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Abstract
The frog skin hostdefence peptide hymenochirin1B has been shown to
stimulate insulin release in vitro from isolated pancreatic islets and BRIN
BD11 clonal βcells. This study examines the effects of 28day
administration of a more potent analogue [P5K]hymenochirin1B
([P5K]hym1B) (75 nmol·kg−1 body weight) to highfatfed mice with

obesity, glucose intolerance and insulin resistance. Treatment with
[P5K]hym1B significantly decreased plasma glucose concentrations and
improved glucose tolerance, insulin secretion, insulin sensitivity and
increased the magnitude of the incretin effect (difference in response to
oral vs intraperitoneal glucose loads). Responses to established insulin
secretagogues were greater in islets isolated from treated animals compared
with salinetreated controls. [P5K]hym1B administration significantly
decreased total islet area and β and αcell areas, and resulted in lower
concentrations of circulating triglycerides and plasma and pancreatic
glucagon. Peptide treatment had no effect on food intake, body weight,
indirect calorimetry or circulating concentrations of amylase and marker
enzymes of liver and kidney function. RTPCR demonstrated that the Insr
(insulin receptor) gene and genes involved in insulin signalling (Slc2a4,
Irs1, Pik3ca, Akt1 and Pkd1) were significantly upregulated in skeletal
muscle from animals treated with [P5K]hym1B. Expression of the Glp1r
(GLP1 receptor) and Gipr (GIP receptor) genes was significantly elevated
in islets from peptidetreated mice. These data suggest that [P5K]hym1B
shows potential for development into an agent for treating patients with
type 2 diabetes.
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Introduction
A recent comprehensive global survey of levels and trends in disease has
demonstrated a worldwide increase in the incidence of type 2 diabetes (T2D)
(Global Burden of Disease Study 2013 2015 ). Obesity, usually accompanied
by hyperinsulinemia and insulin resistance, is an important determinant in the
aetiology and progression of the disease (Weyer et al. 2001 ). Evidence
supports a link between a highfat diet, particularly one rich in saturated fat,

and insulin resistance (Marshall and Bessesen 2002 ). In the gut, lipid
ingestion initiates feedback mechanisms to regulate of glucose and lipid
metabolism. However, these lipidsensing pathways are compromised in
insulin resistance. Increased production of adipocytederived molecules, such
as resistin, nonesterified fatty acids and glycerol, in obesity promotes insulin
resistance along with increased synthesis of the proinflammatory cytokines,
tumour necrosis factor α, interleukin6 and monocyte chemoattractant
protein (Ye 2013 ). Elevated levels of triglyceridederived products such as
diacylglycerol, fatty acylcoenzyme A and ceramides initiate a kinase cascade
which results in phosphorylation of serine /threonine sites on insulin receptor
substrates (IRS) 1and 2. Phosphorylation decreases the ability of IRS to
stimulate phosphoinositol3kinase activity resulting ultimately in reduced
glucose uptake (Kahn et al. 2006 ; Cerf 2013 ). In addition, it has been
proposed that increased consumption of dietary fat promotes islet amyloid
formation leading to impaired βcell function (Hull et al. 2003 ).
In addition to extensively utilized compounds that stimulate insulin secretion
and suppress hepatic glucose production such as metformin and
sulphonylureas, newer approaches to the pharmacological treatment of
patients with T2D have been developed. These include agents that primarily
stimulate glucosedependent insulin secretion, e.g. longacting GLP1
analogues and dipeptidyl peptidase4 inhibitors, drugs that inhibit glucose
absorption, e.g. αglucosidase inhibitors, or stimulate glucose excretion into
urine, e.g. inhibitors of the Na+ glucose cotransporter SGLT2, and agents that
improve insulin sensitivity by acting at peroxisome proliferatoractivated
receptors, e.g. thiazolidinediones [reviewed in (Turner et al. 2016 )]. There is
growing need for new therapeutic agents as currently available drugs have
only limited success in tackling the major metabolic defects associated with
the disease and may display adverse sideeffects. In particular, it is important
to develop treatment regimens that are able to ameliorate the insulin
resistance and reverse the islet abnormalities that occur in these patients. The
highfatfed mouse exhibits obesity, glucose intolerance and insulin
resistance and so is a useful model for understanding the effect of an energy
rich highfat western diet on the aetiology and progression of type 2 diabetes
(Winzell and Ahren 2004 ). Multifunctional hostdefence peptides present in
skin secretions of several species of frogs, which were usually first identified

on the basis of their antimicrobial activity, have subsequently shown potential
for development in therapeutically valuable antidiabetic agents [reviewed in
(Conlon et al. 2014 )]. In particular, previous studies have shown that
administration of the frog skin peptides, magaininAM2 (Ojo et al. 2015a ),
tigerinin1R (Ojo et al. 2015b ) and CPFSE1 (Srinivasan et al. 2015 ) to
highfatfed mice for up to 28 days improves glucose tolerance, insulin
sensitivity and islet βcell secretory responsiveness. However, the molecular
mechanisms by which the peptides exert their beneficial effects are poorly
understood.
Hymenochirin1B (Hym1B) was first isolated from skin secretions of the
Congo dwarf clawed frog Hymenochirus boettgeri from the family Pipidae
(Mechkarska et al. 2012 ) and the peptide has been shown to display broad
spectrum antimicrobial activities (Mechkarska et al. 2013 ) and is cytotoxic to
a range of human tumour cells (Attoub et al. 2013 ). Hym1b stimulates in
vitro insulin release from BRINBD11 clonal beta cells and mouse pancreatic
islets and a recent structureactivity study has shown that the [P5K] analogue
shows increased potency and efficacy compared to the native peptide and low
haemolytic activity (Owolabi et al. 2016 ). The present investigation reports
the effects of 28day administration of [P5K]Hym1B on glycaemic control
and insulin release, insulin sensitivity, plasma lipid profile and energy
balance in highfatfed mice. In addition, insight into the mechanism of
action of the peptide has been gained by investigating the effects of peptide
treatment on glucagon concentrations, islet cell morphology and expression
of selected genes that are important in mediating insulin release in islets and
insulin action in skeletal muscle.

Materials and methods
Experimental animals
Highfatfed mice, with clear manifestations of obesity, glucose intolerance
and insulin resistance, and agematched lean mice were used in the study.
Adult (8weekold), male, National Institutes of Health Swiss mice (Harlan
Ltd., UK) mice were housed separately in an airconditioned room
(22 ± 2 °C) with relative humidity of 51 ± 5 % and a 12h light/12h dark
cycle. Animals were maintained on a highfat diet (45 % kcal fat, 20 % kcal

protein and 35 % kcal carbohydrate) (Dietex International Ltd., Witham, UK)
or on a standard rodent pellet diet (Trouw Nutrition, Northwich, UK) for
3 months before the experiment. All animal experiments were carried out in
accordance with the UK Animals (Scientific Procedures) Act 1986 and EU
Directive 2010/63EU for animal experiments and approved by Ulster
University Animal Ethics Review Committee. All necessary steps were taken
to ameliorate any potential animal suffering.

[P5K]hym1B administration
[P5K]hym1B (IKLSKETKDNLKKVLKGAIKGAIAVAKMV.NH2) was
obtained in crude form from GL Biochem Ltd. (Shanghai, China) and purified
to near homogeneity (>98 % purity) as previously described (Owolabi et al.
2016 ). Animals received twice daily intraperitoneal injections (0900 and
2100 hours) of either 0.9 % saline vehicle (lean control group and highfat
fed control group) or [P5K]hym1B (75 nmol·kg−1g body weight) for
28 days. This injection dose was determined on the basis of pilot experiments
assessing the acute effects of doses of 50, 75 and 150 nmol·kg−1 body weight
on glycaemic control. Energy intake, bodyweight, nonfasting blood glucose
and plasma insulin concentrations were measured 72 h before and every
3 days throughout the study period. Other tests were conducted after 28days
treatment when terminal samples were collected and analysed as described
below.

Effects on glucose tolerance and insulin sensitivity
Glucose tolerance tests (18 mmol·kg−1 body weight, intraperitoneal and oral)
were carried out after 28 days in overnight fasted lean mice and in highfat
fed mice treated with either saline or [P5K]hym1B as previously described
(Ojo et al. 2015a , b). Blood samples were collected from a tail vein and
blood glucose were determined using an Ascencia Contour Blood Glucose
Metre (Bayer, Newbury, UK). Plasma insulin concentrations were measured
by radioimmunoassay (Flatt and Bailey 1981 ). Insulin sensitivity tests
(25 U·kg−1 body weight) were carried out after 28 days in mice fed ad libitum
as previously described (Srinivasan et al. 2015 ). All other samples were
collected using mice fed ad libitum. Insulin resistance (HOMA IR) was
determined using homeostatic model assessment (HOMA) as previously

described (Martin et al. 2012 ). HOMA IR was calculated using the formula:
HOMA IR = fasting plasma insulin × fasting plasma glucose/22.5. Tests were
performed at 1000 hours without prior injection at [P5K]hym1B at
0900 hours.

Effects on energy intake and body composition
Indirect calorimetry and energy expenditure in the treated and control groups
were determined after 28 days of peptide treatment using the Comprehensive
Laboratory Animal Monitoring System (CLAMS) metabolic chambers
(Columbus Instruments, Columbus, OH, USA). Terminal analysis involved
measurement of total and body fat mass, together with bone mineral density
and bone mineral content by DXA scanning (Piximus Densitometer,
Fitchburg, WI, USA). RER was calculated by dividing VCO2 by VO2 Energy
expenditure (EE) was calculated using the equation
EE = 3.815 + 1.232 × RER) × VO2.

Insulinrelease studies from isolated mouse islets
Effects of [P5K]hym1B treatment on βcell function was assessed by
measurement of insulin secretory responses to known secretagogues in vitro
using pancreatic islets from 28daytreated and control animals. Islets,
isolated by collagenase digestion (Goto et al. 1985 ), were cultured overnight
in RPMI 1640 medium prior to a 40min preincubation (5–10 islets per
500 μl) at 37 °C in KrebsRinger bicarbonate (KRB) buffer (composition in
millimolar: 115 NaCl, 4.7 KCl, 1.28 CaCl2, 1.2 KH2PO4, 1.2 MgSO4, 20
HEPES, 25 NaHCO3; pH 7.4) supplemented with 0.1 % bovine serum
albumin and 1.4 mM glucose. After this period, islets were incubated for 1 h
in KRB buffer with 1.4 or 16.7 mM glucose and 1 μM glucagonlike peptide
1 (GLP1), 1 μM glucosedependent insulinotropic peptide (GIP), 10 mM
alanine, 10 mM arginine or 30 mM KCl as indicated in Fig. 5 . Insulin release
was measured by radioimmunoassay and results are expressed as a percentage
of total insulin content of the islets.

Biochemical analyses
Pancreatic tissues were harvested from 28day treated mice and homogenized
in 20 mM TrisHCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA and 0.5 %

Triton X 100; pH 7.5 as previously described (Srinivasan et al. 2015 ).
Pancreatic insulin content was measured by radioimmunoassay. Protein
concentrations were determined using Bradford reagent (Sigma, Dorset, UK).
Effects of treatment on renal and liver function were assessed by
measurement of plasma levels of creatinine, alanine transaminase (ALT),
aspartic acid transaminase (AST) and alkaline phosphatase (ALP) using assay
kits supplied by Randox Laboratories, Antrim, U.K.). Plasma triglyceride and
total cholesterol, lowdensity lipoprotein (LDL) and highdensity lipoprotein
(HDL) concentrations were measured using an Ilab 650 clinical chemistry
instrument (Instrumentation Laboratory, Warrington, UK). The assay kit for
cholesterol was obtained from Randox Laboratories. LDL cholesterol was
estimated using the Friedewald equation as described (Johnson et al. 1997 ).
Plasma and pancreatic glucagon concentrations were measured using an
ELISA kit (EMD, Millipore, Watford, UK). Serum amylase concentration
was determined using an amylase assay kit from Abcam (Cambridge, UK). In
all cases, the manufacturers’ recommended protocols were followed.

Immunohistochemistry
Pancreatic tissues obtained from treated and untreated animals were fixed in
4 % paraformaldehyde for 48 h at 4 °C and embedded in paraffin (Moffett et
al. 2013 , 2014 ). Specimens were sectioned at 8 μm thickness using a
microtome (Shandon finesse 325, Thermo scientific, UK) and selected at an
interval of 10 sections. Sections were dewaxed in xylene (Sigma Aldrich,
UK) and rehydrated by incubation in graded ethanol concentrations. Antigen
retrieval was performed using citrate buffer (pH 6.0) at 94 °C for 20 min. The
sections were blocked in 10 % BSA and incubated with primary antibodies,
mouse monoclonal antiinsulin (ab, 1:600; Abcam) or guineapig anti
glucagon (1:400; raised inhouse) overnight at 4 °C. Sections were incubated
with secondary antibodies (goat antiguinea pig IgG, Alexa Fluor 488
conjugate 1:400; Alexa Fluor 594 goat antimouse IgG, 1:400) for 45 min at
37 °C. Slides were washed in PBS and mounted in antifade mounting
medium. Slides were viewed with fluorescence microscope (Olympus system
microscope, model BX51) at ×10 and ×20 magnification with either a FITC
filter (488 nm) or a TRITC filter (594 nm) and photographed with the DP70
camera adapter system. Antibodies used were highly specific and showed no
crossreactivity with other pancreatic hormones. Islet number, islet area, β
Ʌ

cell area and αcell area were analysed using CellɅF image analysis software
(Olympus Soft Imaging Solutions GmbH, Münster, Germany). For analysis of
islet size distribution, islets were classified as small, medium and large. Islets
were designated ‘small’ if they were less than 10,000 μm 2, ‘medium’ if
between 10,000 and 25,000 μm2 and ‘large’ if greater than 25,000 μm 2.

Gene expression studies
mRNA was extracted from skeletal muscle and islets using TriPure isolation
reagent following the manufacturer’s recommended procedure. Conversion of
mRNAs (1–3 μg) to cDNAs was performed using SuperScript™ II Reverse
Transcriptase (Invitrogen Life Technologies, Carlsbad, CA, U.S.A.) (Moffett
et al. 2013 ). Genes were amplified by real time reverse transcription
polymerase chain reaction (RTPCR) using an Opticon realtime PCR system
with attached BioRad CFX96 software and a Quantifast SYBR green RT
PCR kit (Qiagen Ltd., Manchester, U.K.) according to the manufacturer’s
recommended procedure with slight modifications. The reaction mixture
comprised Quantifast SYBR green PCR mix (9 μl), appropriate forward and
reverse primers (1 μl each), cDNA (1 μl) and RNasefree water (6 μl). PCR
conditions for all amplification were set as initial denaturation 95 °C for
5 min, final denaturation 95 °C for 30 s, annealing temp 58 °C for 30 s and
final extension at 72 °C for 30s. βactin (ActB) was used as a positive control
for each PCR experiment and results were analysed using the ΔΔCt method,
with mRNA expression normalized to ACTB. The primers used for the
experiments are shown in Table 1 .
Table 1
List of genes studied and their primer sequences
Gene
Insr

Gipr

Common name

Primer sequence

Insulin receptor

F GCA GGA AAT GGC TCC
TGG AC
R GGG GTC CAA TGA TAA
TTT TGG CAA T

Gastric inhibitory polypeptide
receptor

F TGC CCC GAC TAC CGA CTA
AG
R GCC TTC AAC CTG TTC CTC
CG
F GCT GAG GGT CTC TGG CTA
CA

Glp1r

Glucagon1 like peptide receptor

CA
R GGG ACA GGA GCT GTT
CCT CA

Insulin receptor substrate 1

F AGG ACC TCA CGT CTT CCT
CTT
R TTC CGG TGT CAC AGT GCT
TTC

Ptb1

Protein phosphatase 1B

F TCG CCT GCG CAT TTG TAC
TC
R TGA GTT TTC CAG TGC CCC
AAA

Pik3ca

Phosphatidylinositol 3kinase,
catalytic subunit α

F ACA GAG ACA GAG CAC
GAT CCA
R TCC ACG TGC TGT GAG GTT
TC

Pdk1

3phosphoinositide dependent
protein kinase 1

F TGG GTC CAG TGG ATA AGC
GAA
R CCG GTA ATT ACA TCG TGT
GGA CAA

Protein kinase B

F GCC GCC TGA TCA AGT TCT
CC
R CAG CGC ATC CGA GAA
ACA AAA C

GLUT4 glucose transporter

F ACT AGA TCC CGG AGA
GCC TGG
R TGG AAA CCC GAC GGC
ATC TT

Irs1

Akt1

Slc2a4

Statistical analysis
Data were compared using unpaired Student’s t test (nonparametric, with
twotailed P values and 95 % confidence interval) and oneway ANOVA with
Bonferroni post hoc test wherever applicable. Area under the curve (AUC)
analysis was carried out using the trapezoidal rule with baseline correction.
Values were presented as means ± S.E.M. The significance levels were set at
P < 0.05, P < 0.01 and P < 0.001.

Results
Effects of [P5K]hym1B on food intake, body weight, non
fasting blood glucose and plasma insulin concentrations

Following 28day administration of the peptide, body weight (Fig. 1 a, b),
food intake (Fig. 1 c), nonfasting blood glucose (Fig. 1 d, e) and nonfasting
plasma insulin (Fig. 1 f, g) concentrations were significantly greater in
animals fed a highfat diet compared with the lean controls. However, no
difference was observed in body weight and food intake between animals
treated with [P5K]hymIB and the untreated highfatfed controls.
Administration of [P5K]hym1B resulted in a significant (P < 0.05) reduction
in blood glucose concentrations (Fig. 1 d, e) by day 24 but plasma insulin
concentrations were not significantly different at any time point (Fig. 1 f, g).
Fig. 1
Effects of twice daily administration of [P5K]hym1B on a, b body weight), c
food intake, d, e blood glucose, f, g plasma insulin and h, i body fat in highfat
fed mice. For panels –a–g, measurements were taken 3 days before and at 72h
interval throughout the 28day treatment period. For panels h and i, body fat
was measured by DEXA scanning at the end of the study. Values are
means ± S.E.M. (n = 6). Integrated responses (area under the curve are shown.
**P < 0.01, ***P < 0.001 compared to lean control mice and ΔP < 0.05,
ΔΔ
P < 0.05 compared to highfatfed control mice

Effects of [P5K]hym1B administration on body
composition and energy expenditure
As expected, a highfat diet significantly (31 %, P < 0.001) increased body
fat compared to standard rodent diet but there was no significant difference
between the body fat content in mice treated with [P5K]hym1B and saline
treated control mice fed a highfat diet (Fig. 1 h, i). No differences were
observed in bone mineral density, bone mineral content, bone area and lean
body mass between the three groups of mice (data not shown). [P5K]hym1B
treatment had no effect on oxygen consumption and carbon dioxide
production and these parameters were not significantly different in the three
groups. Respiratory exchange ratio (RER) was significantly (P < 0.001)
lower in both highfatfed groups compared to lean controls but there was no
difference in RER between the highfatfed [P5K]hym1Btreated and
untreated groups. The highfatfed animals showed a significant (P < 0.01)

increase in energy expenditure (EE) but [P5K]hym1B treatment had no
effect (data not shown).

Effect of [P5K]hym1B on glucose tolerance, HOMA IR and
insulin sensitivity
After an intraperitoneal glucose load, highfatfed mice exhibited impaired
glucose tolerance (Fig. 2 a, 2 b) and significantly (P < 0.01) enhanced insulin
response to glucose (Fig. 2 c, 2 d) compared with the lean control group. A
comparison of glucose tolerance (Fig. 2 e, f) and insulin response (Fig. 2 g, h)
in highfatfed and lean mice after the same glucose load administered orally
is shown. Both glucose tolerance and glucoseinduced insulin secretion were
significantly enhanced (P < 0.05) following either an intraperitoneal or oral
glucose load in mice that received [P5K]hym1B compared to highfatfed
animals injected with saline. Comparing the integrated responses (area under
curve, AUC) to intraperitoneal and oral glucose challenges, a significantly
greater increase in plasma insulin with a concomitant reduction in blood
glucose was observed following an oral glucose load compared to
intraperitoneal injection (Fig 3 ). The impaired incretin effect in highfatfed
mice was reversed by [P5K]hym1B treatment. Indeed, the responses of these
mice were significantly (P < 0.05) superior to those of lean control mice.
[P5K]hym1B administration also improved insulin sensitivity (Fig. 4 a, b)
and produced a significant (P < 0.05) reduction in HOMA IR insulin
resistance compared with salinetreated highfatfed mice (Fig 4 c).
Fig. 2
Glucose tolerance and plasma insulin following intraperitoneal and oral
administration of glucose in highfatfed mice treated with [P5K]hym1B.
Blood samples were collected before and after intraperitoneal (panels a–d) and
oral (panels e–h) administration of glucose (18 mmol/kg body weight) in lean
and highfatfed control mice and in mice treated with [P5K]hym1B for
28 days. Values are means ± S.E.M. (n = 8). Integrated responses (area under
the curve) are shown in panels b, d, f and h. **P < 0.01, ***P < 0.001
compared to lean control mice. ΔP < 0.05, ΔΔP < 0.01 compared to highfatfed
control mice

Fig. 3
Comparison of the incretin effect of intraperitoneal and oral administration of
glucose in lean, highfatfed and [P5K]hym1Btreated mice after 28 days.
Intraperitoneal (IGTT) and oral (OGTT) glucose tolerance tests were carried
out on overnightfasted mice. Values are means ± S.E.M. (n = 8). Panels a and
b show the differences in integrated response (area under the curve) for IGTT
and OGTT for glucose and insulin respectively. *P < 0.05, ***P < 0.001
compared to lean control. ΔΔP < 0.01, ΔΔΔP < 0.001 compared with highfatfed
control mice

Fig. 4
Effects of [P5K]hym1B administration on insulin sensitivity in highfatfed
mice. Blood samples were taken before and after intraperitoneal administration
of insulin (25 U/kg body weight) in lean control, highfatfed control and
[P5K]hym1Btreated mice after 28 days. Values are means ± S.E.M. (n = 6).
The integrated glucose response (area under the curve, AUC) is shown in panel
b and HOMA IR in panel c. **P < 0.01 ***P < 0.001 compared to lean mice.
Δ
P < 0.05, ΔΔP < 0.01 compared to highfatfed control mice

Effects of [P5K]hymenochirin1B administration on
pancreatic weight, insulin content and islet secretory
responses
No differences were found in pancreatic weight in the three groups but the
insulin content was significantly (P < 0.05) increased in the highfatfed
animals (Fig 5 a) compared with lean controls. [P5K]hym1B treatment
produced a significant (P < 0.01) reduction in total insulin content compared

to salinetreated highfatfed controls (Fig 5 b). The insulin secretory
responses to 16.7 mM glucose and to the other secretogogues tested using
islets isolated from highfatfed mice were significantly less than the
responses of islets from lean mice. However, the magnitude of the responses
of islets from [P5K]hym1Btreated mice to all secretogogues, including
GLP1and GIP, were significantly greater than those from highfat animals
indicating that the peptide had restored insulin secretion to the level observed
in islets isolated from lean animals (Fig 5 c).
Fig. 5
Effects of [P5K]hym1B administration on a pancreatic weight, b total insulin
content, c islet insulinsecretory responses and expression of d GLP1 receptor
and e GIP receptor genes in islets isolated from highfatfed mice. Analysis
were carried out using lean control, highfat control and [P5K]hym1Btreated
mice after 28 days. For gene expression studies, βactin was used as reference
gene to which all mRNA concentrations (arbitrary units) are normalized. Values
are means ± S.E.M. (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 compared
with lean control mice. ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared to high
fatfed control mice

Effects of [P5K]hym1B administration on and glucagon
concentrations and the plasma lipid and enzyme profiles
Highfatfed mice showed significantly (P < 0.001) higher levels of glucagon
in plasma (Fig. 6 a) and the pancreas (Fig. 6 b) compared to lean mice.
[P5K]hym1B administration significantly (P < 0.01) decreased both plasma

and pancreatic glucagon concentrations compared with salinetreated, high
fatfed control mice. Plasma cholesterol concentrations were significantly
(P < 0.05) increased in highfat control animals. Significantly (P < 0.01)
raised plasma triglyceride concentrations were observed in highfatfed
untreated animals that was significantly (P < 0.01) lower in the [P5K]hym
1Btreated group. Administration of the peptide also produced a significant
(P < 0.01) increase in plasma HDL concentrations and a significant
(P < 0.01) decrease in LDL concentrations compared with their untreated
highfatfed mice (Fig. 6 c). [P5K]hym1B administration had no effect on
plasma concentrations of amylase (Fig. 6 d), AST and ALT but the plasma
ALP concentration was significantly (P < 0.05) lower in highfatfed control
mice compared to [P5K]hym1Btreated animals (Fig. 6 e). Plasma creatinine
concentrations were significantly (P < 0.01) lower in [P5K]hym1Btreated
and lean control animals compared with the highfatfed control group (Fig.
6 e).
Fig. 6
Effects [P5K]hym1B administration on a plasma glucagon, b pancreatic
glucagon, c plasma lipid profile, d serum amylase concentrations and e plasma
concentrations of enzymes in highfatfed mice. Analysis were carried out
using lean control, highfat control and [P5K]hym1Btreated mice after
28 days. Values are means ± S.E.M. (n = 6). *P < 0.05, **P < 0.01,
***P < 0.001 compared to lean control mice; ΔP < 0.05, ΔΔP < 0.01 compared
to highfatfed control mice

Effects of [P5K]hym1B administration on islet cell
morphology
Representative images of islets showing βcells (red) and αcells (green) from
[P5K]hym1Btreated, highfatfed control and lean control mice are shown
in Fig. 7 a. Total islet area, βcell area and αcell area were significantly
(P < 0.001) increased in mice maintained on highfat diet compared to lean
controls. [P5K]hym1B treatment did not produce any change in total islet
numbers (Fig. 7 b). However, peptide administration resulted in a significant

(P < 0.01) reduction in islet area (Fig. 7 c), βcell area (Fig. 7 d) and αcell
area (Fig. 7 e). Larger islet cells were seen in the highfatfed control group
compared with the lean control and [P5K]hym1Btreated groups (Fig. 7 f).
Fig. 7
Effects of [P5K]hym1B administration on islet morphology in highfatfed
mice. a Representative islets showing insulin (red) and glucagon (green)
immunoreactivity from lean, highfatfed control and [P5K]hym1Btreated
mice at 28 days, b islet number, c islet area, d βcell area, e αcell area and f
islet size distribution. Data show means ± S.E.M. (n = 6; approximately 120
islets per group). *P < 0.05, ***P < 0.001 compared with lean control group.
ΔΔ
P < 0.01 compared to highfatfed control group

Effects of [P5K]hym1B administration on selected gene
expression in skeletal muscle and islets
Feeding a highfat diet to control mice resulted in significantly reduced

skeletal muscle expression of the Slc2a4 (GLUT4), Insr (insulin receptor),
Irs1 (insulin receptor substrate 1), Akt1 (protein kinase B alpha), Pdk1 (3
phosphoinositide dependent protein kinase 1) and Pik3ca
(phosphatidylinositol 3kinase catalytic subunit α) genes compared with lean
mice (Fig. 8 e–f). In contrast, expression of the Ptb1 (protein phosphatase 1B)
gene was significantly (P < 0.01) upregulated in highfatfed control mice
(Fig. 8 g). Administration of [P5K]hym1B enhanced Insr gene expression by
54 % (P < 0.01) compared with the highfatfed control group. Similar
significant increases in the level of expression were found for the Slc2a4
(60 %) Irs1 (51 %), Pik3ca (65 %), Akt1 (48 %) and Pkd1 (41 %) genes.
Expression of the Ptb1 gene was not significantly different between the high
fatfed animals treated with [P5K]hym1B and those receiving saline. In
islets, the glucagon1like peptide receptor (Glp1r) (Fig 5 d) and gastric
inhibitory polypeptide receptor (Gipr) (Fig 5 e) genes were downregulated in
the salinetreated highfatfed animals compared to lean controls. [P5K]hym
1B administration significantly (P < 0.01)increased the expression of Gipr
(82 %) and Glp1r (88 %) genes compared to the highfatfed control group.
Fig. 8
Effects of [P5K]hym1B administration on gene expression in skeletal muscle
from highfatfed mice. Genes encoding the following proteins were studied in
lean control, highfat control and [P5K]hym1Btreated mice after 28 days: a
GLUT4 (Slc2a4), b insulin receptor (Insr), c insulin receptor substrate 1 (Irs1),
d 3phosphoinositide dependent protein kinase 1 (Pdk1), e protein kinase B
(Akt1), f phosphatidylinositol 3kinase, catalytic subunit α (Pik3ca) and g
protein phosphatase 1B (Ptb1). βactin was used as reference gene to which all
mRNA concentrations (arbitrary units) are normalized. Values are
means ± S.E.M. (n = 4). **P < 0.01, ***P < 0.001 compared to lean control
group; ΔP < 0.05, ΔΔP < 0.01 compared to highfatfed control group

Discussion
Administration of [P5K]hym1B over a 28day period to highfatfed mice
with insulin resistance and impaired βcell function resulted in decreased
circulating nonfasted glucose concentrations, improved oral and
intraperitoneal glucose tolerance together with enhanced insulin secretion. In
addition, peptide enhanced insulin sensitivity as indicated by improved
glucose lowering actions of insulin and HOMAIR. Clearly, these effects are
interrelated and it is not entirely clear to what extent the beneficial effects of
the peptide on glycaemic control are a result of increased insulin secretion or
decreased insulin resistance. A previous in vitro study has demonstrated that

[P5K]hym1B significantly stimulates the rate of insulin release from
dispersed mouse islets at a concentration as low as 0.1 nM by a mechanism
that involves an increase in intracellular cAMP. In line with this observation,
downregulation of PKA pathway by forskolin abolishes the insulinotropic
activity of the peptide (Owolabi et al. 2016 ). In contrast to the action of some
other other insulinotropic frog skin [reviewed in (Conlon et al. 2014 )], the
peptide did not block KATP channels and depolarize the plasma membrane
(Owolabi et al. 2016 ).
The mechanism by which the peptide decreases insulin resistance is a matter
for speculation but it is unlikely that is exclusively a consequence of the
reduced circulating glucose and alleviation of glucotoxicity resulting from
increased insulin secretion. After this study was complete, a report appeared
describing the beneficial effect on insulin sensitivity, without changes in body
composition and weight, by treating highfatfed mice with an extract of the
herb Urtica dioica (Obanda et al. 2016 ). Although the active component in
the extract was not identified, it was shown that the decrease in insulin
resistance was mediated by a reduction in protein phosphatase 2A activity in
skeletal muscle leading to a reduction in Akt (protein kinase B)
dephosphorylation. The present study has demonstrated that [P5K]hym1B
administration produces changes in expression of genes in skeletal muscle as
well as pancreatic islets. It is wellestablished that insulin resistance causes
increased release of nonesterified fatty acids and high circulating
concentrations of these components contribute to impaired insulin signalling
and impaired glucose uptake in the skeletal muscle (Poletto et al. 2015 ).
Activation of Glut4, Pi3k, Irs1 and Akt are key steps in the signal
transduction pathway culminating in insulininduced glucose disposal.
Activation of insulin receptor results in the recruitment and phosphorylation
of a panel of substrate molecules of which Irs1 serves as adapter molecule.
Tyrosine phosphorylation of Irs1 causes it to bind to the P85 regulatory
subunit of Pi3k with subsequent generation of the second messenger
phosphatidylinositol (3,4,5)trisphosphate which in turn activates other
molecules involved in insulin signalling such as Akt and Pdk1 (Fröjdö et al.
2009 ). This study has demonstrated downregulation of the Pik3ca, Akt1,
Irs1, Insr and Slc2a4 genes in the skeletal muscle of insulinresistant high
fatfed animals and that these genes were significantly upregulated in these

mice that were treated with [P5K]hym1B. Although further studies are
required to demonstrate parallel changes in protein concentration,
phosphorylation and biological activity, it is plausible that the observed
improvement in insulin sensitivity in peptidetreated mice involves, at least in
part, enhanced insulin action in skeletal muscle.
Increased βcell mass and enhanced insulin secretion are mechanisms by
which the pancreas compensates for insulin resistance in order to maintain
normoglycaemia (Mezza et al. 2014 ; Roat et al. 2014 ). Consistent with
previous studies (Ojo et al. 2015b ; Srinivasan et al. 2015 ), highfatfed mice
exhibited significant increases in total islet area and in β and αcell areas
compared to lean controls. Administration of [P5K]hym1B significantly
reduced both pancreatic insulin content and βcell area. Unrestrained
glucagon production resulting in circulating hyperglucagonaemia contributes
to the observed hyperglycaemia in patients with type 2 diabetes (Cryer
2012 ). Treatment with [P5K]hym1B resulted in decreased concentrations of
glucagon in both pancreas and plasma and decreased αcell area which
probably contributed to the observed lowering in plasma glucose
concentrations during the study.
The incretin effect refers to the greater insulin response following an oral
glucose compared with the same intravenous or intraperitoneal load (Kazakos
2011 ). In humans, this effect is mediated primarily by GLP1 and GIP. Loss
of the incretin effect is a specific and early characteristic of type 2 diabetes
(Holst et al. 2011 ). Consistent with this, feeding a highfat diet to mice
decreased islet βcell secretory responsiveness and impaired the incretin
effect which was restored in animals treated with [P5K]hym1B. Consistent
with a previous study in obese and diabetic rats (Younan and Rashed 2007 ),
feeding the highfat diet resulted in downregulation of the GIP receptor in
islets but treatment with [P5K]hym1B produced a marked increase in
expression of the Gipr gene (Fig. 5 d). The modest decrease in the expression
of the Glp1r gene seen in the highfatfed NIH Swiss mice in this study (Fig.
5 d) was not seen in an earlier study with highfatfed obesityprone inbred
AKR/J mice (Imai et al. 2008 ) but this may simply be a strain difference.
Previous work from the laboratory showed that several amphibian skin
peptides stimulate the release of GLP1 from GLUTag cells (Ojo et al. 2013 ).
In particular, [P5K]hym1B at 1μM concentration produces a significant

increase in the rate of GLP1 release from GLUTag cells (66 % over basal
rate) that is comparable to that produced by 10 mM glutamine (76 % over
basal rate). This observation together with the major upregulation of the
GLP1 receptor and the increased in vitro responses to GLP1 in the islets of
mice treated with [P5K]hym1B compared with highfat controls suggest that
the restoration of the incretin effect may be mediated, at least in part, through
increased release and efficacy of GLP1 (Moffett et al. 2015 ). However, it
should be noted that insulin sensitivity can also be increased indirectly by
improving glycaemic control (Derosa et al. 2012 ).
Although longterm toxicological studies are needed, it is encouraging that
animals receiving [P5K]hym1B over 28 days showed no signs of distress or
other adverse behavioural effects and that they maintained a high food intake.
Furthermore, circulating concentrations of the hepatic marker enzymes ALT
and AST, creatinine and amylase were similar to those of lean mice,
suggesting that [P5K]hym1B administration had no adverse effects on liver,
kidney or exocrine pancreatic function. A number of clinically approved
GLP1 mimetics and dipeptidyl peptidase4 inhibitors have been linked in
some human and animal studies to pancreatic acinar cell injury (hypertrophy,
autophagy, apoptosis, necrosis and atrophy) and duct changes, thereby raising
safety concerns for increased risk of pancreatitis and pancreatic ductal
metaplasia (Garg et al. 2010 ; Iyer et al. 2011 ; Rouse et al. 2014 ). Although
the consensus opinion strongly favours continued use of these drugs, the
situation illustrates the need for alternative therapeutic approaches. Concern
has also been raised over induction of Ccell tumours of thyroid by GLP1
mimetics (Nauck and Friedrich 2013 although such safety concerns have
been minimized (Vangoitsenhoven et al. 2012 ). Clearly, future studies will
also need to address questions such as the possibility that [P5K]hym1B
might provoke an allergic reaction in patients and be associated with nausea
and adverse gastrointestinal sideeffects as is sometimes found with GLP1
receptor agonists (Østergaard et al. 2016 ).

Conclusions
This study has demonstrated that [P5K]hym1B exhibits a diverse range of
properties that indicate that it may have potential for development into a drug
for treatment of patients with type 2 diabetes. Peptide treatment lowered

circulating glucose concentrations and a previous study involving acute
administration of [P5K]hym1B to mice (Owolabi et al. 2016 ) did observe
any “overshoot” leading to hypoglycaemia. In particular, the peptide is
effective in overcoming insulin resistance and loss of the incretin effect that
characterize the early stages of type 2 diabetes. Additionally, administration
of the peptide reverses the abnormalities in β and αcell area and reduces
hyperglucagonaemia. Metabolic syndrome is characterized by a cluster of
factors that increase the risk of developing type 2 diabetes. These factors
include central obesity, insulin resistance, elevated fasting concentrations of
plasma glucose, triglycerides and LDL cholesterol concentrations, decreased
HDL cholesterol concentrations and elevated blood pressure (O’Neill and
O’Driscoll 2015 ). Although [P5K]hym1B treatment had no significant effect
on body weight, total fat or food intake during the duration of the study, the
beneficial lowering of circulating triglyceride and LDL cholesterol
concentrations and elevation of HDL cholesterol suggests that the peptide
may be useful in preventing the progression of metabolic syndrome to
diabetes. Future studies will investigate the effect of administration of hym
1b analogues over an extended period of time on haemoglobin A1c
concentrations.
Comparing their relative advantages and disadvantages as therapeutic agents,
[P5K]hym1B shares with GLP1 analogues a glucosedependent
insulinotropic action that is mediated, least in part, through an increase in
intracellular cAMP concentration. Both peptides also have the benefit of
decreasing αcell area and postprandial glucagon secretion. Unlike GLP1
mimetics, [P5K]hym1B does not appear to promote satiety and weight loss.
GLP1 receptor agonists retard gastric emptying and reduce hepatic glucose
output but effects of [P5K]hym1B on these parameters have not yet been
studied. Our data suggest that [P5K]hym1B may be superior to GLP1
analogues with regard to improvements in insulin sensitivity and beneficial
effects on circulating lipid and LDL/HDL concentrations. In view of the rapid
clearance from the circulation of peptidebased therapeutic agents, it is
unlikely that [P5K]hym1B itself can be used to treat patients with Type 2
diabetes. In the case of drugs based upon the structure of GLP1, this problem
has been addressed by the design of analogues that incorporate a fatty acid
moiety that facilitates binding to albumin and Damino acids to increase

stability to peptidases (Østergaard et al. 2016 ). This strategy will be
employed to produce longacting analogues of [P5K]hym1B.
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