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Abstract: Previous studies have demonstrated that TWA, a Chinese herbal medicine, could significantly improve
the symptoms of patients with diabetic gastrointestinal dysfunction. However, the specific mechanism of regulating
intestinal peristalsis has not been found. This study aimed to discover TWA’s therapeutic mechanism for regulating
intestinal motility. The intestinal propulsion rate of diabetic rats was significantly increased after treatment with
TWA for 8 weeks. Aiming at the mechanical structure, biomechanical testing indicated that TWA can significantly
decrease the no-load intestinal wall thickness, cross-sectional area, and angular spread in a zero-stress state.
Notably, intestinal stress-strain curve shifted to the right, which indicated TWA can inhibit intestinal hyperplasia and
hardening and improve biomechanical remodeling. Further study of the mechanism revealed that TWA significantly
inhibited the expression of AGE in the villi, crypt, and muscle and RAGE in crypt and upregulated the expression
of nerve regulator (PSD95, C-kit and SCF). Radioimmunoassay showed TWA treatment decreased levels of serum
somatostatin and vasoactive intestinal peptide. Moreover, associations were found between the intestinal propul-
sion rate with the morphologic and biomechanical remodeling parameters, changes of nerve factors, and endocrine
hormones. Morphologic and biomechanical remodeling of the intestinal wall are the pathologic basis of gastrointes-
tinal dysfunction. TWA can benefit intestinal motility by improving biomechanical and morphologic remodeling and
by regulating expression of neuroendocrine factors. The results showed that the effect of TWA was dose-dependent,
the higher the dose, the greater is the improvement. Thus, traditional Chinese medicine might be a valuable tool for
treating diabetic gastrointestinal dysfunction.

Keywords: Diabetic gastrointestinal dysfunction, biomechanical remodeling, advanced glycation end products,
neuroendocrine regulation, brain-gut peptide, TWA

Introduction In recent years, studies have shown that the
relationship between characteristics of intesti-
nal biomechanical properties and physiologic

functions was closely related. The remodeling

Gastrointestinal (Gl) dysfunction is common in
patients with diabetes during the disease’s

development, with symptoms arising from the
whole GI tract. Common symptoms that pati-
ents report include postprandial fullness, nau-
sea, vomiting, and bloating [1]. Previous stud-
ies have demonstrated that the Gl dysfunct-
ion in patients with diabetes had a slow intesti-
nal propulsion rate [2]. However, a lack of deep
and systematic research exists on the mecha-
nism of intestinal motility disorders in diabetes.

of intestinal biomechanical properties occurr-
ed in diabetes mellitus (DM) [3]. Zhao and
colleagues, through a series of studies, have
found that DM induced histomorphological
and biomechanical remodeling of the intes-
tine with increasing intestinal wall stiffness
in a time-dependent manner. The remodeling
played an important role in DM GI dysfunction
(4, 5].
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It has been demonstrated that Tangweian
decoction (TWA), a Chinese herbal medicine,
could significantly improve the symptoms of
nausea, vomiting, and abdominal distension,
which markedly increased the quality of life
in patients with diabetic GI dysfunction [6].
However, it was noted that TWA's effect on
blood glucose was limited, which suggested
that TWA may exert its efficacy through other
mechanisms. Our previous study found that
TWA could improve intestinal morphologic and
biomechanical remodeling [7]. However, the
specific mechanism of regulating intestinal
peristalsis by TWA has not been studied.

Advanced glycation end products (AGEs) is the
stable covalent compound formed by the non-
enzymatic glycosylation combined with the al-
dehyde or carbonyl with the amino of protein
[8], while high blood glucose would accele-
rate the aggregation of AGEs in the tissues. Its
receptor (RAGE) is a transmembrane recep-
tor of the immunoglobulin superfamily, which
is compatible with AGE. Previous studies have
demonstrated that the expression of AGE and
RAGE increased in the small intestine and co-
lon of DM rats [3, 9]. Therefore, the non-en-
zymatic glycosylation in Gl tissue induced by
sustaining high glucose may be one of the im-
portant mechanisms for intestinal remodeling
and the intestinal peristalsis disorders.

The enteric nervous system (ENS) is involved
in the pathogenesis of Gl dysfunction, and the
impairment of synaptic transmission function
plays a key role in the disease [10, 11]. Post-
synaptic density protein 95 (PSD95), one of
the most expressed proteinsin postsynaptic
density, influences the synaptic structure and
remodeling function [12, 13]. Previous studies
have confirmed that the expression of PSD95
decreased during DM development [14]. High
glucose leads to impairment of ENS transmis-
sion function, which could affect the intestinal
peristalsis.

Interstitial cells of Cajal (ICCs) generate pa-
cemaker signals in the GI tract. The tyrosine
Kinase receptor (C-Kit) is one of the membrane
receptors of ICCs, and its ligand is stem cell
factor (SCF). The study has confirmed that the
C-Kit-SCF signaling pathway was impaired in
DM, which could affect the proliferation and
differentiation of ICCs that leads to intestinal
dysfunction [15, 16]. Gaddipati et al has pro-
posed that brain gut peptides (BGPs), a class
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of peptides distributed both in the Gl tract and
brain, were also involved in the regulation of Gl
motility [17, 18]. The hormones secreted by
endocrine cells released into the blood to act
on the target organ and play a regulation role.
The hormones can also affect the adjacent
cells by paracrine. In addition, many BGPs are
also neurotransmitters, which play a role th-
rough releasing by the nerve endings [19].
Somatostatin (SS) and vasoactive intestinal
peptide (VIP) are two important BGPs, and ch-
anges in their levels may lead to Gl dysmotility
[20]. Therefore, the secretion disorder of the
neuroendocrine factors in DM is also one of the
mechanisms of intestinal peristalsis disorders.

Thus, we speculated that TWA could promote
intestinal motility of diabetic rats by improving
biomechanical remodeling and regulating neu-
roendocrine factors. This study’s purpose is to
explore the mechanism of regulating intestinal
peristalsis by TWA based on biomechanical re-
modeling and neuroendocrine regulation.

Materials and methods
Materials

TWA is composed of fructus aurantii immatu-
rus, rhizoma atractylodis macrocephalae, rhu-
barb, pinellia ternate, ginger, peach kernel, and
codonopsispilosula. It was generated at the De-
partment of Pharmacy of Guang’anmen Hos-
pital (Beijing, China). There were quantita-
tive control limits for the raw herbs. TWA's
chemical composition has been determined by
ultra-fast high performance liquid chromatog-
raphy-electrospray-ionization-quadrupole time-
of-flight mass spectrometry method [7]. Strep-
tozocin was purchased from Sigma-Aldrich
Co. LLC (St Louis, MO, USA). Chloral hydrate
and sodium citrate were purchased from Si-
nopharm Chemical Reagent Co., Ltd (Beijing,
China). Glycosylated serum protein (GSP) fruc-
tosamine kit was purchased from Nanjing
Mindit Biochemistry Co., Ltd (Nanjing, China).
Ink was purchased from Shanghai Fine Sta-
tionery Co., Ltd. (Shanghai, China). SS radioim-
munoassay (RIA) kit and VIP RIA kit were pur-
chased from Beijing Sino-UK Institute of Bio-
logical Technology Co., Ltd. (Beijing, China).

Animals and experimental design

All experiments were approved by the Local
Ethics Committee for Animal Research Studies
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at the Guang’anmen Hospital. Adult male Wis-
tar rats (Beijing HFK bioscience CO., LTD, QC
NO. SCXK 2009-007), weighing 180 to 220 g,
were kept in specific pathogen-free laboratory
and with free access to water throughout the
experiments. They were housed in a restricted
access room with controlled temperature (22°
to 25°C) and a light/dark (12 h:12 h) cycle. DM
was induced in 64 rats by a single intraperi-
toneal injection of 60 mg/kg body weight of
streptozocin (STZ, Sigma-Aldrich). This dose of
STZ resulted in a random blood glucose level
>16.7 mmolL/L in 72 h after the injection. STZ-
induced diabetic rats were subdivided into 4
groups (16 in each group)-i.e., DM group, TWA
high dose group (H), TWA medium dose group
(M), and TWA low dose group (L). Another 16
rats of similar age and body weight from the
same vendor were used as a normal control
group (NC). TWA was administered once daily
from the beginning of the experiment by gava-
ge, which passed though the esophagus and
directly reached the stomach lumen. The dos-
age was 15 g/kg for H, 10 g/kg for M, and 5
g/kg for L. The rats in the DM and NC groups
were perfused with physiologic saline.

The experimental period was 8 weeks. At the
end of the experiment, the rats were fasted
overnight and anesthetized with 10% chloral
hydrate (3.5 mL/kg, ip). Half the rats (40 rats,
8 rats for each group) were used to determine
intestinal propulsion rate. Another half of the
rats (40 rats, 8 rats for each group) were used
to analyze: 1) morphometric and biomechani-
cal tests, 2) the expressions of advanced gly-
cation end-products (AGEs) and its receptors,
and 3) the expressions of neuroendocrine fac-
tors. For the second set of experiments, about
a 10-cm long jejunal segment from 5 cm distal
to the ligament of Treitz was taken out. From
proximal to distal, the tissue was used for
immunohistochemistry, RT-PCR analysis, west-
ern blot analysis, zero-stress state determin-
ing, and distension testing.

Glycometabolism examinations

The rats were weighed weekly and monitored
for glucose from tail vein at 4 weeks and 8
weeks after initiating the experiment. For blood
glucose measurement, one drop of blood was
obtained from the tail vein, and blood glucose
was measured by a Johnson & Johnson One
Touch Ultra Blood Glucose Meter. For GSP me-
asurement, blood was obtained from the ab-
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dominal aorta, and serum was separated. GSP
was measured by fructosamine (GSP fructos-
amine kit, Nanjing Mindit Biochemistry Co.,
Ltd., China) at the end of the experiment.

Intestinal propulsion rate testing

The rats fasted overnight and received an oral
administration of 1 ml/100 g carbonic ink. After
30 min, the rats were anesthetized with 10%
chloral hydrate (3.5 mL/kg, ip) and the com-
plete intestinal tract, from the pylorus to the
terminal rectum, was removed. The lengths of
the whole intestinal tract and the distance of
ink propulsion were measured. The percentage
of blackened intestinal tracts was calculated:
intestinal propulsion rate (%) = pushing length/
total length x 100%.

Biomechanical testing

To determine zero-stress state: To obtain data
on the zero-stress state, three 1 to 2 mm wide
intestinal rings were cut and placed in Krebs
solution at room temperature. The composition
of Krebs solution (mmol/L) was: NaCl, 118; KCl,
4.7; NaHCOs, 25; NaH2P04, 1.0; MgCI2, 1.2; and
ascorbic acid, 0.11. A photograph was taken
of the cross-section of the rings using a Canon
camera (Canon, Japan) and was presented as
the no-load state. Each ring-shaped segment
was then cut radially from the opposite mesen-
tery site, and photographs were taken about
60 min after the radial cutting to allow visco-
elastic creep to take place. This is presented
as the zero-stress state.

Distension test: A 5-cm long jejunal segment
was cut and put in the Krebs solution. The
papaverine was used to inhibit smooth muscle
contraction for 30 min. Then, the jejunal seg-
ment was tied and inflated with Krebs solution
using a distension protocol from O to 9 cm H,0
three times. The change in outer diameter of
the jejunal segment was recorded by camera
(Canon, Japan), while the change in pressure
was measured by pressure sensor.

Mechanical data analysis

Morphometric data were obtained from digi-
tized images in the jejunal tissue rings of zero-
stress and no-load states. Measurements were
undertaken using image analysis software
(Sigmascan ver. 4.0, Sigma Corp., San Rafael,
CA, USA). The following data were measured
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from each specimen: circumferential length (C),
wall thickness (h), wall area (A), and the open-
ing angle at zero-stress state (). The sub-
scripts i, 0, n, and z refer to the inner (mucosal)
surface, outer (serosal) surface, no-load state,
and zero-stress state. The measured data were
used to calculate biomechanical parameters
defined as:

Residual Green’s strain at the mucosal surface:
Ci*n
(~) 1

Ci-
=itz 1
E; 5 1

2

Residual Green’s strain at the serosal surface:
C{)*n 2
(o) 1

= @
E 2
Stress-strain data analysis: Calculations were
performed by the known data of no-load state,
zero-stress state and pressurized condition.
The Kirchhoff 's stress and Green’s strain in a
wall at a given pressure were calculated accord-
ing to the following equations: The meaning of
AP, Fop (i hp, and A, refer to pressure, inner
radius, outer radius, wall thickness, and the cir-
cumferential stretch ratio.

Circumferential mid-wall Green’s strain:

_Ai-1 3
5 3)

Circumferential Kirchhoff ’s stress:

Ey

API’ifp
= (4)
So h,A5

Immunohistochemical staining

Each rat’s intestinal tissue was harvested and
immediately fixed in 10% buffered formalin
overnight. Samples were embedded in paraf-
fin. The sections were flattened, mounted, and
heated on the glass slides. After deparaffi-
nization and dehydration, the sections were
treated with H,0, (3% in ethanol, room temper-
ature, 15 min), and the sections were incubat-
ed with 5% BSA-PBS buffer (room tempera-
ture, 30 min) for blocking nonspecific staining.
Afterwards, the sections were incubated with
the primary anti-AGE antibody (Abcam, 1:300,
diluted in 1% BSA-PBS) over night at 4°C. The
sections were washed by PBS (0.01 mol/L)
three times and for 3 min each. The sections
were then incubated with PV-6000 (ZSGB-BIO)
at room temperature for 15 min. The sections
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were then washed again as before and were
immersed with DAB for 2 min. The primary an-
ti-RAGE antibody was diluted (1:200) with 1%
BSA-PBS. Other processes were similar to the
AGE immunostaining. To evaluate the expre-
ssion of AGE and RAGE, two independent pa-
thologists who were blinded to the animal data
examined and scored all slides. Images of the
different parts, including villus, crypt, mucosa,
and muscle layer, were taken separately. The
region of interest was defined using NIS-Ele-
ment image analysis software (Nikon, Japan).
The color due to immunohistochemical stain-
ing was distinguished in the region of interes-
tusing intensity thresholds. Finally, the images
were exported as binary images and the area
fraction of AGE or RAGE positive staining was
determined. The fraction of AGE and RAGE
were computed as follows: Fraction of AGE or
RAGE = immuno-positive area/total measuring
area.

RNA preparation and RT-PCR analysis

The jejunal tissue was frozen at -80°C. Total
RNA was isolated from rat intestinal tissues
with trizol reagent (Invitrogen, Carlsbad, CA,
USA) and reverse-transcribed into cDNA using
a Reverse Transcription System (Fermentas,
part of Thermo Fisher Scientific, Waltham, MA,
USA). The thermal cycling conditions were as
follows: 95°C for 10 min followed by 35 cycles
at 95°C for 25 s, 55°C for 25 s, 72°C for 50 s,
and 72°C for 8 min. The mRNA expressions
levels of C-kit, SCF, and PSD95 were quantita-
tively analyzed and normalized to GAPDH lev-
els. The forward and reverse primer sequences
wereas follow. SCF Forward: 5'-CCTCGTGGCA-
TGTATGGAAG-3’, Reverse: 5'-GCTGCAACAGGG-
GGTAACAT-3’; C-KIT Forward: 5-CAAGAAGAA-
CAGGCAGACGC-3’, Reverse: 5-TCCCAGAGGA-
AAATCCCATA-3’; PSD95 Forward: 5-AAGACC-
GTGCCAACGATGA-3’, Reverse: 5-TGAGGGACA-
CAGGATCCAAAC-3’; GAPDH Forward: 5-TGC-
CTTCTCTTGTGACAAAGTGG-3’, Reverse: 5-CA-
TTGCTGACAATCTTGAGGGAG-3'.

Western blot analysis

The jejunal tissue was frozen at -80°C. Protein
extracts from rat intestinal tissues were quanti-
fied using the bicinchoninic acid method, sepa-
rated by using 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, and then
transferred to polyvinylidene difluoride membr-
anes (MilliporeCorp., Billerica, MA, USA). Non-
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Figure 2. TWA's effects on intestinal propulsion rate
in DM rats. Intestinal propulsion rate increased sig-
nificantly in the different TWA groups after 8-week
treatment. Data are expressed as mean + SE. One-
way ANOVA was performed to evaluate the difference
vs. DM group, *P<0.05. NC: Normal control; DM:
Diabetes mellitus; H: High dose; M: Medium dose;
L: Low dose.

specific binding was blocked with 5% no-fat
milk in TBST buffer for 2 h at room tempera-
ture. The membranes were incubated with pri-
mary antibody against C-kit (1:500), SCF (1:
1000), and PSD95 (1:1000) overnight at 4°C
and then incubated with the horseradish per-
oxidase-conjugated secondary antibodies. Fi-
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Figure 1. TWA's effects on body weight, blood glu-
cose and GSP in DM rats. A. The weight was mea-
sured in each week. B. The blood glucose was mea-
sured every 4 weeks. C. GSP levels were measured
by fructosamine at the end of the experiment. GSP
levels reduced significantly after 8-week treatment
with TWA compared with that of the DM group. Data
are expressed as mean * SE. All statistical analyses
were performed by one-way ANOVA vs. DM group,
*P<0.05. GSP: Glycated serum proteins; NC: Normal
control; DM: Diabetes mellitus; H: High dose; M: Me-
dium dose; L: Low dose.

nally, the blots were visualized using an en-
hanced chemiluminescence detection kit (Milli-
pore), and GAPDH was used as a loading con-
trol. Each experiment was repeated three times
independently.

Serum BGP detection

For BGP measurement, blood was obtained
from the abdominal aorta, and serum was sep-
arated. The serum SS and VIP were measured
by radioimmunoassay (Beijing Sino-UK Institute
of Biological Technology Co., Ltd, China) at the
end of the experiment.

Statistical analysis

All the data are presented as mean + SD and
analyzed by one-way analysis of variance using
SPSS19 software (SPSS Inc., Chicago, IL, USA).
The constants a and b obtained from the expo-
nential function (S=(S*+b)e?EE9-b) were used
for the statistical evaluation of the stress-strain
data. Where S is the stress, E is the strain, and
S* and E* are the stress and the strain at an
arbitrary point on the stress-strain curve. The
linear regression analysis was used to analyze

Am J Transl Res 2017;9(5):2219-2230



TCM for diabetic gastroparesis

A
4.0
©
[« %
<
(2]
[%]
<
n
Strain

C 251 .
a‘ *
£
3
@ 201 e
o o DM
(V]
= o H
©
2 15, | M
g =L
B
2
£ 10/

NC DM H M L+ p<005

@

Intestinal wall thickness (mm)

W]

Opening angle (°)

ke

*k

2.0 I
B NC
1.5 1 o DM
o H
B M
1.0 1 ® L
0.54 - -
NC DM H M L
** p<0.01
100 - *
90 =
B NC
80 - o DM
o H
70 - B M
60 | B L
50
NC DM H M L * p<0.05

Figure 3. TWA's effects on morphometric biomechanical remodeling in DM rats. A. Intestinal stress-strain curves
of TWA treatment groups shifted to the right compared with DM group, indicating decreased wall stiffness. B. Wall
thickness significantly decreased in all three groups receiving TWA treatment. C. The wall area decreased signifi-
cantly in the high- and middle-dose groups. D. The opening angle was increased in the DM group compared with
the control group, and treatment with high-dose TWA decreased the opening angle significantly. Data are expressed
as mean * SE. All statistical analyses were performed by one-way ANOVA vs. DM group, *P<0.05; **P<0.01. NC:
Normal control; DM: Diabetes mellitus; H: High dose; M: Medium dose; L: Low dose.

the associations between intestinal propulsion
rate and other parameters. P<0.05 was consid-
ered statistically significant.

Results
Changes in weight and glycometabolism

Compared with the body weight of the NC
group, the body weight of DM rats decreased
rapidly, and the weight had not significantly
increased after treatment with TWA, indicating
TWA did not significantly affect the body weight
(Figure 1A). The fasting plasma glucose and
GSP were significantly higher in the DM group
than in the NC group (P<0.05; Figure 1B, 1C).
Compared with the DM group, there was no
significant changes in fasting plasma gluco-
sein the treatment groups (P>0.05; Figure 1B);
however, the GSP had a significantly decreas-
ed after 8-week treatment with TWA (P<0.05;
Figure 1C).
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Changes in intestinal propulsion rate

Compared with the NC group, the intestinal
propulsion rate of DM rats had a significant
decrease (P<0.05, Figure 2). After 8-week
treatment with TWA, the intestinal propulsion
rate increased significantly in the different
TWA groups (P<0.05), indicated that the drug
could improve intestinal motility.

Changes in biomechanical and morphometry
parameters

At the end of the experiment, the stress-strain
analysis showed that the stress-strain curve
of jejunal segments in the DM group shifted
to the left compared with that in the control
group, indicated that the diabetic intestinal
wall became stiffer. Intestinal stress-strain cur-
ves of the TWA treatment group shifted to the
right, which suggested that TWA could improve
the biomechanical remodeling and decrease
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Figure 4. TWA's effects on immunohistochemical staining in DM rats. The immuno-positive area of AGE and RAGE
were yellow-brown. The expression of AGE in the intestinal (A) villi, (B) crypt epithelial cells, and (C) muscle layer
decreased after 8-week treatment with TWA in high- and middle-dose groups. (D) The reductions of RAGE in crypt
epithelial cells were statistically significant in high- and middle-dose groups. All statistical analyses were performed
by one-way ANOVA. (E) Examples of AGE immunostaining (a: NC, b: DM, c: H, d: L). (F) Examples of RAGE immunos-
taining (a: NC, b: DM, c: H, d: L) vs. DM group, *P<0.05. NC: Normal control; DM: Diabetes mellitus; H: High dose;

M: Medium dose; L: Low dose.

the wall stiffness (P<0.05, Figure 3A). The M
and H groups had better effect than the L
group. Intestinal no-load wall thickness and
cross-sectional wall area increased in the DM
group compared with the control group (P<
0.01). After treatment with TWA, wall thick-
ness was significantly decreased in all three
groups that underwent TWA treatment (P<
0.01, Figure 3B), and the wall area decreased
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significantly in high and middle dose groups
(P<0.05, Figure 3C), which showed that TWA
could inhibit the intestinal wall proliferation
and improve morphologic remodeling. At the
end of the experiment, the opening angle was
increased in the DM group compared with that
in the control group (P<0.05). Treatment with
high-dose TWA decreased the opening angle
significantly (P<0.05; Figure 3D).
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Figure 5. TWA's effects on basic functional unit of intestinal motility in DM rats. The proteinlevels of (A) PSD95, (B)
C-kit, and (C) SCF were detected by western blotting. TWA treatment increased the protein levels of PSD95, C-kit and
SCF in a dose-dependent manner, showing that TWA could significantly improve the basic functional unit of small-
intestinal motility of DM rats. (D) The expression of PSD95, C-kit, and SCF mRNA showed a similar trend in relation
to protein levels. All statistical analyses were performed by one-way ANOVA vs. DM group, *P<0.05; **P<0.01. NC:
Normal control; DM: Diabetes mellitus; H: High dose; M: Medium dose; L: Low dose.

Changes in distributions of AGE and RAGE

The immuno-positive area of AGE was yellow-
brown (Figure 4E). These colors were not found
in the negative control slides (data were not
shown), demonstrating that the stained color
was AGE specific. The expression of AGE was
detected in the intestinal villi and crypt epithe-
lial cells, submucosa, and muscle layer. The
basal surface of villi epithelial cells and the
basal part of crypt epithelial cells was stained
stronger. After treatment with TWA, the expres-
sion of AGE in the intestinal villi, crypt epithelial
cells, and muscle layer decreased in the high-
and middle-dose groups (P<0.05, Figure 4A-C).

The immuno-positive area of RAGE was yellow-
brown (Figure 4F). The expressions of RAGE
were found in the intestinal villi, crypt epithelial

2226

cells, muscle layer, and nerve cells of ganglion.
The intestinal villi cells stained stronger than
the crypt epithelial cells. After treatment with
TWA, the expressions of RAGE in the intestinal
villi, crypt epithelial cells, and submucosa
decreased in treatment groups. The reductions
incrypt epithelial cells were statistically signifi-
cant in the high- and middle-dose groups
(P<0.05, Figure 4D).

Changes in the basic functional unit of intesti-
nal motility

The protein levels of PSD95, C-kit, and SCF
decreased in the DM group compared to the
control group (P<0.01; Figure 5A-C). TWA treat-
ment increased the protein levels of PSD95 in
a dose-dependent fashion (P<0.01, Figure 5A),
C-kit (P<0.05 and P<0.01, Figure 5B), and SCF

Am J Transl Res 2017;9(5):2219-2230
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Figure 6. TWA's effects on serum SS and VIP in DM rats. The levels of serum (A) SS and (B) VIP were significantly
increased in the DM group. SS and VIP declined in a dose-dependent manner in the treatment groups. SS and VIP
were significantly reduced in thehigh-dose group compared with the DM group. Data are expressed as mean * SE.
All statistical analyses were performed by one-way ANOVA vs. DM group, *P<0.05. SS: Somatostatin; VIP: Vasoative
intestinal peptide; NC: Normal control; DM: Diabetes mellitus; H: High dose; M: Medium dose; L: Low dose.

(P<0.01, Figure 5C), which showed that TWA
could significantly improve the basic functional
unit of small-intestinal motility of DM rats. The
PCR results showed a similar trend in regulat-
ing those molecules in different groups (Figure
5D).

Changes in brain gut peptides expressions

Serum SS and VIP were significantly increased
(P<0.05, Figure 6) in the DM group. Among the
treatment groups, SS and VIP dosage-depen-
dence declined. SS and VIP significantly reduc-
ed in the high-dose group compared with that
in the DM group (P<0.05, Figure 6).

Associations between intestinal propulsion
rate and other parameters

The linear regression analysis showed that
changes in the intestinal propulsion rate were
negatively associated with AGE expressions
in villi epithelial cells and muscle layer, RAGE
expressions in crypt epithelial cells, glucose
level, intestinal wall thickness and area, open-
ing angle, constant, and levels of BGPs, where-
as the body weight, protein levels of PSD95,
C-kit, and SCF were positively associated with
the intestinal propulsion rate. R value ranged
from 0.371 to 0.545, and F value ranged from
4.312 to 12.334 (P<0.05).

Discussion

In a previous study, we demonstrated that the
symptom improvement after TWA treatment in
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patients with diabetic Gl dysfunction was not by
glucose control [6], and intestinal morphologic
and biomechanical remodeling effect of TWA
was observed [7]. In this study, we further con-
firmed that the intestinal morphologic and bio-
mechanical remodeling occurred in DM rats
[24, 22]. After TWA intervention, intestinal pro-
pulsion rate in DM rats increased in a dose-
dependent manner, and the intestinal morpho-
logic and biomechanical remodeling were sig-
nificantly improved. It is necessary to reveal the
mechanism behind these occurrences.

TWA partly improved morphology, including the
increase in intestinal wall thickness and cross-
sectional area, while biomechanical remodel-
ing included a decrease in the opening angle
and the shift of stress-strain curve to the right,
indicating the intestinal elasticity increased
and the stiffness decreased. The blood gluco-
se levels were not obviously changed, as we
reported previously. The morphologic changes
in DM could alter the relative position of intesti-
nal mechanosensitive nerve endings, while the
biomechanical remodeling could change the
stress distribution around the mechanosensi-
tive nerve endings. These two factors influen-
ce the function of Gl motility and sensory [23].
The morphology and biomechanical remodel-
ing in DM were partially reversed by TWA in-
tervention; therefore, the intestinal propulsion
rate was promoted.

The accumulation of AGE in tissues would alter
the structure and function of the matrix protein
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[24]. Our previous study confirmed that the ex-
pression of AGE and its receptors in the small
intestine and colon were up-regulated in DM
rats [25], which suggested that non-enzymatic
glycation in Gl tissues may be one of the im-
portant mechanisms for Gl remodeling [26].
After TWA intervention, the expression of AGE
and RAGE in different intestinal layers decrea-
sed, especially in the villi epithelial cells for
AGE and in the crypt epithelial cells for RAGE.
The intestinal remodeling is closely related to
the overexpression of AGE and its receptors.
The up-regulation of AGE and RAGE in the DM
intestinal mucosa may also affect the function
of mucosal cell membrane and digestive en-
zyme activity [27-29].

Apart from the biomechanical structure, intesti-
nal peristalsis is also regulated by neuroendo-
crine. PSD95 is a cytoskeletal network protein
of nerve cell membrane. It is located in the
pathway of synaptic ion flow, which regulates
the interaction between the postsynaptic sig-
naling molecule and the target molecule [30,
31]. The morphology and structure of PSD95
have great plasticity and mutability, which is
important for postsynaptic structural develop-
ment and reckoned as a morphologic para-
meter [32-34]. Previous studies reported that
PSD95 plays an important role in the recovery
of neurologic diseases by remodeling synap-
tic structure [35-38]. This study showed that
TWA could alleviate the decreasing PSD95 ex-
pressions in the small-intestine tissue of DM
rats, which indicated that the drug promotes Gl
peristalsis by improving synaptic changes of
ENS.

ICCs operate as pacemakers in the Gl tract.
C-Kit is one of the membrane receptors of ICCs,
and SCF is its ligand. The signaling pathway of
SCF-C-Kit is closely related to ICCs [15, 16].
This study confirmed that impaired SCF-C-Kit
signaling pathway in DM could affect the pro-
liferation and differentiation of ICCs, which
leads to decreased intestinal propulsion rate,
destruction of intestinal contraction rhythm,
and motility dysfunction [39-42]. TWA interven-
tion can recover the motility and restore the
rhythm of intestinal contraction by increasing
the protein levels of C-kit and SCF.

SSis a BGP with suppression of pancreatic exo-
crine secretion and bile secretion. It also inhib-
its intestinal motility, which could cause cons-
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tipation [20, 43, 44]. VIP is a kind of secretin
family of Gl peptide, which suppresses Gl mo-
tility by inhibiting intestinal contraction and
spontaneous pylorus contraction [45-49]. Our
study found that TWA can decrease serum SS
level and VIP, regulate the intestinal motility
and Gl dysfunction, along with other neuroen-
docrine factors.

In conclusion, in this study we confirmed that
the morphometric and biomechanical remo-
deling and the upregulationof AGE and RAGE
were observed in diabetic intestine. The neuro-
endocrine factors in the small intestine and
the serum were also changed in diabetic rats.
Those changes were associated with decreas-
ing intestinal propulsion rate. TWA treatment
can recover intestinal morphometric and bio-
mechanical remodeling in DM rats and rebal-
ance the expression and secretion of neuroen-
docrine factors. TWA plays a role in promoting
intestinal peristalsis of DM rats. Our study pro-
vides new thinking that the Chinese herbal me-
dicine maybe a good choice to treat diabetic Gl
dysfunction.
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