our current data re-
veal an imperfect correlation between the effect of sita-
gliptin to control glucose and changes in portal and
plasma insulin levels. Hence, glycemic control achieved by
selective intestinal DPP-4 inhibition likely arises in part via
an insulin-independent mechanism.

GLP-1R mRNA has been localized to the nodose gan-
glia, and nerve terminals innervating the portal vein con-
tained immunoreactive GLP-1R (45). The selective block-
ade of the GLP-1R via hepatoportal infusion of Ex9
partially prevented glucose-induced insulin secretion (46)
and the peripheral control of glucose utilization (17). This
model, invoking a role for the autonomic nervous system
in the gut-to-pancreas axis was supported by experiments
using a ganglionic blocker to prevent the insulinotropic
action of GLP-1 (47). Our model is consistent with the
possibility that the local inhibition of enteric DPP-4 by
sitagliptin may be linked to an incretin-dependent signal
triggering the enteric gut-to-brain-to-periphery axis prox-
imal to incretin secretion from gut endocrine cells. This
hypothesis is supported by our data that show for the first
time that sitagliptin increased vagus nerve activity in the
basal state and in response to glucose. This mechanism
requires an activated GLP-1R because vagus nerve activity
was blunted by the coadministration of Ex9.

We previously reported that activation of ¢-Fos expres-
sion in the brain in response to low-dose gastric glucose
infusion required the GLP-1R because activation of the
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gut-to-brain axis was 1) attenuated by Ex9 infusion and 2)
abrogated in GIp1r~'~ mice (18). The vagus nerve activity
was sensitive to GLP-1 and not to GIP (16, 48), and our
current data demonstrate that inhibition of GLP-1 signal-
ing by the coadministration of Ex9 directly into the sys-
temic circulation prevented both the activation of the va-
gus nerve and the improvement in glycemic control
induced by sitagliptin. Taken together, our findings sug-
gest that both incretins trigger glucoregulatory actions lo-
cally in the intestine. Although this has been inferred pre-
viously for GLP-1, our data suggest for the first time a
similar local role of GIP. The mechanism through which
GIP acts locally in the gut on glucose homeostasis is un-
known and most likely not linked to the regulation of the
vagus nerve activity (16, 48). However, it might be related
to its role on intestinal glucose absorption by reducing
intestinal motility through a somatostatin-mediated path-
way as recently described (49).

We have also identified a potential new role for the
dipeptides generated from GLP-1 and GIP after cleavage
by DPP-4. Inhibition of DPP-4 reduces the production of
the GIP- and GLP-1-derived dipeptides Tyr-Ala and His-
Ala, respectively. Pharmacological administration of these
dipeptides induced glucose intolerance, blunted glucose-
induced insulin secretion, and increased glucagon secre-
tion. Moreover, His-Ala exerted direct actions on insulin
and glucagon secretion when incubated with isolated mu-
rine or human islets. Interestingly, His-Ala alone did not
affect basal insulin and glucagon secretion rates, suggest-
ing that the effect of the dipeptide requires concomitant
activation of a glucose-sensitive signal in B-cells.

The mechanisms through which dipeptides could
regulate insulin and glucagon secretion are not known
but could be related to two di- and tripeptide transport-
ers, peptide transporter 1 (PepT1) and PepT2, which
have been identified and functionally characterized (50).
PepT1 is the low-affinity, high-capacity transporter,
whereas PepT2 is the high-affinity, low-capacity trans-
porter and has a broader tissue distribution (51). PepT1 is
exclusively expressed in the intestinal epithelial cells,
whereas both PepT1 and PepT?2 are expressed in the prox-
imal tubule of the kidney. Previous data suggested these
dipeptide transporters are present in islets. The oral hy-
poglycemic agent nateglinide stimulates insulin secretion
by inhibiting peptide transport through PepT1 and PepT2
(52). This mechanism would most likely attenuate the in-
cretin effect, which would persist in part through the vagus
nerve-dependent gut-brain-pancreatic axis (18,22). A pu-
tative role for dipeptide transporters in the regulation of
metabolism has also been suggested because insulin in-
creases PepT1-mediated transport in intestinal cells by re-
cruitment of PepT1 protein from intracellular compart-
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ments into the membrane (53). Rats made diabetic also
demonstrated increased PepT1 activity and protein (54).
Interestingly, these dipeptide transporters have a strong
proinflammatory effect because they are able to transport
formyl-Met-Leu-Phe, a known neutrophil attractant pep-
tide derived from certain bacterial species linked with co-
lonic inflammation (55).

PepT1 is expressed at higher levels in inflamed colonic
tissues, whereas in healthy adult colon, it is not expressed
(56). By preventing the release of dipeptides and PepT1
proinflammatory actions, sitagliptin might lower low-
grade inflammation as recently suggested (57), which
could contribute to improvement of the gut-brain axis.
Therefore, reduction of dipeptide release from the degra-
dation of the incretins, or other peptides from alimentary
origin, could contribute to the regulation of insulin and
glucagon secretion under appropriate concentrations and
conditions. The findings that the dipeptide products gen-
erated by DPP-4 have biological actions further support
the growing understanding that these endopeptidases are
not simply involved in the degradation of the hormones
into inactive metabolites, but rather may also generate
peptide metabolites with new biological activities.

Our hypothesis is that DPP-4-mediated incretin degra-
dation along with the production of other dipeptides lib-
erated during a meal by the endopeptidase activity of the
luminal and enteric DPP-4 would produce a sufficient con-
centration of dipeptides to regulate glucagon secretion.
Our observation is also consistent with previous findings
that liberation of dipeptides after ingestion of a protein-
enriched diet may also inhibit local DPP-4 activity and
increase bioactive GLP-1 in the intestine (58), thereby reg-
ulating food intake and glycemia (59).

Taken together, our data strongly suggest that DPP-4
inhibitors control postprandial glycemia in part via inhi-
bition of intestinal DPP-4 proximal to the site of GLP-1
secretion. This would lead to activation of the neural gut-
to-brain-to-B-cell axis through a mechanism that does not
require direct actions of circulating GLP-1 on islet cells.
Rather, the dominant mechanism through which low-
dose DPP-4 inhibition controls glycemia may involve en-
teric GLP-1 signaling as a component of the gut-to-B-cell
axis. Furthermore, we provide new evidence suggesting a
potential biological role for bioactive dipeptides whose
concentrations are regulated by DPP-4 activity. Hence,
our findings highlight emerging differences in the mech-
anism of action of DPP-4 inhibitors distinct from those
observed with GLP-1R agonists and emphasize the in-
creasing importance of gut-derived signals in the control
of glucose homeostasis.
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