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Naringenin Promotes Gastrointestinal Motility in Mice
by Impacting the SCF/c-Kit Pathway and Gut Microbiota
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Abstract: Naringenin (NRG) is widely found in citrus fruits and has anti-inflammatory, hypoglycemic,
and immunomodulatory effects. Previous studies have shown that NRG promotes gastrointestinal
motility in mice constipation models, but there are few systematic evaluations of its effects on normal
animals. This study first clarified the promotive effects of NRG on gastric emptying and small intestine
propulsion (p < 0.01). NRG can also regulate the release of gastrointestinal hormones, including
enhancing gastrin (GAS) and motilin (MTL) (p < 0.01), while reducing vasoactive intestinal peptide
(VIP) secretion (p < 0.01). Using NRG to stimulate the isolated stomach, duodenum, and colon showed
similar promotive effects to those observed in vivo (p < 0.01). A Western blot analysis indicated that
this effect may be mediated by increasing the expression of stem cell factor (SCF) and its receptor
(c-Kit) in these three segments, thus regulating their downstream pathways. It is worth noting that
NRG can also increase the proportion of beneficial bacteria (Planococcaceae, Bacteroides acidifaciens,
Clostridia_UCG-014) in the intestine and reduce the quantity of harmful bacteria (Staphylococcus).
These findings provide a new basis for the application of NRG.
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1. Introduction

Naringenin (NRG) is a flavanone compound predominantly encountered in its gly-
cosidic form, known as naringin, which is abundant in citrus fruits like oranges and
grapefruits, as well as in pomelos, tomatoes, and a variety of other fruit types. Although
flavanones constitute a relatively minor proportion of plant compounds, their significance
in the human diet is amplified owing to the high consumption rates of citrus fruits and their
derived products, positioning them as a notable contributor to overall flavonoid intake.

NRG has numerous beneficial effects on the human body, including controlling
metabolic diseases, strengthening the body’s antioxidant defenses, modulating immune sys-
tem activities, and providing both anti-inflammatory and anti-atherosclerotic benefits [1-3].
These actions highlight NRG'’s potential in promoting overall health and preventing various
metabolic disorders. In dietary studies, particularly with mice lacking LDL receptors on
high-fat diets, which, as a result, suffered from lipid metabolism disorders, insulin and
glucose intolerance, and obesity, NRG has shown promising results. It has enhanced liver
cell sensitivity to insulin and improved the cellular response to low doses of insulin. This
suggests that NRG can help rectify metabolic issues tied to insulin resistance, offering a nat-
ural approach to managing conditions such as type 2 diabetes and metabolic syndrome [4,5].
Additionally, NRG has demonstrated strong inhibitory effects on the growth of C6 glioma
cells in rat brains by reducing the levels of several important molecules, including protein
kinase C, nuclear factor kappa B (NF-kB), cyclin D1, and cyclin-dependent kinase 4 (CDK4),
as well as by mitigating oxidative stress [6].
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In previous studies, the absorption mechanisms, bioavailability, and metabolic path-
ways of NRG within the gastrointestinal tract have been reported [7,8]. Flavonoids generally
exhibit low bioavailability within the human body, a characteristic shared by NRG, which
demonstrates an oral bioavailability of approximately 15% [9]. The absorption of NRG is fa-
cilitated by both passive diffusion and active transport mechanisms, and these processes
are notably independent of pH conditions [10]. The absorption efficiency of NRG varies
across distinct segments of the gastrointestinal tract. For example, in one previous study,
the absorption rate was approximately 47% in the duodenum, 42% in the jejunum, and 39%
in the ileum [11]. Furthermore, Rebello et al. conducted a comprehensive investigation into
the pharmacokinetic parameters of NRG. In adult humans, the permissible daily intake
of NRG is established to range from 150 to 900 mg, with its serum concentrations exhibiting
a direct proportionality to the administered dosages. Notably, in vivo maximum concentra-
tions of 15.76 £ 7.88 uM for a 150 mg dose and 48.45 + 7.88 uM for a 600 mg dose were
recorded approximately 3.17 &£ 0.74 h and 2.41 £ 0.74 h post-administration, respectively.
The pharmacokinetic profile of NRG has revealed a half-life of 3.0 h for a 150 mg dose and
2.65 h for a 600 mg dose [12]. In the circulatory systems of rats, NRG predominantly exists
in conjugated forms, namely, sulfate and glucuronide [13]. It has been demonstrated that
NRG can ameliorate constipation symptoms induced by loperamide in mice through the
modulation of the secretion of various gastrointestinal hormones and the regulation of
related signaling pathways [14].

However, the precise effects of NRG on the gastrointestinal tract in normative animals
following ingestion remains to be elucidated. Therefore, the aim of this research was to
explore the effects of NRG on gastrointestinal motility in mice and to shed light on the
underlying mechanisms by analyzing alterations in gastrointestinal hormone secretion, the
canonical ligand /receptor tyrosine kinase signaling pathway (the stem cell factor (SCF) and
its receptor (tyrosine protein kinase Kit, c-Kit)), which are responsible for smooth muscle
contraction, as well as analyzing the composition of the gut microbiota.

2. Materials and Methods
2.1. Drugs

NRG was purchased from Beijing Solarbio Science & Technology Co., Ltd. (catalog
number SN8020, purity > 98% by HPLC analysis, Beijing, China).

2.2. Animal Grouping, Drug Administration, and Sample Collection

Forty-two specific-pathogen-free (SPF) Kunming mice (both female and male), aged
8 weeks and weighing 20-22 g, were obtained from Spelford Biotechnology Co., Ltd. (Beijing,
China). The mice were given clean water and specific animal maintenance feed daily and
maintained under a regulated 12 h light/dark cycle. Subsequent to acclimatization, the mice
were randomly divided into five groups for gavage, as follows: a negative control group (NC,
saline), a positive control group (Mosapride at 1 mg/kg), a high-concentration NRG group
(NRG_H, 25 mg/mL), a medium-concentration NRG group (NRG_M, 12.5 mg/mL), a the
low-concentration NRG group (NRG_L, 6.25 mg/mL). To facilitate dissolution, dimethyl sul-
foxide (DMSO) at 0.1% was incorporated into each preparation, and the mice were subjected to
gavage over a period of 7 days. On the final day of administration, the mice were anesthetized.
Following the completion of gastric emptying and small intestinal propulsion assessments,
samples of stomach, duodenum, and colon tissues measuring 5 x 5 mm were harvested
from each group of euthanized mice. These tissue samples were then thrice washed with
physiological saline to expunge any intestinal content and subsequently preserved at —80 °C
for future Western blot analysis. Additionally, cecal contents were gathered into 1 mL sterile
centrifuge tubes, promptly frozen at —80 °C, and transported on dry ice for further analysis.
All procedures involving animals were conducted with the approval of the Experimental
Animal Ethics Committee of Shanxi Agricultural University (Taigu, China), and they adhered
strictly to the regulations and guidelines set forth by the same committee. The ethical approval
for this study was granted under the permit number SXAU-EAW-20235K.R.P.012011194.
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2.3. Gastric Emptying and Small Intestinal Propulsion Assessments

On day six of continuous gavage, the mice had been fasting without water for 18 h.
Drawing upon established methodologies in the literature [15], with specific modifica-
tions, a semi-solid marker was prepared. The recipe entailed dissolving 5 g of sodium
carboxymethyl cellulose in 125 mL of distilled water, followed by the addition of 8 g of milk
powder, 4 g of glucose, 4 g of starch, and 1 g of activated charcoal powder. This mixture
was thoroughly combined to yield 150 mL of a semi-solid mixture which was subsequently
refrigerated and equilibrated to 20 °C prior to administration. On the seventh day, subse-
quent to the completion of the dosing regimen, each mouse was administered 0.8 mL of the
semi-solid mixture. The precise weight of the administered paste (M) was meticulously
measured and documented. Approximately 40 min following the administration, the
animals were sedated with pentobarbital sodium at a dosage of 50 mg/kg. Blood samples
were collected through cardiac punctures in the mice. Following sacrifice, the full stomach
weight (M), the net stomach weight (Mps), the entire length from the pylorus to the cecum
(Lt), and the distance of carbon propulsion (L.) within the small intestine were individually
assessed. The rates of gastric emptying (Equation (1)) and the propulsion speed in the small
intestine (Equation (2)) were determined by applying relevant mathematical equations.
Equations (1) and (2) have been described in a previous report [16].

2.4. Quantitative Assessment of the Gastrointestinal Hormone Concentrations in the
Murine Serum

The blood samples gathered according to the protocol outlined in Section 2.3 under-
went centrifugation at a force of 550 x g for 15 min at a temperature of 4 °C, which facilitated
the isolation of the serum. The isolated serum was then transferred into RNase-free, auto-
claved cryovials and subsequently preserved at a temperature of —80 °C for subsequent
examination. The serum levels of gastrin (GAS, catalog no. D731177), vasoactive intestinal
peptide (VIP, catalog no. D721193) (both acquired from Sangon Biotech Co., Ltd. (Shanghai,
China)), and motilin (MTL, catalog no. H182-1-1) (sourced from NanJing JianCheng Bio-
engineering Institute (Nanjing, China)) were quantified by employing the double-antibody
sandwich enzyme-linked immunosorbent assay (ELISA) technique. All assays were con-
ducted in strict accordance with the protocols provided by the respective manufacturers.

2.5. Spontaneous Activity of the Isolated Gastrointestinal Tissues

This investigation was carried out in accordance with the method described in our
prior study [16], though with modifications. Twelve mice had been fasting without water
for 24 h, and then the animals were anesthetized to isolate the muscle strips of their
stomachs, duodenums, and colons. Eighty microliters of NRG_H (H) was introduced into
the Tyrode solution to serve as the treatment condition.

2.6. Western Blot Analysis

The stomach, duodenum, and colon tissues from the murine specimens were accurately
weighed and subjected to pulverization in liquid nitrogen, and then they were treated with
RIPA buffer (catalog no. C5029, Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China),
which included 1% of both protease and phosphatase inhibitors. The resulting homogenates
were kept on ice for 30 min to promote cell lysis. Centrifugation was then performed at 4 °C
and 14,000 rpm for 10 min, leading to the collection of the supernatants containing the protein
extracts. Protein concentrations within the extracts were determined by a bicinchoninic acid
(BCA) protein assay. Next, 10 pg of each protein sample was loaded onto sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for separation and then transferred
to polyvinylidene difluoride (PVDF) membranes via electrotransfer. The membranes were
incubated in TBST buffer (catalog no. T1081, Beijing Solarbio Science & Technology Co.,
Ltd.) supplemented with 5% non-fat dried milk for 1.5 h to achieve blocking. Overnight
incubation at 4 °C was then conducted with the primary antibodies against SCF (catalog no.
bs-0545R, Beijing Biosynthesis Biotechnology Co., Ltd.) or a c-Kit (catalog no. bsm-52036R,
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Beijing Biosynthesis Biotechnology Co., Ltd.) at a dilution of 1:1000. After incubation, the
membranes were washed thrice with TBST. HRP-conjugated Affinipure Goat Anti-Rabbit
IgG (H + L) secondary antibodies were subsequently added at a 1:5000 dilution and allowed
to incubate at room temperature for 1 h. Then, the membranes underwent an additional
three washes with TBST buffer. For visualizing the protein bands, the membranes were
developed and then placed onto an exposure board within the ChemiDoc MP Imaging System
(Bio-Rad Laboratories Inc., Hercules, CA, USA) for image acquisition in a darkroom setting.
GAPDH served as the loading control throughout the experiment.

2.7. 165 rDNA Sequencing

The primary procedures encompassing DNA extraction, PCR amplification and sequenc-
ing of the 165 rRNA gene, lllumina Miseq sequencing, and data processing have been pre-
viously delineated [17]. In summary, the total microbial DNA was isolated from the mouse
fecal specimens utilizing an E.ZN.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA)
in accordance with the manufacturer’s guidelines. The integrity of the isolated DNA was
evaluated by agarose gel electrophoresis. A NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Chicago, IL, USA) was used to determine the concentrations and purity of
the DNA samples. The V3-V4 variable regions of the 165 rRNA gene were amplified through
PCR (ABI GeneAmp® 9700, ABI, Carlsbad, CA, USA) employing the primer sequences 338F
(5’-ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3).
The PCR products were purified with an AxyPrep DNA Gel Extraction Kit (Axygen, Union
City, CA, USA). Quantification of the purified DNA was conducted using a Quantus™ Flu-
orometer (Promega, Madison, WI, USA). The sequencing libraries were constructed using a
NEXTFLEX Rapid DNA-Seq Kit (Bioo Scientific, Austin, TX, USA) and subsequently sequenced
on an [llumina MiSeq PE300 platform (Majorbio Bio-Pharm Technology Co., Ltd., Shanghai,
China). The raw sequence data were then submitted to the NCBI SRA database (accession no.
PRJNA1114870). The operational taxonomic unit (OTU) clustering was conducted with the
UPARSE software package (version 7.1).

2.8. Data Analysis

The data were represented as means + SEMs. Statistical comparisons were carried
out using one-way analysis of variance (ANOVA) with SPSS (version 26.0, International
Business Machines Corporation, Armonk, NY, USA). Data visualization was performed
with GraphPad Prism (version 9.0, GraphPad Software Inc., Boston, MA, USA).

3. Results
3.1. NRG Enhances Gastric Emptying and Small Intestinal Propulsion in Normal Mice

In this study, we first examined the potential impact of NRG on gastric emptying
and intestinal motility in normal mice. It was observed that all three concentrations of
NRG facilitated enhanced gastric emptying (Figure 1A, p < 0.01) as well as increased
intestinal transit (Figure 1B, p < 0.01). Notably, the efficacy of the high concentrations
of NRG (NRG_H) was found to be statistically indistinguishable from that of the 5-HT4
receptor agonist (MSP) (p > 0.05), whereas the medium (NRG_M) and low concentrations
(NRG_L) demonstrated significantly reduced effects when compared to the MSP (p < 0.05).

3.2. NRG Regulates Three Gastrointestinal Hormone Expression Levels in Serum

The tested concentrations of NRG markedly enhanced the serum secretion levels of
GAS and MTL (Figure 2A,B, p < 0.01) while concurrently decreasing the secretion levels of
VIP (Figure 2C, p < 0.01). Notably, NRG_H demonstrated an impact on the MTL and VIP
secretions that was analogous to that of the MSP, although it exhibited a marginally reduced
effect on GAS secretion (p < 0.05). NRG_M and NRG_L yielded similar outcomes, with
both being significantly less potent than NRG_H in their effects (p < 0.01).
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Figure 1. Impact of varying concentrations of NRG on gastric emptying rate (A) and intestinal
propulsive rate (B) in vivo. Statistical significance between the groups is indicated by the capital
letters (p < 0.01) and/or lowercase letters (p < 0.05) above the bars. Each experimental group consisted
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Figure 2. Impact of varying concentrations of NRG on the secretion of GAS (A), MTL (B), and VIP (C)
in mouse serum after 7 d of administration. Statistical significance between the groups is indicated by
the capital letters (p < 0.01) and lowercase letters (p < 0.05) above the bars. Each experimental group
consisted of six mice.

3.3. NRG Boosts the Spontaneous Activity of Isolated Gastrointestinal Tissues

To elucidate the precise site of action of NRG within the gastrointestinal tract, muscle
strips isolated from the stomachs, duodenums, and colons of the mice were separately
incubated with high concentrations of NRG. The findings revealed a statistically significant
augmentation in muscle contractility across all tested segments (Figure 3, p < 0.01).

A 110 A C 125,

——

1 ' A

)
2

_
=
ik

105+

10,
1054

1001 E—/—3

100+

% of spontaneous activity w
e
% of spontaneous activity

Nl
w
\O
()

T T T T

<> é() Q> %O Q

Stomach

Duodenum Colon

Figure 3. In vitro effects of high NRG concentrations on the contraction of isolated muscle strips
from various gastrointestinal tissues (A) Stomach; (B) Duodenum; (C) Colon. Contraction activity is
presented as a percentage (%) of the spontaneous activity relative to the negative control (NC, normal-
ized to 100%). Statistical significance between the groups is indicated by the capital letters (p < 0.01)
above the bars. Each experimental group consisted of six mice.
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3.4. NRG Enhances the Expression of SCF and c-Kit Proteins in Gastrointestinal Tissues

Compared to the NC group, following a one-week administration period, the NRG_H
group exhibited a statistically significant elevation in SCF and c-Kit protein expression
within their stomachs (p < 0.05 and p < 0.01, respectively). The magnitude of these al-
terations paralleled those observed in the MSP group (Figure 4A,B). Similarly, in the
duodenum and colon tissues, the changes in SCF and c-Kit protein expression mirrored
those observed in the stomach tissues (Figure 4C-F).
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Figure 4. Western blotting analysis of SCF and c-Kit in the stomach (A,B), duodenum (C,D), and
colon (E,F) tissues of each group. Statistical significance between the groups is indicated by the

capital letters (p < 0.01) and/or lowercase letters (p < 0.05) above the bars. Each experimental group
consisted of four mice.
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3.5. NRG Modulates Gut Microbiota Composition

Utilizing 165 rDNA sequencing, alterations in the gut microbiota composition across the
various treatment groups post-drug administration were ascertained. Principal coordinates
analysis (PCoA) demonstrated that the gut microbiota composition of the NC group markedly
differed from those of the MSP and NRG_H groups. Conversely, the microbiota profiles
within the MSP and NRG_H groups exhibited greater degrees of similarity (Figure 5).
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Figure 5. PCoA analysis of the OTU levels of gut microbiota. Each experimental group consisted of
five mice.

At the phylum level, the predominant microbial groups identified were Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, and Desulfobacterota, with Firmicutes and
Bacteroidetes constituting the highest proportions. Specifically, in the NC, MSP, and
NRG_H groups, the proportions of Firmicutes and Bacteroidetes were 60.76% and 25.16%,
58.03% and 30.56%, and 39.55% and 50.36%, respectively. This indicated that following
the NRG_H treatment, the proportion of Bacteroidetes approximately doubled. Notably,
Verrucomicrobiota demonstrated a marked elevation in abundance within the MSP group
relative to the NC group, with an increase of 183.69%, but in the NRG_H group, only a
31.14% increment was observed. The abundance of Actinobacteriota and Desulfobacterota
decreased after treatment, with the MSP group seeing reductions of 41.55% and 42.89% and
the NRG group experiencing reductions of 59.22% and 90.28%, respectively (Figure 6A).

At the family level, the abundances of Muribaculaceae and Moraxellaceae in the MSP
group experienced reductions of 10.44% and 70.41%, respectively, whereas in the NRG_H
group, they increased by 78.59% and 76.15%, respectively. The family Planococcaceae demon-
strated a significant post-administration increase, with abundances 147.76- and 77.41-fold
higher in the MSP and NRG_H groups, respectively, compared to the NC group. Bac-
teroidaceae displayed analogous patterns, with their abundances in the MSP and NRG_H
groups being 6.80- and 7.67-fold greater than in the NC group, respectively. Conversely, the
abundances of Staphylococcaceae decreased post-administration, with reductions of 78.76%
observed in the MSP group and 81.19% in the NRG_H group (Figure 6B).

At the genus level, following administration, the prevalence of Kurthia escalated
from 0.03% in the NC group to 24.70% in the MSP group and 14.05% in the NRG_H
group. Concurrently, Bacteroides followed a similar trajectory, rising from 0.68% in the
NC group to 4.62% in the MSP group and 5.21% in the NRG_H group, respectively. The
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genus Clostridia_UCG-014 also underwent significant changes, with its abundance reach-
ing 2.65% in the MSP group and 2.43% in the NRG_H group, which were increases of
2.49 and 2.20-fold compared to the baseline of 0.76% in the NC group, respectively. Con-
versely, Lactobacillus, which constituted 7.70% in the NC group, experienced a marked
decline post-administration, with reductions of 88.47% and 88.66% observed in the MSP

and NRG_H groups, respectively (Figure 6C).
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Figure 6. The variations in gut microbiota composition are displayed at the phylum (A), family (B),
genus (C), and species levels (D), respectively. Each experimental group consisted of five mice.

At the species level, Bacteroides acidifaciens demonstrated a pronounced increase fol-
lowing drug treatment, with abundances of 2.27% in the MSP group and 3.20% in the
NRG_H group, which were 9.08-fold and 12.8-fold higher than the 0.25% observed in the
NC group (Figure 6D).

In the LFEse multi-level species differential analysis, it was found that Comamon-
adaceae, Vampirivibrionia, Cyanobacteria, and Gastranaerophilales were enriched charac-
teristic bacteria after the NRG_H treatment (Figure 7).



Foods 2024, 13, 2520

90f13

f Lactobacillaceae [ | 11\\]4%})
f Erysipelptrichaceae u

_krysipelp il

o_Erysipelptrichales
¢_Desulfovibrionia
p_Desulfobacterota
o_Desulfovibrionales

f Desulfovibrionaceae
o_Bifidobacteriales

f Bifidobacteriaceare
o_Peptostreptococcales-Tissierellal
f Acholeplasmataceae
o_Acholeplasmatales

f Peptostreptococcaceae

f Atopobiaceae
o_Clostridiales

f Clostridiaceae

f Streptococcaceae
o_Bacillales

f Planococcaceae

f _Enterococcaceae

f Leuconostocaceae

f Erysipelatoclostridiaceae

f Comamonadaceae

f norank_o_Gastranaerophilales

¢_Vampirivibrionia
o_Gastranaerophilales
p_Cyanobacteria

€s

1.5

2 25 3 3.5

LDA SCORE (log,,)

5.5

Figure 7. The linear discriminant analysis histogram of the control and NRG_H groups. Each
experimental group consisted of five mice.

4. Discussion

This investigation initially elucidated that NRG, administered at high, medium, and
low concentrations, uniformly accelerated gastric emptying and small intestinal propulsion
in healthy mice, with the high dose exhibiting the most pronounced effect. Jeong et al.’s
research findings suggest that the primary metabolites of flavonoids are glucuronides and
sulfates [18]. In selecting an appropriate animal model for NRG administration, mice
were deemed more suitable than rats as the latter excrete minimal quantities of sulfates,
particularly at lower concentrations. Conversely, the concentration of sulfates in mice
closely mirrors that observed in human plasma and urine.

This research indicated that the enhancement of gastrointestinal motility by naringenin
in mice was primarily accomplished via three mechanisms which are discussed below.

4.1. Regulating the Secretion of Related Hormones

MTL and GAS are commonly referred to as “accelerator hormones”, whereas VIP
is classified as an “inhibitory hormone” [19]. The impact of NRG_H on the regulation
of these three gastrointestinal hormones was assessed across various doses. The results
indicated that all NRG-treated groups positively modulated the levels of the first two
hormones—MTL and GAS—which was consistent with their observed effects in past mice
constipation models [14]. Through in vitro experiments, it was also found that NRG could
activate the Ghrelin receptor [20] and affect the secretion of CCK [21].
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4.2. Improving the Expression Levels of Proteins Associated with the SCF/c-kit Signaling Pathway

The SCF/c-Kit system forms a classical canonical ligand/receptor tyrosine kinase
signaling transduction pathway that orchestrates smooth muscle contraction. The in-
terstitial cells of Cajal (ICC) act as specialized gastrointestinal pacemaker cells [22,23],
where they serve a pivotal role in gastrointestinal motility and gastric emptying [24,25].
The quantity and morphological structure abnormalities of ICC directly affect gastrointesti-
nal motility [26]. Functionally, ICCs act as “pacemaker” cells, generating spontaneous slow
waves to modulate gastrointestinal motility [27]. The growth, phenotype maintenance,
and functional activities of ICCs are governed by the SCF/c-Kit signaling pathway, which
comprises the specific receptor c-Kit (a tyrosine kinase receptor) and its natural ligand,
SCE. This pathway governs the cellular proliferation, differentiation, and migration of
ICCs [28,29]. Furthermore, the SCF/c-Kit pathway enhances the sensitivity of gastrointesti-
nal hormones [30]. Flavonoids, such as nobiletin and quercetin, can modulate this signaling
pathway to exert their effects [31,32]. The present study revealed that NRG upregulates the
levels of SCF and c-Kit proteins in the stomach, duodenum, and colon, suggesting that one
mechanism by which NRG promotes gastrointestinal motility is through the induction of
increased ICCs via the SCF/c-Kit pathway.

4.3. Influencing the Composition of Gut Microbiota

NRG exhibits a multifaceted regulatory impact on gut microbiota, encompassing
both compositional and metabolic aspects, as follows: (1) It regulates gut microbiota
composition, as NRG has been shown to influence the composition of gut microbiota,
particularly in polycystic ovary syndrome, where it enhances the diminished prevalence
of Prevotella and Gemella while concurrently increasing the presence of Butyricimonas, Lach-
nospira, Parabacteroides, Butyricicoccus, Streptococcus, and Coprococcus. Among these, the
genera Butyricicoccus, Roseburia, and Streptococcus can directly or indirectly enhance the pro-
duction of short-chain fatty acids (SCFAs) like acetate, butyrate, and propionate [33]. These
chemicals serve as potential biomarkers and therapeutic targets indicative of metabolic
health, exerting a multifaceted influence on a host’s metabolism. They function as a conduit
of communication between the gut and various peripheral tissues, including adipocytes,
intestinal cells, and endocrine cells, thereby modulating appetite, energy expenditure,
lipid metabolism, and insulin sensitivity, as well as influencing intestinal barrier function.
Butyricicoccus pullicaecorum enhances butyrate production by activating SCFA transporters
and/or receptors, which may prevent or ameliorate the clinical manifestations of colorectal
cancer [34]. Roseburia species generate SCFAs through the fermentation of indigestible
carbohydrates in the gut, potentially providing therapeutic benefits for individuals with in-
flammatory bowel disease [35]. Streptococcus spp. produce acetate via the Wood-Ljungdahl
pathway and pyruvate’s decarboxylation to acetyl-CoA. When combined with Lactobacillus
and Bifidobacterium in specific proportions, these bacteria demonstrate the safe and effective
alleviation of symptoms in patients with ulcerative colitis [36]. In a model where obesity is
triggered by a diet rich in fats, NRG demonstrates prebiotic-like actions by adjusting the
makeup of gut microbiota, which, in turn, aids in maintaining the integrity of the intestinal
barrier. Furthermore, NRG augments the expression of zonula occludens-2 and tight junc-
tion proteins, thereby strengthening the integrity of the tight junctions (T]) barrier in Caco-2
cells [37], and by preventing the movement of inflammatory agents (such as tumor necrosis
factor-o, interleukin-6, and the inflammatory marker F4/80) along the gut-liver pathway,
it consequently alleviates the inflammatory conditions in the intestines of obese animals
in animal models [38]. (2) The regulation of the growth and gene expression patterns
of gut symbiotic microorganisms is also supported by Jenni Firrman’s research findings,
which revealed that NRG exhibits differential effects on the growth and gene expression
patterns of gut symbiotic microorganisms, including Ruminococcus gauvreauii, Bifidobac-
terium catenulatum, and Enterococcus caccae. The growth curve analysis indicated that NRG
had no effect on Ruminococcus gauvreauii, slightly promoted the growth of Bifidobacterium
catenulatum, and significantly inhibited the growth of Enterococcus caccae. In Ruminococcus
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gauvreauii, genes associated with iron absorption, such as iron transporter FeoA, were up-
regulated. In Bifidobacterium catenulatum, genes related to cellular metabolism, DNA repair,
and molecular transport, including putative lipoprotein signal peptidase, ATP synthase
epsilon subunit, phosphopantetheine adenylyltransferase, and holliday junction DNA
helicase RuvA, were upregulated, while genes associated with thymidine biosynthesis and
metabolism, for example, deoxyuridine 5'-triphosphate nucleotidohydrolase, carbohydrate
kinase, and l-ribulose-5-phosphate 4-epimerase, were downregulated. For Enterococcus
caccae, NRG enhanced the expression of the pathways involved in transcription and protein
transport, and it concurrently suppressed the expression of genes linked to sugar transport
and purine synthesis [39]. Additionally, the existing literature indicates that Turicibacter,
Alistipes, Lachnospiraceae_NK4A136_group, and Ruminococcus are negatively correlated with
the expression of SCF/c-Kit-related proteins [40]. Consistent with these findings, our
study demonstrated that NRG promotes the expression of SCF and c-Kit proteins while
concurrently reducing the relative abundance of Lachnospiraceae_NK4A136_group. This
alignment with previous research underscores the potential mechanistic pathways through
which NRG may exert its therapeutic effects.

Among common dietary polyphenols, NRG exhibits the most pronounced impact
on the growth of probiotics such as Lactobacillus rhamnosus and commensal bacteria like
Escherichia coli, as well as pathogenic bacteria, including Staphylococcus aureus and Salmonella
typhimurium [41]. This study further elucidates NRG’s significant regulatory effects on
Staphylococcus and Lactobacillus. Additionally, Planococcaceae influence blood sugar lev-
els by modulating valine production; Bacteroides acidifaciens, a probiotic with anti-obesity
effects, enhances IgA production, thereby improving gut immune function [42,43]; Gas-
tranaerophilales represents a beneficial gut bacterium [44]; and Clostridia_UCG-014, a probi-
otic associated with tryptophan metabolism, regulates gut homeostasis [45]. NRG positively
regulates these beneficial bacteria, underscoring its multifaceted role in gut microbiota
modulation.

5. Conclusions

NRG, when present in concentrations spanning from 6.25 mg/mL to 25 mg/mL,
facilitates gastric emptying and small intestinal propulsion through the modulation of
gastrointestinal muscle tissue contractions and the regulation of hormone expression levels
pertinent to the digestive system, including MLT, GAS and VIP, with the highest concentra-
tion of 25 mg/mL showing the most significant effect. The underlying mechanism of action
involves the upregulation of the SCF/c-Kit pathway, which augments sensitivity to gas-
trointestinal hormones. This effect is concomitant with an enhancement in the abundance
of beneficial bacterial (e.g., Planococcaceae, Bacteroides acidifaciens, and Clostridia_UCG-014)
populations.

Author Contributions: L.W.: writing—original draft preparation, investigation, methodology, soft-
ware, funding acquisition; Y.N.: investigation; B.R.: investigation; S.W.: investigation; Y.S.: in-
vestigation; X.W.: investigation; K.Z.: investigation; Z.Y.: investigation; Y.L.: investigation; J.G.:
writing—methodology, review, and editing, and supervision, project administration, and funding
acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the introduction of the talent research start-up fund by Shanxi
Agricultural University under grant number 2023BQ102 and the Basic Research Program in Shanxi
under grant number 20210302123383.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



Foods 2024, 13, 2520 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Salehi, B.; Fokou, P.V.T.; Sharifi-Rad, M.; Zucca, P; Pezzani, R.; Martins, N.; Sharifi-Rad, J. The therapeutic potential of naringenin:
A review of clinical trials. Pharmaceuticals 2019, 12, 11. [CrossRef] [PubMed]

Arafah, A.; Rehman, M.U.; Mir, TM.; Wali, A.F; Ali, R; Qamar, W.; Khan, R; Ahmad, A.; Aga, S.S.; Algahtani, S.; et al.
Multi-therapeutic potential of naringenin (4’,5,7-Trihydroxyflavonone): Experimental evidence and mechanisms. Plants 2020, 9,
1784. [CrossRef] [PubMed]

Duda-Madej, A.; Stecko, J.; Sobieraj, ].; Szymanska, N.; Kozlowska, ]. Naringenin and its derivatives-health-promoting phytobiotic
against resistant bacteria and fungi in humans. Antibiotics 2022, 11, 1628. [CrossRef] [PubMed]

Mulvihill, E.E.; Allister, E.M.; Sutherland, B.G.; Telford, D.E.; Sawyez, C.G.; Edwards, J.Y.; Markle, ] M.; Hegele, R.A.; Huff, M.W.
Naringenin prevents dyslipidemia, apolipoprotein B overproduction, and hyperinsulinemia in LDL receptor-null mice with
diet-induced insulin resistance. Diabetes 2009, 58, 2198-2210. [CrossRef] [PubMed]

Al-Dosari, D.I; Ahmed, M.M.; Al-Rejaie, S.S.; Alhomida, A.S.; Ola, M.S. Flavonoid naringenin attenuates oxidative stress,
apoptosis and improves neurotrophic effects in the diabetic rat retina. Nutrients 2017, 9, 1161. [CrossRef] [PubMed]
Jayalakshmi, J.; Vanisree, A.J. Naringenin sensitizes resistant C6 glioma cells with a repressive impact on the migrating ability.
Ann. Neurosci. 2020, 27, 114-123.

Orrego-Lagaron, N.; Martinez-Huelamo, M.; Vallverdu-Queralt, A.; Lamuela-Raventos, R.M.; Escribano-Ferrer, E. High gastroin-
testinal permeability and local metabolism of naringenin: Influence of antibiotic treatment on absorption and metabolism. Br. J.
Nutr. 2015, 114, 169-180. [CrossRef] [PubMed]

Stabrauskiene, J.; Kopustinskiene, D.M.; Lazauskas, R.; Bernatoniene, J. Naringin and naringenin: Their mechanisms of action
and the potential anticancer activities. Biomedicines 2022, 10, 1686. [CrossRef] [PubMed]

Joshi, R.; Kulkarni, Y.A.; Wairkar, S. Pharmacokinetic, pharmacodynamic and formulations aspects of Naringenin: An update.
Life Sci. 2018, 215, 43-56. [CrossRef]

Chin, L.H.; Hon, C.M.; Chellappan, D.K,; Chellian, J.; Madheswaran, T.; Zeeshan, F.; Awasthi, R.; Aljabali, A.A.; Tambuwala,
M.M.; Dureja, H.; et al. Molecular mechanisms of action of naringenin in chronic airway diseases. Eur. J. Pharmacol. 2020, 879,
173139. [CrossRef]

Rani, N.; Bharti, S.; Krishnamurthy, B.; Bhatia, J.; Sharma, C.; Kamal, M.A.; Ojha, S.; Arya, D.S. Pharmacological properties
and therapeutic potential of naringenin: A citrus flavonoid of pharmaceutical promise. Curr. Pharm. Des. 2016, 22, 4341-4359.
[CrossRef]

Rebello, CJ.; Beyl, R.A; Lertora, J.J.L.; Greenway, EL.; Ravussin, E.; Ribnicky, D.M.; Poulev, A.; Kennedy, B.]J.; Castro, H.F;
Campagna, S.R.; et al. Safety and pharmacokinetics of naringenin: A randomized, controlled, single-ascending-dose clinical rial.
Diabetes Obes. Metab. 2020, 22, 91-98. [CrossRef] [PubMed]

Wang, M.].; Chao, P.D.L.; Hou, Y.C.; Hsiu, S.L.; Wen, K.C.; Tsai, S.Y. Pharmacokinetics and conjugation metabolism of naringin
and naringenin in rats after single dose and multiple dose administrations. . Food Drug Anal. 2020, 14, 247. [CrossRef]

Yin, J.; Liang, Y.; Wang, D.; Yan, Z.; Yin, H.; Wu, D.; Su, Q. Naringenin induces laxative effects by upregulating the expression
levels of c-Kit and SCF, as well as those of aquaporin 3 in mice with loperamide-induced constipation. Int. ]. Mol. Med. 2018, 41,
649-658. [CrossRef]

Stickney, ].C.; Northup, D.W. Effect of gastric emptying upon propulsive motility of small intestine of rats. Proc. Soc. Exp. Biol.
Med. 1959, 101, 582-583. [CrossRef] [PubMed]

Wu, L,; Jin, X,; Zheng, C.; Ma, F; Zhang, X,; Gao, P; Gao, J.; Zhang, L. Bidirectional effects of Mao Jian Green Tea and its flavonoid
glycosides on gastrointestinal motility. Foods 2023, 12, 854. [CrossRef] [PubMed]

Cao, P; Yue, M,; Cheng, Y.; Sullivan, M.A.; Chen, W.; Yu, H.; Li, E; Wu, S.; Lv, Y,; Zhai, X,; et al. Naringenin prevents non-alcoholic
steatohepatitis by modulating the host metabolome and intestinal microbiome in MCD diet-fed mice. Food Sci. Nutr. 2023, 11,
7826-7840. [CrossRef] [PubMed]

Jeong, E.J.; Jia, X.; Hu, M. Disposition of formononetin via enteric recycling: Metabolism and excretion in mouse intestinal
perfusion and Caco-2 cell models. Mol. Pharm. 2005, 2, 319-328. [CrossRef] [PubMed]

Parikh, A.; Thevenin, C. Physiology, Gastrointestinal Hormonal Control. In StatPearls [Internet]; StatPearls Publishing: St.
Petersburg, FL, USA, 2023.

Jang, Y.; Kim, TK.; Shim, W.S. Naringin exhibits in vivo prokinetic activity via activation of ghrelin receptor in gastrointestinal
motility dysfunction rats. Pharmacology 2013, 92, 191-197. [CrossRef]

Park, M.; Kim, K; Lee, YM.; Rhyu, M.R.; Kim, H.Y. Naringenin stimulates cholecystokinin secretion in STC-1 cells. Nutr. Res.
Pract. 2014, 8, 146-150. [CrossRef]

Blair, PJ.; Rhee, PL.; Sanders, K.M.; Ward, S.M. The significance of interstitial cells in neurogastroenterology. . Neurogastroenterol.
Motil. 2014, 20, 294-317. [CrossRef]

Sanders, K.M.; Ward, S.M.; Koh, S.D. Interstitial cells: Regulators of smooth muscle function. Physiol. Rev. 2014, 94, 859-907.
[CrossRef]

Yang, Z.; Panf, A.; Zuo, W.; Guo, J.; Zhou, W. Relaxant effect of flavonoid naringenin on contractile activity of rat colonic smooth
muscle. J. Ethnopharmacol. 2014, 155, 1177-1183. [CrossRef]


https://doi.org/10.3390/ph12010011
https://www.ncbi.nlm.nih.gov/pubmed/30634637
https://doi.org/10.3390/plants9121784
https://www.ncbi.nlm.nih.gov/pubmed/33339267
https://doi.org/10.3390/antibiotics11111628
https://www.ncbi.nlm.nih.gov/pubmed/36421272
https://doi.org/10.2337/db09-0634
https://www.ncbi.nlm.nih.gov/pubmed/19592617
https://doi.org/10.3390/nu9101161
https://www.ncbi.nlm.nih.gov/pubmed/29064407
https://doi.org/10.1017/S0007114515001671
https://www.ncbi.nlm.nih.gov/pubmed/26083965
https://doi.org/10.3390/biomedicines10071686
https://www.ncbi.nlm.nih.gov/pubmed/35884991
https://doi.org/10.1016/j.lfs.2018.10.066
https://doi.org/10.1016/j.ejphar.2020.173139
https://doi.org/10.2174/1381612822666160530150936
https://doi.org/10.1111/dom.13868
https://www.ncbi.nlm.nih.gov/pubmed/31468636
https://doi.org/10.38212/2224-6614.2468
https://doi.org/10.3892/ijmm.2017.3301
https://doi.org/10.3181/00379727-101-25024
https://www.ncbi.nlm.nih.gov/pubmed/13675325
https://doi.org/10.3390/foods12040854
https://www.ncbi.nlm.nih.gov/pubmed/36832929
https://doi.org/10.1002/fsn3.3700
https://www.ncbi.nlm.nih.gov/pubmed/38107095
https://doi.org/10.1021/mp0498852
https://www.ncbi.nlm.nih.gov/pubmed/16053335
https://doi.org/10.1159/000354579
https://doi.org/10.4162/nrp.2014.8.2.146
https://doi.org/10.5056/jnm14060
https://doi.org/10.1152/physrev.00037.2013
https://doi.org/10.1016/j.jep.2014.06.053

Foods 2024, 13, 2520 13 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lopez-Pingarron, L.; Almeida, H.; Pereboom-Maicas, D.; Garcia, ].J. Pathophysiological implications of interstitial Cajal-like cells
(ICC-like) in uterus: A comparative study with gastrointestinal ICCs. Curr. Issues Mol. Biol. 2023, 45, 7557-7571. [CrossRef]
[PubMed]

Joung, ].Y.; Choi, S.H.; Son, C.G. Interstitial cells of Cajal: Potential targets for functional dyspepsia treatment using medicinal
natural products. Evid.-Based Complement. Altern. Med. 2021, 2021, 9952691. [CrossRef] [PubMed]

Sanders, K.M. Spontaneous electrical activity and rhythmicity in gastrointestinal smooth muscles. Adv. Exp. Med. Biol. 2019, 1124,
3-46. [CrossRef] [PubMed]

Wang, W.; Shui, L,; Liu, Y.; Zheng, M. C-Kit, a double-edged sword in liver regeneration and diseases. Front. Genet. 2021, 12,
598855. [CrossRef]

Sheikh, E.; Tran, T.; Vranic, S.; Levy, A.; Bonfil, R.D. Role and significance of c-KIT receptor tyrosine kinase in cancer: A review.
Bosn |. Basic Med. Sci. 2022, 22, 683-698. [CrossRef] [PubMed]

Chai, Y.,; Huang, Y; Tang, H.; Tu, X.; He, J.; Wang, T.; Zhang, Q.; Xiong, E; Li, D.; Qiu, Z. Role of stem cell growth factor/c-Kit in
the pathogenesis of irritable bowel syndrome. Exp. Ther. Med. 2017, 13, 1187-1193. [CrossRef]

Chen, PY; Chen, Y.T.; Gao, W.Y.; Wu, M.].; Yen, ].H. Nobiletin down-regulates c-KIT gene expression and exerts antileukemic
effects on human acute myeloid leukemia Cells. . Agric. Food Chem. 2018, 66, 13423-13434. [CrossRef]

Sakai-Kashiwabara, M.; Abe, S.; Asano, K. Suppressive activity of quercetin on the production of eosinophil chemoattractants
from eosinophils in vitro. In Vivo 2014, 28, 515-522. [PubMed]

Wu, Y.X,; Yang, X.Y.; Han, B.S.; Hu, Y.Y,; An, T,; Lv, B.H,; Lian, J.; Wang, T.Y,; Bao, X.L.; Gao, L.; et al. Naringenin regulates gut
microbiota and SIRT1/PGC-1a signaling pathway in rats with letrozole-induced polycystic ovary syndrome. Biomed. Pharmacother.
2022, 153, 113286. [CrossRef]

Chang, S.C.; Shen, M.H.; Liu, C.Y;; Pu, CM.; Hu, J.M.; Huang, C.J. A gut butyrate-producing bacterium Butyricicoccus
pullicaecorum regulates short-chain fatty acid transporter and receptor to reduce the progression of 1,2-dimethylhydrazine-
associated colorectal cancer. Oncol. Lett. 2020, 20, 327. [CrossRef] [PubMed]

Nie, K.; Ma, K.; Luo, W,; Shen, Z.; Yang, Z.; Xiao, M.; Tong, T.; Yang, Y.; Wang, X. Roseburia intestinalis: A beneficial gut organism
from the discoveries in genus and species. Front. Cell. Infect. Microbiol. 2021, 11, 757718. [CrossRef] [PubMed]

Agraib, LM.; Yamani, M.I,; Tayyem, R.; Abu-Sneineh, A.T.; Rayyan, Y.M. Probiotic supplementation induces remission and
changes in the immunoglobulins and inflammatory response in active ulcerative colitis patients: A pilot, randomized, double-
blind, placebo-controlled study. Clin. Nutr. ESPEN 2022, 51, 83-91. [CrossRef] [PubMed]

Noda, S.; Tanabe, S.; Suzuki, T. Naringenin enhances intestinal barrier function through the expression and cytoskeletal association
of tight junction proteins in Caco-2 cells. Mol. Nutr. Food Res. 2013, 57, 2019-2028. [CrossRef]

Yu, R.; Gu, Y;; Zheng, L.; Liu, Z.; Bian, Y. Naringenin prevents NAFLD in the diet-induced C57BL/6] obesity model by regulating
the intestinal barrier function and microbiota. . Funct. Foods 2023, 105, 105578. [CrossRef]

Firrman, J.; Liu, L.; Argoty, G.A.; Zhang, L.; Tomasula, P.; Wang, M.; Pontious, S.; Kobori, M.; Xiao, W. Analysis of temporal
changes in growth and gene expression for commensal gut microbes in response to the polyphenol naringenin. Microbiol. Insights
2018, 11, 1178636118775100. [CrossRef]

Liang, S.; He, Z.P,; Liang, Z.P.; Wang, K.; Du, B.; Guo, RX,; Li, P. Prunus persica (L.) Batsch blossom soluble dietary fiber synergia
polyphenol improving loperamide-induced constipation in mice via regulating stem cell factor /C-kit, NF-«B signaling pathway
and gut microbiota. Food Res. Int. 2024, 192, 114761. [CrossRef]

Parkar, S.G.; Stevenson, D.E.; Skinner, M.A. The potential influence of fruit polyphenols on colonic microflora and human gut
health. Int. ]. Food Microbiol. 2008, 124, 295-298. [CrossRef]

Wei, B.; Zhang, B.; Du, A.Q.; Zhou, Z.Y.; Lu, D.Z,; Zhu, Z.H.; Ke, S.Z.; Wang, S.J.; Yu, Y.L.; Chen, ].W,; et al. Saccharina japonica
fucan suppresses high fat diet-induced obesity and enriches fucoidan-degrading gut bacteria. Carbohydr. Polym. 2022, 290, 119411.
[CrossRef] [PubMed]

Nakajima, A.; Sasaki, T; Itoh, K.; Kitahara, T.; Takema, Y.; Hiramatsu, K.; Ishikawa, D.; Shibuya, T.; Kobayashi, O.; Osada, T.; et al.
A soluble fiber diet increases bacteroides fragilis group abundance and immunoglobulin a production in the gut. Appl. Environ.
Microbiol. 2020, 86, €00405-e00420. [CrossRef] [PubMed]

Shang, J.; Guo, H.; Li, J.; Li, Z; Yan, Z.; Wei, L.; Hua, Y.; Lin, L.; Tian, Y. Exploring the mechanism of action of Sanzi formula
in intervening colorectal adenoma by targeting intestinal flora and intestinal metabolism. Front. Microbiol. 2022, 13, 1001372.
[CrossRef] [PubMed]

Yang, C.; Du, Y.; Ren, D.; Yang, X.; Zhao, Y. Gut microbiota-dependent catabolites of tryptophan play a predominant role in the
protective effects of turmeric polysaccharides against DSS-induced ulcerative colitis. Food Funct. 2021, 12, 9793-9807. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cimb45090476
https://www.ncbi.nlm.nih.gov/pubmed/37754260
https://doi.org/10.1155/2021/9952691
https://www.ncbi.nlm.nih.gov/pubmed/34306162
https://doi.org/10.1007/978-981-13-5895-1_1
https://www.ncbi.nlm.nih.gov/pubmed/31183821
https://doi.org/10.3389/fgene.2021.598855
https://doi.org/10.17305/bjbms.2021.7399
https://www.ncbi.nlm.nih.gov/pubmed/35490363
https://doi.org/10.3892/etm.2017.4133
https://doi.org/10.1021/acs.jafc.8b05680
https://www.ncbi.nlm.nih.gov/pubmed/24982217
https://doi.org/10.1016/j.biopha.2022.113286
https://doi.org/10.3892/ol.2020.12190
https://www.ncbi.nlm.nih.gov/pubmed/33101496
https://doi.org/10.3389/fcimb.2021.757718
https://www.ncbi.nlm.nih.gov/pubmed/34881193
https://doi.org/10.1016/j.clnesp.2022.08.020
https://www.ncbi.nlm.nih.gov/pubmed/36184252
https://doi.org/10.1002/mnfr.201300045
https://doi.org/10.1016/j.jff.2023.105578
https://doi.org/10.1177/1178636118775100
https://doi.org/10.1016/j.foodres.2024.114761
https://doi.org/10.1016/j.ijfoodmicro.2008.03.017
https://doi.org/10.1016/j.carbpol.2022.119411
https://www.ncbi.nlm.nih.gov/pubmed/35550744
https://doi.org/10.1128/AEM.00405-20
https://www.ncbi.nlm.nih.gov/pubmed/32332136
https://doi.org/10.3389/fmicb.2022.1001372
https://www.ncbi.nlm.nih.gov/pubmed/36160256
https://doi.org/10.1039/D1FO01468D
https://www.ncbi.nlm.nih.gov/pubmed/34664583

	Introduction 
	Materials and Methods 
	Drugs 
	Animal Grouping, Drug Administration, and Sample Collection 
	Gastric Emptying and Small Intestinal Propulsion Assessments 
	Quantitative Assessment of the Gastrointestinal Hormone Concentrations in the Murine Serum 
	Spontaneous Activity of the Isolated Gastrointestinal Tissues 
	Western Blot Analysis 
	16S rDNA Sequencing 
	Data Analysis 

	Results 
	NRG Enhances Gastric Emptying and Small Intestinal Propulsion in Normal Mice 
	NRG Regulates Three Gastrointestinal Hormone Expression Levels in Serum 
	NRG Boosts the Spontaneous Activity of Isolated Gastrointestinal Tissues 
	NRG Enhances the Expression of SCF and c-Kit Proteins in Gastrointestinal Tissues 
	NRG Modulates Gut Microbiota Composition 

	Discussion 
	Regulating the Secretion of Related Hormones 
	Improving the Expression Levels of Proteins Associated with the SCF/c-kit Signaling Pathway 
	Influencing the Composition of Gut Microbiota 

	Conclusions 
	References

