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Abstract

Aims Xenin-25 is co-secreted with glucose-dependent
insulinotropic polypeptide (GIP) from intestinal K-cells
following a meal. Xenin-25 is believed to play a key role in
glucose homoeostasis and potentiate the insulinotropic
effect of GIP.

Methods This study investigated the effects of sub-
chronic administration of the stable and longer-acting
xenin-25 analogue, xenin-25[Lys'’PAL] (25 nmol/kg), in
diabetic mice fed with a high-fat diet.

Results Initial studies confirmed the significant persis-
tent glucose-lowering (p < 0.05) and insulin-releasing
(p < 0.05) actions of xenin-25[Lys'*PAL] compared with
native xenin-25. Interestingly, xenin-25 retained significant
glucose-lowering activity in GIP receptor knockout mice.
Twice-daily intraperitoneal (i.p.) injection of xenin-
25[Lys'*PAL] for 14 days had no significant effect on food
intake or body weight in high-fat-fed mice. Non-fasting
glucose and insulin levels were also unchanged, but overall
glucose levels during an i.p. glucose tolerance and oral
nutrient challenge were significantly (p < 0.05) lowered by
xenin—25[Lys13PAL] treatment. These changes were
accompanied by significant improvements in i.p.
(p < 0.05) and oral (p < 0.001) nutrient-stimulated insulin
concentrations. No appreciable changes in insulin sensi-
tivity were observed between xenin-25[Lys'*PAL] and
saline-treated high-fat mice. However, xenin-25 [Lys13 PAL]
treatment restored notable sensitivity to the biological
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actions of exogenous GIP injection. Consumption of O,
production of CO,, respiratory exchange ratio and energy
expenditure were not altered by 14-day twice-daily treatment
with xenin-25[Lys'*PAL]. In contrast, ambulatory activity
was significantly (p < 0.05 to p < 0.001) increased during
the dark phase in xenin-25[Lys'*PAL] mice compared with
high-fat controls.

Conclusions These data indicate that sustained adminis-
tration of a stable analogue of xenin-25 exerts a spectrum
of beneficial metabolic effects in high-fat-fed mice.

Keywords Xenin - GIP - Diabetes - Obesity - Glucose
tolerance
Introduction

Xenin-25 is a 25 amino acid gastrointestinal hormone
secreted from enteroendocrine K-cells in response to
feeding, generated by post-translational modification
involving a parent precursor represented by the alpha-
subunit of coatomer [1-3]. Xenin-25 performs a spectrum
of biological activities, including classically to inhibit gut
motility [4]. However, more recently xenin-25 has been
shown to exert beneficial effects on inhibiting food intake
[2, 5] and stimulating pancreatic beta-cell insulin release
[3]. In addition, xenin-25 is known to potentiate the insu-
linotropic action of the incretin hormone glucose-depen-
dent insulinotropic polypeptide (GIP) [6, 7]. Given that the
action of GIP is severely attenuated in type 2 diabetes
mellitus (T2DM) [8], xenin-25 represents an exciting
therapeutic drug target for patients with T2DM.

Although the glucose-dependent insulinotropic action of
GIP was discovered over 35 years ago [9], antidiabetic
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therapeutic strategies based on GIP are not yet commer-
cially available. This contrasts sharply with GIP’s sister
incretin hormone, glucagon-like peptide-1 (GLP-1), of
which several stable, long-acting forms are now available
clinically [10]. Therefore, strategies to overcome defective
GIP action in T2DM are much sought after and should
have significant therapeutic applicability. Despite the
promise of xenin-25 in this regard, rapid plasma degrada-
tion in the circulation poses a major obstacle in the reali-
sation of any possible clinical use [3, 11]. Plasma-mediated
degradation of xenin-25 is poorly understood, and a num-
ber of processes have been postulated to be involved
including, but not limited to, serine protease-like enzymes
[7, 11]. Thus, the use of enzyme inhibitors to prolong
xenin-25 action is not feasible at present. To circumvent
this problem, we have generated an enzymatic resistant
analogue of xenin-25 with an extended biological half-life,
namely Xenin-ZS[Lysl3Palmitate(PAL)] [7]. Importantly,
xenin-25[Lys'*PAL] displayed a similar, if not marginally
superior, biological action profile to native xenin-25 indi-
cating that acylation does not perturb biological activity
[7]. As such, xenin—25[Lysl3PAL] represents a potent,
stable and long-acting form of xenin-25 with possible
antidiabetic actions.

In the light of this, the present study has investigated the
biological effects of twice-daily administration of xenin-
25[Lys'*PAL] in high-fat-fed mice. To date, there is no
detailed evidence of normal physiological concentrations of
xenin-25 or whether levels change during disease such as
obesity or T2DM. However, given that xenin-25 has inde-
pendent glucose-lowering and insulinotropic properties [3]
as well as an ability to potentiate GIP action [6, 7], it is
anticipated that the sub-chronic administration of xenin-
25[Lys"*PAL] would have significant beneficial effects. Ini-
tial studies determined the persistent biological effects of
xenin-25 [Lys”PAL] when compared to the native hormone.
We, then, examined the effects of 14-day twice-daily admin-
istration of xenin-25[Lys'°PAL] on body weight, energy
intake, basal glucose and insulin, glucose homoeostasis,
peripheral insulin resistance, GIP sensitivity and metabolic
response to feeding in high-fat-fed mice. We also assessed the
effects of sub-chronic administration of xenin-25 [Lysl3PAL]
on aspects of metabolic rate and locomotor activity. The results
illustrate potential antidiabetic actions of stable, long-acting
analogues of xenin-25 that merit further consideration.

Materials and methods
Peptide synthesis

Xenin-25 and xenin-25[Lys'*PAL] were purchased from
GL Biochem Ltd. (Shanghai, China). Both peptides were
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characterised using matrix-assisted laser desorption ioni-
sation time-of-flight (MALDI-TOF) mass spectrometry as
described previously [7].

Animals

Young (8-week-old) male NIH Swiss mice (Harlan U.K.
Ltd) were housed individually in an air-conditioned room
at 224+ 2°C with a 12h light/12 h dark cycle
(0800-2000 h). Experimental animals had free access to
drinking water and a high-fat diet (45 % fat, 20 % protein
and 35 % carbohydrate; per cent of total energy of
26.15 kl/g; Special Diets Service, Essex, UK). Prior to
commencement of experimental studies, animals were
maintained on high-fat diet for 145 days. Mice were divi-
ded into equivalent groups based on body weight, non-
fasting glucose and insulin and glucose tolerance (data not
shown). Age-matched control mice from the same source
had free access to standard rodent maintenance diet (10 %
fat, 30 % protein and 60 % carbohydrate; percentage of
total energy of 12.99 kJ per g; Trouw Nutrition, Cheshire,
UK) and were used for comparative purposes as appro-
priate. For GIP receptor knockout (GIPR KO) studies, male
C57BL/6 mice with genetic deletion of the GIPR, along
with wildtype controls, maintained on standard rodent
maintenance diet were used. These mice were derived from
an in-house breeding colony originally described elsewhere
[12]. All animal experiments were carried out in accor-
dance with the UK Animals (Scientific Procedures) Act
1986.

GIPR KO studies

Groups (n = 8) of C57BL/6 control and GIPR KO mice
received an intraperitoneal (i.p.) injection of either glucose
alone (18 mmol/kg body wt) or in combination with xenin-
25 (25 nmol/kg body wt). Mice were fasted overnight prior
to glucose administration and blood glucose concentrations
were measured immediately prior to and post-glucose
injection at time points indicated in Fig. 1.

Acute in vivo studies

Groups (n = 8) of high-fat-fed mice received an intra-
peritoneal (i.p.) injection of either saline vehicle (0.9 %,
w/v, NaCl), xenin-25 or xenin-ZS[Lysl3PAL] (both at
25 nmol/kg body wt) 4 h prior to i.p. glucose administra-
tion (18 mmol/kg body wt). Mice were fasted 4 h prior to
glucose administration, and blood glucose and plasma
insulin concentrations were measured immediately prior to
and post-glucose injection at time points indicated on
Fig. 2.
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Fig. 1 Acute glucose-lowering effects of xenin-25 in C57BL/6
control (a) and GIPR KO (b) mice. Blood glucose was measured
immediately prior to t = 0 (as indicated by the arrow) and 15, 30, 60
and 105 min after i.p. injection of glucose alone (18 mmol/kg bw) or
in combination with native xenin-25 (25 nmol/kg bw) in overnight
fasted mice. Blood glucose 0—105 min AUC values are shown in the
insets. Values represent mean = SEM for 8 mice. *p < 0.05 and
**p < 0.01 compared with glucose alone

Longer-term in vivo studies

For longer-term studies, separate groups (n = 8) of high-
fat-fed mice received twice-daily i.p. injections (09:30 and
17:00 h) of either saline vehicle (0.9 % (w/v), NaCl) or
xenin-25[Lys'*PAL] (25 nmol/kg body wt) over a 14-day
period. Food intake and body weight were recorded daily,
whilst glucose and insulin concentrations were monitored
at intervals of 3-5 days. Intraperitoneal (i.p.) glucose tol-
erance (18 mmol/kg body wt) and insulin sensitivity (20 U/
kg body wt) tests were conducted in non-fasted mice,
whereas GIP tolerance (25 nmol/kg body wt) and meta-
bolic response to feeding tests were examined in 18-h-
fasted mice at the end of the study period. All acute
experiments were commenced at 10:00 h. Importantly, the
daily 09:30 h injection was withheld from all mice before

commencement of metabolic tests. For measurement of
indirect calorimetry, energy expenditure and locomotor
activity on day 14, mice were placed in Complete Labo-
ratory Animal Monitoring System (CLAMS) metabolic
chambers (Columbus Instruments, OH, USA) following the
normal 09:30 daily injection. Consumption of O, and
production of CO, were measured for 30 s at 15 min
intervals for a total of 22 h. Respiratory exchange ratio
(RER) was calculated by dividing VCO, by VO,. Energy
expenditure was calculated using RER with the following
Eq. (3.815 + 1.232 x RER) x VO,. Ambulatory loco-
motor activity of each mouse was measured simultaneously
using the optical beams (Opto M3, Columbus Instruments).
Consecutive photo-beam breaks were scored as an ambu-
latory movement. Activity counts in X and Z axes were
recorded every minute for 22 h.

Biochemical analysis

Blood samples taken from the cut tip of the tail vein of
conscious mice at the times indicated in the figures were
immediately centrifuged using a Beckman microcentrifuge
(Beckman Instruments, UK) for 30 s at 13,000 g. The
resulting plasma was then aliquoted into fresh Eppendorf
tubes and stored at —20 °C prior to insulin analysis. Plasma
glucose was measured from whole blood using an Ascensia
Contour® Blood Glucose Meter (Bayer AG, Leverkusen,
Germany). Plasma insulin was assayed by a modified
dextran-coated charcoal radioimmunoassay [13].

Statistics

Results are expressed as mean + SEM. Data were com-
pared using ANOVA, followed by a Student—Newman—
Keuls post hoc test. Area under the curve (AUC) analyses
were calculated using the trapezoidal rule with baseline
subtraction. Groups of data were considered to be signifi-
cantly different if p < 0.05.

Results
Glucose-lowering effects of xenin-25 in GIPR KO mice

Xenin-25 induced significant (p < 0.05) glucose-lowering
effects 60 and 105 min post-injection in C57BL/6 control
mice compared with glucose-alone control (Fig. 1a). This
glucose-lowering action was substantiated by overall 0- to
105-min AUC values, which were significantly (p < 0.05)
decreased in xenin-25-treated mice (Fig. la, inset). Simi-
larly, the notable antihyperglycaemic action of xenin-25
was retained in GIPR KO mice in terms of both individual
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Fig. 2 Persistent glucose-lowering (a, b) and insulin-releasing (c,
d) effects of xenin-25 and xenin-25[Lys'°PAL] in high-fat-fed mice.
Blood glucose (a) and plasma insulin (¢) were measured immediately
prior to t = 0 (as indicated by the arrow) and 15, 30 and 60 min after
i.p. injection of glucose alone (18 mmol/kg bw) following the
administration of saline vehicle (0.9 % w/v NaCl), xenin-25 or xenin-

(» <001 to p<0.05 and overall (p < 0.05) values
(Fig. 1b).

Persistent glucose-lowering and insulin-releasing
actions of xenin-25[Lys'*PAL] in high-fat-fed mice

Administration of native xenin-25 4 h prior to a glucose
challenge had no effect on blood glucose or plasma insulin
levels when compared to saline-treated controls (b. 2).
However, prior application of xenin-25[Lys'*PAL] resul-
ted in significantly decreased blood glucose levels 60 min
post-glucose injection compared with xenin-25 and saline-
treated control mice (p < 0.05 and p < 0.001; respectively)
(Fig. 2a). This was corroborated by a significantly
(p < 0.05) decreased overall glycaemic excursion in xenin-
25[Lys'*PAL] mice when compared with all other treat-
ment groups (Fig. 2b). Glucose-stimulated plasma insulin
concentrations were significantly (p < 0.05) elevated in
mice treated with xenin—ZS[LysBPAL] 4 h previously
when compared with xenin-25 and saline-treated groups
(Fig. 2c). This was highlighted by a significantly
(p < 0.05) increased overall insulin secretory response
evoked by xenin-25[Lys'*PAL] compared with the other
treatment groups (Fig. 2d).
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Sub-chronic effects of xenin-25[Lys'>PAL] on body
weight, energy intake, circulating blood glucose
and plasma insulin levels in high-fat-fed mice

Administration of xenin-25[Lys'*PAL] twice daily for
14 days to high-fat-fed mice resulted in no significant
changes in body weight, energy intake, non-fasting blood
glucose and plasma insulin concentrations (Fig. 3a—d).
Furthermore, body weight, energy intake and non-fasting
plasma insulin levels remained significantly (p < 0.05 to
p < 0.001) elevated in saline-treated and xenin-25[Lys'*"
PAL]-treated high-fat mice when compared with lean
controls (Fig. 3a, b, d). Non-fasting blood glucose levels
had a tendency to be increased in all high-fat-fed mice
compared with lean controls, but this did not reach sig-
nificance throughout the study (Fig. 3c).

Sub-chronic effects of xenin-ZS[Lysl3PAL]
on metabolic responses and insulin secretion in high-
fat-fed mice

Individual glucose levels during glucose tolerance tests
were not significantly different in 14-day xenin-25[Lys"*"
PAL]-treated mice compared to high-fat controls (Fig. 4a).
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Fig. 3 Effects of twice-daily administration of xenin-25[Lys'*PAL]
on a body weight, b energy intake, ¢ blood glucose and d plasma
insulin in high-fat-fed mice. Parameters were measured for 5 days
prior to and 14 days during (indicated by horizontal black bar)

Fig. 4 Effects of twice-daily
administration of xenin-
25[Lys13PAL on (a, b) glucose
tolerance and (c, d) plasma
insulin response to glucose in
high-fat-fed mice. Tests were
conducted after twice-daily
treatment with saline or xenin-
25[Lys'*PAL] (25 nmol/kg
body wt) for 14 days. Glucose
(18 mmol/kg body wt) was
administered at the time
indicated by the arrow in non-
fasted mice. Plasma glucose and
insulin 0-105 min AUC values
for 0—60 min post-injection are
shown. Values are

mean + SEM for eight mice.
*p < 0.05 and **p < 0.01
compared with saline control
group. p < 0.05 and

A4p < 0.01 compared with
xenin-25[Lys'*PAL]

However, the overall glycaemic excursion from basal was
significantly (p < 0.05) decreased in xenin-25[Lys'*PAL]
mice, and values were similar to lean controls (Fig. 4b). In
addition, whilst individual glucose-stimulated plasma
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insulin concentrations were not significantly different
between xenin-25[Lys'*PAL]-treated and high-fat control
mice (Fig. 4c), the overall insulin secretory response was
significantly (p < 0.05) elevated in these mice (Fig. 5d).
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Plasma glucose responses to 15 min re-feeding in xenin-
25[Lys13PAL] mice were almost identical to lean controls
(Fig. 5a). Indeed, both groups of mice had significantly
(p < 0.05) lowered blood glucose levels at 30-min post-
feeding compared with high-fat controls (Fig. 5a). Simi-
larly, AUC glucose was significantly (p < 0.05) decreased
in lean control and xenin-25[Lys'*PAL]-treated high-fat
mice when compared with high-fat controls (Fig. 5b),
despite similar food intakes of 0.3-0.5 g/mouse/15 min in
all groups. Furthermore, oral nutrient-stimulated insulin
concentrations were significantly (p < 0.05 to p < 0.01)
elevated at 30, 60 and 105 min post-feeding in xenin-
25[Lys'*PAL] mice compared with high-fat controls
(Fig. 5¢). This was associated with a significant
(p < 0.001) elevation of 0—105 min plasma insulin AUC
values in xenin-25[Lys'>PAL] mice compared with high-
fat and lean control mice (Fig. 5d).

As shown in Fig. 6, the hypoglycaemic action of insulin
was similar in terms of post-injection and area above the
curve (AAC) measures in high-fat mice treated with xenin-
25[Lys'*PAL] for 14 days when compared to saline-treated
high-fat controls. Lean control mice had a significant
(p < 0.001) augmentation of the glucose-lowering action
of exogenous insulin when compared with all high-fat-fed
mice (Fig. 6a).

Effects of exogenous GIP in combination with glucose
on glycaemic control and plasma insulin are shown in

@ Springer

Fig. 7. Compared with high-fat-fed control mice, xenin-
25[Lysl3PAL]-treated mice presented with significantly
lowered individual (p < 0.05 to p < 0.001) and overall
(p <0.01) glycaemic levels following GIP injection
(Fig. 7a). Moreover, the overall 0-105 min glycaemic
excursion was significantly (p < 0.05) reduced in xenin-
25[Lys13PAL]—treated mice compared with lean controls
(Fig. 7b). In harmony with this, the insulin secretory
response to GIP was significantly (p < 0.01 to p < 0.001)
augmented 15 and 30 min post-injection in Xxenin-
25[Lys'*PAL] mice compared to saline-treated high-fat
and lean controls (Fig. 7c). This was corroborated by a
significantly (p < 0.01) elevated overall insulin release in
xenin-25[Lys'*PAL] mice compared with high-fat and lean
control mice (Fig. 7d).

Sub-chronic effects of xenin-25[Lys'>PAL]
on locomotor activity in high-fat-fed mice

Figure 8 depicts the effects of 14-day treatment with xenin-
25[Lys'*PAL] on locomotor activity. There were no sig-
nificant differences between all groups in terms of ambu-
latory activity during the light phase (Fig. 8a, b). However,
xenin-25[Lys'*PAL] significantly (p < 0.05) increased
ambulatory activity in high-fat-fed mice as assessed by X
beam breaks during the dark phase (Fig. 8c), returning
values towards that of lean controls. In addition, rearing
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Fig. 6 Effects of twice-daily administration of xenin-25[Lys'>PAL]
on insulin sensitivity in high-fat-fed mice. Tests were conducted after
twice-daily treatment with saline or xenin-25 [Lys”PAL] (25 nmol/kg
body wt) for 14 days. a Insulin (20 U/kg body wt) was administered
at the time indicated by the arrow in non-fasted mice. b Blood
glucose 0-60 min AAC values are also shown. Values represent
mean = SEM for 8 mice. *p < 0.05 compared with saline control
group. “p < 0.05 compared with xenin-25[Lys'*PAL]

and jumping episodes during the dark phase, as assessed by
7Z beam breaks, were similar in lean control and xenin-
25[Lys'*PAL]-treated high-fat mice and significantly
(p < 0.001) elevated compared with high-fat controls
(Fig. 8d).

Sub-chronic effects of xenin-25[LyslSPAL]
on metabolic rate and energy expenditure in high-fat-
fed mice

Administration of xenin-25[Lys'*PAL] had no significant
effect on O, consumption or CO, production when com-
pared to high-fat controls (Fig. 9a, b). Similarly, RER and
energy expenditure were not significantly altered in terms
of individual measurements or overall responses during the
22-h observation period in mice treated with xenin-
25[Lys13 PAL] (Fig. 9c, d). However, lean control mice did
have significantly (p < 0.001) elevated CO, production
and RER when compared with saline-treated or xenin-
25[Lys'*PAL]-treated high-fat-fed mice (Fig. 9b, c).

Discussion

Initially, we confirmed the persistence of the biological
actions of xenin-25[Lys'*PAL] in comparison with native
xenin-25 in high-fat-fed mice. This is a commonly studied
animal model of obesity—diabetes displaying several
abnormalities characteristic of human T2DM, including
moderate obesity, glucose intolerance and insulin resis-
tance [14]. In addition, these mice have been used previ-
ously to assess the acute and sub-chronic actions of similar
synthetic GIP and GLP-1 compounds [15, 16]. In the
present study, even 4 h after a single injection of xenin-
25[Lys'*PALY], the glucose-lowering and insulin-releasing
actions were still clearly evident. This is presumably
related to binding to serum albumin and slow release of
active peptide, thus, preventing enzymatic degradation and
subsequent removal from the body. This also conforms
well to other studies that have utilised acylated versions of
GIP and GLP-1 peptides [15, 17]. Indeed, fatty acid deri-
vation has been shown to extend the biological action of
regulatory hormones well beyond 4 h [15, 17], which is
likely the case for xenin-25[Lys'°PAL]. As such, devel-
opment of a specific assay to directly measure xenin-
25[Lys'*PAL] in plasma would provide more precise
details of circulating half-life. In contrast, similar injection
of xenin-25 had little metabolic consequence, reflecting
rapid plasma degradation and elimination [7]. Similarly,
native xenin-25 lacked significant insulinotropic effects in
type 2 diabetes [18]. Indeed, recent studies suggest that the
naturally produced degradation products of xenin-25 could
function as inhibitors of the native peptide [11]. Based on
the evidence above, all further studies were conducted with
xenin-25[Lys'*PAL], rather than the rapidly degraded
native peptide, as a potentially useful agent for alleviation
of obesity-related diabetes.

Twice-daily administration of our enzymatically stable
xenin-25[Lys'*PAL] analogue to high-fat-fed mice resul-
ted in significant improvements of intraperitoneal and oral
glucose tolerance by day 14. Notably, all injections were
administered during the light cycle when mice are less
active, thus more pronounced beneficial effects may have
be observed if xenin-25[Lys'*PAL] was administered
during the dark cycle. As expected, a key component of the
beneficial action of xenin—25[Lysl3PAL] concerned the
stimulation of insulin secretion [3, 7]. Thus, both intra-
peritoneal and oral nutrient-stimulated insulin concentra-
tions were significantly raised in high-fat-fed mice
receiving the novel fatty acid-derivatised analogue. This is
consistent with the action of xenin-25 as an independent
dose-dependent stimulator of insulin secretion [3] and
acute potentiator of the GIP-induced incretin effect [6, 7].
We did not measure endogenous GIP concentrations in the
current study, but given that xenin-25 is co-secreted with
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Fig. 7 Effects of twice-daily administration of xenin-25[Lys'°PAL]
on glucose (a, b) and insulin (¢, d) responses to exogenous GIP
administration in high-fat-fed mice. Tests were conducted after twice-
daily treatment with saline or xenin-25[Lys'*PAL] (25 nmol/kg body
wt) for 14 days. Glucose (18 mmol/kg body wt) in combination with
native GIP (25 nmol/kg body wt) was administered at the time

GIP form a subset of enteroendocrine K-cells [1], it would
seem unlikely that they would be elevated in xenin-
25[Lysl3PAL]—treated mice. Moreover, using GIPR KO
mice, we confirmed that xenin-25 has significant glucose-
lowering actions independent of the GIP receptor [3], as
well as potentiating the insulinotropic action of GIP [7]. In
keeping with this, the biological actions of native GIP were
completely restored in xenin-25[Lys'*PAL]-treated high-
fat-fed mice. Thus, in the current study, the bioactivity of
GIP was severely limited in saline-treated control high-fat
mice, a phenomenon also observed in patients with T2DM
[8]. Notably, the improvement of GIP action by xenin-
25[Lys'°PAL] was not simply a reflection of reduced
glucose toxicity, since basal glucose levels were not altered
in these mice. As such, GIP resistance in diabetic rats has
been shown to be reversed by a reduction of hyperglyca-
emia [19, 20]. Furthermore, given that high circulating
concentrations of GIP are present in obesity-diabetes [21—
23] and that fat is a potent stimulus for GIP secretion [24],
it is tempting to link a major part of the positive effects of
xenin-25[Lys'*PAL] to augmentation of GIP action [6, 7].
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indicated by the arrow in 18-h-fasted mice. Plasma glucose and
insulin 0-105 min AUC values for 0-105 min post-injection are
shown. Values are mean &= SEM for eight mice. *p < 0.05,
**p < 0.01 and ***p < 0.001 compared with saline control group.
Ap <0.05, **p <0.01 and ***p <0.001 compared with xenin-
25[Lys'*PAL]

However, in vitro studies in our laboratory revealed no
effect of native xenin-25 or xenin—25[Lysl3PAL] on GIP
receptor gene expression following prolonged 18-h culture
[data not shown]. As such, xenin—25[Lysl3PAL] does
clearly have independent glucose-lowering and insulin-
releasing actions [7].

Further studies are needed to assess the contribution of
possible non-beta actions, such as stimulation of glucagon
secretion or inhibition of gastric emptying [25, 26], to the
metabolic effects of xenin-25 [Lys13PAL]. However, these
are likely to be small given the opposing metabolic actions
of glucagon and the observation that glucose homoeostasis
was improved when nutrients were administered by either
the intraperitoneal or oral route. In agreement with this,
energy intake and body weight were unchanged during the
study ruling out the possibility that improvements of glu-
cose homoeostasis were merely the consequence of body
weight loss. Thus, although native xenin-25 does have
some homology with C-terminal region of the anorectic
neuropeptide neurotensin [2], they are unlikely to function
via identical pathways. Further confirmation of body
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Fig. 8 Effects of twice-daily administration of xenin-25[Lys'*PAL]
on locomotor activity in high-fat-fed mice. Parameters were measured
after twice-daily treatment with saline or xenin—25[Lys'3PAL]
(25 nmol/kg body wt) for 14 days. Mice were placed in CLAMS

weight neutral effects of xenin-25[Lys'*PAL] were gained
at the end of the study by lack of enhanced insulin-induced
reductions in blood glucose levels in xenin-25[Lys'*PAL]-
treated mice. In addition, aspects of metabolic rate were
not altered by sub-chronic xenin-25[Lys'*PAL] adminis-
tration. Although modulation of GIP receptor signalling
can affect respiratory quotient, it does not change oxygen
consumption [16, 27], as such xenin and GIP may have
further similarities here. In addition, the observed lack of
effect on respiratory exchange ratio (RER) could be one
explanation for the weight neutral effects of xenin-
25[Lysl3PAL]. However, we also failed to observe sup-
pressive effects of xenin-25[Lys'*PAL] on feeding at the
dose employed, which necessitates further evaluation [2].
This could be related to factors such as the palatability of
the high-fat diet used, age of mice, duration of study and
circulating levels of active xenin achieved. In this regard,
we have previously observed a satiety effect of xenin-25,
but only at highly elevated concentrations [3, 11].
Although research has been conducted on the beta-cell
secretory function and potential antidiabetic actions of
xenin-based peptides [3, 6, 7, 25], there is no information
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metabolic chambers and locomotor activity measured using optical
beams. Activity counts in X and Z axes were recorded every minute
for 22 h. Values are mean = SEM for six mice. *p < 0.05,
**p < 0.01 and ***p < 0.001 compared with saline control group

on their possible effects on locomotor activity. In the
present study, xenin-25[Lys'*PAL]-treated mice displayed
significantly increased locomotor activity during the dark
phase, but this was not associated with more feeding
bouts. Nonetheless, this is of interest given that locomotor
activity of mice is already generally elevated during the
dark phase. Increased locomotor activity did not result in
reduced body weight gain, which may reflect the fact that
activity was unaltered during the light phase. Our obser-
vations on locomotor activity also contrast with previous
studies using long-acting GIP analogues, where locomotor
activity was enhanced only during the light phase [16].
This indicates that there may be further interactions
between GIP-based and xenin-based peptides other than
their effects on insulin secretion [6, 7], which have not
been considered to date.

In conclusion, the present study has demonstrated for the
first time that twice-daily administration of the stable xe-
nin-25 analogue, xenin-25[Lys'*PAL], improves glucose
tolerance, GIP sensitivity and insulin secretory respon-
siveness in mice with environmentally induced obesity—
diabetes. More detailed and prolonged studies are still
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Fig. 9 Effects of twice-daily administration of xenin-25[Lys'*PAL]
on O, consumption (a), CO, production (b), respiratory exchange
ratio (c¢) and energy expenditure (d). Parameters were measured after
twice-daily treatment with saline or xenin-25[Lys'>PAL] (25 nmol/kg
body wt) for 14 days. Mice were placed in CLAMS metabolic
chambers, and O, consumption or CO, production were measured for
30 s at 15 min intervals. RER was calculated by dividing VCO, by

needed, but xenin-25[Lys'*PAL] may prove to be useful as
a new class of drugs for the treatment of T2DM.
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