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Abstract

Purpose The traditional Chinese herbal medicine Suaeda salsa (L.) Pall (S. salsa) with a digesting food effect was taken as
the research object, and its chemical composition and action mechanism were explored.

Methods The chemical constituents of S. salsa were isolated and purified by column chromatography, and their structures
were characterized by nuclear magnetic resonance. The food accumulation model in mice was established, and the changes
of the aqueous extract of S. salsa in gastric emptying and intestinal propulsion rate, colonic tissue lesions, serum brain-gut
peptide hormone, colonic tissue protein expression, and gut microbiota structure were compared.

Results Ten compounds were isolated from S. salsa named as naringenin (1), hesperetin (2), baicalein (3), luteolin (4), isor-
hamnetin (5), taxifolin (6), isorhamnetin-3-O-f-p-glucoside (7), luteolin-3'-p-glucuronide (8), luteolin-7-O-p-p-glucuronide
(9), and quercetin-3-O-f-p-glucuronide (10), respectively. The aqueous extract of S. salsa can improve the pathological
changes of the mice colon and intestinal peristalsis by increasing the rate of gastric emptying and intestinal propulsion.
By adjusting the levels of 5-HT, CCK, NT, SS, VIP, GT-17, CHE, MTL, and ghrelin, it can upregulate the levels of c-kit,
SCF, and GHRL protein, and restore the imbalanced structure of gut microbiota, further achieve the purpose of treating the
syndrome of indigestion. The effect is better with the increase of dose.

Conclusion S. salsa has a certain therapeutic effect on mice with the syndrome of indigestion. From the perspective of
“brain-gut-gut microbiota”, the mechanism of digestion and accumulation of S. salsa was discussed for the first time, which
provided an experimental basis for further exploring the material basis of S. salsa.
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Introduction

Functional dyspepsia (FD), often referred to as “Shi Ji”, in
traditional Chinese medicine is largely due to irrational eat-
ing behaviors and subsequent food retention in the gastro-
intestinal tract, thus affecting digestive function [1]. Nowa-
days, people consume more calories and more people suffer
from digestive disorders which gradually leads to a higher
incidence of metabolic diseases [2]. In FD, unlike organic
dyspepsia, there is no underlying organic disease that can
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cause symptoms of dyspepsia. Changes in immune and
mucosal functions, gastric motility disorders, brain-gut axis
interactions, different compositions of the gastrointestinal
microbiota, and changes in central nervous system process-
ing are considered to be the causes of FD, and gastrointes-
tinal motility disorders are the main clinical manifestations
[3, 4].

The brain-gut axis is a conceptual model of a two-way
connection between the gut and the central nervous sys-
tem [5]. The two interact with each other, also known as
“brain-gut interaction”. Besides the interaction of the cen-
tral nervous system, autonomic nervous system, and intes-
tinal nervous system, the regulation of the nervous system
on the gastrointestinal tract also includes the hypothala-
mus—pituitary—adrenal (HPA) axis. Among them, the HPA
axis determines the receptors of intestinal physiological
activities and plays an important role in regulating gastro-
intestinal dysfunction [5]. Brain-gut peptide is a peptide
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distributed in the brain and gastrointestinal tract. It is an
important regulatory factor and participates in the regula-
tion of gastrointestinal physiological activities [6]. Studies
have confirmed that brain-gut peptide can improve gastro-
intestinal motility disorders by regulating gastric emptying
and intestinal propulsion and has a significant effect on the
treatment of FD [7]. The gastrointestinal tract is a whole,
and the intestinal microbiome is located in the intestinal
cavity. The stability of the intestinal microbiota is also the
key factor to ensure the normal function of the gastrointes-
tinal tract. Studies have confirmed that by regulating the
structure of intestinal microbiota, gastrointestinal dysfunc-
tion can be improved following by FD improvement [8].
Intestinal microorganisms can also change brain structure
and function through endocrine, neural, and inflamma-
tory signals, while autonomic nervous system activities
can affect the microbiome by regulating the intestinal
environment and directly regulating microbial behavior
[9]. Therefore, the concept of “brain-gut-gut microbiota
axis” appears, and the three jointly affect gastrointestinal
health [10].

Suaeda salsa (L.) Pall (S. salsa) is an annual herb that
belongs to the Chenopodiaceae family. In the northern
coastal areas of China, people usually pick its seedlings for
cooking. According to the Chinese classic masterpiece of
Ben Cao Gang Mu Shi Yi, S. salsa has the effect of clear-
ing away heat and dissipating food accumulation, mainly
treating for indigested syndrome with epigastric [11], but its
mechanism has not been systematically evaluated. Accord-
ing to Traditional Chinese Medicine (TCM) dialectics,
there are two common causes of food accumulation: one
is dyspepsia due to improper feeding, and the other is syn-
drome of malnutrition due to spleen deficiency. Usually, the
treatment for dyspepsia due to improper feeding is through
promoting digestion and relieving dyspepsia. Therefore, the
digest food and dissipate the food accumulation effect of S.
salsa mainly targets the indigested syndrome with epigastric
caused by dyspepsia due to improper feeding. With the high
pressure of people’s lives, overeating, and eating too greasy
and indigestible food can easily lead to dyspepsia due to
improper feeding, which leads to food accumulation, that
is, diet stagnation FD. According to the previous research
report of our experimental team, according to the chemical
classification of natural products, the chemical components
of S. salsa occupy almost all categories, most of which are
flavonoids [12]. Flavonoids exist in most fruits and foods
for daily drinking, and have beneficial effects on the regula-
tion of gastrointestinal function, the metabolism of intes-
tinal microbiota, and the maintenance of gastrointestinal
health [13]. More and more literatures have reported that
common flavonoids can regulate the structural changes of
intestinal microbiota caused by a high-fat diet and improve
FD [14-16].
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Therefore, this experiment fed mice with a high-fat diet
to create dyspepsia due to the improper feeding model of
mice. By observing the effect of S. salsa extract on the FD
model mice to explore its mechanism from the regulation of
brain-gut-gut microbial axis homeostasis, this experiment
provides an experimental basis for the clinical application
and product development of S. salsa.

Materials and methods
Materials

S. salsa was collected from near Red Beach, Panjin City,
Liaoning Province, China. It was identified by Professor
Zhang Jinglong, School of Pharmaceutical Sciences, Chang-
chun University of Chinese Medicine as Suaeda salsa (L.)
Pall. The specimens of S. salsa medicinal materials were
preserved in the Herbarium of Changchun University of
Chinese Medicine, China (No. A50337120210826YDIP).
The rest of the medicinal herbs removed impurities such
as sediment took the aboveground part, and cut the sec-
tion for later use. 5-hydroxytryptamine (5-HT) ELISA kit
(MM-0443M1), cholecystokinin (CCK) ELISA kit (MM-
0028M1), neurotensin (NT) ELISA kit (MM-463554M1),
somatostatin (SS) ELISA kit (MM-0493M1), vasoactive
intestinal peptide (VIP) ELISA kit (MM-0446M1), gas-
trin-17 (GT-17) ELISA kit (MM-46046M1), cholinesterase
(CHE) ELISA kit (MM-0920M1), motilin (MTL) ELISA
kit (MM-0492M1), and ghrelin ELISA kit (MM-0621M1)
were purchased from Jiangsu Meimian Industrial Co., Ltd,
China. BCA protein concentration determination kit was
purchased from Beijing Solarbio Science & Technology
Co., Ltd, China. C-Kit Antibody (AF6153##1278) was pur-
chased from Jiangsu Qinke Biological Research Center Co.,
Ltd, China. SCF Antibody (26582-1-AP), GHRL Polyclonal
Antibody (13309-1-AP), GAPDH Antibody (10494-1-AP),
and HRP-conjugated Affinipure Goat Anti-Rabbit 1gG
(H+L) (SA00001-2) were purchased from Wuhan Sanying
Biotechnology Co., Ltd, China. SuperSignal™ West Femto
kit (34094) was purchased from Thermo Fisher Scientific,
USA.

Extraction and separation

Took 171 kg of dry S. salsa stems and branches, added
10 times of water, soaked for 30 min, decocted for 30
min, and filtered. Added 8 times of water to the filter
residue, decocted for 20 min, and filtered. Combined the
two filtrates and concentrated them to a certain volume
(p=1.22). While stirring the liquid at a constant speed
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with an agitator, slowly poured anhydrous ethanol at a
constant speed until the ethanol concentration reached to
65%. Sealed and placed in a cool place for 12 h. Filtered
to remove polysaccharide, collected filtrate, and concen-
trated to extract.

The extract was desalted with 200 g HP-20 macropore
resin, and the column were flushed with five column vol-
umes of distilled water to remove salt, followed with 4
column volumes of methanol, after recovering methanol,
the crude extract (940 g) was obtained. The extract was
dissolved in water and then extracted with petroleum ether,
chloroform, ethyl acetate, and water-saturated n-butanol by
gradient-polarity solvent extraction method at the extrac-
tion ratio of 1:1 (V/V), and the extraction was performed
three times. The extracted liquid was combined and the
organic solvent of each chemical part was recovered with
a rotary evaporator to obtain four chemical parts, namely
Fr.PE (69.4 g), Fr.CH (47.1 g), Fr.EA (121.3 g), and Fr.Bu
(37.5 g), stored at 4°C for standby.

Took Fr.EA (121.3 g), wet silica gel column-packing,
eluting with n-hexane/EtOAc (10:0-0:10), EtOAc/MeOH
(20:0-0:20). The eluent was collected with a 30 ml test
tube, and each tube was checked by TLC. The tubes with
the same target were combined and concentrated, and a
total of 8 sub-fractions Fr.EA-1-8 were obtained. Fr.EA-4
was isolated by silica gel column chromatography, and
chloroform/MeOH (10:0-0:10) was used as eluent to
obtain Fr.EA-4A—4E. Fr.EA-4A was purified by Sephadex
LH-20 column, and chloroform/MeOH (1:1) was used as
eluent to obtain compound 1 (69.3 mg), compound 2 (54.4
mg), and compound 5 (87.9 mg). Fr.EA-4B and Fr.EA-4C
were purified by silica gel column chromatography with
chloroform/MeOH (10:0-0:10) to obtain compound 3
(32.1 mg), compound 4 (10.4 mg), and compound 6 (11.6
mg). Fr.EA-8 was purified by silica gel column chromatog-
raphy and eluted with EtOAc/MeOH (10:0-0:10) to obtain
compound 7 (7.9 mg).

Took Fr.Bu (37.5 g) and dried silica gel column-pack-
ing. The mobile phase was chloroform/MeOH (15:0-0:15)
gradient elution, and six sub-fractions of Fr.Bu-1-6 were
obtained. Fr.Bu-2 was eluted with ethanol-water (0, 10%,
20%, 40%, 60%, 80%, 100%) by macropore resin col-
umn chromatography, and a total of seven components of
Fr.Bu-2A-2G were obtained. Fr.Bu-2C was eluted with
ethanol-water (0, 10%, 20%, 40%, 60%, 80%, 100%)
by macropore resin column chromatography to obtain
Fr.Bu-2C.1-2C.7. Fr.Bu-2C.3 was purified by a silica gel
column, and EtOAc/MeOH (10:0-0:10) was used as eluent
to obtain compound 8 (21.8 mg). Fr.Bu-2C.4 was chroma-
tographed on the Sephadex LH-20 column and eluted with
methanol-water (0, 10%, 20%, 40%, 60%, 80%, 100%),
compound 9 (55.6 mg) and compound 10 (20.7 mg) were
obtained in 40% mobile phase.

Preparation of crude extract of S. salsa

Took 2 kg of dry S. salsa stems and branches, added 10
times the amount of water to soak for 30 min, and decocted
for 30 min. After filtering, added 8 times the amount of
water, decocted again for 20 min, and filtered. The crude
extract was obtained. Took 5 g, 10 g, and 20 g of the
extract respectively, and added 50 ml of water to dissolve
them to prepare 0.1 g/ml, 0.2 g/ml, and 0.4 g/ml of the
tested samples.

Animal

Specific Pathogen Free (SPF) grade male Kunming (KM)
mice (3—4 weeks old, weighing 16-18 g) were purchased
from Liaoning Changsheng Biotechnology Co., Ltd, China
(Animal license number: SYXK (Liao) 2020-0001). Mice
maintenance feed was purchased from Beijing Keao Xieli
Feed Co., Ltd, China. Healthy male KM mice were main-
tained in a temperature-controlled room (22 + 1°C) with
a 12 h light/dark cycle and free access to normal chow
and water. Animals were adapted to the environment for 1
week before starting the experiment.

FD model establishment

The mice were randomly divided into control group (CON
group), model group (MOD group), positive drug group
(DPLT and JWXSP group) and S. salsa crude extract
group (low/medium/high dose group), with 8 mice in each
group. The mice in the CON group were fed with normal
fodder and gavaged with distilled water 20 ml/kg day The
other groups were fed with a high-fat diet (soybean pow-
der (g): meat floss (g): bread powder (g): milk powder
(g)=2:1:1, mixed with water, made into cookies, put into
the bake oven, and dried at 36°C), and fed with 50% milk
20 ml/kg day to induce FD. After 10 days, the domperi-
done group and Jianwei Xiaoshi tablet group were given
domperidone suspension of 6.15 mg/kg day and Jianwei
Xiaoshi tablet suspension of 1474 mg/kg day respectively
for 1 week. The low-dose group, middle-dose group, and
high-dose group were given 0.1 g/ml day, 0.2 g/ml day,
and 0.4 g/ml day of S. salsa crude extract respectively.

Observation of animal indicators
During the experiment, the food intake, stool excretion,

stool morphology, and mental state of mice in each group
were observed.
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Sample collection

On the 24th day of the experiment, mice were fasted for
24 h after gavage. On the morning of the 25th day, mice in
each group were given 0.4 ml nutritional semi-solid paste
(sodium carboxymethyl cellulose 20 g, dry skimmed milk
powder 16 g, starch 8 g, sucrose 8 g, activated carbon 2 g
heated to make 500 ml semi-solid paste) by gavage for 1
h. After 20 min, the mice were anesthetized by intraperi-
toneal injection of 1% pentobarbital sodium (50-90 mg/
kg). The blood was collected from the eyeballs of mice.
The serum was collected by centrifugation at 4°C, and then
frozen at —80°C. The anesthetized mice were sacrificed
by cervical dislocation. The colon tissue was separated.
Labeled the above tissues and stored them in the refrigera-
tor at —80°C for standby.

Experiment of gastric emptying and intestinal
propulsion

After the mice were sacrificed by cervical dislocation, the
tissues of the stomach and small intestine were collected
rapidly. The cardia and pylorus were ligated and the total
and net weights of the stomach were weighed. Recorded
the total length of the small intestine and the distance from
the semisolid paste to the pylorus. The gastric emptying
rate is calculated as Eq. (1), and the intestinal propulsion
rate is calculated as Eq. (2). Equation (1): X is the mass of
semi-solid paste; Y is the mass of gastric residue. Equa-
tion (2): A is the length of the small intestine of semi-solid
paste; B is the total length of the small intestine.

Gastric emptying % = (1 — X/Y) * 100 (1)

Intestinal propulsion % = A/B * 100 )

Hematoxylin and eosin (H&E) staining

The colon tissues of mice were collected and fixed with
paraformaldehyde solution for 24 h. Paraffin-embedded,
sliced (slice thickness 3—4 pm), H&E staining. The path-
ological changes of colon tissue were observed under a
microscope. Image Pro Plus 6.0 software was used for
quantitative analysis of pathological changes of colon [17].
The histological score was graded as follows [18, 19]: (a)
damage degree of intestinal mucosa (0 points =none, 1
points =base 1/3 damage, 2 points =base 2/3 damage, 3
points =completely damaged); (b): loss of intestinal villi
(0 points =none, 1 points =mild, 2 points = moderate, 3
points = severe).
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Enzyme-linked immunosorbent assay (ELISA)

The levels of 5-HT, CCK, NT, SS, VIP, GT-17, CHE,
MTL, and ghrelin in 9 serums were detected by the ELISA
kit. The experiment was carried out according to the man-
ufacturer’s instructions.

Western blot analysis

Took about 20 mg of mice colon tissue and added the
corresponding volume of the lysate (add 10% for each 1
ml of lysate pl PMSF), ground it fully on ice, put it into a
4°C centrifuge, centrifuged for 30 min at 12000r, took the
supernatant and put it into a new EP tube and recorded the
volume. A BCA protein concentration assay kit was used
to determine the protein concentration. Medium amounts
of proteins (30 pg) from the samples were separated and
transferred to PVDF membranes using SDS-PAGE. 10%
nonfat milk was used to block the membranes for 2 h and
washed with Tris-buffered saline-T (TBST). This was
followed by overnight incubation at 4°C with different
primary antibodies to c-Kit (5:10000), SCF (10:10000),
GHRL (1:1000), and GAPDH (2:10000, 10494-1-AP).
After washing with 1x TBS containing 0.1% (V/V) Tween-
20, incubated with secondary antibodies, respectively.
Protein bands were detected with the SuperSignal™ West
Femto kit and observed using a BLT Intelligent image
Workstation (Gelview 6000Plus, Guangzhou Biolight
Biotechnology Co., Ltd, China). The integrated optical
density of the target protein was measured by ImageJ soft-
ware, and the target protein was analyzed quantitatively.

Gut microbiota analysis

According to the instructions of the E.Z.N.A.® soil DNA
kit (Omega Bio-tek, Norcross, GA, U.S.), the total DNA of
the microbial community was extracted from the contents
of mice cecum. 1% agarose gel electrophoresis was used
to detect the quality of DNA extraction. The concentration
and purity of DNA were determined by nanodrop2000.
The V3-V4 region of 16S rRNA gene was amplified by
PCR using 338F (5'-ACTCCTACGGGAGGCAGCAG-3")
and 806R (5'-GGACTACHVGGGTWTCTAAT-3'). After
mixing the PCR products of the same sample, 2% agarose
gel to recover the PCR products. The recovered product
was purified by AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA), and detected by 2%
agarose gel electrophoresis. Quantus™ Fluorometer (Pro-
mega, USA) detected and quantified the recovered prod-
ucts. Used NEXTFLEX Rapid DNA-Seq Kit to build the
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database. The MiseqPE250 platform of Illumina Company
was used for sequencing.

The index like Sobs, Ace, Chao, Shannon, Simpson,
and Venn diagram were used to analyze species richness,
diversity, and species composition through Uparse software
platform. At the phylum level, R language (vegan) was used
to analyze the community composition and the relationship
between each group of samples and species. Based on the
hierarchical clustering (hcluster) of the distance matrix, R
language (vegan) is used for principal coordinate analysis.
LEFSe used linear discriminant analysis (LDA) to estimate
the impact of each species abundance on the difference
effect, and identified the species with significant differences
between groups. The effect size is 4.

Statistical analysis

The data were expressed as mean + standard deviation (SD).
Data processing was using GraphPad Prism 9, and multi-
ple comparisons were evaluated using one-way analysis of
variance (ANOVA). P <0.05 results between groups were
considered statistically as significance.

Results
Chemical structure identification

Ten compounds were isolated from the extracted layers of
EtOAc and water-saturated n-butanol of S. salsa named
as naringenin (1), hesperetin (2), baicalein (3), luteolin
(4), isorhamnetin (5), taxifolin (6), isorhamnetin-3-O-f-p-
glucoside (7), luteolin-3'-p-glucuronide (8), luteolin-7-0O-
B-p-glucuronide (9), quercetin-3-0O-f-p-glucuronide (10)
(Fig. 1).

Compound 1: off-white powder. LR-EIMS: m/z, 272.256
(C5sH;,05). 'H-NMR (400 MHz, MeOH-d,, TMS), &;: 7.32
(2H, d, J=8.6 Hz, H-2', 6'), 6.83 (2H, d, /=8.6 Hz, H-3/,
5", 5.91 (1H, d, J=2.2 Hz, H-8), 5.90 (2H, d, /=2.2 Hz,
H-6), 5.34 (1H, dd, J=3.0 Hz, 13.0 Hz, H-2), 3.12 (1H,
dd, J=13.0 Hz, 17.1 Hz, H-3w), 2.70 (1H, dd, /=3.0 Hz,
17.1 Hz, H-3p). '*C-NMR (100 MHz, MeOH-d,, TMS), 8
196.4 (C-4), 167.0 (C-7), 164.1 (C-5), 163.5 (C-9), 147.6
(C-4", 129.7 (C-1"), 127.7 (C-2', 6"), 114.9 (C-3', 5"), 102.0
(C-10), 95.6 (C-6), 94.8 (C-8), 79.1 (C-2), 42.6 (C-3). The
data above were compared with those reported in the litera-
ture resulting in compound 1, namely naringenin [20].

Compound 2: beige yellow powder. LR-EIMS: m/z,
302.282 (C,4H,,04). '"H-NMR (400 MHz, MeOH-d,,
TMS), 6y4: 6.97-6.91 (3H, m, H-2', 5', 6"), 5.92 (1H, d,
J=2.1 Hz, H-8) 5.90 (2H, d, J=2.1 Hz, H-6), 5.33 (1H,
dd, J=3.1 Hz, 12.6 Hz, H-2), 3.88 (3H, s, H-7"), 3.08 (1H,
dd, J=12.6 Hz, 17.1 Hz, H-3w), 2.72 (1H, dd, /= 3.1 Hz,

17.1 Hz, H-3p). '*C-NMR (100 MHz, MeOH-d,, TMS),
dc: 196.2 (C-4), 167.0 (C-7), 164.1 (C-5), 163.4 (C-9),
147.9 (C-4"), 146.4 (C-3'), 131.7 (C-1"), 117.6 (C-6"),
113.1 (C-2"), 111.2 (C-5"), 102.0 (C-10), 95.7 (C-6), 94.8
(C-8), 78.9 (C-2), 55.0 (C-7"), 42.7 (C-3). The data above
were compared with those reported in the literature. So,
compound 2 was identified as hesperetin [21].

Compound 3: yellow powder. LR-EIMS: m/z, 270.24
(Cy5sH;o05). "H-NMR (400 MHz, DMSO-d,, TMS), 8y;:
12.66 (1H, s, HO-5), 10.57 (1H, s, HO-7), 8.81 (1H,
s, HO-6), 8.06 (2H, dd, J=7.9 Hz, 1.5 Hz, H-2', 6'),
7.63-7.55 (3H, m, H-3', 4', 5"), 6.93 (1H, s, H-8), 6.63
(1H, s, H-3). >*C-NMR (100 MHz, DMSO-d,, TMS), 8:
182.6 (C-4), 163.4 (C-2), 154.1 (C-7), 150.3 (C-9), 147.4
(C-5), 132.3 (C-4"), 131.4 (C-1"), 129.8 (C-6), 129.6 (C-3',
5", 126.8 (C-2', 6), 105.0 (C-3), 104.8 (C-10), 94.5 (C-8).
The data above were compared with those reported in the
literature resulting in compound 3, namely baicalein [22].

Compound 4: pale yellow powder. LR-EIMS: m/z,
286.23 (C;5sH,,04). '"H-NMR (400 MHz, MeOH-d,, TMS),
Oy 7.40-7.38 (2H, m, H-2', 6'), 6.91 (1H, dd, J=2.5 Hz,
8.9 Hz, H-5"), 6.54 (1H, s, H-3), 6.44 (1H, d, J=2.1 Hz,
H-8), 6.21 (1H, d, J=2.0 Hz, H-6). ">*C-NMR (100 MHz,
MeOH-d,, TMS), &.: 182.5 (C-4), 165.0 (C-7), 164.6
(C-2), 161.8 (C-5), 158.0 (C-9), 149.6 (C-4"), 145.7 (C-3"),
122.3 (C-1"), 118.9 (C-6'), 115.4 (C-5"), 112.7 (C-2'),
103.9 (C-3), 102.5 (C-10), 98.7 (C-6), 93.6 (C-8). The data
above were compared with those reported in the literature.
So, compound 4 was identified as luteolin [23].

Compound 5: yellow powder. LR-EIMS: m/z, 316.27
(C,6H,,05). "H-NMR (400 MHz, DMSO-d¢, TMS), 8y
12.47 (1H, s, HO-5), 10.77 (1H, s, HO-3), 9.74 (1H,
s, HO-7), 9.43 (1H, s, HO-4"), 7.76 (1H, d, J=2.2 Hz,
H-2"), 7.69 (1H, dd, J=2.2 Hz, 8.5 Hz, H-6), 6.94 (1H,
d, /=8.5 Hz, H-5"), 6.48 (1H, d, J=2.1 Hz, H-8), 6.20
(1H, d, J=2.1 Hz, H-6), 3.85 (3H, 5, CH;-7"). 3*C-NMR
(100 MHz, DMSO-dg, TMS), 6: 164.4 (C-7), 161.2 (C-5),
156.6 (C-9), 149.3 (C-4), 147.8 (C-3"), 147.1 (C-2), 136.29
(C-3), 132.3 (C-4"), 122.4 (C-1"), 122.2 (C-6"), 116.0
(C-5"), 112.2 (C-2"), 103.5 (C-10), 98.8 (C-6), 94.1 (C-8),
56.2 (C-7"). The data above were compared with those
reported in the literature. So, compound 5 was identified
as isorhamnetin [24].

Compound 6: off-White powder. LR-EIMS: m/z, 304.25
(Cy5sH;30,). 'H-NMR (400 MHz, MeOH-d,, TMS), &;;:
6.98 (1H, d, J=2.0 Hz, H-2"), 6.87 (1H, dd, /=2.0 Hz,
8.2 Hz, H-6"), 6.82 (1H, d, J=28.2 Hz, H-5'), 5.94 (1H, d,
J=2.1 Hz, H-8), 5.90 (1H, d, J=2.1 Hz, H-6), 4.93 (1H,
d, J=11.5 Hz, H-2), 4.52 (1H, d, J=11.5 Hz, H-3). '*C-
NMR (100 MHz, MeOH-d,, TMS), 8: 197.0 (C-4), 167.3
(C-7),163.9 (C-5), 163.1 (C-9), 154.7 (C-4"), 144.9 (C-5"),
128.5 (C-1"), 119.5 (C-2"), 114.7 (C-6', 3"), 100.4 (C-10),
95.9 (C-6), 949 (C-8), 83.7 (C-2), 72.3 (C-3). The data
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2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4 H-chromen-4-one Taxifolin
4 (2R,3R)-2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychroman-4-one
6

Luteolin-3"-D-glucuronide
(28,35.,48,5R,65)-6-(5-(5,7-dihydroxy-4-oxo0-4H-chromen-2-yl)-2-hydroxyphenoxy)-3,4,5-
trihydroxytetrahydro-2H-pyran-2-carboxylic acid

oH
Isorhamnetin-3-O-B-D-Glucoside
5,7-dihydroxy-2-(4-hydroxy-3-methoxyphenyl)-3-(((2S,3R,4S5,5S,6R)-3,4,5-trihydroxy-6- 8
(hydroxymethyl)tetrahydro-2 H-pyran-2-yl)oxy)-4H-chromen-4-one

7

Luteolin-7-O-B-D-glucuronide
(28,38,48,5R)-6-((2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4 H-chromen-7-yl)oxy)-3,4,5-
trihydroxytetrahydro-2 H-pyran-2-carboxylic acid

9
Quercetin-3-O-p-D-glucuronide

(28,38,48,5R,65)-6-((2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4 H-chromen-3-yl)oxy)-3,4,5-
trihydroxytetrahydro-2 H-pyran-2-carboxylic acid

10

Fig.1 Chemistry structures (2D) of compounds 1-10

@ Springer



European Journal of Nutrition (2024) 63:1929-1944

1935

above were compared with those reported in the literature
resulting in compound 6, namely taxifolin [25].

Compound 7: yellow powder. LR-EIMS: m/z, 478.41
(C,,H,,0,,). 'H-NMR (400 MHz, MeOH-d,, TMS), &,;:
7.94 (1H, d, J=2.1 Hz, H-2"), 7.60 (1H, dd, J=2.1 Hz,
8.5 Hz, H-6'), 6.92 (1H, d, /=8.5 Hz, H-5"), 6.40 (1H, d,
J=2.1Hz, H-8), 6.21 (1H, d, /=2.1 Hz, H-6), 5.44-5.39
(1H, m, H-1"), 3.96 (3H, s, CH;-7"), 3.75 (1H, dd, /=2.3
Hz, 12.0 Hz, H-6"w), 3.57 (1H, dd, /J=5.4 Hz, 12.0 Hz,
H-6"p), 3.51-3.44 (2H, m, H-3", 5"), 3.35-3.31 (5H, m,
H-2", OH-2", 3", 4", 6"), 3.26 (1H, m, H-4"). '>*C-NMR
(100 MHz, MeOH-d,, TMS), 8.: 178.0 (C-4), 165.0 (C-7),
161.7 (C-5), 157.2 (C-2), 157.1 (C-9), 149.5 (C-4"), 147.0
(C-3"), 133.9 (C-3), 122.4 (C-6"), 121.7 (C-1"), 114.6
(C-5"), 113.0 (C-2"), 104.3 (C-10), 102.3 (C-1"), 98.6
(C-6), 93.4 (C-8), 77.1 (C-5"), 76.7 (C-3"), 74.5 (C-2"),
70.1 (C-4"), 61.1 (C-6"), 55.4 (C-7"). The data above were
compared with those reported in the literature. So, com-
pound 7 was identified as isorhamnetin-3-O-p-p-glucoside
[26].

Compound 8: Light yellow powder. LR-EIMS: m/z,
462.363 (C,H;30,,). '"H-NMR (400 MHz, DMSO-d,
TMS), 8: 12.95 (1H, s, HO-6"), 10.84 (1H, s, HO-7), 9.73
(1H, s, HO-4"), 7.69 (1H, d, J=2.2 Hz, H-2'), 7.65 (1H, d,
J=2.2 Hz, 8.4 Hz, H-6"), 7.00 (1H, d, J=8.4 Hz, H-5"),
6.86 (1H, s, H-3), 6.51 (1H, d, J=2.1 Hz, H-8), 6.21 (1H, d,
J=2.1Hz, H-6),5.26 (1H, d, J=4.0 Hz, H-1"), 5.21 (1H, d,
J=17.2Hz,H-5"),4.07 (1H, d, J=9.6 Hz, H-2"), 3.49-3.36
(5H, m, H-3", 4", OH-2", 3", 4"). 3C-NMR (100 MHz,
DMSO-dg, TMS), 8: 181.6 (C-4), 170.2 (C-6"), 164.2
(C-7), 163.4 (C-2), 161.5 (C-5), 157.4 (C-9), 150.8 (C-4"),
145.2 (C-3"), 122.0 (C-1"), 121.6 (C-6"), 116.7 (C-5"), 113.9
(C-2"), 103.8 (C-10), 103.3 (C-3), 100.7 (C-1"), 98.9 (C-6),
94.1 (C-8), 75.5 (C-3"), 73.0 (C-2"), 71.4 (C-5"). The data
above were compared with those reported in the literature
resulting in compound 8, namely luteolin-3'-p-glucuronide
[27].

Compound 9: yellow powder. LR-EIMS: m/z, 462.36
(C,;H,50,,). '"H-NMR (400 MHz, DMSO-d¢, TMS), 8
13.01 (1H, s, HO-6"), 10.00 (1H, s, HO-3"), 9.45 (1H, s,
HO-4"),7.46 (1H, dd, J=2.2 Hz, 8.4 Hz, H-6"), 7.43 (1H, d,
J=2.2Hz, H-2"),691 (1H, d, J=8.4 Hz, H-5"), 6.82 (1H, d,
J=2.2 Hz, H-8), 6.76 (1H, s, H-3), 6.47 (1H, d, /=2.2 Hz,
H-6), 5.45 (1H, br.s, H-5"), 5.29 (1H, d, /J=7.0 Hz, H-1"),
4.05 (1H, d, J=9.4 Hz, H-4"), 3.43-3.28 (5H, m, H-2", 3",
OH-2", 3", 4"). 3C-NMR (100 MHz, DMSO-ds, TMS), 8
181.9 (C-4), 170.1 (C-6"), 164.5 (C-2), 162.5 (C-7), 161.2
(C-5), 156.9 (C-9), 149.9 (C-4"), 145.8 (C-3"), 121.3 (C-1"),
119.1 (C-6"), 116.0 (C-5"), 113.5 (C-2"), 105.4 (C-10), 103.2
(C-3),99.4 (C-1"), 99.1 (C-6), 94.5 (C-8), 75.6 (C-5"), 75.3
(C-3"),72.7 (C-2"), 71.2 (C-4"). The data above were com-
pared with those reported in the literature resulting in com-
pound 9, namely luteolin-7-O-p-p-glucuronide [28].

Compound 10: yellow powder. LR-EIMS: m/z, 478.362
(C, H,40,3). 'TH-NMR (400 MHz, DMSO-d¢, TMS), 8y;:
12.57 (1H, s, HO-6"), 10.89 (1H, s, HO-7), 9.77 (1H, s,
HO-3"), 9.23 (1H, s, HO-4"), 7.61 (1H, dd, /J=2.2 Hz, 8.5
Hz, H-6'),7.53 (1H, d, J=2.2 Hz, H-2"), 6.84 (1H, d, J=8.5
Hz, H-5'), 6.41 (1H, d, J=2.1 Hz, H-8), 6.21 (1H, d, J=2.1
Hz, H-6), 5.50 (1H, d, J=7.3 Hz, HO-5"), 5.29 (1H, br.s,
H-1"), 3.57 (1H, d, J=9.6 Hz, H-4"), 3.41-3.26 (5H, m,
H-2", 3", OH-2", 3", 4"). 3C-NMR (100 MHz, DMSO-dq,
TMS), 8t 177.2 (C-4), 168.8 (C-6"), 164.3 (C-7), 161.2
(C-5), 156.3 (C-2), 156.2 (C-9), 148.7 (C-4"), 145.0 (C-3"),
133.1 (C-3), 121.7 (C-6'), 120.9 (C-1"), 116.1 (C-2"), 115.2
(C-5"), 103.9 (C-10), 101.1 (C-1"), 98.8 (C-6), 93.6 (C-8),
76.0 (C-5"),75.9 (C-3"), 73.8 (C-2"), 71.4 (C-4"). The data
above were compared with those reported in the literature.
So, compound 10 was identified as quercetin-3-O-f-D-
glucuronide [29].

Average food intake, average stool excretion, stool
morphology

During the experiment, the amount of food intake and stool
excretion in the MOD group was significantly lower than
that in the CON group. After treatment, the food intake and
stool excretion of mice in the dosing group increased signifi-
cantly and tended to be normal (Fig. S1a-b), and the effect
was more obvious with the increase in dose. By observing
the feces of mice in each group, it was found that the stool
of the mice in the CON group were dry and long, brown in
color, and the stool in the MOD group were fusiform, with a
dark black-brown surface and an oily film feeling (Fig. S1c).

Facilitation of gastrointestinal transit in FD mice

By feeding a high-fat diet, mice will have gastrointestinal
motility disorders. Through the data processing of gastric
emptying rate and intestinal propulsion rate, and observing
the gastrointestinal motility change index, it was found that
compared with the CON group, the gastric emptying rate
and intestinal propulsion rate of mice in the MOD group
were reduced (Fig. S2). Compared with the MOD group,
the two positive drug groups, the S.s L group, the S.s M
group, and the S.s H group could accelerate gastric empty-
ing and intestinal propulsion of mice (P <0.05, P<0.01,
and P <0.001), indicating that S. salsa decoction had a sig-
nificant effect on food accumulation mice at normal doses,
and the effect of high doses was stronger than that of low
doses (P <0.001).

Effects on the morphology of the colon in FD mice

The results showed that there were a large number of gob-
let cells in the colon tissue of the CON group, the goblet
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Fig.2 Effects on the morphology of the colon in FD mice. a H&E
staining in the stomach, 100 and X400 magnification. b Number of
goblet cells. ¢ Statistical chart of HE score (n=3). Data are expressed

cells were neat and numerous, and the intestinal mucosa
and intestinal villi were arranged completely, tightly, and
continuously (Fig. 2). Compared with the CON group,
the number of goblet cells in the colon tissue of the
MOD group was greatly reduced (Fig. 2b, P <0.0001)

@ Springer

as mean+SD (n=3). ¥ P<0.0001 compared to control group.
* P<0.05, ** P<0.01 and **** P<0.0001 compared to model

group

the arrangement was loose, the intestinal mucosa was
destroyed, the intestinal villi were loosely arranged, and
necrosis fell off (Fig. 2c, P <0.0001). After treatment, the
histological structure of colon lesions in the two positive
control groups was significantly improved (Fig. 2b, c,
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P <0.05, P<0.001 and P<0.0001). The lesion location
in the S.s L group, the S.s M group, and the S.s H group
were also improved.

Effects on serum hormones in FD mice

Compared with the CON group, the hormone levels of
5-HT, CCK, NT, SS, VIP, and GT-17 in the MOD group
were significantly increased (Fig. S3a—f), and the levels
of CHE, MTL, and Ghrelin hormone were significantly
decreased (Fig. S3g—i). After treatment with positive
drugs, the average upward regulation of hormone con-
tent tended to be in the CON group, and the effect of the
S.s H group was better than that of the S.s L group and
even tended to be the positive drug group (P <0.001 and
P <0.0001).

Effects on c-kit, SCF and GHRL proteins in colon
tissues of FD mice

Western Blot method was used to detect c-kit, SCF, and
GHRL proteins in the colonic tissues of mice in each group
(Fig. 3a—d). Compared with the CON group, the expres-
sion of c-kit, SCF, and GHRL protein in colon tissue in the
MOD group was reduced, which was statistically different
(P<0.0001). After treatment, the expression levels of the
three proteins in the administration group were increased to
varying degrees, and even the effect of the S.s L group was
higher than that of the positive drug (P <0.0001).

Fig. 3 Effects on c-kit, SCF

and GHRL proteins in colon

tissues of FD mice. a c-kit,

SCF, GHRL and GAPDH c-Kit
western blot. b Grey value of

o

>
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Gut microbiota
Community diversity analysis

The dilution curve and Alpha diversity index are com-
monly used to evaluate microbial diversity. Species rich-
ness and diversity were analyzed by dilution curve, Shan-
non index, and Simpson index (Fig. S4). When the dilution
curve tended to be flat, it indicated that the sequencing data
was reasonable and the amount of data was large enough
(Fig. S4a). Both indexes showed that the community diver-
sity of the MOD group was lower than the CON group. The
community diversity was increased in the treatment groups.
The effect of the JWXSP group was better than that of the
DPLT group. In the S. salsa crude extract group, the effect
gradually increased with the increase of dose, but the effect
was worse than that of the positive drug (Fig. S4b and c).

Community composition analysis

Venn diagram showed the common OTU among groups, it
showed that the species composition of S. salsa at high dose
was significantly higher than that of the other two groups
and the MOD group, indicating that S. salsa increased the
species richness in the intestinal microbiota, and the effect
was stronger with the increase of dose (Fig. 4a). The com-
munity Circos diagram reflected the distribution proportion
of dominant species in different samples, and analyzed the
dominant groups. Firmicutes and Bacteroidetes account for
a relatively high proportion and were the dominant groups
in each group of samples (Fig. 4b). The Bar graph of the
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«Fig.4 Analysis of gut microbiota community composition of
S. salsa on FD mice. a Venn diagram. b Circos diagram. ¢ Per-
cent of Community barplot analysis on Phylum level. d Relative
abundance on Phylum level. e Firmicutes/Bacteroidetes in Phy-
lum level. Data repeated 3 times. Data are expressed as mean+SD
(n=3). ¥ P<0.001 and ** P <0.0001 compared to control group.
* P<0.05 and ** P<0.01 compared to model group

community showed visually what microorganisms were
contained in each sample at the phylum level and the rela-
tive abundance of each microorganism in the sample. At the
phylum level, Firmicutes, Bacteroidota, and Verrucomicro-
biota are the dominant microbiota, accounting for a large
proportion (Fig. 4c, d). Compared with the CON group,
the abundance of Firmicutes in the MOD group was lower,
and the abundance of Bacteroidetes was higher (Fig. 4d).
S. salsa solution significantly inhibited the decrease of Fir-
micutes and the increase of Bacteroidetes. In contrast, the
inhibitory effect of the DPLT group was not obvious. In
the MOD group, the relative abundance of Verrucomicro-
biota was significantly higher than that in the CON group.
After treatment, the abundance of Verrucomicrobiota was
significantly reduced (Fig. 4d). By observing the ratio of
Firmicutes/Bacteroidetes (F/B), it was found that the MOD
group showed a downward trend, which could be reversed
in the administration group, and the S.s L group was close
to the positive drug group (Fig. 4e).

Sample comparison difference analysis

p-Diversity is mainly used to evaluate the structure and
composition of different intestinal microbiota. In principal
component analysis (PCA), the more similar the species
composition of the sample, the closer the distance reflected
in the PCA diagram. Compared with the CON group, the
species composition of the two groups was significantly dif-
ferent, and the composition was not similar. After treatment,
the species composition of the samples in the administration
group was not significantly different from that in the CON
group, and the similarity of the composition was increased.
Among them, the species composition of the S.s L group and
the CON group were the most similar. (Fig. S5).

LEfSe analysis

LEfSe analysis was used to determine the specificity of
intestinal microbiota in each group (LDA >4). In the
CON group, three categories were significantly affected
(P<0.0001). Under the intervention of the S.s M group,
four categories were significantly affected (P <0.001 and
P <0.0001), among which Firmicutes was a differential
microbial group, while five dominant categories in the MOD
group were affected (Fig. S6, P <0.001 and P <0.0001).

These results suggested that S. salsa can regulate the struc-
ture of intestinal microbiota and played a role in the host.

Discussion

FD is considered to be one of the most common diseases in
clinic, with a high incidence in the general population. In
recent years, with the improvement of people’s living stand-
ards and the great variety of food, people often intake high-
fat, high protein and other foods, which lead to diet disorders
and can cause or exacerbate diet stagnation type functional
dyspepsia [30]. Clinically, the commonly used methods for
the treatment of FD are acid suppressants, antidepressants,
neuromodulators, and prokinetic drugs [30]. At present,
natural herbal medicine has also been proven to be effective
in the treatment of FD, and the therapeutic effect is equiva-
lent. Even Chinese herbal medicine is more effective than
prokinetic drugs in reducing overall symptoms [31]. Studies
have shown that peppermint oil and Fructus aurantii can
effectively improve gastrointestinal peristalsis and regulate
neurohormone abnormalities [7, 32]. Therefore, we specu-
late that natural traditional drugs, with the advantages of
more safety, will become a common means of treating FD.
S. salsa has a long history for applying and is rich in
chemical composition and medicinal value. As early as
the Ming Dynasty in China, it was recorded that “S. salsa
was described with salty in flavor and cold in nature, clear
away heat and dissipates the food accumulation”. However,
in modern research, using the keywords “Suaeda salsa”,
“Pharmacology”, “functional dyspepsia” and “gastrointes-
tinal function” to search scientific databases such as “Web
of science”, “PubMed”, “Springer”, “ScienceDirect”, “Bing
international”, and “ACS”, it was found that the digestion
and accumulation effect of S. salsa, even for improving gas-
trointestinal function, had not been reported yet. Therefore,
we established a mice model of FD by feeding a high-fat and
high-protein diet to explore the mechanism of digesting food
and dissipating the food accumulation of S. salsa. During
the modeling period, the mice suffered from decreased food
intake and stool excretion, changes in physical signs, gastro-
intestinal dysfunction, and other symptoms. After treatment,
the food intake, stool excretion and stool morphology of
mice returned to normal, and the gastric emptying rate and
intestinal propulsion rate were significantly improved, which
successfully improved the gastrointestinal motility disorder
of mice. With the increase of the dosage, the effect is better.
Brain-gut peptide, as an important factor in the brain-
gut axis, plays an important regulatory role in all aspects of
brain-gut axis [33]. Brain-gut peptides of the gastrointestinal
system and central nervous system regulate gastrointestinal
motility, sensation, secretion, absorption, and other complex
functions through endocrine, neurosecretory, and paracrine
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functions [34]. 5-HT is synthesized in central neurons and
intestinal chromaffin cells of animals (including the human)
digestive tract, and is widely distributed in the gastrointesti-
nal tract, central nervous system, and platelets. 90% of 5-HT
in the gastrointestinal tract is used to stimulate the intestinal
muscle plexus and affect the rate of intestinal peristalsis.
The rest is synthesized in the serotonergic neurons of the
central nervous system, which can regulate appetite and
mood [35]. 5-HT receptors are complex, and different recep-
tors have different pharmacological activities. When acting
on smooth muscle, the 5-HT2 receptor of gastrointestinal
smooth muscle and the 5-HT4 receptor of ganglion cells
in intestinal wall can cause contraction of gastrointestinal
smooth muscle, increase gastrointestinal tension and accel-
erate intestinal peristalsis [36]. When acting on the nervous
system, the increase of 5-HT content can cause a series of
behaviors such as drowsiness and sedation [37]. Previous
studies have shown that the increase of 5-HT level can cause
satiety, which is helpful in reducing food intake and intes-
tinal peristalsis [38]. Cholecystokinin (CCK) is a peptide
hormone related to the gastrointestinal (GI) system, which
is released by intestinal endocrine cells I [39]. CCK can
regulate the release of bile acids, inhibit gastric emptying,
inhibit postprandial gastric acid secretion, and slow down
gastrointestinal peristalsis [40]. Studies have confirmed
that feeding a high-fat diet for 8 weeks can reduce ghre-
lin and increase CCK in rats’ plasma, which can improve
gastrointestinal motility and promote digestion in FD rats
by reducing the concentration of CCK in gastrointestinal
tissue [41, 42]. Neurotensin (NT) is a small peptide with
pleiotropic function, which is mainly produced in hypotha-
lamic, pituitary and ileal neuroendocrine cells [43]. It is an
important regulator of brain-gut peptide. NT can reduce food
intake and induce anorexia by regulating the two receptors
NTSR1 and NTSR3 in the intestine. At the same time, NT
can also increase the time course of anorexia by activating
some brain regions and central nervous system that control
appetite. Therefore, NT signaling has gut brain axis signifi-
cance [44]. Studies have confirmed that the content of NT
in the serum of mice fed with a high-fat diet is significantly
increased. NT can promote the absorption of intestinal fat in
the gastrointestinal tract by regulating the release of neuro-
transmitters in the central nervous system [45]. Somatostatin
(SS) is a typical brain-gut peptide. It is not only released
by the hypothalamus and inhibits the release of pituitary
growth hormone, but also released by D cells in gastroin-
testinal mucosa [46]. The gastrointestinal tract is the largest
secretory organ, and most SS endocrine cells are distributed.
They regulate gastrointestinal function and inhibit intestinal
peristalsis by releasing gastrointestinal hormones [47]. Vaso-
active intestinal peptide (VIP) is an intestinal peptide hor-
mone, which is widely distributed in the central nervous sys-
tem and intestinal nervous system and is mainly released by
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intestinal neurons [48]. VPACI1 and VPAC2, two receptors
of VIP, are closely related to gastrointestinal motility. The
activation of VPAC2 in gastrointestinal smooth muscle can
increase gastrointestinal motility. VIP can also inhibit gas-
tric acid secretion, contract gastrointestinal smooth muscle
and reduce gastrointestinal transport function by activating
VPACI [49]. GT-17 is a gastrin subgroup consisting of 17
amino acids, which is produced only by antral G cells [50].
More than 95% of the bioactive gastrin secreted by G cells in
the gastric antrum is amidated gastrin. Among them, 85% is
GT-17 [51]. GT-17 plays an important role in regulating gas-
trointestinal function and maintaining its structural integrity.
It is the main stimulant of gastric acid secretion [52]. Stud-
ies have shown that the content of GT-17 in patients with
functional dyspepsia caused by short-term discontinuation
of proton pump inhibitor (PPI) increased significantly [53].
Cholinesterase (CHE) mainly exists in the synaptic space of
cholinergic nerve endings. As a direct nutritional factor, it
regulates intestinal health [54]. Motilin (MTL) is produced
in the endocrine cells of the upper intestinal mucosa. It is
a gastrointestinal hormone secreted by the duodenum and
is an important regulator of gastrointestinal (GI) motility
[55]. The potential mechanism of MTL on the gastrointes-
tinal tract is mainly to stimulate neural pathways, intestinal
serotonergic neurons and intestinal chromaffin cells, release
adrenergic receptors, and serotonin (5-HT) receptors, and
stimulate the muscular plexus of the living intestine through
vagal nerve outgoing neurons to cause the contraction of the
stomach and upper intestine [56]. It has been reported that
the intestinal motility disorder caused by constipation can be
effectively alleviated through the increase of MTL hormone
content [57]. Ghrelin is a brain-gut hormone with a wide
range of physiological functions. Ghrelin-producing cells
are distributed throughout the gastrointestinal tract [58]. Our
experimental results showed that the serum levels of 5-HT,
CCK, NT, SS, VIP, and GT-17 in the MOD group were
significantly higher than those in the CON group, while the
level of CHE, MTL, and ghrelin was significantly lower.
After administration of S. salsa, the contents of various hor-
mones were significantly changed and gradually tended to
normal levels. It can be seen that S. salsa has a significant
regulatory effect on improving gastrointestinal motility. At
the same time, it was found that the effect became more
significant with the increase of the dose of the liquid.

C-kit and SCF proteins are key proteins regulating gas-
trointestinal function. SCF is a dimer molecule that binds
to receptor c-kit and activates its biological function [59].
It has been reported that the interaction of the two can pro-
mote gastrointestinal motility, accelerate gastric emptying,
reduce visceral hypersensitivity, and improve duodenal
microinflammation, so as to achieve the purpose of treating
FD [60]. GHRL protein is a powerful appetite stimulant,
which is widely distributed in the gastrointestinal tract. It
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can stimulate appetite and promote intestinal peristalsis, and
help regulate energy homeostasis [61]. The results showed
that the expressions of c-kit, SCF, and GHRL in colon tissue
were significantly increased compared with the MOD group.

Interstitial cells of Cajal (ICCs) are a very special kind of
interstitial cells between the enteric nervous system (ENS)
and smooth muscle cells. They are slow-wave pacemaker
cells in the gastrointestinal tract and play an important role
in regulating the transmission of intestinal nerve signals
to effector smooth muscle cells. It is currently considered
to be the target of drug intervention for FD patients [62,
63]. C-kit mainly exists in ICCs and is a specific marker of
ICC:s in the gastrointestinal tract. SCF is a ligand factor of
c-kit and regulates the proliferation of ICCs. Studies have
shown that when the expressions of c-kit and SCF proteins
increase, they can promote the proliferation of ICCs and
improve gastrointestinal motility [64]. SS is produced by
hypothalamic and pancreatic cells. In the gastrointestinal
tract, SS can inhibit the secretion of CCK, Gastin, and VIP,
as well as the release of gastric acid [46], thereby regulat-
ing gastrointestinal peristalsis. CCK, VIP, GT-17, MTL and
ghrelin are widely distributed in the gastrointestinal nervous
system and regulate gastrointestinal motility. As a neuro-
transmitter released by the gastrointestinal nerve, MTL can
combine with the receptors on ICCs, promote the depolari-
zation of smooth muscle cells, and accelerate gastrointesti-
nal transport [65]. C-kit and SCF regulate gastrointestinal
hormones, accelerate intestinal peristalsis, and improve FD
through the smooth muscle signal pathway of intestinal neu-
ronal system ICCs [65]. 5-HT can induce the proliferation
of ICCs and promote gastrointestinal peristalsis through the
5-HT, receptor [66]. At the same time, 5-HT, as a central
neurotransmitter, decreased expression of 5-HT will lead
to depression, reduce appetite, and slow intestinal peristal-
sis. Studies have confirmed that it can improve anorexia by
antagonizing 5-HT, so as to restore the secretion of GHRL
protein [67]. ICCs exert pacemaker activity mediated by
intracellular Ca®>" oscillation and promote gastrointestinal
motility. The function of ICCs is related to the current of
voltage-dependent ion channels, mainly mediated by c-kit
and SCF [68]. Studies have confirmed that CCK and NT can
also regulate pacemaker current by releasing and activating
Ca’*. CCK mainly induces calcium signal transduction in
ICCs and enhances gastrointestinal peristalsis through the
release of Ca* stored in inositol 1,4,5-triphosphate (InsP;R)
and protein kinase C (PKC) [69]. NT regulates pacemaker
currents through the activation of non-selective cation chan-
nels by intracellular Ca** release from neurotensin recep-
tor 1 [69]. GHRL protein produces ghrelin and obestatin.
Ghrelin is mainly produced in the endocrine cells of gastric
mucosa, and then secreted into plasma. Ghrelin binds to its
receptor GHSR and promotes gastric peristalsis and eating
[70].

Compared with a low-fat diet, a high-fat diet can
reduce the diversity of intestinal microbiota in humans
and rodents [71]. 16S rDNA sequence analysis showed that
at the phylum level, Firmicutes and Bacteroides were the
dominant microbiota in the intestine. Compared with the
CON group, the abundance of beneficial Firmicutes in the
MOD group decreased, while the abundance of Bacteroi-
detes and Verrucomicrobiota increased. S. salsa inhibited
the decrease of Firmicutes abundance, increased the abun-
dance of Bacteroidetes and Verrucomicrobiota, improved
the imbalance of intestinal microbiota, and restored the
imbalance structure of intestinal microbiota [8]. The pro-
portion of Firmicutes and Bacteroidetes is a general indi-
cator of health, which is confirmed to be closely related to
FD [72, 73]. By observing the ratio of Firmicutes/Bacte-
roidetes (F/B), it was found that the MOD group showed
a downward trend, which could be significantly reversed
in the medication group. The above intestinal microbiota
are producers of short-chain fatty acids (SCFA), which are
involved in the regulation of microbiota balance and gas-
trointestinal function [74]. Among them, Firmicutes is the
main source of butyrate [75]. Butyrate performs its impor-
tant functions in the gastrointestinal tract, especially main-
taining the integrity of the intestinal wall and improving
gastrointestinal motility [76]. Studies have confirmed that
butyrate has a better effect in restoring intestinal motility
[77]. Propionic acid is the main component of short-chain
fatty acids produced by Bacteroidetes [78], which can
reduce intestinal peristalsis [79]. Therefore, regulating the
structure of intestinal microbiota can effectively improve
gastrointestinal function, and then improve FD.

The physiological activities of the gastrointestinal tract
are regulated by the enteric nervous system, central nerv-
ous system, and autonomic nervous system in a variety of
ways. It has been reported that the brain-gut-gut micro-
biota axis is formed by the interaction of the brain-nerv-
ous system, gut, and gut microbiota [80]. The structural
changes of the intestinal microbiota will cause changes in
the physiological activities of the gastrointestinal tract, and
then transmit the stimulation to the central nervous system,
which can regulate various physiological and pathological
activities in the intestinal tract. Changes in central nervous
system activity can also regulate gastrointestinal peristal-
sis, immunity, hormone secretion, and other functions, and
affect the composition of the gastrointestinal microbiota.
Studies have confirmed that SCFAs are metabolites of
gastrointestinal microbiota and are generally considered
to be the key medium for communication between the
central nervous system and the gut [8§1]. SCFAs induces
intestinal secretion of G protein-coupled receptors, which
are transmitted to the central nervous system through the
vagus nerve pathway to play anti-inflammatory or other
immune effects [82].
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Conclusion

In this paper, the phytochemical and biological activities of
S. salsa were studied. Ten flavonoids were identified from
the ethyl acetate layer and water-saturated n-butanol layer
of the stems and branches of S. salsa. In order to explore
the effect of S. salsa on digesting food and dissipating food
accumulation, after a short-term high-fat diet feeding mice,
the gastrointestinal function movement was abnormal. The
crude extract of S. salsa can reduce gastrointestinal dysfunc-
tion and improve food accumulation by regulating “brain-
gut-gut microbiota”. It provides a basis for the subsequent
application of medicinal plants or the development of func-
tional food. It is worth noting that this report first explored
the therapeutic effect of S. salsa on FD and explained the
related mechanism.
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