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Abstract

Aims We have previously described the insulinotropic
activities of [I10W]tigerinin-1R (RVCSAIPLPWCH.NH,)
in vitro. In this study, we investigated the effects of the
peptide on nutrient homoeostasis in mice with diet-induced
obesity and insulin resistance.

Methods Male NIH Swiss mice were maintained on a
high-fat diet for 12 weeks prior to the study. Twice-daily
intraperitoneal injections of [I10W]tigerinin-1R (75 nmol/
kg body weight) were administered for 28 days. Body
weight, energy intake, body fat content, and plasma con-
centrations of triglyceride, cholesterol, non-fasting glucose
and insulin were monitored. Effects of the peptide on
glycaemic control were measured by glucose tolerance and
insulin sensitivity tests. Pancreatic hormone content and
insulin secretory responses of islets isolated from treated
and untreated mice were examined. Immunohistochemical
analysis was performed to study possible changes in islet
morphology.

Results  Administration of [I[10W]tigerinin-1R to high-
fat-fed mice produced significant (P < 0.05) decreases in
plasma glucose, glucagon and triglyceride concentrations
and an increase in plasma insulin compared to high-fat-fed
controls. No changes in body weight or energy intake were
observed with peptide treatment, but glycaemic control was
significantly improved in response to oral or intraperitoneal
glucose. Insulin sensitivity and secretory responses of islets
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to established insulin secretagogues were also significantly
improved in peptide-treated mice. Total body fat, pancre-
atic insulin and glucagon contents, islet, beta and alpha cell
areas were all significantly decreased in treated mice.
Conclusions This study shows that [[10W]tigerinin-1R
improves insulin sensitivity, islet function and glycaemic
control in high-fat-fed mice and has potential as a template
for development of novel anti-diabetic agents.

Keywords Tigerinin-1R - Amphibian skin peptide - Type
2 diabetes - Insulin sensitivity - Insulin release

Introduction

The current pandemic of type 2 diabetes mellitus (T2DM)
has stimulated a search for natural products with thera-
peutic potential. Several peptides isolated from the venoms
of a range of vertebrate and invertebrate species have been
shown to possess insulinotropic activities. For example,
mastoparan, a peptide from wasp venom, potentiates
insulin release from BTC3 and INS-1 cells [1] and venom
of the snake, Walterinnesia aegyptia decreases blood glu-
cose levels in dogs [2]. Vm24, a 36 amino acid peptide
isolated from venom of scorpion Vaejovis mexicanus,
inhibits the proliferation and signalling of T cells and so
has potential to be used to treat autoimmune disorders
including type 1 diabetes mellitus (T1DM) [3]. Similarly,
venom from the scorpion, Androctonus crassicauda has
also been shown to have potential use for the treatment of
TIDM [4]. Of particular importance is exendin-4, a 39
amino acid peptide isolated from saliva of Gila monster
lizard, Heloderma suspectum that shares 53 % structural
similarity with GLP-1 and mimics the actions of the pep-
tide [5]. Exendin-4 increases intracellular cAMP levels and
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potentiates glucose-stimulated insulin secretion [6]. Exen-
din-4 exhibits higher metabolic stability and hence longer
half-life than GLP-1, making it a good candidate for
therapy of patients with T2DM. Synthetic exendin-4, under
trade name Byetta, was approved for clinical use in 2005
and is used extensively in diabetes therapy [7].

The success of exendin-4 in diabetes treatment forms the
basis for a comparative approach to identify potential anti-
diabetic peptides from amphibian skin secretions. Several
peptides isolated from frogs belonging to the Bombina-
toridae, Dicroglossidae, Hylidae, Leptodactylidae, Pipidae,
and Ranidae families stimulate insulin release from clonal
BRIN-BDI11 pancreatic B-cells and improve glucose tol-
erance in animal models of T2DM [8]. The tigerinins are
small (11 or 12 amino acid residues), cationic (charge of
+2 at pH 7), C-terminally a-amidated peptides that contain
a single disulphide bridge. Peptides of the tigerinin family
with antimicrobial activity were first identified in the skin
of Indian frog Hoplobatrachus tigerinus (formerly classi-
fied as Rana tigerina) in the family Dicroglossidae [9] and
subsequently in Fejervarya cancrivora [10] in the same
family. The tigerinins are not confined to the Dicroglossi-
dae as tigerinin-1V has been isolated from skin secretions
of the Costa Rican frog, Lithobates vaillanti (Ranidae) [11]
and tigerinin-1M from skin secretions of the east-African
Mueller’s clawed frog Xenopus muelleri (Pipidae) [12].
Tigerinin-1R, lacking antimicrobial activities, was isolated
from an extract of skin of the Vietnamese common lowland
frog Hoplobatrachus rugulosus [13]. Tigerinin-1R is a
potent stimulator of insulin release from BRIN-BDI11 cells
without cell toxicity, and the peptide is effective in vivo,
increasing insulin concentration and improving glucose
tolerance in acute [13] and longer-term [14] studies in
animal models of obesity-diabetes [13]. Tigerinin-1R also
stimulates the release of GLP-1 from GLP-1 secreting
GLUTag cell lines [15] and increases production of the
cytokines IL-6 and IL-10 by mouse peritoneal macro-
phages [16].

We recently reported the effects on in vitro insulin
release and cytotoxicity of changes in cationicity and
hydrophobicity of tigerinin-1R produced by substitutions
of selected amino acids by L-arginine, L-lysine and L-
tryptophan [17]. The [ASW], [L8W] and [I10W] analogues
produce a significant (P < 0.01) increase in insulin release
from BRIN-BD11 cells at concentration of 0.01 nM com-
pared with 0.1 nM for tigerinin-1R. Insulin-releasing
activity of the native tigerinin-1R and its substituted ana-
logues was associated with membrane depolarisation and
enhanced intracellular Ca*" levels. In the light of these
promising preliminary results, together with the observed
metabolic effects of native tigerinin-1R [14], an investi-
gation of the longer-term in vivo antidiabetic actions of the
superior insulin-releasing novel analogue, [I10W]tigerinin-
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IR in an animal model of T2DM was carried out. The
present study examines the biological effects of 28-day
administration of [I10W]tigerinin-1R on glucose tolerance,
insulin sensitivity, the function and morphology of pan-
creatic islets, energy expenditure, body composition, and
plasma triglyceride and cholesterol concentrations in mice
with established diet-induced obesity and insulin
resistance.

Materials and methods
Peptide synthesis and purification

[I10W]tigerinin-1R  (RVCSAIPLPWCH.NH,) was sup-
plied in crude form by GL Biochem Ltd (Shanghai, China).
Purification to near homogeneity (>98 % purity) was per-
formed by reversed-phase HPLC on a (2.2 cm x 25 cm)
Vydac 218TP1022 (C18) column equilibrated with ace-
tonitrile/water/trifluoroacetic acid (21.0/78.9/0.1 v/v/v) at a
flow rate of 6 ml/min. The concentration of acetonitrile
was raised to 56 % (v/v) over 60 min. Identity of the
peptide was confirmed by MALDI-TOF mass
spectrometry.

Laboratory animals

National Institutes of Health (NIH) Swiss mice (male,
8 weeks old, Harlan Ltd, UK) were housed individually in
an air-conditioned room (22 &£ 2 °C) with a 12-h light/12-h
dark cycle (08:00-20:00 h). Mice were maintained for
3 months prior to the experiment on a high-fat diet con-
sisting of 45 % kcal from fat, 20 % kcal from protein, and
35 % kcal from carbohydrate (total energy 26.15 kl/g,
Dietex International Ltd, Witham, UK) or standard rodent
diet. Weight-matched mice with clearly manifested obe-
sity, insulin resistance and glucose intolerance together
with their age matched lean controls were used in this
study. All animal experiments were carried out in accor-
dance with the UK Animals (Scientific Procedures) Act
1986 and EU Directive 2010/63EU for animal experiments.
No adverse effects were observed in mice treated with
[I10W]tigerinin-1R.

In vivo experimental procedure

High-fat-fed mice (n = 8) received twice-daily intraperi-
toneal injections of either saline vehicle [0.9 % (w/v) or
[[10W]tigerinin-1R (75 nmol/kg body weight)] for
28 days. This peptide dose was selected from results of a
pilot study that investigated doses of 50, 75 and 150 nmol/
kg body weight. Twice-daily injection of [I10W]tigerinin-
IR was selected based on previous observations that the
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peptide is metabolically active within 12 h of administra-
tion. Energy intake, body weight, non-fasting blood glu-
cose and plasma insulin concentrations were measured
3 days prior to and every 72 h during the study. Glucose
tolerance (18 mmol/kg body weight, i.p. or oral) and
insulin sensitivity tests (25 IU/kg bw) were carried out
after 28 days as previously described [18]. HOMA IR was
calculated using the formula: HOMA IR = fasting plasma
insulin x fasting plasma glucose/22.5. Indirect calorimetry
and energy expenditure in high-fat-fed mice were mea-
sured using the Comprehensive Laboratory Animal Moni-
toring System (CLAMS) metabolic chambers (Columbus
Instruments, Columbus, OH, USA) [19]. Terminal analysis
included measurement of total body lean and fat mass,
bone mineral density and bone mineral content by DXA
scanning (Piximus Densitometer, USA). Skeletal muscle
was collected and stored for gene expression analysis [20].
Pancreatic tissue was excised for islet isolation, morpho-
logical evaluation and analysis of insulin and glucagon
contents following homogenisation in extraction buffer
(20 mM TrisHCI, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA and 0.5 % Triton X 100, pH 7.5) using a VWR VDI
12 handheld homogeniser (VWR, UK).

Insulin release from isolated islets

Insulin secretory function of islets isolated from mice
receiving [I10W]tigerinin-1R or saline was assessed at
1.4 mM glucose and in response to established insulin
secretagogues including incretin hormones: 16.7 mM glu-
cose, 10 mM alanine, 10 mM arginine, 30 mM KCI, 1 uM
GLP-1 and 1 uM GIP. The non-glucose secretagogues
were tested in the presence of 16.7 mM glucose. Islets
isolated by collagenase digestion [21] were cultured over-
night in RPMI 1640 prior to a 40 min pre-incubation (5-10
islets per tube) at 37 °C in KRB buffer supplemented with
1.4 mM glucose. After this period, islets were incubated
for 1 h in KRB buffer containing 1.4 mM glucose or
16.7 mM glucose and the agents indicated in Fig. 4. Insulin
release was measured by radioimmunoassay as described
previously [22], and results were expressed as a percentage
of total insulin content of the islets.

Biochemical measurements

Blood samples (approximately 150 pl) were collected from
the cut tip of the tail vein of unanaesthetised mice at
intervals indicated in the figures, and plasma was separated
and stored as described previously [13]. Blood glucose was
measured using a hand-held Ascencia Contour meter
(Bayer Healthcare, UK). Plasma and pancreatic insulin
concentrations were determined by radioimmunoassay
[22]. Enzyme-linked immunosorbent assay for measuring

glucagon concentrations in plasma, and pancreatic extracts
was carried out using a chemiluminescent ELISA kit
(Millipore, MA, USA) following the manufacturer’s pro-
tocol. Plasma triglyceride and cholesterol concentrations
were measured using an I-lab 650 clinical chemistry
instrument (Instrumentation Laboratory, Warrington, UK)
as previously described [23]. Total protein content in the
extracts was measured using the Bradford reagent [24].
Expression in skeletal muscle of genes involved in insulin
action, Insr and Slc2a4, was determined by polymerase
chain reaction as outlined previously with mRNA expres-
sion normalised to Actb expression [20].

Immunohistochemical investigation of islet
morphology

Pancreata were fixed in 4 % paraformaldehyde, processed
using an automated tissue processor and embedded in
paraffin. Sections (8 pM) were placed on slides, dewaxed
and rehydrated. After blocking with 2 % BSA for 30 min,
the slides were incubated with primary antibody [mouse
anti-insulin antibody (1:500) and guinea pig anti-glucagon
antibody (1:400)] overnight at 4 °C. Secondary antibody
mixture (Alexa Fluor 594 goat anti-mouse antibody and
Alexa Fluor 488 goat anti-guinea pig antibody) was added
and incubated for 45 min at 37 °C. After staining the
nucleus with 4',6-diamidino-2-phenylindole (DAPI) stain,
the slides were mounted using anti-fade mounting medium.
The slides were then analysed using tetramethylrhodamine
isothiocyanate filter (594 nm) or fluorescein isothiocyanate
filter (488 nm) using a fluorescent microscope (Olympus
System Microscope BX51, Olympus instruments, UK), and
images were captured using DP70 camera adapter system.
Cell"F imaging software (Olympus System Microscope
BX51, Olympus instruments, UK) was used to determine
islet number, islet area and both beta cell and alpha cell
areas.

In vitro effects of [I10W]tigerinin-1R on beta cell
growth

To evaluate possible direct effects of [I110W]tigerinin-1R
on beta cell growth and viability, BRIN-BD11 cells were
seeded at a density of 50,000 cells per well and grown in
RPMI 1640 tissue culture medium supplemented with
10 % (v/v) foetal calf serum, antibiotics (100 U/ml peni-
cillin, 0.1 mg/ml streptomycin) and 11.1 ml glucose) at
37 °C in an atmosphere of 5 % CO, and 95 % air. Fol-
lowing a 12 h incubation to allow cells attach, the incu-
bation medium was replaced with fresh control medium or
medium supplemented with streptozotocin (5 mmol/l,
positive control) or graded doses of [I10W]tigerinin-1R
(0.01-1 uM). After a further 24 h, cells were detached
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from the plates using trypsin/EDTA and the number of
viable cells was determined after trypan blue staining using
haemocytometer and an Olympus CKX41 inverted micro-
scope. Cell number increased by 2.1-fold over 24 h.
Incubation of cells with streptozotocin caused 62 %
decrease in cell number (P < 0.001) compared with con-
trol. [I10W]tigerinin-1R (0.01-1 uM) had no effect of
growth of beta cells, ruling out possible direct effects on
viability, beta cell proliferation/apoptosis.

Statistical analysis

Results are expressed as mean == SEM. Values are com-
pared using one-way ANOVA followed by Student—New-
man—Keuls post hoc test. Area under the curve (AUC)
analysis was performed using the trapezoidal rule with
baseline correction. P < 0.05 was considered statistically
significant.

Results

Effects of [[10W]tigerinin-1R on energy intake, body
weight, non-fasting blood glucose and plasma insulin

Body weight, energy intake and non-fasting plasma glu-
cose and insulin concentrations of high-fat-fed mice were
significantly (P < 0.001) greater than that of lean control
animals (Fig. 1). Twice-daily intraperitoneal administra-
tion of [I10W]tigerinin-1R (75 nmol/kg body weight) to
mice on high-fat diet did not produce any significant
changes in body weight and energy intake compared to
mice administered with saline (Fig. la, b). A significant
decrease (P < 0.05) in plasma glucose concentrations was
observed from day 12 of treatment with the peptide,
compared with high-fat-fed, saline controls (Fig. lc).
Plasma insulin concentrations were also significantly
increased (P < 0.05) from day 18 of treatment, compared
with high-fat-fed, saline controls (Fig. 1d).

Effects of [[10W]tigerinin-1R on glucose tolerance
and insulin secretion

A significant decrease (P < 0.05) in plasma glucose con-
centration was observed 60 min after i.p administration of
glucose (18 mmol/kg body weight) in mice treated with
[I10W]tigerinin-1R compared to high-fat-fed, saline con-
trols (Fig. 2a). Integrated response over a period of 60 min,
expressed as AUC (Fig. 2b), showed that glucose levels
decreased (P < 0.05) by 30 % in animals treated with the
peptide compared to animals treated with saline. A signifi-
cantincrease (P < 0.01) in plasma insulin concentration was
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observed 15 min after an intraperitoneal glucose load in
mice treated with [I10W]tigerinin-1R compared to high-fat-
fed, saline controls (Fig. 2c). The integrated response over a
period of 60 min was significantly greater than that observed
in high-fat-fed, saline controls (27 % increase in plasma
insulin compared to high-fat-fed controls, P < 0.001,
Fig. 2d).

In a second set of experiments, glucose (18 mmol/kg
body weight) was administered orally to animals pre-trea-
ted for 28 days with peptide or saline. A significant
decrease (P < 0.05) in plasma glucose concentrations was
observed after 60 min in animals treated with [I10W]ti-
gerinin-1R, compared with control animals treated with
saline (Fig. 2e). The integrated response over a period of
60 min (expressed as AUC, Fig. 2f) was significantly
lower than that of the control group (24 % decrease in
plasma glucose concentration, P < 0.05). A significant
increase (P < 0.05) in insulin concentration was observed
at time points 15 and 30 min after glucose administration
in animals treated with the peptide, compared to high-fat-
fed, saline controls (Fig. 2g). The integrated response over
a period of 60 min in peptide-treated animals was signifi-
cantly greater than that in control animals (32 % increase
in insulin concentration, P < 0.001, Fig. 2h).

Effects of [I10W]tigerinin-1R on insulin sensitivity

Insulin sensitivity of high-fat-fed mice treated with
[I10W]tigerinin-1R showed significant improvement com-
pared to high-fat-fed controls (Fig. 3). Following
intraperitoneal administration of insulin (25 IU/kg body
weight), plasma glucose concentration in animals treated
with [[10W]tigerinin-1R was reduced by 39 % after
30 min and by 49 % after 60 min, compared to 26 %
decrease after 30 min and 31 % decrease after 60 min
observed in high-fat-fed controls treated with saline
(Fig. 3a). Although the difference in plasma glucose con-
centration was not significant at any given time point
compared to high-fat-fed controls, the integrated response
over a period of 60 min in treated animals showed a sig-
nificant decrease (P < 0.05) compared to controls
(Fig. 3b). A significant impairment (P < 0.001) of insulin
sensitivity was observed in mice fed a high-fat diet com-
pared to normal controls as shown by HOMA IR (Fig. 3c).
Treatment with [I10W]tigerinin-1R improved insulin sen-
sitivity in mice fed a high-fat diet as assessed by HOMA IR
(32 % decrease compared to high-fat-fed controls,
P < 0.05). Feeding high-fat diet resulted in downregulation
of the expression of Insr (20 %, P < 0.01) and Slc2a4
(54 %, P <0.01) in skeletal muscle. Consistent with
improved insulin sensitivity, no change was observed in
[I10W]tigerinin-1R-treated mice.
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Fig. 1 Effects of [[10W]tigerinin-1R on body weight (a), cumulative
energy intake (b), non-fasting plasma glucose (¢) and insulin (d) in
normal and high-fat-fed mice. Parameters were measured 3 days prior
to, and every 72 h during twice-daily treatment (indicated by the

Effects of [I110W]tigerinin-1R on plasma glucagon
concentrations

A significant increase (175 %, P < 0.01) in plasma glu-
cagon concentrations in mice fed a high-fat diet was
observed compared with normal mice. Treatment with
[I10W]tigerinin-1R decreased the plasma glucagon con-
centration in high-fat-fed mice (42 % compared with high-
fat-fed controls, P < 0.01) (Fig. 3d). Similar changes were
observed for pancreatic glucagon content (Fig. 3e).

Effects of [I110W]tigerinin-1R on islet secretory
responses

Insulin secretory responses of islets isolated from
[I10W]tigerinin-1R-treated mice to 16.7 mM glucose,
GLP-1, GIP and other established insulin secretagogues
including alanine, L-arginine and KCl were significantly
improved compared with high-fat-fed controls (Fig. 4a, b).
This latter group exhibited impaired insulin secretory
responses compared with mice fed normal diet, whereas
high-fat-fed mice treated with [I[10W]tigerinin-1R did not
(Fig. 4a, b).
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black bar) with saline or [I10W]tigerinin-1R (75 nmol/kg body-
weight) for 28 days. Values are mean + SEM for 8 mice. *P < 0.05
and ***P < 0.001 compared to high-fat-fed control

Effects of [I110W]tigerinin-1R on pancreatic weight
and insulin content

No significant changes in pancreatic weight were observed
between lean mice and high-fat-fed mice, receiving either
saline or [I10W]tigerinin-1R injections (Fig. 4c). A sig-
nificant increase (P < 0.001) in pancreatic insulin content
of mice fed a high-fat diet was observed compared to lean
mice (64 % increase in pancreatic insulin content). Treat-
ment with [I10W]tigerinin-1R decreased the pancreatic
insulin content in high-fat-fed mice (16 % decrease com-
pared with high-fat-fed controls, P < 0.05) (Fig. 4d).

Effects of [[10W]tigerinin-1R on indirect calorimetry,
energy expenditure and body composition

Administration of [I10W]tigerinin-1R did not have any
significant effects on oxygen consumption or carbon
dioxide production (data not shown). Respiratory exchange
ratio (RER) of animals in high-fat diet was lower compared
to that of animals fed on normal rodent diet, but adminis-
tration of [[10W]tigerinin-1R had no significant effect
(data not shown). Similarly, no significant changes in
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Fig. 2 Effects of
[I10W]tigerinin-1R on plasma
glucose and insulin
concentrations following
intraperitoneal (a—d) and oral
(e-h) glucose administration
(18 mmol/kg body weight) in
normal and high-fat-fed mice.
Tests were conducted after
twice-daily treatment of mice
with [I10W]tigerinin-1R

(75 nmol/kg body weight) for
28 days. Values are

mean £+ SEM for 8 mice.
**P < 0.01 and ***P < 0.001
compared with saline-treated
lean mice. *P < 0.05 and
TP < 0.001 compared to
high-fat-fed control. P < 0.05,
AP < 0.01, AP < 0.001
compared with high-fat-fed
control at the corresponding
time point
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energy expenditure were observed during the 22-h obser-
vation period in mice treated with the peptide compared
with the high-fat-fed control.

Body fat composition was significantly (P < 0.001)
greater in high-fat-fed mice compared to mice on normal
rodent diet (Fig. 5a, c, d). A pronounced reduction in body
fat (P <0.05) was observed in mice treated with

@ Springer

[[10W]tigerinin-1R compared to high-fat-fed control
(20 % decrease in total body fat compared to high-fat-fed
control, P < 0.05, Fig. 5d). No significant differences were
observed in lean body mass, bone mineral density, bone
mineral content or bone area between saline- and peptide-
treated group (Fig. 5B, e—g).
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Fig. 3 Effects of
[I10W]tigerinin-1R on insulin
sensitivity (a—c), non-fasting
plasma glucagon (d) and
pancreatic glucagon (e) in
normal and high-fat-fed mice.
Plasma glucose concentrations
were measured prior to, and
after, intraperitoneal injection of
insulin (25 IU/kg bw) in normal
and high-fat-fed mice treated
with twice-daily injections of
saline or [I10W]tigerinin-1R
(75 nmol/kg body weight) for
28 days. Plasma glucagon was
measured at time zero. Blood
from fasting animals was
collected for HOMA IR. Values
are mean + SEM for 8 mice.
##P < 0.01, ¥**P < 0.001
compared to saline-treated lean
mice. *P < 0.05, **P < 0.01
compared to high-fat-fed
control
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Effects of [I10W]tigerinin-1R on the plasma lipid
profile in high-fat-fed mice

High-fat-fed mice treated with saline showed significant
(P < 0.01) increase in plasma triglyceride concentrations
compared with mice fed a normal rodent diet (Fig. 6a).
Treatment with [I10W]tigerinin-1R normalised plasma
triglyceride concentrations. High-fat-fed mice also showed
significant (P < 0.05) increases in total cholesterol concen-
trations and low-density lipoproteins (LDL) compared with
lean mice. Treatment with [I10W]tigerinin-1R had no sig-
nificant effects on these parameters (Fig. 6b, d). Concentra-
tions of high-density lipoproteins (HDL) were significantly
(P < 0.05) lower in high-fat-fed mice compared with lean
controls, with no effect of peptide treatment (Fig. 6¢).

Effects of [I10W]tigerinin-1R on islet morphology,
beta cell and alpha cell area

The number of islets per mm? of pancreas was similar in
lean and high-fat-fed mice (Fig. 7e). A significant
increase in islet area was observed in mice fed a high-fat
diet compared with normal controls (126 % increase in
islet area, P < 0.001, Fig. 7b). Significant (P < 0.001)
increases in beta cell and alpha cell areas were also
observed in islets of high-fat-fed mice compared to nor-
mal controls (Fig. 7c, d). Treatment with [I10W]tigerinin-
1R produced a significant decrease (23 %, P < 0.005) in
islet area of the high-fat-fed mice. This reduction arose
from decreases in both beta cell and alpha cell areas
(P < 0.05).
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Fig. 4 Insulin secretory responses of isolated islets (a, b), pancreatic
weight (¢) and pancreatic insulin content (d) of high-fat-fed mice
treated with saline or [I10W]tigerinin-1R (75 nmol/kg body weight)
for 28 days. Values are mean = SEM for 8 mice. In b, stimulation
index refers to the fold increase in insulin release compared to
1.4 mM glucose for 16.7 mM glucose control and compared to

Discussion

NIH Swiss mice fed a high-fat diet represent a valuable
model of diet-induced obesity and diabetes [25]. Several
studies investigating the acute effects of various amphibian
peptides in high-fat-fed mice, including alyteserin-2a [26]
and tigerinin-1R [13], have been reported. [[10W]tigerinin-
1R has been previously shown to possess increased insu-
linotropic potency in vitro compared with the native pep-
tide [17]. The present study extends this work by
examining the in vivo effects of twice-daily administration
of [I10W]tigerinin-1R (75 nmol/kg body weight) to high-
fat-fed mice over 28 days. Consistent with previous reports
[27, 28], food intake, body weight, plasma glucose and
insulin concentrations were all significantly greater in mice
fed a high-fat diet compared with mice fed a normal rodent
diet. Compared with the previous observation for the native
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16.7 mM glucose for all other secretagogues. *P < 0.05, **P < 0.01
and ***P < 0.001 compared to 167 mM glucose. “P < 0.03,
AAp <0.01 and 22%P <0.001 compared to normal mice.
TP <0.05 "TP <0.01 and *T*P < 0.001 compared to high-fat-
fed mice. For d, ***P < 0.001 compared with saline-treated lean
mice. 2P < 0.05 compared with high-fat-fed control

tigerinin- 1R, increase in non-fasting plasma insulin in mice
treated with [I10W]tigerinin-1R is of a greater magnitude
[14].

Several amphibian skin peptides have been shown to
have beneficial effects on satiety and feeding activity. For
example, bombesin and caerulein isolated from skin of
Bombina orientalis and Litoria caerulea, respectively, have
been shown to suppress food intake [29, 30]. In the present
study, treatment of high-fat-fed mice with twice-daily
injections of [I10W]tigerinin-1R did not result in any sig-
nificant changes in energy intake compared to high-fat-fed
controls. Total body weight, lean body mass and bone
indices were also unchanged by [[10W]tigerinin-1R but, in
contrast to the findings with administration of native
tigerinin-1R [14], body fat was significantly decreased
which might be expected to contribute to improvements in
glucose homoeostasis.
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Fig. 5 Effects of [I10W]tigerinin-1R on body composition in high-
fat-fed mice. Mice were treated with twice-daily injections of saline
or [[10W]tigerinin-1R (75 nmol/kg body weight) for 28 days prior to
DEXA scan (a) and computation of data on lean body mass (b), body

A significant enhancement of intraperitoneal and oral
glucose tolerance was observed in high-fat-fed mice treated
with [I10W]tigerinin-1R. Consistent with previous obser-
vations with tigerinin-1R administration [14], this was
accompanied by a significant increase in non-fasting
plasma insulin and decrease in plasma glucose concentra-
tions in peptide-treated mice from approximately day 12
onwards. In addition to confirming the acute effects of the
peptide on basal glucose in vivo, these results suggest that
the peptide also lowers post prandial glucose levels, an
effect that has been previously reported for GLP-1 [31].

One of the major characteristics of T2DM is insulin
resistance in which the sensitivity of peripheral tissues to
insulin and the resultant cellular glucose uptake are
impaired [32]. Acute administration of insulin (25 IU/kg
body weight) induced a significantly greater decrease in
plasma glucose concentration in animals treated with

fat (c), body fat as % of total body mass (d), bone mineral density (e),
bone mineral content (f) and bone area (g). Values are mean + SEM
for 8 mice. *P < 0.05 and ***P < 0.001 compared to lean control.
AP < 0.05 compared to high-fat-fed control

[I10W]tigerinin-1R compared with high-fat-fed controls,
indicative of enhanced insulin sensitivity. This improve-
ment, associated with freedom from high-fat-induced
downregulation of insulin receptor (Insr) or GLUT4 (Sl-
c2a4) in skeletal muscle, was confirmed by HOMA IR
analysis. This contrasts with the results of long-term
treatment with native tigerinin-1R which failed to enhance
insulin action [14]. The other major hallmark of T2DM is
impaired insulin secretion by pancreatic beta cells [32], as
exemplified in this study by the poor insulin secreting
responses of islets isolated from high-fat-fed mice. How-
ever, treatment with [I10W]tigerinin-1R, as in the previous
study using tigerinin-1R [14], significantly enhanced the
effects of established secretagogues, indicating that the
amphibian peptide exerted beneficial actions on the dys-
functional islets isolated from mice challenged with high-
fat diet.
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Fig. 6 Effects of [I10W]tigerinin-1R on plasma triglycerides (a),
total cholesterol (b), HDL cholesterol (¢) and LDL cholesterol (d) in
high-fat-fed mice. Mice were treated with twice-daily injections of
saline or [I10W]tigerinin-1R (75 nmol/kg body weight) for 28 days

In addition to insulin resistance, increased glucagon
production observed in T2DM serves to increase glucose
levels observed in T2DM by stimulating hepatic glucose
output [33]. As expected, glucagon levels were elevated in
mice fed a high-fat diet but treatment with [[10W]tigerinin-
1R restored both circulating and pancreatic glucagon to
normal levels. Pancreatic weights were similar in all groups
of mice but insulin content was significantly greater in
high-fat-fed animals, reflecting increased insulin demand
due to insulin resistance. Consistent with this interpreta-
tion, pancreatic insulin content of high-fat-fed mice was
significantly decreased by treatment with [I10W]tigerinin-
1R, correlating with improved insulin sensitivity. This
response also contrasts with the effects of tigerinin-1R
treatment which increased insulin content in the absence of
a beneficial effect on insulin action [14].

Evaluation of oxygen consumption (VO,) and carbon
dioxide production (VCO,) revealed no significant differ-
ences in high-fat-fed mice treated with [[10W]tigerinin-1R
compared to controls. However, RER was decreased in
high-fat-fed animals as a result of increased fat metabolism
as described elsewhere [34]. Consistent with the lack of
effects of [I110W]tigerinin-1R on body weight and food
intake, the peptide did not influence fuel selection as
judged by RER.
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prior to measurement of the triglyceride and cholesterol concentra-
tions. Values are mean £ SEM for 8 mice. *P <0.05 and
**P < 0.01 compared to normal controls

Prolonged consumption of a diet rich in fat has been
shown to induce adipose tissue deposition and increase
cellular levels of triglycerides [19, 35]. In the present
study, total body fat content was significantly increased in
high-fat-fed mice compared to animals fed normal rodent
diet. Treatment with [I10W]tigerinin-1R significantly
reduced the body fat content without overall effect on total
body weight. No significant change in body fat was
observed in mice treated with the native tigerinin-1R under
similar experimental conditions. Reduced adipose tissue
deposition may also contribute to improved insulin sensi-
tivity and insulin secretory responses observed in
[[10W]tigerinin-1R-treated mice. High-fat-fed mice also
exhibited increased concentrations of circulating triglyc-
erides and cholesterol and decreased levels of HDL
cholesterol. The increase in triglycerides was alleviated by
treatment with [I10W]tigerinin-1R. However, treatment
with the peptide did not have any effect on circulating total,
HDL or LDL cholesterol concentrations.

Mice fed a high-fat diet partly compensate for the
induced insulin resistance through positive changes in islet
morphology [36]. In the present study, we observed an
increase in islet area, and both beta cell and alpha cell areas
in high-fat-fed mice compared to normal controls, corre-
lating with changes in pancreatic hormonal contents.
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Fig. 7 Effects of [I10W]tigerinin-1R treatment on islet morphology
(a) and computed islet area (b), alpha cell area (c), beta cell area
(d) and number of islets per mm? of pancreas (e) in high-fat-fed mice.
Mice were treated with twice-daily injections of saline or [I10W]ti-
gerinin-1R (75 nmol/kg body weight) for 28 days prior to excision of

Consistent with improved insulin sensitivity and reduced
beta cell demand, [I10W]tigerinin-1R treatment resulted in
significant decreases of islet area, beta cell area and alpha
cell area together with decreased pancreatic insulin and
glucagon stores. Similar observations have been made in
animals treated with GIP antagonists, which act to alleviate
insulin sensitivity [37]. Consistent with this, no significant
change in beta cell number was observed following culture
of BRIN-BD11 cells with [I10W]tigerinin-1R, suggesting
that the decrease in islet area [I10W]tigerinin-1R-treated
mice is unlikely to reflect direct effects negative of the
peptide on the islet cell growth and viability. Further, no
significant differences in islet number were observed in the
pancreatic tissues of normal or high-fat-fed mice.
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pancreata for immunohistological analysis. Values are mean + SEM
for 8 observations (~120 islets per group). **P < 0.0l and
###P < (0.001 compared to normal saline control. 2P < 0.05 com-
pared to high-fat-fed control

In conclusion, the present study has demonstrated sig-
nificant beneficial metabolic effects of [I10W]tigerinin-1R
in mice with diet-induced obesity and insulin resistance. In
addition to improving glucose tolerance and glucose-
stimulated insulin secretion, the peptide enhances pancre-
atic beta cell function as well as insulin sensitivity and has
beneficial effects on islet morphology and lipid profile. The
improved efficacy of [I10W]tigerinin-1R observed in this
study is believed to be as a result of its ability to improve
insulin sensitivity and promote weight loss while exhibit-
ing a superior insulinotropic effect compared to the native
peptide [14]. These effects encourage further investigations
of the antidiabetic potential of [I10W]tigerinin-1R, com-
parison against existing peptide therapies and the
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mechanisms underlying the improvements in both insulin
secretion and action.
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