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cell rest and stimulation, to assess therapeutic benefits in high fat fed (HFF) mice with
streptozotocin (STZ)-induced insulin deficiency, namely HFF-STZ mice.

Results: Previous studies confirm that, at a dose of 0.25 nmol/kg, liraglutide exerts
bioactivity over an 8-12 hour period in mice. Initial pharmacokinetic analysis revealed
that 75 nmol/kg SL-PYY vyielded a similar plasma drug time profile. When SL-PYY
(75 nmol/kg) and liraglutide (0.25 nmol/kg) were administered sequentially at 08:00
AM and 08:00 PM, respectively, to HFF-STZ mice for 28 days, reductions in energy
intake, body weight, circulating glucose, insulin and glucagon were noted. Similarly
positive, but slightly less striking, effects were also apparent with twice-daily
liraglutide-only therapy. The sequential SL-PYY and liraglutide treatment also
improved insulin sensitivity and glucose-induced insulin secretory responses, which
was not apparent with liraglutide treatment, although benefits on glucose tolerance
were mild. Interestingly, combined therapy also elevated pancreatic insulin, decreased
pancreatic glucagon and enhanced the plasma insulin/glucagon ratio compared with
liraglutide alone. This was not associated with an enhancement of beneficial changes
in islet cell areas, proliferation or apoptosis compared with liraglutide alone, but the
numbers of centrally stained glucagon-positive islet cells were reduced by sequential
combination therapy.
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1 | INTRODUCTION
Type 2 diabetes (T2D) remains a leading cause of mortality worldwide,
despite the plethora of currently available treatment options for the dis-
ease. In this regard, one significant advancement of T2D therapy in
recent times was the clinical approval of glucagon-like peptide-1 recep-
tor (GLP-1R) agonists.2 These agents induce prominent antidiabetic and
weight-lowering actions, as well as potential beneficial cardioprotective,
neuroprotective and anti-inflalmmatory effects.? However, unfortunately
the full preclinical efficacy of GLP-1R agonists has not entirely translated
to the clinic. This could be a result of GLP-1R dose-related gastrointesti-
nal side effects including nausea, vomiting and diarrhoea, which are
prevalent in humans.® In addition, the chronic nature of T2D results in a
progressive decline in beta-cell function over time leading to deteriorat-
ing glycaemic control.® Indeed, prolonged periods of hyperglycaemia
place beta cells under sustained oxidative stress, to which they are par-
ticularly sensitive,* creating a vicious cycle of beta-cell dysfunction.
Therefore, novel agents or approaches that can protect beta-cell health
to improve overall enduring glycaemic control are highly sought after.
One such option could be linked to the induction of beta-cell rest
during less metabolically active times.> Thus transcriptional profiling
of the beta cell has identified circadian temporal control, where genes
involved in insulin secretion are stimulated during the ‘active’ phase
when food is anticipated, while during the ‘quiescent’ phase, genes
involved in beta-cell growth, repair and DNA replication are active.®
The benefits of the beta-cell rest theory were first shown using exog-
enous insulin injection to reduce the inherent demand for insulin
secretion,” allowing for replenishment of insulin stores,® recovery of
glucokinase activity’ and alleviation of overall oxidative stress.’® In a
similar fashion, sequential administration of a glucose-dependent insu-
linotropic polypeptide receptor (GIPR) antagonist to promote beta-cell
rest, alongside scheduled periods of GLP-1R-induced stimulation dur-
ing the ‘active’ phase, has been shown to exert marked improvements
on metabolic control in a mouse model of diabetes.!* However, sus-
tained inhibition of GIPR function may ultimately lead to negative
effects in other tissues such as bone and the brain.*?1 In addition,
activation of the GIPR has been shown to exert protective effects on

beta cells,***>

as well as impart benefits of islet cell transdifferentia-
tion events.?®!” Thus, while sequential GIPR antagonism and GLP-1R
agonism confirm proof-of-principle of this approach, an alternative
method to induce beta-cell rest would be more favourable.

In this regard, peptide tyrosine (PYY), a 36 amino acid gut-derived
peptide secreted from L-cells, binds to neuropeptide Y1 receptors

(NPY1Rs) expressed on pancreatic beta cells to induce insulinostatic

Conclusion: These data show that NPY1R-induced intervals of beta-cell rest, com-
bined with GLP-1R-stimulated periods of beta-cell stimulation, should be further

evaluated as an effective treatment option for obesity-driven forms of diabetes.

beta-cell health, diabetes, GLP-1, PYY

actions that promote beta-cell rest.*® Moreover, NPY1R signalling has
been shown to enhance beta-cell growth and survival,*®? as well as
evoking positive islet cell transdifferentiation events that enhance
beta-cell mass.2° To pharmacologically exploit such actions, dipeptidyl
peptidase-4 (DPP-4) stabilized analogues of human PYY (1-36) were
generated through astute amino acid modification, based on current
structure/function knowledge for PYY.2! However, although these
modified PYY (1-36) compounds were resistant to DPP-4 cleavage,
they lacked significant bioactivity at the level of the beta cell.2* Con-
versely, investigation of PYY gene structure from phylogenetically
ancient fish identified highly conserved PYY sequences with inherent
enzymatic stability.'? In particular, sea lamprey PYY (1-36) replicated
the pancreatic beta-cell benefits of human PYY (1-36), leading to
beta-cell rest together with positive effects on islet cell turnover and
lineage transition events.?”?° Because C-terminal degradation of PYY

peptides abolishes bioactivity,?%2

substitution of L-Arg with its enan-
tiomer p-Arg, at position 35 in sea lamprey PYY (1-36), yielded an N-
and C-terminally enzyme-resistant NPY1R compound that retained
bioactivity, namely (p-Arg®®)-sea lamprey PYY (1-36) (SL-PYY).2*

It follows that sequential administration of SL-PYY and liraglutide
could represent a useful therapeutic approach to test in diabetes,
building on previous positive observations in rodent models.!* Conse-
quently, in the current study we employed staggered administration
of SL-PYY and liraglutide to facilitate a twice-daily (at 08:00 AM and
08:00 PM) dosing regimen in diabetic mice, where beta cells would be
successively stimulated and rested for 8-12 hours during appropriate
periods of each day. This was compared directly with a twice-daily lir-
aglutide monotherapy treatment regimen, with enhanced antidiabetic
efficacy of consecutive SL-PYY and liraglutide treatment over liraglu-
tide monotherapy being the primary motivation of this study. We
made use of high fat fed (HFF) mice with streptozotocin (STZ)-
induced compromised beta cells as our study model, which present
without the classical beta-cell hypertrophy response in HFF mice.?’
This generates a translational obesity-driven model of diabetes where
restoration of beta-cell function would be highly advantageous, more

akin to the human setting of poorly controlled T2D.

2 | EXPERIMENTAL DESIGN

21 | Peptides

SL-PYY and liraglutide were supplied by Synpeptide Ltd (Shanghai,
China) at greater than 95% purity, and characterized in-house by
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42 days to induce obesity. On days —21, —14 and —7, mice received a STZ injection (50 mg/kg bw, i.p.). On day 0, twice-daily injections (08:00
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high-performance liquid chromatography with matrix-assisted laser
desorption/ionization-time of flight mass spectrometry, as described

previously.**

2.2 | Dosingregimens

Previous studies confirm that a dose of 0.25 nmol/kg liraglutide is
required to achieve a biological action profile greater than 8 hours but
less than 12 hours in mice.’* We sought to uncover a similar dosing
pattern for SL-PYY, to allow for a sequential administration schedule
with little overlap of biological actions. SL-PYY is insulinostatic and
does not affect blood glucose levels in the acute setting,?* making it
difficult to assess the pharmacodynamic profile of the peptide.
Instead, we employed a commercially available ELISA for PYY (1-36),
which permitted detection of SL-PYY following a bolus injection in
mice (PYY ELISA kit, #81501, Crystal Chem). As such, we used doses
of 5, 25 and 75 nmol/kg SL-PYY with regular assessment of circulat-
ing drug levels over a 120-minute observation period in normal
12-week-old male Swiss mice (Figure S1A). Further investigation
revealed that at a dose of 75 nmol/kg, SL-PYY had a pharmacokinetic
profile greater than 6 hours, but less than 12 hours (Figure S1B).
Importantly, modulation of NPY1R by SL-PYY, even at elevated doses
of 75 nmol/kg, should not induce nausea-like behaviour because
NPY1R activation is linked to appetite stimulation, as opposed to the

well-characterized satiety-like actions of NPY2R.2¢

2.3 | Experimental protocol

Male Swiss mice (10 weeks old) were purchased from Envigo Ltd
(London, UK) and kept on a high-fat diet (45% fat, 35% carbohydrate
and 20% protein; percentage of total energy 26.15 kJ/g; Dietex Interna-
tional Ltd, Witham, UK) for 42 days to induce obesity. After 21 days of
high fat feeding (day -21), mice received STZ injections (4-hour fast,
50 mg/kg bw, intraperitoneal [i.p.], freshly dissolved in citrate buffer,
pH 4.5), and were then administered similar STZ injections on days —14
and —7 (Figure 1). On day O, HFF-STZ mice that presented with

diabetes-like features (blood glucose > 11.1 mmol/L) were divided into
three separate groups (n = 8) that received 28 days twice-daily (08:00
AM and 08:00 PM) i.p. injections of either saline vehicle (0.9% [w/v]
NaCl), liraglutide (0.25 nmol/kg) or 75 nmol/kg SL-PYY at 08:00 AM and
0.25 nmol/kg liraglutide at 08:00 PM; this group was named PYY/Lira
(Figure 1). In addition, a group of normal mice maintained on a standard
rodent diet (10% fat, 60% carbohydrate and 30% protein; percentage of
total energy 12.99 kJ/g; Trouw Nutrition, Northwich, UK) received
twice-daily i.p. saline injections throughout and were employed as normal
controls. Body weight, energy intake and blood glucose were assessed at
regular intervals, with non-fasted insulin and glucagon determined on
day 28. At the end of the treatment period, glucose tolerance (18 mmol/
kg bw; i.p.; 18-hour fasted) and insulin sensitivity (15 U/kg bovine insulin;
i.p.; non-fasted) tests were conducted (Figure 1). At termination, animals
were sacrificed by lethal inhalation of CO, followed by cervical disloca-
tion. Pancreatic tissues were then excised, divided longitudinally and pro-
cessed for either determination of pancreatic hormone content following
acid/ethanol protein extraction or fixed in 4% parafo for 48 hours at 4°C
for histological analysis.2> All animal experiments were conducted in
accordance with the UK Animals (Scientific Procedures) Act 1986 and
EU Directive 2010/63EU. All necessary steps were taken to prevent any
potential animal suffering. The animal studies were approved by the local
Ulster Animal Welfare and Ethical Review Body (AWERB) committee.

2.4 | Biochemical analysis

Blood samples were obtained from the cut tip of the tail vein from
conscious mice and immediately assayed for glucose using an Ascen-
cia Contour blood glucose meter (Bayer Healthcare, Newbury, UK). All
metabolic tests and other blood collections were performed at
08:00 AM, and daily injections were withheld until after blood collec-
tion. To obtain plasma, blood was collected in chilled heparin/fluo-
ride-coated microcentrifuge tubes (Sarstedt, Numbrecht, Germany)
and centrifuged at 12 000 rpm for 15 minutes using a Beckman
microcentrifuge (Beckman Instruments, Galway, Ireland). Plasma and
pancreatic insulin content were determined by an in-house insulin

radioimmunoassay,?’ while plasma and pancreatic glucagon content
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were assessed by a commercially available ELISA kit (EZGLU-30 K,
Merck Millipore, Burlington, MA), respectively.

2.5 | Immunohistochemistry

To evaluate pancreatic islet morphology, immunohistochemistry was
conducted. Fixed tissues were processed and embedded in paraffin
wax blocks using an automated tissue processor (Leica TP1020, Leica
Microsystems) and 5-um sections were cut with a microtome (Shandon
Finesse 325, Thermo Scientific). Slides were dewaxed by immersion in
xylene then rehydrated through a series of ethanol solutions, in which
the concentration was reduced from 100% to 50% in 10% intervals.
Heat-mediated antigen retrieval was then carried out in a citrate buffer
(10 mM sodium citrate, 0.05% Tween 20, pH 6.0). Sections were
blocked in 4% bovine serum albumin (BSA) solution before 4°C over-
night incubation with appropriate primary insulin (1:400; ab6995,
AbCam) or glucagon (1:1000; Ab92517, AbCam) antibodies. To assess
beta-cell proliferation and apoptosis, co-staining for insulin with Ki-67
(1:400; Ab1550, AbCam) or terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) stain (In situ cell death kit, Fluorescein;
Roche Diagnostics) was carried out. Where applicable, slides were then
rinsed in phosphate-buffered saline (PBS) and incubated for 45 minutes
at 37°C with appropriate Alexa Fluor secondary antibodies (1:400;
Alexa Fluor 498 or 594, Invitrogen). Slides were finally incubated with
4' 6-diamidino-2-phenylindole (DAPI) for 15 minutes at 37°C, and then

mounted for imaging using a fluorescent microscope (Olympus model
BX51) fitted with DAPI (350 nm), fluorescein isothiocyanate (FITC)
(488 nm) and tetramethylrhodamine (TRITC) (594 nm) filters and a
DP70 camera adapter system. Areas of insulin and glucagon positive
staining were quantified via a ‘closed polygon’ tool using ImageJ soft-
ware. The number of insulin-positive cells co-expressing Ki-67 or

TUNEL, respectively, was quantified on ImageJ software.

2.6 | Statistical analysis

Statistical tests were conducted using GraphPad PRISM software (ver-
sion 8.0). All values are expressed as mean + SEM, with comparative ana-
lyses conducted using a one-way ANOVA with Bonferroni's post hoc
test, a two-way ANOVA with Bonferroni's post hoc test as appropriate.

Differences were considered significant when P was less than .05.

3 | RESULTS

3.1 | Effects of sequential treatment with SL-PYY
and liraglutide on body weight, energy intake, plasma
glucose, insulin and glucagon

Both twice-daily liraglutide, as well as SL-PYY treatment at
08:00 AM and liraglutide at 08:00 PM, resulted in a significant
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(P<.05) of

28 (Figure 2A). However, the combined treatment strategy evoked

reduction percentage body weight by day
significant weight loss at day 10, which was only evident in
liraglutide-treated mice on day 28 (Figure 2A). Energy intake was
reduced (P < .05-.01) by combined treatment from day 21 onwards
compared with HFF-STZ control mice, but this appetite-suppressive
effect was apparent in

liraglutide-treated mice from day

10 (Figure 2B). At the end of the treatment period, circulating blood

glucose had decreased from hyperglycaemic levels to values not sig-
nificantly different from lean controls in both treatment groups
(Figure 2C). In addition, plasma insulin concentrations were elevated
(P < .05) and glucagon levels decreased (P < .05) in these treatment
groups compared with HFF-STZ control mice on day 28 (Figure 2D,
E). Moreover, the plasma insulin/glucagon ratio was enhanced
(P < .05) in the combined treatment group compared with liraglutide
alone (Figure 2F).
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Variables were assessed after 28 days of twice-daily (08:00 AM and 08:00 PM) treatment with liraglutide alone (0.25 nmol/kg bw) or SL-PYY

(75 nmol/kg bw) at 08:00 AM and liraglutide (0.25 nmol/kg bw) at 08:00 PM. (A) Blood glucose and (C) Plasma insulin were assessed prior to and
after administration of glucose (18 mmol/kg bw, i.p.) at t = O min. Associated 0-120 minute area under the curve (AUC) values for (B) Glucose and
(D) Insulin are also shown. Values are mean + SEM for n = 8 mice. *P < .05, **P < .01 and ***P < .001 compared with saline-treated HFF-STZ
control mice. HFF, high fat fed; i.p., intraperitoneal; PYY, peptide tyrosine tyrosine; STZ, streptozotocin
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3.2 | Effects of sequential treatment with SL-PYY
and liraglutide on glucose tolerance, insulin sensitivity
and pancreatic hormone content

Mice were challenged with an 18 mmol/kg i.p. glucose load on day
28, with glucose and insulin responses evaluated (Figure 3A-D).
While both treatment regimens appeared to have a limited impact
on glucose disposal in HFF-STZ mice, it was only mice treated with
SL-PYY at 08:00 AM and liraglutide at 08:00 PM that displayed
decreased (P <.01) glucose levels at 120 minutes postinjection
(Figure 3A). However, 0-120 minute area under the curve (AUC)
glucose values were not different between all groups of HFF-STZ
mice and remained significantly (P <.001) elevated compared with

normal control mice (Figure 3B). Corresponding glucose-induced
insulin concentrations were elevated (P <.01-.001) in both treat-
ment groups (Figure 3C), but only the combined therapy group had
elevated (P < .05) 0-120 minute overall insulin concentrations com-
pared with HFF-STZ control mice (Figure 3D). The hypoglycaemic
response to exogenous insulin injection appeared to be similar in all
HFF-STZ mice (Figure 4A). However, when viewed in terms of the
overall 0-90 minute effect, the group of HFF-STZ mice receiving SL-
PYY at 08:00 AM and liraglutide at 08:00 PM had marginally
improved (P < .05) peripheral insulin sensitivity compared with
saline-treated HFF-STZ controls (Figure 4B). In keeping with other
improvements in metabolic status, this combined treatment group

also presented with increased (P < .05) pancreatic insulin content
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FIGURE 4

Effects of sequential treatment with (0-Arg®®)-sea lamprey (SL)-PYY and liraglutide on peripheral insulin sensitivity and pancreatic

hormone content in HFF-STZ mice. (A-D) Variables were assessed after 28 days of twice-daily (08:00 AM and 08:00 PM) treatment with
liraglutide alone (0.25 nmol/kg bw) or SL-PYY (75 nmol/kg bw) at 08:00 AM and liraglutide (0.25 nmol/kg bw) at 08:00 PM. (A) Blood glucose
was assessed prior to and after administration of insulin (15 U/kg bw, i.p.) at t = O min. (B) Associated 0-90 minute glucose area above the curve
(AAC) values are also shown. (C) and (D) Pancreatic hormone contents were assessed on day 28 following acid/ethanol protein extraction. Values
are mean * SEM for n = 8 mice. *P < .05 and ***P < .001 compared with saline-treated HFF-STZ control mice. 2P < .05 compared with twice-
daily liraglutide-treated HFF-STZ mice. HFF, high fat fed; i.p., intraperitoneal; PYY, peptide tyrosine tyrosine; STZ, streptozotocin
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and decreased (P < .05) glucagon content compared with twice-daily
liraglutide-only treatment (Figure 4C,D).

3.3 | Effects of sequential treatment with SL-PYY
and liraglutide on pancreatic islet morphology

As expected, HFF-STZ mice displayed adverse changes in pancreatic
islet morphology, presenting with reduced (P < .001) islet- and beta-cell
areas, and concomitant expansion of alpha-cell area (Figure 5A-C).
Both treatments evoked an improvement (P < .05-.001) in overall islet
and beta areas (Figure 5A,B). However, only the SL-PYY plus liraglutide
treatment reduced (P < .05) alpha-cell area compared with HFF-STZ
controls (Figure 5C). In addition, this same treatment intervention
decreased the number of centrally located alpha cells compared with
both saline (P<.05) and liraglutide only (P<.01) treated mice
(Figure 5D). Representative images of islets stained for insulin (red) and
glucagon (green) for each treatment group are presented in Figure 5E.

3.4 | Effects of sequential treatment with SL-PYY
and liraglutide on pancreatic beta-cell proliferation and
apoptosis

HFF-STZ mice exhibited elevated levels of beta-cell proliferation

(P<.05) and apoptosis (P <.01) compared with normal mice
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(Figure 6A,B). In this regard, beta-cell proliferation was outweighed by
apoptosis, giving rise to a significantly decreased (P < .05) beta-cell
proliferation: apoptosis ratio (Figure 6C). Both treatment interventions
augmented (P < .05) beta-cell proliferation and decreased (P < .05)
apoptotic rates compared with HFF-STZ controls, resulting in normal-
ized beta-cell proliferation: apoptosis ratios (Figure 6A-C). Represen-
tative images of islets stained for insulin (red) together with Ki-67
(green) or TUNEL (green) for each treatment group are presented in

Figure 6D,E, respectively.

4 | DISCUSSION

The understanding that scheduled periods of pancreatic beta-cell rest
can lead to benefits on overall metabolic control is not new,” but has
yet to be established in the clinical setting. For example, administra-
tion of diazoxide (5 mg/kg/day) to T2D subjects for 7 days was shown
to significantly enhance beta-cell responsiveness.?® Improvements in
insulin  secretory function were shown following overnight
somatostatin-induced beta-cell rest in T2D patients.29 Moreover, it
has been proposed that a major benefit of thiazolidinedione treatment
in human T2D relates to resting the overworked beta cell.2° Indeed, it
is widely accepted that prolonged use of non-specific beta-cell stimu-
latory drugs, such as sulphonylureas, leads to reductions in beta-cell
function and mass over time.®! In terms of preclinical investigations,

selectively opening beta-cell K* channels for 21 days in Vancouver
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Effects of sequential treatment with (o-Arg>°)-sea lamprey (SL)-PYY and liraglutide on pancreatic islet morphology in HFF-STZ

mice. Pancreatic (A) Islet-, (B) Beta-, (C) Alpha-cell areas and (D) Percentage centrally glucagon positive staining cells were assessed after 28 days
of twice-daily (08:00 AM and 08:00 PM) treatment with liraglutide alone (0.25 nmol/kg bw) or SL-PYY (75 nmol/kg bw) at 08:00 AM and
liraglutide (0.25 nmol/kg bw) at 08:00 PM. (E) Representative islet images showing insulin (red), glucagon (green) and DAPI (blue) from each
treatment group. Values are mean = SEM for n = 8 mice. *P < .05 and ***P < .001 compared with saline-treated HFF-STZ control mice. 2P < .01
compared with twice-daily liraglutide-treated HFF-STZ mice. DAPI, 4',6-diamidino-2-phenylindole; HFF, high fat fed; PYY, peptide tyrosine; STZ,
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HFF-STZ mice. Utilising ImageJ software, beta-cell (A) Proliferation, (B) Apoptosis and (C) Proliferation: apoptosis ratios were assessed by Ki-67
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diabetic fatty Zucker rats, to reduce workload, has been shown to
improve glucose tolerance and insulin secretory responsiveness, lead-
ing to reduced basal hyperglycaemia.*>? For SL-PYY, rather than
directly affecting the excitability of the beta cell, rest would be
induced by activating G;, signalling, which lowers cAMP and the activ-
ity of its downstream targets, PKA and Epac2.2®> This difference is
interesting and suggests that the effects of SL-PYY on beta-cell rest
may be comparable with adrenergic inhibition, which also operates
through modulation of GPCR-linked pathways,>® although further
mechanistic studies would be required to confirm this. Furthermore,
SL-PYY exerts additional important beta-cell benefits to enhance pro-
liferation and decrease apoptotic rates? that would not be associated
with adrenergic inhibition.

Given that approved GLP-1 mimetics, like liraglutide, stimulate
insulin secretion only in a glucose-dependent manner® and have

reported benefits on beta-cell turnover,**”

it was envisaged that
these drugs could provide enduring protection of beta cells in T2D,
especially considering the noteworthy antidiabetic benefits reported
from preclinical animal studies.>> However, the clinical usefulness of
liraglutide and other GLP-1R agonists for increasing beta-cell mass,
via effects on proliferation or apoptosis, was inferior to the expecta-

tion from data in animal models.>®3” Thus agents that can

complement the antidiabetic actions of GLP-1 at the level of the beta
cell are highly sought after,® with preclinical evidence that optimally
scheduled periods of beta-cell rest have credibility in this regard.**

In accordance with established beneficial effects of sustained
GLP-1R activation,** HFF-STZ mice treated twice-daily with liraglu-
tide exhibited reduced body weight. Interestingly, despite the recog-
nized orexigenic effect of NPY1R activation and reported satiety

3940 co-administration of SL-

benefits of antagonists at this receptor,
PYY with liraglutide enhanced body weight-reducing benefits without
any obvious impact on energy intake. Thus a legacy effect of liraglu-
tide together with the specific timing of SL-PYY injection may be
important, with NPY1R being activated during the ‘lights on’ period
of the day when mice are less active and eat less.** This initial finding
aligns well with our notion of circadian control of metabolism and the
benefits of beta-cell rest during the inactive periods of the day.® Nota-
bly, however, circulating glucose levels were restored to near normal
levels by both liraglutide treatment alone and in combination with SL-
PYY, although this is probably driven by the pronounced glucose-
lowering efficacy of liraglutide at the dose employed.!! However, we
cannot discount the idea that repeated injection of liraglutide at
08:00 PM may have affected beta-cell activity during the inactive
daytime period. In that respect, although beyond our capacity, an



TANDAY ET AL.

WILEY_| 24

additional group of mice treated with saline vehicle at 08:00 AM and
0.25 nmol/kg liraglutide at 08:00 PM may have been beneficial to
help elucidate the overall impact of liraglutide treatment at 08:00 PM
in our model system.

Given that NPY1R agonism induces insulinostatic effects to
impart beta-cell rest,*® the employed dosing regimen aimed to limit
the bioactivity profile of SL-PYY to periods of low metabolic demand.
Indeed, circulating insulin concentrations were not different in HFF-
STZ mice treated twice-daily with liraglutide compared with consecu-
tive treatment with SL-PYY and liraglutide every 12 hours. In line with
the philosophy of beta-cell rest, observed benefits may be even more
pronounced in rodent models that display overt hyperinsulinaemia,
such as db/db mice.*>** Thus the current experiments were con-
ducted in an insulinopenic model that is highly instructive in its own
right. Moreover, sequential combined therapy, unlike liraglutide treat-
ment alone, was able to positively alter the balance of both circulating
and pancreatic insulin and glucagon concentrations. This is probably
partly a result of SL-PYY-provoked periods of diminished beta-cell
activity, allowing for replenishment of intracellular insulin stores and
alleviation of oxidative and endoplasmic reticulum (ER) stress.® These
advantageous effects were also associated with mild glucose-lowering
benefits in response to a glucose challenge compared with liraglutide
treatment alone, alongside equivalent improvements of insulin secre-
tion and action. Enhancement of peripheral insulin action could be
partially attributed to weight loss,** but in this regard, it should be
acknowledged that HFF-STZ mice treated with only liraglutide also
presented with a significant reduction in body weight by day 28. That
said, although probable given these observations, we are unable to
provide evidence for a direct effect of SL-PYY-mediated beta-cell rest
on improved peripheral insulin action. Moreover, diazoxide-induced
beta-cell rest has been shown to directly improve insulin action, medi-
ated by decreased activity of enzymes involved in regulating hepatic
gluconeogenesis.*®

Sustained sequential periods of beta-cell rest, together with the
positive actions of consecutive intervals of GLP-1R activation on

beta-cell growth and survival,24®

would be expected to impart bene-
fits on overall pancreatic islet architecture. Certainly, this would also
fit well with observed improvements in the balance of pancreatic hor-
mone content in HFF-STZ mice treated with the combination of SL-
PYY and liraglutide. Although clear improvements in islet-, beta- and
alpha-cell areas were noted with combined therapy, liraglutide treat-
ment alone also induced similar positive effects, suggesting that such
actions are largely driven by GLP-1R modulation in the current
study.'” However, the characteristic expansion of alpha-cell area and
central internalization of glucagon positively stained islet cells induced
by STZ*” were reversed only in the combined treatment group. Similar
observations have been made previously with subchronic NPY1R

activation,?®

suggesting restoration of the local islet environment,
rather than augmentation of beta-cell mass alone, is a key benefit of
NPY1R activation by SL-PYY. Indeed, positive effects on beta-cell
turnover were not different between treatment groups, and the
observed effects on beta-cell proliferation and protection against apo-
ptosis agree with earlier studies on the effects of these peptides on

beta-cell health.1?*® It is also interesting that reductions of alpha-cell

area were observed in concert with elevated pancreatic glucagon con-
tent in the combined group. It follows that treatment-induced
changes in pancreatic islet histology, especially with consecutive SL-
PYY and liraglutide treatment, could also be partly linked to the
recently described positive impact of GLP-1R and NPY1R activation
on transdifferentiation of alpha to beta cells,*”?° but further detailed
investigation would be required to confirm this suggestion. Certainly,
similar changes in beta-cell proliferative and apoptotic rates with
both treatment regimens would allude to a conceivable beneficial
impact on islet cell lineage, although other factors such as alpha-cell
turnover or islet cell neogenesis could also be involved and merit
consideration.

The philosophy of beta-cell rest may, at first, seem counterintui-
tive for a disease state where insulin secretion is already inherently
diminished.*® However, if the scheduling of such periods can be
appropriately reserved for times when metabolic demand is low, there
are obvious advantages.®*? In agreement, short-term intensive insulin
therapy in people with newly diagnosed T2D has been shown to
improve overall beta-cell function compared with other standard oral
antidiabetic agents, with beta-cell rest considered the key driver.*° In
the current setting, further detailed studies are required to determine
the out-and-out optimum dose ratio and timings where beneficial
NPY1R-mediated actions on beta-cell health and survival are
maximized,?” while curtailing the associated insulinostatic actions
which would otherwise diminish the recognized glucose-dependent
insulinotropic actions of GLP-1R activation in humans.”® In addition,
similar to GLP-1,2 NPY1R is also expressed on tissues outside of the
endocrine pancreas including the central nervous system, adipose tis-
sue and the gut, with the impact of modulation of NPY1R function by
SL-PYY in these locations still to be fully examined. However, our
investigations with SL-PYY and liraglutide in HFF-STZ mice provide
proof-of-concept that appropriate combined, but non-simultaneous,
administration of NPY1R and GLP-1R agonists possesses therapeutic
efficacy that merits further consideration for the treatment of T2D.
While the timings of SL-PYY and liraglutide injections may be differ-
ent in the (diurnal) human setting, the same principles regarding the
benefits of appropriately staggered periods of beta-cell rest and stim-
ulation should still apply.
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