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ABSTRACT

Analogues of glucagon like peptide-1 (GLP-1) and other drugs that increase this peptide half-life are used
worldwide in human medicine to treat type 2 diabetes mellitus (DM) and obesity. These molecules can increase
insulin release and satiety, interesting effects that could also be useful in the treatment of domestic animals
pathologies, however their use in veterinary medicine are still limited. Considering the increasing incidence of
DM and obesity in cats and dogs, the aim of this review is to summarize the available information about the
physiological and pharmacological actions of GLP-1 in domestic animals and discuss about its potential appli-
cations in veterinary medicine. In diabetic dogs, the use of drugs based on GLP-1 actions reduced blood glucose
and increased glucose uptake, while in diabetic cats they reduced glycemic variability and exogenous insulin
administration. Thus, available evidence indicates that GLP-1 based drugs could become alternatives to DM
treatment in domestic animals. Nevertheless, current data do not provide enough elements to recommend these
drugs widespread clinical use.

1. Introduction

Glucagon like peptide-1 (GLP-1) is a peptide hormone synthetized by
intestinal "L" cells, which are located mainly in the most distal intestinal
regions, such as the ileum and colon. This peptide is also produced in the
central nervous system (CNS), more specifically in solitary tract nucleus,
and in pancreatic a cells (Chambers et al., 2017; Miiller et al., 2019). The
mechanisms that trigger GLP-1 release is quite like that of insulin Fig. 1.
Increase in intracellular glucose leads to higher ATP synthesis, which in
turn interacts with ATP-sensitive K™ channels (Karp), closing them. This
leads to cell depolarization and the opening of voltage dependent cal-
cium channels (VDCC), increasing this cation concentration in the cells.
Finally, Ca*™ interacts with vesicles containing GLP-1 (or insulin in p
cells) and promotes its exocytosis (Reimann & Gribble, 2002; Rowlands,
Heng, Newsholme & Carlessi, 2018; Tolhurst, Reimann & Gribble,
2009).

After its release by L cells, GLP-1 enters the portal circulation and
reach the pancreatic islets, where it exerts the so-called incretin effect
(Baggio & Drucker, 2007; Nauck & Meier, 2018). The incretin effect is
described as a higher insulin release resulting from oral than intravenous

glucose administration, despite similar blood glucose levels. (Baggio &
Drucker, 2007; Nauck & Meier, 2018). GLP1 has an extremely short
half-life due to rapid degradation by dipeptidylpeptidase 4 (DPP4), also
known as CD26, a serine peptidase produced in the vascular endothe-
lium (Deacon, 2018; Nauck & Meier, 2005). Recent data indicates that
GLP-1 originated in « cells also has a central role in the stimulation of
insulin release by p cells, in an intra-islet paracrine action (Chambers
et al., 2017; Smith et al., 2014).

Regardless of its origin, islet a cells or enteroendocrine L cells, when
GLP1 reaches the f cells and binds to its receptor (GLP-1R), a series of
events that culminate in insulin release amplification are triggered
(Fig. 2) (Qwviiller et al., 2019). When GLP-1R, a G protein-coupled re-
ceptor, is activated, adenylate cyclase is activated resulting in ATP
convertion to cAMP (Meloni, DeYoung, Lowe & Parkes, 2013). To
stimulate the insulin release, this second messenger activates mainly two
pathways: protein kinase A (PKA) and the exchange protein directly
activated by cAMP (Epac) (Kang, Leech, Chepurny, Coetzee & Holz,
2008; Skelin & Rupnik, 2011). PKA phosphorylates the Karp channels,
sensitizing them to ATP and facilitating their closure, thus promoting
cell depolarization and opening the VDCC, leading to an increase in
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intracellular Ca*t (Biinemann, Gerhardstein, Gao & Hosey, 1999;
MacDonald et al., 2003; Rowlands et al., 2018). PKA also inhibits
voltage-dependent K channels, delaying repolarization of p cells
(MacDonald et al., 2003). In addition to this rapid stimulation of insulin
release, PKA also interacts with pancreatic and duodenal homeobox 1
(Pdx-1), leading to stimulation of the proinsulin gene transcription,
which increases the stability of its mRNA, thus promoting insulin syn-
thesis (D. J. Drucker, Philippe, Mojsov, Chick & Habener, 1987; Miiller
et al.,, 2019; Wang et al., 1995). Epac also acts sensitizing the Karp
channels, but its main function is to facilitate the opening of ryanodine
receptor calcium release channels (RYR) on the endoplasmic reticulum,
amplifying the intracellular Ca™" increase (Holz, 2004; Kang et al.,
2008). It is important to note that the actions of PKA and Epac poten-
tiates and enhances p cells response to the increase in circulating
glucose, but without concomitant increase in intracellular ATP, there-
fore, GLP-1 signal is a week insulin release promoter (Miiller et al.,
2019).

Besides its acute effects, GLP-1 also has long-term effects on f cells,
that are mainly related to apoptosis inhibition and cellular multiplica-
tion (J. Buteau et al., 2004; Jean Buteau, Foisy, Joly & Prentki, 2003;
Kapodistria, Tsilibary, Kotsopoulou, Moustardas & Kitsiou, 2018; Shi-
moda et al., 2011; Tsunekawa et al., 2007). However, studies with
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diabetic human patients have not shown an increase in p cells prolifer-
ation (Smits et al., 2017). Pancreatic islets a and & cells also express
GLP-1R, therefore GLP1 binding can also inhibits glucagon and stimu-
lates somatostatin release (de Heer, Rasmussen, Coy & Holst, 2008;
@rskov, Holst & Nielsen, 1988; Richards et al., 2014).

Much of the interest in GLP-1 is due to its action on pancreatic islets,
however, it was described in rodents and humans that several other
tissues express GLP-1R (Miiller et al., 2019; Rowlands et al., 2018).
GLP-1R has already been identified in the stomach, skeletal muscle,
smooth muscle, atrial cardiac muscle, kidneys, lungs, adipose tissue and
in several areas of the central nervous system (CNS) (Bullock, Heller &
Habener, 1996; Challa et al., 2012; Delgado et al., 1995; Richards et al.,
2014). Some authors have already reported the presence of GLP-1R in
the liver, however the most recent results indicate that these findings are
mainly due to findings with non-specific antibodies, and that hepato-
cytes of mice, humans and monkeys (Macaca mulatta and Macaca fas-
cicularis) do not express GLP-1R (Drucker, 2018; Knudsen & Lau, 2019;
Pyke et al., 2014). To our best knowledge, GLP-1R presence in dogs and
cats’ liver was not evaluated yet.

GLP-1 has several important extra pancreatic functions, and most of
them depend on actions in the CNS. It increases satiety and thermo-
genesis, inhibits blood pressure rising, gastric emptying and water
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Fig. 1. Schematic illustration of GLP-1 release after glucose uptake in enteroendocrine L cells. SGLT: sodium-glucose linked transporter. Kap: ATP-sensitive K

channels. VDCC: voltage dependent calcium channels.
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intake, is involved in the reward pathway and in the hypothalamic ad-
renal pituitary (HPA) axis (Beiroa et al., 2014; Hayes, Skibicka & Grill,
2008; Herman, 2018; Imeryiiz et al., 1997; Kooijman et al., 2015;
Krieger et al., 2016; Pacheco et al., 2011; Riittimann, Arnold, Hill-
ebrand, Geary & Langhans, 2009; Sirohi, Schurdak, Seeley, Benoit &
Davis, 2016; Tang-Christensen et al., 1996; Wettergren, Wojdemann,
Meisner, Stadil & Holst, 1997). GLP-1 also acts on the cardiovascular
system, either directly binding to GLP-1R in cardiomyocytes and
vascular smooth muscle cells, and indirectly, by its CNS actions (Baggio
et al., 2017; Ban et al., 2008). Considering the increasing incidence of
diabetes melitus (DM) and obesity in cats and dogs, the aim of this re-
view is to summarize the available information about the physiological
and pharmacological actions of GLP-1 in domestic animals and discuss
about its potential applications in veterinary medicine.
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2. Material and methods

To find the studies that evaluated the action of drugs based on GLP-1
in dogs and cats, we used the platforms PubMed/NCBI, Scopus, Web of
Science and Google Scholar to search for the terms "dog and GLP-1”,
"canine and GLP-1”, "cat and GLP-1” "feline and GLP-1”, "pet and GLP-1”
in addition to their plurals. We performed the same searches again but
replacing the term "GLP-1” with "glucagon like peptide-1” and then with
the term "incretin". These searches were carried out between May and
June 2021, no restrictions on publication date were imposed. Only pa-
pers in English were found and considered. All authors performed
searches independently. Afterwards, all papers were gathered (dis-
regarding replicates) and two individuals independently evaluated
which ones should be included. As the inclusion criterion was any article
that addressed the proposed topic, there were no discrepancies in the
results obtained by the reviewers. From 30 papers found, all that
addressed these topics were included in the discussion below, with the
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Fig. 2. Schematic illustration of the intracellular signaling cascade by which GLP-1 stimulates insulin release in p cells. AC: adenylate cyclase. Epac: exchange protein
directly activated by cAMP. PKA: protein kinase A. Kap: ATP-sensitive K™ channels. VDCC: voltage dependent calcium channels. Ky: voltage-dependent K channels.
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exception of one (Padrutt, Lutz, Reusch & Zini, 2015). This study was
excluded because the authors did not perform a statistical analysis of the
data.

3. Physiological actions of GLP-1 in dogs and cats

Most of the studies cited so far, which allow us to understand GLP-1
physiological importance and its pharmacological potential, have been
carried out using rats, mice, human volunteers and cell lines of these
three species. However, some studies with dogs and cats demonstrate
GLP-1 species-specific characteristics. In dogs, GLP-1 is also synthetized
and released by intestinal L cells, especially in the jejunum (Damholt,
Kofod & Buchan, 1999). However, the classic form of GLP-1 release,
shown in Fig. 1, does not seem to occur in dogs, with at least part of
GLP-1 release being stimulated by GIPs (from K cells) paracrine action
(Dambholt et al., 1999; Damholt, Buchan & Kofod, 1998; Sugiyama et al.,
1994). Also, while glucose is the main inducer of GLP-1 release in
humans and rodents, in dogs high fat diets stimulate GLP-1 release,
while carbohydrate-rich diets do not have the same effect (Fig. 3)
(Lubbs et al., 2010; Schauf et al., 2018; Van Citters et al., 2002).

As well as in other species, GLP-1 stimulates insulin release in dogs
(Ohneda et al., 1991). GLP-1 administration directly into the pancreatic
artery stimulates insulin and inhibits glucagon release in dogs, however,
when GLP-1 is administered in venous circulation, it had no effect on
pancreatic hormones. (Elahi et al., 2014; Ionut et al., 2006; V. lonut,
Hucking, Liberty & Bergman, 2005; Johnson et al., 2007, 2008; Ohneda
et al., 1991). The administration of DPP4 inhibitors in dogs leads to an
increase in GLP-1, but it does not alter insulinemia. (Deacon, Wamberg,
Bie, Hughes & Holst, 2002; Edgerton et al., 2009). Even in experiments
without changes in pancreatic hormones, GLP-1 is able to stimulate
glucose uptake and hepatic glycogen synthesis (Dardevet et al., 2005;
Elahi et al., 2014; Johnson et al., 2007, 2008). In animals with diabetes
mellitus (DM), GLP-1 does not alter blood glucose, and in pancreatec-
tomized dogs it has no effects when administered alone, but improves
glucose utilization and the antilipolytic action promoted by exogenous
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insulin. (Freyse et al., 1999; Sandhu et al., 1999). These findings suggest
that GLP-1 may have an indirect action on peripheral tissues, increasing
insulin sensitivity.

The incretin effect is also observed in cats (Gilor et al., 2011b; Nishii
et al., 2014). Different GLP-1R agonists increase plasma insulin con-
centration in cats as well as in rodents and humans (Gilor etal., 2011a;
Hall et al., 2015; Rudinsky et al., 2015). There are evidences that GLP-1
degradation by DPP4 in cats is also similar to other species (Mori et al.,
2016; Nishii et al., 2014). As in dogs, glucose also does not seem to be
the main stimulus for the release of GLP-1 in cats. After amino acids rich
meals, there is a higher increase in plasmatic GLP-1 than after meals rich
in carbohydrates or lipids, with no difference between the last two. The
diets used in these studies were caloric and volume equivalent (Gilor
et al., 2011b; McCool, Rudinsky, Parker, Herbert & Gilor, 2018). The
number of meals can also affect plasma GLP-1 concentration, with cats
that received 1 meal per day having higher values than those that
received 4 meals (Camara et al., 2020). However, dietary caloric
changes over 16 weeks were not able to alter the plasmatic GLP-1
(McCool et al., 2018).

4. GLP-1 pharmacology

The known physiological actions of GLP-1 indicate a great potential
for its pharmacological use in obesity and DM treatment. However, some
factors turn its use unfeasible. The main issues about GLP-1 use as a
treatment are its short half-life (around 1 — 2 min) and the fact that its
administration in high doses causes gastrointestinal complications such
as nausea, vomiting and diarrhea (Baggio & Drucker, 2002; Nauck &
Meier, 2005). To overcome these limitations, two general types of drugs
that use the incretin mechanism of action have been developed, the
synthetic GLP1 agonists (GLP-1As) and the DPP4 inhibitors (DPP4-is)
(Nauck & Meier, 2005). Although these drugs have been developed for
use in humans, both types have already been tested in dogs and cats
(Gilor, Rudinsky & Hall, 2016; Ionut et al., 2016; Kim et al., 2016). One
of the main advantages of using DPP4-is or GLP-1As is that they have

Main events of the incretin effect in humans, rodents, dogs and cats
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few side effects, being highly safe (Aziz et al., 2020; Scheen, 2018).
4.1. GLP-1 pharmacology in cats

The similarity between human type 2 DM and feline DM pathogen-
esis makes natural that drugs successfully used in humans treatment be
evaluated for their use in cats (Gilor, Niessen, Furrow & DiBartola,
2016). Although the same reasoning is valid for drugs used to treat
obesity in humans, there are very few studies evaluating drugs based on
GLP-1 in obese cats (Table 1).

Despite the similarities in the pathogenesis of obesity, the relation-
ship between this disease and incretins in felines seems to be different
from that observed in humans and rodents. In these species obesity leads
to an increase in GIP and decrease in GLP-1 (Chia & Egan, 2020). Dia-
betic cats were shown to have lower insulin levels than healthy and
obese animals, but both GIP and GLP-1 were increased (McMillan,
Zapata, Chelikani, Snead & Cosford, 2016). Unlike in humans, there was
no difference in GIP and GLP-1 between healthy and obese felines. Even
insulin was not altered between obese and healthy cats, something that
has already been reported in other studies. (Appleton, Rand & Sunvold,
2001; Hoenig et al., 2013; McMillan et al., 2016). We found no studies
evaluating treatment of obese cats with DPP4-is and just one in which
GLP-1A was used for treatment in obese cats. In this study, the animals
received the GLP-1A exenatide (0.5 — 1 pg.kg™! BID) for 12 weeks, but
the treatment did not resulted in differences in total weight, percentage
of body fat, glycemia, leptin, adiponectin, glucagon and in glucose and
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insulin tolerance tests (GTT and ITT) (Hoelmkjaer et al., 2016).

In addition to the lack of studies about DPP4-is in obese cats, we did
not find any reports in diabetic felines, only healthy animals. A single
application of the DPP4i NVP-DPP728 (0.5 — 2.5 mg.kg ™) increased
insulin and reduced glucagon release in a GTT. The authors attribute
these results to the increase in GLP-1, although it was not directly
measured (Furrer, Kaufmann, Tschuor, Reusch & Lutz, 2010). In another
study with a DPP4i, sitagliptin (25 — 50 mg.kg™!) was administered
along with oral glucose or with standard food. GLP-1 increased in cats
that received sitagliptin regardless of diet. On the other hand, blood
glucose only increased in cats who received oral glucose. Insulinemia
increased in animals that received standard food regardless of whether
or not sitagliptin was administered, but those that received glucose only
showed an increase in insulin concentrations when the DPP4i was also
administered (Nishii et al., 2014).

Mori et al. (2016) evaluated sitagliptin administration (4.2 mg)
alone, acarbose (disaccharide digestion inhibitor) alone, or both
together in healthy cats. After two weeks of treatment, the cats were fed
a maltose-rich meal. Blood glucose was not altered in any of the groups,
insulin decreased in all treatments, GLP-1 increased in groups with
sitagliptin (alone or with acarbose) while GIP decreased in these same
groups. Regardless of the type of food or another drug concomitant
administration, the DPP4i evaluated was able to increase GLP-1 in the
studied animals. However, both glycemia and insulinemia did not show
such a clear response to sitagliptin treatment, leading the authors
themselves to raise doubts about this drug value in DM cats treatment

Table 1
GLP-1-based drug studies in cats.
Breed Age sex Castration "n" Condition  Drug Brant / Dosage Treatment Complications Ref
(years) per Manufacturer Duration
group
NI 8.0 + E/ All 2-3 healthy sitagliptin Januvia/ Banyu 25-50 acute NO (Nishii et al.,
1.1 M Pharmaceutical mg.kg™! 2014)
NI 1to4 F/ All 5 healthy sitagliptin Januvia/ Merck & 4.2 mg* 1 week diarrhea (Mori et al.,
M Co. Inc 2016)
DSH 1.3to 2 M All 6 healthy NVP- NI/ Novartis 05-1 acute NO (Furrer et al.,
DPP728 Pharma mg.kg ™! 2010)

DSH, BSH, above 3 E/ All 6 obese exenatide Byetta/Eli Lilly 05-1 12 weeks vomiting, (Hoelmkjaer
Burmilla M ngkg™! diarrhea and et al., 2016)
and hypoglycemia
mixed
breeds

NI 2to8 E/ All 6 healthy exenatide Byetta/Eli Lilly 0.1- acute NO (Seyfert

M 0.24-1 et al., 2012)
pgkg™!

purpose- 4.5 (3.1 E/ All 9 healthy exenatide Byetta/Amylin 1.04 + acute NO (Gilor etal.,
bred -4.8) M Pharmaceuticals 0.18 pg. 2011a)

kgt

purpose- 3 M All 6 healthy exenatide Bydureon/Amylin 0.13 mg 21 days NO (Rudinsky
bred ER Pharmaceuticals kg’1 et al., 2015)

purpose- 3 E/ All 8 healthy liraglutide Victoza/ Novo 0.112 + 8 days vomiting, (Hall et al.,
bred M Nordisk 0.019 diarrhea and 2015)

mg.kg™! anorexia

DSH 1to4 M NI 6 healthy exenatide synthesized by the  1.2-4.6 10 weeks vomiting and (Schneider

monthly research group umol diarrhea et al., 2020)

DSH, DLH** 9.4 + F/ 14 15 DM exenatide Bydureon/ 200 pg 16 weeks vomiting and (Riederer

3.7 M ER Amylin kg™! diarrhea et al., 2016)
Pharmaceuticals

DSH, DMH 12 (6 - E/ All 8 DM exenatide Byetta/Eli Lilly 1 pg. 6 weeks anorexia and (Scuderi
and 15) M kg! hypoglycemia et al., 2018)
Siamese
cross

DSH, DLH, 9.3 (4.3 F/ 14 15 DM exenatide Bydureon/ 200 pg. 16 weeks NI (Kramer
Maine -14) M ER Amylin kg! et al., 2020)
Coons, Pharmaceuticals
NEC,

Exotic

NO: not observed. NI not informed. DM: diabetes mellitus. DSH: Domestic shorthair. BSH: British shorthair. DLH: Domestic longhair. DMH: Domestic mediumbhair.

NFC: Norwegian forest cat. ER: extended release.
* the authors reported only the total administered.
" 4 cats were identified as "purebred” by the authors.
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(Nishii et al., 2014).

GLP-1As have already been studied in both healthy and DM felines.
In healthy individuals, GLP-1A has been evaluated for its short and long-
term effects. In DM cats it was tested only together with insulin therapy.
Exenatide acute actions were evaluated in two different studies with
similar doses (1.04 & 0.18 ug.kg ! and 0.1 / 0.24 / 1 pg.kg™ 1), using
isoglycemic and hyperglycemic clamps, respectively. In both, the
treatment increased insulin secretion, but the glucose infusion required
to maintain the blood glucose was not altered (Gilor etal., 2011a; Sey-
fert, Brunker, Maxwell, Payton & McFarlane, 2012).

Longer-term treatments were performed with GLP-1As, daily lir-
aglutide applications or with a single administration of extended release
exenatide. In an 8-day treatment with daily applications of liraglutide
(0.6 mg (0.112 + 0.019) mg.kg™}) two hyperglycemic clamps were
evaluated, one performed before and the other after treatment. As
occurred in the acute studies, the GLP-1A did not lead to differences in
the infused glucose concentration needed to maintain glycemia, how-
ever insulin release increased while glucagon release decreased after the
treatment. Another interesting result, but which should be evaluated
with caution, was that the animals lost weight after 8 days receiving
liraglutide. Although this is a promising result, it is necessary to
emphasize that 8 of the 9 cats used in the study had at least one episode
of vomiting or diarrhea, which may have influenced weight loss (Hall
et al., 2015).

Different types of long acting exenatide have been tested for their
efficacy and pharmacological characteristics in cats. Two hyperglycemic
clamps, performed 7 days before and 21 days after the application of a
single extended-release exenatide dose (0.13 mg.kg 1), were compared.
Initial blood glucose was lower after treatment, while initial insulin and
glucagon concentrations did not change. Glucose administered to
maintain hyperglycemia was higher after exenatide, while insulin
release increased and glucagon release decreased (Rudinsky et al.,
2015). A recently developed exenatide formulation that allows for
monthly applications had similar pharmacological and pharmacody-
namic characteristics to traditional exenatide (1.2 — 4.6 pmol) and was
able to stimulate insulin release in an ivGTT, although it did not change
glucose concentrations (Schneider et al., 2020).

In diabetic cats, no GLP-1A has been studied as a single treatment,
but it has been tested with insulin therapy, presenting inconsistent re-
sults. Diabetic cats were treated with insulin glargine plus exenatide (1
ug.kg™! BID) or saline for 6 weeks. There was no difference in blood
glucose, hematological and biochemical parameters between treat-
ments, however animals that received exenatide lost more weight than
those who received saline and needed lower insulin doses to maintain
blood glucose (Scuderi et al., 2018). DM cats newly diagnosed were
treated with insulin glargine alone or together with long-acting exena-
tide (weekly application of 200 pg.kg ™). After 16 weeks no significant
difference was observed in plasma biochemistry (including glucose and
glycated fructosamine) and in the insulin dose required to maintain
blood glucose. The only difference observed was an increased weight of
animals that received just insulin, while it did not occur in those treated
with insulin and exenatide (Riederer et al., 2016). In a similar experi-
ment Kramer et al. (2020) also compared newly diagnosed diabetic cats
that received insulin glargine alone or with long-acting exenatide
(weekly application of 200 ug.kg ™! for 16 weeks). Again, there were no
differences in glycemia, however animals that received exenatide had
less variability in this parameter and reached normoglycemia earlier,
after 6 weeks, while the placebo group reached normoglycemia after 16
weeks. Because in all three studies glycemia was controlled by insulin
treatment, it is not surprising that this parameter was not different be-
tween insulin and insulin plus exenatide groups. However, unlike what
was observed with DPP4-is, the use of GLP-1As showed improvements in
animal treatment by reducing the required insulin dose and glycemic
variability. Even though a larger body of evidence is needed to reach
conclusions about the effectiveness of GLP-1A treatments in cats, the
results obtained so far demonstrate that these drugs may be used, at least
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as adjuvants, in the DM treatment.
4.2. GLP-1 pharmacology in dogs

Regarding the modulation of endogenous GLP-1 and DM, no articles
were found related to DDP4i use in diabetic dogs (Table 2). This absence
is expected considering the expressive loss of pancreatic f cells in canine
DM (Deacon et al., 2002; Edgerton et al., 2009; Ionut et al., 2006).
However, considering that GLP-1 effects are not necessarily restricted to
the pancreas, it could be evaluated in DM dogs (Edgerton et al., 2009;
Ionut et al., 2006; Johnson et al., 2007). In healthy dogs, DPP4i
administration showed contradictory results (Table 2). The DPP4i vil-
dagliptin increased hepatic glucose uptake regardless of changes in
circulating insulin or glucagon levels (Edgerton et al., 2009). Consis-
tently, gemigliptin improved the oral GTT (oGTT) profile compared to
control, increased GLP-1, and decreased glucagon after glucose load
(Kim et al., 2016). However, sitagliptin did not improve the oGTT curve
(Hitomi Oda et al., 2014). Although the three studies used equal drug
doses (1 mg.kg’l) and similar sample sizes (4 - 6), variations in results
may be due to differences in dogs'breeds, sexes, and treatment duration.

Early studies with GLP-1 or its analogues in diabetic dogs also
showed conflicting results. In depancreatized dogs, glucose utilization
increased, while circulating free fatty acids and glycerol reduced when
GLP-1 (7-36) amide (1.5 pmol.kg’l.min’l) was administered along
with insulin Sandhu et al., (1999). In the same year, Freyse et al. (1999)
performed a normoglycemic clamp in DM dogs with combined therapy
of insulin and GLP-1(7-36) amide (10 pmol.kg’l.min’l). The adminis-
tration of GLP-1 did not change insulin, glucose, and glucagon infusions
rate. There were also no differences in metabolic glucose clearance,
alanine turnover, urea synthesis and glucose formation by gluconeo-
genesis using alanine as precursor. This investigation line was resumed
only in 2013. In healthy and DM dogs, liraglutide treatment (15 ug.kg 1)
reduced the area under the curve in an oGTT. Also, in diabetic dogs the
circulating glucose decreased by 66.5% with liraglutide compared to
dogs treated with insulin alone, revealing its potential use in DM. The
authors correlate the suppression of glucagon secretion with the
observed effect (Oda et al., 2013).

Few studies with GLP-1, GLP-1A or DPP4i treatment have been
conducted in DM dogs, but the outcomes in healthy animals point to a
potential utilization of these drugs. Lixisenatide (1.5 pg.kg_l), aGLP-1A,
decreased glucose and insulin areas under the curves (Moore, Werner,
Smith, Farmer & Cherrington, 2013). GLP-1 (7-36) amide intraportal
infusion (0.9, 5.1, 10, 20 pmol.kg '.min"') increased glucose uptake
(hepatic and peripheral) and the glucose infusion rate necessary to
maintain blood glucose levels (Nishizawa et al., 2003). In hyperglycemic
clamp, dogs treated with of GLP-1 (32-36) amide cleavage-derived
pentapeptide (30 pmol.kg’l.min’l) increased glucose uptake regard-
less of insulin and glucagon changes (Elahi et al., 2014). Taken together,
these studies reinforce the hypothesis that unlike rodents and humans,
in dogs, the main action of GLP-1 is to stimulate glucose uptake instead
of insulin release, although this action still needs to be better under-
stood, especially the molecular mechanisms involved. Initially, this may
be a promising finding, after all, GLP-1 action would be less dependent
on f cells, which are highly damaged in canine DM (Gilor et al., 2016).
However, unlike what occurs in feline DM, insulin resistance in dogs is
not a primary factor in DM development (Gilor et al., 2016). Thus, it is
possible to speculate what is the real benefit of this treatment for dia-
betic dogs. Besides, there are still many aspects to be explored until its
applicability could be encouraged or dropped.

Although numerous molecules related to GLP-1 actions are available,
clinical studies focused on obesity or overweight treatment with this
drugs in dogs are limited to pharmacokinetic (Jain et al., 2015, 2017;
Yeh et al., 2021). Exenatide effects were evaluated in a pre-diabetes
canine model (high-fat diet plus streptozotocin injection). The animals
without treatment developed increased body weight, reduced glucose
tolerance and higher fasting blood glucose, but insulin sensitivity was
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Table 2
GLP-1-based drug studies in dogs.
Breed Age Sex  Castration 'n" Condition Drug Brant / Dosage Treatment Complications  Ref
(years) per Manufacturer Duration
group
NI NI NI NI 6 healthy vildagliptin NI 1 mg. acute NI (Edgerton
kgt et al., 2009)
Beagle NI M NI 4-5 healthy gemigliptin NI/ LG Life 1 mg. acute NI (Kim et al.,
Sciences kg! 2016)
Beagle 3to5 F/ All 5 healthy sitagliptin Januvia/ MSD K. 1 mg. 7 days NI (Oda et al.,
M K. kg™! 2014)
Mongrel NI F/ NI 6 depancreatized GLP-1 NI/ Bachem 1.5 pmol acute NI (Sandhu
M (7-36) kgL etal., 1999)
amide min !
ASDI- 2,8+ F/ NI 9 DM GLP-1 NI/ Saxon 10 pmol acute NI (Freyse
strain 0,4 M (7-36) Biochemicals kgL etal., 1999)
amide min !
Beagle — 3to1l F/ 6 (of 9) 4-5 DM - healthy liraglutide Victoza/ Novo 15 pg. acute NI (Oda et al.,
MDH M Nordisk kg ! 2013)
Mongrel NI F/ NI 4-5 healthy lixisenatide NI/ Sanofi 1.5 pg. acute vomiting (Moore
M kg™! etal., 2013)
Mongrel NI F/ NI 7-8 healthy GLP-1 NI/ Sigma- 0.9-5.1 acute NO (Nishizawa
M (7-36) Aldrich -10-20 etal., 2003)
amide pmol
kgL
min~!
Mongrel 3.2+ EF/ NI 5 healthy GLP1 NI/ 30 pmol. acute NI (Elahi et al.,
0.7 M (32-36) Massachusetts kgL 2014)
amide General Hospital min~!
Beagle 3to4 M NI 2-3 healthy 7ZY15557 NI/ Zydus 05-3 acute NI (Jain et al.,
Research center mgk ~! 2017)
Beagle adults M NI 2-6 healthy ZYDPLA1 NI/ Zydus 0.5-2 acute NI (Jain et al.,
Research center mgk ~ ! 2015)
Beagle NI M NI 4 healthy DBPR108 NI/ Ryss 0.01, acute NI (Yeh et al.,
Laboratory 0.05, 0.1, 2021)
0.3,1and
3 mg.
kg!
Mongrel 1to2 M NI 7 pre-DM model exenatide NI/ Amylin 10 pg* 12 weeks NI (lonut
Pharmaceuticals etal., 2016)
Beagle adults F NI 6 ischemia- alogliptin NI/ Takeda 3 mg. 4 days NI (Tharaetal.,
reperfusion Pharmaceuticals kg! 2015)
model
Beagle 3-10 NI NI 7-9 cardiomyopathy GLP —1 NI/ 2.5 pmol. 7 weeks NI (Chenetal,,
to 12** (7-36) Massachusetts kg’l. 2014)
amide General Hospital min~!
Mongrel NI F/ NI 7-9 cardiomyopathy GLP -1 NI/ 1.5pmol. 48h NI (Nikolaidis
M (7-36) and Massachusetts kg’l. et al., 2005)
(9-36) General Hospital min~! for
amide both
Beagle adults F NI 3-4 cardiomyopathy liraglutide Victoza/ Novo 150 pg. 24 days NI (Nakamura
Nordisk kg’l‘ etal., 2019)
day!

NO: not observed. NI not informed. DM: diabetes mellitus. MDH: miniature Dachshund.

" the authors reported only the total administered.

" the animals were divided into groups according to age into young (3 years) and old (10 to 12 years).

not altered. Exenatide treatment (10 pg per dog BID for 12 weeks) led to
weight loss, but did not affect food consumption, fasting glucose, insu-
lin, glycated hemoglobin or OGTT. In the same study, exenatide
increased insulin secretion in vitro (lonut et al., 2016). Although this
model, prediabetes, reproduces a human condition of low occurrence in
dogs, the results indicates that GLP-1As may become one alternative to
canine obesity treatment (Gilor et al., 2016; Ionut et al., 2016).
Another focus of investigations are the effects of GLP-1 on canine
cardiovascular diseases. In an ischemia-reperfusion model, the DPP4i
alogliptin (3 mg.kg™1), suppressed apoptosis pathways in heart extracts
(Ihara et al., 2015). In a model of rapid atrial pacing, liraglutide treat-
ment (150 pg.kg ™) was able to decrease the refractory period and lead
to increased conduction velocity after 2 or 3 weeks (Nakamura et al.,
2019). Pretreatment with GLP-1 (7-36) amide (2.5 pmol.kg’l.min’l) in
a model of dilated cardiomyopathy decreased FFA levels and improved
cardiac insulin resistance. In addition, GLP-1 treatment in elderly dogs
increased latency for heart disease development and reduced mortality

(Chen, Angeli, Shen & Shannon, 2014). In dogs with induced cardio-
myopathy, the metabolite GLP-1 (9-36) amide improved left ventricular
function. GLP-1 (9-36) amide also improved glucose uptake and cardiac
output, without modifying insulin levels, presenting an insulinomimetic
effect without insulinotropic action (Nikolaidis, Elahi, Shen & Shannon,
2005). Although there are still few studies and the knowledge on the
subject is not sufficiently depth, the available data shows a potential
beneficial effect of using GLP-1 mimetics in different models of cardiac
insult.

5. Concerns and perspectives

The studies so far do not report serious side effects related to GLP-1As
use, however, in high doses they can lead to gastrointestinal problems,
such as nausea, vomiting and diarrhea (Hall et al., 2015; Moore et al.,
2013). In humans, GLP-1As have already been related to an increase in
neoplasms development, such as pancreatic adenocarcinoma and
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thyroid C-cell tumor, but recent meta-analyses of randomized controlled
trials failed to show any significant increase in cancer risk (Cao, Yang &
Zhou, 2019; Monami et al., 2017; Vangoitsenhoven, Mathieu & Van der
Schueren, 2012). Studies evaluating GLP-1A administration and the risk
of tumor development in domestic animals are still lacking.

A possible risk of DPP4i treatments stems from the fact that DPP4
(also known as CD26) is a T cell stimulator, so theoretically its inhibition
could disrupt immune system regulation (Anz et al., 2014; Ohnuma,
Dang & Morimoto, 2008). However, there is essentially no evidence that
DPP4i cause deficiencies in the immune response. (Anz et al., 2014). The
possibility that DPP4i may be harmful to animals with immune defi-
ciency still needs to be clarified.

Human studies also show that DPP4i could slightly increase
pancreatitis risk (from 0.067 to 0.117), which may be of particular
concern for dogs (Aziz et al., 2020; DeVries & Rosenstock, 2017).
Although the primary cause of DM in dogs often remains unknown, it is
possible that a large percentage is due to complications from pancreatitis
that lead to p-cell damage (Gilor et al.,, 2016). Yet, some studies
demonstrate that GLP-1R activation in f cells inhibits apoptosis
enhancing these cells survival (Aziz et al., 2020; DeVries & Rosenstock,
2017; Li et al., 2003). Thus, understanding how drugs based on GLP-1
act in the pancreas of dogs, protecting f cells or facilitating the devel-
opment of pancreatitis, is a fundamental step towards their inclusion in
the treatment of canine DM.

Castration is another factor that needs to be better evaluated. Recent
studies have shown that sex steroids, especially testosterone and estra-
diol, modulates GLP-1 response in different tissues (El Bekay et al., 2016;
Handgraaf, Dusaulcy, Visentin, Philippe & Gosmain, 2018; Maske,
Jackson, Terrill, Eckel & Williams, 2017; Navarro et al., 2016). Although
these are still initial data, there are indications that GLP-1 response of
castrated males is lower than that of intact animals (El Bekay et al.,
2016; Model et al., 2021b). On the other hand, castrated females would
not only respond similarly to intact ones, but treatment with GLP-1As
could reverse part of the metabolic problems associated with estrogens
reduction (Handgraaf et al., 2018; Model et al., 2021a). Even though
these data do not come from domestic animals, they indicate an
important factor to be evaluated in future studies.

Currently, the body of evidence available in the literature indicates
GLP-1As and DPP4-is as possible alternatives to DM treatment in do-
mestic animals, but at present there is not enough information to
recommend these drugs widespread clinical use. Many of the experi-
ments described in this review have limitations that must be overcomed.
The experimental amostral number (N), usually between 2 and 5, must
be increased to avoid erroneous inferences (Callegari-Jacques, 2003).
Still, the sample selection must be more careful, reducing the inherent
variability of breed, sex, age, castration, among others. However,
experimental replication is crucial, even in well-designed controlled
studies, which reinforces the need for further studies evaluating the role
of GLP-1 in physiological and pathophysiological conditions, and its
therapeutic potential. Finally, after checking the effects in controlled
studies, it would be reasonable to expand to studies in patients, with
more heterogeneous samples, but with experimental N significantly
higher than that of the laboratory experiments, as well as those used in
epidemiological studies, to again avoid incorrect inferences (Porsani
et al., 2020).

6. Conclusions

The data collected so far demonstrate that GLP-1 may have a species-
specific action in dogs, being more insulinomimetic than insulinotropic,
although the latter has already been observed. In cats, the physiological
actions of GLP-1 seem like those considered classic in humans and ro-
dents. In diabetic dogs, the use of drugs based on GLP-1 actions led to
reduction in blood glucose and higher glucose uptake, while in diabetic
cats there was a reduction in glycemic variability and in the need of
exogenous insulin administration. Thus, available evidence indicates

Veterinary and Animal Science 16 (2022) 100245

that GLP-1 based drugs could become alternatives to DM treatment in
domestic animals. However, there are still many open points, and cur-
rent data are surprisingly limited, not providing enough elements to
recommend these drugs widespread clinical use.
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