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Abstract

AIM: To investigate changes in advanced glycation end
products (AGEs) and their receptor (RAGE) expression
in the gastrointestinal (GI) tract in type 2 diabetic rats.

METHODS: Eight inherited type 2 diabetic rats Goto-
Kakizak (GK) and ten age-matched normal rats were
used in the study. From 18 wk of age, the body weight
and blood glucose were measured every week and 2
wk respectively. When the rats reached 32 wk, two-
centimeter segments of esophagus, duodenum,
jejunum, ileum, and colon were excised and the wet
weight was measured. The segments were fixed
in 10% formalin, embedded in paraffin and five
micron sections were cut. The layer thickness was
measured in Hematoxylin and Eosin-stained slides.
AGE [N epsilon-(carboxymethyl) lysine and N epsilon-
(carboxyethyl)lysine] and RAGE were detected by
immunohistochemistry staining and image analysis was
done using Sigmascan Pro 4.0 image analysis software.

RESULTS: The blood glucose concentration (mmol/L)
at 18 wk age was highest in the GK group (8.88 =+
1.87 vs 6.90 £ 0.43, P < 0.001), a difference that
continued to exist until the end of the experiment.
The wet weight per unit length (mg/cm) increased in
esophagus, jejunum and colon from the normal to the
GK group (60.64 £ 9.96 vs 68.56 + 11.69, P < 0.05 for
esophagus; 87.01 + 9.35 vs 105.29 + 15.45, P < 0.01
for jejunum; 91.37 £ 7.25 vs 97.28 £ 10.90, P < 0.05
for colon). Histologically, the layer thickness of the GI
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tract was higher for esophagus, jejunum and colon in
the GK group [full thickness (um): 575.37 + 69.22 vs
753.20 £+ 150.41, P < 0.01 for esophagus; 813.51 +
44.44 vs 884.81 * 45.31, P < 0.05 for jejunum; 467.12
+ 65.92 vs 572.26 + 93.60, P < 0.05 for colon]. In
esophagus, the AGE and RAGE mainly distributed in
striated muscle cells and squamous epithelial cells. The
AGE distribution was much stronger in the GK group
compared to the normal group both in the striated
muscle layer and mucosa layer (immuno-positive area/
total measuring area %: 4.52 + 0.89 vs 10.96 + 1.34,
P < 0.01 for muscle; 8.90 + 2.62 vs 22.45 + 1.26, P
< 0.01 for mucosa). No visible difference was found
for RAGE distribution between the two groups. In the
intestine AGE and RAGE distributed in epithelial cells of
villi and crypt. RAGE was also found in neurons in the
myenteric and submucosal plexus. The intensity of AGE
staining in mucosa of all segments and RAGE staining in
neurons in all segments were strongest in the diabetes
group. Significant difference for AGE was found in the
epithelial cells of villi and crypt in duodenum (immuno-
positive area/total measuring area %: 13.37 + 3.51 vs
37.48 + 8.43, P < 0.05 for villi; 0.38 + 0.12 vs 1.87 %
0.53, P < 0.05 for crypt) and for RAGE in neurons of
all segments (e.g,, for jejunum: no staining neurons%
0 vs 0, mild 36.0 = 5.2 vs 28.7 = 3.5, moderate 53.2
+ 4.8 vs 55.8 + 5.4, strong 10.7 £ 1.1 vs 154 + 2.0,
P < 0.05). In the colon, RAGE was primarily found in
neurons in the myenteric and submucosal plexus. It
was stronger in the diabetes group than in the normal
group (no staining neurons% 6.2 + 0.2 vs 0.3 = 0.04,
mild 14.9 + 2.1 vs 17.6 £ 1.5, moderate 53.1 + 4.6 vs
44.7 £ 4.4, strong 25.6 £ 18 15 43.6 £ 4.0, P < 0.05).
In the rectum, RAGE was primarily found in the mucosa
epithelial cells.

CONCLUSION: The AGE and RAGE expression was up-
regulated in the GI tract of GK diabetic rats and may
contribute to GI dysfunction in type 2 diabetic patients.

Key words: Diabetes mellitus; Gastrointestinal compli-
cations; Advanced glycation end products; Receptor of
advanced glycation end products

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Changes in advanced glycation end products
(AGEs) and their receptor (RAGE) expression in the
gastrointestinal (GI) tract in type 2 diabetic rats were
studied. The AGE and RAGE were widely distributed
in epithelial cells of all segments as well as in striated
muscle cells in the esophagus. RAGE also distributed in
neurons in all segments. Up-regulated AGE and RAGE
expression was found in the GI tract of GK diabetic rats.
The altered AGE and RAGE may be a contributing factor
for GI dysfunction in type 2 diabetic patients.

Chen PM, Gregersen H, Zhao JB. Advanced glycation end-
product expression is upregulated in the gastrointestinal tract
of type 2 diabetic rats. World J Diabetes 2015; 6(4): 662-672
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INTRODUCTION

Sensory-motor abnormalities are common in the
gastrointestinal (GI) tract in diabetes mellitus patients.
Symptoms may arise from the entire GI tract. Common
complaints are dysphagia, heartburn, abdominal pain,
early satiety, nausea, vomiting, constipation, and
diarrhea" . The pathogenesis of such symptoms in
diabetes mellitus is complex, multi-factorial with motor
dysfunction, glycemic control, autonomic neuropathy,
and psychological factors, and is not well understood™.

Previous studies demonstrated changes in the
morphological and biomechanical properties of the
GI tract during diabetes, e.g., the wall thickness and
stiffness of GI tract increased™”). The structure or
deformation changes may alter the relative positions
of the mechanosensitive afferents (zero setting of
the mechanosensitive afferents). The changes in
stress distribution and wall stiffness likely alter the
stress in the vicinity of the mechanosensitive afferents.
Consequently, the perception and motility of the
intestinal tract will change as well. Therefore, the
morphological changes and biomechanical remodeling
are likely to affect the function of mechanosensitive
afferents in the GI wall and further affect the motor
and sensory function. Only sparse information, how-
ever, is available about the mechanisms for these
changes.

Advanced glycation end products (AGEs) are formed
in physiological states and gradually increases with
age but AGEs formation is accelerated in diabetes®.
AGEs can lead to changes in structure and function
directly in the target protein. They also can bind to
their receptor (RAGE), leading to activation of signaling
pathways resulting in serial changes®™". AGEs and
RAGE play important roles for diabetic complications in
the cardiovascular system™**! and for retinopathy'™*!
and nephropathy™®*’), It was also demonstrated
that AGEs and RAGE were associated with diabetic-
induced arterial wall stiffening™®?®", Therefore, they
may also play an important role in the diabetic GI
tract. In our previous study we demonstrated that
AGE [N epsilon-(carboxymethyl)lysine, CML and N
epsilon-(carboxyethyl)lysine, CEL] and RAGE were
up-regulated in the small intestine and colon of
streptozotocin (STZ)-induced diabetic rats™®!. However,
to the best of our knowledge, data on the distribution
of AGE and RAGE in the GI tract of type-2 diabetes
have never been described.

The aims of this study were to investigate the
AGE and RAGE distribution in the GI tract in type-2
diabetic rats and to compare those with normal rats.
The data obtained may serve as the basis for further
studying AGE and RAGE effects on type 2 GI diabetic
dysfunctions.
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MATERIALS AND METHODS

Reagents

Anti-AGEs mouse monoclonal antibody (6D12), aga-
inst N(epsilon)-(carboxymethyl)lysine (CML, a major
immunological epitope in AGEs) and N epsilon-
(carboxyethyl)lysine (CEL) was purchased from COSMO
BIO CO.,LTD. Japan. Other substances were rabbit
polyclonal antibody against the N-terminal of human
RAGE from Cell Applications, INC, United States;
LSAB2 System-HRP for rat specimens, proteinase K,
citrate buffer (pH = 6.0, 10xconcentrated), bovine
serum albumin (BSA) and Mayer haematoxylin from
Dako A/S, Denmark; soluble RAGE from Shanghai Yanji
Bio; STZ, ethanol, methanol and xylene from Sigma-
Aldrich Denmark A/S, Vallensbaek Strand, Denmark.
Blood glucose analyzer and test strips were supplied by
Hemocue Corporation, Sweden. The slides and cover
glasses we used for immunohistochemical staining
were Menzel-Glaser products, Germany.

Animal

Approval of the protocol was obtained from the Danish
Committee for Animal Experimentation. Eight inherited
type 2 diabetic Goto-Kakizak rats (GK group), 12
wk old and weighting about 330 g, were purchased
from Taconic Europe DK-8680 Ry, Denmark. Ten age-
matched normal rats (same strain as GK rats) served
as controls (Normal group). During the breeding, the
rats freely drank tap water and ate food except fasting
over night before measuring body weight and blood
glucose, which were done every week for body weight
and every 2 wk for blood glucose from week 18. The
rats survived until 32 wk of age.

Sampling

At the termination of the experiments, the rats were
anaesthetized with Hypnorm 0.5 mg and Dormicum
0.25 mg per 100 g body weight (Hypnorm: Dormicum:
sterile water = 1:1:2; subcutaneous injection). Two-
centimeter segments of esophagus, duodenum,
jejunum, ileum, and colon were excized. The esoph-
ageal segment was taked from the distal end of
esophagus; the duodenal segment from 5 cm distal to
pylorus sphincter; the jejunal segment from 5 cm distal
to the ligament of Treitz; the ileal segment from 5 cm
proximal to the ileo-cecal valve; and the colon from
the middle part. Residual contents in the lumen were
gently cleared using Krebs solution of the following
composition (mmol/L): NaCl, 118; KCI, 4.7; NaHCOs,
25; NaHz2POs4, 1.0; MgClz, 1.2; CaCl-Hz0, 2.5; Glucose,
11; ascorbic acid, 0.11 and the wet weight was mea-
sured. Thereafter the rats were killed by injecting an
overdose anesthetics.

General histological staining

All samples were fixed in 10% phosphate-buffered
formalin about 24 h. The specimen were dehydrated in
a series of graded ethanol (70%, 96% and 99%) and
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embedded in paraffin. Five-micron sections were cut
perpendicular to the mucosa surface and the paraffin
was cleared from the slides with coconut oil (over 15
min, 60 ‘C). The sections were rehydrated in 99%, 96%
and 70% ethanol followed by a 10 min wash in water
and stained with hematoxylin and eosin (HE). The layer
thickness was measured by the same pathologist in a
blinded review and sixteen determinations were made
on each specimen and averaged.

Immunohistochemical staining

Tissue pretreatment: The tissue samples for immuno-
histochemistry were also fixed in 10% phosphate-
buffered formalin about 24 h, embedded in paraffin.
Five-micron sections were cut perpendicular to the
mucosa surface and placed in a water bath at 40 °C.
Thereafter, sections were transferred onto pretreated
microscopic slides, which electrostatically attracted
formalin fixed tissue and binding them to the slides.
After drying the slides completely at room temperature,
they were treated in an oven at 37 C overnight to
enhance the attachment of tissue to the slides. The
sections were deparaffinized two times in xylene,
15 min per time, and rehydrated in 100%, 95%,
90%, 80%, 70%, 60% and 50% ethanol two times
respectively, 3 s per time, followed by rinsing for 10
min and washing in 0.01M PBS (pH 7.4).

AGE: After treatment with H202 (3% in ethanol, room
temperature, 15 min) and proteinase K (100 ug/mL,
100 pL, 37 °C, 20 min), the sections were incubated
with 5% BSA-PBS buffer (room temperature, 30 min)
for blocking non-specific staining. Afterwards, the
sections were incubated with the primary antibody
6D12 [1:100, diluted in 1% bovine serum albumin-
Phosphate buffered saline (BSA-PBS)], which has been
thoroughly characterized by Ikedas group™, or normal
mouse IgG (250 pg/mL) pre-treated with excessive
CML (1:250, diluted in 1% BSA-PBS, negative control)
overnight at 4 'C. The sections were then washed
and incubated with LINK (biotinylated anti-rabbit and
anti-mouse immunoglobulins) and afterwards with
STREPTAVIDIN PEROXIDASE (streptavidin conjugated
with horseradish peroxidase) at room temperature for
10 min (both are part of reagents of LSAB2 System-
HRP, products of Dako Company, Denmark). Then
the peroxidase activity was visualized by incubating
the sections in substrate working solution containing
hydrogen peroxide and 3,3’-diaminobenzidine tetra-
hydrochloride at room temperature for 5 min. The
sections were rinsed for 10 min, counterstained with
Mayer Haematoxylin for 1 min, treated in HCl-ethanol
for 3 s, dehydrated in 80%, 90%, 95%, 100% ethanol
for 3 s, respectively. Then the slides were immersed in
xylene for 15 min two times and mounted.

RAGE: The primary antibody against RAGE was

produced in rabbits immunized with a synthetic peptide
corresponding to a sequence at the N-terminal of
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Figure 1 Body weight (A) and the blood glucose level (B) were higher in
Goto-Kakizak group than in the normal group (P < 0.001 and P < 0.01). The
wet weight per unit length of intestinal and colon segments is shown in Figure
1C (compared with normal group: °P < 0.05, °P < 0.01). Values are mean +
SD, n = 8 for each group. Eso: Esophagus; Duo: Duodenum; Je: Jejunum; lle:
lleum; Col: Colon; GK: Inherited type 2 diabetic Goto-Kakizak rats.

human RAGE. Only two amino acids are different from
the related rat sequence. For RAGE immunostaining,
instead of treating sections with proteinase K, the
sections were boiled in 10 mmol/L citrate buffer (pH =
6.0) 18 min for retrieving antigen and using normal rat
lung as positive control as the RAGE is highly expressed
in the lung™. The primary antibody was diluted (1:60)
with 1% BSA-PBS and normal rabbit serum (diluted
1:60) pre-treated with excessive soluble RAGE was
used as negative control. Other processes were similar
to the AGE immunostaining.

Image analysis

To minimize errors, 6 to 10 photographs were randomly
taken of different locations of same layer in each slide.
After that, images of the different parts such as villus
and crypt were saved as individual image files. The
region of interest (ROI) was defined using Sigmascan
Pro 4.0 image analysis software (Jandel Scientific,
Germany). The color due to 3,3’-diaminobenzidene
staining was distinguished in the ROI using intensity
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thresholds. Finally the images were exported as binary
images and the area fraction of AGE or RAGE positive
staining was calculated by a MATLAB program (MATLAB
6.5, The MathWorks Inc. United States).

Data analysis

According to the image analysis above, the fraction of
AGE in mucosa (villi and crypt were analyzed separately
in the intestinal segments), muscle layers, and the
fraction of RAGE in the mucosa and muscle layer were
computed as: Fraction of AGE or RAGE = immuno-
positive area/total measuring area. It was difficult to
calculate the fraction of RAGE in neurons in the same
way. Therefore, the immunoreactivity of RAGE in each
neuron was categorized by the stained intensity, i.e.,
negative, mild, moderate and strong™¥,

Statistically analysis

The results were expressed as mean £ SD unless
indicated in the text. The differences between the
diabetes and normal groups were tested using Stud-
ent’s t test and Anova. The results were regarded as
significant when P < 0.05.

RESULTS

General information

The body weight and blood glucose level of GK group
were significantly higher than those of the Normal
group during the whole experimental period (Figure 1A
and 1B, P < 0.001 and P < 0.01, respectively).

The wet weights per unit length of esophagus,
jejunum and colon segments were highest in the GK
group (Figure 1C, P < 0.05 and P < 0.01, respectively).
No significant difference were found for duodenum and
ileum between the two groups (Figure 1C, P > 0.05).

General histological changes

Compared with the Normal group, the full wall thick-
ness of esophagus, jejunum and colon remarkably
increased in the GK group (Figure 2A, P < 0.05 and
P < 0.01, respectively). No significant difference was
found in duodenum and ileum between two groups.
The smooth muscle thickness of esophagus and colon
(both circumferential and longitudinal smooth muscle)
increased remarkably in GK group. The villous height
of jejunum increased in the GK group (Figure 2B-D,
P < 0.05 and P < 0.01). No significant difference was
found for other layers.

Distribution of AGE
The immune-positive area of AGE was yellow-brown
(Figure 3A and B). These colors were not found in the
negative control slides (without primary antibody),
demonstrating that the stained color was specific for
AGE.

In the esophagus, AGE distribution was inhomo-
geneous and mainly distributed in striated muscle
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Figure 2 The wall and layer thickness. A: Total wall thickness; B: Layer thickness of esophagus; C: Layer thickness of jejunum; D: Layer thickness of colon. Values
are mean + SD, n = 8 for each group (compared with normal group: °P < 0.05, °P < 0.01). Eso: Esophagus; Duo: Duodenum; Je: Jejunum; lle: lleum; Col: Colon; Sub:
Submucosa; C-muscle: Circumferential smooth muscle; L-muscle: Longitudinal smooth muscle; GK: Inherited type 2 diabetic Goto-Kakizak rats.
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Figure 3 Example of advanced glycation end products immune-staining in esophagus (A, normal; B, diabetic); C: Shows the statistic result of inmune-
staining intensity in esophagus muscle and mucosa. Values are mean + SD, n = 8 for each group (compared with normal group: °P < 0.01). The immune-positive
area of AGE showed yellow-brown color. Eso mus: Esophageal muscle; Eso muc: Esophageal mucosa; GK: Inherited type 2 diabetic Goto-Kakizak rats; AGE:
Advanced glycation end product. Blue arrow: mucosa; Red arrows: Submucosa; Black arrows: Muscle.

and squamous epithelial cells. Compared with normal
group, the intensity of immune-staining for AGE was
much stronger in the GK group (Figure 3C, P < 0.01).
No visible stained color was found in submucosa layer
(Figure 3A and B).

In the intestine, AGE was mainly distributed in the
mucosa layer, especially in epithelial cells of villi (Figure
4A-4E) and crypt. No visible stained color was found
in submucosa, smooth muscle and ganglia. The crypt
epithelial cells in ileum and colon were slightly stained.
The distribution of AGE in the epithelial cells was
inhomogeneous, the surface part was much stronger
than the bottom part in villous epithelial cells but it
showed an opposite pattern in the crypt epithelial cells.
The intensity of AGE staining of the epithelial cells in
villi was stronger than that in crypts (P < 0.01). In
the mucosa, the intensity of AGE staining was similar
between duodenal and jejunal segments (Figure 4A-C,
F, G) but they were stronger than those in colon (Figure
4A, 4C, 4E and 4F). The mucosa of ileum showed the
weakest intensity of AGE staining among different
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intestinal segments (Figure 4D). Compared with the
Normal group, the intensity of AGE staining in mucosa
of all segments were stronger in the GK group (Figure
4F and G). Significant difference was found in the
epithelial cells of villi and crypt in duodenum (Figure 4F
and G, P < 0.05).

Distribution of RAGE

The immune-positive area of RAGE also showed
yellow-brown color (Figure 5) that was not found in
the negative control slides (without primary antibody).
Therefore, the stained color was specific for RAGE.

In esophagus, the immune-positive staining for
RAGE was mainly observed in the striated muscle
cells and mucosa squamous epithelial cells. The RAGE
distribution was inhomogeneous in the striated muscle
layer and graduated decreased from bottom to surface.
No visible stained color was found in the submucosa
layer (Figure 5). The intensity of RAGE staining did
not differ between Normal and GK group both in the
striated muscle cells and mucosa squamous epithelial
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Figure 4 Example of advanced glycation end products immune-staining in villi of duodenum (A, normal; B, diabetic), jejunum (C), ileum (D) and mucosa in
colon (E). The immune-positive area of AGE showed yellow-brown color; 4F and 4G: Show the statistical result of immune-staining intensity in villous epithelial cells
of duodenum, jejunum, ileum and colon as well as in crypt epithelial cells of duodenum and jejunum. As shown in the magnification area (big frame vs small frame),
the AGE distribution in epithelial cells was inhomogeneous, the surface part was much stronger than bottom part. Values are mean + SD, n = for each group (compared
with normal group: °P < 0.05). Du vil: Duodenum villi; Je vil: Jejunum villi; lle vil: lleum villi; Col mu: Colon mucosa; Du cry: Duodenum crypt; GK: Inherited type 2
diabetic Goto-Kakizak rats; AGE: Advanced glycation end products.

cells (P > 0.05). in neurons in the myenteric and submucosal plexus
In the small intestine, the immune-positive staining (Figure 6G). The RAGE was homogeneously distributed
for RAGE was observed in the epithelial cells of villi in the cells, as shown in villus and crypt epithelial

(Figure 6A, C, E) and crypts (Figure 6B, D, F), and cells, but the intensity of immune-staining was
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Figure 5 Example of receptor of advanced glycation end products
immune-staining in normal esophagus. The immune-positive area of RAGE
showed yellow-brown color. RAGE: Receptor of advanced glycation end
products. Blue arrow: mucosa; Red arrows: Submucosa; Black arrows: Muscle.

much stronger in villous epithelial cells than in crypt
epithelial cells. The strongest staining color occurred in
duodenum and the weakest in ileum among the three
segments (duodenum > jejunum > ileum, Figure
6A-F). In neurons, RAGE distributed both in cytoplasm
and cell membrane (Figure 6G). Compared with the
Normal group, the intensity of immune-staining for
RAGE increased in the neurons for the three segments
(Figure 6G and H) in the GK group (P < 0.05), but no
significant difference was found in other cells between
two groups.

In the colon, the immune-positive staining for
RAGE was observed in neurons of the myenteric (Figure
7A) and submucosal plexus. It was stronger in the
GK group than in Normal group (P < 0.05) (Figure 7A
and B). Furthermore, a mild positive staining was also
observed in mucosa epithelial cells both in the GK and
Normal groups (Figure 7C).

DISCUSSION

Our previous study showed that the expression of AGE
and RAGE was up-regulated in the small intestine and
colon of STZ-induced type 1 diabetic rats®®!l, STZ rats
have high blood glucose but formation of free radicals
and STZ cytotoxicity plus its direct effects on AGE
formation and RAGE expression in GI tract may be
questioned. Using the present model, the confounding
effect of STZ can be avoided. The major discovery
was that the intensity of AGE immune-staining was
significantly increased in striated muscle and mucosa
layer of esophagus, and in epithelial cells located in
intestinal villi and crypts in the GK group compared
to normal rats. RAGE was significantly increased
in myenteric and submucosa plexus neurons of all
intestinal segments in the GK group.

The distribution of AGE and RAGE in normal Gl tract

Ling et al®* reported the existence of four kinds
of AGEs in stomach and small intestinal epithelial
cells in normal rats. Our previous study’! showed
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homogenous AGE distribution in the cytoplasm of
smooth muscle cells, epithelial cells, and neurons of
the myenteric and submucosal plexus in the layers of
colon and small intestine. Furthermore, homogeneous
distribution of RAGE was found in epithelial cells and
neurons. The present study confirmed the distribution
of both compounds in the colon and small intestine as
reported from our previous study. Furthermore, we also
found that the AGE and RAGE distributed in the striated
muscle and squamous epithelial cells of esophagus and
also in the stomach (unpublished data). The present
study together with our previous study™ is the first
reports of the localization of AGE and RAGE in the
whole rat GI tract. This provides a basis for further
comparison study of the distribution of AGE and RAGE
on GI tract with diseases, such as diabetes.

AGE and RAGE changes in Gl tract of GK diabetic rats
RAGE and AGE distribution in the GI tract of GK rats
was similar to that in normal controls. However, com-
pared with the normal controls, the level of AGE and
RAGE at some GI locations was increased in GK rats.
However, compared with our previous study™, the
intensity of AGE and RAGE immune-staining were not
so strong in the present study. It is well known that the
accumulation and production of AGEs and expression
of RAGE are associated with blood glucose level™®,
The blood glucose level is much lower in GK diabetic
rats compared to STZ-induced diabetic rats. This is one
plausible explanation for the weaker increasing AGE and
RAGE in the GK type-2 diabetic rat model.

Histomorphological and biomechanical GI remo-
deling occurred during the development of dia-
betes™®!. For example the esophagus and colon were
morphologically and biomechanically remodeled
during the development of diabetes®’”). Abnormal
levels of AGE and RAGE found in the present study
may be associated with the GI remodeling in the
GK diabetic rats. In the present study we found that
the mucosa of small intestine and muscle layer of all
segments proliferated, accordingly the AGE expression
is up-regulated in the mucosa in all segments and
esophageal muscle layer in the GK diabetic rats. How-
ever, the intensity of immune-staining in muscle had
no apparent increase in muscle layer of intestine in GK
group despite the fact that the muscle layer showed
hyperplasia. Therefore it is speculated that in addition
to the affection of AGE, other factors may affect the
hyperplasia of GI muscle in GK diabetic rats, such as
glucagon-like peptide 2%

In the present experiment no direct evidence showed
how tissue growth was affected by AGEs and RAGE.
From studies in other organs, it is known that AGE
through AGE-RAGE-mediated ROS generation activating
angiotensin II-tissue growth factor beta (TGF-B)-S-
mad signaling can increase renal interstitial fibroblasts
mitogenesis and type I collagen production®®, me-
sangial cell hypertrophy and fibronectin synthesis®,
through AGE-RAGE interaction can cause epithelial
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Figure 6 Receptor of advanced glycation end products immune-staining in villi (A, C, E) and crypt (B, D, F) of duodenum (A, B), jejunum (C, D) and
ileum(E, F) as well as in ileum ganglia (arrowhead; G: Normal group; H: GK group). As shown in the magnification area (big frame vs small frame), the RAGE
homogeneously distributed in the epithelia cells. The intensity of immune-staining in ganglia was stronger in the diabetic group (H) than in the normal group (G)
(arrowhead). RAGE: Receptor of advanced glycation end products; GK: Inherited type 2 diabetic Goto-Kakizak rats.

myofibroblast transdifferentiation™® and vascular
smooth muscle proliferation™", and through galectin-3
induce smooth muscle proliferation™. Therefore, it is
feasible that GI tissue proliferation at least in part may
be induced by AGE accumulation through the same
pathways. Further studies must explore mechanisms
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for AGE- and RAGE-induced GI tissue growth and
the association with the biomechanical remodelling in
diabetes.

AGE and RAGE accumulation impact on Gl dysfunction
It is well documented that small intestinal epithelial
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Figure 7 Receptor of advanced glycation end products immune-staining in colon ganglia (arrow; A: Normal; B: Diabetic) and mucosa (C). The intensity of
immune-staining in ganglia was stronger in the GK group (B) than in the normal group (A) (arrow). Big frame area vs small frame area. RAGE: Receptor of advanced

glycation end products; GK: Inherited type 2 diabetic Goto-Kakizak rats.

cells are important for digestion and absorption. Many
kinds of enzymes located in the enterocytes lining the
intestinal villi brush border are involved in digestion..
Furthermore, the small intestinal mucosa is important
for absorptive function™?. We demonstrated a stronger
intensity of AGE immune-staining in the epithelial
cells of intestinal crypts and villi in the diabetes group
compared to the normal group. Digestive enzyme
activity and cell membrane properties may potentially
be affected by AGE accumulation. It is also known
that non-enzymatic glycation and oxidative stress are
important for changes of brush border membrane
fluidity®". Digestion and intestinal transport processes
occur at the brush border membrane. Changes in
fluidity as well as in the membrane composition can
alter the enzyme activity in the villi brush border mem-
brane**, Multiple cellular signaling cascades can be
activated by binding of AGEs to RAGE™"). The increased
AGE linking with RAGE may change epithelial cell
function. Mechanisms linking AGEs/RAGE compounds
to intestinal mucosa function in diabetics need more
work.

Numerous studies demonstrated abnormal GI
motility in diabetics ®’*®. Diabetic autonomic neuropathy
is considered important in the pathogenesis of sensory-
motor disordered function in diabetic patients™®*,
AGEs and RAGE likely are key players in development
of diabetic neuropathy'™. Synergistic action of AGEs
and endogenous nitric oxide can lead to neuronal
apoptosis in vitro™*?. The neuronal AGE formation and
accumulation may account for the development of GI
neuropathy, primarily as a direct effect on structural
and functional proteins, alternatively by activating
RAGE indirectly™. GI nerves express nitric oxide
synthase (nNOS), which generates a key transmitter
nitric oxide in the regulation of GI motility™**. Korenagas
group demonstrated that AGEs inhibit via RAGE nNOS
expression in vitro'*”. The expression and function
of neuronal nitric oxide synthase decreased in the
stomach of spontaneously diabetic BB-rats'*! and also
decreased in duodenum of STZ-induced diabetic rats,
which can be prevented by aminoguanidine (a drug
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that prevents AGE formation) and ALT-711 (AGE cross-
link breaker)®, In the present study direct evidence
was provided that RAGE is localized in myenteric and
submucosal plexus neurons in the esophagus and
intestine. In addition, DM enhanced RAGE intensity
and therefore, AGE-RAGE interaction is likely of
importance for GI diabetic autonomic neuropathy. We
also demonstrated that the intensity muscle tissue
AGE immune-staining was strongest in the diabetic
esophagus. The accumulation of AGEs in muscle
may alter the architecture and contractile proteins of
smooth muscle!®, resulting in the alteration of muscle
contraction propertiess.

AGE was mainly distributed in striated muscle
and squamous epithelial cells in esophagus; in small
intestinal epithelial cells of crypt and villi and in
epithelial cells in colon and rectum. RAGE was mainly
distributed in striated muscle and squamous epithelial
in esophagus; in epithelial cells in intestine mucosa
and neurons in ganglia. High AGE density was found
in striated muscle and mucosa layers in esophagus,
and villus, crypt in the GK rat small intestine, and the
expression of RAGE in the intestine increased in ganglia
of GK rats. Increased expression of AGE and RAGE
likely contributes to GI disorders associated with DM.
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COMMENTS

Background

In this previous study the authors demonstrated that advanced glycation end
products (AGEs) and their receptor (RAGE) were up-regulated in the small
intestine and colon of streptozotocin-induced diabetic rats. However, to the
best of our knowledge, data on the distribution of AGE and RAGE in the
gastrointestinal (Gl) tract of type 2 diabetes have never been described.
Research frontiers

Previous studies demonstrated the morphological and biomechanical properties
of the Gl tract were remodeled during diabetes. However the mechanisms
for these changes are not well understood. Therefore, investigation on the
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distribution of AGE and RAGE in the Gl tract of type-2 diabetes is important for
understanding the mechanism of Gl remodeling in diabetes.

Innovations and breakthroughs

At present study the authors demonstrated that the AGE and RAGE expression
was up-regulated in the Gl tract of GK diabetic rats. The increased AGE and
RAGE levels may contribute to diabetic GI dysfunction in type 2 diabetic patients.

Applications

The most common type diabetes is type 2 diabetes; therefore it is important
to understand the expression of AGE and RAGE in the Gl tissues in type 2
diabetes. Knowing the over-expression of AGE and RAGE in the diabetic GI
tract may in somehow direct the treatment in the patients suffering from type 2
diabetes.

Terminology

AGEs are formed by non-enzymatic attachment of sugars to the amino groups
of various proteins through a series of complex intermediary reactions. Diabetic
hyperglycemia accelerates the accumulation of AGEs in the tissues. RAGE is a
55kD transmembrane receptor of the immunoglobulin super family, which binds
AGEs. AGEs contribute to diabetic complications through receptor-dependent
and -independent pathways.

Peer-review

This is an interesting study. In future, more data should provide to further
demonstrate the relationship between increasing AGE and morphological or
functional changes in diabetes.
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