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Abstract: Glucagon-like peptide-2 (GLP-2) plays a major role in repairing impaired intestinal mucosa, but its
mechanism in the improvement of intestinal barrier function during the aging process remains unclear. In this
study, 26-month-old male Sprague-Dawley rats were randomized to control group and GLP-2 group treated
with a dose of 250 pgekg-1ed-1 by intraperitoneal injection. After 14 days of treatment, intestinal mucosal
morphometric changes were observed by light microscopy and transmission electron microscopy (TEM).
Small intestinal permeability was evaluated by fluorescein isothiocyanate (FITC)-labeled dextran. The mRNA
and protein expression of Zonula Occludens-1 (ZO-1), occludin, claudin-1 and the GLP-2 receptor (GLP-2R)
were detected by Real-time PCR and Western blot. Our results showed that GLP-2 administration significantly
improved the age-related atrophy of intestinal mucosa and villi and increased small intestinal permeability. The
mRNA and protein expression of ZO-land occludin in ileum were up regulated in the GLP-2-treated old rats.
In addition, the serum GLP-2 levels were negatively correlated with small intestinal permeability measured by
FITC-dextran levels (r=-0.610, P<0.01). Taking all these data together, it is concluded that GLP-2 improved
small intestinal epithelial barrier function in aged rats mainly by facilitating intestinal mucosa growth, alleviating
the increased small intestinal permeability and increasing ZO-1 and occludin expression. Our observations
provide evidence for the clinical significance of GLP-2 in preventing the intestinal epithelial barrier dysfunction
during aging.
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Abbreviations: GLP-2: glucagon-like peptide-2; GLP-2R: glucagon-like peptide-2 receptor; TJ: tight junction;
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Introduction

The functions of various tissues and organs are degraded in
the course of aging, including intestinal barrier dysfunction.
Changes in the intestinal mucosal barrier function, nutritional
absorption, mucosal immunity, and intestinal microorganism
patterns are more commonly seen in geriatric patients (1).
Impaired blood flow, ischemic changes, chronic psychological
stress and increased use of NSAIDs naturally contribute to
an impaired epithelial barrier in elderly patients (2). Integrity
of intestinal epithelial cells serves as the largest mucosal
barrier between the internal host and external environment.
Intestinal permeability indicates the mucosal barrier integrity
and describes the paracellular leakiness of the intestinal lining.
Increased intestinal permeability is one of the important signs
of impaired intestinal barrier function. Previous studies have
reported that intestinal permeability increases with age in
rodents and old baboons, suggesting an age-related declination
of the intestinal barrier function (3-5).

Ageing is accompanied by a chronic state of low-grade
inflammatory status. The intestinal environment is substantially
changed with ageing, which in turn contributes to the
disturbances in the inflammatory status of the elderly [6].
Disturbances of the gut barrier have long been associated with
local as well as systemic diseases (7). Age-related intestinal

barrier dysfunction and differences in the gut microbiota
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composition are related to the progression of inflammatory
aging and age-related diseases (8). It is generally perceived that
the intestinal mucosal barrier becomes leaky in the elderly and
contributes to the occurrence of age-related diseases, such as
Parkinson’s disease, Alzheimer’s disease, atherosclerosis, and
diabetes (9, 10). Current understanding regarding the effects
of aging on the physical and immunological properties of this
important epithelial barrier is limited. Our previous studies
have showed that age-related intestinal barrier dysfunction
may be associated with mucosal atrophy, damages to tight
junction (TJ) structure, and remodeling of intestinal epithelial
tight junction proteins (11). Studies on the mechanism and
protective measures of intestinal barrier dysfunction may
provide information to future clinical treatments to improve the
quality of life of geriatric patients.

Glucagon-like peptide-2 (GLP-2), a gut hormone that
promotes growth and function of the intestinal epithelium,
is derived from the L cells of the distal ileum and colon in
response to proximal enteric neuronal signaling and luminal
nutrients. The intestinal growth-promoting effects of GLP-2
result in significant enhancements in both small intestinal
weight and crypt-villus height in mice (12). Extensive studies
have demonstrated that GLP-2 played a major role in the
repair of impaired intestinal mucosa by promoting intestinal
growth, attenuating apoptosis in the intestinal mucosal

epithelial cells, and reducing intestinal permeability (13-15).
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GLP-2 primarily functions as a trophic regulator of mucosal
function in the small intestine. Recent studies demonstrated
that GLP-2 administration increased the crypt cell proliferation
rate, suppressed apoptosis, and decreased the level of
inflammatory cytokines in rat models of inflammatory bowel
disease, necrotizing enterocolitis, and neonatal piglets (16, 17).
However, the protective effects and underlying mechanisms of
GLP-2 on age-related intestinal barrier dysfunction still remains
unclear.

On the basis of previous research studies, we hypothesized
that GLP-2 works as an intestinal specific growth factor,
maintaining mucosal health and reducing intestinal permeability
in naturally aged rat model intestines. Intestinal mucosal
morphometry, intestinal permeability, intestinal epithelial TJ
structure and TJ proteins expression, and GLP-2 receptor
(GLP-2R) expression were examined in this study to clarify
the protective effects of GLP-2 on the epithelial barrier of aged
intestines.

Materials and methods

Animals and materials

3-month-old and 26-month-old male Sprague-Dawley
rats were provided by Animal Science Laboratory, Fudan
University. The study protocol was approved by the local
institutional review board at the authors’ affiliated institution
and animal study was carried out in accordance with the
established institutional and state guidelines regarding use of
experimental animals. All rats were grouped after one week
of adaptive feeding. A total of 24 rats were assigned to four
groups: (1) Young rats (3-month-old, n=6); (2) Young+GLP-2
rats (3-month-old rats treated with GLP-2, n=6); (3) Old rats
(26-month-old, n=6); (4) Old+GLP-2 rats (26-month-old rats
treated with GLP-2, n=6). Young+GLP-2 rats and Old+GLP-2
rats were given GLP-2 (Mimotopes, China) at a dose of 250
pgekg-1ed-1 by intraperitoneal injection, 2 times/day, for 14
consecutive days. The dose of GLP-2 was decided based on
our preliminary experiments. On the fifteenth day, the rats were
fasted for 12 hours and then anesthetized intraperitoneally with
10% chloral hydrate before sampling and analysis.

All chemical reagents, with the exception of those
specifically noted in the following sections, were obtained from
Sigma-Aldrich (St Louis, MO, USA). Antibodies were obtained
from Abcam (Abcam, USA) and Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Materials used throughout the study
were of high grade quality.

Small Intestinal permeability measurement

The small intestinal permeability was measured by
intraluminal injection of fluorescently labeled macromolecules.
The rats were fixed in supine position after being anesthetized.
The abdominal wall was incised to expose the abdominal
cavity. A 20-cm segment of small intestine was separated below
the ligament of Treitz. Both ends of the intestinal tract were

clamped with a bulldog clamp wrapped with a rubber sleeve.
One milliliter of phosphate-buffered solution (PBS) containing
25 mg of fluorescein isothiocyanate-labeled dextran (FITC-
dextran, SIGMA, USA) was injected into the intestinal canal.
Thirty minutes later, 100 L of blood was extracted from the
portal vein. The blood sample was immediately dissolved in 1.9
mL of 50 mM Tris solution (Invitrogen, USA) and centrifuged
at 3000 g, 4°C for 7 min. The supernatant was collected and
placed in a specialized 96-well plate of a spectrofluorometer to
measure the FITC-dextran concentration. The excitation wave
length of the spectrofluorometer was set at 480 nm, and the
emission wave length was set at 520 nm. The level of FITC-
dextran was calculated according to a standard curve (in units
of pg/mL).

Intestinal morphology and histology

The rats were euthanized, and their intestines were removed
and then washed by PBS. A I-cm section of the distal ileum
was harvested and fixed in 4% paraformaldehyde, and then
embedded in paraffin. The resulting 4-um sections were stained
with hematoxylin and eosin (HE). Each stained section was
examined under light microscopy (Olympus IX51, Tokyo,
Japan). The intestinal villus height and surface area were
measured in ten villi for each section by Image-Pro Plus
software (Image-Pro Plus, Media Cybernetics, Inc., Rockville,
MD, USA), and the mean was calculated.

Transmission electron microscopy (TEM)

The proximal ileal specimens were fixed for at least
4 h in Karnovsky solution (2.5 % glutaraldehyde and 2 %
paraformaldehyde in 0.1 M sodium-cacodylate buffer, pH 7.0).
The fixed samples were washed three times for 10 min with a
0.1 M sodium-cacodylate buffer (pH 7.0) followed by a second
fixation in 1% cacodylate-buffered osmium tetroxide solution
for 1 hour. After dehydration in an increasing series of alcohol
solution, the samples were embedded in Epon-812 resin and cut
into thin sections and observed using a JEM-1200 transmission
electron microscope (Jeol Ltd., Tokyo, Japan).

Real-time polymerase chain reaction

Total RNA from ileal mucosal tissue was extracted using
Trizol reagent according to the manufacturer’s instructions.
cDNA was synthesized by reverse transcription using the Prime
ScriptTM reagent kit (TaKaRa, Japan). Quantitative real-time
PCR was carried out using the SYBR fluorescence (TaKaRa,
Japan) on an ABI 7500 SDS RT-PCR system (Applied
Biosystems, Foster City, CA, USA). The reaction conditions
were as follows: 40 cycles of two-stage PCR consisting of pre
denaturation at 95 °C for 30 s and subsequently amplification
cycle (95 °C for 5 s, 60 °C for 20 s, 72 °C for 30 s). GAPDH
was used as a reference gene. The relative expression of each
protein mRNA was calculated using the 2-AACt method. The
expression of ZO-1, occludin, claudin-1 and GLP-2 receptor
(GLP-2R) was assayed.
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All primers were synthesized by Shanghai BioSune Biotech
Co. Ltd. The primer sequences used for quantitative PCR were
as follows:

Z0O-1 [NM_001106266.1], forward 5°-
CCCGAAACTGATGCTATGGAT -3’ and reverse 5°-
GCCTTGGAATGTATGTGGAGA -3’ (146 bp)

occludin [NM_031329.2], forward 5°-
TACGGCTACGGTTACGGCTAT -3’ and reverse 5°-
ATCACCAAGGAAGCGATGAAG -3’ (101 bp)

claudin-1 [NM_031699.2], forward 5’-
ATCGGCTCTATCGTCAGCACT -3’ and reverse 5’-
GACATCCACAGTCCCTCGTAG -3’ (104 bp)

GLP-2R [NM_021848.1], forward 5°-
ACCTGTTCGCTTCGTTCATC -3’ and reverse 5°-
ATCCATCCACTCTCATCATCG -3’ (103 bp)

GAPDH, forward 5’- AACGACCCCTTCATTGAC -3’ and
reverse 5’- TCCACGACATACTCAGCAC -3’ (191 bp)

Western blot analysis

The ileal tissue was scraped and added to radio
immunoprecipitation assay (RIPA) lysis buffer. Proteins were
collected to determine the concentration. Gel electrophoresis
was conducted with 40 pg of protein per well. Proteins were
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred onto
polyvinylidene difluoride (PVDF) membranes (Millipore,
USA). After blocking with 5% skim milk proteins for 2 h at
room temperature, membranes were probed with polyclonal
rabbit anti-rat antibodies that were targeted against ZO-1
(1:250; Beyotime, China), occludin (1:1000; Abcam, USA),
claudin-1 (1:1000; Abcam, USA), GLP-2R (1:200; Abcam,
USA), and 3-actin (1:1000; Santa Cruz, USA) for overnight at 4
°C. After washing, membranes were incubated with horseradish
peroxidase-conjugated secondary antibody (1:1000; Beyotime,
China) at room temperature for 1 hour. After washing twice
with TBST, membrane-bound antibodies were visualized using
an enhanced chemiluminescent kit (Beyotime, China) according
to the manufacturer’s instructions. The housekeeping gene
[(-actin was used as an internal control. The integral optical
density (IOD) of each band was measured using Image software
(Pro 3DS 6.0, National Institutes of Health, USA).

Enzyme-linked immunosorbent assay

The serum GLP-2 level was analyzed using a rat GLP-2
ELISA assay kit (Xinqidi, Wuhan, China) according to the
manufacturer’s instructions. The optical density (OD) was
measured at wavelengths of 450 and 630 nm.

Statistical analysis

Data are presented as mean +SD. Statistical analyses were
performed using SPSS 17.0. One-way analysis of variance
(ANOVA) was used to compare data between different groups
with post-hoc analysis by the least significant difference (LSD).
A P-value <0.05 was considered to be statistically significant.

Results

GLP-2 alleviated morphometric changes in ileal mucosa
and increased the density of tight junctions in old rats

The ileal mucosal morphology was observed by using
light microscope. In the young rats, complete intestinal villus
structure was observed and the intestinal villi were arranged
regularly. In contrast, the ileal mucosal layer was atrophied,
mucosal thickness and glands were reduced, and the intestinal
villi were scattered and narrowed in the old rats. GLP-2
promoted intestinal villi and gland growth in both young and
old rats. More obviously, GLP-2 treatment improved age-
related changes of intestinal mucosal morphology in the old
rats, including reduced mucosal atrophy, increased villus height
and villus number, and a more orderly arrangement of intestinal
villi (Fig.1A).

Figure 1
Changes of morphological and tight junction ultra-structure in
ileum
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(A) Age-related morphological changes in the small intestinal ileum at 100x magnification
using HE staining. The ileal mucosa appeared thick and the intestinal villi were regularly
arranged in young rats. The ileal mucosa showed atrophy and the intestinal villi were
scattered and narrowed in old rats. The age-related morphological changes were improved
after GLP-2 treatment. (B) Quantification of mucosa thickness and villus height and width
in rat ileum (um). Ileal villus height, width, and surface area were significantly decreased
in the Old group (P<0.01). The ileal villus height, width, and surface area were higher
in the Old+GLP-2 group than in the Old group (P<0.01). (C) Changes in TJ structure
at 5,000x magnification by TEM. The rows of epithelial cells were arranged closely,
epithelial cell surface microvilli were arranged in neat rows, the TJ stand was clear and
complete, and the paracellular spaces were narrow in young rats. Differently, the TJ
stand was discontinuous and the paracellular spaces were wider in old rats. A compact
and complete TJ structure and an intact desmosome structure were shown in old rats after
GLP-2 treatment. Each value represents the mean + SD of six independent rats. *P<0.05,
##P <0.01, compared with the Young group; ##P<0.01, compared with the Old group.

The villus height, width and superficial area were measured
by the image analysis software. As shown in Fig.1B, ileal villus
height, width, and surface area were significantly decreased
in the old rats (P<0.01) compared with the young rats. GLP-2
treatment increased villus height, width and surface area
(P<0.01).

Transmission electron microscopy was used to observe
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the ultra-structure of intestinal epithelial TJs in rats. The
results showed that the TJs between epithelial cells were
intact and compact, the desmosomes exhibited high density
in the young and young+GLP-2 rats. There were increased
vacuoles in the epithelial cells, damaged TJ structure with
loosened connections, widened gaps and decreased density,
and incomplete desmosome structure in the old rats. GLP-2
treatment improved age-related changes of TJ structure (Fig.
10).

GLP-2 decreased small intestinal permeability and
increased serum GLP-2 level in old rats

The small intestinal permeability was measured by FITC-
dextran level. As showed in Fig. 2A, the FITC-dextran level
was markedly higher in the Old group than in the Young group
(12.845+1.064 pg/mL vs. 3.565+0.246 pg/mL, P<0.05). The
FITC-dextran level was slightly lower in the Young+GLP-2
group than in the Young group, but showed no statistically
significant difference (P>0.05). However, a significantly lower
value was found in the Old+GLP-2 group compared with the
Old group (6.928+0.628 pg/mL vs. 12.845+1.064 png/mL,
P<0.01).

Figure 2
Small intestinal permeability and serum GLP-2 levels in rats
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(A) The FITC-dextran level was markedly higher in the Old group than in the Young group
(P<0.05), which was reduced after GLP-2 treatment (P<0.05). (B) Serum GLP-2 level was
markedly lower in the Old group than in the Young group (P<0.01), which was elevated
after GLP-2 treatment (P<0.01). (C) A negative correlation was found between the GLP-2
and FITC-dextran levels (P<0.01). Each value represents the mean + SD of six independent
rats. *P<0.05, **P <0.01, compared with the Young group; #P<0.05, ##P<0.01, compared
with the Old group.

The serum GLP-2 level was obviously lower in the Old
group than in the Young group (P<0.01). GLP-2 treatment
increased the GLP-2 level was in both young rats (1.801+0.305
ng/mL vs. 0.995+0.139 ng/mL, P<0.01) and old rats
(0.905+0.147 ng/mL vs. 0.544+0.060 ng/mL, P<0.01) (Fig.
2B). The difference of GLP-2 levels in young rats before and
after GLP-2 administration was higher than that in old rats

(0.806 ng/mL vs. 0.361 ng/mL).

Figure 3
mRNA expression of ZO-1, occludin and claudin-1 in rat ileum
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The mRNA expression of ZO-1, occludin, and claudin-1 in rat ileum were analyzed
by qRT-PCR (rat-GAPDH cDNA as an internal control). Compared with young rats,
a significant down-regulation of ZO-1, occludin and claudin-1 mRNA in old rats was
observed (P<0.05 for ZO-1 and occludin; P<0.01 for claudin-1). The difference of ZO-1
and occludin mRNA expression between the old group and the old+GLP-2 group was also
significant (P<0.01 for ZO-1; P<0.05 for occludin). There was no significant increase of
claudin-1 mRNA expression between the old group and the old+GLP-2 group (P>0.05).
Each value represents the mean + SD of six independent rats.*P<0.05, **P <0.01,
compared with the Young group; #P<0.05, ##P<0.01, compared with the Old group.

The result suggested a negative correlation between the
GLP-2 and FITC-dextran levels (r=-0.610, P<0.01; Fig. 2C).

GLP-2 up regulated expression of ZO-1 and occludin in old
rats

The mRNA expression of TJ proteins (ZO-1, occludin, and
claudin-1) in ileum were analyzed by qRT-PCR and the protein
expressions were determined by Western blot. Compared
to the Young group, the mRNA and protein expressions of
Z0-1, occludin and claudin-1 were markedly decreased in
old rats (Fig. 3, Fig. 4). GLP-2 treatment resulted in increased
mRNA and protein expressions of ZO-1 and occludin in
both young rats and old rats (P<0.01; Fig. 3A-B, Fig. 4A-B).
Claudin-1 expression was increased slightly in the old rats after
GLP-2 treatment; however, the increase was not significant
(P>0.05;Fig. 3C, 4C).

Ileal GLP-2R expression decreased in old rats but not
associated with increased small intestinal permeability

Compared to the Young group, the mRNA and protein
expressions of GLP-2R were remarkably decreased in the Old
group (Fig. 5). There was no significant increase in the GLP-
2R mRNA or protein expression after GLP-2 administration in
neither young rats nor old rats (P>0.05).

We also observed the relationships between small intestinal
permeability and TJs or GLP-2R expression. As showed in Fig
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6, there was a significantly negative correlation between FITC-
dextran levels and protein expression of ZO-1, occludin and
claudin-1(P<0.05). However, the protein expression of GLP-2R
was not associated with FITC-dextran levels (P>0.05).

Figure 4
Protein expression of ZO-1, occludin and claudin-1 in rat ileum
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The protein expression of ZO-1, occludin, and claudin-1 in rat ileum were detected by
Western blot analysis (rat-beta actin was used as internal control). The proteins were
quantified with image software and expressed as IOD. Compared with young rats, a
significant decrease of ZO-1, occludin and claudin-1 protein expression in old rats was
observed (P<0.01). The difference of ZO-1 and occludin protein expression between the
old group and the old+GLP-2 group was also significant (P<0.05). There was no significant
increase of claudin-1 protein expression between the old group and the old+GLP-2 group
(P>0.05). Each value represents the mean + SD of six independent rats. *P<0.05, **P
<0.01, compared with the Young group; #P<0.05, compared with the Old group.

Figure 5
mRNA and protein expression of GLP-2R in rat ileum
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The mRNA expression of GLP-2R in rat ileum was analyzed by qRT-PCR (rat-GAPDH
c¢DNA as an internal control) and the protein expression of GLP-2R was detected by
Western blot analysis (rat-beta actin was used as internal control). Compared with young
rats, a significant decrease of GLP-2R mRNA and protein expression in old rats were
observed (P<0.05). There was no significant increase of GLP-2R mRNA or protein
expression between the old group and the old+GLP-2 group (P>0.05). Each value
represents mean = SD of six independent rats. ¥*P<0.05, **P <0.01, compared with the
Young group.

Discussion

Results of our previous study (11) and this study showed
obvious intestinal mucosal atrophy in the ileal tissue and
damage to the TJ structure in naturally aged rats. These results

were consistent with the previously reported results regarding
age-related histological changes in the rat small intestine.
The current study further examined the changes in the small
intestinal permeability and serum GLP-2 levels in 26-month-
old aged rats to provide a clearer picture of the mechanism of
intestinal barrier dysfunction with age.

Figure 6
Relationship between GLP-2R, TJ proteins and small intestinal
permeability
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A significantly negative correlation between small intestinal permeability (FITC-dextran
level) and tight junction proteins (ZO-1, occludin and claudin-1) (P<0.01 for ZO-1; P<0.05
for occludin and claudin-1) was observed. However, GLP-2R protein levels were not
associated with FITC-dextran levels (P>0.05)..

Extensive evidence has demonstrated that various digestive
diseases are associated with intestinal barrier dysfunction and
increase in the intestinal permeability (18, 19). In the older
population, intestinal atrophy and the increase in the intestinal
permeability were closely linked with age-related diseases (1,
20, 21). Firstly, many facts, including the decreased peristalsis
capability and gland-secreted intestinal juice and digestive
enzymes, result in digestion and absorption dysfunction.
Secondly, the changes in gut microbiota composition and
increased gram-negative bacteria often lead to over release
of lipopolysaccharide (LPS). Impaired intestinal barrier and
increased intestinal permeability leads to easy absorption of
LPS into blood, resulting in endotoxemia and systemic low-
grade inflammation.

In this study, we found that the small intestinal permeability
was significantly increased in 26-month-old rats, which was
consistent with the previous study reports that have described
age-related epithelial permeability changes in the rat intestine
(4, 22-24). Intestinal permeability reflects the barrier function
of gut mucosa, which relies on a number of structural elements,
most prominently the epithelial TJ proteins (25). A pivotal
contributing factor to the geriatric gastrointestinal dysfunction
was increased intestinal permeability via age-associated
remodeling of intestinal epithelial TJs (26, 27). We analyzed the
expression of TJ proteins (ZO-1, occludin, and claudin-1) in the
rat ileum. As expected, ZO-1, occludin, and claudin-1 mRNA
and protein expression were remarkably decreased in 26-month-
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old rats together with TJ ultra-structural change.

GLP-2 is a newly discovered intestinal epithelial-specific
growth factor. Previous studies have demonstrated that
GLP-2 increases intestinal digestion, absorptive and barrier
functions under a wide variety of conditions. Therefore, GLP-2
is considered as a potential therapeutic method in patients
with intestinal dysfunction (15, 28). For the first time, we
investigated the protective effect of GLP-2 on intestinal
barrier dysfunction induced by aging. In this study, we found
that the serum levels of GLP-2 in old rats were decreased
and GLP-2 level was negatively correlated with the small
intestinal permeability (FITC-dextran level). Continuous GLP-2
treatment for 14 consecutive days promoted the growth of
intestinal villi, reduced the intestinal mucosa atrophy, and
alleviated the tight junction ultra-structure in 26-month-old
rats. In addition, GLP-2 treatment reduced small intestinal
permeability and increased ZO-1 and occludin expressions in
the ileum of old rats. These results demonstrated beneficial
effects of GLP-2 in preventing or repairing age-related
intestinal barrier impairment. These results are consistent with
previous studies, where administration of exogenous GLP-2
promoted intestinal mucosal growth and repair in animal
models of enteritis, burns, and ischemia-reperfusion (29-31).

The secretion and metabolism of GLP-2 are influenced
by many factors, especially nutrient ingestion and DDP-1V
activity (15, 28). We also confirmed that the serum GLP-2
levels were negatively correlated with age in adults with
or without Diabetes (data not show). However, the specific
reasons and mechanisms of GLP-2 secretion decrease during
the process of ageing are still unknown. In the present study,
after administration of GLP-2 young rats exhibited more than
two fold of increasing serum GLP-2 level as compared with old
rats. This difference couldn’t be simply explained by different
weight of old and young rats, taking into account that the dose
of GLP-2 used in our experiments was calculated according to
the weight of rats. This difference of circulating GLP-2 levels
between young and old rats could be explained by different
degradation mechanisms of GLP-2 in ageing. This way will
be further explored by using resistant GLP-2 analogues or
inhibiting GLP-2 degrading enzymes.

GLP-2 activities were mediated by glucagon-like peptide-2
receptor (GLP-2R), which is highly selective for GLP-
2. However, expression of GLP-2R was almost exclusively
restricted to the intestinal tract and its mRNA transcript levels
are extremely rare (32). The definition of GLP-2R and the
precise sites of GLP-2R expression within the gastrointestinal
tracts of different animals and humans are still controversial.
Some researchers believe the distribution of GLP-2R in the
intestinal endocrine cells, whereas others suggest that GLP-
2R was not confined to particular cells or cell lines due to
the possible existence of subtypes (33, 34). We subsequently
detected the expression of GLP-2R in rat ileum. Data showed
that mRNA and protein expressions of GLP-2R were relatively
lower in old rats compared to the young counterparts. GLP-2

treatment did not increase the expression of GLP-2R neither
in young rats nor in old rats, suggesting that GLP-2R may not
entirely depend on the “quantity” to play its expected role.

The protective mechanism of GLP-2 in the intestinal
barrier function has not been fully elucidated. According to
previous studies, GLP-2R is localized to enteroendocrine
cells, subepithelial myofibroblasts and enteric neurons, but
is not found in either proliferative crypt cells or enterocytes.
These results have led to the conclusion that the growth and
functional effects of GLP-2 on the gut are mediated indirectly
through other intestinal growth factors (16, 34, 35). As the
low GLP-2R levels are difficult to reconcile with the profound
effects of GLP-2R activation, it is likely that these factors work
in concert to amplify the intestinotrophic actions of GLP-2
(36, 37). Research has shown that GLP-2/GLP-2R signaling
pathways include PKA-dependent and PKA-independent cAMP
pathways, ERK/PI3-dependent pathway, PI3K-AKT-mTOR
pathway, and the PKC-PI3K and Ras/MAPK pathway (38,
39). The exact protective mechanism of GLP-2 in age-related
intestinal barrier dysfunction remains to be elucidated.

Aging is a degenerative process which strongly associated
with chronic low-grade inflammation. Inflamm-aging involves
inflammatory network activation and the release of senescence-
associated factors, including key pro-inflammatory mediators,
such as nuclear factor-kappa B (NF-zB) (9, 10). Elevated
circulating levels of inflammatory cytokines in the elderly
may cause impairment of the intestinal barrier function by
chronically altering the structure and localization of TJs. Aging
affects properties of the intestinal barrier likely to impact on
age-associated disturbances, both locally and systemically (2,
6). GLP-2 enhances barrier formation and attenuates TNF-
a-induced changes in a Caco-2 cell model of the intestinal
barrier (40). Our study also indicated that GLP-2 not only
improves the monolayer permeability of Caco-2 cells, but
also reduces the high permeability induced by IFN-y (data not
show). Further evidence is needed to know the effect of GLP-2
in the reduction of intestinal barrier dysfunction caused by
chronic inflammation during aging. In addition, the family of
proglucagon-derived peptides such as GLP-2 and Glicentin are
produced by L-intestinal cells from duodenum to rectum and
play some similar roles in intestinal physiology and glucose
metabolism (28, 41). Further study to assess its circulating
variations in aging animal models offers promising perspectives
to investigate its usefulness as non-invasive biomarker in the
process of aging and age related disease.

Natural aging animal models are indispensable tools for
the investigation of pathogenesis and underlying mechanisms
in geriatric patients, which play a key role in the initial
development of potential treatment strategies. There are of
course few limitations to this current study. Firstly, we did
not observe the expression of GLR-2R in different parts of the
intestinal tract and inflammatory status in aged rats. Secondly,
we did not perform an in-depth analysis of the mechanism of
GLP-2 and its associated signaling pathways involved. These
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problems need to be further investigated and solved in future
studies. In addition, a larger sample helps to reduce individual
differences.

In conclusion, this study demonstrated that serum
GLP-2 level was negatively correlated with small intestinal
permeability in 26-month-old rats. GLP-2 treatment improved
age-related intestinal barrier dysfunction, reducing intestinal
mucosa atrophy, strengthening the TJ structure, increasing the
expression of TJ proteins (ZO-1 and occludin), and reducing
the small intestinal permeability. GLP-2 may be an effective
therapeutic approach for the improvement of intestinal barrier
function in elderly patients after clarification of its mechanism
of action in appropriate models including native human tissue.
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