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ORIGINAL RESEARCH

Novel strategy for oral peptide delivery in incretin-

based diabetes treatment

Yining Xu,' Matthias Van Hul,>* Francesco Suriano,** Véronique Préat,’

Patrice D Cani @ ,** Ana Beloqui'

ABSTRACT

Objective To fulfil an unmet therapeutic need for
treating type 2 diabetes by developing an innovative oral
drug delivery nanosystem increasing the production of
glucagon-like peptide-1 (GLP-1) and the absorption of
peptides into the circulation.

Design We developed a nanocarrier for the oral
delivery of peptides using lipid-based nanocapsules.

We encapsulated the GLP-1 analogue exenatide within
nanocapsules and investigated in vitro in human L-cells
(NCI-H716) and murine L-cells (GLUTag cells) the

ability of the nanosystem to trigger GLP-1 secretion.

The therapeutic relevance of the nanosystem in vivo

was tested in high-fat diet (HFD)-induced diabetic mice
following acute (one administration) or chronic treatment
(5 weeks) in obese and diabetic mice.

Results We demonstrated that this innovative
nanosystem triggers GLP-1 secretion in both human

and murine cells as well as in vivo in mice. This strategy
increases the endogenous secretion of GLP-1 and the
oral bioavailability of the GLP-1 analogue exenatide (4%
bioavailability with our nanosystem).

The nanosystem synergizes its own biological effect with
the encapsulated GLP-1 analogue leading to a marked
improvement of glucose tolerance and insulin resistance
(acute and chronic). The chronic treatment decreased
diet-induced obesity, fat mass, hepatic steatosis, together
with lower infiltration and recruitment of immune cell
populations and inflammation.

Conclusion We developed a novel nanosystem
compatible with human use that synergizes its own
biological effect with the effects of increasing the
bioavailability of a GLP-1 analogue. The effects of the
formulation were comparable to the results observed

for the marketed subcutaneous formulation. This
nanocarrier-based strategy represents a novel promising
approach for oral peptide delivery in incretin-based
diabetes treatment.

INTRODUCTION

The development of oral dosage forms that enable
the absorption of therapeutic peptides into the
systemic circulation is one of the greatest challenges
for the pharmaceutical industry.' Selected diabetes
peptides have transitioned to the late phase of
development despite their low oral bioavailability
(estimated to be between 0.5% and 1.0%).> Never-
theless, the benefits of oral peptide delivery over
an intravenous or subcutaneous administration are
remarkable, and especially in the case of anti-diabetic

Significance of this study

What is already known on this subject?

» Subcutaneously injected glucagon-like
peptide-1 (GLP-1) analogues improve glucose
metabolism and energy metabolism.

» Nanocarriers are promising tools to protect
peptides from degradation or to increase their
absorption across the grastrointestinal barrier.

» We recently discovered that specific lipid-
based nanocapsules trigger endogenous GLP-1
secretion in vivo in mice when presenting a size
of ~220nm.

What are the new findings?

» We developed a nanosystem which directly
triggers endogenous GLP-1 secretion both
in vitro on enteroendocrine L-cells (human
and murine) and in vivo in obese and type 2
diabetic mice.

» We demonstrated that lipid nanocapsules
remained stable and prevented exenatide
degradation in vitro in biomimetic
gastrointestinal fluids.

» We proved the proof-of-concept that oral
delivery of nanocarriers can be used to
increase the oral bioavailability of a GLP-1
analogue which must in theory be administered
subcutaneously.

» This novel nanosystem acts synergistically by
stimulating the endogenous production of GLP-
1 secretion and allowing intestinal delivery of a
GLP-1 analogue.

» The combination of the nanocarrier with a GLP-
1 analogue has therapeutic effects on obesity,
type 2 diabetes, dyslipidaemia and hepatic
steatosis.

» We have conceptually chosen scalable
preparation procedures and generally
recognised as safe excipients that could be
directly transferred to the pharmaceutical
market.

drugs, for example, glucagon-like peptide-1 (GLP-
1).> The oral administration of incretin mimetic
peptides has the additional therapeutic advantage
of simulating the normal physiological pathway
of the native peptide.* GLP-1 agonists target
the liver, which can be accessed in much higher
concentrations via the hepatic portal vein than via
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Significance of this study

How might it impact on clinical practice in the foreseeable

future?

» This novel nanosystem can be used for the development of
oral delivery of different peptidic drugs (including GLP-1/GLP-
2 analogues, or others) that are in theory injected.

» The cost-effectiveness as well as the compliance for the
administration of drugs can be improved by using this
innovative nanosystem.

» The capacity of this novel nanocarrier to stimulate the
endogenous secretion of glucagon-like peptides can be
exploited in different pathological situations such as obesity/
diabetes but also inflammatory bowel diseases (eg, GLP-2
secretion).

subcutaneous delivery, thereby reducing systemic exposure and
its associated side effects.’ Despite the numerous ongoing efforts
to exploit the oral route of administration of incretin mimetic
peptides, only two GLP-1 analogues are currently administered
orally in clinical trials," > and both of these require coadministra-
tion with functional excipients.’®

The gut physiology offers a stimulating environment, which
has not yet been fully exploited to its full potential in the drug
delivery field. Enteroendocrine L-cells have attracted partic-
ular interest because of the pleiotropic effects of their secreted
peptides (eg, GLP-1 and GLP-2).° These cells are attractive
targets for the treatment of diseases such as type 2 diabetes
(T2DM) and inflammatory bowel diseases (IBD).” In the context
of T2DM, GLP-1 secreted from intestinal L-cells stimulates post-
prandial insulin secretion and is quickly hydrolysed by dipep-
tidyl peptidase-IV (DPP-IV).> Thus, several GLP-1 analogues
with improved plasma half-life (eg, exenatide, semaglutide)
have been developed and proven to be successful for treating
T2DM. Recently, researchers have turned their attention from
the secreted peptides towards the L-cells themselves. Indeed,
enhancing endogenous GLP-1 secretion would represent a novel
alternative in incretin-based diabetes therapy.”' We hypothe-
sised that using nanocarriers targeting intestinal L-cells could
represent an alternative therapeutic strategy to stimulate the
production of gut peptides. Nanocarriers could be engineered to
simulate certain ligands and can be designed to have increased
gastrointestinal retention, thereby evoking long-term activation
of L-cells. In this context, a major breakthrough of our research
was proving the ability of lipid-based nanocapsules (LNC) to
trigger endogenous GLP-1 secretion in vivo after oral adminis-
tration in mice.'*™* However, despite these encouraging results
and the promising properties attributed to nanomedicines, we
need to prove that these novel formulations perform better than
standard formulations incorporating functional excipients in
oral peptide delivery.

Here, we report an innovative nanocapsule-based drug
delivery system that synergizes its own biological effect (stimu-
lation of GLP-1 release) and that of the encapsulated bioactive
molecule (exenatide) as an alternative strategy for the treatment
of T2DM and hepatic steatosis via an oral route.

RESULTS

Exenatide is successfully encapsulated and preserved within
LNC

We selected LNC as nanocarriers for the oral delivery of peptides.
We recently discovered that these nanocapsules triggered

endogenous GLP-1 secretion in vivo in mice when presenting a
size of ~200nm."* Therefore, we hypothesised that synergizing
the biological effect of LNC together with the pharmacological
effects of an encapsulated GLP-1 analogue could be highly inno-
vative. As a proof of concept, we selected the GLP-1 analogue
exenatide (EXE) as the incretin mimetic to be encapsulated
within LNC containing reverse micelles (RM-LNC). The final
composition of the formulation is described in online supple-
mentary table S1, and the physico-chemical characterisation is
detailed in online supplementary table S2. A schematic repre-
sentation of EXE-RM-LNC is depicted in online supplementary
figure S1. Notably, EXE-RM-LNC exhibited an entrapment
efficiency of ~85%. It is worth noting that we already consid-
ered the potential translational approach; therefore, we have
conceptually chosen scalable preparation procedures and gener-
ally recognised as safe (GRAS) excipients that could be directly
transferred to the pharmaceutical market.

Lipid nanocapsules remained stable and prevented exenatide
degradation in vitro in biomimetic gastrointestinal fluids (online
supplementary figure S2). The stability of the nanocapsules was
confirmed in five biomimetic media, including fasted-state and
fed-state simulated gastric or intestinal fluids (FaSSGF with or
without pepsin, FaSSIF, FeSSIF and FeSSIF-v2, respectively)
(online supplementary figure S2a-e). A detailed description of
the composition of the biomimetic media used is described in
online supplementary table S3.

These results confirmed that the newly developed nanocap-
sules retained the same gastro-resistant properties as previ-
ously described conventional LNC.' ¥ The in vitro exenatide
release profile was further evaluated in gastric medium (FaSSGF
without pepsin, pH 1.6) and intestinal medium (FaSSIF, pH 6.5).
Exenatide was progressively released from the RM-LNC over a
6-hour period, reaching a cumulative exenatide release of 60%
after this time in FaSSIF, which was undetectable in FaSSGF
(online supplementary figure S2f).

RM-LNC induce GLP-1 secretion both in vitro and in vivo and
increase exenatide blood levels in normoglycaemic mice

First, we investigated the ability of RM-LNC on their ability to
trigger GLP-1 secretion in vitro in both murine L-cells (GLUTag
cells) and in human L-cells (NCI-H716) (figure 1A). We found
that RM-LNC of particle size ~220nm were able to trigger
endogenous GLP-1 secretion in both in vitro models (figure 1A).

Second, we investigated whether RM-LNC could trigger
GLP-1 secretion in vivo in normoglycaemic mice (figure 1B).
Notably, the pharmacological effect was preserved in vivo
because following the oral administration of RM-LNC, we
found that the GLP-1 levels were increased up to ~ threefold.
Therefore, the pharmacological effect of the nanocarriers was
reproduced in vitro in both cell lines irrespective of the nature
of the cells (murine or human) and in vivo in normoglycaemic
mice.

To validate our hypothesis that RM-LNC not only trigger
the endogenous secretion of GLP-1 but also act as a dual-action
nanocarrier for the oral delivery of incretin mimetic peptides,
we needed to prove the ability of the nanocarriers to increase
their absorption. For this purpose, we measured exenatide
plasma concentration on oral administration as a solution in
water or encapsulated within RM-LNC (500 pg/kg exenatide
dose) (figure 1C). Exenatide plasma levels were higher when
encapsulated within RM-LNC than when delivered as a solu-
tion. Altogether, these data confirmed our hypothesis regarding
the efficacy of RM-LNC at both enhancing endogenous GLP-1
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RM-LNC-mediated glucagon-like peptide-1 (GLP-1) secretion in vitro and in vivo and exenatide plasma levels in normoglycaemic mice.

(A) RM-LNC-mediated in vitro GLP-1 secretion (2 mg/mL) in GLUTag (left) and NCI-H716 (right) cells (murine and human L-cells, respectively) after

a 2-hour coincubation period (mean+SEM; n=6-10). (B) In vivo total GLP-1 secretion in normoglycaemic mice 60 and 180 min after RM-LNC oral
administration (mean+SEM; n=7-8). (C) Exenatide blood profile after oral administration to normoglycaemic mice in solution in water (EXE) or
encapsulation within RM-LNC (EXE-RM-LNC) (500 pg/kg exenatide dose) (mean+SEM; n=4). P values in (A, B) were determined by Student’s t test or
Mann-Whitney test. Data with different superscript letters (C) are significantly different (p<0.05) according to two-way analysis of variance followed

by Tukey’s post hoc test.

levels and increasing EXE plasmatic levels. Complementary
data on GLP-1 extracellular and intracellular levels measured in
murine and human L-cells in vitro are supplied in online supple-
mentary figure S3. Of note, we found no evidence of cytotox-
icity in human intestinal Caco-2 cells or NCI-H716 cells (online
supplementary figure S4a-d).

Combination of endogenous GLP-1 release with increased
exenatide plasma levels improves glycaemia in diabetic mice
The therapeutic relevance regarding the combination of
nanocarrier-mediated endogenous GLP-1 levels with increased
exenatide plasma concentration was evaluated in a diet-induced
obese/diabetic mouse model. As a proof-of-concept study, we
tested EXE-RM-LNC in a murine high-fat diet (HFD)-induced
T2DM model (figure 2) following acute treatment (one single
administration). First, we confirmed that the HFD mice were
markedly hyperglycaemic and hyperinsulinemic in fasted state
(figure 2A,C,D) and displayed a strong degree of insulin resis-
tance (eg, index of insulin resistance) (figure 2E).

We administered once orally a 500 pg/kg exenatide dose (free
and encapsulated within RM-LNC) and equivalent concentra-
tions of RM-LNC or water 60 min prior to an oral glucose admin-
istration (2 g/kg) (corresponding to the time point of —60 min in
figure 2A), this time point is based on the increased secreted
GLP-1 levels measured in normoglycaemic mice (figure 1B).

Strikingly, we found that EXE-RM-LNC treatment completely
normalised the glycaemia, as glycaemia in these mice followed
the same profile throughout the overall oral glucose challenge as
that observed in lean normoglycaemic control mice (figure 2A).

Conversely, the glucose levels measured in the EXE-treated
mice remained similar to those in the HFD-fed mice at 30 min

and then remained higher than those in the EXE-RM-LNC-
treated mice until 90 min (figure 2A). EXE-RM-LNC were able
to significantly decrease plasma glucose levels and glucose area
under the curve (AUC) (figure 2A). Importantly, we found that
total GLP-1 levels were significantly increased in both RM-LNC
and EXE-RM-LNC-treated groups compared with the control
groups (Control and HFD), confirming the ability of the nano-
system per se to stimulate GLP-1 release under pathological
conditions (figure 2B).

Importantly, only EXE-RM-LNC significantly reduced
the insulin resistance index compared with the HFD group
(figure 2E).

Interestingly, RM-LNC alone had an effect on lowering blood
glucose levels compared with untreated HFD mice. However, as
we anticipated, this effect was not sufficient as per reducing the
hyperglycaemia. A pharmacokinetic study measuring exenatide
levels in HFD mice confirmed that exenatide blood levels were
significantly increased when orally administered within RM-LNC
(EXE-RM-LNC) compared with exenatide in solution (rela-
tive bioavailability 4.32% with LNC, p<0.001). This relative
bioavailability can be considered a high value and a great improve-
ment, considering that peptides presenting between a 0.5% and
19%bioavailability have progressed to the late phase of develop-
ment.” The calculated pharmacokinetic parameters are summarised
in online supplementary table 4. We observed a different exenatide
pharmacokinetic profile (eg, different C_ , AUC, T_ ) in normo-
glycaemic (figure 1C) versus HFD mice (figure 2F).

Taking together the increased exenatide blood levels and the
increased endogenous GLP-1 levels, these data serve as a strong
proof of concept regarding the effectiveness of our nanosystem
in ameliorating T2DM symptoms.
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Figure 2 Pharmacodynamic and pharmacokinetic evaluation of EXE-RM-LNC in a high-fat diet (HFD)-induced obese/diabetic mouse model
following acute treatment. (A) Plasma glucose levels (mg dL™") measured 30 min before and 120 after glucose challenge (n=8-9) and mean area
under the curve (AUC, mg dL" min™") measured 30 min before and 120 after glucose challenge (n=8-9). (B) Plasma total glucagon-like peptide-1 (GLP-
1) levels and (C, D) plasma insulin levels measured 30 min before and 15 min after glucose challenge (n=8-10). (E) Insulin resistance index (n=8-9).
(F) Concentration-time profile and AUC of exenatide after subcutaneous administration (EXE s.c.) (50 ug/kg exenatide dose) and oral administration,
in solution and within RM-LNC (EXE and EXE-RM-LNC, respectively) (500 ug/kg exenatide dose). Data are presented as the mean+SEM (n=8-10).
Data with different superscript letters (A, B) are significantly different (p<0.05) according to a two-way analysis of variance (ANOVA) followed by
Tukey's post hoc test or (C—F) according to a one-way ANOVA followed by Tukey's post hoc test.

Based on the present data, we decided to further expand
our findings by investigating the impact of EXE versus EXE-
RM-LNC in mice treated for 8 weeks and 10 weeks with HED.
This model is a stronger model of diet-induced diabetes and
metabolic disorders in mice. It is important to highlight that
we obtained equivalent results regarding the efficacy of EXE-
RM-LNC on the reduction of blood glucose levels during OGTT,
regardless of the chronicity of the disease (online supplementary
figure S5).

Chronic EXE-RM-LNC long-term treatment improves glucose
metabolism in obese and diabetic mice

To evaluate the impact of chronic and long-term treatment with
EXE-RM-LNC on glucose metabolism, we induced obesity and
type 2 diabetes in mice by treating them for 8 weeks with a HFD,
then we continued the HFD for 5 weeks and treated the mice
with daily administration of 500 pug/kg exenatide (oral) (EXE-
RM-LNC) or equivalent amounts of unloaded nanocapsules
(RM-LNC) or free exenatide (EXE) or water. To evaluated the
impact of our experimental treatment with existing treatment
strategies including a group treated with a marketed subcuta-
neous form of exenatide, Byetta. The oral administration of

exenatide was compared with the subcutaneous injection (s.c.)
of 10 ug/kg exenatide in solution or as Byetta.

After 5 weeks of daily treatment, mice were sacrificed, and
blood was drawn from both the portal and the cava vein. Plasma
glucose and insulin levels are depicted in figure 3A,B respectively.
Interestingly, after 5 weeks of treatment, only the EXE-RM-LNC
were able to decrease plasma glucose levels to reach levels compa-
rable to that of the control group (figure 3A). It is noteworthy
that EXE-RM LNC-treated mice had significantly lower plasma
glucose levels than the RM-LNC-treated mice. Plasma glucose
levels were also significantly lower in the RM-LNC group than
in the EXE-treated. Therefore, these data demonstrate the syner-
gistic effect provided by EXE-RM-LNC on glucose homeostasis.
This effect is likely due to the combination of the endogenous
GLP-1 secretion triggered by RM-LNC and elevated exenatide
plasma levels. Additionally, EXE-RM-LNC-treated and subcuta-
neously treated mice exhibited comparable insulin levels as the
control group. Although this reduction compared with the HFD
group did not reach statistical significance when the data were
analysed by the Kruskal-Wallis followed by Dunn’s post hoc test
(figure 3B), a significant difference was found when analysed by
the Mann-Whitney test (p=0.04 for EXE-RM-LNC vs HFD).
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Figure 3  Effect of EXE-RM-LNC on glucose homeostasis and hyperinsulinemia in obese/diabetic mice. (A) Plasma glucose levels (mg dL”) after

5 weeks of treatment (13 weeks of high-fat diet (HFD) feeding). Data are presented as the mean+SEM (n=10). (B) Insulin plasma levels measured
from the portal vein (n=8-10). Data are presented as the mean+SEM data with different superscript letters are significantly different (p<0.05). (C)
HOMA-IR was calculated using the equation [fasting glucose (mg/dL) x fasting insulin (ng/mL)]/405 as previously described.”” Data are presented as
the mean=SEM (n=8-10). P values in (A) were determined by a two-way analysis of variance followed by Tukey's post hoc test. P values in (B, C) were

determined by Kruskal-Wallis followed by Dunn’s post hoc test.

HFD induce a massive insulin resistance (measured by using the
homeostasis model assessment of insulin resistance (HOMA-IR))
which was completely normalised with the EXE-RM-LNC, an
effect which was therapeutically equivalent to the marketed drug
(Byetta) based on GLP-1 (figure 3C).

Chronic treatment with EXE-RM-LNC decreases diet-induced
steatosis in obese/diabetic mice

We found that the liver weight was only significantly lower in
the EXE-RM-LNC-treated group after 5 weeks of treatment
(13 weeks of HFD feeding) compared with the HFD-fed group
(figure 4A). Histological analysis by H&E and oil red O staining
revealed a marked decrease in hepatic steatosis, as evidenced
by lower hepatic lipid accumulation and by fewer and smaller
lipid droplets in EXE-RM-LNC-treated mice than in HFD mice
(figure 4B,C). Despite the minor impact on triglyceride levels,
hepatic total lipid content and cholesterol levels were compa-
rable between EXE-RM-LNC-treated and subcutaneously
treated mice and were significantly lower than those in the HFD
group (figure 4D-F).

It is of the utmost importance to note that our innovative
approach using EXE-RM-LNC was more efficient in decreasing
liver weight than all the other treatments and was efficient as the
marketed drug by the typical administration route (s.c.) (Byetta),
thereby clearly showing the better effects on glucose parameters
and a non-inferiority on liver markers compared with the subcu-
taneous approach.

In addition to the biochemical and histological analysis, key
markers associated with infiltration/recruitment of immune
cell populations (F4/80, Cd11c, Mcpl), inflammation (Tnfa)
and lipid metabolism (Fasn, Pparg, Cptla) were analysed by
quantitative PCR both in the liver and in visceral adipose tissue
(VAT). Although we encountered no significant differences in
the mRNA expression of F4/80, Cd11c, Mcp1, Tnfa, Fasn and
Pparg in the liver by analysis of variance (ANOVA) (figure 5B)
(large number of groups being compared), we found significant
differences by the Mann-Whitney test. In the liver, Cd11c and
Mcpl mRNA expression in EXE-RM-LNC-treated mice was

significantly lower than that in the HFD group (P=0.05and
P=0.0353, respectively), and the same effect was observed in the
Byetta-treated group (P=0.0015 and P=0.0007, respectively).

Visceral fat mass is considered a risk factor for developing
liver diseases and insulin resistance.'® " Hence, we found that
both the EXE-RM-LNC- and Byetta-treated groups exhibited
less fat than in HFD-fed mice, and there was not significant
difference in the amount of fat in these groups from that in the
untreated control group (figure 5A). Although their weights
were not significantly different from the HFD group according
to the Kruskal-Wallis analysis (large number of groups being
compared), they were highly significantly different when anal-
ysed by the Mann-Whitney test (P=0.0057 for EXE-RM-LNC
vs HFD and P=0.0004 for Byetta vs HFD). Interestingly, higher
expression of F4/80 observed in the HFD group was signifi-
cantly downregulated in the visceral fat mass only in EXE-RM-
LNC-treated mice following ANOVA. No significant effects
were observed for the other markers when compared with the
HFD group (figure 5C).

DISCUSSION

Despite numerous ongoing efforts, the transformation of inject-
able therapies for T2DM into oral drug delivery strategies
remains a challenge. As a result, current treatments with GLP-1
analogues on the market are still administered exclusively subcu-
taneously. Current state-of-the-art strategies for oral peptide
delivery use the delivery system merely as a vehicle, and none
of them have explored the possibility that the carrier could have
additional therapeutic effects on the final formulation. In the
context of incretin-based diabetes disease therapy, the enhance-
ment of endogenous GLP-1 secretion represents a novel alter-
native treatment that more closely resembles the physiology of
the peptide.’® ¥ Here, we demonstrated the therapeutic effect
of secreted endogenous peptides with encapsulated synthetic
analogues within a lipid-based drug delivery system as an inno-
vative approach for the oral delivery of peptides. Translational
considerations have been conceptually integrated by choosing
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Figure 4 EXE-RM-LNC treatment impacts lipid homeostasis. (A) Liver weight (g). (B) Morphology of the liver in H&E-stained sections following a
chronic/long-term EXE treatment in diabetic and obese mice. Representative liver H&E staining (scale bar: 100 ym). (C) Representative liver oil red O
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are significantly different (p<0.05). P values in (A) were determined following one-way analysis of variance with Tukey's post hoc test. P values in
(C—F) were determined by the Kruskal-Wallis test followed by Dunn’s post hoc test.

scalable preparation procedures and GRAS excipients that could
be directly transferred into the pharmaceutical market.

We confirmed in vitro, both in murine and human L-cells, and
in vivo in normoglycaemic mice, the ability of exenatide-loaded
lipid nanocapsules to induce GLP-1 secretion. Additionally, we
conducted a pharmacokinetic study confirming the absorption
of exenatide into systemic circulation. After proving the stability
of the formulation, the ability of the nanosystem to preserve
peptide integrity, and its ability to increase GLP-1 levels in vivo
while enabling the absorption of the peptide into systemic circu-
lation, we demonstrated the efficacy of the formulation in the
pathological context in an HFD-induced obese/diabetic mouse
model.

The dual-action of the nanosystem for improving glycaemia
was observed in vivo in obese/diabetic mice following acute or
chronic treatment. A single acute administration of the nano-
system normalised blood glucose levels, which were comparable
to those of the control group. Although both empty and EXE-
loaded nanocapsules presented increased GLP-1 levels compared
with untreated groups, only EXE-RM-LNC-treated mice
exhibited a significant decrease in the insulin resistance index.
Therefore, suggesting an additional mechanism of action. A
pharmacokinetic analysis in obese/diabetic mice confirmed that
EXE-RM-LNC increased exenatide bioavailability to more than
49%. These data served as a strong proof-of-concept regarding
the effectiveness of a dual-action drug delivery nanosystem in
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one-way analysis of variance (ANOVA) with Tukey's post hoc test. P values in (B) were determined by a one-way ANOVA with Tukey's post hoc test or
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ameliorating glycaemia by combining both increased endoge-
nous GLP-1 levels and increased peptide bioavailability.

To demonstrate that this nanosystem represents a plausible
alternative to current strategies for the oral delivery of incretin
peptides in the treatment of T2DM, we conducted a chronic/
long-term treatment consisting of a 5-week daily administration
protocol. After 5 weeks of treatment, EXE-RM-LNC-treated
mice exhibited normalised plasma glucose levels comparable to
those of untreated control mice, along with decreased insulin
levels. Therefore, the beneficial effects observed are not limited
to the acute effect of the nanocarriers but are also translated to a
therapeutic effect on oral glucose tolerance.

It is worth noting that our approach led to comparable results
regarding glucose homeostasis to those observed for the current
marketed drug that is administered subcutaneously. Therefore,
our results demonstrate the non-inferiority of our approach
together with the benefit of administration by the oral route for
chronic treatments.

However, unlike subcutaneously treated mice, the metabolic
effect observed for EXE-RM-LNC was decoupled from any
effect on the total body weight (online supplementary figure 6).
As both EXE-RM-LNC and the subcutaneously administered
EXE decreased the visceral adipose fat mass and, to some extent,
the liver lipid content, we cannot rule out the possibility that
the metabolic effects were due to an impact on these organs (eg,
visceral fat and liver lipid) rather than an overall change in body
weight.

Our data point to a strong trend towards lower key markers
associated with infiltration-recruitment of immune cell popula-
tions (macrophages, dendritic cells) and inflammatory markers in
both the liver and VAT, again highlighting the beneficial effects
of our approach on such markers. F4/80 is a marker of inflam-
matory cell infiltration (mature macrophages), whereas Cd11c,
Mcp1 and Tnfa are known to reflect the M1 macrophage pheno-
type during obesity-associated inflammation. It is important to
note that EXE-RM-LNC was the only treatment that signifi-
cantly reduced macrophage infiltration in the VAT, a hallmark
of chronic inflammation also considered as triggering factor for
insulin resistance and diabetes.?*** From a mechanistic point of
view, we previously showed that RM-LNC increase the secre-
tion of GLP-1 and, likely, the copeptide GLP-2, which has been
shown to reinforce the gut barrier function, thereby reducing
bacterial compound translocation, inflammation and steatosis in
obese rodents.”> Whether the lower inflammation observed here
could depend on a similar mechanism is plausible but remains to
be demonstrated.

The mechanisms by which GLP-1 levels are increased via lipid
nanocapsules remain unclear; however, we may not rule out
that the daily oral gavage stimulates the production of the gut
peptides throughout the day and, therefore, contributes to main-
taining a better metabolic profile in the HFD-fed mice. Indeed,
a daily chronic administration was sufficient to improve metab-
olism and even normalise other markers. Finally, we cannot
exclude the possibility that lipid nanocapsules could modulate
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the activity of DPP-IV, thus preserving increased circulating total
GLP-1 levels in the body, which warrants further investigation.
Another important matter that will need further investigation
is the potential toxicological impact of the formulation in the
intestine on the accumulation of the formulation following
repeated doses. It would be interesting to compare the potential
toxicological effect of our formulation (providing with GLP-1
levels cleaved by DPP-IV enzyme, and reduced GLP-1 analogue
doses) with the potential toxicological effect of the synthetic
peptide administered alone, which has been modified not to be
recognised by DPP-IV and therefore, could be potentially accu-
mulated in the body.

In conclusion, we developed an innovative approach using
incretin mimetics via the oral route. We discovered that combining
nanocarriers with GLP-1 analogues is sufficient to normalise the
glycaemia of obese/diabetic mice after either acute or chronic
treatment. Interestingly, in addition to the strong advantage of
using the oral route, this approach is at least as efficient as the
current marketed drug as a comparison and could even be more
potent for improving oral glucose tolerance, insulin resistance
and hepatic steatosis. Thus, our strategy offers an additional
advantage over current approaches for oral incretin mimetic
peptide delivery and by increasing endogenous GLP-1 levels. All
these developments could lead to enhanced clinical translation
of nanomedicines in oral incretin-based T2DM treatment.

MATERIALS AND METHODS

Materials

Preparation of reverse micelle-loaded lipid nanocapsules

Reverse micelle-loaded lipid nanocapsules (RM-LNC) were
formulated in two steps, in which the drug was first encapsulated
within reverse micelles and then further encapsulated within
LNC. First, exenatide-loaded reverse micelles (EXE-RM) were
prepared by high-speed stirring of a surfactant (Span 80) and an
oil (Labrafac WL 1349) mixture (1:5wt ratio). Then, 50 pL of
EXE (30 mg/mL in MilliQ water) was dripped into the mixture
and maintained under stirring. Exenatide-loaded reverse micelle
lipid nanocapsules (EXE-RM-LNC) were prepared following
a modified phase inversion process described by Heurtault et
al.** Briefly, all components (shown in online supplementary
table S1, figure 1C), including lipophilic Labrafac WL 1349,
Peceol, Lipoid S100, Solutol HS15, sodium chloride (NaCl)
and MilliQ water, were mixed together under magnetic stirring
at 40°C at 200rpm for 5min. Temperature cycles of progres-
sive heating/cooling were conducted between 50°C and 67°C.
During the last cycle, 500 pL of preheated drug loaded RM was
added to the mixture at ~3°C above the phase inversion zone
(PIZ; 59°C-61.5°C). The solution was cooled to reach the PIZ
temperature, and 2.5mL of cold water (4°C) was added and
stirred at high speed for 2 min. Blank RM-LNC were prepared
following the same protocol in the absence of exenatide.

In vitro GLP-1 secretion

The in vitro GLP-1 secretion was quantified in both GLUTag (a
kind gift from Professor Daniel Drucker, Toronto, Canada) and
NCI-H716 cells as previously described by Xu et al*.

Animals

All animal experiments were approved by and performed in
accordance with the local animal committee (2014/UCL/MD/033
and 2017/UCL/MD/00S5) and as specified by the Belgian Law of
29 May 2013 on the protection of laboratory animals.

Oral glucose tolerance test in HFD induced obese/diabetic mice

Eight-week-old male mice were housed five per cage and divided
into five groups (10 mice per group). After 2 weeks of acclima-
tion, mice were fed a HFD (60% fat and 20% carbohydrates
(kcal per 100g), D12492i, Research Diets, USA) (HFD and
exenatide-treated groups) or a normal control diet (control,
AIN93Mi, Research Diets, USA) for 3, 8 or 10 weeks before
experiments and underwent a period of fasting overnight before
being treated with an oral exenatide solution (EXE, 500 pug of
exenatide/kg body weight), exenatide-reverse micelle-loaded
lipid nanocapsules (EXE-RM-LNC, 500 pg of exenatide/kg body
weight) or unloaded micelle-loaded lipid nanocapsules (RM-
LNC, equivalent concentrations as per EXE-RM-LNC) 1 hour
before being challenged with an oral glucose gavage. Control
groups (control diet and HFD groups) were given an oral gavage
of an equivalent volume of sterile MilliQ water. After 1hour,
mice were challenged with an oral glucose gavage (2 g/kg glucose
dose), as previously described by Everard et al.* Blood samples
were collected at =30 min and 15 min to test total GLP-1 and
insulin plasma concentration by using ELISA kits (Meso Scale
Delivery, USA and Mercodia, Uppsala, Sweden, respectively).
The insulin resistance index was determined by multiplying the
area under the curve of both blood glucose and insulin in the
plasma obtained by the oral glucose tolerance test (OGTT).

Chronic exenatide long-term treatment study in obese/diabetic mice
Eight-week-old male mice were randomly divided into seven
groups (10 mice per group) and housed five per cage ina controlled
environment (room temperature of 23°C =2°C, 12h daylight
cycle) with free access to sterile food (AIN93Mi; Research Diet)
and sterile water. After a 2-week acclimation period, mice under-
went 8 weeks of HFD or a normal control diet (Control). After
this period, mice were treated daily at 16:00 pm (i) orally with
exenatide in solution or encapsulated within RM-LNC (500 pg/
kg dose) (EXE-RM-LNC) or the corresponding concentration
of unloaded RM-LNC or (ii) subcutaneously with exenatide in
solution (10 pg/kg) (EXE s.c.) or as Byetta (10 pg/kg). Control
groups (healthy and HFD) were treated orally daily with an
equivalent volume of sterile Milli-Q water. At the end of the
treatment period, animals were anaesthetised with isoflurane
(Forene, Abbott, England), and blood was sampled from both
the portal and the cava veins. After exsanguination, mice were
euthanised by cervical dislocation. Subcutaneous adipose tissue,
liver and spleen were precisely dissected, weighed and immedi-
ately immersed in liquid nitrogen followed by storage at —80°C
for further analysis or preserved in 4% paraformaldehyde for
histological analysis (liver). Total lipids were measured after
extraction with chloroform-methanol according to a modified
Folch method,”® as previously described.”” Triglyceride and
cholesterol concentrations were measured using a kit coupling
an enzymatic reaction and spectrophotometric detection of
the final product (Diasys Diagnostic and System, Holzheim,
Germany). All samples were run in duplicate.

Additional protocols and procedures are described in online
supplementary methods section.

Statistical analysis

GraphPad Prism 7 programme (California, USA) was used
to perform the statistical analyses. For all analyses and for
each group, any exclusions were supported by the use of the
Grubbs test for outlier detection. Values were normalised by
log-transformation when variances were significantly different
between groups before conducting the analysis. Two-way or
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one-way ANOVA followed by Tukey’s post hoc test was applied
for comparisons among multiple groups. If the variance differed
significantly between groups even after normalisation, a non-
parametric test was performed. The results are expressed as
the mean=standard error of the mean (SEM). A difference of
p<0.05 was considered statistically significant.

Acknowledgements We thank A Barrois, R M Goebbels, B Ucakar and K
Vanvarenberg for their excellent support and assistance.

Contributors Conceptualisation, AB and PDC; Methodology, YX, AB, MVH, FS and
PDC; Investigations, YX, VP, AB, PDC; Resources, AB and PDC; Writing-original draft,
YX and AB; Supervision, AB and PDC; Funding, AB, VP and PDC.

Funding YXis the recipient of a grant from the China Scholarship Council (CSC).
AB is a research associate from the FRS-FNRS (Fonds de la Recherche Scientifique)
Belgium. This work was supported by the Fonds de la Recherche Scientifique-FNRS
under Grants n°J.0220.16 (recipient V.P.) and T.0013.19 (recipient AB). PDC is senior
research associate from FRS-FNRS under grants: WELBIO-CR-2017-C02 and The
Excellence Of Science (EOS 30770923) and is a recipient of the Funds Baillet Latour
(Grant for Medical Research 2015).

Competing interests PDC is a co-founder of A-Mansia Biotech SA.
Patient consent for publication Not required.

Ethics approval All animal experiments were approved by and performed in
accordance with the local animal committee (2014/UCL/MD/033 and 2017/UCL/
MD/005) and as specified by the Belgian Law of 29 May 2013 on the protection of
laboratory animals.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplementary information.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See: https://creativecommons.org/
licenses/by/4.01/.

ORCID iD
Patrice D Cani http://orcid.org/0000-0003-2040-2448

REFERENCES

1 Aguirre TAS, Teijeiro-Osorio D, Rosa M, et al. Current status of selected oral peptide
technologies in advanced preclinical development and in clinical trials. Adv Drug Deliv
Rev 2016;106:223-41.

2 Lakkireddy HR, Urmann M, Besenius M, et a/. Oral delivery of diabetes
peptides - comparing standard formulations incorporating functional excipients
and nanotechnologies in the translational context. Adv Drug Deliv Rev
2016;106:196-222.

3 Yu M, Benjamin MM, Srinivasan S, et al. Battle of GLP-1 delivery technologies. Adv
Drug Deliv Rev 2018;130:113-30.

4

5

20

21

22

23

24

25

26

27

Bouttefeux O, Beloqui A, Preat V. Delivery of peptides via the oral route: diabetes
treatment by peptide-loaded nanoparticles. Curr Pharm Des 2016;22:1161-76.
Brayden DJ, Alonso M-J. Oral delivery of peptides: opportunities and issues for
translation. Adv Drug Deliv Rev 2016;106:193-5.

des Rieux A, Pourcelle V, Cani PD, et al. Targeted nanoparticles with novel non-
peptidic ligands for oral delivery. Adv Drug Deliv Rev 2013;65:833-44.

Kappe C, Zhang Q, Nystrom T, et al. Effects of high-fat diet and the anti-diabetic drug
metformin on circulating GLP-1 and the relative number of intestinal L-cells. Diabeto/
Metab Syndr 2014;6:70.

Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology
2007;132:2131-57.

Nohr MK, Pedersen MH, Gille A, et al. GPR41/FFAR3 and GPR43/FFAR2 as cosensors
for short-chain fatty acids in enteroendocrine cells vs FFAR3 in enteric neurons and
FFAR2 in enteric leukocytes. Endocrinology 2013;154:3552-64.

Mancini AD, Poitout V. The fatty acid receptor FFA1/GPR40 a decade later: how much
do we know? Trends Endocrinol Metab 2013;24:398-407.

Burant CF. Activation of GPR40 as a therapeutic target for the treatment of type 2
diabetes. Diabetes Care 2013;36(Supplement_2):5175-9.

Beloqui A, Alhouayek M, Carradori D, et al. A mechanistic study on Nanoparticle-
Mediated glucagon-like peptide-1 (GLP-1) secretion from enteroendocrine L cells. Mo/
Pharm 2016;13:4222-30.

Shrestha N, Bouttefeux O, Vanvarenberg K, et al. The stimulation of GLP-1 secretion
and delivery of GLP-1 agonists via nanostructured lipid carriers. Nanoscale
2018;10:603-13.

Xu'Y, Carradori D, Alhouayek M, et al. Size effect on lipid Nanocapsule-Mediated GLP-
1 secretion from enteroendocrine L cells. Mol Pharm 2018;15:108-15.

Roger E, Lagarce F, Benoit J-P. The gastrointestinal stability of lipid nanocapsules. Int J
Pharm 2009;379:260-5.

Perseghin G. Lipids in the wrong place: visceral fat and nonalcoholic steatohepatitis.
Diabetes Care 2011;34(Supplement_2):5367-70.

Lebovitz HE, Banerji MA. Point: visceral adiposity is causally related to insulin
resistance. Diabetes Care 2005;28:2322-5.

Gribble FM. RD Lawrence lecture 2008: targeting GLP-1 release as a potential
strategy for the therapy of type 2 diabetes. Diabet Med 2008;25:889-94.

Gribble FM, Reimann F. Function and mechanisms of enteroendocrine cells and gut
hormones in metabolism. Nat Rev Endocrinol 2019;15:226-37.

Thomas D, Apovian C. Macrophage functions in lean and obese adipose tissue.
Metabolism 2017;72:120-43.

Weisberg SP, McCann D, Desai M, et al. Obesity is associated with macrophage
accumulation in adipose tissue. J Clin Invest 2003;112:1796-808.

Hernandez ED, Lee SJ, Kim JY, et al. A macrophage NBR1-MEKK3 complex triggers
INK-mediated adipose tissue inflammation in obesity. Cell Metab 2014;20:499-511.
Cani PD, Possemiers S, Van de Wiele T, et a/. Changes in gut microbiota control
inflammation in obese mice through a mechanism involving GLP-2-driven
improvement of gut permeability. Gut 2009;58:1091-103.

Heurtault B, Saulnier P, Pech B, et al. A novel phase inversion-based process for the
preparation of lipid nanocarriers. Pharm Res 2002;19:875-80.

Everard A, Plovier H, Rastelli M, et a/. Intestinal epithelial N-
acylphosphatidylethanolamine phospholipase D links dietary fat to metabolic
adaptations in obesity and steatosis. Nat Commun 2019;10:457.

Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification
of total lipides from animal tissues. J Biol Chem 1957;226:497-509.

Amrutkar M, Cansby E, Chursa U, et al. Genetic disruption of protein kinase STK25
ameliorates metabolic defects in a diet-induced type 2 diabetes model. Diabetes
2015;64:2791-804.

XuY, et al. Gut 2020;69:911-919. doi:10.1136/gutjnl-2019-319146

919


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-2040-2448
http://dx.doi.org/10.1016/j.addr.2016.02.004
http://dx.doi.org/10.1016/j.addr.2016.02.004
http://dx.doi.org/10.1016/j.addr.2016.02.011
http://dx.doi.org/10.1016/j.addr.2018.07.009
http://dx.doi.org/10.1016/j.addr.2018.07.009
http://dx.doi.org/10.2174/1381612822666151216150238
http://dx.doi.org/10.1016/j.addr.2016.10.005
http://dx.doi.org/10.1016/j.addr.2013.01.002
http://dx.doi.org/10.1186/1758-5996-6-70
http://dx.doi.org/10.1186/1758-5996-6-70
http://dx.doi.org/10.1053/j.gastro.2007.03.054
http://dx.doi.org/10.1210/en.2013-1142
http://dx.doi.org/10.1016/j.tem.2013.03.003
http://dx.doi.org/10.2337/dcS13-2037
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00871
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00871
http://dx.doi.org/10.1039/C7NR07736J
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00742
http://dx.doi.org/10.1016/j.ijpharm.2009.05.069
http://dx.doi.org/10.1016/j.ijpharm.2009.05.069
http://dx.doi.org/10.2337/dc11-s249
http://dx.doi.org/10.2337/diacare.28.9.2322
http://dx.doi.org/10.1111/j.1464-5491.2008.02514.x
http://dx.doi.org/10.1038/s41574-019-0168-8
http://dx.doi.org/10.1016/j.metabol.2017.04.005
http://dx.doi.org/10.1172/JCI200319246
http://dx.doi.org/10.1016/j.cmet.2014.06.008
http://dx.doi.org/10.1136/gut.2008.165886
http://dx.doi.org/10.1023/A:1016121319668
http://dx.doi.org/10.1038/s41467-018-08051-7
http://www.ncbi.nlm.nih.gov/pubmed/13428781
http://dx.doi.org/10.2337/db15-0060

	Novel strategy for oral peptide delivery in incretin-­based diabetes treatment
	Abstract
	Introduction﻿﻿﻿﻿
	Results
	Exenatide is successfully encapsulated and preserved within LNC
	RM-LNC induce GLP-1 secretion both in vitro and in vivo and increase exenatide blood levels in normoglycaemic mice
	Combination of endogenous GLP-1 release with increased exenatide plasma levels improves glycaemia in diabetic mice
	Chronic EXE-RM-LNC long-term treatment improves glucose metabolism in obese and diabetic mice
	Chronic treatment with EXE-RM-LNC decreases diet-induced steatosis in obese/diabetic mice

	Discussion
	Materials and methods
	Materials
	Preparation of reverse micelle-loaded lipid nanocapsules
	In vitro GLP-1 secretion
	Animals
	Oral glucose tolerance test in HFD induced obese/diabetic mice
	Chronic exenatide long-term treatment study in obese/diabetic mice

	Statistical analysis

	References


