:\' frontiers

in Endocrinology

ORIGINAL RESEARCH
published: 24 May 2021
doi: 10.3389/fendo.2021.695145

OPEN ACCESS

Edited by:
Peter Flatt,
Ulster University, United Kingdom

Reviewed by:

Srividya Vasu,

Baylor Scott & White Research
Institute (BSWRI), United States
Guillaume Mabilleau,

Université d’Angers, France

*Correspondence:
Hannelouise Kissow
kissow@sund.ku.dk

Specialty section:

This article was submitted to
Gut Endocrinology,

a section of the journal
Frontiers in Endocrinology

Received: 14 April 2021
Accepted: 03 May 2021
Published: 24 May 2021

Citation:

Hunt JE, Yassin M, Olsen J,
Hartmann B, Holst JJ and Kissow H
(2021) Intestinal Growth in Glucagon
Receptor Knockout Mice Is Not
Associated With the Formation of
AOM/DSS-Induced Tumors.

Front. Endocrinol. 12:695145.

doi: 10.3389/fendo.2021.695145

Check for
updates

Intestinal Growth in Glucagon
Receptor Knockout Mice Is Not
Associated With the Formation of
AOM/DSS-Induced Tumors

Jenna Elizabeth Hunt', Mohammad Yassin?, Jorgen Olsen?, Bolette Hartmann?,
Jens Juul Holst® and Hannelouise Kissow>*

7 Department of Biomedical Sciences, Faculty of Health and Medical Sciences, University of Copenhagen,

Copenhagen, Denmark, 2 Department of Cellular and Molecular Medicine, Faculty of Health and Medical Sciences, University
of Copenhagen, Copenhagen, Denmark, 3 Department of Biomedical Sciences and Novo Nordisk Foundation Center for
Basic Metabolic Research, Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark

Treatment with exogenous GLP-2 has been shown to accelerate the growth of intestinal
adenomas and adenocarcinomas in experimental models of colonic neoplasia, however,
the role of endogenous GLP-2 in tumor promotion is less well known. Mice with a global
deletion of the glucagon receptor (Gegr””) display an increase in circulating GLP-1 and
GLP-2. Due to the intestinotrophic nature of GLP-2, we hypothesized that Gcgr‘/ " mice
would be more susceptible to colonic dysplasia in a model of inflammation-induced
colonic carcinogenesis. Female Gegr”’™ mice were first characterized for GLP-2 secretion
and in a subsequent study they were given a single injection with the carcinogen
azoxymethane (7.5 mg/kg) and treated with dextran sodium sulfate (DSS) (3%) for six
days (n=19 and 9). A cohort of animals (n=4) received a colonoscopy 12 days following
DSS treatment and all animals were sacrificed after six weeks. Disruption of glucagon
receptor signaling led to increased GLP-2 secretion (p<0.0001) and an increased
concentration of GLP-2 in the pancreas of Gegr”’™ mice, coinciding with an increase in
small intestinal (p<0.0001) and colonic (p<0.05) weight. Increased villus height was
recorded in the duodenum (p<0.001) and crypt depth was increased in the duodenum
and jejunum (p<0.05 and p<0.05). Disruption of glucagon receptor signaling did not affect
body weight during AOM/DSS treatment, neither did it affect the inflammatory score
assessed during colonoscopy or the number of large and small adenomas present at the
end of the study period. In conclusion, despite the increased endogenous GLP-2
secretion Gegr”” mice were not more susceptible to AOM/DSS-induced tumors.
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INTRODUCTION

The glucagon-like peptides (GLPs) are post-translational cleavage
products of the precursor polypeptide proglucagon (1, 2).
Proglucagon is processed in a tissue-specific manner, giving rise to
glicentin/oxyntomodulin, GLP-1 and GLP-2 in the intestine and
brain, and glucagon and the major proglucagon fragment in the
pancreas (2, 3). GLP-2 exerts its effect primarily in the intestine where
it controls mucosal growth and adaptation (1, 4, 5). Administration of
exogenous GLP-2 increases intestinal proliferation, decreases
apoptosis (6), improves nutrient absorption (7), enhances barrier
function (8) and intestinal blood flow (9, 10), and it can be
demonstrated that endogenous GLP-2 mediates adaptive regrowth
after a period of nutrient deprivation (11). These intestinotrophic
features of GLP-2 have guided the hormone’s therapeutic potential
for the treatment of intestinal injury, culminating in the FDA
approval of the DPP-4 resistant human GLP-2 analog teduglutide
for the treatment of adults and children aged 1 and over for short
bowel syndrome, who are receiving parenteral support (12).

Due to the observed tropic effects of exogenous GLP-2, the
potential for growth acceleration and malignant transformation of
subclinical neoplasia remains a question for the safety of treatment
with GLP-2 receptor agonists. Several studies have examined the
effects of GLP-2 on the development of neoplastic changes in the
intestines of mice (13-15) using multiple modes of tumorigenesis
including pro-carcinogens azoxymethane (AOM), 1,2-
dimethylhydrazine (DMH) as well as Apc™™* mice. Yet, the lack
of consensus in the literature regarding the tumor-promoting effect of
GLP-2 warrants further investigations; in addition, the effects of
chronically elevated levels of endogenous GLP-2 and its potential
contribution to neoplastic development have never been investigated.

Partial or complete blockage of glucagon action, achieved
through genetic loss (16-18) or pharmacological blockage of
glucagon signaling (17, 19) is associated with pancreatic GLP-1
production and increased circulating GLP-1 in mice, most likely
due to pancreatic o-cell hyperplasia (20). Consequently, these
mice display decreased blood glucose (21), improved glucose
tolerance, enhanced glucose-stimulated insulin secretion (17),
and resistance to streptozotocin-induced diabetes (22). The
consequences of attenuating glucagon receptor signaling on
GLP-2 and the assessment of impact is less well known, but it
has been demonstrated that a small fraction of the major
proglucagon fragment is normally processed to GLP-2 (23).

In the present study, we assessed the use of Gegr™'~ mice as a model
of chronically elevated GLP-2 secretion. We characterized the tissue-
specific production of GLP-2 in the pancreas, intestine and plasma and
hypothesized that these changes would correlate with a characteristic
GLP-2-induced growth response. Finally, we used AOM/DSS treated
Gegr™™ mice to assess the development of colonic tumorigenesis in the
presence of increased endogenous GLP-2.

MATERIALS AND METHODS

Animals
All experiments were conducted following the guidelines of
Danish legislation governing animal experimentation (1987)

and with permission from the Danish Animal Experiments
Inspectorate (license no. 2013-15-2934-00833). Glucagon
receptor knockout (Gegr™") mice C57BL/0CesrtmIMch (yore
bred in-house with permission from Dr. Maureen Charron as
detailed previously (16). Animals used in experimentation were
between 8-10 weeks old and Gegr'/* littermates were used as
controls. All mice were housed in individually ventilated cages in
a standard 12:12 h light-dark cycle with free access to water and
standard chow. Mice were housed in groups of 6-8 independent
of genotype.

Intestinal Characterization of Gegr™'~
Mice
Unfasted female Gegr™'™ mice (n=8) and their Gegr™'™ littermates
(n=10) were anesthetized with an intraperitoneal injection of
ketamine (90 mg/kg) (MSD Animal Health, Madison, New
Jersey, USA) and xylazine (10 mg/kg) (Rompun Vet, Bayer
Animal Health, Leverkusen, Germany), body weight was
recorded and blood was drawn from vena cava and transferred
to EDTA coated tubes containing a dipeptidyl peptidase-4
inhibitor (0.0lmmol/L valine pyrrolidide (ValPyr), final
concentration) (Novo Nordisk, Denmark). Plasma samples
were centrifuged at 1200 g for 15 min at 4°C then stored at
-20°C until processing. The small and large intestine was
removed, flushed with saline and weighed (24). Tissue from
duodenum, jejunum, ileum and mid colon was fixed in 10%
neutral formalin buffer (Cell Path Ltd, Powys, United Kingdom)
for 24 h and afterward transferred to 70% alcohol until further
processing for morphometry. Tissue from duodenum, jejunum,
ileum, mid colon and pancreas was snap-frozen and stored
at -80°C for gut hormone analysis.

In a separate study, unfasted female and male Gegr™'™ mice
(n=16) and their Gcgr” * littermates (n=15) were anesthetized as
above and plasma was collected as described above.

Histology

Formalin-fixed tissue was dehydrated and paraffin-embedded.
Histological transverse sections of 4 wm were cut and stained
with hematoxylin/eosin. Villus height and crypt depth was
measured in at least 20 well-oriented villi and crypts per
animal (24). Slides were examined with a light microscope
connected to a camera (Zeiss Axio Lab.A1, Brock & Michelsen,
Birkeroed, Denmark). Morphology was analyzed using Zeiss Zen
lite software (Carl Zeiss Microscopy GmbH, Géttingen,
Germany). All measurements and evaluations were performed
with the observer blinded from the origin of the tissue.

Pancreatic and Intestinal Protein
Extraction, Plasma Extraction and
Measurement of GLP-2

Snap-frozen tissue was subject to peptide extraction carried out as
previously described (25). In brief, the protein was extracted by
homogenization in 1% trifluoroacetic acid (TFA) (Thermofisher
Scientific, Massachusetts, USA) and the concentration of protein
was determined using the Pierce BCA Protein Assay Kit
(Thermofisher Scientific). The peptide was purified by solid
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phase extraction using tcl8 cartridges (Waters, Massachusetts,
USA) which were eluted using 70% ethanol containing 0.1% TFA.
The eluates were air-dried overnight using a blow system and
reconstituted in 1 ml of assay buffer (phosphate buffer 80 mM,
0.1% human serum albumin, EDTA 10 mM, pH 7.5) containing
0.01 mM ValPyr. Intact, biologically active GLP-2 was quantified
by radioimmunoassay utilizing antiserum #92160 specific for an
intact N-terminus of GLP-2 (1-33) (2). Plasma measurements
were made from two pooled plasma samples and were extracted
with 75% ethanol before analysis.

Establishment of the AOM/DSS Model

Female Gegr™'™ mice (n=19) and their Gegr™'* littermates (n=8)
received an intraperitoneal injection of azoxymethane (7.4 mg/
kg) (Sigma-Aldrich, Denmark), followed by one cycle of 3%
dextran sulfate sodium (DSS) (M, ~40,000) (Sigma-Aldrich,
Denmark) for six days commencing day eight. Mice were
weighed on day 1, 4, 8, 10, 11, 12, 13, 16, 18, 27, 30, 38 and
44. All mice were euthanized on day 44.

Endoscopic Investigation

Twelve days after DSS treatment Gcgr™’~ mice (n=4) and their
Gcgr” * littermates (n=4) were anesthetized with isoflurane
(Baxter, Lillerod, Denmark; flow concentration: (1.5% vol./vol.)
and subjected to high-resolution colonoscopy using the
COLOVIEW mini-endoscopic system (Karl Storz, Tuttlingen,
Germany) according to the Becker et al., 2006 protocol (26). The
observer was blinded as to the genotype of the mouse, and colons
were assessed using the murine endoscopic index of colitis
severity (MEICS), with a maximal score of 15.

Macroscopic Analysis of Early

Colon Adenomas

After euthanasia by cervical dislocation, the colons were flushed
through the rectum with PBS, followed by ice-cold 4%
paraformaldehyde. Colons were fixed for 3-5 min with
paraformaldehyde. The colons were then removed, cut
longitudinally and pinned to a polyethylene plate. The samples
were further fixated for 24 h in 4% paraformaldehyde and then
transferred to 70% ethanol until further analysis. The colons
were washed in distilled water and stained with 0.2% methylene
blue for 30 min and examined using a stereomicroscope. The
number of adenomas < 2 mm in diameter and those larger were

counted. The investigator was blinded concerning the origin of
the tissue.

Statistical Analysis

All statistics were performed using GraphPad Prism 8. Statistical
evaluation of the data was carried out using two-sided, unpaired t
tests when comparing two independent groups. Survival curves
were drawn using the Kaplan-Meier method and analyzed using
the log-rank test. Values of p<0.05 were considered significant
and all data in the text and graphs are presented as mean + SEM.

RESULTS

Biochemical Characterization of Gegr™'-
and Gegr*’* Mice

Extractable GLP-2 in the pancreas could not be detected in
Gegr™* mice but was present in the Gecgr™/™ mice at a
concentration of 38 = 15 pmol/g protein (p<0.0001)
(Figure 1A). Extractable intestinal GLP-2 was not affected by
genotype (Figure 1B). Secreted GLP-2 measured in the plasma
was found to be 35 + 13 pmol/L in the Gegr™'~ mice. This was
highly significant compared to 3 + 1 pmol/L in the Gegr™* mice
(p<0.0001) (Figure 1C).

Body Weight and Morphometric
Characterization of the Intestine of Gegr™'~
and Gegr*’* Mice

The body weight of Gegr™'~ mice did not differ from their Gegr™*
littermates (Figure 2A). The SI and colon weight, normalized to
body weight, was 25% and 8% larger in Gcgr™™ mice compared
to Gegr™’*, (p<0.0001 and p<0.05) (Figures 2B, C). Villus height
was significantly higher in the duodenum of Gcgr™'~ mice
compared to Gegr™’* (p<0.01) but did not differ in the jejunum
or ileum (Figure 2F) as visualized in the histological
photographs (Figures 2D, E). Crypt depth was significantly
deeper in the duodenum and jejunum of Gcgr™'~ mice
compared to Gegr'’* (p<0.05 and p<0.05) (Figure 2G) but the
crypts in the ileum and colon did not differ (Figure 2G).

AOM/DSS Model in Gegr™’~ Mice

Throughout the experiment, the body weight did not differ
greatly between Gegr”™ and Gegr™* mice, but the body weight
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FIGURE 1 | Biochemical characterization of Gcgr’/ ~and Gcgr*/ * mice. Extracted GLP-2 (1-33) in (A) the pancreas and (B) intestine normalized to grams (g) protein
determined by BCA assay. (C) Plasma levels of GLP-2 (1-33). Gegr** mice are shown in black and Gegr™~ mice are shown in grey. Data were compared using a
two-sided, unpaired students t-test and presented as means + SEM. ****p value <0.0001, ND, non-detectable.
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FIGURE 2 | Morphometric characterization of the intestine of Gegr”~ and Gegr*’* mice. (A) Body weight (BW). (B) Small intestinal (SI) weight and (C) colon weight
normalized to BW. (D) Hematoxylin and eosin-stained intestinal tissue, from Gegr
mice (Ei) duodenum, (Eii) jejunum, (Eiii) leum and (Eiiii) colon. (F) Villus height and (G) crypt depth estimations. Data were compared using a two-sided, unpaired
students t-test and presented as means + SEM. *p value <0.05, **p value <0.01, ***p value <0.0001.

mice (Di) duodenum, (Dii) jejunum, (Diii) leum and (Diiii) colon; and (E) Gcgr'/ )

characteristically fell and recovered following DSS treatment
regardless of genotype (Figure 3A). The final body weight did
not differ between Gegr’~ and Gegr*’* mice. Genotype did not
affect the survival probability following AOM/DSS (Figure 3B).
Colonic mucosal damage, scored by colonoscopy 12 days after
DSS treatment, did not differ between Gegr”’™ and Gegr™* mice
(Figure 3C). After 6 weeks, all animals had the presence of
adenomas, predominantly located in the distal part of the colon.
The number of both small, defined as < 2 mm in diameter, and
large adenomas, defined as > 2 mm in diameter was the same in
Gegr”™ and Gegr™’* mice (Figures 3D, E).

DISCUSSION

Teduglutide, a stabilized version of GLP-2, has been approved for
the treatment of adult and pediatric (1 year and older) short
bowel syndrome in patients requiring parenteral support (12).
Benefits to patients include an increase in intestinal wet weight
and absorption (27) leading to a reduction in parenteral nutrition

volume requirements, but exogenous GLP-2 administration in
animal models has been linked to the acceleration of neoplastic
growth (13, 14). This highlights the urgency of further research
into the role of GLP-2 and malignancy. Here, we used the Gegr””
mouse as a model for elevated GLP-2 and assessed colonic
dysplasia using the AOM/DSS model of inflammation-induced
colonic carcinogenesis.

We investigated the intestinal parameters in the Gegr”
animals. The weight of the small intestine was increased by
25% in the Gegr”™ mice. Morphological examination revealed
increased villus height and crypt depth in the proximal portion.
Also, the weight of the colons of the Gegr”™ mice were found to be
larger than normal. Such a growth response mirrors that seen
following GLP-2 treatment in animal models (26-28). Next, we
investigated the plasma concentration of GLP-2 and found that
this was highly elevated in the Gcgr”™ mice. Proglucagon is
produced in both the pancreas and in the intestines, therefore
we investigated the tissue concentration in these tissues. Even
though we did find that the intestines were hypertrophic, GLP-2
measurements from the intestine showed the typical distribution
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FIGURE 3 | AOM/DSS model in Gcgr’/ ~and Gcgr*/ * mice. Female Gcgr’/ ~ mice (n=19) and their Gcgr*/ * littermates (n=8) received an intraperitoneal injection of
azoxymethane (7.4 mg/kg), followed by one cycle of 3% DSS commencing day eight for six days. Body weight (BW) (A) was recorded once or twice a week.
(B) Survival probability during the period of experimentation. (C) Murine endoscopic index of colitis severity, with a maximal score of 15. (D) The number of small
adenomas per colon defined as smaller than 2 mm in diameter. (E) The number of large adenomas per colon defined as larger than 2 mm in diameter. Data were
compared using a two-sided, unpaired students t-test or log-rank test and presented means + SEM.

with the highest concentrations measured in the colon followed
by the ileum with no differences between knockout and wild type
animals. However, we did find that the pancreas had an elevated
concentration of GLP-2. We have previously described that
Gegr”™ mice showed alpha-cell hyperplasia and hypertrophy,
and increased pancreatic concentrations of GLP-1 and
glucagon (20). In the normal state, proglucagon is primarily
processed to glucagon by prohormone convertase (PC1/3) in the
alpha cells (3) and GLP-1 and GLP-2 are mainly produced in the
intestinal L cells by PC2 cleavage, but small amounts of fully
processed GLP-2 are found in the pancreas (23). As previously
observed (20), GLP-1 concentrations were rather low compared
to the very increased glucagon levels (<1%), and the increase in
both GLP-1 and GLP-2 is assumed to be a consequence of
extreme proglucagon expression in the knockout mice. It would
seem fair to assume that the massive intestinal growth would be a
consequence of the increased level of GLP-2, however, we cannot
from our data exclude any other reasons.

Taken together we proposed the Gegr”™ mouse as a model of
increased endogenous GLP-2, which can be used to investigate
chronically elevated levels of endogenous GLP-2 and its potential
contribution to neoplastic development. Several methodologies
exist to induce colon carcinogenesis, yet the AOM/DSS model
closely resembles the pathogenesis observed in human colorectal
cancer; characterized by frequent tumors located in the distal
colon and beginning with polypoidal growth (29). In this study,
we show that during the acute inflammation phase following the
chemically-induced mucosal injury (12 days following DSS
treatment) all mice displayed features of neoplastic growth but
the loss of glucagon signalling did not affect the MEICS-score.
Additionally, six weeks post AOM injection the number of
adenomas was unaffected by the missing glucagon receptor

expression. These observations contrast the outcomes of other
carcinogen-induced tumorigenesis studies that describe an
increase in dysplastic changes following teduglutide treatment
(13, 14) and instead support conclusions drawn from
experimentation utilizing native GLP-2, wherein there were no
increases in malignancy following GLP-2 treatment, utilizing
AOM, DMH and the genetic model of human intestinal cancer
ApcMi“/+ mice (15). However, the functionality of this mouse
strain stems from germline mutations in the Gcgr gene which
potentially could complicate the interpretation of our data by
unanticipated compensatory adaptations arising in mice with
germline gene deletions. To combat this issue, we suggest further
exploration utilizing long-term glucagon antagonist and
assessment of growth and gut hormone content.

To conclude, our results show that although elevated levels of
native GLP-2 were associated with a massive growth of both the
small intestine and colon, it did not contribute to aggravation of
neoplastic growth.
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