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Abstract

Glucose homeostasis depends on the coordinated secretion of glucagon, insulin and GLP-1 by
pancreas and intestine. Obesity which is associated with an increased risk of developing insulin
resistance and type 2 diabetes affects the function of these organs. Here we investigate the
functional and molecular adaptations of proglucagon-producing cells in obese mice to better
define their involvement in type 2 diabetes development.

We used GLU-Venus transgenic male mice specifically expressing Venus fluorochrome in
proglucagon-producing cells. Mice were subjected to 16 weeks of low-fat (LFD) or high-fat
(HFD) diets, and then subdivided by measuring glycated haemoglobin (HbA1c) in three groups:
LFD mice and I-HFD (glucose-intolerant) mice with similar HbAlc and H-HFD (hyperglycemic)
mice which exhibited higher HbAlc.
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At 16 weeks, both HFD groups exhibited similar weight gain, hyperinsulinemia and insulin
resistance. However, I-HFD mice exhibited better glucose tolerance compared to H-HFD mice. |-
HFD mice displayed functional and molecular adaptations of enteroendocrine L-cells resulting in
increased intestinal GLP-1 biosynthesis and release as well as maintained pancreatic alpha- and
beta-cells functions. By contrast, H-HFD mice exhibited dysfunctional L, alpha- and beta-cells
with increased beta- and L-cell numbers. Administration of the GLP-1R antagonist Exendin9-39
in I-HFD mice led to hyperglycemia and alterations of glucagon secretion without changes in
insulin secretion.

Our results highlight the cross-talk between islet and intestine endocrine cells and indicate that a
compensatory adaptation of L-cell function in obesity plays an important role in preserving
glucose homeostasis through the control of pancreatic alpha-cell functions.
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Introduction

The control of glycemia depends largely on the coordinated secretion of glucagon and
insulin by pancreatic alpha and beta-cells respectively and GLP-1 by enteroendocrine L-
cells. Obesity is associated with insulin resistance and an increased type 2 diabetes risk (1).
When insulin resistance is accompanied by dysfunction of pancreatic islet cells,
hyperglycemia results (2). The disrupted coordination of glucagon and insulin secretion
observed in type 2 diabetes is characterized by impaired and delayed insulin secretion as
well as basal hyperglucagonemia and non-suppressed glucagon secretion in response to
glucose (3,4).

GLP-1, which is secreted from L-cells along the intestinal tract and from specific cells of the

central nervous system, exerts pleiotropic biological actions including stimulation of
glucose-dependent insulin secretion and biosynthesis as well as glucagon secretion
inhibition, gastric emptying and food intake inhibition (5). Several studies have shown that
the incretin effects on insulin secretion is diminished in type 2 diabetic patients due to
defects of intestinal GLP-1 secretion and beta-cells responsiveness (6). GLP-1R agonists
have been developed as type 2 diabetes treatment (7) where the acute glucose-lowering
actions of GLP-1 are secondary to inhibition of gastric emptying and glucagon secretion as
well as stimulation of insulin secretion (8). Indeed alpha-cells retain near normal
responsiveness to GLP-1 infusion, with inhibition of glucagon secretion seen to the same
extent in diabetic compared to non-diabetic subjects (9).

A large number of studies have examined the consequences of diabetes on islet and
intestinal endocrine cell functions using different animal models among them diet-induced

obesity (DIO) (10). HFD-fed mice exhibit impaired glucose tolerance and insulin resistance

leading to hyperglycemia, hyperinsulinemia and dysregulated glucagon secretion (11).
However, these mice exhibit a high variability in their metabolic response to diet with
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phenotypic variations involving sex, genetic background, food intake, stress, physical
activity and microbiome composition (12,13).

Importantly, glucagon receptor knock-out HFD mice have been reported to exhibit better
glycemic control and reduced hyperinsulinemia (11). Furthermore GLP-1R agonist
treatment of HFD mice led to reversion of obesity and insulin resistance (14). These data
underline the critical roles exerted by glucagon and GLP-1 in the development of
hyperglycemia in obese rodents.

Functional and molecular alterations of pancreatic alpha- and intestinal L-cell in obesity and
diabetes remain still largely unknown. Thus a better understanding of alpha- and L-cell
function and dysfunction should allow a better design of therapeutic approaches for diabetes
care.

We thus aimed to explore the functional and molecular alterations of proglucagon-producing
cells from pancreas and intestine in obesity to bring new insights in the factors involved in
the maintenance of normoglycemia or leading to diabetes.

Using transgenic GLU-Venus male mice subjected to 16 weeks of HFD or LFD, we
demonstrated that adaptation of intestinal L-cell function, mainly by increases of GLP-1
biosynthesis and secretion along with adapted pancreatic alpha- and beta-cell function,
maintains glycemic control in I-HFD compared to H-HFD obese mice. Our results indicate
that diet-induced obesity associated with hyperglycemia involves specific functional and
molecular alterations in pancreatic alpha- and L-cells where GLP-1 compensation represents
a critical factor in the preservation of pancreatic alpha-cells function and glucose
homeostasis in obese male mice.

Materials and Methods

Animals

The transgenic mice C57BI/6J-Tg(GLU-Venus) were obtained from collaboration with Dr
Fiona Gribble (Cambridge, UK). The GLU-Venus mice express specifically the Venus
fluorochrome in proglucagon-producing cells as previously described (15,16). Mice, which
were bred in conventional housing, were subjected to experimental procedures according to
ethical approbation by Swiss federal committee in the University of Geneva Medical School.
10 weeks-old male GLU-Venus mice were fed with a low-fat diet (LFD-control, 10% of fat)
or a high-fat diet (HFD, 60% of fat) during 16 weeks.

HbALc measurements were performed after 15 weeks of diet. Oral glucose tolerance tests
(OGTT), pancreatic perfusion and ex vivo experiments as well as sample collections were
performed after 16 weeks of protocol (Supplemental Fig.1). Glycemia as well as plasma
insulin, glucagon and GLP-1 levels were measured before and after D-glucose gavages on
8h-fasted mice. Areas under the curve (AUC) were calculated with the trapezoidal rule for
each group. Insulin sensitivity index (1SI) was calculated with the formula: 10000/(V[8h-
fasting-glycemia x 8h-fasting-insulinemia x mean OGTT-glycemia x mean OGTT-
insulinemia)) (17).
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Ex9-39 (Sigma, Basel, Switzerland), a GLP-1 antagonist, was administrated acutely in I-
HFD mice by intraperitoneal injection after 16 weeks of diet or chronically delivered
(0,5u1/n) by subcutaneous implantation for 14 additional days using Alzet pumps (Alzet
2002; Charles River, L’ Arbresle, France).

Glucagon, insulin, GLP-1, GIP, leptin, NEFA and HbAlc measurements

Plasma, tissues, cell extracts and supernatants from control and obese mice were evaluated
with specific Elisa kits for mature glucagon, insulin (Mercodia AB, Uppsala, Sweden), total
GLP-1 and leptin (Meso Scale Discovery, Rockville, MD, USA) and total GIP (Millipore
Corporation, Billerica, MA, USA) peptide detections as well as NEFA (Wako Diagnostics,
Richmond, VA, USA) and HbA1c by the Siemens DCA systems Hemoglobin Alc (Siemens
Healthcare Diagnostics Inc., Tarrytown, NY, USA).

Morphometric analyses

The pancreas and small intestine (distal part of jejunum and ileum organized in Swiss roll
(18)) were fixed overnight in paraformaldehyde 4% and embedded in paraffin as described
(16,19). 4’,6-diamidino-2-phenylindole (DAPI) (10ug/ml) and immunofluorescence
stainings were performed with rabbit anti-glucagon (1:500; Millipore Corporation, Billerica,
MA, USA) and guinea pig anti-insulin antibodies (1:500; Thermo Fischer Scientific,
Waltham, MA, USA) for pancreatic islets as well as mouse anti-GLP-1 antibody (1:10,000;
provided by Pr David D’Alessio (20)) for small intestine. Alexa Fluor 488 anti-rabbit
(1:1,000), Alexa Fluor 568 anti-guinea pig and Alexa Fluor 488 anti-mouse (1:500) were
used as secondary antibodies (Thermo Fischer Scientific). Whole pancreas and intestine
sections were scanned using Zeiss Mirax (pancreas) and Axioscan.Z1 (intestine) after
staining.

The pancreas section images obtained were displayed on a large screen to localize all areas
containing alpha- and/or beta-cell labelling and analyzed with Metamorph software to obtain
alpha- and beta-cell total areas, as well as alpha- and beta-cell number, in each islet and in
whole sections. Islets areas (um?2) were obtained by adding the total alpha- and beta-cell area
in each islet. Islet mean diameter was calculated with the formula 2X(vV(islet area / rt)) for
each islet. Alpha- and beta-cell mean areas (um?) were determined by dividing the total
alpha- and beta-cell area by the total number of alpha- and beta-cells in each section as
described (21).

The small intestine section images obtained were analysed with the Definiens Tissue Studio
IF software to obtain whole section area (um?) with the tissue background separation
function. With the use of the nucleus detection function the software also detects and
quantifies the total number of nuclei labeled by DAPI, then with the nucleus classification
algorithm, it also determines the number of GLP-1 positive cells corresponding to double
positive labelling (DAPI in the nucleus and GLP-1 in the cytoplasm).

Pancreas and intestine analyses were performed on the entire organs including the dorsal and
ventral pancreas or jejunum and ileum parts of small intestine (Swiss roll). The analyses
were repeated on 3 independent 5 um thick sections per animals (spaced at least 250um) of 6
mice per group (18 slides per group).
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Pancreatic perfusion

After an initial 30min-stabilization step, pancreases of LFD, I-HFD and H-HFD mice were
perfused during 3 successive periods using low (2.8mmol/1), high (16.7mmol/1) and again
low glucose solutions as described (16). Pancreatic perfusion samples were next analyzed
for glucagon and insulin.

Primary cell preparations and ex vivo secretion assays

After 16 weeks of protocol, primary Venus+ alpha and L-cells from LFD, I-HFD and H-
HFD mice were separated from non-Venus cells by fluorescence-activated cell sorting
(FACS) using Biorad S3 and Beckman Coulter Astrios, after standard isolation procedures
on pancreas, small intestine and colon as described (15,16). FACS-purified alpha- and L-
cells were collected in Acid/Ethanol mixture (1.5%HCI / 75%Ethanol) for glucagon and
GLP-1 contents measurements or in RNAse-free lysis buffer (Qiagen RLT+ buffer) for gene
expression analyses.

For glucagon secretion, collected alpha-cells were seeded in Krebs 5.6mmol/l Glucose
medium during 1 hour recovery period and assessed for glucagon release during 30min in
Krebs buffer containing 1 or 5.6 or 16.7mmol/I glucose or 5.6mmol/l glucose with insulin
(100nmol/l, Sigma-Aldrich, Saint-Louis, MI, USA).

For GLP-1 release and glucose-stimulated secretion, mixed intestinal cells from small
intestine (jejunum/ileum) or colon explants were isolated and seeded in Matrigel (Corning,
Bedford, MA, USA) as described (22). After overnight recovery in 5.6mmol/l glucose
DMEM medium supplemented with 10% FBS, 10mmol/l Na-pyruvate and antibiotics,
intestinal or colonic cells were incubated 2 hours with fresh medium or in Krebs buffer +
10mmol/I glucose for jejunum as described (23). Supernatants and cell lysates (Acid/Ethanol
mixture) were collected for GLP-1 measurements.

Glucagon and GLP-1 releases were expressed relative to glucagon and GLP-1 cellular
contents (% of content).

Target gene analysis

Total MRNA was isolated from mouse sorted-Venus+ pancreatic alpha-cells as well as
intestinal (jejunum/ileum) and colonic L-cells with RNeasy plus micro kit (Qiagen, Hilden,
Germany). After reverse transcription (Prime-script RT Reagent, Takara Bio Inc., Otsu,
Japan) and pre-amplification (cDNA Pre-Amp Master, Roche Diagnostics, Rotkreuz,
Switzerland) following manufacturer’s recommendations, specific cDNA levels were
analyzed by real-time quantitative PCR (qPCR). gPCR are performed using Light-Cycler
480 SYBR Green technology (Roche Diagnostics). Each target gene amplification was
previously validated by evaluation of the melting temperature of the products and of the
slope obtained with the standard curve as well as by sequencing the PCR product. The
analyses were performed using the Light-Cycler software and target gene levels are relative
to three reference genes. Each quantification was corrected by real efficiency through the E-
Method (Roche Diagnostics) to compensate for differences in target and references gene
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amplification efficiencies. Data obtained from the LFD, I-HFD and H-HFD groups are
presented as fold of the littermates LFD values + SEM.

Data analysis

Results

Data are presented as means + SEM and analyzed using GraphPad Prism software (v.5.0,
San Diego, CA, USA). Statistical analyses were performed using ANOVA (One-Way for 3
groups in one condition and Two-Way for 3 groups in multiple conditions) with post hoc
Boneferroni test, or by unpaired two-tailed Student t test for comparison between two groups
in one condition when appropriate. Data are statistically significant at p<0.05.

Phenotypic characterization of obese HFD mice

To better understand the functional and molecular changes of proglucagon-producing cells
in obesity and diabetes, we generated control and obese mice using the GLU-Venus mouse
strain; mice were fed either a 10% (LFD) or 60% (HFD) fat diet during 16 weeks.

HFD mice exhibited high variability of HbAlc values (Fig.1a) from 3.3 to 5.6% reflecting
differential impact of HFD feeding on glucose homeostasis, ranging from normoglycemia
(LFD group) to hyperglycemia. To characterize which mechanisms are involved in this
metabolic variation, HFD mice were then subdivided in 2 distinct groups depending on their
HbA1c values. Mice with HbA1c<4.2% (IFCC:22mmol/mol) were classified as normal
range of HbAlc (I-HFD); while those with HbA1c>4.5% (IFCC:26mmol/mol) as increased
HbAlc (H-HFD) compared to LFD mice. The HbAlc values<4.2% was chosen as 90% of
LFD mice were at this value or below (Fig.1a), whereas HbAlc values=4.5% was selected
as no LFD mice exhibited higher values. HFD mice with intermediate values
(4.2%<HbAlc<4.5%) were not included in the study.

We first observed that I-HFD and H-HFD mice exhibited comparable weight-gain all along
the protocol (Fig.1b). We next assessed glycemia, insulinemia and glucagonemia during an
OGTT and observed, before gavage, that 8h-fasted HFD mice exhibited hyperglycemia
associated with hyperinsulinemia compared to LFD mice but similar glucagonemia (Fig.1c-
). H-HFD mice had higher glycemia compared to I-HFD mice from 30 min as confirmed by
AUC measurements (Fig.1c,d). Insulin response to glucose was conserved in I-HFD mice as
in LFD mice but lost in H-HFD mice (Fig.1e). Glucagonemia after glucose load was
significantly higher in H-HFD mice (7.10+0.97 pmol/l at T15 and 3.91+0.36 pmol/I at T30)
compared to LFD (2.45+0.37 pmol/l at T15 and 2.47+0.27 pmol/l at T30) and I-HFD mice
(4.09+0.52 pmol/l at T15 and 2.64+0.61 pmol/Il at T30) (Fig.1f).

These results indicate that while the I-HFD and H-HFD groups presented a similar insulin
resistance state (Fig.1g), H-HFD mice exhibited alterations of insulin and glucagon
secretions associated with hyperglycemia.

We measured plasma GLP-1 levels during OGTT (Fig.1h). Fasting GLP-1 levels were
similar between groups whereas after glucose administration it was markedly increased in
both HFD groups compared to LFD mice. However, the glucose response of GLP-1
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secretion in I-HFD mice was much higher (44.86+7.93-fold increase) compared to LFD and
H-HFD groups (6.97+1.54-fold and 13.68+7.49-fold, respectively) (Fig.1i). Our results
indicate that L-cells from HFD mice exhibit considerable alterations during obesity
corresponding to an adaptation with a marked increase in the GLP-1 response to glucose
especially for I-HFD mice. We also measured the levels of another incretin, GIP
(Supplemental Fig.2). Fasting GIP levels were increased in both HFD groups compared to
LFD mice. GIP response to glucose was increased in both HFD groups compared to LFD
mice with a higher level in H-HFD.

Of note, we also measured plasma leptin and NEFA levels at the end of protocol and
observed that leptinemia was 11.8- and 10.2-fold higher for I-HFD and H-HFD mice
respectively compared to LFD mice (Supplemental Fig.3a). By contrast, NEFA levels were
significantly higher in obese mice compared to LFD mice only in the H-HFD group
(Supplemental Fig.3b).

Functional alterations of pancreatic alpha and beta-cells in obese mice

Both HFD groups presented similar values for islet number, alpha-cell number and size
compared to LFD group, whereas islet diameter and area as well as beta-cells number and
total beta-cell area were clearly increased only in H-HFD mice compared to LFD (Fig.2a-j).
Pancreatic insulin contents of H-HFD mice were 2.70+0.41 fold-higher compared to LFD
mice (Supplemental Fig.4a); glucagon contents were not different between groups
(Supplemental Fig.4b). To further characterize insulin and glucagon secretions in obese
mice, we performed pancreatic perfusion experiments using low (2.8mmol/l) and high
glucose (16.7mmol/l) concentrations. In H-HFD mice, glucagon secretion was not inhibited
by high glucose as observed in LFD and I-HFD mice and even increased after 5 minutes of
16.7mmol/l glucose perfusion (Fig.3a). Glucose-stimulated insulin secretion in H-HFD mice
was lower compared to I-HFD and LFD mice (Fig.3b).

To further analyze the characteristics of dysfunctional alpha-cells in H-HFD mice we
specifically investigated glucagon secretion from FACS purified alpha-cells after 16 weeks
of diet. Glucagon release was evaluated during 30min in the presence of 1, 5.6 and
16.7mmol/l glucose after an initial 1h-period in 5.6mmol/l glucose solution. Glucagon
secretion was similar in all 3 groups in the presence of 5.6 and 16.7mmol/l glucose;
however, glucagon secretion in response to Immol/l glucose was significantly higher
compared to 5.6mmol/l glucose conditions only in sorted alpha-cells from LFD and I-HFD
and unchanged in H-HFD cells (Fig.3c). In addition, there was a trend to glucagon secretion
inhibition in response to insulin only in LFD mice, suggesting insulin resistance of alpha-
cells from obese mice whether glucose intolerant or hyperglycemic (Fig.3d). We also
assessed the molecular footprint of pancreatic alpha-cells from control and obese mice and
showed that expression of critical genes coding for proteins involved in function and
differentiation are specifically altered in both HFD groups (Supplemental Table 1). Among
48 tested genes we observed specific increases of proglucagon (Gcg), Foxal and cMafas
well as maturation enzyme Pcsk1/3mRNA levels only in H-HFD mice whereas genes
coding for the properties and functions of alpha cells such as Pcsk2, Arx, FoxaZ, InsR, Gck,
Slc2al and Ffarl were not. These observations were coupled to increases of FOXA1, cMAF
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proteins and of GLP-1 production from alpha-cells of H-HFD compared to LFD mice
(Supplemental Fig.5).

Taken together these data clearly suggest that pancreatic alpha- and beta-cells of H-HFD
mice fail to compensate and adapt to obesity, presenting marked alterations of glucagon and
insulin secretions in response to glucose, resulting in hyperglycemia.

Functional and molecular alterations of intestinal L-cells in obese mice

We first analyzed L-cell number from the small intestine of LFD, I-HFD and H-HFD mice
after GLP-1 immunostaining. Whereas L-cell number of I-HFD mice was unchanged
compared to LFD mice, H-HFD mice displayed increased GLP-1 positive cell number
(Fig.4a-c). Furthermore, we observed higher numbers of sorted Venus+ L cells from small
intestine and colon of H-HFD mice compared to I-HFD and LFD mice (Fig.4d,e). We next
evaluated GLP-1 release from L-cells of small intestine and colon explants for each group.
Explants of I-HFD mice exhibited much higher GLP-1 release rates compared to LFD and
H-HFD mice in small intestine (3.35+£0.41% for LFD, 11.26+2.52% for I-HFD and
5.45+0.61% for H-HFD) and colon (5.08+0.59% for LFD, 13.17+3.64% for I-HFD and
6.36+1.2% for H-HFD) (Fig.5a,b). GLP-1 secretion from intestinal L-cells was increased in
response to glucose in each group and again higher in I-HFD mice (Fig.5c).

To analyze the molecular characteristics of enteroendocrine L-cells of obese mice we
investigated mMRNA levels coding for proteins involved in GLP-1 biosynthesis and secretion
using FACS-purified Venus+ L cells from small intestine and colon of LFD, I-HFD and H-
HFD mice (all data are listed in Supplemental Tables 2-3). We first observed that Gcg
MRNA levels of L-cells from I-HFD were significantly increased compared to LFD and H-
HFD mice in small intestine and to LFD mice in colon (Fig.6a,d) with significant increases
in GLP-1 contents per cell only in the small intestine (Fig.6b,e), reflecting large increases of
intestinal GLP-1 biosynthesis in I-HFD mice. Genes coding for proteins involved in GLP-1
biosynthesis such as Arx, Pax6, FoxaZand /s/1in small intestine as well as Pcsk1/3, Arx
and FoxaZin colon were also significantly up-regulated in I-HFD compared to LFD and H-
HFD mice (Fig.6a,d).

We also investigated the mMRNA levels coding for proteins involved in GLP-1 secretion and
observed that expression of GipR, Kcnj11 and Stx1A are up-regulated in both small intestine
and colon of I-HFD mice (Fig.6c,f); most genes analyzed are in fact up-regulated in small
intestine or in colon of I-HFD mice. By contrast, we noted decreased expression of Pcsk1/3
and /nsRin small intestine and unchanged expression of genes such as the Arx, Pax6, /sl1,
Ffarl, Ffar4, CacnalC and Syt7genes in small intestine and colon of H-HFD mice. Of note,
the sodium/glucose cotransporter S/c5a1 was the only gene to be significantly down-
regulated in small intestine of I-HFD mice.

Obese I-HFD mice with impaired glucose tolerance exhibit major functional and molecular
adaptations of their intestinal and colonic L-cells towards an increased production and
secretion of GLP-1 without changes of L-cell mass whereas hyperglycemic obese H-HFD
mice adapt by an increase of L-cell number but with much less changes in gene expression
and GLP-1 release capabilities.
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Ex9-39 impairs glucagon secretion and increases glycemia in I-HFD mice

To evaluate the role of GLP-1 in the glycemic control of I-HFD mice; we administrated the
GLP-1 antagonist Ex9-39 to I-HFD mice. First we injected Ex9-39 (I-HFD-Ex9-39) or NaCl
(I-HFD-CTRL) to these mice 30min before glucose load during an OGTT. Ex9-39
administration led to a non-significant increase in glycemia before gavage but to a
significant increase after glucose load, compared to I-HFD-CTRL mice as supported by
AUC measurements (Fig.7a,b). While Ex9-39 injection did not impact insulin secretion
during OGTT, glucagonemia, which was similar for both groups at T0, increased 15min
after glucose gavage in I-HFD-Ex9-39 mice, indicating that blocking GLP-1 effects in |-
HFD mice leads to dysregulated glucagon secretion in response to glucose, as observed in
H-HFD mice (Fig.7d). We also evaluated chronic effects of 14 days treatment with Ex9-39
on I-HFD mice and showed that these mice exhibited a slight but significant increase of
HbA1c, reflecting that partial blocking of GLP-1 action on compensated I-HFD mice
impairs glycemic control (Fig.7e).

Our results suggest that the adaptive up-regulation of GLP-1 secretion in I-HFD mice is
involved in the control of glycemia and alpha-cells function and may represent a
compensatory phenomenon which contributes to maintain islet-cell function in obese mice.

Discussion

Although obese individuals do not always develop hyperglycemia, obesity is clearly linked
to insulin resistance and an increased risk of diabetes (1). Functional alterations of
pancreatic alpha-cells and enteroendocrine L-cells emerge as critical in the development of
diabetes (24). Furthermore therapy aiming at blocking glucagon effects as well as
mimicking GLP-1 action clearly improves glycemic control in type 2 diabetic patients as
well as in rodent diabetic models (7,8,25,26). Thus understanding the functional and
molecular changes in intestinal L- and pancreatic alpha-cells, in the transition from the lean
to the obese and diabetic states could provide substantial new ways for therapeutic
approaches. To better define these changes, we used the HFD-fed insulin resistant obese
male mice characterized by variations in glucose homeostasis reflected by HbAlc values,
ranging from relative normo (I-HFD) to hyperglycemia (H-HFD) despite similar weight-
gain, plasma GIP levels, degree of insulin-resistance and basal hyperinsulinemia. I-HFD
mice exhibit a relatively adequate compensation since these mice are barely glucose
intolerant with similar HbAlc compared to LFD mice. The H-HFD group, by contrast,
develops hyperglycemia with a decreased ability to compensate for insulin resistance. We
show that the compensated glycemic state of I-HFD mice involves not only an adapted
insulin secretion response to glucose, but also of L-cells of both the small intestine and colon
with marked increases in GLP-1 biosynthesis and secretion in response to glucose. These
adaptive changes occur in the absence of any increase in L-cell number. In I-HFD mice,
alterations of alpha-cell function can be observed such as resistance to insulin and minor
changes in gene expression but their response to glucose are preserved although slightly
decreased. This is in marked contrast with the observed changes in H-HFD mice which
mainly exhibit functional alterations of beta-cells, particularly in response to glucose, and of
L-cells which fail to adapt adequately to obesity. This inability to functionally adapt is
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reflected by a lack of up-regulation of L-cell genes involved in GLP-1 biosynthesis and
secretion and by an increase of beta- and L-cell numbers, which probably constitutes an
attempt to compensate for the functional failure. Indeed, hyperplasia of beta-cells was
previously described to be accompanied by alterations of the glucose response (27,28).

In H-HFD mice, alpha-cell dysfunction is clearly observed with resistance to insulin and an
absence of response to glucose. Alpha-cell resistance to insulin is a probable contributor to
the abnormal glucagon response to hyperglycemia; however, the absence of inhibition of
glucagon secretion in response to glucose observed in H-HFD mice involves additional
mechanisms such as insufficient GLP-1 adaptive responses as suggested by our results with
Ex9-39 treatment of I-HFD mice.

Glucagon secretion is under tonic inhibition by insulin and glucose but also negatively
regulated by GLP-1 independently of glucose concentration (29-32). Blocking GLP-1 action
by Ex9-39 led to impairment of glycemia and a complete loss of the glucose inhibitory
effects on glucagon secretion in I-HFD mice independently of insulin as suggested
previously (33,34). These results indicate that GLP-1 acts as a key determinant in the
regulation of glucagon secretion to maintain euglycemia but are in contradiction with those
found in GLP-1 receptor knockout mice. Indeed, Ayala et al. showed that the deleterious
impact of HFD on glucose metabolism was reduced in GLP-1 receptor knockout mice (35).
However, GLP-1 receptor knock-out mice have developmental and chronic invalidation of
the GLP-1 receptor which is not comparable to short-term pharmacological antagonism; our
results clearly highlight that the increase of GLP-1 is correlated to better metabolic control
confirming numerous works focusing on the effects of GLP-1 therapy on obese diabetic
mice and patients (36,37).

We also show that pancreatic alpha-cells of H-HFD mice present specific molecular
alterations including increased expression of Gcg as well as Foxal and cMafgenes shown to
be also upregulated in insulinopenic streptozotocin-induced diabetic mice by our group (16).
Furthermore, these cells express higher mRNA levels of Pcsk1/3and produce more GLP-1,
than alpha-cells from LFD mice as previously reported, an observation attributed to alpha-
cell adaptation in response to hyperglycemia or to dedifferentiation (38,39). These
observations illustrate a diabetic molecular footprint of alpha-cells independently of the
presence or absence of insulin.

Human studies on GLP-1 secretion in control and obese diabetic patients indicate altered L-
cell function (6,40) and no significant variation of L-cell number (41). Nevertheless, recent
works have demonstrated that lipid-rich diets or short-chain fatty acids may increase L-cell
number in obese patients and in human organoids through an increase of L-cell
differentiation (42,43). Furthermore, a study including controls, pre-diabetic, drug-naive and
medicated type 2 diabetic patients revealed higher plasma GLP-1 levels in diabetic patients
compared to controls (44). These observations suggest that fat-enriched diet, obesity and
diabetes may also control L-cell function and number in humans, similarly to our findings in
DIO mice.
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Previous studies on the adaptation of enteroendocrine L-cells to DIO generated controversial
data depending on the experimental conditions. Indeed, HFD mice were previously
described with elevated plasma GLP-1 levels compared to controls despite down- or up-
regulation of L-cell number (42,45). Furthermore, HFD mice exhibited alterations of L-cell
function including higher basal GLP-1 release and lower glucose-induced GLP-1 secretion
(23,45). In the present study, the separation of obese mice based on their glycemic status
allows a better characterization of L-cell function and adaptation. Indeed L-cells from I-
HFD mice display a major adaptation with increases in the transcription of genes coding for
proteins involved in GLP-1 biosynthesis and secretion leading to increases of cellular GLP-1
content and release without variation of L-cell number. By contrast, H-HFD mice presented
much less gene expression adaptation to obesity and a molecular footprint of L-cells similar
to the one observed in LFD mice however with increased L-cell number. Interestingly, these
cells were still able to slightly increase basal and stimulated GLP-1 secretion despite
decreases of critical gene expression in small intestine (46-50) such as Pcski/3and /nsR,
without increase in Gcg gene expression as previously observed (23). Overall our
observations suggest that L-cells from H-HFD mice exhibit specific molecular alterations
but are still able to generate a GLP-1 response although insufficiently compared to I-HFD
mice, leading to hyperglycemia.

We also observed that L-cells from small intestine of the I-HFD group had decreased S/c5al
MRNA levels compared to the LFD group without impairment of glucose-stimulated GLP-1
secretion. S/chal is sensitive to diet composition and stimulated by glucose as previously
reported (51). Since LFD contains more sugar compared to HFD, our observation may
suggest that relative variations of S/c5aZ may represent an adaptive response to diet
composition or alternatively that chronic overfeeding with fat may lead to down-regulation
of these genes as previously demonstrated (52).

Diabetes development under high-fat feeding is characterized by marked heterogeneity as
reported by several groups (53,54); thus understanding the cause and the mechanisms is
critical. We demonstrated that the variable impact of high-fat diet on glucose homeostasis is
secondary to, at least partly, pancreatic and intestinal endocrine cell function and that L-cell
adaptation emerges as a very important factor. Among the components which may regulate
L-cell function, insulin, leptin, fatty acids and bile acids represent potential activators
(48,55-58). Although circulating fatty-acids (NEFA) were higher in H-HFD mice compared
to the LFD and I-HFD groups, I-HFD and H-HFD mice exhibited the same weight-gain.
Furthermore, we observed that excessive levels of plasma insulin and leptin were similar
between both HFD groups. These observations thus cannot explain L-cell adaptation of I-
HFD mice.

Interestingly the metabolic phenotypes observed in HFD-fed mice were previously attributed
to specific gut microbial profiles leading to diabetes sensitive or resistant mice (54). Indeed,
the gut microbiome can influence the metabolic state through at least bacterial fermentation
which generates short-chain fatty-acids which in turn modulate GLP-1 secretion (59). We
can thus postulate that L-cell adaptation in I-HFD mice may be due to specific gut
microbiota profiles. Further experiments such as analysis of microbiota composition as well
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as measurements of luminal fatty acid and bile acid composition in HFD mice could bring
potential explanations concerning the L-cell adaptation in DIO mice.

Taken together our observations suggest that maintenance of normoglycemia in obesity
requires hypersecretion of GLP-1 and insulin with controlled glucagon secretion;
hyperglycemia occurs when beta- and L-cells are unable to functionally compensate, leading
to increased numbers of dysfunctional beta- and L-cells. We propose that GLP-1 is critical
for the regulation of glucagon secretion in response to glucose in obesity and central in the
prevention of hyperglycemia in male obese mice.
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Figure 1. Diet-fed mice characteristics
HbALc was measured after 15 weeks of LFD (black) or HFD (grey) feeding (a). HFD

groups were subdivided in 2 distinct groups following HbAlc values. LFD (black losanges/
bars), I-HFD (light-grey squares/bars) and H-HFD (dark-grey triangles/bars) mice weight
evaluated retrospectively every 4 weeks during 16 weeks (b). Glycemia (c), AUC-Glucose
(d), plasma insulin (e) and glucagon (f) levels during an OGTT (1g/kg) on LFD, I-HFD and
H-HFD mice at 16 weeks. ISl calculated from insulinemia and glycemia values during
OGTT (g). Plasma GLP-1 levels (h) and the relative glucose effects on GLP-1 secretion (i,
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T5/T0 values) were evaluated in separate OGTT (2g/kg) (n=25 mice per group except for
plasma GLP-1 n=10 mice). *,T and ¥ mean significant compared to TO, LFD and I-HFD
respectively.
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Figure 2. Morphometric analysis of pancreatic alpha and beta-cellsin control and obese mice
LFD (black bars), I-HFD (light-grey bars) and H-HFD (dark-grey bars). Staining (a) and

quantification (b-j) of pancreatic slices against insulin (red), glucagon (green) and nuclei
(blue) (n=6 animals per group, scale bar = 200pum). T and $ mean significant compared to
LFD and I-HFD respectively.
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Figure 3. Regulation of glucagon and insulin secretionsin HFD mice
Glucagon and insulin secretions from LFD (black losanges/bars), I-HFD (light-grey squares/

bars) and H-HFD (dark grey triangles/bars) mice. Glucagon (a) and insulin (b) levels in
samples collected from perfused pancreas (n=3 mice per group). Data were expressed
relative to the average of the initial 2.8mmol/l glucose phase values. FACS-purified alpha-
cells from LFD, I-HFD and H-HFD mice incubated for 30min in Krebs-medium
supplemented with 1 or 5.6 or 16.7 mmol/l glucose (c) and 5.6mmol/l glucose + insulin
(100ng/ml) (d) (n=4). Histograms represent the percentage of glucagon measured from the
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supernatant relative to glucagon cellular contents. *, 8§, T and + mean significant compared to
2.8mmol/l glucose, 5.6mmol/I glucose, LFD and I-HFD respectively.
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Figure 4. Morphometric analysis of intestinal L-cellsin control and obese mice
Sections of small intestine (jejunum and ileum) from LFD, I-HFD and H-HFD were

evaluated for GLP-1 (green) and nuclei staining (DAPI, blue) (a). Intestine sections were
analyzed for total cell (b) and GLP-1 positive cell numbers (c). GLP-1 expressing cell
number (GLP-1+/DAPI+) were expressed relative to total cells (% of DAPI+ cells) (n=6
animals per group) (c). L-cell numbers (Menus+ cells) were also evaluated by FACS from
small intestine (d) and colon (e). LFD (black bars, controls), I-HFD (light-grey bars) and H-
HFD (dark-grey bars).
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Figure5. Functional analysis of intestinal L-cellsin control and obese mice
GLP-1 evaluated in supernatants and contents of dissociated mixed cells from small intestine

(jejunum/ileum) (a) and colon (b) after 2h incubation in fresh complete medium and for
small intestine in Krebs buffer £ 10mmol/l glucose (c). Histograms represent the percentage
of GLP-1 measured from the supernatant of primary mixed cells relative to GLP-1 cell
contents (n=6 animals per group). 1, ¥ and § mean significant compared to LFD, I-HFD and
KRB-0mmol/l glucose respectively. LFD (black bars, controls), I-HFD (light-grey bars) and
H-HFD (dark-grey bars).
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Figure 6. Molecular analyses of Venust intestinal and colonic L -cells from control and obese
mice

LFD (black bars), I-HFD (light-grey bars) and H-HFD (dark-grey bars). Relative mRNA
quantification of specific genes coding for proteins involved in L-cell identity, GLP-1
biosynthesis and in the secretion process in FACS-purified L-cells from small intestine (a, c)
and colon (d, f). Data are analysed and presented as the means (Fold of littermate controls) +
SEM (n=8 mice for small intestine, n=6 for colon per group). GLP-1 cellular contents in
sorted-L-cells of LFD and I-HFD mice from small intestine (b) and colon (e) (n=6 animals
per group). T and ¥ mean significant compared to LFD and I-HFD respectively.
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Figure 7. Exendin9-39 impair s glucose toler ance and glucagon secretion in [-HFD mice
Glycemia (a), AUC-Glucose (b), plasma insulin (c) and glucagon (d) levels during OGTT

(1g/kg) performed on I-HFD mice ip-injected with the GLP-1R antagonist Ex9-39
(150nmol/kg, black squares/bars) or with saline solution (light-grey losanges/bars) 30
minutes before gavage after 16 weeks of protocol. HbAlc before (Day0, 16 weeks of HFD)
and 14 days after (Day14, 18 weeks of HFD) chronic Ex9-39 (150nmol/kg/day) or NaCl
administration (e) (n=4 per group). *, 8 and 1 mean significant compared to TO, controls

(NaCl administration) and Day 0 respectively.

Endocrinology. Author manuscript; available in PMC 2020 May 15.



	Abstract
	Introduction
	Materials and Methods
	Animals
	Glucagon, insulin, GLP-1, GIP, leptin, NEFA and HbA1c measurements
	Morphometric analyses
	Pancreatic perfusion
	Primary cell preparations and ex vivo secretion assays
	Target gene analysis
	Data analysis

	Results
	Phenotypic characterization of obese HFD mice
	Functional alterations of pancreatic alpha and beta-cells in obese mice
	Functional and molecular alterations of intestinal L-cells in obese mice
	Ex9-39 impairs glucagon secretion and increases glycemia in I-HFD mice

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

