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J/CLINICAL REVIEW

NEW APPROACHES TO FELINE
DIABETES MELLITUS
Glucagon-like peptide-1 analogs

Clinical relevance: Incretin-based therapies are revolutionizing the field of human diabetes
mellitus (DM) by replacing insulin therapy with safer and more convenient long-acting drugs.
Mechanism of action: Incretin hormones (glucagon-like peptide-1 [GLP-1] and glucose-
dependent insulinotropic peptide [GIP]) are secreted from the intestinal tract in response to

the presence of food in the intestinal lumen. GLP-1 delays gastric emptying and increases

satiety. In the pancreas, GLP-1 augments insulin secretion and suppresses glucagon secretion

during hyperglycemia in a glucose-dependent manner. It also protects beta cells from oxidative and toxic

injury and promotes expansion of beta cell mass.

Advantages: Clinical data have revealed that GLP-1 analog drugs are as effective as insulin in improving
glycemic control while reducing body weight in people suffering from type 2 DM. Furthermore, the incidence
of hypoglycemia is low with these drugs because of their glucose-dependent mechanism of action. Another
significant advantage of these drugs is their duration of action. While insulin injections are administered

at least once daily, long-acting GLP-1 analogs have been developed as once-a-week injections and could
potentially be administered even less frequently than that in diabetic cats.

Outline: This article reviews the physiology of incretin hormones, and the pharmacology and use of GLP-1
analogs, with emphasis on recent research in cats. Further therapies that are based on incretin hormones,
such as DPP-4 inhibitors, are also briefly discussed, as are some other treatment modalities that are

currently under investigation.

Physiology of incretin hormones

Incretin-secreting cells (K and L cells) are
interspersed in the epithelium of the gut at
low but varying densities depending on the
cell and anatomic location (see later).! Their
physiological role is to sense the type and
quantity of digested nutrients in the gut.?
They then secrete incretins (and other hor-
mones) as preparatory signals to other remote
organs (pancreas, brain, etc). In the pancreas,
the main effect of incretin hormones is to
increase sensitivity to the stimulatory effect of
glucose. This effect is responsible for the
observed difference in insulin secretion
between oral and intravenous glucose infu-
sions and is defined as the ‘incretin effect’;
oral glucose leads to much greater insulin
secretion compared with intravenous glucose,
even when blood glucose concentrations are
equal.3*
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The incretin effect is thought to be exclu-
sively mediated by two peptide hormones:
glucagon-like peptide-1 (GLP-1), which is
secreted from L cells, and glucose-dependent
insulinotropic peptide (GIP), which is secret-
ed from K cells (Figure 1).2

The ‘incretin effect’ in cats

The incretin effect has been demonstrated in cats
although it appears as though it is not as robust
as in other species.® In people, for example, after
an oral glucose load about 30% of the rise in
insulin secretion is directly caused by the rise
in blood glucose concentrations, while 70% is a

result of the incretin effect.® This ratio is reversed
in cats, with only 30% of the rise in insulin con-
centration being directly related to the incretin
effect after a similar oral glucose load.5 This is
likely because glucose does not stimulate GIP
secretion in cats (see later).5”
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Eliminating the
need for long-term
insulin therapy
in diabetic cats
would impact
the survival of
countless cats.
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Figure 1 K cells in the feline ileum. Long arrows indicate the basal side of the cell that

is packed with glucose-dependent insulinotropic peptide hormones (brown stain) ready

to be secreted to the lamina propria where blood vessels and nerve endings are abundant.
Arrowheads indicate the fine extension of the cell on the luminal side, where sensing

of nutrients occurs. x 500 magnification

Incretin hormones play a major role in glu-
cose homeostasis via their effect on pancreatic
beta cells (Figure 2) and also by affecting a
multitude of other tissues.>® For example,

incretin hormones are important in regulating
Oral glucose

leads to much
Metabolic actions of incretin

hormones on pancreatic beta cells  greater insulin
secretion

compared with
intravenous

glucose -
the so-called
‘incretin
effect’.
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Figure 2 Incretin hormones promote expansion of
pancreatic beta cell mass: they promote differentiation of
pancreatic ductal cells into beta cells and increase beta
cell proliferation. Importantly, incretin hormones protect
cells from apoptosis induced by various cytotoxic agents
or dexamethasone. They also prevent apoptosis
secondary to glucotoxicity and lipotoxicity®®
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glucagon secretion (see box below). GLP-1
inhibits glucagon secretion, although it is
unclear whether this is a direct effect on alpha
cells or whether it is mediated through insulin
or other hormones. In contrast, GIP stimulates
glucagon secretion and it does so by directly
stimulating pancreatic alpha cells.? GLP-1
receptors are expressed in several brainstem
nuclei involved in appetite regulation.® GLP-1
suppresses appetite and energy intake in both
normal weight and obese individuals. In
animal models of obesity (including minipigs
and rodents) GLP-1 analogs reduce feeding
frequency and meal size.!® GLP-1 also pro-
motes satiety and weight loss through
decreasing the rate of gastric emptying.
In contrast, GIP promotes weight gain and
obesity by increasing the sensitivity of adi-
pose tissue to insulin.?

Active GIP and active GLP-1 are degraded
by the enzymes dipeptidyl peptidase-4 (DPP-
4, also known as CD26) and neutral endopep-
tidase 24.11 (NEP-24.11) into inactive forms,
thereby modifying or inhibiting their activity.?
DPP-4 and NEP are ubiquitous in tissues, and
DPP-4 is also present in soluble form in the
blood. Consequently, when injected intra-
venously, active GLP-1 and active GIP are
quickly degraded into inactive forms. This
results in a short half-life of both GLP-1 (1-2
mins) and GIP (5 mins) when administered
intravenously. The inactive GLP-1 and GIP are
quickly cleared by the kidneys.?® Although
the half-life of GLP-1 and GIP is unknown in
cats, the activity of DPP-4 in healthy cats has
been indirectly demonstrated: administration
of a DPP-4 inhibitor to healthy cats was asso-
ciated with increased insulin concentrations
and decreased glucagon concentrations after
an intravenous glucose challenge.!! In another
study, administration of a DPP-4 inhibitor was
associated with increased GLP-1 concentra-
tions but, interestingly, GIP concentrations
were unaltered whether after oral glucose or
after a meal.”

Metabolic actions of incretin hormones
outside of pancreatic beta cells
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L and K cells are described as open-type
cells, reaching the lumen of the gut via a slen-
der apical process that carries their sensing
mechanisms (Figure 1). They secrete hor-
mones from their basal aspects which are in
close proximity to the vasculature and neu-
rons of the lamina propria.'? The main stimu-
lus for secretion of hormones from K and L
cells is the presence of nutrients in the lumen
of the gut (not nutrients in the blood). Lipids
and carbohydrates are sensed by specific G
protein-coupled receptors (GPRs), although
other sensing mechanisms have been
described as well: GPR40, GPR120 and
GPR119, for example, sense lipids and
T1R2/T1R3 (the ‘sweet-taste receptor’) senses
simple sugars.!®1¢ Cats have a deletion
mutation in their sweet-taste receptor
(T1IR2/TIR3) gene and cannot express this
receptor.”” This renders their tongues insensi-
tive to glucose but also affects their ability to
sense glucose via their intestinal cells.!®
Whether or not cats have a different G protein-
coupled taste receptor or a different mecha-
nism of sensing carbohydrates by intestinal
enteroendocrine cells is unknown.

The degree of GIP and GLP-1 stimulation by
different nutrients is species-dependent.’ Fat
and carbohydrates are potent stimuli of GIP
secretion in humans, dogs, pigs and rodents.

The main
stimulus for
secretion of

hormones from

KandL cells is
the presence
of nutrients
in the lumen

of the gut

(not nutrients
in the blood).

The incretin effect is severely reduced or absent in people with
type 2 diabetes mellitus (DM), contributing to glucose intolerance
and postprandial hyperglycemia.®?® In diabetic humans, the
secretion of GIP is normal or slightly reduced but its effect on the
pancreas is markedly decreased. In contrast, GLP-1 retains its
insulinotropic effects in type 2 DM (at least in supraphysiologic
concentrations), but its secretion is decreased.® Whether a blunt-
ed incretin response is a primary process in type 2 DM or a sec-
ondary process caused by DM is debatable; but, interestingly, a
blunted incretin effect has been observed to some degree in all
types of DM.28 There is some evidence that obesity contributes
to attenuation of the incretin effect independently of DM. In one
study, obesity was associated with decreased incretin effect,
including decreased beta cell response to GLP-1, but also
decreased GLP-1 secretion.?* In contrast, other studies showed
normal GLP-1 secretion in obese people but increased GIP
secretion during fasting and early after a meal.? Insulin resist-
ance in itself, regardless of obesity or DM, has been associated
with abnormal secretion of GIP and GLP-1.%® Increased insulin
concentrations in insulin-resistant subjects may downregulate
incretin secretion.

The melanocortin-4 receptor (MC4R) is expressed in the hypo-
thalamus and is responsible for mediating the feeling of satiety in
situations of positive energy balance.?” In human obesity and dia-
betes, MC4R is a major susceptibility gene. This receptor may be
the link between diabetes, obesity and abnormalities in the
incretin effect: recently it was discovered that MC4R is also
expressed in intestinal L cells and mediates the secretion of
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Fat is more potent than carbohydrates in stim-
ulating GIP secretion in people and dogs, but
the opposite is true in rodents and pigs.?2
In cats, fat is more potent than amino acids in
stimulating GIP secretion but oral adminis-
tration of glucose has no effect on GIP
secretion.>” Postprandial GLP-1 secretion is
typically biphasic and is stimulated by ingest-
ed lipid, carbohydrate and protein.'” In one
study in healthy cats, lipids, carbohydrates
and amino acids had overall a similar effect on
the total amount of GLP-1 secreted, although
the temporal pattern differed.?

Different distributions of L cells and K cells
along the intestinal tract in different species
determine, in part, the importance of different
stimuli of GLP-1 and GIP secretion.820
Quantitative immunohistochemical studies in
dogs, rats, pigs and people have demonstrat-
ed that in general there is an opposite gradient
to the densities of L and K cells: there are few
(if any) L cells in the distal duodenum and
their density increases aborally through the
jejunum, reaching maximum numbers in the
ileum and colon.?®22 In contrast, K cells are
at their highest density in the duodenum
and their density decreases aborally along
the jejunum. K cells are not present in the
ileum and colon in dogs, rats, pigs and
people.20-22

/J

GLP-1.28 Interestingly in cats, polymorphism in the MC4R gene
was demonstrated in obese diabetics but not in obese non-
diabetics.?’ It could be speculated that cats with polymorphism
in this gene are predisposed to both obesity and reduced incretin
effect, making them more likely to develop DM. In cats that do
not have this polymorphism, obesity is caused by other factors
and with an intact incretin effect they are able to compensate for
the insulin resistance and do not develop DM.

In one study in cats, GLP-1 plasma concentrations were higher
in lean vs obese individuals.?® After gastric glucose administra-
tion, GLP-1 concentrations did not return to baseline within 5 h in
lean cats but they did return to baseline in obese cats within 3 h.
GLP-1 concentrations were also a lot more variable in lean com-
pared with obese cats in that study.?® These data might suggest
that, in cats, as previously shown in people, GLP-1 secretion is
downregulated by insulin resistance. The effect of diet, however,
was not controlled in this study. Cats were maintained on differ-
ent diet regimens in order to maintain their lean or obese states.
Also, GLP-1 secretion could not be assessed accurately in the
study because of methodological problems in its measurement.
These included the use of an active GLP-1 assay (that underesti-
mates the total GLP-1 secreted and the effect of GLP-1 in the
portal system®) and the lack of effective DPP-4 inhibitor in the
collection tubes, rendering the GLP-1 in the samples vulnerable
to degradation. Indeed, GLP-1 concentrations measured in this
study were lower than those measured in cats using the same
ELISA when a specific DPP-4 inhibitor was utilized during sample
collection.”
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Distribution of K and L cells in cats

The distribution of L cells in cats is similar to that
in dogs, rats, pigs and people. However, K cells
do not display the typical gradient described in
other mammals: their distribution in cats is fairly
constant throughout the duodenum, jejunum and
ileum.! Remarkably, K cells are also present in
the feline colon, unlike in other mammals.! The
cat is an obligate carnivore that naturally feeds
on a diet that is poor or lacking in carbohydrates
but is rich in fat and protein. In other species
(although yet to be studied in cats) GIP stimu-
lates glucagon secretion (in contrast to GLP-1
which inhibits it).8 It is possible that the presence
of K cells in cats throughout the gut is important
in preventing postprandial hypoglycemia by
more robust glucagon stimulation in response to
lipids and proteins that otherwise stimulate
insulin secretion directly and through GIP and
GLP-1 secretion.

GLP-1 based treatments
in diabetes mellitus

GIP is not considered a beneficial target in the
treatment of DM because of the reduced sen-
sitivity of pancreatic beta cells to GIP in the
diabetic state and because of the negative
effects of GIP in terms of increasing glucagon
secretion and promoting obesity by increasing
the sensitivity of adipose tissue to insulin. If
anything, decreasing GIP secretion or antago-
nizing its effect outside of beta cells would be
beneficial but such therapies are not currently
available and will not be discussed further.

In contrast, GLP-1 treatment has many bene-
ficial effects but its very short half-life prevents
its widespread use in the clinical setting. There
are several treatment modalities that overcome
this problem. The first incretin-based drugs to
be approved for use in people were orally
administered DPP-4 inhibitors that prolong
the half-life of GLP-1 and GIP. Later on, the
GLP-1 analog exenatide was approved for use,
followed by a number of other GLP-1 analogs,
with more still being developed. These long-
acting, DPP-4-resistant, synthetic GLP-1 recep-
tor agonists are currently the biggest and most
widely used group of GLP-1 based drugs.
They are all peptides (Figure 3) that are admin-
istered as subcutaneous injections, but other
delivery systems are being developed (includ-
ing enteral, pulmonary or sublingual). Also
under development are non-peptidic GLP-1
receptor agonists.3!%

Drugs that are commercially available are
discussed in the following sections. Other
GLP-1 based treatment approaches are
described in the box on page 737.
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GLP-1 analogs

GLP-1 analogs are peptides derived from
mammalian GLP-1 (which is 100% homolo-
gous between humans, rodents, cats, dogs,
pigs and other mammals) with various modi-
fications that render them resistant to DPP-4
degradation. Some commercially available
analogs are discussed below. Non-peptidic

Long-acting, GLP-1 receptor agonists are not commercially

DPP-4- available and are not discussed.
resistant, Exenatide
synthetic The peptide exendin-4 was first isolated from

the poisonous venom of the Gila monster
(Heloderma suspectum). Exendin-4 is a 39-amino
acid peptide that shares only a 53% sequence
homology with GLP-1 but its affinity for the
GLP-1 receptor is 1000 times greater than the
affinity of GLP-1. Unlike GLP-1, exendin-4 is
not a substrate for DPP-4 and NEP2 Exenatide is
a synthetic exendin-4. Resistant to degradation,
exenatide is eliminated by the kidneys and has
a half-life of 34 h in people. Its biological effect
lasts about 8 h after subcutaneous injection and
it can be detected in the plasma for up to 15 h.#

Multiple studies, both in vitro and in vivo,
have shown that, in general, exendin-4 has
the same physiologic effects as GLP-1 in the
pancreas, gastrointestinal tract and brain.®
Exenatide is associated with improvement in
some of the earliest (sometimes years before
fasting hyperglycemia is diagnosed) and most
fundamental abnormalities of type 2 DM:
diminished ‘first-phase insulin response’ and
the proinsulin/insulin ratio. Acute administra-
tion of exenatide in type 2 diabetic patients
corrects the abnormal insulin secretion pattern
after an intravenous glucose bolus (first phase
and second phase insulin responses) and

GLP-1 receptor
agonists are
currently the
most widely

used group of
GLP-1 based
drugs.
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Manipulation of L cells
A relatively untouched area of exploration is
manipulation of L cells to increase secretion of
GLP-1 (and, ideally, decrease secretion of GIP in
order to treat obesity). Diet manipulation is the
most straightforward approach but currently there
are no dietary strategies for enhancement of
GLP-1 secretion that are in clinical use.®*** Non-
peptidic drugs that activate free fatty acid receptors
in L cells and stimulate GLP-1 secretion (GRP120
and GRP119 agonists) have been studied but have
not achieved Food and Drug Administration (FDA)
approval because of toxicity issues.!53%36

Another relatively unexplored area is the interac-
tion of gut microbiota with enteroendocrine cells.
Feeding of prebiotics to mice has led to increased
numbers of L cells and increased GLP-1 secretion
in obese mice, but this has not yet been studied in
cats.®” Activation of GLP-1 secreting cells was
achieved in one study in diabetic rats by oral
administration of human commensal bacteria

restores the ability of beta cells to respond to
rapid changes in blood glucose concentrations.®
Exenatide also improves the proinsulin/insulin
ratio after 30 weeks of treatment.*

Exenatide is as effective as insulin glargine
in the treatment of DM in humans but with
fewer side effects (eg, hypoglycemia and
weight gain).®® In a 2 year follow-up of
patients receiving exenatide, sustained and
significant reductions in glycosylated
hemoglobin were achieved, accompanied by
significant weight loss (instead of weight gain
commonly seen in diabetics receiving insulin)
and improvement in serum liver enzyme
activity and blood pressure. Most importantly,
treatment with exenatide improved beta cell
function as measured by homeostasis model
assessment of beta cell function (HOMA-B).%¢

Exenatide has minimal side effects in people.
It is mostly associated with nausea and less
frequently with vomiting. Infrequently, it can
cause hypoglycemia. A systematic review and
meta-analysis found that severe hypoglycemia
(requiring assistance) was reported rarely (only
5/2781 patients) and only in patients who also
received sulfonylurea drugs.”” Antibodies to
exenatide developed in 67% of patients but this
did not affect outcome and was not associated
with side effects.” When first discovered,
exendin-4 was shown to potentiate amylase
release from rat acinar pancreatic cells in
response to other hormones such as cholecys-
tokinin. This was shown ex vivo and in high
doses. A possible association between GLP-1
analogs and pancreatitis as well as medullary
thyroid cancer has been suggested and led to
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engineered to secrete GLP-1(1-37).%¢ These and
other manipulations of gut microbiota have poten-
tial in the treatment of DM and obesity in cats.

Bariatric surgery

Bariatric surgery is widely recognized to improve
glycemic control in obese diabetics and is reported to
lead to complete resolution of DM in more than 90%
of patients. These effects are seen long before weight
loss is noted.* At least in part this is related to greater
release of GLP-1 as a result of increased delivery of
undigested nutrients directly into the distal jejunum
and ileum where L cells are abundant.*®*' Although
the rate and swiftness of DM remission in obese
patients is impressive, use of this treatment modality
in non-obese diabetics is still controversial because

of the associated side effects.*?

The application of bariatric surgery for treatment
of DM in cats has not been studied and one needs
to consider the differences between cats and people
in distribution of K and L cells (see box on page 736).

issuing of a warning by the FDA. However,
multiple studies have refuted these concerns
and it is widely accepted that the proven enor-
mous benefits of GLP-1 analogs outweigh their
hypothetical risks.#4°

Exenatide is commercially available in the
USA under the trade name Byetta (AstraZeneca)
and is used in people as a twice-daily drug. It is
marketed as a pre-filled pen for injection, deliv-

ering a minimum dose of 5 ug per injection.

Exenatide in cats

In healthy cats, exenatide is quickly
absorbed after a subcutaneous
injection and has a very short half-life
(20 mins vs 3-4 h in people).5°
Exenatide injection led to glucose-
dependent insulin secretion as
expected, but increased glucose toler-
ance was not observed after a single
subcutaneous injection.5®%" A single
exenatide dose of 1.0 pg/kg SC (about
10 times the dose used in diabetic
people) did not cause any side effects
in healthy cats, except for hypo-
glycemia in 1 out of 9 cats.% In anoth-
er study, after 5 days of q12h treat-
ment, exenatide resulted in increased
postprandial insulin secretion but
with no change in blood glucose.
Interestingly, postprandial glucagon
was increased in this study after

5 days of exenatide treatment when
doses between 0.2 and 1.0 pg/kg were
used, but a dose of 2 pg/kg was
associated with a small reduction in
glucagon. Occasional vomiting and
diarrhea were observed with all doses,
but no hypoglycemia or weight loss.%?

Exenatide has led to significant
weight loss in healthy cats of 7.0 =
4.9% (from 4.78 + 1.5 kgto 4.48 +1.5
kg) with a dose of 1.0 ug/kg SC q12h
for 28 days.5! In a recent study com-
paring the effect of q12h exenatide
with placebo in diabetic cats receiv-
ing insulin glargine, exenatide did not
have an effect on remission rates or
insulin dose. Adding exenatide to
glargine was associated with weight
loss while glargine alone was associ-
ated with weight gain.5®

JFMS CLINICAL PRACTICE
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Exenatide extended-release (ER)

A long-acting extended-release (ER) formula-
tion of exenatide (Bydureon; AstraZeneca) has
recently been approved by the FDA as the first
once-weekly subcutaneous injection for treat-
ment of type 2 DM in people. It consists of
injectable microspheres of exenatide and
poly(D,L-lactic-co-glycolic acid), a common
biodegradable medical polymer with estab-
lished use in absorbable sutures and extend-
ed-release pharmaceuticals, which allows
gradual drug delivery at controlled rates. In
people, exenatide plasma concentrations are
sustained at an effective concentration (50
pg/ml) for longer than 60 days after a single
injection at doses of 5, 7 or 10 mg.%*

In a clinical trial exenatide-ER was more
effective than once-a-day insulin glargine in
achieving glycemic control, with decreased risk
of hypoglycemia and with reduction (instead of

gain) in body weight. It was also more effec-
tive than regular (short acting) exenatide
(Byetta) in achieving glycemic control, with no
increased risk of hypoglycemia. Unlike short
acting exenatide, exenatide-ER was associated
with decreased fasting blood glucose, an
important predictor of long-term complications
of DM in people. Compared with short acting
exenatide, exenatide-ER also was associated
with less frequent side effects like nausea, but
with similar reductions in body weight.5® The
similar reduction in body weight is an impor-
tant finding because, theoretically, weight loss
is not expected as much with long acting for-
mulations of GLP-1 analogs.

Continuous exposure to a GLP-1 receptor
agonist downregulates the effects of that ago-
nist on gastric emptying, thus decreasing its
effect on curbing appetite.” This downregula-
tion does not occur with intermittent exposure

Exenatide extended-release in cats

We have studied exenatide-ER in healthy cats at a dose of 0.13
mg/kg.”® Exenatide was measured over 12 weeks after a single
dose: mean exenatide concentrations were increased from base-
line at 3 weeks post-injection, peaked at 4 weeks, and were still
increased at 5 weeks. At 6 weeks post-injection the mean exe-
natide concentrations were not significantly increased from base-
line but exenatide was still detected in some of the cats. Using the
hyperglycemic clamp technique we found that 3 weeks after a sin-
gle injection of exenatide-ER, glucose tolerance improved, insulin
concentrations increased and glucagon concentrations decreased.
We also found that fasting blood glucose was decreased at the
3-week mark. Interestingly, the results of continuous glucose mon-
itoring (measuring interstitial glucose every 5 mins for 3-6 days at
all times including during feeding and sleep) showed a significant
reduction in glucose 2 weeks, and even 6 weeks, after that single
injection.%® No side effects were observed throughout the study,
including no weight loss. Continuous glucose monitoring revealed
that glucose measurements were frequently low, but no signs of
hypoglycemia were detected clinically.>®

In another study exenatide-ER was administered weekly for
5 weeks at two doses (0.1 mg/kg and 0.2 mg/kg). During a meal-
response test, exenatide-ER enhanced insulin secretion in the
first 2 h postprandially but the effect on glucagon was mixed: the
low dose caused an increase in glucagon secretion and the high
dose did not change it. Overall there was no effect on blood glu-
cose with either dose. Importantly, during and after 5 weeks of
weekly injections, no side effects were observed.>?

Neither of the above studies assessed exenatide in diabetic
cats. Recently, the effect of exenatide-ER was assessed in a
group of newly diagnosed diabetic cats treated with insulin
glargine and fed a diabetes control diet. Cats in this study were
treated with once-weekly injection of placebo or exenatide-ER at
a dose of 0.2 mg/kg.5® As described above, we have found a sig-
nificant improvement in glucose tolerance with half that dose of
exenatide-ER. Also, our data suggested a long duration of action
that would obviate the need for once-weekly injection and indi-
cates that once-monthly treatment would be sufficient.5® Despite
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using what seems in retrospect like a very high dose, this study
found only a trend towards a small effect of exenatide-ER on
remission rates and improved glycemic control. At first glance
these are disappointing results because they suggest lack of effi-
cacy in diabetic cats. However, it is important to remember that
GLP-1 receptor agonists only have a profound effect on glycemic
control when their main target — pancreatic beta cells - are
present and when these cells are affected by a pathologic
process that can be reversed by the effect of GLP-1 such as
decreased responsiveness to glucose as in type 2 DM in people.
One simple explanation for the apparent lack of efficacy of
exenatide-ER in this study is that some (and possibly many) of
the cats had entered the study with relatively advanced disease
and little or no cell mass to respond to exenatide-ER.

Another possibility is that their disease, even if not advanced,
was not one that is likely to respond to GLP-1. Traditionally, feline
DM is equated to type 2 DM in people, but recent studies have
shown that many diabetic cats actually suffer from hypersoma-
totropism, in which insulin resistance is the dominant component
of the disease and not cell dysfunction.®® Another disease
process that could render the diabetic cat unresponsive to GLP-
1 receptor agonists is pancreatitis. If extensive, the inflammatory
process that affects the exocrine pancreas can extend to the
islets of Langerhans and damage cells. This situation would result
in a reduction in cell mass (and not merely dysfunction) and
inability to respond to a GLP-1 receptor agonist. In one study, a
weak positive correlation was found between feline pancreatic
lipase immunoreactivity and serum fructosamine concentrations
in diabetic cats, suggesting a potential effect of subclinical pan-
creatitis on glycemic control.! It is possible that at least a propor-
tion of diabetic cats suffer from pancreatitis. Thus, to take full
advantage of exenatide-ER or similar drugs, one would have to
better select a population of cats in early stages of disease
(ideally prior to developing clinical signs) and with appropriate
disease type (ie, excluding cases with DM secondary to pancre-
atitis or hypersomatotropism). Currently, however, early diagnosis
of feline DM and exact characterization of type are not practical.



(as is the case with short acting exenatide)
even after many months (and years) of treat-
ment. As a result, the overall effect of GLP-1
agonists on postprandial gastric emptying are
greater with intermittent exposure compared
with continuous exposure (with long acting
formulations such as exenatide-ER). This is
seen even when peak drug concentrations are
higher during continuous vs intermittent
exposure. Conversely, the effect on fasting
glucose is decreased with intermittent com-
pared with continuous exposure.”

Liraglutide

Liraglutide is a synthetic GLP-1 analog with
two amino acid substitutions and a fatty acid
acyl group (Figure 3) that enables non-
covalent binding to albumin, thereby extend-
ing the pharmacokinetic profile of the GLP-1
molecule. Liraglutide exhibits a prolonged
(relative to unmodified native GLP-1) pharma-
cokinetic profile after a single injection, as well
as all of the actions of native GLP-1.2

Liraglutide (once-a-day) was compared with
exenatide (twice-a-day). Liraglutide provided
significantly greater improvements in glycemic
control than did exenatide and was generally
better tolerated.®> Liraglutide g24h was also
more effective than exenatide-ER once weekly
in achieving glycemic control, but nausea,
vomiting and diarrhea occurred less frequently
with exenatide-ER.® Possibly this increased
efficacy is secondary to fluctuations in drug
levels of liraglutide, preventing downregula-
tion of its direct effects on the gastrointestinal
tract (as described above). It is also possible
that the hydrophobic properties of liraglutide,
conferred by its fatty acid component, allow
better penetration through the blood-brain
barrier and therefore greater effect on the brain.
Liraglutide has been used successfully to treat
obesity in non-diabetic patients.**

Liraglutide is used in people as a once-daily
drug marketed under the trade name Victoza
(Novo Nordisk). It is provided as a pre-filled
pen for injection, delivering a minimum dose
of 0.6 ug per injection.
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Albiglutide and dulaglutide

Albiglutide (Tanzeum; GSK) and dulaglutide
(Trulicity; Lilly) were approved by the FDA
in 2014 for treatment of type 2 DM. These are
fusion proteins of GLP-1 and large-size mol-
ecules that slow absorption from the subcuta-
neous injection site, protect the active GLP-1
component from degradation by DPP-4 activ-
ity, and prolong the half-life considerably by
reducing renal clearance. In albiglutide, two
GLP-1 molecules are covalently linked to one
molecule of human albumin.® In dulaglutide,
two GLP-1 molecules are covalently linked
to a modified human IgG4 Fc fragment
(Figure 3).¢”

While these fusion molecules exhibit
reduced affinity for the GLP-1 receptor, they
display a broad spectrum of GLP-1 receptor-
dependent actions. Both have been studied
extensively and like previously described
long-acting GLP-1 receptor agonists they are
associated with glucose-dependent insulin
stimulation, inhibition of food intake and
gastric emptying, and improvement of both
fasting and postprandial blood glucose.®*®
They are also associated with a similar profile
of transient gastrointestinal side effects.
Both molecules have been studied in type 2
diabetic people and are superior to insulin in
terms of reducing glycosylated hemoglobin
while not promoting weight gain and mini-
mizing the risk of hypoglycemia.t®”
Importantly, they have the potential to be
used as a very long-acting drug: albiglutide
has a half-life of 6-8 days and dulaglutide has
a half-life of 5 days in people.

Albiglutide and dulaglutide have not been studied in
cats, but it is tempting to speculate that they could
be used at high doses and low frequency of injection
with good efficacy and no significant side effects.

Liraglutide in cats

We have studied liraglutide in healthy cats at a
dose of 0.6 mg/cat q24h.%5 The half-life of liraglu-
tide was about 12 h (very similar to its half-life in
people). Cats were treated on days 1 and 7-13.
Liraglutide caused significant weight loss in all cats
at day 14 (9 = 3%). Appetite was subjectively
decreased in all cats and one cat was withdrawn
on day 4 because of 48 h of anorexia. During a
hyperglycemic clamp, liraglutide was associated
with a trend towards improved glucose tolerance,
higher insulin concentrations and lower glucagon

concentrations. Fasting glucose concentrations
were not affected.®®

Considering the dramatic effect on body weight
and no obvious advantage over exenatide-ER, it is
unlikely that liraglutide would be advantageous in
treating feline DM. lts use in obese cats, however,
could be considered, especially if the frequency of
administration is reduced from q24h to q48h or
twice a week. This reduced frequency might be
useful in achieving more gradual weight loss and
will reduce the financial burden on the owner.
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Albiglutide has been investigated in people for
use as a weekly, biweekly and monthly injection
(with higher doses given at lower frequency).®
Monthly injections were as effective in control-
ling glycemia as weekly and biweekly injections,
but the reduced frequency was associated with
greater fluctuations in drug levels ad an associat-
ed greater frequency of nausea and vomiting.®
Because cats seem more resistant to the side
effects of GLP-1 receptor agonists, it is tempting
to speculate that albiglutide and dulaglutide
could be used in cats at high doses and low fre-
quency of injection of once a month, with good
efficacy and no significant side effects. To date,
however, neither drug has been studied in cats.

DPP-4 inhibitors
DPP-4 inhibitors (eg, sitagliptin, vildagliptin)
are administered orally. In people, they are
well tolerated and not associated with hypo-
glycemia when used alone. DPP-4 inhibitors
in people increase plasma concentrations of
GLP-1 and GIP after meal ingestion, enhance
glucose-stimulated insulin secretion and
reduce ratios of proinsulin:insulin, consistent
with an improvement in beta cell function.
They are, however, less potent than other oral
hypoglycemic drugs.®

In contrast to GLP-1 analogs, DPP-4 inhibitors
are not associated with nausea or vomiting in
people, but they are associated with weight
gain. DPP-4 inhibitors are also associated with
increased risk of nasopharyngitis, urinary tract
infections and headaches. Increased risk of
infections might be related to the action of DPP-
4in T cells as a co-stimulatory molecule (CD26).

Summary of available GLP-1 analogs

Exenatide (Byetta; AstraZeneca)

== Short acting (half-life in cats: 20 mins)

== Significant weight loss with twice-daily administration
== Potential for nausea and vomiting?

Exenatide-ER (Bydureon; AstraZeneca)

== Very long acting (improving glycemic control >1 month after a single
injection in cats)

= No significant side effects

= No significant weight loss

Liraglutide (Victoza; Novo Nordisk)

#= Medium duration (half-life in cats: 12 h)

== Significant gastrointestinal side effects, but no long-term placebo-
controlled studies

== Significant weight loss

Albiglutide (Tanzeum; GSK) and Dulaglutide (Trulicity; Lilly)
== No data in cats
== Potential for very long duration of action (monthly injection?)

Challenges in managing feline

DPP-4 inhibitors in cats

A DPP-4 inhibitor has been used
experimentally in cats and was effec-
tive in enhancing insulin secretion
and inhibiting glucagon secretion
after an intravenous glucose chal-
lenge.!" Glucagon inhibition was also
observed after a meal challenge
(comprising 50% of average daily
energy requirement [approximately
125 g, 155 kcal] of Diabetes
Management [canned], Nestlé
Purina; 11.5% protein, 4.5% fat, 2%
crude fiber, 78% moisture).’ In that
study, the drug was administered
subcutaneously and not orally.

In a later study that used the same
meal test, sitagliptin was compared
with exenatide and exenatide-ER.
Sitagliptin stimulated an increase in
insulin during the meal response test
although the effect was relatively
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modest.5?2 Like exenatide-ER,
sitagliptin was associated with
decreased glucagon secretion during
the meal response test. This is an
unexpected result because unlike the
action of GLP-1 receptor agonists
(like exenatide), DPP-4 inhibition
should cause an increase in GIP
(which stimulates glucagon secretion)
in conjunction with the increased
GLP-1 (which inhibits glucagon). GIP
and GLP-1 concentrations, however,
were not measured in that study.5?

Interestingly, when GIP and
GLP-1 concentrations were meas-
ured in another study, sitagliptin
administration led to the expected
increase in GLP-1 concentrations
but there was no change in GIP after
oral glucose and during a meal
response test.”

diabetes mellitus and potential
uses of GLP-1 based therapies

Insulin-related issues

Treatment of feline DM currently relies upon
the administration of exogenous insulin, usu-
ally given twice daily, along with dietary
modification and treatment of underlying (eg,
hypersomatotropism) or concurrent diseases.
For many owners, this has a profound impact
on their quality of life and the perceived well-
being of their pet, and it has been estimated
that 30% of affected cats are euthanized within
a year of diagnosis.®® Owners often cite insulin-
related issues as a major cause of anxiety
(including worrying about hypoglycemic
events and the inability to have the cat cared
for by others).” Therefore, eliminating the
need for long-term insulin therapy in diabetic
cats will impact the survival of countless cats.

Duration of remission

A substantial proportion of diabetic cats
(about 30%) enter a state of remission (ie,
become insulin independent after being treat-
ed with insulin) and no longer require such
careful management.”? It is assumed that
exogenous insulin therapy, along with dietary
manipulation and mitigation of insulin-resis-
tant disorders, reverses glucotoxicity and
enables the pancreatic beta cells to resume
function. However, the duration of remission



KEY
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The current standard of care in feline diabetes (insulin and diet):
- Is associated with a relatively low remission rate (about 30%);
- Has a significant negative impact on the quality of life of cats and their owners.

Incretin hormones have the following effects on pancreatic beta cells:

- Increase sensitivity to glucose;

- Increase glucose-dependent insulin secretion;

- Increase insulin biosynthesis;
- Inhibit apoptosis;

- Stimulate proliferation and differentiation.

GLP-1 is an incretin hormone that retains its positive physiologic effects in diabetics
and has an excellent safety profile, even when administered at supraphysiologic

concentrations.

GLP-1 based therapies have the potential to:

- Improve diabetic remission rates in cats, especially those diagnosed early in the

course of their disease;

- Improve quality of life of cats and their owners by replacing twice-daily

injections with once-monthly injections.

can be short-lived, and exogenous insulin
must then be reinstituted.”

While it is recognized that prompt insulin
therapy is needed to achieve remission in cats
with overt DM, studies in people and rodent
models show that chronic administration of
GLP-1 receptor agonists preserves and even
increases beta cell mass and the capacity to
secrete insulin.? Therefore, it seems possible
that GLP-1 receptor agonists may prolong
remission time in cats and delay, or possibly
even prevent, the recurrence of insulin depend-
ence. If that is the case, long acting formulations
like exenatide-ER administered once a month
would have dramatic effects on survival of cats,
and the quality of life of cats and their owners.

Potential for early diagnosis

Traditionally, feline DM is equated to type 2
DM in people and indeed many similarities
exist between these diseases. Probably the
most striking differences are the criteria for
diagnosis and (likely as a result) the require-
ment for exogenous insulin administration.
People are diagnosed with DM and predia-
betes when their blood glucose is only mildly
elevated and most often years before their
hyperglycemia causes any clinical signs. This
early diagnosis allows for lifestyle interven-
tions and drug administration that prevent or
delay progression from prediabetes to DM
and prevent or delay the need for exogenous
insulin treatment. During these years of treat-
ment, pancreatic cells are still present in large
enough numbers and hyperglycemia can be
effectively treated (eg, with GLP-1 based treat-
ments). Control of hyperglycemia is crucial
for preventing the complications of DM.

In cats, the diagnosis of DM is made when
blood glucose concentrations are much high-
er, typically higher than the renal threshold
for glucose reabsorption (which leads to the
typical clinical presentation of polyuria and
polydipsia). Presumably, this occurs in much
later stages of DM when pancreatic beta cell
mass is significantly decreased and the win-
dow of opportunity to treat with GLP-1 based
treatments has closed or is near closure. The
future of research in feline DM may therefore
lie with a focus on early diagnosis of DM, and
the possibility of preventing clinical DM with
pre-emptive treatment with GLP-1 based
therapies.
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