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Improvement of islet graft function using
liraglutide is correlated with its anti-
inflammatory properties

Correspondence Séverine Sigrist, UMR DIATHEC, EA 7294, Centre Européen d’Etude du Diabète, Université de Strasbourg, Fédération de
Médecine Translationnelle de Strasbourg (FMTS), Boulevard René Leriche, 67200 Strasbourg, France. E-mail: s.sigrist@ceed-diabete.org

Received 9 February 2016; Revised 27 June 2016; Accepted 20 July 2016

A Langlois1, S Dal1, K Vivot1, C Mura1, E Seyfritz1, W Bietiger1, C Dollinger1, C Peronet1, E Maillard1,
M Pinget1,2, N Jeandidier1,2 and S Sigrist1

1UMR DIATHEC, EA 7294, Centre Européen d’Etude du Diabète, Université de Strasbourg, Fédération de Médecine Translationnelle de Strasbourg

(FMTS), Strasbourg, France, and 2Service d’Endocrinologie, Diabète, Maladies Métaboliques, Pôle NUDE, Hôpitaux Universitaires de Strasbourg,

Strasbourg, France

BACKGROUND AND PURPOSE
Liraglutide improves the metabolic control of diabetic animals after islet transplantation. However, the mechanisms underlying
this effect remain unknown. The objective of this study was to evaluate the anti-inflammatory and anti-oxidative properties of
liraglutide on rat pancreatic islets in vitro and in vivo.

EXPERIMENTAL APPROACH
In vitro, rat islets were incubated with 10 μmol·L�1 liraglutide for 12 and 24 h. Islet viability functionality was assessed. The anti-
inflammatory properties of liraglutide were evaluated by measuring CCL2, IL-6 and IL-10 secretion and macrophage chemotaxis.
The anti-oxidative effect of liraglutide was evaluated by measuring intracellular ROS and the total anti-oxidative capacity. In vivo,
1000 islets were cultured for 24 h with or without liraglutide and then transplanted into the liver of streptozotocin-induced dia-
betic Lewis rats with or without injections of liraglutide. Effects of liraglutide on metabolic control were evaluated for 1 month.

KEY RESULTS
Islet viability and function were preserved and enhanced with liraglutide treatment. Liraglutide decreased CCL2 and IL-6 secretion
and macrophage activation after 12 h of culture, while IL-10 secretion was unchanged. However, intracellular levels of ROS were
increased with liraglutide treatment at 12 h. This result was correlated with an increase of anti-oxidative capacity. In vivo,
liraglutide decreased macrophage infiltration and reduced fasting blood glucose in transplanted rats.

CONCLUSIONS AND IMPLICATIONS
The beneficial effects of liraglutide on pancreatic islets appear to be linked to its anti-inflammatory and anti-oxidative properties.
These findings indicated that analogues of glucagon-like peptide-1 could be used to improve graft survival.

Abbreviations
ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid); DHE, dihydroethidium; FCS, fetal calf serum; fMLP,
N-formylmethionine-leucyl-phenylalanine; IBMIR, instant blood-mediated inflammatory reaction; GLP-1, glucagon-like
peptide-1; KRB, Krebs–Ringer bicarbonate; TLR, toll-like receptor; Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid
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Introduction
Pancreatic islet transplantation is aminimally invasive proce-
dure that can restore normoglycaemia and insulin indepen-
dence in patients with type 1 diabetes (Ahearn et al., 2015).
However, only 40–50% of patients remain insulin-
independent 5 years after transplantation (Coppens et al.,
2013). Indeed, despite recent progress, this therapy is associ-
ated with an early loss of 70% of islets caused, in part, by
thromboinflammatory reactions that have been collectively
termed the instant blood-mediated inflammatory reaction
(IBMIR) (Shapiro et al., 2000; Hawthorne et al., 2014; Nilsson
et al., 2014; Ramnath et al., 2015). These deleterious reactions
involve the activation of the complement and coagulation
cascades and platelet and leukocyte activation, ultimately
resulting in clot formation and damage to the implanted cells
(Nilsson et al., 2014; Vivot et al., 2014). Moreover, a general
inflammatory response appears during islet isolation and cul-
ture (Bottino et al., 1998; Bottino et al., 2004). Indeed, several
groups have shown that pancreatic islets cultured in vitro pro-
duce increased levels of toll-like receptor 4 (TLR4), COX-2,
the chemokine CCL2, IL-6 and ROS, all pro-inflammatory
factors with a deleterious effect on cell survival (Sigrist et al.,
2005; Johansson et al., 2006; Armann et al., 2007;
Vivot et al., 2011).

Moreover, CCL2, IL-6 and IL-10 represent key proteins
modulating inflammation in islets (Bottino et al., 1998;
Bottino et al., 2004; van der Windt et al., 2007; Mosser and
Zhang, 2008; Vivot et al., 2011). Indeed, islet CCL2 release is
involved in promoting detrimental pro-inflammatory condi-
tions after transplantation (Matsuda et al., 2005; Melzi et al.,
2010; Vivot et al., 2014). Furthermore, CCL2 levels in pancre-
atic islets are strongly increased by pro-inflammatory
cytokines (Piemonti et al., 2002; Vivot et al., 2014).

In addition, IL-6 can stimulate the expression of COX-2,
which is believed to be a mediator of cytokine-induced islet
damage (Xenos et al., 1994; Tran et al., 2002; Vivot et al.,
2014). Thus, these studies established the link between
inflammation and oxidative stress. In contrast, dampening
of the inflammatory response is linked to the
anti-inflammatory action of various factors. Cytokines with
anti-inflammatory effects, such as IL-10, are well-known
examples (Mosser and Zhang, 2008).

In light of these findings, it appears crucial to protect islets
before transplantation by targeting therapeutic molecules to
improve long-term graft survival. Our search for new phar-
macological targets capable of decreasing inflammatory reac-
tions and oxidative stress in islets led us to investigate the
hormone, glucagon-like peptide-1 (GLP-1). GLP-1 is an
incretin hormone secreted by intestinal L cells in response
to ingestion of carbohydrates and lipids (Holst, 2007). GLP-
1 exerts effects through the specific GLP-1 receptor, including
stimulation of insulin secretion, suppression of glucagon
secretion, slower gastric emptying and increased satiety.
However, administration of native GLP-1 has limited
therapeutic benefit due to its short biological half-life
(several min). GLP-1 analogues, including exenatide (half-life
60–90 min) and liraglutide (half-life 13 h) (Knudsen et al.,
2000), are more promising candidates. Indeed, GLP-1 recep-
tor agonists have beneficial effects as adjunct therapy in
models of type 1 diabetes mellitus (Ogawa et al., 2004) and
in preclinical models of pancreatic islet transplants (Sharma
et al., 2006; Bohman et al., 2007; Ellenbroek et al., 2013). In
addition to its long half-life, liraglutide was also able to main-
tain glycaemic control in type 2 diabetes, with a low risk of
hypoglycemia (Blonde and Russell-Jones, 2009; Vilsboll,
2009; Balena et al., 2013). Results from in vitro and in vivo
studies have demonstrated that GLP-1 analogues can prevent
apoptosis (Bregenholt et al., 2005; Cornu and Thorens, 2009;
Boutant et al., 2012) and stimulate beta cell replication,
resulting in increased beta cell mass and improved glucose
tolerance in diabetic rats (Xu et al., 1999; Kwon et al., 2009).
Moreover, a few reports have demonstrated anti-oxidative ef-
fects of GLP-1 on pancreatic islet cells (Jimenez-Feltstrom
et al., 2005). Furthermore, treatment with exendin-4 (a GLP-
1 analogue) improved islet function and significantly
reduced their content of inflammation-related molecules
(tissue factor, IFN-γ, IL-17, IL-1β and IL-2) and caspase-3
activation (Cechin et al., 2012). Moreover, exendin-4 rescued
islets from oxidative stress caused by hypoxia or cytokine
exposure (Padmasekar et al., 2013).

In our study, we have focused on liraglutide, a long-acting
GLP-1 analogue belonging to the new ‘incretinomimetics’
class of drugs, which has been shown to be an attractive can-
didate for the improvement of islet transplantation (Merani
et al., 2008; Emamaullee et al., 2009; Toso et al., 2010).

Tables of Links

TARGETS

GPCRsa Enzymesc

GLP-1 receptor AMPK

Catalytic receptorsb COX-2

TLR-4 Caspase-3

LIGANDS

CCL2 IL-6

Exenatide (exendin-4) IL-10

GLP-1 IL-17

IFN-γ Insulin

IL-1β Liraglutide

IL-2 TNF-α

These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (a,b,cAlexander et al., 2015a,b,c).
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Moreover, liraglutide exerts an anti-inflammatory effect on
vascular endothelial cells by increasing NO production and
suppressing NF-κB activation, at least partly through AMP-
associated protein kinase (AMPK) activation (Hattori et al.,
2010). In addition, 2 weeks of liraglutide treatment inhibited
cellular oxidative stress and apoptosis of the pancreatic islets
in diabetic db/db mice (Shimoda et al., 2011).

Nevertheless, the details of the relationship between the
beneficial effects of liraglutide on islet survival and their pro-
tective action against inflammation and oxidative stress have
not yet been fully elucidated. The purpose of our work was to
evaluate the protective effects of liraglutide on rat islets
in vitro and in vivo and the mechanisms involved. We first in-
vestigated whether liraglutide treatment could be associated
with a reduced production of the pro-inflammatory cytokine
IL-6 and chemokine CCL2, an increased production of the
anti-inflammatory cytokine IL-10 and/or a reduced genera-
tion of ROS by islets in vitro. This work was completed by
performing an in vivo study using a model of syngeneic
intraportal islet transplantation in diabetic rats, in which we
compared two modes of liraglutide treatment to determine
the best strategy to improve graft survival.

Methods

Animals
All animal care and experimental procedures complied with
the local ethical committee (Comités d’Ethique en Expéri-
mentation Animale-35) and were approved by the French
government under authorizations AL/59/66/02/13 and
AL/06/35/12/12. Animal studies are reported in compliance
with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath
& Lilley, 2015).Wistar and Lewis rats were supplied by Janvier
Labs (Le Genest St Isle, France). Rats were housed in standard
collective cages, in a temperature-controlled room (22 ± 1°C)
with a 12 h light/12 h darkness cycle. They were fed with
SAFE-A04 diet (Villemoisson-sur-Orge, France); food and
water were available ad libitum.

Islet isolation and culture
Pancreatic islets were isolated from male adult Wistar rats
weighing 200 g for the in vitro study and frommale adult syn-
geneic Lewis rats weighing 200 g for the in vivo study, to assess
immune rejection. The islet isolation procedure was per-
formed using the method described by Sutton et al. (1986).
Islets were cultured in M199 medium (Gibco®, Saint Aubin,
France) supplemented with 10% (v/v) heat-inactivated fetal
calf serum (FCS; Sigma-Aldrich, St Louis, MO, USA) and
1% (v/v) of a mixture of penicillin (10 000 IU�mL�1),
streptomycin (10mg·mL�1) and amphotericin B (25 μg·mL�1)
(Gibco). Islets were cultured at 37°C in humidified air with
5% CO2 with 20 islets per well in 48-well culture plates
(Greiner Bio-one, Kremsmünster, Austria) for the evaluations
of viability and function or 1000 islets per well in 60 × 15 mm
culture dishes (Becton Dickinson, Meylan, France) for protein
extraction and secretion studies (IL-6, IL-10) and chemotaxis
experiments.

Islets were incubated with or without 10 μmol·L�1

liraglutide (Victoza®, Novo Nordisk, Denmark) diluted in

culture medium for 12 and 24 h. Total protein extracts were
prepared using M-PER® Mammalian Protein Extraction
Reagents (Fisher, Illkirch, France). Proteins were quantified
using the Bradford assay (Bradford, 1976).

Islet viability
The current standard method, involving fluorescein
diacetate/propidium iodide (Sigma-Aldrich) staining, was
used to assess islet viability. Ten islets treated with each of
the described conditions were randomly selected by two
independent investigators. The ratio between green and red
cells was used to calculate the percentage of viable islets.

Islet function
Ten islets treated with each of the described experimental
conditions were washed and incubated in Krebs–Ringer
bicarbonate (KRB) solution containing 10% (v/v) FCS and
2.5 mmol·L�1 glucose (Sigma-Aldrich). The islets were then
stimulated with KRB solution containing 10% (v/v) FCS and
25 mmol·L�1 glucose for 90 min at 37°C in humidified air
with 5% CO2. The supernatants were collected, and rat
insulin was measured using an ELISA kit (Mercodia, Uppsala,
Sweden). The results were expressed as μg insulin per g of
total protein per h.

Inflammatory response
To evaluate the anti-inflammatory effect of liraglutide, we
measured the secretion of CCL2, a major activator of macro-
phages, the predominant inflammatory cell type infiltrating
into pancreatic islets after their transplantation (Sigrist
et al., 2004; Moberg et al., 2005; Sigrist et al., 2005); IL-6, a ma-
jor component involved in the islet inflammatory response
(Vivot et al., 2014) and IL-10, an anti-inflammatory cytokine
(Mosser and Zhang, 2008). CCL2 (RayBiotech®, Norcross,
GA, USA), IL-6 and IL-10 (R&D systems, Minneapolis, MN,
USA) were quantified in islet supernatants by ELISA, according
to the manufacturer’s instructions. Results were expressed as
pg·mg�1 total protein.

The chemotactic response of macrophages to rat islet
supernatants was evaluated using a modified Boyden cham-
ber according to Sigrist et al, (2004). The response was defined
as the mean number of macrophages migrating and was
expressed using a migration index defined as the following
ratio: the number of macrophages attracted by the test solu-
tion of N-formylmethionine-leucyl-phenylalanine (fMLP;
Sigma-Aldrich) or culture medium conditioned by islets with
or without chemoattractant to the number of macrophages
attracted by the culture medium alone. Macrophage migra-
tion induced by the culture medium was considered as ran-
dom migration and was used as a negative control.

Oxidative stress study
ROS were quantified in 4 μm sections of frozen islets. Sections
were incubated with a solution containing 2.5 × 10�6 mol·L�1

of dihydroethidium (DHE) probe (Sigma-Aldrich) for 30 min
at 37°C. Fluorescence intensity was measured by microscopy
and analysed by NIS-Elements Br Software (Nikon Instru-
ments Inc., Champigny-sur-Marne, France). ROS levels were
expressed as the intensity of fluorescence at the islet surface
relative to the extracellular background fluorescence. Experi-
ments were performed on individual rat islet preparations for
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each conditions, using islets from 6 rats in total. 6 sections of
each islet preparation were analysed and for each section,
10 islets were considered. Data were expressed as the mean
(± SEM) DHE fluorescence value. For statistical comparisons
between groups, n=6.

For each treatment condition, six sections were analysed.
Ten different islets within each section were measured,
and data were expressed as the mean DHE fluorescence value
± SEM.

Total anti-oxidant capacity was performed by a (+)-6-hy-
droxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox; Sigma-Aldrich) equivalent anti-oxidant capacity
method as described by Re et al. (1999). Briefly, 7 mM 2,2′-
azino-bis-(3-ethylbenzthioazoline-6-sulphonic acid) (ABTS;
VWR, Fontenay sous Bois, France) and 2.5 mM potassium
persulfate dissolved in Milli-Q® water were incubated over-
night at 4°C and protected from light to generate the ABTS
+ radical cation. ABTS + was diluted in PBS at pH 7.4 to an ab-
sorbance of 0.7 ± 0.02 at 734 nm using a microplate reader
(iMark™; Bio-Rad, Marnes-la-Coquette, France). Trolox
[10 mM in PBS (pH 7.4)] was used as a stock standard. Fresh
working standards of final concentration 0–40 μM were pre-
pared daily. Plasma samples were dissolved twice in PBS. Di-
luted ABTS (200 μL) was added to 2 μL of plasma or Trolox
standards, and absorbance at 734 nm was read exactly
4 min after addition. Results were expressed as μmol Trolox
equivalents·L�1.

Islet transplantation
Islet grafting was carried out in male Lewis rats (200 g).
Diabetes was induced by a single intraperitoneal injection
of 75 mg·kg�1 streptozotocin (Sigma-Aldrich) diluted in a
citrate buffer (pH = 4.2). Animals were considered diabetic
after two consecutive blood glucose measurements of ≥16.67
mmol·L�1, using the Glucose RTU® test (BioMérieux SA,
Craponne, France). Rats were divided into six groups with six
animals per group for metabolic follow-up during 1 month
and three animals per group for the evaluation of acute
inflammation 24 h after transplantation. These rats were
killed, and their liverswere collected24hafter transplantation
for immunohistological analysis. Diabetic rats underwent a
laparotomy and an intraportal injection of CMRL medium
(Gibco) (SHAM group), diabetic rats with transplanted islets
(control (CTL) group) and diabetic rats with transplanted
islets that were pre-incubated with 10 μmol·L�1 liraglutide
(Lira group). These groups were supplemented or not with a
subcutaneous injection of 200 mg·kg�1 of liraglutide daily.
The islets were cultured for 24 h prior to transplantation.
Transplantation was performed with 1000 islet equivalents,
which were injected intraportally in 1 mL CMRLmedium.

Diabetic rats received one subcutaneous injection of 2 IU
insulin in sterile physiological serum daily (Lantus SoloStar®
with 100 IU·mL�1 insulin glargine; Sanofi, Paris, France) until
a blood glucose level of ≤2 g·L�1 post-transplantation was
attained.

Histological study
Liver tissue was cleaned and embedded in Tissue-Tek® OCT
(Leica Microsystem SAS, Nanterre, France) and stored at
�80°C. Frozen-embedded liver sections (10 μm) were fixed
and incubated with mouse anti-rat macrophages antibody

(1/50; AbD Serotec, Colmar, France) and with rabbit anti-rat
insulin antibody (1/100; Cell Signaling Technology, Saint-
Quentin-en-Yvelines, France). The appropriate secondary
antibodies [Alexa Fluor® 555 goat anti-mouse IgG (H + L)
(1/1000; Invitrogen, Thermo Fisher Scientific, Illkirch,
France) and Alexa Fluor 488 donkey anti-rabbit IgG (H + L)
(1/1000; Invitrogen)] were used to visualize these signals,
and the appropriate positive and negative controls were per-
formed. Immunofluorescent analyses were performed on
4 μm frozen sections of livers transplanted with islets (1 day
post-grafting). Fluorescence intensity was measured by
microscopy and analysed using NIS-Elements Br Software
(Nikon Instruments Inc.). Ten different islets per condition
were measured, and data were expressed as the mean
(± SEM) value of fluorescence intensity at the islet surface.

Metabolic follow-up
Metabolic control was monitored for 30 days after transplan-
tation. Body weight gain was expressed as a percentage of the
weight measured at the beginning of the study. Blood
glycaemia was determined in plasma after an 8 h fast using
the glucose RTU test (BioMérieux SA) and expressed as
mmol·L�1.

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Data are reported as mean
± SEM for the indicated number of animals. Statistical tests
were performed using STATISTICA® version 10 (StatSoft,
Tulsa, OK, USA). Differences between three or more groups
were evaluated using ANOVA, followed by a Tukey’s honest
significant difference comparison. Post hoc tests were run
only if F achieved P<0.05 and there was no significant inho-
mogeneity. P <0.05 was considered statistically significant.

Results

Effect of liraglutide treatment on islet viability
and function in vitro
Islet viability was preserved after 12 and 24 h of treatment
with liraglutide, compared with that of the control group
(Figure 1A and B). Islet function was also investigated
(Figure 1C). Stimulated insulin secretion was significantly
higher after culture with liraglutide for 12 h (n = 4), compared
with untreated islets. After 24 h, the stimulated insulin secre-
tion decreased in islets incubated with liraglutide (n = 4) to a
level not different from that of the 24h untreated (control)
islets (n = 6).

Effects of liraglutide on inflammation during
islet culture
Secretion of CCL2 by cultured islets was increased, which
corresponded with the results of chemotaxis tests. The addi-
tion of liraglutide significantly reduced CCL2 secretion by
islets after 12 h of culture, compared with that of untreated
islets (n = 4; Figure 2A). This finding was consistent with the
significant decrease of macrophage migration induced by rat
islet culture medium supernatant after 12 h in culture (n = 4;

BJP A Langlois et al.

3446 British Journal of Pharmacology (2016) 173 3443–3453



Figure 2B). However, after 24 h of culture, CCL2 secretion and
chemotaxis in the liraglutide-treated islets were comparable
to those of untreated islets (n = 5; Figure 2A and B).

Then, we explored the effects of liraglutide on the secre-
tion of the cytokines IL-6 and IL-10 by cultured islets. IL-6
(Figure 3A) release significantly decreased after 24 h of culture
in islets treated with liraglutide, compared with that of
untreated islets (n = 4). Finally, no significant differences were
observed in the release of the anti-inflammatory cytokine
IL-10 (Figure 3B).

Evaluation of the anti-oxidative properties of
liraglutide in vitro
In order to evaluate the anti-oxidative effects of liraglutide,
we examined the production of ROS using DHE staining
and the total anti-oxidant capacity of islets during 24 h of
culture. As shown in Figure 4A and B, ROS production was
significantly increased in islets after 12 h of culture with
liraglutide, in comparison with control conditions (n = 6).
After 24 h, ROS production in treated islets decreased to the
same level as in the untreated islets. However, after 12 h of
culture, a significant increase in the total anti-oxidant capac-
ity of liraglutide-treated islets was observed, compared with
that of untreated islets (n = 6).

In vivo follow-up of the beneficial effects of
liraglutide treatment on islet graft survival
Islet graft efficiency was evaluated by monitoring body
weight (Figure 5A and B; n = 6), fasting glycaemia (Figure 5C
and D) and fasting levels of insulin C-peptide (Figure 5E and
F) for 30 days post-implantation. These results are presented
as time courses with data obtained at 7, 14, 21 and 30 days
and then as the total changes over the whole 30 days.

Firstly, liraglutide injections induced body weight loss un-
der all tested conditions (Fig. 5B). In the group of rats
transplanted with liraglutide-pretreated islets and receiving
subcutaneous injections of liraglutide, this body weight
loss, compared with that of the untreated control was appar-
ent but not significant (P = 0.08) only at day 7 post-grafting
(Fig. 5A). Moreover, control rats receiving liraglutide injec-
tions had a significantly lower body weight gain at 14 days
post-transplantation and an apparent but not significant
(P = 0.08) lower gain at 21 days, when compared with the
untreated control group (Fig. 5A). In addition, significant
body weight gain was observed following islet transplanta-
tion at 30 days after grafting (untreated control vs. untreated
SHAM: Fig. 5A). This beneficial effect was enhanced from 21
days post-transplantation in the group that were implanted
with islets pretreated with liraglutide but did not receive

Figure 1
Effects of liraglutide on islet survival and function. (A) Fluorescein diacetate/propidium iodide staining of control islets (CTL; n = 6) and islets
treated with 10 μmol·L�1 liraglutide (Lira; n = 6) at 12 and 24 h of culture. (B) Quantification of the percentage viability of islets treated (Lira; n = 6)
or not (CTL; n = 6) with liraglutide after 12 and 24 h of culture. (C) Glucose stimulation test: insulin secreted by islet incubated in conditioned me-
dium containing 2.5 and 25 mmol·L�1 of glucose for CTL and liraglutide conditions after 12 (n = 4) or 24 h (n = 6) of culture. Results were
expressed as mean ± SEM. *P < 0.05, for the indicated comparisons versus liraglutide 12 h.
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liraglutide injections, as compared with the untreated control
(Fig. 5A). These results were confirmed by the data obtained
throughout the experimental period for the comparison
between untreated control and untreated SHAM groups and,
again, an almost significant effect comparing the untreated
control and pretreated liraglutide groups (P = 0.058; Fig. 5B).

Injections of liraglutide induced a significant decrease of
fasting glycaemia in transplanted groups from 7 days after
grafting, comparing the untreated control and the liraglutide

pretreatment + injections groups. Comparison of the
untreated control and the injected control groups provided
a P value of 0.07 (Fig. 5C). These results were confirmed by the
data obtained throughout the experimental period (Fig. 5D).
Moreover, liraglutide pretreatment improved this loss of
glycaemia. Indeed, this effect was boosted by the combina-
tion of liraglutide pretreatment and liraglutide injections
(30 days ; Fig. 5C). This observation was confirmed by the
results obtained during the whole experiment (Fig. 5D).

To complete these data, levels of C-peptide were evaluated
(Fig. 5 E and F). Injections of liraglutide induced a significant
increase of fasting C-peptide in transplanted groups follow-
ing grafting, compared with untreated control rats (at 30 days
for the untreated control and injected control groups; from 7
days for the untreated control and liraglutide pretreatment +
injections ; Fig. 5E). These results were confirmed by the data
obtained throughout the experimental period (Fig. 5F). More-
over, Lira pretreatment improved this increase of C-peptide
in blood, particularly by the combination of liraglutide pre-
treatment and liraglutide injections at 30 days (Fig. 5E). This
observation was confirmed by the results obtained during
the whole experiment for the injected control and liraglutide
pretreatment + liraglutide injections groups whereas compar-
ison of the untreated control and the liraglutide pretreatment
groups only provided a P value of 0.08 (Fig. 5F).

Figure 2
The anti-inflammatory effect of liraglutide. (A) CCL2 secretion mea-
sured in the culture media of islets either left untreated (CTL) or
treated with liraglutide (Lira) after 12 (n = 4 )and 24 h (n = 5) of cul-
ture. (B) A macrophage migration index was measured following
the induction of migration in cultured macrophages by 10–6 mol·L�1

of N-fMLP (positive control; n = 6), islet supernatant without prior
treatment (CTL) or pretreatment with liraglutide. Tested superna-
tants were obtained after 12 (n = 4) and 24 h (n = 5) of culture.
Results were expressed as mean ± SEM; n = 4 (12h) or n = 5 (24h).
*P < 0.05, significantly different from corresponding CTL value;
one-way ANOVA with Tukey’s test.

Figure 3
Effects of liraglutide on the secretion of the cytokines IL-6 and IL-10
by islets. IL-6 (A) and IL-10 (B) secretion were measured in culture
media conditioned by islets that were either left untreated (CTL) or
treated with liraglutide (Lira), after 12 (n = 4) and 24 h (n = 6) of
culture. Results are expressed as means ± SEM. *P < 0.05, signifi-
cantly different from corresponding CTL value; one-way ANOVA
with Tukey’s test.
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Immunophenotyping of the anti-inflammatory
efficiency of liraglutide treatment post-islet
transplantation
The anti-inflammatory effect of liraglutide was evaluated
in vivo 24 h post-transplantation by measuring the amount
of macrophage infiltration. Immunostaining experiments
demonstrated significantly decreased macrophage infiltra-
tion at 24 h post-transplantation in the group receiving islets
pretreated with liraglutide and liraglutide injections post-
transplantation (Figure 6A). The comparison of untreated
control and liraglutide-injected control groups did reach
significance (P = 0.08 ; Figs. 6A and 6C). Finally, a significant
improvement of insulin intensity was observed only in
liraglutide pretreatment groups at 24 h post-grafting, com-
pared with that of rats receiving control islets (Figure 6B).
Comparison of the untreated control with the liraglutide
pretreatment + liraglutide injections group did not achieve
significance (P = 0.08 ; Figs 6B and C).

Discussion
This work demonstrated that liraglutide exerted anti-
inflammatory effects on cultured islets in vitro, which seemed
to be connected with a temporary increase in ROS generation.
Anti-inflammatory effects of liraglutide were also observed
in vivo in diabetic rats after islet implantation, including a
decrease in macrophage infiltration during the first few hours
post-grafting and an improvement in metabolic control.

Moreover, the results demonstrated the importance of
pretreating islets with liraglutide to improve islet graft suc-
cess. Some publications have already demonstrated the anti-
inflammatory effect of GLP-1 analogues such as exendin-4
on pancreatic islets (Cechin et al., 2012). However, while an
anti-inflammatory effect of liraglutide on vascular endothe-
lial cells had been previously reported (Hattori et al., 2010),
its effects during islet transplantation needed to be studied
to explain the mechanisms underlying its previously
observed beneficial effects (Merani et al., 2008; Emamaullee
et al., 2009; Toso et al., 2010).

Improved insulin secretion by cultured islets following
liraglutide treatment was previously observed in vitro (Merani
et al., 2008; Toso et al., 2010). However, in this study, we dem-
onstrated that liraglutide pretreatment of islets before
implantation increased graft survival in vitro and in vivo.
Indeed, the metabolic control of diabetic rats was better in
animals receiving treated islets than those receiving classical
transplantation and was improved, relative to the effects of
injection of liraglutide alone. Moreover, this was confirmed
by the finding of increased insulin immunostaining within
the islets at 1 day post-transplantation when the islets were
pretreated with liraglutide before transplantation.

The beneficial effects of liraglutide in vitro could be
explained by the observation of an anti-inflammatory prop-
erty of this compound. Indeed, during 24 h of culture, there
was a significant decrease in the secretion of the pro-
inflammatory cytokine IL-6 and chemokine CCL2, which
are known to play a major role in the death of islets (Sigrist

Figure 4
Anti-oxidative effect of liraglutide on cultured islets. (A) ROS (red) in rat pancreatic islets after 12 (a, c; n = 6) and 24 h (b, d; n = 6) in culture with
(c, d) or without (a, b) liraglutide (Lira) treatment. (B) DHE staining intensity at the surface of islets (n = 6). (C) Total anti-oxidant capacity mea-
sured in culture media from islets that were either left untreated (CTL) or treated with liraglutide, after 12 (n = 6)and 24 h (n = 6) of culture. Results
are expressed as means ± SEM. *P < 0.05, significantly different from corresponding CTL value; one-way ANOVA with Tukey’s test.
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Figure 5
Metabolic control in diabetic rats after islet transplantation. Effects of liraglutide (Lira) on (A) body weight, expressed relative to weight on day 0,
during the 30 days of the experiment and (B) mean body weight gain over the entire experiment. In (C), fasting glycaemia during the 30 days of
the experiment and (D) mean fasting glycaemia over the entire experiment. In (E), fasting C-peptide levels during the 30 days of the experiment
and (F) mean fasting levels of C-peptide over the entire experiment. The experimental groups are as follows: sham; control (CTL) islet- or
liraglutide-treated islet-transplanted groups of rats, with (W) or without (Wo) liraglutide injections. Results were expressed as mean ±
SEM; n = 6 each group. * P < 0.05, significantly different as indicated; one-way ANOVA with Tukey’s test.
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et al., 2005; Johansson et al., 2006; Vivot et al., 2011; Vivot
et al., 2014). To understand this phenomenon, we investi-
gated oxidative stress, which is a mechanism involved in
the induction of inflammation (Xenos et al., 1994; Tran
et al., 2002; Vivot et al., 2014). Surprisingly, our study showed
an increase of ROS production during the first 12 h of islet
culture with Lira, whereas an anti-oxidative effect of GLP-1
analogues has been described (Shimoda et al., 2011;
Padmasekar et al., 2013). However, Hattori et al. (2010)
demonstrated that Lira exerts an anti-inflammatory effect
on vascular endothelial cells by increasing NO production
and suppressing NF-κB activation, at least partly through
AMPK activation and also reduced the expression of CCL2 in-
duced by TNF-α. In terms of Il-6 secretion, Lunsford et al.
(2013) suggested, in a model of pancreatic inflammation,
that CCL-2 blockade may limit inflammatory cytokine-
induced damage of transplanted pancreata by decreasing
neutrophil infiltration and IL-6. Thus, this result could indi-
cate that CCL2 suppressed expression of IL-6, appearing as a
lower Il-6 protein concentration only 12 h after CCL2
down-regulation. Furthermore, Dal-Ros et al. (2009) showed
that anti-oxidative molecules such as polyphenols improved
vascular function via inducing an increase of ROS generation.
Therefore, regarding the significant increase of total anti-
oxidative capacity associated with the improved islet func-
tion and decreased inflammation after 12 h of culture, the
beneficial effect of liraglutide seemed to be linked with a
ROS-dependent mechanism. Moreover, as the decrease of
inflammation appeared at the same time as ROS generation,
this phenomenon could be responsible for the anti-
inflammatory effect of liraglutide. However, the precise
mechanisms of how ROS generation may mediate this anti-
inflammatory effect remain to be determined. Finally, in our
study, we used in vitro a supraphysiological concentration of
liraglutide (10 μmol·L�1). Thus, it is likely that GLP-1
receptors were over-stimulated and a negative feedback was

activated; this possibility would be interesting to study
further. Thus, a transitory increase of insulin secretion and
ROS generation and the down-regulation of CCL2 and IL-6
could be due to the transitory action of liraglutide on its
receptor.

Injection of liraglutide into the host rats post-
transplantation decreased the inflammatory reaction in vivo
with reduced macrophage infiltration around transplanted
islets in the first few hours post-grafting. However, pretreat-
ment of islets with liraglutide in the absence of liraglutide
injections did not effectively reduce macrophage infiltration.
Thus, these data suggested that liraglutide exerts anti-
inflammatory effects through several mechanisms, including
ROS production in vitro and an anti-IBMIR action in vivo. The
specific pathways remain to be elucidated.

In conclusion, the present study has confirmed a consid-
erable potential of GLP-1 analogues to improve islet survival
after grafting. We have demonstrated that the anti-
inflammatory and anti-oxidative properties of liraglutide
could explain its beneficial effects on islet graft survival.
Moreover, we have shown the importance of pretreating
islets before transplantation to improve graft success. A
course of liraglutide injections could be useful for reducing
the inflammation triggered immediately after grafting. Con-
sidering all of these results, we would propose culturing islets
with liraglutide before transplantation to decrease the
inflammatory and oxidative reactions linked to the isolation
and culture processes and to treat patients with liraglutide
during the first few days post-transplantation to reduce the
acute inflammatory reaction.

Acknowledgements

This work was funded by Novo Nordisk, ASDIA and Vaincre le
Diabète.

Figure 6
The anti-inflammatory effect of liraglutide in vivo. (A) The intensity of immunostaining for macrophages migrating towards the islet surfaces of rats
transplanted with either untreated islets (CTL; n = 3) or islets treated with liraglutide (Lira; n = 3) and with (W) or without (Wo) liraglutide injections
(n = 4). (B) The intensity of immunostaining for insulin in the CTL and liraglutide groups with (W) or without (Wo) liraglutide injections.
(C) Immunostaining of macrophages and insulin 1 day post-grafting for the CTL and liraglutide groups with or without liraglutide injections.
Nuclear DAPI staining is shown in blue and insulin staining in green; macrophages are stained red; these three stains are merged. Results were
expressed as mean ± SEM. *P < 0.05, significantly different as indicated; one-way ANOVA with Tukey’s test.

Anti-inflammatory properties of liraglutide BJP

British Journal of Pharmacology (2016) 173 3443–3453 3451



Author contributions
A.L. participated in all experiments, organized the study,
coordinated the data analysis and contributed to the writing
of the manuscript. S.D. participated in all experiments. K.V.
participated in all experiments. C.M. participated in all exper-
iments. E.S. participated in all experiments. W.B. participated
in all experiments. C.D. participated in all experiments. C.P.
participated in all experiments. E.M. contributed to the
writing of the manuscript. M.P. contributed to the writing
of the manuscript. N.J. designed the research plan. S.S.
designed the research plan, organized the study and contrib-
uted to the writing of the manuscript.

Conflict of interest
The authors declare no conflicts of interest.

Declaration of transparency and
scientific rigour
This Declaration acknowledges that this paper adheres to the
principles for transparent reporting and scientific rigour of
preclinical research recommended by funding agencies,
publishers and other organisations engaged with supporting
research.

References

Ahearn AJ, Parekh JR, Posselt AM (2015). Islet transplantation for
Type 1 diabetes: where are we now? Expert Rev Clin Immunol 11:
59–68.

Alexander SPH, Davenport AP, Kelly E, Marrion N, Peters JA, Benson
HE et al. (2015a). The Concise Guide to PHARMACOLOGY 2015/16:
G Protein-Coupled Receptors. Br J Pharmacol 172: 5744–5869.

Alexander SPH, Fabbro D, Kelly E, Marrion N, Peters JA, Benson HE
et al. (2015b). The Concise Guide to PHARMACOLOGY 2015/16:
Catalytic receptors. Br J Pharmacol 172: 5979–6023.

Alexander SPH, Fabbro D, Kelly E, Marrion N, Peters JA, Benson HE
et al. (2015c). The Concise Guide to PHARMACOLOGY 2015/16:
Enzymes. Br J Pharmacol 172: 6024–6109.

Armann B, Hanson MS, Hatch E, Steffen A, Fernandez LA (2007).
Quantification of basal and stimulated ROS levels as predictors of islet
potency and function. Am J Transplant 7: 38–47.

Balena R, Hensley IE, Miller S, Barnett AH (2013). Combination
therapy with GLP-1 receptor agonists and basal insulin: a systematic
review of the literature. Diabetes Obes Metab 15: 485–502.

Blonde L, Russell-Jones D (2009). The safety and efficacy of liraglutide
with or without oral antidiabetic drug therapy in type 2 diabetes: an
overview of the LEAD 1-5 studies. Diabetes Obes Metab 11 (Suppl. 3):
26–34.

Bohman S, Waern I, Andersson A, King A (2007). Transient beneficial
effects of exendin-4 treatment on the function of microencapsulated
mouse pancreatic islets. Cell Transplant 16: 15–22.

Bottino R, Fernandez LA, Ricordi C, Lehmann R, Tsan MF, Oliver R
et al. (1998). Transplantation of allogeneic islets of Langerhans in the
rat liver: effects of macrophage depletion on graft survival and
microenvironment activation. Diabetes 47: 316–323.

Bottino R, Balamurugan AN, Tse H, Thirunavukkarasu C, Ge X,
Profozich J et al. (2004). Response of human islets to isolation stress
and the effect of antioxidant treatment. Diabetes 53: 2559–2568.

Boutant M, Ramos OH, Tourrel-Cuzin C, Movassat J, Ilias A, Vallois D
et al. (2012). COUP-TFII controls mouse pancreatic beta-cell mass
through GLP-1-beta-catenin signaling pathways. PLoS One 7:
e30847.

Bradford MM (1976). A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein–dye binding. Anal Biochem 72: 248–254.

Bregenholt S, Moldrup A, Blume N, Karlsen AE, Nissen Friedrichsen B,
Tornhave D et al. (2005). The long-acting glucagon-like peptide-1
analogue, liraglutide, inhibits beta-cell apoptosis in vitro. Biochem
Biophys Res Commun 330: 577–584.

Cechin SR, Perez-Alvarez I, Fenjves E, Molano RD, Pileggi A, Berggren
PO et al. (2012). Anti-inflammatory properties of exenatide in human
pancreatic islets. Cell Transplant 21: 633–648.

Coppens V, Heremans Y, Leuckx G, Suenens K, Jacobs-Tulleneers-
Thevissen D, Verdonck K et al. (2013). Human blood outgrowth
endothelial cells improve islet survival and function when co-
transplanted in amousemodel of diabetes. Diabetologia 56: 382–390.

Cornu M, Thorens B (2009). GLP-1 protects beta-cells against
apoptosis by enhancing the activity of an IGF-2/IGF1-receptor
autocrine loop. Islets 1: 280–282.

Curtis MJ, Bond RA, Spina D, Ahluwalia A, Alexander SP, Giembycz
MA et al. (2015). Experimental design and analysis and their
reporting: new guidance for publication in BJP. Br J Pharmacol 172:
3461–3471.

Dal-Ros S, Bronner C, Schott C, Kane MO, Chataigneau M,
Schini-Kerth VB et al. (2009). Angiotensin II-induced hypertension is
associated with a selective inhibition of endothelium-derived
hyperpolarizing factor-mediated responses in the rat mesenteric
artery. J Pharmacol Exp Ther 328: 478–486.

Ellenbroek JH, Tons HA, Westerouen van Meeteren MJ, de Graaf N,
Hanegraaf MA, Rabelink TJ et al. (2013). Glucagon-like peptide-1
receptor agonist treatment reduces beta cell mass in normoglycaemic
mice. Diabetologia 56: 1980–1986.

Emamaullee JA, Merani S, Toso C, Kin T, Al-Saif F, Truong Wet al.
(2009). Porcine marginal mass islet autografts resist metabolic failure
over time and are enhanced by early treatment with liraglutide.
Endocrinology 150: 2145–2152.

Hattori Y, Jojima T, Tomizawa A, Satoh H, Hattori S, Kasai K et al.
(2010). A glucagon-like peptide-1 (GLP-1) analogue, liraglutide,
upregulates nitric oxide production and exerts anti-inflammatory
action in endothelial cells. Diabetologia 53: 2256–2263.

Hawthorne WJ, Salvaris EJ, Phillips P, Hawkes J, Liuwantara D, Burns
H et al. (2014). Control of IBMIR in neonatal porcine islet
xenotransplantation in baboons. Am J Transplant 14: 1300–1309.

Holst JJ (2007). The physiology of glucagon-like peptide 1. Physiol
Rev 87: 1409–1439.

Jimenez-Feltstrom J, Lundquist I, Salehi A (2005). Glucose stimulates
the expression and activities of nitric oxide synthases in incubated rat
islets: an effect counteracted by GLP-1 through the cyclic AMP/PKA
pathway. Cell Tissue Res 319: 221–230.

BJP A Langlois et al.

3452 British Journal of Pharmacology (2016) 173 3443–3453

http://onlinelibrary.wiley.com/doi/10.1111/bph.13405/abstract


Johansson H, Goto M, Dufrane D, Siegbahn A, Elgue G, Gianello P
et al. (2006). Low molecular weight dextran sulfate: a strong
candidate drug to block IBMIR in clinical islet transplantation. Am J
Transplant 6: 305–312.

Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG (2010).
Animal research: reporting in vivo experiments: the ARRIVE
guidelines. Br J Pharmacol 160: 1577–1579.

Knudsen LB, Nielsen PF, Huusfeldt PO, Johansen NL, Madsen K,
Pedersen FZ et al. (2000). Potent derivatives of glucagon-like peptide-
1 with pharmacokinetic properties suitable for once daily
administration. J Med Chem 43: 1664–1669.

Kwon DY, Kim YS, Ahn IS, Kim da S, Kang S, Hong SM et al. (2009).
Exendin-4 potentiates insulinotropic action partly via increasing
beta-cell proliferation and neogenesis and decreasing apoptosis in
association with the attenuation of endoplasmic reticulum stress in
islets of diabetic rats. J Pharmacol Sci 111: 361–371.

Lunsford KE, Baird BJ, Sempowski GD, Cardona DM, Li Z, Weinhold
KJ et al. (2013). Upregulation of IL-1beta, IL-6, and CCL-2 by a novel
mouse model of pancreatic ischemia–reperfusion injury.
Transplantation 95: 1000–1007.

Matsuda T, Omori K, Vuong T, Pascual M, Valiente L, Ferreri K et al.
(2005). Inhibition of p38 pathway suppresses human islet
production of pro-inflammatory cytokines and improves islet graft
function. Am J Transplant 5: 484–493.

McGrath JC, Lilley E (2015). Implementing guidelines on reporting
research using animals (ARRIVE etc.): new requirements for
publication in BJP. Br J Pharmacol 172: 3189–3193.

Melzi R, Mercalli A, Sordi V, Cantarelli E, Nano R, Maffi P et al. (2010).
Role of CCL2/MCP-1 in islet transplantation. Cell Transplant 19:
1031–1046.

Merani S, Truong W, Emamaullee JA, Toso C, Knudsen LB, Shapiro
AM (2008). Liraglutide, a long-acting human glucagon-like peptide 1
analog, improves glucose homeostasis in marginal mass islet
transplantation in mice. Endocrinology 149: 4322–4328.

Moberg L, Korsgren O, Nilsson B (2005). Neutrophilic granulocytes
are the predominant cell type infiltrating pancreatic islets in contact
with ABO-compatible blood. Clin Exp Immunol 142: 125–131.

Mosser DM, Zhang X (2008). Interleukin-10: new perspectives on an
old cytokine. Immunol Rev 226: 205–218.

Nilsson B, Teramura Y, Ekdahl KN (2014). The role and regulation of
complement activation as part of the thromboinflammation elicited
in cell therapies. Mol Immunol 61: 185–190.

Ogawa N, List JF, Habener JF, Maki T (2004). Cure of overt diabetes in
NOD mice by transient treatment with anti-lymphocyte serum and
exendin-4. Diabetes 53: 1700–1705.

Padmasekar M, Lingwal N, Samikannu B, Chen C, Sauer H, Linn T
(2013). Exendin-4 protects hypoxic islets from oxidative stress and
improves islet transplantation outcome. Endocrinology 154:
1424–1433.

Piemonti L, Leone BE, Nano R, Saccani A, Monti P, Maffi P et al.
(2002). Human pancreatic islets produce and secrete MCP-1/CCL2:
relevance in human islet transplantation. Diabetes 51: 55–65.

Ramnath RD, Maillard E, Jones K, Bateman PA, Hughes SS, Gralla J et al.
(2015). In vitro assessment of human islet vulnerability to instant blood
mediated inflammatory reaction (IBMIR) and its use to demonstrate a
beneficial effect of tissue culture. Cell Transplant 24: 2505–2512.

Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans C
(1999). Antioxidant activity applying an improved ABTS radical
cation decolorization assay. Free Radic Biol Med 26: 1231–1237.

Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E,Warnock GL et al.
(2000). Islet transplantation in seven patients with type 1 diabetes
mellitus using a glucocorticoid-free immunosuppressive regimen. N
Engl J Med 343: 230–238.

Sharma A, Sorenby A, Wernerson A, Efendic S, Kumagai-Braesch M,
Tibell A (2006). Exendin-4 treatment improves metabolic control
after rat islet transplantation to athymic mice with streptozotocin-
induced diabetes. Diabetologia 49: 1247–1253.

Shimoda M, Kanda Y, Hamamoto S, Tawaramoto K, Hashiramoto M,
Matsuki M et al. (2011). The human glucagon-like peptide-1
analogue liraglutide preserves pancreatic beta cells via regulation of
cell kinetics and suppression of oxidative and endoplasmic
reticulum stress in a mouse model of diabetes. Diabetologia 54:
1098–1108.

Sigrist S, Oberholzer J, Bohbot A, Esposito G, Mandes K, Lamartine R
et al. (2004). Activation of human macrophages by allogeneic islets
preparations: inhibition by AOP-RANTES and heparinoids.
Immunology 111: 416–421.

Sigrist S, Ebel N, Langlois A, Bosco D, Toso C, Kleiss C et al. (2005).
Role of chemokine signaling pathways in pancreatic islet rejection
during allo- and xenotransplantation. Transplant Proc 37:
3516–3518.

Southan C, Sharman JL, Benson HE, Faccenda E, Pawson AJ,
Alexander SPH et al. (2016). The IUPHAR/BPS Guide to
PHARMACOLOGY in 2016: towards curated quantitative
interactions between 1300 protein targets and 6000 ligands. Nucl
Acids Res 44 (Database Issue): D1054–D1068.

Sutton R, Peters M, McShane P, Gray DW, Morris PJ (1986). Isolation
of rat pancreatic islets by ductal injection of collagenase.
Transplantation 42: 689–691.

Toso C, McCall M, Emamaullee J, Merani S, Davis J, Edgar R et al.
(2010). Liraglutide, a long-acting human glucagon-like peptide 1
analogue, improves human islet survival in culture. Transpl Int 23:
259–265.

Tran PO, Gleason CE, Robertson RP (2002). Inhibition of interleukin-
1beta-induced COX-2 and EP3 gene expression by sodium salicylate
enhances pancreatic islet beta-cell function. Diabetes 51: 1772–1778.

van der Windt DJ, Bottino R, Casu A, Campanile N, Cooper DK
(2007). Rapid loss of intraportally transplanted islets: an overview of
pathophysiology and preventive strategies. Xenotransplantation 14:
288–297.

Vilsboll T (2009). The effects of glucagon-like peptide-1 on the beta
cell. Diabetes Obes Metab 11 (Suppl. 3): 11–18.

Vivot K, Jeandidier N, Dollinger C, Bietiger W, Pinget M, Sigrist S et al.
(2011). Role of islet culture on angiogenic and inflammatory
mechanisms. Transplant Proc 43: 3201–3204.

Vivot K, Langlois A, Bietiger W, Dal S, Seyfritz E, Pinget M et al.
(2014). Pro-inflammatory and pro-oxidant status of pancreatic islet
in vitro is controlled by TLR-4 and HO-1 pathways. PLoS One 9:
e107656.

Xenos ES, Stevens RB, Sutherland DE, Lokeh A, Ansite JD, Casanova D
et al. (1994). The role of nitric oxide in IL-1 beta-mediated
dysfunction of rodent islets of Langerhans. Implications for the
function of intrahepatic islet grafts. Transplantation 57: 1208–1212.

Xu G, Stoffers DA, Habener JF, Bonner-Weir S (1999). Exendin-4
stimulates both beta-cell replication and neogenesis, resulting in
increased beta-cell mass and improved glucose tolerance in diabetic
rats. Diabetes 48: 2270–2276.

Anti-inflammatory properties of liraglutide BJP

British Journal of Pharmacology (2016) 173 3443–3453 3453


