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ABSTRACT

Long-acting glucagon-like peptide-2 receptor (GLP-2R) agonists
are well-established to increase intestinal growth in rodents and,
most notably, humans with short bowel syndrome. Most of the
trophic effects of GLP-2R agonists are reported to be mediated
through increased growth of the crypt-villus axis, resulting in
enhanced mucosal mass and improved intestinal function. The
present study examined the effects of apraglutide, a novel GLP-
2R agonist, on the growth of the small intestine and colon after 3,
7, and 10 weeks of treatment in male and female mice. Apraglutide
(3 mg/kg; three times per week) significantly increased small
intestinal weight (P < 0.001) and length (P < 0.001) after 3 weeks
of administration, with a further increase in effectiveness after
10 weeks (P < 0.01). Crypt depth and villus height were both
markedly increased after 3 weeks of apraglutide administration
(P < 0.001) but did not show any further increase with duration of

treatment, whereas crypt number and intestinal circumference
were increased after 7 and 10 weeks (P < 0.01) but not after
3 weeks of apraglutide treatment. Both the weight and the length
of the colon were also enhanced by apraglutide treatment for
3 weeks (P < 0.001), and these effects were maintained but did
not improve further with continued apraglutide administration.
The results of this study demonstrate that the novel, long-acting
GLP-2R agonist, apraglutide, demonstrates an unexpected
marked ability to increase intestinal length as well as exert time-
and location-dependent specificity in its intestinotrophic actions.

SIGNIFICANCE STATEMENT

The novel long-acting glucagon-like peptide 2 receptor agonist,
apraglutide, enhances intestinal weight as well as intestinal
length in a time- and site-dependent fashion.

Introduction

Long-acting, dipeptidylpeptidase IV-resistant glucagon-
like peptide (GLP)-2 receptor (GLP-2R) agonists, most notably
human (h) [Gly2]GLP-2(3-33) are well-established to increase
intestinal growth in animals as well as in humans (Brubaker,
2018). These actions are mediated through increased pro-
liferation and decreased apoptosis of the intestinal epithelial
cells, resulting in expansion of both crypt depth and villus
height (Drucker et al., 1996; Tsai et al., 1997; Dubé et al., 2006;
Rowland et al., 2011). Although GLP-2R expression is greatest
in the midsmall intestine (Munroe et al., 1999), trophic effects
of h[Gly2]GLP-2(3-33) are observed throughout the small and
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large intestine (Drucker et al., 1997; Dubé et al., 2006; Yusta
et al., 2012). However, the growth effects of h[Gly2] GLP-2(3-
33) in normal rodents appear to be largely restricted to the
intestinal mucosa, with variable effects on small intestinal
length (i.e., 0%—5%) and no change in colonic length reported
to date (Drucker et al., 1997; Hadjiyanni et al., 2009; Yusta
et al., 2012; Austin et al., 2015).

Strikingly, extremely few studies have examined changes in
intestinal growth responses to GLP-2 over time. In one early
study on CD-1 mice, the increases in small intestinal weight
and crypt-villus height induced by native GLP-2 appeared to
be greater after 12, as compared with 4 and 8, weeks of
treatment (Tsai et al., 1997). Although the magnitude of the
responses was not directly compared between the different
time points, absolute small intestinal weight was increased
by ~20% as compared with ~60% after 4 and 12 weeks of
treatment, respectively. Similarly, crypt-villus height in the
proximal jejunum appeared to increase by ~60% after 4 weeks
and by ~75% after 12 weeks. A second study utilizing h[Gly2]
GLP-2(3-33) in the same mouse strain demonstrated a
16%—20% greater increase in small intestinal and colonic
weights after 30 days of treatment as compared with 10 days
but found that the stimulated increase in crypt-villus height
(87%-75%) did not change beyond the 10-day time point;

ABBREVIATIONS: GLP, glucagon-like peptide; GLP-2R, GLP-2 receptor; h[Gly2]GLP-2(3-33), human [Gly2]GLP-2(3-33); SBS, short bowel

syndrome.
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again, none of these apparent differences were compared
statistically (Kissow et al., 2012). We further noted that
neither study reported any findings on intestinal length.
In the present preclinical study, we have examined the
trophic effects of a novel long-acting human GLP-2R agonist,
apraglutide (Wisniewski et al., 2016), on small intestinal and
colonic weight and length as well as small intestinal crypt-
villus height and crypt number in mice, directly comparing the
temporal responses to chronic treatment of 3, 7, and 10 weeks.
Apraglutide is a new GLP-2 analog that is distinguished from
other GLP-2 analogs, such as teduglutide (Revestive/Gattex,
Shire Inc.), because of its very low clearance, long elimina-
tion half-life (30 hours), and high plasma protein binding
[(Hargrove et al., 2020) and unpublished data]. In humans, such
long half-life after subcutaneous administration () (Bolognani
et al, 2019) allows only once-weekly treatment, and apraglu-
tide is being developed for use in short bowel syndrome (SBS)
as a once-a-week treatment (phase 2 trials completed in SBS
patients: NCT03408132, NCT03415594). In addition, apra-
glutide has previously been administered in healthy volun-
teers (phase 1 trial successfully completed in Canada). Data
from these studies show that apraglutide is generally well-
tolerated in healthy volunteers and has an overall positive
safety profile (Bolognani et al., 2019). The findings of the
present study, unexpectedly, demonstrate site-specific as well
as time-dependent actions of apraglutide on both intestinal
epithelial and linear growth.

Materials and Methods

NOD/DQ8 mice were obtained from Dr. J.A. Murray (Mayo Clinic
College of Medicine, Rochester, MN) courtesy of Dr. E.F. Verdu
(McMaster University, Hamilton, ON) and were then bred in-house.
Historically, this murine strain was used to establish a model of the
gluten hypersensitivity seen in celiac disease (Marietta et al., 2004;
Galipeau et al., 2011) but, once at the University of Toronto, these
mice did not demonstrate any signs of gluten-induced enteropathy
(unpublished data). Hence, these mice were thereafter used as
a physiologic model to study the long-term actions of apraglutide,
with sensitization and gluten (Marietta et al., 2004; Galipeau et al.,
2011) administered to both male and female littermates (6—-8 weeks of
age; n = 4-8 each, to make n = 8 for the 3-week study and n = 13
for remaining studies) and treatment with either vehicle (4.5%
D-mannitol, 20 mM glycine, 20 mM L-histidine, pH 8.6-8.8; control)
or apraglutide (3 mg/kg or ~1000 nmol/kg). The selection of the dose of
apraglutide was based on previous studies showing equivalent activity
on small intestinal weight for doses up to 25 mg/kg in rats and up to
20 mg/kg in mice. Vehicle and apraglutide were administered by
subcutaneous injection three times per week for 3, 7, or 10 weeks, and
this was followed by a single injection 24 hours prior to euthanization.
The frequency of administration was based on the previous pharma-
cokinetic studies conducted in adult rats (225-250 g) (Hargrove et al.,
2020) and in adult mice (7-10 weeks old or 21-26 g). In mice,
specifically, the elimination ¢ was in the range of 6-11 hours with
an accumulation ratio of 1.6 observed in male animals but not in
female animals (unpublished data). Additional studies have demon-
strated no effect of age on the intestinotrophic effects of GLP-2 in mice
(Tsai et al., 1997). Apraglutide is a 33-amino-acid peptide with
a molecular structure based on the sequence of GLP-2 but designed
to optimize pharmacological activity while increasing the half-life
versus other long-acting GLP-2 analogs. The compound provided by
the sponsor, GLyPharma Therapeutic Inc. (Montreal, Canada), had
a purity of >90%; its composition was fully characterized, and no
known active impurities were detected. All animal protocols were
approved by the Animal Care Committee of the University of Toronto,

and all procedures were conducted in accordance with the regulations
of the Canadian Council on Animal Care.

Mice were weighed on day 1 and then weekly throughout the study.
After euthanasia with isoflurane, the small intestine (excluding 10 cm
of jejunum, which was removed for other analyses) and colon were
collected, rinsed with PBS, and weighed, and their lengths were
measured under constant tension using a 2.8-g weight. Two-
centimeter sections of the duodenum were collected into 4% formalin
for paraffin embedding, sectioning, and staining with hematoxylin
and eosin (Pathology Research Program, University Health Network,
Toronto, ON). For each mouse, a minimum of 20 well-oriented villi and
20 crypts were measured on a Zeiss Axiovision microscope with
AxioPlan software to make n = 1 (Dubé et al., 2006; Rowland et al.,
2011; Dong et al., 2014; Austin et al., 2015). A subgroup of the sections
(from both males and females) was also examined for crypt number per
intestinal cross-section, counting well-oriented crypts only, as well as
for cross-sectional circumference (n = 3-6).

Data are shown as mean = S.E.M. for the absolute values as well as
for the changes in apraglutide-treated animals relative to the time-
appropriate vehicle control group. Data were compared by one- or two-
way ANOVA followed by Tukey’s Honest Significant Difference post
hoc analysis, as appropriate. No significant differences were detected
for either intestinal weights or lengths by sex, although males had
significantly greater body weights, as expected, at 3 and 7 weeks (P <
0.05). As a result, data from both sexes were combined for all further
analyses.

Results

Absolute body weights of vehicle-treated mice and the
weights of apraglutide-treated animals relative to vehicle
controls did not change over time and were not different
between treatment groups (Fig. 1A). Absolute small intestinal
weights also did not change significantly over time in vehicle-
treated mice. However, apraglutide significantly increased
small intestinal weight by 80% after 3 weeks of treatment
(P < 0.001; Fig. 1B). Interestingly, the magnitude of this effect
increased in a time-dependent fashion, with a further increase
of 51% after 10 weeks of treatment reaching 231% of vehicle
control (P < 0.05-0.01 vs. 7 and 3 weeks, respectively).
Similarly, small intestinal length did not differ by time in
vehicle animals but was increased by 13% after 3 weeks of
apraglutide treatment (P < 0.05), an effect that increased by
an additional 15% after 10 weeks of treatment (P < 0.05 vs. 3
weeks; Fig. 1C). The trophic (P < 0.001) and time-dependent
(P < 0.05-0.01) actions of apraglutide were also observed
when small intestinal weight was normalized to body weight
after 3 weeks of treatment (increased by 33%, P < 0.001) and
increased by a further 20% and 35% at 10 weeks versus 3 and
7 weeks of treatment, respectively (P < 0.05-0.01; Fig. 1D).
These changes indicate the specificity of the growth effects of
apraglutide for the small bowel. Furthermore, the time-
dependent increases in apraglutide-induced small intestinal
weight were maintained when the data were normalized to
small intestinal length (P < 0.001 for treatment effect; P <
0.05 for time effect; Fig. 1E), demonstrating that the trophic
effects were induced per unit length of small intestine (in-
creased by 59% after 3 weeks, P < 0.001, and by a further
13% after 10 weeks of treatment, P < 0.05) in addition to the
increase in overall length.

To examine potential mechanisms underlying the increase
in small intestinal mass with apraglutide over time, duodenal
structure was analyzed morphometrically. No differences in
villus height, crypt depth, crypt number per cross-section, or
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Fig. 1. Body weight (A) and small intestinal (SI) weight (B), length (C),
weight/body weight (D) and weight/length (E) in vehicle (VEH)- and
apraglutide (APRA)-treated mice; all data are shown as mean = S.E.M.
(Left) Absolute changes (¥*P < 0.05; ***P < 0.001); (Right) percent
responses ("P < 0.05; ""P < 0.01 vs. 3 weeks; $P < 0.05 vs. 7 weeks).

circumference were observed over time in vehicle-treated mice
(Fig. 2). Apraglutide increased both villus height and crypt
depth after 3 weeks of treatment (by 36% and 37%, respec-
tively; P < 0.001). However, unexpectedly, the overall magni-
tude of the stimulation was not further increased after 7 or
10 weeks of treatment compared with the 3-week time point.
In contrast, neither crypt number nor intestinal circumference
was significantly increased after 3 weeks of apraglutide
administration, but both were markedly enhanced after 7
weeks, as well as 10 weeks, of treatment (by 16%-18% and
22%—23%, respectively, P < 0.01).

Finally, colon weight unexpectedly decreased over time in
vehicle-treated animals (by 16%—19%; P < 0.05 for 3 weeks vs.
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7 and 10 weeks), possibly because of the strain of mice used.
Notwithstanding, and in marked contrast to the findings in
the small intestine, apraglutide increased absolute colon
weight and length as well as normalized colon weight (per
body weight and per colon length) after 3 weeks of treatment
(by 40%, 21%, 33%, and 16%, respectively, P < 0.05-0.001;
Fig. 3), but no further increases in any of the colonic responses
to apraglutide were observed after either 7 or 10 weeks of
administration.

Discussion

Both synthetic h[Gly2]GLP-2(3-33) and the recombinant
GLP-2R agonist, teduglutide, have been well-established to
increase the growth and function of the intestines in multiple
species, including, importantly, humans with short bowel
syndrome (Drucker et al., 1996, 1997; Tsai et al., 1997; Dubé
et al., 2006; Hadjiyanni et al., 2009; Rowland et al., 2011;
Yusta et al., 2012; Jeppesen, 2013; Austin et al., 2015;
Brubaker, 2018). The results of the present study demonstrate
biologic effectiveness of a novel, long-acting GLP-2 analog,
apraglutide, to enhance the growth of both the small intestine
and the colon in a preclinical animal model.

Previous studies have shown sex- and age-independent
maintenance of the trophic effects of native GLP-2 on small
intestinal weight and crypt-villus height over 4-12 weeks of
treatment in mice (Tsai et al., 1997). However, few studies
have examined the actions of either GLP-2 or of GLP-2R
agonists over time in both the small intestine and colon, and
none of these have conducted direct analyses of any time-
dependent responses (Tsai et al., 1997; Kissow et al., 2012).
Strikingly, the intestinotrophic effects of apraglutide were
found to be temporally mediated in a site-specific fashion, such
that progressive increases were observed over 3—10 weeks in
both the weight and the length of the small intestine but not of
the colon, which achieved maximal growth after only 3 weeks
of treatment.

The specificity of the actions of apraglutide for intestinal
growth was demonstrated by the lack of change in body weight
in treated animals (other than a small, nonsignificant increase
commensurate with the increased weight of the bowel), as
previously reported (Brubaker et al., 1997). Furthermore,
although GLP-2 facilitates digestive and absorptive functions
in normal animals, these actions are not paralleled by an
increase in food intake (Brubaker et al., 1997); hence, the
efficiency of nutrient handling is improved by GLP-2 treat-
ment without associated changes in energy homeostasis. In
contrast, GLP-2R agonist therapy is associated with weight
gain in humans with short bowel syndrome, likely because of
the improved capacity for enteral nutrition (Jeppesen et al.,
2001).

How the temporal changes in small intestinal weight are
exerted by apraglutide appear to be complex. Consistent with
the results of a previous study on h[Gly2]GLP-2(3-33), al-
though not on native GLP-2, in CD-1 mice (Tsai et al., 1997;
Kissow et al., 2012), the increased weight over time was not
associated with additional growth of the villus-crypt axis
beyond that observed at the 3-week time point. However,
despite a previous report that GLP-2R agonist therapy does
not appear to affect crypt number (Koehler et al., 2015), the
results of the present study clearly demonstrate not only
increased crypt number but also increased cross-sectional
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circumference after 7 and 10 weeks of apraglutide treatment.
These findings suggest that there may be limits to the vertical
growth of the crypt-villus axis that, in the setting of continued
trophic stimulation, may induce crypt fission. Although this
process has been described in the normal adult mouse in-
testine, the regulation of crypt fission remains poorly un-
derstood (Bruens et al., 2017). However, importantly, even in
the setting of profound stimulation of intestinal growth by
GLP-2, no changes in the normal epithelial cell differentiation
pathway have been noted and, indeed, epithelial cell width
has been reported to decrease (Benjamin et al., 2000; Lee
et al., 2012). Finally, at least part of the apraglutide-induced
intestinal growth was achieved by increased length of the
small bowel, because small intestinal weight gain indepen-
dent of body weight increased by 29% after 10 weeks, but
weight gain independent of length increased by only 13% dur-
ing the same period; these findings suggest that 16% of the
increase in small intestinal weight with apraglutide treat-
ment over time occurred consequent to its increased length.
Indeed, the 13% increase in small intestinal length observed
after only 3 weeks of administration of apraglutide is further
remarkable given the limited effect of h[Gly2]GLP-2(3-33)
reported for this parameter in rodents (Drucker et al., 1997,
Hadjiyanni et al., 2009; Yusta et al., 2012; Austin et al., 2015).
Apraglutide has also been demonstrated to increase small
intestinal length in a neonatal piglet model of short bowel
syndrome, leading to the suggestion that the trophic actions
of apraglutide may enhance adaptation and weaning from
parenteral nutrition in young children with short bowel
syndrome (Slim et al., 2019). Whether enhanced intestinal
length will be observed in humans treated with GLP-2R
agonists remains to be determined. Nonetheless, increased
citrulline levels, which are commonly used as a measure of
total mucosal mass that also reflects intestinal length, have

been reported in patients with short bowel syndrome and
Crohn’s disease in response to h[Gly2]GLP-2(3-33) (teduglu-
tide) treatment (Crenn et al., 2000; Buchman et al., 2010;
Jeppesen et al., 2011, 2012; Seidner et al., 2015), although the
sensitivity of this marker has recently been questioned
(Lansing et al., 2019).

Although apraglutide exerted the anticipated effects to
enhance colonic weight (Drucker et al., 1997; Litvak et al.,
1998; Dubé et al., 2006), unexpected large increases in colonic
length were also observed. As for the small intestine, these
trophic actions of apraglutide were independent of changes in
body weight. These findings are consistent with high levels of
expression of the GLP-2R in the rat and human colon (Munroe
et al., 1999; Yusta et al., 2000), although, to date, no studies
have examined the mechanism of action of GLP-2 to increase
the length of either the small or large intestine. Importantly,
the other effects of apraglutide on the colon were not only
generally smaller than those on the small intestine, but all of
the changes were also temporally limited, such that maximal
growth was achieved after only 3 weeks of treatment. Of equal
importance, given that chronic administration of long-acting
GLP-2 analogs has been linked to the progression of chemi-
cally induced intestinal tumors in rodents (Iakoubov et al.,
2009; Trivedi et al., 2012), visual examination of the large
intestines in the apraglutide-treated cohort did not reveal
any gross evidence of abnormal growth. Notwithstanding,
although there is currently a lack of evidence for such effects of
GLP-2R agonists in humans (Orhan et al., 2018; Ring et al.,
2018), and ongoing monitoring of patients remains prudent.

Clinical Perspective

Few agents have been demonstrated to be effective in in-
creasing both intestinal mass and length without whole-body
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Fig. 3. Colon weight (A), length (B), weight per body weight (C), and
weight per length (D) in vehicle (VEH)- and apraglutide (APRA)-treated
mice; all data are shown as mean *+ S.E.M. (Left) Absolute changes (*P <
0.05; ** P < 0.01; ***P < 0.001); (Right) percent responses.

side effects. For example, although transgenic overexpression
of growth hormone or insulin-like growth factor-1 causes
increases in both parameters, these hormones also induce
parallel increases in body weight of 91% and 37%, respectively
(Ulshen et al., 1993; Ohneda et al., 1997). Furthermore, h
[Gly2]GLP-2(3-33) has only limited actions to increase muco-
sal length despite profound stimulatory effects on mucosal
growth (Drucker et al., 1997; Hadjiyanni et al., 2009; Yusta
et al., 2012; Austin et al., 2015). Notwithstanding, residual
intestinal length has been positively correlated to mainte-
nance of the beneficial effects of teduglutide for 12 months
after withdrawal in adults with SBS (Compher et al., 2011),
suggesting that this is a desirable outcome of treatment.
Importantly, the finding of increased small intestinal and
colonic lengths in the present study in mice without bowel
resection is consistent with a previous report on residual
bowel lengthening with apraglutide in neonatal piglet model
of SBS. Although increases in intestinal length have not been
reported in response to teduglutide treatment of adults, it has
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been suggested that any increase in bowel length may be of
benefit to the pediatric SBS population (Slim et al., 2019).
Furthermore, it remains unclear as to whether teduglutide
treatment affects the growth of the colon in humans. Future
studies in humans to determine these specific parameters
of intestinal growth are clearly required to fully determine
the translational relevance of the current findings in mice.
However, given that many previous preclinical studies on the
intestinotrophic effects of GLP-2 in the normal murine in-
testine have been successfully translated to humans, these
findings suggest that this novel action of apraglutide may
benefit patients through expansion of the residual, healthy
tissue. Finally, the half-life of apraglutide is prolonged (¢1/2 =
30 hours) as compared with both native GLP-2 and h[Gly2]
GLP-2(3-33) (~6 minutes and 1-3 hours, respectively), which
is due to both dipeptidylpeptidase IV-resistance and binding
to proteins in the circulation (99.8%) (Tavares et al., 2000;
Marier et al., 2010; Slim et al., 2019). As a consequence,
apraglutide was administered only three times per week in
the present study, as compared with the current requirement
for daily treatment with h[Gly2]GLP-2(3-33) and teduglutide,
although it is acknowledged that the dose of apraglutide used
in the current study on mice is ~3-times greater than that
currently being tested for human use () (Bolognani et al, 2019).
The marked effectiveness of apraglutide combined with a re-
duced burden for administration may, ultimately, enhance
patient compliance in the clinical setting.

In summary, the results of the present preclinical study
demonstrate highly specific and progressive actions of apra-
glutide to increase intestinal weight and length in normal
mice. Unexpectedly, the trophic effects of apraglutide on the
small bowel were found to increase over time, whereas those
on the colon were temporally restricted. These preclinical
findings provide support for further analyses of the effective-
ness of apraglutide to enhance structure and function in
models of human intestinal disease.
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