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Abstract Glucagon-like-peptide 1 (GLP-1) released
from the intestine is considered to be an important incre-
tin. We have recently demonstrated that glucose-depen-
dent insulinotropic peptide (GIP) stimulated GLP-1 se-
cretion from canine ileal L cells in culture. To investigate
further the interplay between GLP-1- and GIP-secreting
cells, we set out to determine the exact location and
abundance of both cell types throughout the canine intes-
tine. Canine small intestine was subdivided into 15–20
segments and investigated by immunocytochemistry
with computer-assisted imaging. The abundance of GIP-,
GLP-1- and somatostatin-immunoreactive cells was de-
termined. GIP-secreting K cells were equally distributed
in duodenum and jejunum, with the GLP-1-secreting L
cells concentrated in the jejunum (5% duodenum, 73%
jejunum and 22% ileum). These results indicated that the
middle section of the small intestine containing 69% of
the K cells also contained 51% of the L cells. Double im-
munostaining confirmed this overlap and furthermore
over 30% of the L cells in this region were found adja-
cent to K cells. These results suggest the existence of a
paracrine interaction between the K and L cells and indi-
cate the importance of the jejunum in the regulation of
insulin release by enteric-derived incretins.

Key words Somatostatin · Enteroinsular axis ·
Immunocytochemistry · Dog

Introduction

Glucagon-like peptide 1 (GLP-1) secreted from intestinal
endocrine cells has been established as a glucose-depen-

dent incretin in a number of species including canines
and humans (Orskov et. al. 1996; Holst 1997). Recent da-
ta from our laboratory, based on a primary culture of ca-
nine epithelium enriched for GLP-1 cells, indicated that
glucose itself was incapable of stimulating GLP-1 re-
lease. However, glucose-dependent insulinotropic peptide
(GIP), another incretin, stimulated GLP-1 release
(Damholt et al. 1998). The lack of a direct effect of glu-
cose on GLP-1 secretion has previously been observed in
both perfused intestine and isolated cell preparations
from rats (Brubaker and Vranic 1987; Roberge and
Brubaker 1991). Furthermore, GIP has been demonstrat-
ed to stimulate GLP-1 release from rat intestine (Brubaker
1991; Roberge and Brubaker 1993). These data suggest
that GIP released from the upper intestine in response to
increased luminal glucose levels (Pederson et al. 1975) in
turn stimulates GLP-1 release. If this is the case then GIP
must interact with GLP-1-containing cells in the intestine.

GLP-1 is a cleavage product of proglucagon and is
produced in the intestinal L cells (Holst 1997). Quantita-
tive immunocytochemical studies have demonstrated
that the majority of L cells are located in the ileum and
colon, with a small number of cells in the distal jejunum
(Eissele et al. 1992; Kauth and Metz 1987). In contrast
to GLP-1, GIP-immunoreactive (K) cells are concentrat-
ed in duodenum and proximal jejunum (Buchan et al.
1982; Varndell et al. 1985).

There are two mechanisms by which GIP can interact
with GLP-1 cells: either by the classical endocrine route
with GIP released into the circulation from the duode-
num and upper jejunum to affect the GLP-1 cells in the
ileum or by a paracrine (local) action. In the case of the
interaction between GIP and GLP-1 cells the former has
been considered to be the more likely due to the non-
overlapping distribution of the two cell types. In addi-
tion to an interaction between GIP and GLP-1 cells, the
release of both peptides is regulated by somatostatin
(SS). In this case the interaction is considered to be of
the paracrine type as SS-containing D cells are distribut-
ed throughout the small intestine (Larsson et al. 1979;
Baldissera et al. 1985).
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a b s t r a c t

Glucose-dependent insulinotropic peptide (GIP), glucagon-like peptide (GLP)-1 and GLP-2
are hormones secreted from specialized K cells (GIP) and L cells (GLP-1, GLP-2) in the
intestinal mucosa. These hormones play major roles in health and disease by modulating
insulin secretion, satiety, and multiple intestinal functions. The aim of this study was to
describe the distribution of K cells and L cells in the intestines of healthy cats. Samples of
duodenum, mid-jejunum, ileum, cecum, and colon were collected from 5 cats that were
euthanized for reasons unrelated to this study and had no gross or histologic evidence of
gastrointestinal disease. Samples stained with rabbit-anti-porcine GIP, mouse-anti-(all
mammals) GLP-1, or rabbit-anti-(all mammals) GLP-2 antibodies were used to deter-
mine the number of cells in 15 randomly selected 400! microscopic fields. In contrast to
other mammals (eg, dogs) in which K cells are not present in the ileum and aborally, GIP-
expressing cells are abundant throughout the intestines in cats (>6/high-power field in the
ileum). Cells expressing GLP-1 or GLP-2 were most abundant in the ileum (>9/high-power
field) as in other mammals, but, although GLP-1–expressing cells were abundant
throughout the intestines, GLP-2–expressing cells were rarely found in the duodenum. In
conclusion, the distribution of GIP-secreting K cells in cats is different from the distribution
of K cells that is described in other mammals. The difference in distribution of GLP-2– and
GLP-1–expressing cells suggests that more than 1 distinct population of L cells is present
in cats.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

The physiology of the enteroendocrine K cells and L cells
has been studied in rodents, dogs, pigs, and humans but not
in cats. These enteroendocrine cells are dispersed along the

epithelium of the intestinal tract where they sense the
type and quantity of digested nutrients. They play a crucial
role in glucose metabolism by secreting the incretin hor-
mones glucose-dependent insulinotropic peptide (GIP) and
glucagon-like peptide (GLP)-1 that increase the sensitivity
of the pancreas to the stimulatory effect of glucose on
insulin secretion [1,2]. Incretin hormones also participate in
regulation of pancreatic beta-cell differentiation, prolifer-
ation, and survival; affect glucagon secretion; slow the rate
of gastric emptying and increase satiety [3]. The hormone
glucagon-like peptide-2 (GLP-2) is also secreted from L cells
and leads to increased small bowel weight by stimulating
enterocyte proliferation and decreasing their apoptosis [4].
It also stimulates glucose absorption in enterocytes,
increases blood flow to the intestines, and enhances barrier
function in intestinal epithelium, making it a potential
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Abstract

The response to oral glucose was examined in 10 obese and 9 lean age-matched, neutered cats. In all cats, oral administration of
2 g/kg glucose was followed by a prompt increase in glucose, insulin, and glucagon-like peptide (GLP)-1. There were significant
differences between lean and obese cats in the areas under the curve for glucose, insulin, and GLP-1. However, the responses were
variable, and a clear distinction between individual lean and obese cats was not possible. Therefore, this test cannot be recommended
as a routine test to examine insulin resistance in individual cats as it is used in people. A further disadvantage for routine use is also
the fact that this test requires gastric tubing for the correct administration of the glucose and associated tranquilization to minimize
stress and that it was associated with development of diarrhea in 25% of the cats. GLP-1 concentrations were much lower in obese
than lean cats. The low GLP-1 concentrations in obese cats might indicate a contribution of GLP-1 to the lower insulin sensitivity
of obese cats, but this hypothesis needs to be further investigated.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

The oral glucose tolerance test (OGTT) is a frequently
used test in human medicine [1–4], but it is rarely applied
in pets. In asymptomatic people, a diagnosis of impaired
glucose tolerance or diabetes is usually made based on
fasting glucose concentrations and the response to a 75-
g glucose load (2-h test), which is increased to 100 g in
pregnant women (3-h test) [5]. In children, 1.75 g/kg is

∗ Corresponding author at: College of Veterinary Medicine, Univer-
sity of Illinois, 1008 W Hazelwood Drive, SAC 13 Urbana, IL 61802,
USA. Tel.: +1 217 244 5044; fax: +1 217 244 1475.

E-mail address: mhoenig@illinois.edu (M. Hoenig).

administered [6,7]. Based on large studies, strict criteria
have been established for the interpretation of the results
to separate healthy people from people at risk of devel-
oping diabetes or who already have diabetes. Fasting
glucose should be below 99 mg/dL. Fasting concentra-
tions between 100 mg/dL and 125 mg/dL are borderline
(“impaired fasting glucose”), and fasting concentrations
repeatedly above 126 mg/dL are diagnostic of diabetes.
The 2-h glucose should be below 140 mg/dL. Concen-
trations between 140 md/dL and 200 mg/dL indicate
“impaired glucose tolerance.” Glucose above 200 mg/dL
at 2 h confirms a diagnosis of diabetes [8]. To our knowl-
edge, OGTTs have been described in dogs, but not in
cats. In dogs, different dosages ranging from 1.0 g/kg to
4 g/kg have been used [9–12], leading to a peak glucose

0739-7240/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.domaniend.2009.08.004
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a b s t r a c t

Glucagon-like peptide-1 (GLP-1) is an intestinal hormone that induces glucose-dependent
stimulation of insulin secretion while suppressing glucagon secretion. Glucagon-like
peptide-1 also increases beta cell mass and satiation while decelerating gastric
emptying. Liraglutide is a fatty-acid derivative of GLP-1 with a protracted pharmacokinetic
profile that is used in people for treatment of type II diabetes mellitus and obesity. The aim
of this study was to determine the pharmacokinetics and pharmacodynamics of liraglutide
in healthy cats. Hyperglycemic clamps were performed on days 0 (HGC) and 14 (LgHGC) in
7 healthy cats. Liraglutide was administered subcutaneously (0.6 mg/cat) once daily
on days 8 through 14. Compared with the HGC (mean ! standard deviation; 455.5 !
115.8 ng/L), insulin concentrations during LgHGC were increased (760.8 ! 350.7 ng/L;
P ¼ 0.0022), glucagon concentrations decreased (0.66 ! 0.4 pmol/L during HGC vs 0.5 !
0.4 pmol/L during LgHGC; P ¼ 0.0089), and there was a trend toward an increased total
glucose infused (median [range] ¼ 1.61 (1.11–2.54) g/kg and 2.25 (1.64–3.10) g/kg,
respectively; P ¼ 0.087). Appetite reduction and decreased body weight (9% ! 3%; P ¼
0.006) were observed in all cats. Liraglutide has similar effects and pharmacokinetics
profile in cats to those reported in people. With a half-life of approximately 12 h, once daily
dosing might be feasible; however, significant effects on appetite and weight loss may
necessitate dosage or dosing frequency reductions. Further investigation of liraglutide in
diabetic cats and overweight cats is warranted.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

Feline diabetes mellitus (FDM) closely resembles type 2
diabetes mellitus in people, as both FDM and type II dia-
betes mellitus (T2DM) are characterized by insulin resis-
tance, relative insulin deficiency, decreased beta cell mass,
and islet-amyloid depositions [1,2].

Despite technological advances in insulin formulations
and monitoring, insulin therapy across species is still

commonly associated with inadequate glycemic control
leading to short- and long-term complications such as hy-
poglycemia, weight gain, and vascular diseases. Incretin-
based therapy for T2DM was first introduced in 2005 and
has quickly become a widely used adjunctive therapy. The
incretin effect is the greater release of insulin occurring
after oral glucose administration compared with intrave-
nous administration of the same glucose dose. Two peptide
hormones contribute to the incretin effect and are called
incretin hormones: glucagon-like peptide-1 and glucose-
dependent insulinotropic peptide (GIP). They are secreted
from specialized enteroendocrine cells in response to the
presence of nutrients in the lumen of the gut (but not in
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a b s t r a c t

Exenatide extended-release (ER) is a microencapsulated formulation of the glucagon-like
peptide 1-receptor agonist exenatide. It has a protracted pharmacokinetic profile that al-
lows a once-weekly injection with comparable efficacy to insulin with an improved safety
profile in type II diabetic people. Here, we studied the pharmacology of exenatide ER in 6
healthy cats. A single subcutaneous injection of exenatide ER (0.13 mg/kg) was adminis-
tered on day 0. Exenatide concentrations were measured for 12 wk. A hyperglycemic
clamp (target ¼ 225 mg/dL) was performed on days "7 (clamp I) and 21 (clamp II) with
measurements of insulin and glucagon concentrations. Glucose tolerance was defined as
the amount of glucose required to maintain hyperglycemia during the clamp. Continuous
glucose monitoring was performed on weeks 0, 2, and 6 after injection. Plasma concen-
trations of exenatide peaked at 1 h and 4 wk after injection. Comparing clamp I with clamp
II, fasting blood glucose decreased (mean # standard deviation ¼ "11 # 8 mg/dL, P ¼
0.02), glucose tolerance improved (median [range] þ33% [4%–138%], P ¼ 0.04), insulin
concentrations increased (þ36.5% ["9.9% to 274.1%], P ¼ 0.02), and glucagon concentra-
tions decreased ("4.7% [0%–12.1%], P ¼ 0.005). Compared with preinjection values on
continuous glucose monitoring, glucose concentrations decreased and the frequency of
readings <50 mg/dL increased at 2 and 6 wk after injection of exenatide ER. This did not
correspond to clinical hypoglycemia. No other side effects were observed throughout the
study. Exenatide ER was safe and effective in improving glucose tolerance 3 wk after a
single injection. Further evaluation is needed to determine its safety, efficacy, and duration
of action in diabetic cats.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

Diabetes mellitus (DM) remains one of the most com-
mon and clinically important diseases in feline medicine.
Recent data show that the prevalence of both DM and
obesity is increasing in recent years within the domestic

feline population [1]. Various therapies have been used to
manage the disease clinically including exogenous insulin
administration subcutaneously, dietary modification,
weight control, and management of insulin-resistant
states. However, the vast majority of animals rely on daily
insulin therapy to manage the disease, which is associated
with various side effects, some of which can be life
threatening [1].

Glucagon-like peptide-1 (GLP-1) and glucose-
dependent insulinotropic peptide (GIP) are incretin
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Abstract

Background
Exenatide’s effects on glucose metabolism have been studied extensively in diabetes but
not in pre-diabetes.

Objective
We examined the chronic effects of exenatide alone on glucose metabolism in pre-diabetic
canines.

Design and Methods
After 10 weeks of high-fat diet (HFD), adult dogs received one injection of streptozotocin
(STZ, 18.5 mg/kg). After induction of pre-diabetes, while maintained on HFD, animals were
randomized to receive either exenatide (n = 7) or placebo (n = 7) for 12 weeks. β-Cell func-
tion was calculated from the intravenous glucose tolerance test (IVGTT, expressed as the
acute insulin response, AIRG), the oral glucose tolerance test (OGTT, insulinogenic index)
and the graded-hyperglycemic clamp (clamp insulinogenic index). Whole-body insulin sen-
sitivity was assessed by the IVGTT. At the end of the study, pancreatic islets were isolated
to assess β-cell function in vitro.

Results
OGTT: STZ caused an increase in glycemia at 120 min by 22.0% (interquartile range, IQR,
31.5%) (P = 0.011). IVGTT: This protocol also showed a reduction in glucose tolerance by
48.8% (IQR, 36.9%) (P = 0.002). AIRG decreased by 54.0% (IQR, 40.7%) (P = 0.010), lead-
ing to mild fasting hyperglycemia (P = 0.039). Exenatide, compared with placebo,
decreased body weight (P<0.001) without altering food intake, fasting glycemia, insuline-
mia, glycated hemoglobin A1c, or glucose tolerance. Exenatide, compared with placebo,
increased both OGTT- (P = 0.040) and clamp-based insulinogenic indexes (P = 0.016),

PLOS ONE | DOI:10.1371/journal.pone.0158703 July 11, 2016 1 / 18
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