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Abstract Actions of esculentin-2CHa(1-30) (GFSSIFRG-
VAKFASKGLGKDLAKLGVDLVA) and its analogues,
([p-Arg’, p-Lys'®, p-Lys>*]-esculentin-2CHa(1-30) and
[Lys!'®-octanoate]-esculentin-2CHa(1-30), were evaluated
in high-fat fed NIH Swiss mice with impaired glucose toler-
ance and insulin resistance. Twice-daily i.p. administration
of the esculentin-2CHa(1-30) peptides (75 nmol/kg body
weight) or exendin-4 (25 nmol/kg) for 28 days reduced
body weight, without altering cumulative energy intake.
All peptides reduced blood glucose levels by 6—-12 mmol/l
concomitant with lower plasma insulin levels, with signifi-
cance evident from day 6. All peptides improved glucose
tolerance, insulin sensitivity, blood glucose profile over
24 h and decreased HbA1, to a similar extent as exendin-4.
The peptides also reduced high fat diet-induced increases in
plasma GLP-1 and glucagon. None of the peptides altered
bone mineral density/content or lean mass but decreased
fat mass. Islets isolated from peptide-treated mice exhib-
ited improved glucose-, alanine- and GLP-1-stimulated
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insulin secretion. Islet morphometric analyses revealed that
exendin-4 and the esculentin-2CHa(1-30) peptides signifi-
cantly reduced islet, beta and alpha cell areas compared to
high-fat controls. Esculentin-2CHa(1-30) peptides markedly
reduced high fat diet-induced increase in beta cell prolifera-
tion and apoptosis. Peptide treatments had beneficial effects
on expression of islet genes (Insi, Slc2a2, Pdx1) and skeletal
muscle genes involved in insulin action (Slc2a4, Pdkl, Irs1,
Aktl). High-fat diet significantly increased LDL cholesterol
which was reduced by the acylated esculentin-2CHa(1-30)
analogue. Peptide treatments did not alter circulating con-
centrations of amylase and marker enzymes of liver func-
tion, indicating a lack of toxicity. These data indicate that
esculentin-2CHa(1-30) and its analogues may be useful for
improvement of blood glucose control and weight loss in
type 2 diabetes.

Keywords Esculentin-2CHa(1-30) - Diabetes - Glucose
tolerance - Amphibian peptide - Diet induced obesity

Introduction

After the discovery of exendin-4, first isolated from the sali-
vary secretions of the Gila monster Heloderma suspectum,
long-acting glucagon-like peptide-1 (GLP-1) mimetics with
improved efficacy have been developed for the treatment of
type 2 diabetes (Parkes et al. 2013; Kahn et al. 2014; Irwin
and Flatt 2015). As peptide hormone therapeutics often have
better specificity, tolerability and safety than small molecule
drugs, the hunt for bioactive peptidergic agents with thera-
peutic potential from natural sources is currently a key area
of research.

Skin secretions of amphibians contain a wealth of host
defence peptides with antimicrobial, immunomodulatory
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and chemoattractive properties that may confer survival
advantage (Conlon et al. 2014). Selected host defence pep-
tides (brevinin-2-related peptide, alyteserin-2a, magainin
AM2, CPF-SEl, tigerinin-1R, hymenochirin 1B) isolated
from various frog skin secretions have been shown to exhibit
insulinotropic actions in vitro and anti-diabetic actions
in vivo (Abdel-Wahab et al. 2010; Ojo et al. 2013a, b, 2015a,
b; Srinivasan et al. 2015; Owolabi et al. 2016). Indeed, our
previous studies together with those of other investigators
have revealed that frog skin secretions contain a multitude
of diverse peptide molecules which possess insulinotropic
properties (Kim et al. 2010; Mo et al. 2014; Ojo et al. 2013a,
b).

One peptide of particular interest is esculentin-2CHa
(GFSSIFRGVAKFASKGLGKDLAKLG VDLVACK-
ISKQC; GA30), isolated from the skin secretions of the
Chiricahua leopard frog Lithobates chiricahuensis (Ranidae)
which exhibits potent antimicrobial activity against multid-
rug-resistant strains of Staphylococcus aureus, Acinetobac-
ter baumannii, and Stenotrophomonas maltophilia (Conlon
et al. 2011). Esculentin-2-CHa has also been reported to
stimulate production of the anti-inflammatory cytokine inter-
leukin-10 by mouse lymphoid cells and exert cytotoxicity
against human non-small lung adenocarcinoma A549 cells
(Attoub et al. 2013). Of particular note, we have demon-
strated that the analogue [Lys28]-esculentin-2CHa stimu-
lated insulin secretion and improved glycaemic control in
high-fat fed diabetic mice (Ojo et al. 2015c).

The loss of antimicrobial activity on removal of the
cyclic C-terminal domain of esculentin-2CHa (esculentin-
2CHa(1-30)) was not associated with abolition of insuli-
notropic activity in vitro in BRIN BD11 cells (Vasu et al.
2017). Furthermore, we investigated stability and the acute
in vitro and in vivo insulinotropic properties of analogues of
esculentin-2CHa(1-30), with p-isomer or L-ornithine substi-
tutions or C-8 fatty acid (octanoate) attachment to selected
residues (see Table 1). These analogues were designed with
a view to conferring resistance to degradation by endopepti-
dases, thereby enhancing metabolic stability and prolonging
half-life in the circulation (Vasu et al. 2017). Peptide ana-
logues with D-isomer substitution at positions 7, 15 and 23

and fatty acid attachment at position 15 exhibited the desired
enhanced resistance to degradation by endopeptidases and
improved insulinotropic actions in in vitro assays. These
insulin-releasing effects were similar to those of established
beta-cell activators, such as GLP-1, and were mediated by
multiple pathways including stimulation of phospholipase
C and influx of Ca®>" ions (Vasu et al. 2017). Notably, acute
administration of these peptides improved glucose tolerance
in lean NIH Swiss mice. On the basis of these observations,
we hypothesised that chronic administration of these ana-
logues of esculentin-2CHa-(1-30) may exert beneficial
effects on metabolism and improve glycaemia in high-fat
fed mice. These animals show clear manifestation of obe-
sity, impaired glucose tolerance and insulin resistance and
so represent a valuable model of type 2 diabetes (T2DM).
In the present study, we indeed demonstrate that chronic
administration of these peptide analogues to high fat fed
mice improves blood glucose profile, glucose tolerance,
insulin sensitivity, haemoglobin Alc (HbA1,) and pancre-
atic islet cell mass and survival. These observations suggest
that analogues of esculentin-2CHa may have potential for
development into new therapeutic agents for treatment of
patients with T2DM.

Materials and methods
Peptide synthesis and purification

Synthetic esculentin-2CHa(1-30) (GA30) and its analogues
([p-Arg’, p-Lys'®, p-Lys?]-esculentin(1-30)—(3D-GA30),
[Lys15-octan0ate]-esculentin(1—30)—acy1-GA30) and
exendin-4 (see Table 1) were purchased from GL Biochem
Ltd (Shanghai, China) and purified to near homogeneity
(>98% pure) by reversed phase HLPC on a (2.2 cm X 25 cm)
Vydac 218TP1022 (C18) column (Grace, Deerfield, IL,
USA) equilibrated with acetonitrile/water/triflouroacetic
acid (21.0/78.9/0.1 v/v) mobile phase at a flow rate of 6 ml/
min, with concentration of acetonitrile in the eluting buffer
raised to 56% (v/v) over 60 min. The correct molecular
masses of the peptides were confirmed using a a Voyager

Table 1 Amino acid sequences of Esculentin-2Cha, Esculentin-2Cha-(GA30) and its substituted analogues

Peptide Name Primary sequence Theoretical Measured
molecular mass  molecular
mass

Esculentin-2CHa GFSSIFRGVAKFASKGLGKDLAKLGVDLVACKISKQC 3841.61 3839.76

GA30 Esculentin-2CHa-(GA30) GFSSIFRGVAKFASKGLGKDLAKLGVDLVA 3052.62 3053.73

3D-GA30 [D-Arg’, p-Lys'>,p-Lys?*]- GFSSIFRGVAKFASKGLGKDLAKLGVDLVA 3052.62 3053.92
Esculentin-2CHa-(GA30)

Acyl-GA30 Lys'3-octanoate -Esculentin- GFSSIFRGVAKFASK(Oct)GLGKDLAKLGVDLVA 3178.65 3177.56

2CHa-(GA30)
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DE-PRO MALDI-TOF mass spectrometry (Applied Biosys- ~ were administered i.p. twice daily at a dose of 25 nmol/

tems, Foster City, CA) (Table 1). kg bw for exendin-4 or 75 nmol/kg bw for analogues of
esculentin-2CHa(1-30) for 28 days and parameters includ-
Animals ing body weight and food intake (daily), blood glucose

and plasma insulin (once every 3 days) were monitored.
Adult (8-week-old), male, National Institutes of Health These doses were selected on the basis of previous stud-
(NIH) Swiss mice (Harlan Ltd, UK) were housed indi- ies (Vasu et al. 2017; Patterson et al. 2015). Control mice
vidually in an air-conditioned room (22 + 2 °C) with a  received injections of saline alone. After 28 days, glucose
12-h light: 12-h dark cycle, with food and water avail- tolerance, HbA1_ (A1 .Now+, HbA1, test, Chirus Limited,
able ad libitum. Mice were maintained for 20 weeks  Hertfordshire, UK) and insulin sensitivity (25 U/kg, i.p.)
before the experiment on a standard rodent diet (10% fat,  tests were performed as described previously (Martin et al.
30% protein and 60% carbohydrate; energy density of  2012). Blood samples were collected from a tail vein and
12.99 kJ/g; Trouw Nutrition, Cheshire, UK) or high-fat blood glucose was determined using an Ascencia Con-
diet (45% fat, 20% protein and 35% carbohydrate; energy  tour Blood Glucose Meter (Bayer, Newbury, UK). At the
density of 25.16 kJ/g; composition:: casein, 26.533; cho-  end of the experimental period, blood and tissue samples
line bitartrate, 0.296; L-cystine, 0.399; lard, 17.895; rice were collected together with body fat measurements by
starch, 28.344; cellulose, 6.171; soya oil, 4.319; sucrose, dual energy X-ray absorptiometry (DXA) scanning (Pri-
10.490; mineral mix, 4.319; and vitamin mix, 1.234; Spe- mus Densitometer, Inside Outside sales, USA). All animal
cial Diets Service, Essex, UK) for 20 weeks. Peptides experiments were carried out in accordance with the UK
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Fig. 1 Body weight and energy intake during 28-day treatment mean = SEM (n = 8 mice). *p < 0.05, ***p < 0.001 compared to
with GA30, 3D-GA30 and acyl-GA30 in high-fat fed NIH Swiss lean saline control. 2p < 0.01 compared to high-fat diet saline con-
mice. a Body weight (g), b change in body weight (final-initial, g), trol. Effects of exendin-4 are shown for comparison

¢ energy intake (kJ/day), d cumulative energy intake (kJ). Values are
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Animals (Scientific Procedures) Act 1986 and ‘Principles
of laboratory animal care’ (NIH publication no. 86-23,
revised 1985).

Biochemical analyses

Blood samples were collected in fluoride/heparin micro-
centrifuge tubes (Sarstedt, Numbrecht, Germany) and cen-
trifuged for 30 s at 13,000xg. Plasma was separated and
stored at —80 °C until analysis. Biochemical analyses were
carried out for insulin by radioimmunoassay (Flatt and
Bailey 1981). Total GLP-1 (GLP-1 total ELISA, EZGLP-
1T-36K, Millipore, Billerica, MA, USA), total glucose-
dependent insulinotropic polypeptide (GIP) (rat/mouse
GIP ELISA, EZRMGIP-55K, Millipore) and glucagon

(glucagon chemiluminescent assay, EZGLU-30K, Milli-
pore) were measured by specific enzyme-linked immuno-
assays following the manufacturers’ instructions. Plasma
aspartic acid transaminase (AST), alanine transaminase
(ALT) and alkaline phosphatase (AP) concentrations were
determined using commercially available kits following
manufacturer’s instructions (Randox laboratories, Crum-
lin, UK). Plasma cholesterol levels were determined using
an I-lab 650 automated clinical chemistry analyser (Dia-
mond Diagnostics, Holliston, MA, USA). LDL cholesterol
concentrations were computed using the Friedewald equa-
tion as described previously (Johnson et al. 1997). Plasma
amylase was determined using commercially available
assay kit following manufacturer’s instructions (Abcam,
ab102523).
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Fig. 2 Blood glucose and plasma insulin during 28-day treatment
with GA30, 3D-GA30 and acyl-GA30 in high-fat fed NIH Swiss
mice. a Blood glucose (mmol/l), b blood glucose change (final-ini-
tial, mmol/l), ¢ plasma insulin (ng/ml), d Final plasma insulin (ng/
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ml). Values are mean + SEM (n = 8 mice). *p < 0.05, **p < 0.01,
##%p < 0.001 compared to lean saline control. “p < 0.05, *%p < 0.01,
AMAL < 0.001 compared to high-fat diet saline control. Effects of
exendin-4 are shown for comparison
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In vitro insulin secretion and islet
immunohistochemistry

Insulin secretory responses of isolated islets and immuno-
histochemistry of pancreatic tissues from each of the groups
of mice were determined as previously described (McKillop
et al. 2014). The following primary antibodies were used
as appropriate: mouse monoclonal anti-insulin antibody
(ab6995, 1:1000; Abcam, Cambridge, UK), guinea-pig
anti-glucagon antibody (PCA2/4, 1:200; raised in-house)
and rabbit anti-Ki67 antibody (ab15580, 1:200; Abcam).
The following secondary antibodies were used as appro-
priate: Alexa Fluor 488 goat anti-guinea pig IgG—1:400,
Alexa Fluor 594 goat anti-mouse 1gG—1:400, Alexa Fluor
488 goat anti-rabbit IgG—1:400 or Alexa Fluor 594 goat
anti-rabbit [gG—1:400. The slides were viewed under FITC
filter (488 nm) or TRITC filter (594 nm) using fluorescent
microscope (Olympus system microscope, model BX51)
and photographed using the DP70 camera adapter sys-
tem. TUNEL assay was used to assess beta cell apoptosis,

following manufacturer’s instructions (In situ cell death kit,
Fluorescein, Roche Diagnostics, Burgess Hill, UK).

Image analysis

Islet parameters including islet, beta cell and alpha cell area,
islet size distribution were analysed in a blinded fashion
using Cell"F image analysis software (Olympus Soft Imag-
ing Solutions, GmbH). Proliferation or apoptosis frequen-
cies were determined by computing percentage of Ki67 or
TUNEL and insulin positive cells of total beta cells analysed
(approximately 2000 beta cells per replicate). The balance
between proliferation and apoptosis was expressed as ratio
of Ki67/TUNEL.

Gene expression studies
mRNA was extracted from skeletal muscle or collagenase

isolated islets using TriPure isolation reagent following
manufacturer’s instructions and converted to cDNA using
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Fig. 3 Glucose tolerance and plasma insulin response to glucose
after 28-day treatment with GA30, 3D-GA30 and acyl-GA30 in
high-fat fed NIH Swiss mice. a Blood glucose AUC (mmol/l), b
blood glucose (mmol/l min), ¢ plasma insulin (ng/ml), d plasma insu-

lin (ng/ml min). Values are mean + SEM (n = 8 mice). *p < 0.05,
**p < 0.01, ¥**p < 0.001 compared to lean saline control. Ap < 0.03,
A%p < 0.01, 244y < 0.001 compared to high-fat diet saline control.
Effects of exendin-4 are shown for comparison
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SuperScript™ II Reverse Transcriptase (Invitrogen Life
Technologies, Carlsbad, CA, USA) (Vasu et al. 2013).
Reaction mix for PCR consisted of Quantifast SYBR green
PCR mix (Qiagen, Venlo, Netherlands), forward and reverse
primers, template cDNA and nuclease-free water and real-
time data were monitored using MiniOpticon real-time PCR
system (Biorad, Watford UK) as described (Owolabi et al.
2016). Data were normalised to f-actin (Actb) expression
and analysed using the AACt method.

Statistical analysis

Results were analysed using GraphPad PRISM Software
(Version 6.0) and presented as mean + SEM. Statistical anal-
yses were performed using student’s t test (non-parametric)
or one-way ANOVA followed by Bonferroni post hoc test
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wherever applicable. Area under the curve (AUC) analysis
was performed using the trapezoidal rule with baseline cor-
rection. Results were considered significant if p < 0.05.

Results

Effects of peptide administration on body weight
and energy intake

Chronic high-fat feeding for 20 weeks significantly increased
body weight (Fig. 1a, b). Treatment over a 28-day period
with, significantly decreased body weight (Fig. 1b). High-
fat feeding increased cumulative energy intake significantly
(p <0.001, Fig. 1c, d) but this parameter was not reduced by
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Fig. 4 Insulin sensitivity after 28-day treatment with GA3O0,
3D-GA30 and acyl-GA30 in high-fat fed NIH Swiss mice. a Blood
glucose (mmol/l) after injection of insulin (25 U/ml), b blood glucose
AUC (mmol/l min), ¢ HbA1C (%), d blood glucose profile over 24 h;
arrows indicate time at which peptides were administered. Values
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are mean + SEM (n = 8 mice). *p < 0.05, **p < 0.01, ***p < 0.001
compared to lean saline control. 2p < 0.05, 24p < 0.01, 224p < 0.001
compared to high-fat diet saline control. Effects of exendin-4 are
shown for comparison
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peptide treatment, with the exception of exendin-4 (p < 0.01,
Fig. 1d).

Effects of peptide administration on blood glucose
profile, glucose tolerance and insulin sensitivity

Chronic high-fat feeding for 20 weeks markedly increased
blood glucose levels which was gradually reduced by admin-
istration of GA30 (p < 0.05), 3D-GA30 (p < 0.01) and acyl-
GA30 (p < 0.001) twice daily over 28 days (Fig. 2a). Acyl-
GA30 reduced blood glucose levels early while GA30 and
3D-GA30 reduced blood glucose levels from days 21 to 24,
with comparable efficacy to exendin-4 (p < 0.05, p < 0.01,
p < 0.001, respectively, Fig. 2a, b). Chronic high-fat feed-
ing also increased circulating levels of insulin significantly
compared to lean mice (p < 0.001, Fig. 2c). GA30 and acyl-
GA30 treatment reduced plasma insulin levels significantly
from day 12 while 3D-GA30 reduced plasma insulin levels
significantly from day 18 (p < 0.05, p < 0.01, respectively
Fig. 2¢). These observations were comparable to the effects
of exendin-4 (p < 0.05, p < 0.01, respectively, Fig. 2c).

On administration of intraperitoneal glucose to fasted
mice, blood glucose and plasma insulin levels remained
elevated until 90 min in high-fat fed mice compared to lean

mice (p < 0.05, Fig. 3a—d). Chronic peptide administration
improved glucose tolerance, with GA30 significantly reduc-
ing blood glucose levels (p < 0.05, Fig. 3b) while all pep-
tides significantly raised plasma insulin levels (p < 0.001,
Fig. 3d). To test insulin sensitivity, insulin was administered
to mice which resulted in rapid glucose clearance from the
circulation of lean and peptide-treated high-fat fed mice but
not in saline-treated high-fat fed mice (p < 0.05, p < 0.01,
p < 0.001, Fig. 4a). Thus insulin sensitivity was signifi-
cantly improved in peptide-treated mice compared with
high-fat fed mice (p < 0.001, Fig. 4a, b). High-fat fed mice
exhibited raised HbA 1, compared to lean mice, with blood
glucose levels being constantly elevated over a 24-h period
(p < 0.05, p < 0.01 Fig. 4¢). In contrast, twice daily pep-
tide treatment for 28 days normalised HbA1_ and resulted in
near-normal blood glucose levels over 24 h period (p < 0.05,
Fig. 4d).

Effects of peptide administration on hormone levels
and liver enzymes

Exendin-4 and 3D-GA30 significantly reduced the
elevated plasma GLP-1 levels associated with high-fat
feeding (p < 0.01, Fig. 5a). High-fat diet significantly
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Fig. 5 Plasma GLP-1, GIP, glucagon and markers of liver function
in high-fat fed NIH Swiss mice after 28-day treatment with GA30,
3D-GA30 and acyl-GA30. a Plasma GLP-1 (pmol/l), b plasma GIP
(pmol/l), ¢ plasma glucagon (pmol/l), d plasma ALT (U/l), e plasma

AST (U/], f plasma ALP (U/l). Values are mean + SEM (n = 4).
*p < 0.05, ¥¥p < 0.01, ***p < 0.001 compared to lean saline con-
trol. *4p < 0.01 compared to high-fat diet saline control. Effects of
exendin-4 are shown for comparison

@ Springer



1712

S. Vasu et al.

increased plasma GIP and glucagon levels (p < 0.05)
which were not significantly affected by any of the pep-
tide treatments (Fig. 5b, ¢). Consumption of high-fat diet
or peptide administration did not affect liver function,
as evident from normal range plasma ALT, AST and AP
levels (Fig. 5d-f).

Effects of peptide administration on plasma amylase
and lipid profile

High-fat diet or peptide treatment had no effect on plasma
amylase levels, indicating no adverse effect on exocrine
pancreas (Fig. 6a). High-fat diet markedly increased LDL
cholesterol which was significantly reduced by peptide
treatment (p < 0.05, Fig. 6b). HDL cholesterol and total
cholesterol were similar in all groups (Fig. 6c¢, d).
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Fig. 6 Plasma amylase and lipid profile after 28-day treatment with
GA30, 3D-GA30 and acyl-GA30 in high-fat fed NIH Swiss mice. a
Plasma amylase activity (mU/ml), b LDL (mmol/l), ¢ total choles-
terol (mmol/1), d HDL cholesterol (mmol/l). Values are mean + SEM
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Effects of peptide administration on bone density
and body mass

High-fat diet or peptide treatment did not affect bone mineral
density, content and lean mass (Fig. 7a—c). High-fat diet mark-
edly increased fat mass and body fat percentage (p < 0.01,
p < 0.001, respectively, Fig. 7d, e) which were reduced by
peptide treatment, but not significantly (Fig. 7d, e).

Effects of peptide administration on ex vivo insulin
secretion and pancreatic islet morphology

Islets isolated from high-fat fed mice displayed blunted
insulin secretory responses to stimulatory concentrations of
glucose, alanine or GLP-1 which were fully restored by the
peptide treatments (Fig. 8). Representative images show-
ing islets from lean and high-fat fed mice with or without
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(n =4). **p < 0.01 compared to lean saline control. Ap < 0.05 com-
pared to high-fat diet saline control. Effects of exendin-4 are shown
for comparison
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peptide treatment, stained using haematoxylin (nucleus)
and eosin (cytoplasm) (top panel) or for insulin (red) and
glucagon (green) (bottom panel) (Fig. 9a). High-fat diet
significantly increased islet, beta cell and alpha cell areas
(p < 0.001, Fig. 9b—d), which were reduced significantly by
peptide treatments (p < 0.001, Fig. 9b—d). Representative
images of Ki67/TUNEL (green) positive, insulin positive
(red) cells in islets of lean or high-fat fed treated with saline
or peptide analogues are shown in Fig. 10a. High-fat diet
significantly increased beta cell proliferation and apoptosis
frequencies (p < 0.001, Fig. 10b, c), which were reduced
by the peptide treatments (p < 0.05, p < 0.01, p < 0.001,
respectively, Fig. 10b, c¢). Proliferation to apoptosis ratio
was raised in high-fat fed saline-treated mice (p < 0.05,
Fig. 10d), which was reduced to normal by 3D-GA30 and
acyl-GA30 treatment (p < 0.05, Fig. 10d).

Effects of peptide administration on gene expression
in islets and skeletal muscle

High-fat feeding increased islet expression of Insl
(mouse insulin 1), but decreased Slc2a2 (glucose trans-
porter 2; GLUT2) and Pdx! [insulin promoter factor 1
(Fig. 11a—c)]. Peptide treatments generally reversed these
trends and the level of expression was significantly dif-
ferent in islets of exendin-4 compared with high-fat fed

control mice (p < 0.001, Fig. 11a—c). High-fat diet also
decreased skeletal muscle expression of Slc2a4 (glucose
transporter 4; GLUT4), Irs! (insulin receptor substrate 1),
and PdkI (3-phosphatidylinositol 3-kinase) (Fig. 11d-f).
Slc2a4 was significantly increased by 3D-GA30 and acyl-
GA30 (p < 0.05, p < 0.01 Fig. 10d); AktI (protein kinase
B) was increased by acyl-GA30 (p < 0.05, Fig. 11g) and
PdklI (3-phosphoinositide dependent protein kinase 1) was
increased by exendin-4 (p < 0.001, Fig. 11e). Decreased
expression of Irsl induced by high-fat feeding was not
observed in any of the peptide treated groups (Fig. 10f).

Discussion

Ever increasing incidence of T2DM, difficulty in achiev-
ing tight glycaemic control and inability to prevent diabetic
complications are driving research into development of new
therapeutics that target pancreatic beta cell function and
insulin resistance that demonstrate improved potency and
efficacy over existing therapies (Bailey 2009; Irwin and Flatt
2015). Search for bioactive compounds in skin secretions
of amphibians has led to isolation of numerous compounds
with antimicrobial, anti-inflammatory and anti-tumour prop-
erties (Conlon et al. 2014). Some of these components have
been shown to possess insulinotropic properties (Ojo et al.
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Fig.7 Bone and body mass profiles after 28-day treatment with
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2013a, b). One such peptide, esculentin-2CHa was identified
with strong insulinotropic actions in vitro, together with an
analogue—[Lys28]-esculentin-2CHa which exerted anti-dia-
betic actions in vivo (Ojo et al. 2015a, b, ¢). Importantly, we
recently demonstrated that esculentin-2CHa(1-30), a trun-
cated analogue more readily synthesised and appropriate for
drug development, retained insulin-releasing and glucose-
lowering activity. The second-generation analogues of this

[ Glucose (3 mM)
B Glucose (20 mM)

30 4

*

20 A

10

Insulin release
(% of insulin content/h)

peptide—[p-Arg’, p-Lys'>, p-Lys**]-esculentin-2CHa(1-30)
(3D-GA30) and [Lys'’]-octanoate-esculentin-2CHa(1-30)
(acyl-GA30) demonstrated resistance to degradation by
endopeptidases and positive effects on glucose tolerance
and insulin secretion when administered to lean mice (Vasu
et al. 2017).

In the present study, we have compared the anti-diabetic
potential of these analogues in high-fat fed mice with the
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Fig. 8 Insulin secretory responses to glucose, GLP-1 and ala-
nine by pancreatic islets isolated from high-fat fed NIH Swiss mice
after 28-day treatment with GA30, 3D-GA30 and acyl-GA30. Val-
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Fig. 9 Islet morphometry after 28-day treatment with GA3O0,
3D-GA30 and acyl-GA30 in high-fat fed NIH Swiss mice. a Rep-
resentative images showing haematoxylin and eosin, insulin (red)
and glucagon (green) staining of islets. Arrows indicate islets. b
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Islet area (umz), ¢ alpha cell area (pmz), d beta cell area (pmz).

*p < 0.05, **p < 0.01, ***p < 0.001 compared to lean saline con-

trol. 244p < 0.001 compared to high-fat diet saline control. Effects of
exendin-4 are shown for comparison (colour figure online)
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established antidiabetic agent, exendin-4. Consistent with
previous studies, high-fat fed mice exhibited hyperglycae-
mia, hyperlipidaemia, glucose intolerance, hyperinsulinae-
mia and insulin resistance (Winzell and Ahren 2004; Ojo
et al. 2015a, b, ¢). Twice daily administration of esculentin-
2CHa(1-30) and its analogues for 28 days progressively
reduced body weight without effecting cumulative energy
intake. This might reflect positive effects on energy expendi-
ture, possibly also involving a shift in fuel utilisation towards
burning of fat. It is noteworthy that we did not observe an
effect of [Lys28]-esculentin-2CHa on body weight or food
intake in previous chronic studies using high-fat fed mice
(Ojo et al. 2015a, b, c). This suggests that these designer
analogues of the shorter esculentin-2CHa(1-30) peptide
exert superior actions on body weight than the full-length
peptide possibly due to increased potency, enzyme resist-
ance and/or superior pharmacokinetic properties. However,
further investigations of these aspects, involving administra-
tion over a period longer than 28 days, together with more
detailed studies on energy balance, are required to confirm
these speculations.

Chronic peptide administration reduced the high fat diet-
induced elevation in LDL cholesterol, non-fasted blood
glucose and plasma insulin levels, with obvious beneficial
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effects on glucose tolerance at the end of the study. The
effects of esculentin-2CHa(1-30) analogues were at least as
good as those produced by exendin-4. Blood glucose profile
over a period 24 h and HbA1_, both measured at the end of
the study, were significantly improved by peptide treatment,
whereas high-fat fed mice receiving saline alone displayed
sustained hyperglycaemia. Treatment with peptide analogues
improved insulin sensitivity and decreased insulin demand
as evidenced by decreased circulating insulin levels both
in the fed state and following a glucose load. This effect
on insulin sensitivity was accompanied by partial reversal
of the high fat diet-induced down-regulation of regulatory
genes in skeletal muscle involved in insulin action (Slc2a4,
Irsl and Pdkl). Peptide treatments, most notably with
[Lysls]—octanoate—esculentin—ZCHa(1—30), also countered
hyperglucagonaemia suggesting a possible inhibitory effect
on hepatic glucose production. High-fat diet increased cir-
culating concentrations of GLP-1 and GIP consistent with
increased activity of the enteroinsular axis (Bailey et al.
1986). Plasma GIP was unaltered by peptide treatments,
while exendin-4 and [D-Arg7, D-Lyslj, D-Ly523]—esculentin—
2CHa(1-30) decreased circulating GLP-1 concentrations,
indicating that secondary effects mediated via GLP-1 do not
contribute to the positive actions of these peptides.
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Fig. 10 Beta cell proliferation and apoptosis frequencies in islets
after 28-day treatment with GA30, 3D-GA30 and acyl-GA30 in high-
fat fed NIH Swiss mice. a Representative images show Ki67 (green),
TUNEL (green) and insulin (red) staining of islets. Arrows indicate
cells positive for both Ki67/TUNEL and insulin. b Beta cell prolifera-
tion frequency, ¢ beta cell apoptosis frequency, expressed as percent-

age of total beta cells analysed, d ratio of Ki67:Tunel positive beta
cells. *p < 0.05, **p < 0.01, ***p < 0.001 compared to lean saline
control. 2p < 0.05, 2%p < 0.01, 24%p < 0.001 compared to high-fat
diet saline control. Effects of exendin-4 are shown for comparison
(colour figure online)
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Fig. 11 mRNA expression of Sic2a2 (a), Insl (b), PdxI (c) in iso-
lated islets and Slc2a4 (d), Pdkl (e), Irsl (f) and Akt (g) in skeletal
muscle after 28-day treatment of high-fat fed NIH Swiss mice with
GA30, 3D-GA30 and acyl-GA30. Values are mean + SEM (n = 4).

Beneficial actions of these esculentin-2CHa(1-30) pep-
tide analogues on blood glucose control may also be attrib-
uted to positive actions on pancreatic beta cell function
and survival. Consistent with previous published studies,
high-fat diet induced compensatory beta cell mass expan-
sion, with marked increase in beta cell proliferation fre-
quency (Moffett et al. 2015). However, beta cell exhaus-
tion due to existing hyperglycaemia and hyperlipidaemia
was evident from a significant increase in the frequency
of beta cell apoptosis. Chronic peptide treatment reduced
both beta cell proliferation and apoptosis frequency, result-
ing in reduced islet area and beta cell area. Such effects
may be consequential to improved metabolic control or
beta cell rest (Pathak et al. 2015). Further investigations
on whether these peptide analogues confer protection from
glucotoxicity and lipotoxicity are warranted. Nevertheless,
chronic treatment with the peptide analogues over 28 days
improved beta cell survival, expression of key functional
genes (insulin, Glut2 and Pdx1), in vitro insulin secretory
responses to glucose, alanine or GLP-1 and exerted clear
beneficial effects on glucose homeostasis with no evi-
dence of pancreatitis or insulitis. Esculentin-2CHa(1-30)
has been shown to exert direct stimulatory actions on beta
cells involving peptide internalisation, K ,pp-independent
membrane depolarisation and elevation of intracellular
Ca* which culminates in insulin exocytosis (Vasu et al.
2017). The internalisation of the peptide may also con-
tribute to the observed changes in gene transcription in
target tissues. Such action has been noted for the amphib-
ian histone H2A-derived buforin II (Elmore. 2012) which
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*p < 0.05, ** p < 0.01, ***p < 0.001 compared to lean control.
Ap < 0.05, 2%p < 0.01, 22%p < 0.001 compared to high-fat diet saline
control. Effects of exendin-4 are shown for comparison

traverses the cell membrane via transient toroidal pores
and accumulates in the nucleus to alter cellular function
(Lee et al. 2008).

To conclude, analogues of esculentin-2CHa(1-30),
[D-Arg7, D—Lysls, D-Lys23]-esculentin-2CHa(1—30) and
[Lys'5]-octanoate—esculentin-ZCHa(1—30), exert anti-dia-
betic actions in high-fat fed mice, with clear beneficial and
protective effects on pancreatic beta cells, insulin sensitiv-
ity and glucose homeostasis. Further studies investigating
energy homeostasis, cellular actions, effects on adipocyte
and liver metabolism and the relapse with cessation of
peptide administration using different animal models
are needed to explore further the potential of esculentin-
2CHa(1-30) analogues for therapy of diabetes in patients.
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