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Background: Magainin-AM2, a previously described amphibian host-defense peptide, stimulates insulin- and
glucagon-like peptide-1-release in vitro. This study investigated anti-diabetic effects of the peptide in mice
with diet-induced obesity and glucose intolerance.
Methods:Male National Institute of Health Swiss mice were maintained on a high-fat diet for 12-weeks prior to
the daily treatmentwithmagainin-AM2. Various indices of glucose toleranceweremonitored togetherwith insulin
secretory responsiveness of islets at conclusion of study.
Results: Following twice daily treatment with magainin-AM2 for 15 days, no significant difference in body weight
and food intake was observed compared with saline-treated high fat control animals. However, non-fasting blood
glucose was significantly (P b 0.05) decreased while plasma insulin concentrations were significantly (P b 0.05)
increased. Oral and intraperitoneal glucose tolerance and insulin secretion following glucose administration via
both routes were significantly (P b 0.05) enhanced. The peptide significantly (P b 0.001) improved insulin

sensitivity aswell as the beta cell responses of islets isolated from treatedmice to a range of insulin secretagogues.
Oxygen consumption, CO2 production, respiratory exchange ratio and energy expenditure were not significantly
altered by sub-chronic administration of magainin-AM2 but a significant (P b 0.05) reduction in fat deposition
was observed.
Conclusion: These results indicate that magainin-AM2 improves glucose tolerance, insulin sensitivity and islet
beta cells secretory responsiveness in mice with obesity-diabetes.
General significance: The activity ofmagainin-AM2 suggests the possibility of exploiting this peptide for treatment
of type 2 diabetes.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Use of natural products and biologically active peptides from
exogenous sources for the treatment of human disease has been
well documented [1,2]. Many such agents are currently being
evaluated for their ability to stimulate insulin secretion [3–6], delay
glucose absorption [7], promote weight loss [8], improve insulin
sensitivity [9], retard gastric emptying [10], promote incretin
activity [11] and enhance glucose homeostasis. Exendin-4, isolated
from the saliva of Gila monster lizard, is a classic example of a naturally
occurring biologically active peptide successfully developed for the
treatment of type 2 diabetes [12].

While the structural similarity between exendin-4 and the
endogenous incretin hormone, glucagon-like peptide 1 (GLP-1)
accounts for their similar biological effects, our previous studies
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revealed that a number of structurally diverse, amphibian host-
defense peptides exhibited incretin-like effects [5]. Magainin-AM2,
a 23 amino acid peptide isolated from the skin secretion of the Volcano
clawed frog, Xenopus amieti on the basis of its antimicrobial activities
[13], is one such example. This peptide is an ortholog of magainin-2, a
cationic, amphipathic, α-helical antimicrobial peptide first isolated
from Xenopus leavis [14]. In addition to antimicrobial effects, peptides
in magainin family or their analogs have been shown to possess
wound-healing [15], anti-inflammatory [16,17], anti-malarial [18],
anti-viral [2] and anti-cancer [19] effects. In addition, magainins have
been reported to decrease plasma levels of endotoxin and TNF-alpha
in a rat model of sepsis [20], affect respiratory control and inhibit
mammalian spermatozoa motility [21].

We recently reported that magainin-AM1 and -AM2 significantly
stimulated the release of GLP-1 from GLUTag cells [22]. Our more
recent investigations of the in vitro actions of magainin-AM2
revealed a significant stimulation of insulin-release from clonal
BRIN-BD11 cells and isolated mouse islets [23]. This was associated
with membrane depolarization and increased intracellular calcium
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Fig. 1. Effects of magainin-AM2 on bodyweight (A), food intake (B), plasma glucose (C) and insulin (D) in normal meal and high-fat fed mice. Parameters were measured 3 days prior to,
and every 72 h during treatment (indicatedwith black bar)with saline ormagainin-AM2. Values aremeans± SEM for 8mice. ΔP b 0.05, ΔΔP b 0.01, ΔΔΔP b 0.001 compared to high fat fed
control mice.
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in the BRIN-BD11 beta cell line [23]. These positive in vitro results
stimulated our interest to investigate in vivo antidiabetic effects of
magainin-AM2 in an animal model of type 2 diabetes. The present
study has examined the biological effects of sub-chronic (15 days)
administration of magainin-AM2 on energy balance, glucose
homeostasis, insulin secretion and insulin sensitivity in mice with
diet-induced obesity, insulin resistance and glucose intolerance.
Fig. 2. Effects ofmagainin-AM2onplasma glucose and insulin concentrations following intraper
were conducted after twice-daily treatment ofmicewithmagainin-AM2 (75 nmol/kg body wei
compared with saline treated lean mice. ΔP b 0.05, ΔΔP b 0.01, ΔΔΔP b 0.001 compared with hi
2. Materials and methods

2.1. Peptide synthesis and purification

Magainin-AM2 (GVSKILHSAGKFGKAFLGEIMKS) was supplied in
crude form by GL Biochem Ltd (Shanghai, China). Purification to near
homogeneity (N98% purity) was performed by reversed-phase HLPC
itoneal (A–D) and oral (E–H) glucose administration in normal andhigh-fat fedmice. Tests
ght/day) for 15 days. Values aremeans±SEM for 8mice. *Pb 0.05, **P b 0.01, ***P b 0.001
gh-fat fed control mice.
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Fig. 3. Effects ofmagainin-AM2 onoral and intraperitoneal glucose tolerance and insulin secretion in normal andhigh-fat fedmice. Plasma glucose (A–C) and insulin (D–F)weremeasured
prior to and after oral or intraperitoneal administration of glucose (18 mmol/kg) to high-fat fed mice pre-treated with saline or magainin-AM2 (75 nmol/kg bw) for 15 days. Area under
the curve (AUC) graphs, for each group of mice, is included as inserts. Values are means ± SEM for 8 mice. **P b 0.01, ***P b 0.001 compared with oral glucose tolerance test (OGTT).
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on a (2.2 cm × 25 cm) Vydac 218TP1022 (C18) column equilibrated
with acetonitrile/water/triflouroacetic acid (21/78.9/0.1 v/v) at a flow
rate of 6 ml/min. The concentration of acetonitrile was raised to 56%
(v/v) over 60min. Identity of the peptidewas confirmed by electrospray
mass spectrometry.

2.2. Laboratory animals

National Institutes of Health (NIH) Swiss mice (male, 8 weeks old,
Harlan Ltd, UK), housed individually in an air-conditioned room
(22 ± 2 °C) with a 12-h light:12-h dark cycle (08:00–20:00 h) were
used. Mice were maintained for 3 months prior to the experiment on
a high-fat diet consisting of 45% kcal from fat, 20% kcal from protein,
and 35% kcal from carbohydrate (total energy 19.5 kJ/g, Dietex
International Ltd, Witham, UK) or standard rodent diet. Weight-
matched mice with clearly manifested obesity, insulin resistance
and glucose intolerance together with their age matched lean controls
were used. All animal experiments were carried out in accordance
with the UK Animals (Scientific Procedures) Act 1986 and EU Directive
2010/63EU for animal experiments.

2.3. In vivo experimental procedure

High-fat fed mice (n = 8) received twice daily injections of either
saline vehicle (0.9% (w/v)) or magainin-AM2 (75 nmol/kg body
weight) for 15 days. This peptide dose was selected from results of a
pilot study that investigated doses of 37, 75 and 150 nmol/kg body
weight. Twice daily injection of magainin-AM2 was selected based on
our previous results which show that the peptide is active within 12 h
of administration. This dose can be expected to yield circulating
concentrations ofmagainin-AM2 considerably lower than theminimum
inhibitory concentration to induce antimicrobial effects. Energy intake,
body weight, non-fasting blood glucose and plasma insulin concentra-
tions 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 (25U/kg bw)were carried out after 15 days in overnight
fasted mice as previously described [24]. Indirect calorimetry and
energy expenditure in high-fat fed mice were measured using the
Comprehensive Laboratory Animal Monitoring System (CLAMS)
metabolic chambers (Columbus Instruments, Columbus, OH, USA) [25].
Terminal analysis included measurement of total body lean and fat
mass, bone mineral density and bone mineral content by DXA scanning
(Piximus Densitometer, USA). In addition, pancreatic tissue was excised
for islet isolation and analysis of insulin content following acid–ethanol
extraction [26]. No adverse effects were observed in mice treated with
magainin-AM2.

2.4. Insulin-release studies from isolated islets

Insulin secretory function of islets isolated from mice receiving
magainin-AM2 or salinewas assessed in response to established insulin
secretagogues and incretin hormones, including 1.4–16.7 mM of
glucose, 1 μMof GLP-1, 1 μMof GIP, 10mMof alanine, 10mMof arginine
and 30 mM of KCl. The latter 5 agents were tested in the presence
of 16.7 mM of glucose. Islets isolated by collagenase digestion
[27,28] were cultured overnight in RPMI 1640 prior to a 40 min
pre-incubation (5–10 islets per tube) at 37 °C in KRB buffer supplement-
edwith 1.4mMof glucose. After this period, islets were incubated for 1 h
in KRB buffer containing 5.6mMof glucose or 16.7mMof glucose and the
agents as indicated in Fig. 7. Insulin release was measured by
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Fig. 4. Effects of magainin-AM2 on insulin sensitivity in normal and high-fat fed mice.
Plasma glucose levels were measured prior to, and after, intraperitoneal injection of
insulin (25 U/kg bw) in normal and high-fat fed mice treated with twice-daily injections
of saline or magainin-AM2 (75 nmol/kg body weight) for 15 days. Values are
means ± SEM for 8 mice. ⁎P b 0.05, ⁎⁎⁎P b 0.001 compared with saline-treated lean
mice. ΔΔΔP b 0.001 compare with high-fat fed control mice.
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radioimmunoassay as described previously [29] and results were
expressed as a percentage of total insulin content of islets.

2.5. Biochemical measurements

Blood samples (approximately 150 μl) were collected from the cut
tip of the tail vein of conscious mice at intervals indicated in the figures
and plasma was separated and stored as described previously [30].
Blood glucose was measured using a hand-held Ascencia Contour
meter (Bayer Healthcare, UK). Plasma and pancreatic insulin concentra-
tions were determined by radioimmunoassay [29].

2.6. Statistical analysis

Results are expressed as mean ± S.E.M. Values are compared using
one-way ANOVA followed by Student–Newman–Keuls post hoc test.
Area under the curve (AUC) analysiswas performedusing the trapezoidal
rule with baseline correction. P b 0.05 was considered statistically
significant.

3. Results

3.1. Effects of magainin-AM2 on energy intake, body weight, non-fasting
blood glucose and plasma insulin

Energy intake, body weight as well as non-fasting glucose and
insulin concentrations were significantly higher in mice fed a high-fat
diet compared to lean controls. Treatment of the high-fat fed mice
with twice-daily injections of magainin-AM2 for 15 days had no
significant effect on energy intake or body weight compared with
saline treated high-fat fed mice (Fig. 1A, B). However, non-fasting
blood glucose levels were gradually reduced by magainin-AM2 with
significantly reduced values (P b 0.05) on days 12 and 15 compared to
saline controls (Fig. 1C). Non-fasting plasma insulin concentrations
were similarly increased (P b 0.05) on days 12 and 15 of magainin-
AM2 treatment (Fig. 1D).

3.2. Effects of magainin-AM2 on glucose tolerance, insulin secretion and in-
sulin sensitivity

Treatment with magainin-AM2 (75 nmol/kg body weight) for
15 days significantly (P b 0.05) improved i.p. glucose tolerance
(18 mmol/kg body weight) compared to high-fat fed controls (Fig. 2A,
B). A rapid increase in insulin secretionwas observed in treated animals
within 15 min of glucose administration (Fig. 2C), with integrated
insulin responses being increased 1.8-fold (P b 0.01) compared to
untreated high-fat fed control mice (Fig. 1D). Both groups of high-fat
fed mice exhibited significantly higher plasma glucose (P b 0.001) and
insulin (P b 0.001) levels compared to lean mice fed a normal diet
(Fig. 2A–D). Magainin-AM2 treated mice also showed improved
glucose tolerance and insulin secretion following oral glucose adminis-
tration (18 mmol/kg body weight) (Fig. 2E–H).

Metabolic responses to oral and intraperitoneal glucose adminis-
tration were compared in order to assess incretin-like effects of
magainin-AM2 (Fig. 3). The difference in plasma glucose levels following
oral or intraperitoneal glucose administration in magainin-AM2 treated
micewas significantly lower (P b 0.05) compared to high-fat fed control
mice (Fig. 3A–D). Conversely, the difference in plasma insulin levels after
oral or intraperitoneal glucose administration in magainin-AM2 treated
mice was significantly greater (P b 0.01) compared to high-fat fed
controls. Moreover, differential insulin-release observed in high-fat fed
controlmicewas lower than that ofmicemaintained on standard rodent
diet (Fig. 3E–H). As shown in Fig. 4, twice-daily treatment with
magainin-AM2 also significantly (P b 0.05) improved insulin sensitivity
compared with untreated control mice (Fig. 4).

3.3. Effects of magainin-AM2 on indirect calorimetry, energy expenditure
and body composition

Mice fed a high-fat diet increased their rate of O2 consumption by
30% (Fig. 5, P b 0.001) compared to a basal rate of 6.9 ± 0.2 ml/kg per
h observed for mice fed a standard rodent diet. Treatment with
magainin-AM2 had no effect on O2 consumption. Similarly, basal rate
of CO2 production and energy expenditure were increased by 22%
(P b 0.001) and 28% (P b 0.001) respectively in mice fed a high-fat
diet. Treatment with magainin-AM2 had no effect on these parameters
and the respiratory exchange ratio was similar (19.9 ± 0.2) in all
groups. Body fat increased by 34% in mice fed a high-fat diet compared
withmicemaintained on a standard rodent diet (Fig. 6). Treatmentwith
magainin-AM2 significantly (P b 0.05) prevented fat deposition in high-
fat fed mice (Fig. 6A, C), and produced a 13% decrease in body fat
compared to high-fat fed control mice. Feeding a high-fat diet and
treatment with magainin-AM2 had no effect on lean body mass or
bone mineral density. A slight but statistically insignificant increase in
bone mineral content and bone area were observed in magainin-AM2
treated mice compared to high fat controls.

3.4. Effects of magainin-AM2 on pancreas weight, insulin content and islet
secretory responses

Feeding a high-fat diet did not affect pancreas weight (Fig. 7A) but
significantly (P b 0.001) decreased pancreatic insulin (Fig. 7B) without
affecting islet insulin content (Fig. 7C). Treatment with magainin-AM2
prevented the observed reduction in pancreatic insulin content
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Fig. 5. Effects of magainin-AM2 on O2 consumption (A, B), CO2 production (C, D), respiratory exchange ratio (E, F) and energy expenditure (G, H) in normal and high-fat fed pre-treated
with saline or magainin-AM2 (75 nmol/kg bw) for 15 days. Mice were placed in CLAMS metabolic chambers, and O2 consumption or CO2 production were measured for 30 s at 15 min
intervals. RER was calculated by dividing VCO2 by VO2. Energy expenditure was computed using the formula (3.815 + 1.232 × RER) × VO2. Values are means ± SEM for 6 mice.
***P b 0.001 compared with saline-treated lean mice. Shaded bar indicates dark phase.
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(P b 0.01). Moreover, insulin secretory responses of islets isolated
from magainin-AM2-treated mice to 5.6 mM or 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. 7D). This latter group exhibited
impaired insulin secretory responses compared with mice fed
normal diet whereas high-fat fed magainin-AM2 treated mice did
not (Fig. 7E).
4. Discussion

The increasing global incidence of type 2 diabetes and the challenges
associated with the management of the disease have stimulated the
search for novel agents for the treatment of the disease. A growing
body of evidence suggests beneficial effects of certain amphibian host
defense peptides in the management of glucose homeostasis and type
2 diabetes [2,5]. In common with several other host-defense peptides,
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Fig. 6. Effects of magainin-AM2 on body composition in normal or high-fat fed mice. Mice were treated with twice-daily injections of saline or magainin-AM2 (75 nmol/kg body weight)
for 15days prior toDEXA scan (A) and computation of data on lean bodymass (B), body fat (C), bonemineral density (D), bonemineral content (E) and bone area (F). Values aremeans±SEM
***P b 0.001, P compared with saline-treated lean mice, ΔP b 0.01 compared with high-fat fed control mice.
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in vitro data revealed that magainin-AM2 demonstrates potent in vitro
insulinotropic effects that are mediated largely via the beta cell K-ATP-
dependent pathway [23]. However, data on sub-chronic and long-
term in vivo anti-diabetic effects ofmagainin-AM2 and other amphibian
skin peptides are generally lacking.

Prolonged feeding of a high fat diet has been shown to induce
characteristic features of obesity and type 2 diabetes in mice [31,33].
Consequently, these animals, which exhibit obesity, hyperglycemia
and insulin resistance, have become a usefulmodel for the investigation
of anti-diabetic effects of new therapeutic agents, including amphibian
skin peptides [30,32,34]. In the present study, twice-daily administra-
tion of magainin-AM2 for 15 days in high-fat fed mice produced no
visible adverse effects and resulted in significantly improved glucose
tolerance. The peptide did not affect the feeding, ruling out the possibility
that the improved glycemic status was simply a consequence of nausea
and decreased food intake. This contrasts with a number of
agents where appetite suppression results in weight loss, including
exendin-4, obestatin, pancreatic polypeptide, amylin, CCK, peptide
YY, oxyntomodulin and GLP‐1 [35,36]. In the present study, total
body weight was not changed by magainin-AM2 but body fat was
significantly decreased which can be expected to contribute to
improvements in blood glucose control. Defective insulin secretion
and islet dysfunction is a major consequence of consumption of a
high-fat diet in mice [33]. In this study, high-fat fed mice showed a
marked reduction in the insulin secretory responses of islets to a
range of agents including glucose, GLP-1, GIP, L-alanine, L-arginine
and membrane depolarization with KCl. Treatment with magainin-
AM2 improved insulin secretion and glucose tolerance, the differential
insulin-secretory response following oral versus i.p. glucose administra-
tion and extrapancreatic insulin-sensitivity. The marked potentiation of
the incretin effect in magainin-AM2 treated mice might indicate a
positive effect on secretion of insulinotropic gut hormones. In this
respect, it is worthwhile to note that recent studies have shown positive
in vitro effects of magainin-AM2 on GLP-1 secretion [22]. Further, we
cannot rule out a positive effect of magainin-AM2 on inflammation of
adipose tissues to improve insulin sensitivity. Studies have also shown
that prolonged feeding on a high fat diet could lead to endoplasmic
reticulum stress and beta apoptosis [37], leading to reduced pancreatic
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Fig. 7. Effects of magainin-AM2 on pancreatic weight, pancreatic insulin content and insulin-secretory responses of isolated islets in normal and high-fat fed mice treated with saline or
magainin-AM2 (75 nmol/kg body weight) for 15 days. Values aremeans±SEM for 8mice. For B, ***Pb 0.001 comparedwith saline treated lean (normal)mice, ΔΔP b 0.01comparedwith
high-fat fed control mice. For D, *P b 0.05,**P b 0.01, ***P b 0.001 compared with the response of islets isolated from each group of mice at 16.7 mM glucose; ΔP b 0.05, ΔΔP b 0.01,
ΔΔΔP b 0.001 compared with the response of islets isolated from mice fed standard diet (normal) to each secretagogue or glucose concentration. For E, stimulation index refers to fold-
increase in insulin secretion from 1.4 mM glucose to 16.7 mM glucose or from 16.7 mM glucose to insulin secretion observed in the presence of each secretagogue in the presence of
16.7 mM glucose. ΔP b 0.05, ΔΔP b 0.01 compared the stimulation index of normal mice.
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insulin content as observed in this study. Therefore, the observed increase
in beta cell function and pancreatic insulin content in magainin-AM2-
treated mice suggests that the peptide is able to reverse abnormalities
inducedbyhigh-fat feeding. Further investigations are needed to examine
underlying mechanisms.

Oxygen consumption and CO2 production were measured to assess
effects of high-fat diet and magainin-AM2 on whole-body energy
metabolism and fuel selection (adjudged by RER). Consistent with
previous studies [25], prolonged consumption of a high-fat diet resulted
in elevated whole-body energy metabolism while fuel selection was
unchanged. These parameters were not altered by treatment with
magainin-AM2. Energy expenditure, on the other hand,was not affected
by feeding a high-fat diet or treatment with magainin-AM2. A recent
study with pioglitazone, an insulin-sensitizing agent that acts as a
peroxisome proliferator-activated receptor-γ (PPARγ) agonist [38],
resulted in a reduction of whole-body metabolism accompanied by
unaltered fuel selection in rats, suggesting a mechanism that involves
reduction in beta-cell metabolism in vivo. Thus, PPARγ does not appear
to be a target for magainin-AM2.

An increasing body of evidence indicates that skeletal muscle fat de-
position arising from chronic feeding of high-fat diets may interfere
with normal insulin-mediated signaling and alter cellular, as well as
whole-body glucose metabolism [39]. This is consistent with the clearly
manifested features of obesity and insulin resistance observed in this
study and other studies involving mice maintained chronically on
high-fat diets [25]. Although lean mass and body weight in this study
were not affected by magainin-AM2, the observed reduction in fat
deposition may play an important role in the improved insulin-
sensitivity exhibited by treated mice. Moreover, small positive effects
on bone mineral content and bone area observed in this study may
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have compensated for the decline in fat mass, resulting in no change in
total body weight. In conclusion, the present study has revealed signifi-
cant beneficial metabolic effects of magainin-AM2 in mice with diet-
induced obesity-diabetes. In addition to improving glucose tolerance
and glucose stimulated insulin secretion, thepeptide enhancedpancreatic
beta cell function aswell as insulin sensitivity. These observations encour-
age further investigations of the antidiabetic potential of magainin-AM2.
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