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Objective: This study observes the morphological changes in the enteric nervous system
(ENS) — interstitial cells of Cajal (ICC) — smooth muscle cells (SMC) network in sphincter of
0Oddi dysfunction (SOD) in hypercholesterolemic rabbits following treatment with Shaoyao
Gancao decoction (SGD), as well as the apoptosis of the ICC.

Methods: In this study, 48 healthy adult New Zealand rabbits are randomly divided into
three groups (n = 16 in each group): the control, the model, and the SGD treatment groups.
The hypercholesterolemic rabbit model is established. Hematoxylin and eosin staining,
transmission electron microscopy, immunofluorescence, terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling staining, immunohistochemistry, Western blot analysis, and
reverse transcription-polymerase chain reaction are used to detect the morphological changes
in the ENS—ICC—SMC network, the expression of apoptosis-related proteins in the ICC, and
to observe the curative effect of SGD after treatment.

Results: Compared with the control group, the morphology and the ultrastructure of the SO
are destroyed in the model group. In addition, the protein gene product 9.5 (PGP9.5), nitric
oxide (NO), the SMCs, and the ICC all significantly decreased while substance P (SP)
significantly increased. Compared with the model group, the SO morphology and ultrastruc-
ture are repaired in the SGD group. In addition, the PGP9.5, NO, the SMCs, and the ICC
significantly increased while SP decreased. In addition, SGD may activate the stem cell
factor (SCF)/c-Kit signaling pathway to treat SO dysfunction by up-regulating the expression
of c-Kit and SCF. Similarly, this pathway restores SO by up-regulating the expression of
Bcl2 and inhibiting cleaved caspase-3, Bax, and the tumor necrosis factor.

Conclusion: Shaoyao Gancao decoction can promote the recovery of sphincter of
Oddi dysfunction in hypercholesterolemic rabbits by protecting the ENS-ICC-SMC
network.

Keywords: sphincter of Oddi dysfunction, Shaoyao Gancao Decoction, ENS-ICC-SMC,

apoptosis

Introduction

Sphincter of Oddi dysfunction (SOD) is a clinical syndrome caused by abnormal
contraction of the sphincter of Oddi (SO) and is an important link in the pathogen-
esis of most gallbladder- and pancreas-related inflammatory diseases and in
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functional diseases; it is also a key secondary pathological
change in the context of these diseases and seriously
impacts patients’ quality of life.' > At present, there is no
effective treatment for SOD, and the research on its
mechanism is in the preliminary stages. Therefore, it is
urgent to study the pathogenesis of SOD to find new
treatment methods.

The interstitial cells of Cajal (ICC) are non-neural
interstitial cells that are vital in the regulation of gastro-
intestinal motility. The ICC function as information inte-
gration “transit stations” for the transmission of enteric
nervous system (ENS) signals to smooth muscle cells
(SMCs) and are central in controlling gastrointestinal peri-
stalsis. Recent studies revealed that in gastrointestinal
motility disorders, the number of ICC is abnormal or
decreased,*’ or the neural transmission of the ENS—ICC—
SMC network is reduced.®’

The SO is a smooth muscle that has a similar smooth-
muscle structure to the gastrointestinal tract and has the
function of contraction and relaxation. To date, in-depth
studies have been performed on the structural system of
gastrointestinal smooth muscle. Therefore, studies of the
smooth muscle structure of the biliary system can learn
from previous gastrointestinal research. Recent research
revealed that there were many ICC in the SO,® and the
excitation of the ICC could make the SO contract prevent-
ing bile, pancreatic juice, and gastrointestinal content from
entering the bile and pancreatic ducts. This result suggests
that the ICC may be related to SOD.? The ICC, SMCs, and
the ENS form a very close networked structure (the ENS—
ICC—SMC network). This study speculates that the occur-
rence of SOD may be related to the ENS-ICC-SMC net-
work. Shaoyao Gancao decoction (SGD) is a well-known
antispasmodic traditional Chinese medicine dating back
2000 years that is widely used for the treatment of clinical
spastic pain.'®'! Tt also has a good therapeutic effect on
SOD.'*'* However, the principle and mechanism of the
antispasmodic and analgesic effects related to SGD in the
treatment of SOD have not been fully elucidated.

Based on current research of the ENS-ICC—SMC net-
work in the gastrointestinal tract, this study speculated that
the pathogenesis of SOD is related to the ENS-ICC-SMC
network and that SGD may be effective in the treatment of
SOD within the ENS-ICC-SMC network structure.
Accordingly, in this study, the morphology and ultrastruc-
tural changes in the SO in hypercholesterolemic rabbits is
observed, the morphological changes in the ENS-ICC-

SMC network in the SO are explored, the expression of
the apoptosis pathway and apoptosis-related proteins in the
ICC of SOD model rabbits is detected, and the changes
following SGD treatment are documented.

Materials and Methods

Animals

For the current study, 48 healthy New Zealand big-eared
rabbits, purchased from the Laboratory Animal Center of
Dalian Medical University, China (approximately 2-3
months old, weighing approximately 1.75-2.25 kg, half
male and half female, with a serum total cholesterol con-
centration of <3.0 mmol/L), were used in this study.

The animals were raised in a standard laboratory ani-
mal environment (temperature 22°C-25°C, humidity 50—
70%), and the experiment was initiated seven days follow-
ing adaptive feeding. According to the random number
table method, the rabbits were divided into three groups
(n = 16 for each group): normal (control), model (SOD),
and SGD groups. For a total of eight weeks, based on the
method presented by Zhang et al,'* the rabbits in the
control group were given animal-standard rabbit feed
every day, and the model group and SGD group were fed
with standard rabbit feed and cholesterol (1 g of choles-
terol was added to their diet six days a week, and the
standard rabbit feed only was fed one day a week).
According to the hypercholesterolemia model standards
described in the literature, if the serum total cholesterol
was >10 mmol/L, the hypercholesterolemia standard was
achieved. After modeling, the rabbits in the control and
model groups were given 20 mL normal saline twice daily,
and rabbits in the SGD group were given 20 mL SGD
twice daily. After four weeks of treatment, the rabbits were
euthanized by air embolism from the marginal vein of the
ear. Under aseptic conditions, the abdominal cavity was
dissected along the midline of the abdomen, and the SO
was separated. The obtained SO was divided into two
parts, one of which was placed in a liquid nitrogen tank
and transferred to a —80°C refrigerator for storage.
The second part was fixed in 4% paraformaldehyde or
2.5% glutaraldehyde and stored in a 4°C refrigerator for
use in the subsequent experiment. The study was con-
ducted in strict accordance with the recommendations of
the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals. All animal experimental
procedures were approved by the Animal Care and Use
Committee at Dalian Medical University [SCXK(Liao)
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2018-0003] and complied with the principle for replace-
ment, refinement, or reduction.

Preparation of the Shaoyao Gancao

Decoction

According to the dosage of Zhang Zhongjing’s Treatise on
Febrile
Tongrentang, Dalian Branch, China) were converted into

Diseases, Shaoyao and Gancao (Beijing
a modern dosage. The ratio of Shaoyao and Gancao was
1:1 (62.5 g each). The dose was calculated according to
the proportion of SGD (125 g) used in adults (60 kg). The
equivalent effective dose for a rabbit was calculated as
follows: 3.7 (conversion coefficient) x 125 g/60 kg ~ 8 g/
kg. According to the previous experiment, a double dose
of SGD resulted in a good clinical effect, so a dosage of 16
g/kg was selected for this study. After soaking the two
drugs together for approximately 30 min, they were
decocted three times. The first time, 10 times water was
added, and 8 times water was added the second and third
time (1 h decoction time for each). The SGD was obtained
three times, after which the three obtained decoction solu-
tions were mixed. The final SGD was concentrated using
a rotary evaporator. The active components of the crude
drug were approximately 2.4 gxML"™"; the SGD was admi-
nistered by gavage (20 mL each time, twice daily, six days
a week, 28 days in total).

Hematoxylin and Eosin Staining

The obtained SOs were fixed in 4% paraformaldehyde over-
night. Concentration gradient alcohol was used to achieve
dehydration, after which they were treated with xylene for
30 min. The tissue blocks were then placed in containers
containing xylene and paraffin and stored in a temperature
box at 60°C for approximately 2 h to ensure the paraffin
completely penetrated the tissue. The dissolved wax was
poured into the metal frame, the tissue was buried at the
center of the metal frame, and a wax block finally formed.
The wax block was placed on a paraffin microtome and cut
into 5-pum thick sections. The sections were subsequently
unfolded in a warm water pan. The unfolded tissue sections
were transferred to a slide, placed in an oven, and dried at
60°C for 4 h. Before staining, the sections were immersed in
xylene I and xylene II for approximately 15 min each. The
slices were then submerged in absolute ethanol I and abso-
lute ethanol II where they soaked for approximately 5 min.
Then, the dehydrated sections were immersed in different
levels of ethanol (95%, 85%, and 75%). The sections were

soaked in each level of ethanol for approximately 2 min, and
then stained with hematoxylin and eosin (H&E). The slices
were put into hematoxylin and then soaked in distilled water
for about 5 min each. Next, the slices were placed in 1%
hydrochloric acid alcohol, reacted for about 3 s, then rinsed
in running water for 20 min. They were then immersed in
distilled water for 2 min. Finally, the slices were immersed
in eosin solution for 3 min. After staining, the slices were
immersed in concentration gradient ethanol (75%, 85%, and
95%). The residence time at each level was approximately 2
min. Next, the slices were immersed in absolute ethanol
I and I where they were soaked for about 5 min each.
After dehydrating the slices in xylene, I and xylene II,
where they soaked for about 10 min, the slices were sealed
with neutral resin glue.

Transmission Electron Microscopy

The SOs were fixed in 2.5% glutaraldehyde at 4°C for 2—4
h and rinsed three times with a 0.1 M phosphate buffer
saline (PBS; pH 7.4, 15 min each time). The specimens
were fixed in 1% osmium acid solution, dehydrated in
graded alcohol, and embedded in Eponate 812 resin.
Next, 3-um sections were stored at 4°C for 2 h. Tissues
were cut and stained with 2% toluidine blue to highlight
the cellular structure. After visually identifying sections
containing characteristic structures, ultrathin sections were
obtained with a Leica UC7 ultra-microtome. Thin sections
were collected on 200 mesh grids, stained with 2% uranyl
acetate for 15 min and lead citrate for 5 min, and observed
by transmission electron microscopy (TEM).

Immunofluorescence Staining
Immunofluorescence Single Staining
Paraffin-embedded sections were dewaxed in water,
xylene, and gradient ethanol, placed in the antigen recov-
ery solution, heated in a microwave oven to recover the
antigen, cooled to room temperature, and treated with
a 0.5% Triton X-100 solution for 5 min. The non-specific
binding sites were blocked with 5% bovine serum albumin
(BSA) for 1 h at room temperature. Protein gene product
(PGP) 9.5 and oa-actin (see Table 1) were left standing in
a damp dark room at 4°C overnight and added to the
sections that were washed with PBS and incubated as
secondary antibodies at 37°C for 60 min in the dark.

Immunofluorescence Double Staining
The nitric oxide synthase (nNOS) and substance P (SP)

antibody mixture (Table 1) was diluted in proper
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Table | Antibodies Used in the Experiment

Description Company

PGP9.5 Affinity Company
o-action Abcam Company
nNOS Abcam Company

c-kit antibodies Bioss Company (China)

Substance P Affinity Company

TUNEL kit Servicebio Company
Cleaved Caspase3 Wanleibio Company (China)
Bcl2 Wanleibio Company (China)
Bax Wanleibio Company (China)
B-Actin Wanleibio Company (China)

proportion and added to the tissue for overnight incubation
at the same time. Diluted and mixed secondary antibodies
(Cy3 labeled goat anti-rabbit IgG and FITC-labeled goat
anti-mouse IgG) were added for incubation. The remaining
steps were the same as in single staining.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling Immunofluorescence Staining

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)
used to detect apoptotic cells, and immunofluorescence
for the c-kit antibody was utilized to locate the ICC. The
paraffin-embedded sections were treated with a 0.5%

immunofluorescence staining was

Triton X-100 solution for 5 min, and the nonspecific
binding sites were blocked with 5% BSA for 1 h at room
temperature. The c-kit antibody (Table 1) was added to the
sections and incubated overnight in a damp dark room at
4°C. After washing with PBS, the tissue blocks were
incubated with secondary antibodies at room temperature
for 2 h. A TUNEL apoptosis assay kit (Roche Diagnostics,
Switzerland) was used for staining according to the man-
ufacturer’s instructions. After washing with PBS, the sec-
tions were examined under a fluorescence microscope
(Olympus, Tokyo, Japan). The Image-Pro Plus 6.0 soft-
ware program was used to conduct an optical density
quantitative analysis, and the average optical density was
read.

Immunohistochemical Staining

Immunohistochemistry was performed to detect apoptosis-
related proteins, such as cleaved caspase-3, Bax, and Bcl-2.
Paraffin-embedded sections were dewaxed in water, xylene,
and gradient ethanol, placed in the antigen recovery solution,
heated in a microwave oven to recover the antigen, then cooled
to room temperature. The sections were placed in a 3% H,0,

solution and incubated at room temperature for 15 min to
eliminate the endogenous peroxidase activity, and the non-
specific binding sites were blocked by 5% BSA at room
temperature for 60 min. Cleaved caspase-3, Bax, and Bcl-2
primary antibodies were added to the sections and incubated
overnight in a humidified dark room at 4°C. This was followed
by incubation of the appropriate secondary antibodies.
Subsequently, the sections were stained with 3,3-diaminoben-
zidine (DAB) solution and counterstained with hematoxylin.
Negative controls were prepared by omitting primary antibo-
dies to check the specificity of the immunostaining.

Western Blot

Per the instructions of the total protein extraction kit
(Wanleibio), cleavage was performed, and protein lysates
were extracted from the SO tissue to detect the expression
levels of protein. The protein concentrations were mea-
sured using a BCA protein assay kit (Wanleibio). Samples
were run on SDS-polyacrylamide gel electrophoresis and
transferred onto PVDF membranes. The membranes were
incubated in 5% milk to reduce the non-specific binding.
Antibodies against c-kit, the cleaved caspase-3, Bax, and
Bcl-2 antibodies, and B-actin (1:1000 dilution) were used
for Western blotting. The first antibody was placed in
a damp dark room at 4°C overnight and subsequently
added to the sections. After washing with PBS, the mem-
branes were incubated with the secondary antibody (HRP-
labeled goat anti-rabbit IgG; 1:5000) for 2 h at room
temperature and were processed for exposure. The densi-
ties of the bands were quantified using protein assay soft-
ware (Bio-Rad Co, CA, USA). All primary antibodies
utilized in this study are listed in Table 1.

Real-Time Quantitative Polymerase Chain

Reaction

Total RNA was extracted from the SO using a TRI pure
reagent (BioTeke, Beijing, China). Then, a super M-MLV
reverse transcriptase kit (BioTeke), RNase inhibitor
(BioTeke), and Taq polymerase chain reaction (PCR)
MasterMix (2X) (BioTeke) were used to transform RNA
into cDNA. The fluorescence quantitative analysis was
performed using an Exicycler TM 96 fluorescence quanti-
tative instrument (BioNeer, the Republic of Korea). All
PCR amplifications were repeated three times. The tran-
scription level was normalized to the B-Actin level.
Table 2 presents the specific primers and probes of stem
cell factor (SCF), tumor necrosis factor (TNF)-a, and f-

4618

Dove!

Journal of Inflammation Research 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Zhu et al
Table 2 Primer Sequences —
.|
Primer Sequence Name Sequence —
TNF-a F AGGAGGAAGAGTCCCCAA g 40 N
TNF-a R TTGCGGGTTTGCTACTACG E
SCF F ACCCAGACCCTTTACTCCT ~ [
SCFR TGGAACTTTCAGCCTTGC —
B-actin F CCAGGTCATCACCATCGG e 30 7]
B-actin R TGTCCACGTCGCACTTCA 2
N
9
actin. The 27T method was used to quantify the relative -8 20—
changes in gene expression. [T
O
Statistical Analysis 8 10—
All data were expressed as the mean + standard deviation. 3
A one-way analysis of variance (ANOVA) was conducted -
using the SPSS 24.0 (SPSS, Chicago, USA) software ..a 0- I
program in all tests, and a P value of 0.05 was considered % > o o > o o
statistically significant. Prism 5.0 software (GraphPad, San n'd (’\é L %0 (;é L 90
Diego, USA) plotted all data. ® N 0? N

Results

Animal Model Assessment

The hypercholesterolemic rabbit model is the only reliable
SOD model."” This study’s research team successfully
reproduced this model. When the serum cholesterol of
rabbits was >10 mmol/L, the SOD was considered to
have been successfully induced.'*'® This modeling
method has been repeatedly verified by other research
teams. In this study, the serum cholesterol levels of the
model and treatment groups were significantly higher than
10 mmol/L after providing a high cholesterol diet, while
the serum total cholesterol in the control group were lower
than 3 mmol/L (Figure 1).

Observation of the Sphincter of Oddi
Pathophysiology

Hematoxylin and Eosin Staining Observation

The H&E staining showed that the inflammation in the
model group was relatively severe. Specifically, in the con-
trol group, the SO structure was clear, the mucosal epithelial
cells were intact, and the lamina propria of the mucosa was
accompanied by scattered inflammatory cell infiltration (a
relatively normal finding). In the model group, the SO
structure was partially damaged, the mucosal epithelial
cells were lost, the fibrous tissue of the lamina propria of
the mucosa was loose and showed edema, and the mucous
layer was accompanied by a large amount of inflammatory

I 1 I 1
Before feeding After feeding

Figure | Serum total cholesterol concentration of the rabbits before and after
modeling.

cell infiltration. However,in the SGD group, the structure of
the SO was also partially destroyed, the mucosal epithelial
cells were incomplete, and the lamina propria of the mucosa
demonstrated fibrous tissue proliferation accompanied by
inflammatory cell infiltration that was relatively mild com-
pared with the model group (as is shown in Figure 2).

Detection of the Sphincter of Oddi by Transmission
Electron Microscopy

When viewed under an electron microscope, in the normal
group, the nuclei of the ICC were large (accounting for the
majority), had less cytoplasm, and rich organelles were closely
connected with the surrounding cells and nerve fiber ends. In
the model group, the ICC were severely swollen, the cell
membrane was intact, and the surrounding collagen fibers
(CFs) were sparse. In addition, a large part of the low electron
density edema area had been dissolved, the nucleus was irre-
gular, the chromatin was sparse, the nuclear membrane was
fuzzy, and the nucleolus (Nu) was small. The mitochondria
were observably swollen, the membrane matrix was dissolved,
the wave crest was broken and decreased, and the membrane
was seriously damaged and decomposed. The rough endoplas-
mic reticulum (RER) was significantly expanded, threshed,
and vacuolated. The number and distribution of the dense
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Figure 2 Hematoxylin and eosin staining of rabbit SO tissue (400%, 20 um), (A) Normal group, (B) Model group, (C) Treatment group. The arrow (<) refers to mucosal

epithelial cells, the (¥) refers to inflammatory cells infiltration.

points (DPs) and dense bodies (DBs) in the SMCs were less
and uneven, respectively, and the sizes of the DPs were not
uniform and were irregularly shaped. In the SGD group, the
ICC were spindle-shaped, contracted, and slightly swollen.
The cell membrane was intact, a large number of CFs were
evenly distributed, the nucleus was irregular, the Nu was at the
center, and the heterochromatin was clustered. The mitochon-
drial membrane was intact, and the membrane matrix was
lighter. The RER was slightly expanded, and the DPs and
DBs were evenly distributed. In addition, the size of the
dense area was uniform. In general, the SO injury in the
model group was the most serious, followed by the injury in
the SGD group, and the normal group was relatively normal

(Figure 3).

Detection of Nerve Fibers and Smooth
Muscle Cells

Immunofluorescence microscopy revealed that integrated
option density (IOD) values ofthe PGP9.5 and a-action were
significantly lower in the model group compared with the
control group. In the treatment group, these values were
observed as being between those in the remaining two groups
(model group < treatment group < control group). There were
significant differences among the three groups (P < 0.05; see

Figure 4). Immunofluorescence double staining of nNOS and
SP, nNOS specifically labeled nitric oxide (NO), and the IOD
value of nNOS were the highest in the control group and the
lowest in the model group. The IOD value of SP was the lowest
in the control group and highest in the model group (P < 0.05).
The level of excitatory neurotransmitter SP represented the
increase of SO-induced contraction, and the level of inhibitory
NO represented the relaxation degree of the SO. These values
indicated that the contraction degree of the SO was greater in
the model group than in the treatment and control groups, and
the relaxation degree of the SO was lower in the model group
than in the control group. Compared with the model group, NO
increased and SP decreased. This suggested that NO in the
SGD group could promote the release of NO and inhibit the
release of SP (Figure 5).

Detection of Interstitial Cells of Cajal
Apoptosis

In this study, the number of positive cells and double-positive
cells in the cross-section of the ICC were calculated. In normal
SO tissue, most of the ICC positive cells were distributed in the
muscle layer and had a long fusiform-to-oval shape. There
were a smaller number of ICC positive cells in the model
group compared with the control group (P <0.05). The number

Figure 3 Rabbit SO tissue electron microscopy (1.0 um), (A) Normal group, (B) Model group, (C) Treatment group. The definitions of the abbreviations in the picture are
as follows: interstitial cells of Cajal (ICC), smooth muscle cells (SMC), nucleus (N), nucleolus (Nu), mitochondria (M), rough endoplasmic reticulum (RER), collagen fibers

(CF), dense spots (DPs), and dense bodies (DBs).
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Figure 4 (A) Normal group, (B) Model group, (C) Treatment group: Rabbit SO tissue, nerve fiber PGP9.5 in the inner muscular layer detected by laser confocal microscopy,
red light is PGP9.5, blue light is DAPI. (D) Normal group, (E) Model group, (F) SGD treatment group: o-actin labeled rabbit SO tissues were examined by laser confocal
microscopy (400%, 20 um), with a-actin in red light and DAPI in blue light. (G) fluorescence intensity of PGP9.5 (IOD) in the SO tissue of rabbits in each group; (H) The
fluorescence intensity (IOD) of a-actin labeled SMC in the SO tissue of rabbits in each group. Arrows indicate positive expression.*** indicates the comparison between the
model group and the control group, P<0.05, *indicates the comparison between the model group and the treatment group, P<0.05. In a-action, ** indicates the comparison
between the model group and the control group, P<0.05, * indicates the comparison between the model group and the treatment group, P<0.05.

of ICC positive cells increased in the SGD group, and the
difference was statistically significant. The ratio of double-
positive cells to ICC positive cells showed the apoptosis rate
of the ICC. The results revealed that the apoptosis rate of the
ICC increased in the model group compared with the control
group (P < 0.01). However, the proportion in the SGD group
significantly decreased compared with the model group (P <
0.05; see Figure 06).

Detection of the Apoptosis Pathway of
Caspase-3/Bax/Bcl-2 in Interstitial Cells of
Cajal

Caspase-3 is an effector protease located downstream of

the caspase family and is a very critical protein in the

process of apoptosis. The Bcl2 family can promote or
inhibit apoptosis. Both Bcl2 and Bax are important
members of the Bcl2 family. Bcl2 has the effect of
inhibiting apoptosis, and Bax has the effect of promot-
ing apoptosis. In this study, the expression of cleaved
caspase-3, Bax, and Bcl-2 in the SOs was detected by
immunohistochemistry. The results in the model group
revealed that, compared with the control group, the
average optical density of cleaved caspase-3 and Bax
increased while that of Bcl-2 decreased (P < 0.05). In
the SGD group, compared with the model group, the
average optical density of cleaved caspase-3 and Bax
decreased while that of Bcl-2 increased (P < 0.05; see
Figure 7). Western blot analysis was performed to detect
the expression levels of c-kit, cleaved caspase-3, Bax,
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Wl SP Nerve Fiber
NO Nerve Fiber

Figure 5 (A) Normal group, (B) Model group, (C) Treatment group: Rabbit SO tissue, nerve fiber in the inner muscular layer detected by laser confocal microscopy, SP
and n-NOS respectively labeled SP nerve fibers (green light) and NO nerve fibers (red light) in rabbit SO tissue. The blue light is DAPI. Arrows indicate positive
expression. ** indicates that the model group is compared with the control group, p<0.05, * indicates that the model group is compared with SGD group,p<0.05.In
NO, ** indicates that the model group is compared with the control group, p<0.05, * indicates that the model group is compared with SGD group, p<0.05.
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Figure 6 Results of ICC and TUNEL fluorescence staining in the SO tissue of rabbits (400%, 20 um); Blue is DAPI staining, red is c-kit positive ICC cell staining, green is
TUNEL apoptotic cell staining. (A) Normal group, (B) Model group, (C) Treatment group, (D) ICC double positive expression rate. The model group vs the control group,
#4P < 0,001, The SGD group vs the model group, “P < 0.001. Arrows indicate positive expression.

and Bcl-2 in the SO tissue of the control, model, and
SGD groups. The results reveal that the expression of
cleaved caspase-3 and Bax protein significantly
increased in the model group (P < 0.001 for all) com-
pared with the control group, and the expression of c-kit

and Bcl-2 protein significantly decreased in the model

group (P < 0.001 for all). Compared with the model
group, the expression of cleaved caspase-3 and Bax
protein in the SO tissue of the SGD group significantly
decreased (P < 0.01) while the expressions of c-kit and
Bcl-2 protein in the SO tissue of the SGD group sig-
nificantly increased (all P < 0.05; see Figure 8).
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Figure 7 Immunohistochemical results of cleaved caspase-3, Bax, and Bcl2 in SO tissue (400x); a, b, and c: cleaved caspase-3 immunohistochemical results in the normal
group, model group, and SGD treatment group, respectively; d, e, and f: Bax immunohistochemical results in the normal group, model group, and treatment group,
respectively; g, h, and i: Bcl2 immunohistochemical results of the normal group, the model group, and the treatment group, respectively. The brown or brown cytoplasm is
the expression of the corresponding positive protein (¥). (A—C) The negative controls for cleaved caspase-3, Bax, and Bcl2 using control samples, respectively. (D—F)
Respectively fluoresced caspase-3, Bax, and Bcl2 (IOD) in the SO tissue of rabbits in each group. The model group vs the control group, ***P < 0.001. The SGD group vs the
model group##P<0.01, *¥P < 0.001.
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Figure 8 (A) the protein band; (B-E) the protein results of c-kit, Bcl2, Bax, and cleaved caspase-3 in rabbit SO tissue, respectively. The model group vs the control group,
#4P < 0,001, the SGD group vs the model group, *P < 0.05, P < 0.01, *#P < 0.001.

Detection of the Stem Cell Factor/c-Kit expression of SCF mRNA significantly decreased in the

Signaling Pathway and Tumor Necrosis model group (P < 0.001). Compared with the model group,
Factor-a. P athway the expression of SCF mRNA increased in the SO tissue of

The SCF is often used as a natural ligand for the c-kit the SGD group (P < 0.001). The expression of the TNF-a
receptor, and the tumor necrosis factor (TNF-q) is gener- ~MRNA significantly increased in the model group (P <

ally considered a pro-inflammatory cytokine and apopto- ~ 0.01) compared with the control group. Compared with the

sis-inducing factor. Compared with the control group, the  model group, the expression of TNF-oo mRNA in the SO
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Figure 9 (A and B) the results of SCF and TNF-o. mRNA in the SO tissue of rabbits in each group. The control group vs the model group, **P < 0.01, ***P < 0.001. The

SGD group vs the model group *P < 0.01, P = 0.001 or less.

tissue of the SGD group significantly decreased (P < 0.01;
Figure 9).

Discussion

The SO is an important structure located at the junction of
the biliopancreatography and the duodenum and not only
regulates the excretion of bile and pancreatic juice but also
controls the anti-reflux effect.'”'® High cholesterol can
lead to SOD in rabbits. Szilvassy et al'®* first reported
hypercholesterolemia and hypertriglyceridemia with SOD.
In 2000, Wei et al'® successfully established a rabbit SOD
model by feeding cholesterol to New Zealand rabbits; the
researchers found that high cholesterol level induced SOD
in rabbits. In addition, the SO in rabbits is exposed to the
duodenal wall, so it is a good animal to study.?'

Herbal medicines have always been an important
resource for the discovery of candidate drugs.’>** The
SGD originated from Zhongjing Zhang’s Treatise on
Febrile Diseases. SGD is a commonly used compound
preparation comprising a 1:1 ratio of Shaoyao and
Gancao and is used for the treatment of pain-related dis-

eases. Researchers have discovered that SGD reduces
muscle tension, relieves spasms, and provides
analgesia.”**> Multiple studies have verified that

Shaoyao and Gancao have antispasmodic and smooth-
muscle relaxation effects and can act synergistically

when used together.?®® Existing studies conducted by
the research team also confirmed that paeoniflorin, an
extract of Shaoyao, and SGD can relax the muscle rings
of hypercholesterolemic rabbits.?*>° Additionally, SGD is
very effective at treating SOD in clinical practice.'? In the
present study, the histological structure of the SO and the
cellular structure of ICC were observed by H&E staining
and TEM. SGD administration demonstrated the ability to
repair the structure and ultrastructure of the SO to different
degrees.

The motor activity of the SO is involved in a variety of
regulatory mechanisms including intestinal nerve activity,
smooth muscle contraction function, and the ICC.%!
Existing research revealed a special functional relationship
of the ENS-ICC—SMC network in the form of a synaptic
connection between the ENS and the ICC** and a gap
junction between the ICC and the SMCs,”
the formation of a complete functional structure that is

resulting in

important in gastrointestinal motility.***> Studying this
network is important in the search for effective treatment
methods for SOD. The ICC are considered “information
integration transit stations” for the transmission of ENS
signals to the SMCs. The ICC are also primary target cells
of multiple different types of nerve fibers that include
different types of receptors on their surface. In addition,
SP and nNOS are closely related to the ICC, providing

https:
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evidence for the role of the ICC in nerve signal transmis-
sion and regulation.”*

NO is an autocrine and paracrine signaling pathway
molecule that can inhibit smooth muscle contraction. The
introduction of NO to the intestinal nervous system as an
inhibitory neurotransmitter has been important research
progress.’” Studies have found that the ICC play an impor-

3 In selected

tant role in NO signaling transmission.
inflammatory bowel diseases, the ICC were seriously
damaged, and the gastrointestinal tract was highly
expanded, resulting in the absence of electrical activity.>
SP is a member of the tachykinin family and primarily
exists in the efferent neurons of the ENS; it is released by
excitatory neurons and acts as an excitatory neurotrans-
mitter that can enhance the contraction of intestinal
smooth muscle and promote intestinal movement. NO
and SP have relational regulatory roles in the gastrointest-
inal tract and function in a coordinative and cooperative
manner.*® The present study revealed that, compared with
the control group, the IOD value of SP in the SO tissue of
the model group significantly increased, and the expres-
sion of NO in the model group significantly decreased. It
is speculated that the excitatory neurons were activated
when the SO was continuously stimulated by damage.
Continuous activation produces impulse and release SP
to enhance sphincter contraction, promotes the activity of
immune cells, coordinates the migration of immune cells,
and results in the inhibition of the release of NO (an
inhibitory neurotransmitter), leading to SOD. Following
a period of SGD treatment, the NO inhibitory neurotrans-
mitter will increase, and the SP excitatory neurotransmitter
will decrease. This will result in different degrees of repair
of the nerve fibers and smooth muscle. It is speculated that
during the occurrence and development of SOD and the
treatment with SGD, NO and SP have important functions.
However, a relevant experiment revealed that expressions
of nNOS and SP decreased in patients with gastric stromal
ICC deficiency and type 2 diabetes mellitus.*' Therefore,
the exact mechanism in this regard is unclear and requires
more research.

In the present study, immunofluorescence staining was
performed for PGP9.5 and SMCs (o-action). The results
revealed that compared with the control group, the expres-
sion of PGP9.5 in nerve fibers and SMCs in the SO tissue
of the SOD model rabbits
Following a period of SGD treatment, the expression of
PGP9.5 in nerve fibers and SMCs was increased. It is

speculated that the occurrence of SOD disease led to

significantly decreased.

a decrease in the number of nerve fibers and SMCs, and
that SGD can protect nerve fibers and SMCs. However, the
results of an existing study*” also revealed that, in the
acute stage of diabetes, intestinal neurogliocytes could
protect intestinal epithelial neurons from injury by releas-
ing various nutritional factors and safeguard the expres-
sion of PGP9.5 without significant change. As an
important component of the ENS-ICC-SMC pathway,
the activity and expression of neurons are affected by
many factors. Understanding the role of nerves in the
SOD process remains a significant challenge. As such,
additional focus and discussion should be given to the
ENS in future experiments.

Past research has indicated that gastrointestinal injury
may lead to a decrease in the number of the ICC. ICC loss
has been associated with slow transit constipation, chronic
idiopathic intestinal obstruction, diabetes, and other human
dyskinesia.*>*® The mitochondrial pathway is considered
to be the most important pathway of apoptosis. In
a pathological state, the permeability of the mitochondria
increases, and cytokines are released, promoting apoptosis.
This activates caspase-3, the primary executor of apopto-
sis. However, the activation of caspase is strictly con-
trolled by the Bcl-2 family of proteins?’ that can be
divided into anti-apoptotic and pro-apoptotic Bcl-2 pro-
teins. Bcl-2 can inhibit apoptosis while Bax can activate
apoptosis.*® TNF-a is an inflammatory cytokine that is
responsible for various signaling events in cells, leading
to necrosis or apoptosis.*’ The SCF/c-kit receptor tyrosine
kinase signaling pathway plays a key role in the regulation
of cell development in various mammalian organs. The
ICC depend on the expression of the c-kit—SCF signal to
maintain their phenotype;*>! destruction of the SCF/c-kit
signaling pathway will lead to the failure of the ICC and
abnormal electromechanical coupling.”?

In the present study, the effect of SGD on the apoptosis
of the ICC in the SO of hypercholesterolemic rabbits and
its related mechanisms were studied. The markers selected
in this study are widely considered indicators and methods
of ICC apoptosis detection.” Through a variety of experi-
mental techniques, ICC apoptosis was found not only as
the pathogenesis of SOD but also had a key link with SGD
in SOD treatment. The results of TUNEL and c-kit immu-
nofluorescence double staining revealed that in the model
group, the number of the ICC was the largest, and the
apoptosis rate was the highest. This was followed by the
SGD group, and the lowest rate was found in the normal
control group. The results of immunohistochemistry,
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Western blot analysis, TUNEL, and c-kit double staining
also confirmed that in the model group, the number of
apoptotic ICC increased, and the expression of cleaved
caspase-3 and Bax protein was higher than in the SGD and
control groups. In the SGD group, the number of apoptotic
ICC and the expression levels of cleaved caspase-3 and
Bax protein were smaller and lower than in the model
group but larger and higher than in the control group.
The expression of Bcl-2 was the highest in the control
group, and higher than in the SGD and model groups. To
determine the overall expressions of SCF and TNF-a in
the SO, real-time PCR was performed. The present study
also revealed that in the model group, the expression of
SCF mRNA significantly decreased. Following SGD treat-
ment, SCF mRNA increased, suggesting that the blocking
of the SCF/c-kit signaling pathway may be related to the
consumption of the ICC in SOD. After blocking the SCF/
c-kit signaling pathway, SGD was able to promote the
recovery of the ICC. Other experimental data also con-
firmed that dysfunction in the SCF/c-kit signal transduc-
tion may serve as a basis for the decline in the number of
ICC and their network function in diseases. In the model
group, the expression of TNF-oo mRNA was significantly
higher compared with the control group. Following SGD
treatment, the TNF-a in SOD rabbits decreased. These
results suggest that TNF-a is also involved in the devel-
opment of SOD and the mechanism of SGD treatment.

Conclusion

This study’s results suggest that the occurrence and
development of SOD are closely related to the ENS-—
ICC-SMC network in the SO. After a period of SGD
treatment, the number of ICC increased and the apopto-
sis rate of the ICC significantly decreased when com-
pared with SOD rabbits, suggesting that SGD may
protect the ICC (by inhibiting ICC apoptosis) and may
regulate the movement of the SO by affecting the ICC.
These observations will contribute to the development
of new therapeutic strategies. However, the regulation
and apoptosis mechanisms in the ENS-ICC—SMC net-
work are extremely complex. Experimental and clinical

studies are needed to support this view.
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