PHARMACEUTICAL BIOLOGY
2023, VOL. 61, NO. 1, 249-258
https://doi.org/10.1080/13880209.2023.2166966

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS ".) Check for updates‘

Chaihu Shugan San promotes gastric motility in rats with functional dyspepsia by

regulating Drp-1-mediated ICC mitophagy

Li Li*, Qingling Jia*, Xiangxiang Wang, Yujiao Wang, Chenheng Wu, Jun Cong and Jianghong Ling

Shuguang Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, People’s Republic of China

ABSTRACT

Context: Chaihu Shugan San (CHSGS) was effective in the treatment of functional dyspepsia (FD).
Objective: To investigate the mechanism of CHSGS in FD through dynamin-related protein 1 (Drp-1)-
mediated interstitial cells of cajal (ICC) mitophagy.

Materials and methods: Forty Sprague-Dawley (SD) rats were randomly divided into control, model,
mdivi-1, mdivi-1 + CHSGS and CHSGS groups. Tail-clamping stimulation was used to establish the FD
model. Mdivi-1 4+ CHSGS and CHSGS groups were given CHSGS aqueous solution (4.8g/kg) by gavage
twice a day. Mdivi-1 (25mg/kg) was injected intraperitoneally once every other week for 4 w.
Mitochondrial damage was observed by corresponding kits and related protein expressions were assessed
by Immunofluorescence and (or) Western Blot.

Results: Compared with the mean value of the control group, superoxide dismutase (SOD) and citrate
synthase (CS) in the model group were decreased by 11% and 35%; malondialdehyde (MDA) and reactive
oxygen species (ROS) were increased by 1.2- and 2.8-times; ckit fluorescence and protein expressions
were decreased by 85% and 51%, co-localization expression of LC3 and voltage dependent anion channel
1 (VDAC1), Drp-1 and translocase of the outer mitochondrial membrane 20 (Tom20) were increased by
10.1- and 5.4-times; protein expressions of Drp-1, Beclin-1, and LC3 were increased by 0.5-, 1.4-, and 2.5-
times whereas p62 was decreased by 43%. After mdivi-1 and (or) CHSGS intervention, the above situation
has been improved.

Discussion and conclusion: CHSGS could improve mitochondrial damage and promote gastric motility
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in FD rats by regulating Drp-1-mediated ICC mitophagy.

Introduction

Functional dyspepsia (FD) is the common clinical digestive dis-
order, mainly manifested by pain or burning sensation in the
upper abdomen, postprandial abdominal fullness and early satiety
(Madisch et al. 2018). Epidemiological data show that the preva-
lence of FD is as high as 10% worldwide, and the incidence is
increasing year by year, which seriously affects the quality of
patients’ life (Barberio et al. 2020; Ford et al. 2020). The pathogen-
esis of FD is not yet clear, and gastric motility disorder is one of
the classical pathogeneses of FD, which plays an important role in
the formation and development of FD (Wauters et al. 2020).

Mitophagy is a normal physiological activity of cells and one
of the forms of autophagy (Mizushima and Komatsu 2011).
Mitochondrial division inhibitor (Mdivi-1) is a mitochondrial
division protein inhibitor that inhibits dynamin-related protein 1
(Drp-1) self-assembly and mitochondrial division by inhibiting
GTPase activity (Liu et al. 2020; Ding et al. 2022). Drp-1 is a key
protein that regulates mitochondrial division, and its overexpres-
sion leads to accelerated mitochondrial division and accelerated
mitophagy, which in turn exacerbates gastrointestinal motility
disorders (Rovira-Llopis et al. 2017).

Chaihu Shugan San (CHSGS) is a classical formula for de-
stressing the liver and relieving depression, promoting qi and

relieving pain, and strengthening the spleen and harmonizing the
stomach. Our group is committed to the study of the therapeutic
mechanism of CHSGS in the treatment of FD (Tan et al. 2019).
The results of previous experiments showed that FD rats showed
a large number of autophagic vesicles along with mitochondrial
swelling and even vacuolization (Zhang et al. 2018), and CHSGS
could inhibit excessive autophagy of ICC in gastric tissue of FD
rats and exert a pro-gastric motility effect (Tan et al. 2019).
Although it is known that CHSGS could reduce ICC autophagy
in FD rats, its specific mechanism has rarely been investigated.
Therefore, we explored the mechanism of CHSGS to improve
mitochondrial damage and promote gastric motility in FD rats
through Drp-1-mediated ICC mitophagy.

Materials and methods
Animals

Forty specific pathogen-free (SPF) Sprague-Dawley (SD) rats
(210+10g), were purchased from Zhejiang Weitong Lihua
Laboratory Animal Technology Co., Ltd., housed in SPF-grade
barrier environment at the Experimental Animal Center of
Shanghai University of Traditional Chinese Medicine (TCM),
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with alternating 12h light and dark cycles, relative temperature
22+2°C, and relative humidity 55+2%. This study was
approved by the Animal Ethics Committee of Shanghai
University of TCM (PZSHUTCM210625006).

CHSGS and its preparation

CHSGS was provided by Shuguang Hospital affiliated to
Shanghai University of TCM. According to the proportion of the
original formula, 16g each of Bupleuri Radix (Curcuma phaeo-

caulis Val. [Gingeraceae], Chaihu) and Citri Reticulatae
Pericarpium (Cirtus reticulata Blanco [Rutaceae], Chenpi), 12g
each of Paeoniae Radix Alba (Paeonia lactiflora Pall.

[Ranunculaceae], Baishao), Chuanxiong Rhizoma (Ligusticum
chuanxiong Hort. [Umbelliferae], Chuanxiong), Aurantii Fructus
Immaturus (Citrus aurantium L. [Rutaceae], Zhishi), and Cyperi
Rhizoma (Cyperus rotundus L. [Cyperaceae], Xiangfu), and 4 g of
Glycyrrhizae Radix et Rhizoma Praeparata cum Melle
(Glycyrrhiza uralensis Fisch. [Leguminous], Zhi Gan Cao) were
weighed, soaked in distilled water for 30min, boiled on high
heat, and decocted on low heat for 30 min; the decoction was
combined after 2 repetitions, and evaporated to 175 mL by heat-
ing in a water bath, stored in a refrigerator at 4°C, and made
into aqueous decoction concentrate with a raw drug concentra-
tion of 0.48 g/mL and re-decocted every 2 d.

Reagents

Mdivi-1 (S7162) was purchased from Shanghai Selleck (Shanghai,
China). Rabbit anti-Drp-1 (ab184247) was from Abcam
(Cambridge, UK). Rabbit anti-ckit (3074), rabbit anti-Beclin-1
(3738S), rabbit anti-p62 (23214S), rabbit anti-LC3 (4108S),
mouse anti-B-actin (3700S), anti-rabbit IgG, HRP-linked anti-
body (7074P2), and anti-mouse IgG, HRP-linked antibody
(7076P2) were purchased from Cell Signaling Technology (MA,
USA). Mouse anti-voltage dependent anion channel 1 (VDACI)
(sc-390996), and mouse anti-outer mitochondrial membrane 20
(Tom20) (sc-17764) were provided by Santa Cruz Biotechnology,
Inc., (CA, USA). Bovine serum albumin (BSA) (ST023), alexa
fluor 488-labeled goat anti-rabbit IgG (H+L) (A0423), Cy3-
labeled goat anti-rat IgG (H+L) (A0507), antifade mounting
medium with 4',6-diamidino-2-phenylindole (DAPI) (P0131),
and sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel quick preparation kit (P0012AC) were from
Shanghai Beyotime Biotechnology Co., Ltd., (Shanghai, China).
Mitochondrial extraction kit (SM0020) was purchased from
Beijing Solarbio Science & Technology Co., Ltd., (Beijing,
China). EZ-Buffers H 10X tris buffered saline with tween 20
(TBST) buffer (C520009) was from Shanghai Sangon Biotech
Co., Ltd., (Shanghai, China). Rat citrate synthase (CS) enzyme
linked immunosorbent assay (ELISA) kit (EK-R30678) was pur-
chased from Shanghai Enzyme research Biological Technology
Co., Ltd., (Shanghai, China). Reactive oxygen species (ROS) assay
kit (E004-1-1), superoxide dismutase (SOD) assay kit (A001-3-2),
and malondialdehyde (MDA) assay kit (A003-1-2) were provided
by Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Grouping, modelling and drug administration

After 1 week of adaptive feeding, 40 SD rats were randomly div-
ided into control group (C), model group (M), mdivi-1 group
(mdivi-1), mdivi-1+ Chaihu Shugan San group (mdivi-

1+ CHSGS), and Chaihu Shugan San group (CHSGS), 8 rats in
each group. All groups, except the control group, were modelled
with reference to the modified tail-clamping stimulation method
(Wu et al. 2020; Hou et al. 2022) for 30 min each time, 2 times/d
for 4 week. Based on the previous study, the effect was better in
the CHSGS group at a dose of 4.8 g/kg (Zhang et al. 2018), so the
mdivi-14 CHSGS and CHSGS groups were given 4.8 g/kg aque-
ous solution, and the model group was given the same volume of
normal saline at 1.0 mL/100 g by gavage once in the morning and
once in the evening at an interval of 12h for 4 w. Mdivi-1 was
injected intraperitoneally once every other week at a dose of
25 mg/kg.

Preparation of semi-solid paste

Dissolved 5g of sodium carboxymethyl cellulose, 8g of skim
milk powder, 4g of starch and 4 g of sugar in 125mL of distilled
water, mixed thoroughly to make 150mL of nutritional semi-
solid paste (Zhang et al. 2018).

Specimen collection and processing

After the last administration, the rats were fasted for 12h. On the
following day, the rats were gavaged with semi-solid paste and
anesthetized with 2% sodium pentobarbital after 30 min. The whole
stomach was exposed, and the cardia and pylorus were quickly
ligated with surgical wires, the connective tissues on the surface of
the stomach were stripped, and the mass of the whole stomach was
weighed, the stomach was cut along the greater curvature and con-
tents were rinsed with saline, the mass of the empty stomach was
weighed after wiping dry with filter paper. The gastric sinus tissue
was partially placed in 5% glutaraldehyde and 4% paraformalde-
hyde for fixation and storage, and the mitochondria were partially
extracted according to the instructions of the mitochondrial extrac-
tion kit, and the rest was stored in the refrigerator at —80°C.

Determination of gastric emptying rate and small intestinal
propulsion rate by semi-solid paste method

Calculations were performed according to the following formula:
gastric emptying rate = [1 - (whole stomach mass - empty
stomach mass)/semi-solid paste mass] x 100%, small intestine
propulsion rate (%) = distance of semi-solid paste advanced in
small intestine/total length of small intestine x 100% (Liang
et al. 2018; Zhu et al. 2020).

Histopathological changes in rat gastric antrum tissue
observed by HE staining

After the slices were dewaxed, hematoxylin staining was per-
formed for 2min, eosin staining for 90s oven at 60°C for
30 min, and neutral resin sealing to observe the histopathological
changes of gastric antrum sinus (Yi et al. 2022).

Determination of mitochondrial SOD content in rat gastric
tissues by WST-1 method

The mitochondria of fresh gastric tissue were taken, operated
according to the instructions, and then added each sample to be
tested in turn, mixed thoroughly and incubated in 37°C oven



for 20-30 min, measured the OD value at wavelength 450 nm and
calculated the SOD content.

Determination of mitochondrial MDA content in rat gastric
tissues by TBA method

The mitochondria of fresh gastric tissue were taken, processed
according to the instructions, and the supernatant was taken
after centrifugation at 4000rpm for 10min. The absorbance
value of each sample was measured at 532nm and the MDA
content was calculated.

Determination of mitochondrial ROS level in rat gastric
tissue by chemofluorescence method

The mitochondria of fresh gastric tissue were taken, and the
fluorescence intensity was measured at excitation wavelength
485nm and emission wavelength 525nm according to the pro-
cedure of the kit.

Determination of serum CS content in rat gastric tissue by
ELISA

The rat serum CS content was determined according to the
instructions of the kit. The absorbance A of each sample was
read at 450 nm wavelength of the enzyme standard meter, and
the standard curve was plotted to calculate the concentration
value of each sample.

Observation of mitochondrial structure of ICC in rat gastric
antrum tissue by transmission electron microscope (TEM)

Gastric antrum tissues were rapidly placed in 2.5% glutaralde-
hyde fixation for 2h, rinsed and then fixed with 1% osmium
fixative for 2h, double distilled water rinsing, ethanol dehydra-
tion in steps for 10 min, block staining with 3% dioxin acetate in
70% ethanol at 4°C, and after that, propylene oxide replacement,
Epon812 embedding solution with propylene oxide infiltration
(1:1, 2h; 2:1, overnight), pure Epon812 embedding solution was
infiltrated at 37°C for 6h. Sections were baked at 60 °C for 48 h,
electronically stained with lead citrate, and observed and photo-
graphed by TEM (Hitachi, H-7650, Japan).

Observation of ckit, LC3 and VADC1, drp-1 and Tom20
expression in gastric antrum tissue by immunofluorescence

After xylene dewaxing, antigen repaired with 0.01 mol/L citrate
buffer for 15min, natural cooling to room temperature, 10%
BSA blocked at room temperature for 1h, primary antibodies
(ckit, 1:200; LC3&VADCI, 1:200; Drp-1&Tom20, 1:200) were
added overnight at 4°C, added corresponding fluorescent sec-
ondary antibody (1:200) at room temperature and protected
from light for 1h. The nuclei were stained with DAPI for 5 min,
and expressions was observed by fluorescence confocal micros-
copy (Leica TCS SP8 CARS, German).
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Detection the expression of ckit and mitophagy-related
proteins drp-1, p62, beclin-1, and LC3 in gastric antrum
tissue by Western blot

10% SDS-PAGE was separated by electrophoresis for 90 min, the
membrane was transferred by wet transfer method (300 mA, 30-
90 min), 5% skimmed milk was closed for 2h at room temperature
in a shaker, rabbit anti-ckit, Drp-1, p62, Beclin-1, LC3 (1:1000)
and B-actin (1:5000) were incubated overnight at 4°C in a refriger-
ator in a shaker; the next day, the relevant secondary antibodies
(1:2000) were incubated for 1h at room temperature, the mem-
brane was washed in TBST bulffer, ultrasensitive enhanced chemi-
luminescence (ECL) luminescent solution was developed, the
grayscale values of the protein bands were analyzed by Image J,
and the target protein grayscale values/B-actin grayscale values
were used to reflect the relative levels of the target proteins.

Statistical analysis

SPSS27.0 statistical software was used to analyze the data, and
the results were expressed as mean + standard deviation (means
+ SD), and one-way analysis of variance (ANOVA) was used for
comparison among multiple groups, with p < 0.05 representing a
statistically significant difference.

Results

Effects of CHSGS on pathological changes of gastric antrum
tissue in FD rats

Pathological changes of rat gastric sinus tissue were observed by
HE staining to determine whether the modeling was successful.
The gastric antrum tissue of rats in the control group had nor-
mal morphology, clear and complete hierarchical structure, dis-
tinct mucosal and muscular layers, and regular glandular
structure; compared with the control group, a small amount of
neutrophil infiltration was seen in the mucosal layer of the
model group, with intact structural levels and no obvious patho-
logical changes; there was no inflammatory cell infiltration in
mdivi-1 group, mdivi-1 + CHSGS group and CHSGS group, and
no pathological changes such as erosion and ulcer were found in
each mucosal layer and muscular layer, as shown in Figure 1.

Effects of CHSGS on gastric emptying rate and small
intestinal propulsion rate in FD rats

Semi-solid paste method for gastrointestinal motility. The gastric
emptying rate (32.16+4.85) and small intestinal propulsion rate
(68.45+6.89) in the model group was significantly decreased
compared with the control group (52.84+7.02; 82.44+5.57)
(p <0.01). Compared with the model group, the gastric emptying
rate and small intestinal propulsion rate in the mdivi-1 group
(42.95 +5.32; 76.37 £ 7.31), mdivi-1 + CHSGS group (48.59 +9.48;
79.15+8.16) and CHSGS group (45.07 +7.34; 76.59 +7.24) were
significantly increased (p < 0.05, p < 0.01), as detailed in Table 1.

Effects of CHSGS on the expression of ckit in gastric antrum
tissue of FD rats

CKkit is a tyrosine kinase receptor that specifically expresses ICC,
and abnormalities in ICC number or function have important
effects on gastrointestinal motility (Joung et al. 2021). The fluor-
escence results showed that the expression of ckit in the model
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Figure 1. HE staining of rat gastric antrum tissue in each group (HE, x200).

Table 1. Effects of CHSGS on gastric emptying rate and small intestinal propul-
sion rate in FD rats.

Gastric Small intestinal

emptying propulsion
Group n rate (%) rat (%)
Control 8 52.84+7.02 82.44+557
Model 8 32.16 +4.85%* 68.45 + 6.89%*
mdivi-1 8 42.95 +5.32% 7637+7.31%
mdivi-1 + CHSGS 8 48.59 +9.48" 79.15+8.16"
CHSGS 8 45,07 +7.34™ 76.59 +7.24"

Data were presented as means + SD, compared with C, **p < 0.01, compared
with M, *p < 0.05, #p < 0.01.

group (6392.2 £ 950.8) was significantly decreased compared with
the control group (43574.3+£5376.4) (p<0.01); compared with
the model group, the expression of ckit in the mdivi-1 group
(33532.8 £6627.5), mdivi-1+ CHSGS (38336.5+3693.4) and
CHSGS group (35065.2+5246.5) was significantly increased
(p<0.01), see Figure 2(A,B) for details. Western Blot results sug-
gested that the expression of ckit in the model group
(0.37+0.06) was significantly decreased compared with the con-
trol group (0.76+0.14) (p<0.01); compared with the model
group, the expression of ckit in the mdivi-1, mdivi-1 + CHSGS
and CHSGS groups was significantly increased (0.63+0.13;
0.83+0.12; 0.69 +£0.09) (p<0.01), as detailed in Figure 2(C,D).

Effects of CHSGS on mitochondrial MDA - SOD content in
gastric tissue of FD rats

MDA can indirectly reflect the degree of mitochondrial peroxida-
tive damage (Tian et al. 2019). SOD can remove the harmful
superoxide anion and achieve anti-oxidative stress (Yang et al.
2019; Liu et al. 2020). The mitochondrial MDA content in the
model group was significantly increased (31.3+1.9), whereas
SOD content was significantly decreased (189.4 +12.8) compared
with the control group (14.2+2.0; 213.0+11.4) (p <0.01); com-
pared with the model group, MDA content of mdivi-1 group
(22.7+1.5), mdivi-1+4+ CHSGS group (18.5+1.4) and CHSGS
group (25.2+2.2) were significantly decreased (p <0.01), and
SOD content was significantly increased in the mdivi-1 group

mdivi-1

(204.5+9.8), mdivi-1+ CHSGS group (217.1+7.6) and CHSGS
group (203.8 +14.6) (p <0.05, p < 0.01), as detailed in Table 2.

Effects of CHSGS on serum CS, and mitochondrial ROS
content in the gastric tissue of FD rats

Besides, CS and ROS have also the important role in maintaining
normal mitochondrial function (Zhao et al. 2019; Ranjbarvaziri
et al. 2021). The serum CS content in the model group
(11.7£2.5) was significantly decreased, and the mitochondrial
ROS content was significantly increased (16467.7 £2509.4) com-
pared with the control group (17.9+3.1; 4385.1+665.5)
(p <0.01); compared with the model group, serum CS content of
mdivi-1 group (14.5%2.0), mdivi-1+ CHSGS group (16.6+3.2)
and CHSGS group (15.7+2.8) was significantly increased
(p <0.05, p<0.01), and mitochondrial ROS content was signifi-
cantly decreased in the mdivi-1 group (10497.8 +1902.0), mdivi-
1+ CHSGS group (8183.5+1374.6) and CHSGS group
(9512.4+918.8) (p < 0.01), as detailed in Table 3.

Effects of CHSGS on the ultrastructure of the ICC
mitochondria in gastric antrum tissue of FD rats

Next, mitochondrial structure of ICC in rat gastric sinus tissues
observed by TEM. In the control group, the morphological struc-
ture of ICC was clear, with long shuttle shape or oval shape,
intact nuclear membrane, complete organelle structure, and a
large number of mitochondria in the cytoplasm; in the model
group, the shape of mitochondria was vague and branched, the
mitochondria were swollen, dilated and vacuolated, and a large
number of autophagic lysosomes were visible; the mitochondria
were relatively intact, without obvious mitochondrial fission, and
a small number of autophagic lysosomes could be seen in the
mdivi-1 group; the mitochondrial morphology and structure of
mdivi-1 4+ CHSGS group and CHSGS group was clearer, with
higher cristae density, long shuttle-shaped mitochondria, intact
nuclear membrane, and a small amount of mitochondrial fusion
and division, see Figure 3 for details.
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Figure 2. Expression of ckit in FD rats detected by Immunofluorescence and Western Blot. (A) Immunofluorescence. (B) Results of ckit Immunofluorescence. (C)
Western Blot. (D) Results of ckit Western Blot. Data were presented as means + SD, compared with C, **p < 0.01, compared with M, *p < 0.01.

Table 2. Effects of CHSGS on mitochondrial MDA, SOD content in gastric tissue
of FD rats.

Table 3. Effects of CHSGS on serum CS, and mitochondrial ROS content in the
gastric tissue of FD rats.

MDA SOD cs ROS
Group n (umol/gprot) (U/mgprot) Group n (U/L) (RFU/mgprot)
Control 8 14.2+2.0 213.0+114 Control 8 17.9+3.1 4385.1 +665.5
Model 8 313+ 1.9%* 189.4+12.8%*  Model 8 11.7 £2.5%% 16,467.7 + 2509.4**
mdivi-1 8 227 +15% 204.5 +9.8* mdivi-1 8 14.5 +2.0* 10,497.8 + 1902.0%*
mdivi-1 + CHSGS 1+ CHSGS 8 18.5 +1.4" 217.1+7.6% mdivi-1 4+ CHSGS 1+ CHSGS 8 16.6 £3.2" 8183.5 + 1374.6""
CHSGS 8 252+22% 203.8+14.6" CHSGS 8 157 £2.8" 9512.4+918.8"

Data were presented as means + SD, compared with C, **p < 0.01, compared
with M, *p <0.05, #p < 0.01.

Data were presented as means + SD, compared with C, **p < 0.01, compared
with M, *p < 0.05, *p < 0.01.
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Figure 3. Effects of CHSGS on the ultrastructure of the ICC mitochondria in gastric antrum tissue of FD rats (TEM, x30,000). N stands for nucleus, Mito for mitochon-

dria, and autolysosomes were marked with arrows.

Effects of CHSGS on the fluorescence co-localization
expression of LC3 and VDAC1, drp-1 and Tom20 in gastric
antrum tissue of FD rats

To further confirm whether the mitochondria were wrapped by
autophagosomes, we co-localized the expression of the mitochon-
drial outer membrane protein VDACI and the autophagosomal
marker protein LC3; Drp-1, a key protein regulating mitophagy,
with the mitochondrial marker Tom20 by Immunofluorescence,
the co-localization expression of LC3 and VDACI was signifi-
cantly increased in the model group (5955.4+1599.0) compared
with the control group (536.8+147.8) (p<0.01); compared with
the model group, whereas the co-localization expression was
decreased in the mdivi-1, mdivi-1 4+ CHSGS and CHSGS groups
(840.6 £169.9; 320.2+115.8; 911.4+322.2) (p<0.01), as detailed
in Figure 4(A,B). The co-localization expression of Drp-1 and
Tom20 was significantly increased in the model group
(4946.4+1471.5) compared with the control group
(777.3+£136.8) (p<0.01); compared with the model group, the
co-localization expression was significantly decreased in the
mdivi-1, mdivi-1+ CHSGS and CHSGS groups (637.0+224.3;
522.1+187.5; 712.5+220.3) (p<0.01), see Figure 4(C,D) for
details.

Effects of CHSGS on the protein expression of mitochondrial
drp-1, p62, beclin-1, and LC3 in FD rats

Finally, we speculated whether CHSGS could exert a pro-gastric
motility effect by inhibiting Drp-1-mediated mitophagy. The pro-
tein expressions of mitochondrial Drp-1, Beclin-1, and LC3 in
the model group (0.75+0.20; 0.81+0.09; 3.32+1.12) were sig-
nificantly increased compared with the control group
(0.50+0.17; 0.34+0.10; 0.95+0.49) (p <0.05, p<0.01), and the
protein expression of p62 in the model group (0.44+0.17) was
significantly decreased compared with the control group
(0.77£0.12) (p < 0.01); compared with the model group, the pro-
tein expressions of Drp-1, Beclin-1, and LC3 in the mdivi-1

group (0.50+0.25; 0.40+0.13; 2.29+0.86), mdivi-1+ CHSGS
group (0.39+0.10; 0.31+0.12; 1.15+0.46) and CHSGS group
(0.54£0.24; 0.66+0.20; 2.00+0.93) were decreased significantly
(p <0.05, p<0.01) and the protein expression of p62 was signifi-
cantly increased in the mdivi-1 group (0.73+0.14), mdivi-
1+ CHSGS group (0.79+0.18) and CHSGS group (0.69+0.11)
(p<0.01), as detailed in Figure 5.

Discussion

Functional dyspepsia (FD) is a non-organic disease with the
main clinical symptoms of upper abdominal pain, epigastric dis-
tension, early satiety, belching, loss of appetite, nausea and vom-
iting, which can be persistent or recurrent. It's not clearly
recorded in ancient Chinese medical books, but many records of
“epigastric pain”, “fullness” and “noisiness” are related to the
clinical symptoms of FD. CHSGS is a classical representative for-
mula for soothing the liver and regulating qi, and the etiology
and clinical symptoms of the disease it treats coincide with the
clinical symptoms of gastrointestinal dysfunctional diseases. In
this formula, Bupleuri Radix is the ruling herb to regulate Qi in
the liver, modern pharmacological study has shown that the
main component of Bupleuri Radix, Chaihu Saponin A, has anti-
inflammatory and anti-ulcer effects (Li et al. 2020). Cyperi
Rhizoma and Chuanxiong Rhizoma invigorate blood circulation,
remove blood stasis, move Qi and relieve pain as the ministerial
medicines. Chuanxiong Rhizoma’s main component, ferulic acid,
is pro-gastric, antibacterial and anti-inflammatory, increases
immune function, helps improve other concomitant gastrointes-
tinal symptoms (Badary et al. 2006). Citri Reticulatae
Pericarpium, Paeoniae Radix Alba, and Awurantii Fructus
Immaturus regulate the Qi and stomach, soften the liver and
relieve pain, eliminate gangrene and disperse nodules as adju-
vants, modern pharmacology has confirmed that peony and its
active ingredient paeoniflorin have gastrointestinal regulation
and protection of gastric mucosa (Fang et al. 2012). Aurantii
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Figure 4. Effects of CHSGS on the fluorescence co-localization expression of LC3 and VDACI, Drp-1 and Tom20 in gastric antrum tissue of FD rats. (A)
Immunofluorescence of LC3 and VDAC1, (B) Colocalization of LC3 and VDACT Immunofluorescence. (C) Immunofluorescence of Drp-1 and Tom20. (D) Colocalization of
Drp-1 and Tom20 Immunofluorescence. Data were presented as means + SD, compared with C, **p < 0.01, compared with M, *p < 0.01.

Fructus Immaturus, Citri Reticulatae Pericarpium, and its active
ingredient hesperidin all have pro-gastrointestinal motility and
antidepressant effects ( Jia et al. 2022). Glycyrrhizae Radix et
Rhizoma Praeparata cum Melle harmonizes the medicinal

properties and acts as an enabler. Our group found that
CHSGS promoted ICC activity by regulating smooth muscle cell
(SMC) contraction; regulated stem cell factor (SCF)/ckit pro-
moted ICC differentiation as well as phospholnositide-3 kinase
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Figure 5. Effects of CHSGS on the protein expression of mitochondrial Drp-1, p62, Beclin-1, and LC3 in FD rats. (A) Western Blot. (B—E) Expression of Drp-1, p62,
Beclin-1 and LC3. Data were presented as means + SD, compared with C, *p < 0.05, **p < 0.01, compared with M, *p < 0.05, **p < 0.01.

(PI3K)/pyruvate dehydrogenase kinase 1 (PDK1) pathway to
inhibit ICC autophagy, thus exerting a pro-gastrointestinal motil-
ity effect. Besides, we also found a large number of autophagic
vesicles in the ICC of FD rats, accompanied by corresponding
structural changes in mitochondria (Zhang et al. 2018; Tan et al.
2019). The results of this study showed that CHSGS could sig-
nificantly increase the gastric emptying rate, small intestinal pro-
pulsion rate and ckit expression of FD rats, suggesting that
CHSGS has the effect of promoting gastrointestinal motility and
accelerating gastric emptying, which is consistent with our previ-
ous study.

Mitochondria are organelles with a double membrane struc-
ture and are the main source of cellular power (Annesley and
Fisher 2019). It was found that more than 90% of ROS are pro-
duced in mitochondria during aerobic respiration and metabol-
ism (Zorov et al. 2014). Mitochondria use the signaling pathway
of ROS to regulate cellular hypoxia, proliferation and inflamma-
tory responses (Zhao et al. 2019). When redox homeostasis is
disrupted, in response, the key mitochondrial antioxidant
enzyme, superoxide dismutase SOD, distributed in the mitochon-
drial matrix, will react with oxygen molecules to scavenge super-
oxide anions that are harmful to the organism to achieve
antioxidant stress (Yang et al. 2019; Liu et al. 2020). MDA is a
peroxidation product produced after ROS attack on unsaturated
fatty acids, which has the role of reflecting the potential antioxi-
dant capacity of mitochondria and can indirectly reflect the
degree of mitochondrial peroxidative damage (Tian et al. 2019).
CS is one of the key enzymes of the tricarboxylic acid cycle in
the organism, and changes in its expression level directly affect
mitochondrial ATP and free radical production, which has an
important role in maintaining normal mitochondrial function
(Ranjbarvaziri et al. 2021). There is evidence that a large number
of mitochondrial structures are located in the cytoplasm of the
rat myogastric tissue ICC by transmission electron microscopy,
providing a large amount of energy for the pacing of gastrointes-
tinal motility (Tan et al. 2019; Yu et al. 2021). Due to excessive
stress, excessive autophagy occurs in mitochondria, which
removes a large number of normal mitochondria, and the

number of mitochondria decreases and their function is
impaired, making them unable to provide energy for normal
ICC activities, resulting in a decrease in the number of ICCs and
thus causing gastric motility disorders. The results of this study
suggested that CHSGS intervention reduced mitochondrial ROS
and serum MDA levels, and increased serum SOD and CS con-
tent in gastric antrum tissue compared with the model group.
The mitochondrial morphology and structure of ICC was clearer,
and a small amount of mitochondrial fusion and division was
found under TEM, suggesting that CHSGS intervention could
reduce mitochondrial oxidative stress in FD rats.

Mitophagy is one of the forms of cellular autophagy, which
refers to the process in which mitochondria in cells undergo
depolarization and appear damaged under the action of external
stimuli such as oxidative damage, and the damaged mitochondria
are wrapped by autophagosomes and then fused with lysosomes,
while completing the degradation of the damaged mitochondria
(Springer and Macleod 2016; Chuang et al. 2020). Mdivi-1, a
quinazolone derivative, is a newly discovered mitochondrial div-
ision protein inhibitor with the ability to inhibit Drp-1 self-
assembly and mitochondrial division by inhibiting the activity of
GTPase (Liu et al. 2020; Ding et al. 2022). Study found that
mdivi-1 increases the survival of mitochondrial apoptosis in hep-
atocellular carcinoma (HCC) cells during hypoxia by blocking
Drp-1-mediated mitophagy (Lin et al. 2020). Drp-1, a member of
the kinesin superfamily, is recruited to the outer mitochondrial
membrane under stress conditions and mediates membrane
breakage through GTPase hydrolysis, triggering mitochondrial
division and a decrease in mitochondrial MMP, leading to mito-
chondrial dysfunction (Gao et al. 2020). Studies have shown that
under high glucose culture conditions, mitochondria of gastric
cancer cells produce large amounts of ROS, SOD activity
decreased, mitochondrial membrane potential decreased, Drp-1
protein expression increased, and mitophagy levels increased
(Hao et al. 2019). As a key regulator in the mitochondrial fission
process, Drp-1 exerts its fission-promoting function through four
different steps (Qin et al. 2019; Wu et al. 2021). Mitochondrial
fission is closely related to mitophagy, and various mitochondrial



fission regulatory proteins regulate mitophagy by interacting
with LC3 adaptor proteins or LC3 receptors, which also regulate
mitochondrial fusion by interacting with mitochondrial kinetic
regulatory proteins (Chen et al. 2016; Yao et al. 2021). For
example, Drp-1 interacts with LC3 receptors FUNDC1 and
BCL2L13, which in turn undergo mitophagy (Wu et al. 2016). P62
is a specific substrate for mitophagy that directly binds LC3 and is
selectively degraded by autophagy, negatively regulating mitochon-
drial autophagic activity (Sulkshane et al. 2021). Beclin-1, a key fac-
tor in evaluating mitochondrial autophagic activity, which can
promote the conversion of LC3 I to LC3 II, accelerate the fusion
of autophagosomes with lysosomes, and activate mitophagy (Jakhar
et al. 2016). The results of this study suggested that CHSGS inter-
vention downregulated the protein expression of mitochondrial
Drp-1, Beclin-1, and LC3, and up-regulated the expression of mito-
chondrial p62. The above results showed that CHSGS could
improve gastric motility in FD rats, maintain mitochondrial struc-
tural and functional homeostasis, regulate Drp-1-mediated ICC
mitophagy, and thus effectively prevent and treat FD.

It is somewhat unfortunate that the specific mechanisms by
which the Drp-1 signaling pathway and mitophagy in FD forma-
tion and progression have not been elucidated, and therefore
Drp-1 silencing/overexpression experiments could be further
performed.

Conclusions

CHSGS, as a classical formula for relieving the liver and regulat-
ing Qi, has been widely studied. In this study, we explored from
the perspective of mitophagy and used mdivi-1, a mitophagy
inhibitor, to intervene, and found that CHSGS could improve
mitochondrial damage and promote gastric motility through
Drp-1-mediated ICC mitophagy, which provided a new basis for
FD research.
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