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ABSTRACT: Inulin, a commonly used dietary fiber supplement, is capable of modulating
the gut microbiome. Chronic inflammation resulting from metabolic abnormalities and gut
flora dysfunction plays a significant role in the development of type 2 diabetes mellitus
(T2DM). Our research has demonstrated that inulin administration effectively reduced
colonic inflammation in T2DM mice by inducing changes in the gut microbiota and
increasing the concentration of butyric acid, which in turn modulated the function of enteric
glial cells (EGCs). Experiments conducted on T2DM mice revealed that inulin
administration led to an increase in the Bacteroidetes/Firmicutes ratio and the concentration
of butyric acid in the colon. The anti-inflammatory effects of altered gastrointestinal flora and
its metabolites were further confirmed through fecal microbiota transplantation. Butyric acid
was found to inhibit the activation of the κB inhibitor kinase β/nuclear factor κB pathway,
regulate the expression levels of interleukin-6 and tumor necrosis factor-α, suppress the
abnormal activation of EGCs, and prevent the release of inflammatory factors by EGCs.
Similar results were observed in vitro experiments with butyric acid. Our findings demonstrate that inulin, by influencing the
intestinal flora, modifies the activity of EGCs to effectively reduce colonic inflammation in T2DM mice.

■ INTRODUCTION
The number of diabetes patients has been on the rise since 2019,
and it is projected that by 2045, there will be a staggering 700
million individuals worldwide with diabetes, with type 2 diabetes
mellitus (T2DM) accounting for the majority.1 Numerous
microorganisms inhabit the human skin, oral cavity, respiratory
tract, and intestinal cannel and may modulate organ and system
functions and maintain human health.2 However, patients with
diabetes exhibit evident dysregulation of the gut flora,
characterized by an increase in Gram-negative bacteria capable
of releasing lipopolysaccharide (LPS) and triggering inflamma-
tory responses. Additionally, there is a decrease in protective and
anti-inflammatory gut mucosal microbiota, further exacerbating
the chronic systemic inflammatory response. Previous studies
have demonstrated the significant involvement of chronic
inflammation, induced by metabolic abnormalities and dis-
turbances in the intestinal flora, in the pathogenesis of T2DM.3,4

Recent research on the enteric nervous system (ENS) has
primarily focused on enteric neurons, leaving a scarcity of
research on enteric glial cells (EGCs), particularly in the context
of metabolic disorders. Pathological activation of EGCs can lead
to similar alterations observed in the proliferation of reactive
astrocytes in the central nervous system (CNS), which may play
a pivotal role in the exacerbation of colonic and systemic
inflammation.5−7 However, the relationship between colonic
inflammation, EGCs, and the development of T2DM has

received limited attention, and many questions remain
unanswered. Considering the interplay among intestinal flora,
its metabolites, inflammation, and EGCs, as well as their
regulatory effects on the human body environment, EGCs may
emerge as a novel target for intervention and prevention of
various diseases, including T2DM.

Inulin, a water-soluble dietary fiber, is classified as a
polysaccharide and is found in approximately 36,000 plant
species. Among them, chicory root is the most abundant source
of inulin. Inulin serves as a substrate for the metabolism of
various microorganisms and exerts its effects throughout the
entire colon. It is commonly used as a prebiotic to develop
functional foods that promote health. Previous studies have
demonstrated the beneficial effects of dietary fiber on insulin
resistance, regulation of glycolipid metabolism, modulation of
intestinal flora, and reduction of inflammation.8 Inulin under-
goes degradation and fermentation by intestinal microorgan-
isms, particularly in the colon, resulting in the production of
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short-chain fatty acids (SCFAs). Inulin exerts protective effects
through multiple pathways, including reinforcement of the
mucosal barrier, reduction of inflammatory factor release, and
improvement of glucose homeostasis.9,10 Inulin offers greater
convenience, cost-effectiveness, and safety compared to
pharmaceutical drugs, making it a valuable option for both the
prevention and treatment of various intestinal flora abnormal-
ities and inflammation-related diseases. While inflammation
plays a significant role in the development of T2DM, the focus
on colonic inflammation in treatment and prevention strategies
for T2DM is still lacking. It remains uncertain whether dietary
fiber can effectively alleviate colon inflammation in individuals
with T2DM. Therefore, it is imperative to further investigate the
impact and underlyingmechanism of inulin on the inflammatory
response in individuals with diabetes.

The potential of inulin to inhibit colon inflammation in
individuals with T2DM can be inferred through its regulation of
the intestinal microbiota and associated metabolites. EGCs may
also play a regulatory role in the inflammatory state induced by
metabolic disorders and imbalanced intestinal flora in T2DM
patients. To investigate the protective effects of inulin on colon
inflammation in T2DM, we established a T2DM mouse model.
The model was created by subjecting C57BL/6 mice to a high-
fat diet and intraperitoneal streptozotocin (STZ) injections. The
effects of inulin on colon inflammation and gut microbiota in
T2DM mice were examined. Additionally, we assessed the
impact of inulin and its metabolite, SCFAs, on the activation of
EGCs to validate the proposed mechanism. These findings
provide valuable insights for future population studies,
interdisciplinary collaborations, and the development of
prevention and treatment strategies for T2DM.

■ MATERIALS AND METHODS
Reagents. Inulin (NG,HPLC ≥92%), a highly soluble inulin

(HSI) produced by BENEO-Orafti S.A. (Belgium), was
obtained for our study. This natural inulin is derived from
chicory roots and contains a blend of fructooligosaccharides
with varying chain lengths (degree of polymerization, DP,
ranging from 2 to 60), with an average DP exceeding 10. Acetic
acid, propionic acid, and butyric acid for gas chromatography−
mass spectrometry (GC−MS) analysis were procured from
Fisher Scientific International Inc. Antibodies specific to κB
inhibitor kinase β (IKKβ), nuclear factor κB inhibitor α (IκBα),
nuclear factor κB (NF-κB), interleukin-1β (IL-1β), interleukin-6
(IL-6), tumor necrosis factor (TNF-α), and glial fibrillary acidic
protein (GFAP) were purchased from Biogot Technology Co.,
Ltd. (Nanjing, China). Anti-CD4 antibody, anti-CD8 antibody,
and a diaminobenzidine (DAB) kit were acquired from
Servicebio Technology Co., Ltd. (Wuhan, China). Enzyme-
linked immunosorbent assay (ELISA) kits for measuring mouse
TNF-α, LPS, and insulin were obtained from Biorbyt
Biotechnology Co., Ltd. An ELISA reagent for mouse glycated
serum protein (GSP)manufactured by Rayto Life and Analytical
Sciences Co., Ltd. (Shenzhen, China) was also used. Beyotime
Biotech, Inc. (Shanghai, China) provided radio immunopreci-
pitation assay (RIPA) lysis buffer and bicinchoninic acid (BCA)
protein quantification reagent. The nuclear and cytoplasmic
protein extraction reagents were acquired from EnoGene
Biotechnology Co., Ltd. (Nanjing, China). The HiPure Total
RNA Mini Kit was purchased from Magen Biotechnology Co.,
Ltd. (Guangzhou, China), and the MagPure Soil DNA LQ Kit
was purchased from Magen. The PrimeScript RT reagent and
the TB Green Premix Ex Taq II were supplied by Takara

Biotechnology Co., Ltd. (Tokyo, Japan). GLPG0974 was
provided by Shanghai’s Topscience Co., Ltd., STZ was
produced by Sigma-Aldrich Trading Co., Ltd. (St. Louis,
USA), and citric acid-sodium citrate buffer (0.1 mol/L, pH
4.5) was supplied by Scientific Phygene Co., Ltd. (Fuzhou,
China).

Animal Experiments. Male C57BL/6 mice (6 weeks old)
were obtained from the Animal Experiment Center of Air Force
Military Medical University in Xi’an, China. The mice had ad
libitum access to food and water. The feeds were obtained from
Sino Biotechnology Co., Ltd. in Siping, China (Tables S1 and
S2). After 1 week of acclimatization to the diet, the mice were
randomly divided into 3 groups: the control group (Con group),
the diabetes mellitus group (DM group), and the diabetes
mellitus with inulin group (DM-I group), each comprising 24
mice. The Con group received a standard chow diet, while the
DM and DM-I groups were fed a high-fat diet (51% energy from
fat) to induce diabetes mellitus. In the 12th week, the DM and
DM-I groups received intraperitoneal injections of 1% STZ in
ice-cold citric acid−sodium citrate buffer (0.1 mol/L, pH 4.5) at
a dosage of 130 mg/kg body weight. The Con group received
intraperitoneal injections of citric acid−sodium citrate buffer as
a control. After 72 h, the random tail vein blood glucose levels of
mice in both the DM group and the DM-I group reached 16.7
mmol/L, indicating successful induction of diabetes. The DM-I
group mice were then fed high-fat diets supplemented with 15%
inulin for 9 weeks, while the diets of the other groups remained
unchanged. Throughout the 22 week experiment, the body
weight of the mice was assessed weekly, and random tail vein
glucose levels were measured weekly for 9 weeks after STZ
administration. The experiment was approved by the Welfare
and Ethics Committee of the Laboratory Animal Center of the
Air Force Military Medical University under authorization
number IACUC-20211051.

Test of Insulin Tolerance. During the 16th week of feeding,
five mice were randomly selected from each group and subjected
to a 4 h fasting period without access to water. Subsequently, an
insulin solution was administered to each mouse. The insulin
was injected intraperitoneally at a concentration of 0.2 IU/mL
with a dose of 1 IU/kg. Following the injection, tail venous
blood glucose levels were measured at 0, 15, 30, 60, 90, and 120
min.

Body Composition Examination. After 18 weeks, eight
mice were randomly selected from each group and analyzed for
lean and fat composition using a small animal component
analyzer (Burker, Billerica, Germany).

Hematoxylin−Eosin (H&E) Staining and Immunohis-
tochemical Analysis. Colon tissue samples were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned. Some
sections were stained with hematoxylin and eosin (H&E), while
the remaining sections were incubated with 5% bovine serum
albumin (BSA) for 10 min at room temperature. Subsequently,
the sections were incubated overnight with anti-CD4 antibody
and anti-CD8 antibody (dilution: 1:200), respectively. The
antibody binding sites were visualized using a DAB kit. All
sections were examined under a light microscope (Olympus,
Tokyo, Japan). The number of CD4+ and CD8+ cells was
quantified using ImageJ software (NIH, Bethesda, USA).

Enzyme-Linked Immunosorbent Assay. The levels of
LPS and TNF-α in mouse serum samples were determined using
an ELISA reagent. Each well was filled with 100 μL of serum, and
the absorbance at a wavelength of 450 nm was measured. Based
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on these measured values, a standard curve was constructed, and
the concentration of the target proteins was calculated.

Western Blot Evaluation. Total protein was extracted from
mouse colon tissue by using RIPA lysis buffer. Nuclear and
cytoplasmic proteins were isolated using specific extraction kits.
Protein concentration was determined with a BCA protein
quantification reagent. The protein sample was transferred from
the sodium dodecyl-sulfate polyacrylamide gel electrophoresis
gel to a PVDF membrane through electrotransfer after
electrophoresis. The membrane was blocked with TBST
(containing 5% skim milk) for 2 h at room temperature.
Then, specific primary antibodies (IKKβ, p-IKKβ, IκBα, IL-1β,
IL-6, NF-κB, and TNF-α, dilution: 1:1000) were incubated
overnight at 4 °C. After rinsing with TBST, a secondary
antibody was applied to the membrane for 2 h at room
temperature. Protein bands were visualized and analyzed using a
gel image analysis instrument (VILBER, Paris, France) and
ImageJ software.

Real-Time Quantitative PCR Analysis. The HiPure Total
RNAMini Kit was employed for the extraction of the total RNA.
Subsequently, cDNA was synthesized through reverse tran-
scription. The prepared PCR solution and cDNA were then
dispensed into PCR 8-strip tubes for RT-qPCR analysis. The
primer sequences used in the experiment are provided in Table
S3. The reaction conditions were as follows: stage 1: 95 °C for
30 s (once); stage 2: 95 °C for 5 s, 60 °C for 30 s (repeated for a
total of 40 cycles).

16S rRNA Microbiome Sequencing. Fecal samples were
collected at 9:00 am during the 21st week of feeding. Genomic
DNA of the intestinal flora was extracted from the fecal samples
using a DNA extraction kit. The bacterial 16S rRNA V3 V4
region was amplified using primers 343F (5′-TACGGRAGG-
CAGCAG-3′) and 798R (5′-AGGGTATCTAATCCT-3′).
High-throughput sequencing of the 16S rRNA was conducted
on an Illumina NovaSeq platform (OE Biotech, Shanghai,
China). The primer sequence was removed using cutadapt
software, resulting in double-ended sequence raw data. Quality
filtering, noise reduction, splicing, and chimera removal were
performed using DADA2 with the default parameters QIIME 2.
This process generated representative sequences and their
respective amplicon sequence variation abundances.

Fecal Bacteria Transplantation. 6 week old male C57BL/
6mice were divided into three groups: Con(FMT), DM(FMT),
and DM-I(FMT), with 8 mice in each group. To deplete the gut
microbiota, all mice were given drinking water containing an
antibiotic cocktail (gentamicin 100 mg/L, ampicillin 1 g/L,
erythromycin 10 mg/L, vancomycin 0.5 g/L, and neomycin 0.5
g/L) for 1 week. Fecal samples from the Con, DM, and DM-I
groups were collected and suspended in sterile Ringer’s solution
(6% w/v). The suspension was filtered to remove large particles,
and the filtrate was used for fecal bacteria transplantation. Each
group of mice received an intragastric administration of the
respective fecal bacterial suspension at a dose of 200 μL per day
for 2 weeks. The preparation and transplantation procedures
were completed within an hour.

SCFAs Analysis. The quantification of SCFAs, including
acetic acid, propionic acid, and butyric acid, was conducted
using ultra-performance liquid chromatography−electrospray
ionization−tandem mass spectrometry (UPLC−ESI−MS/MS)
analysis. Metabolite extraction methods were based on the
chemical characteristics of the targeted metabolites. To extract
the metabolites, 300 μL of a mixture of ice-cold acetonitrile and
water (1:1, v/v), containing [2H9]-pentanoic acid and [2H11]-

hexanoic acid as internal standards (IS), was added to 20 mg of
freeze-dried feces. The mixture was then subjected to grinding
with steel balls at a frequency of 60 Hz for 2 min. The resulting
samples were further extracted by ultrasonication for 10 min in
an ice−water bath and subsequently stored at −20 °C for 30
min. Afterward, the samples were centrifuged at 4 °C (13,000
rpm) for 10 min, and 80 μL of the supernatant was collected and
transferred to sample vials. A Nexera UHPLC LC-30A system
(SHIMADZU, Japan) was used for liquid chromatography
analysis. An ACQUITY UPLC BEH C18 column (100 × 2.1
mm, 1.7 μm) with an injection volume of 5 μL was employed.
The mobile phase consisted of water with 0.1% formic acid as
solvent A and acetonitrile as solvent B. Mass spectrometry
analysis was performed on an AB SCIEX Selex IONTriple Quad
5500 System (Ontario, Canada) using ESI in both positive and
negative ion modes. Nitrogen was used as the collision gas.

The quantification of metabolites was carried out by using a
triple quadrupole mass spectrometer in multiple reaction
monitoring (MRM) mode. The formula used for calculating
the metabolite concentration in the sample was as follows:
samplemetabolite concentration (ng/mL) = 5 (C× 0.16)/M. In
this formula, 5 is the dilution factor, C represents the
concentration value obtained by fitting the peak area to a
standard curve, 0.16 represents the injection volume, and M is
the sample mass.

Whole Mount Stretch Preparation. The colon was
perfused with a 4% paraformaldehyde solution to distension.
Both ends of the colon were securely tied with surgical sutures
and immersed in 4% paraformaldehyde for fixation under
tension. After fixation, the colon was rinsed with phosphate-
buffered saline (PBS) and then dehydrated in a 10% sucrose
solution for 24 h. The intestinal lumen was delicately incised
along the edge of the mesentery. Using an anatomical
microscope, we sequentially peeled off the mucosal layer,
submucosal layer, circular muscle layer, and longitudinal muscle
layer.

Immunofluorescence Histochemical Staining. The
submucosal layer of the colon was isolated and placed in a 24-
well plate and mixed with a solution containing 3% BSA and
0.3% Triton X-100. The mixture was incubated at room
temperature for 2 h. Primary antibodies (rabbit anti-NF-κB p65
antibody and mouse anti-GFAP antibody) diluted at a ratio of
1:200 were added to the plate and incubated overnight at 4 °C. A
secondary antibody mixture consisting of Cy3-labeled goat
antirabbit IgG (diluted at 1:500) and FITC-labeled goat
antimouse IgG (diluted at 1:800) was then added and incubated
in the dark at 37 °C for 1 h. The submucosa was transferred onto
glass slides, dried in the dark at room temperature, and sealed
with an antifluorescence quencher. Fluorescence signals were
observed and captured by using a fluorescence microscope
(Olympus, Tokyo, Japan), and ImageJ software was used for
analysis.

Culture of Cells and Treatment. The EGCCRL-2690
EGC line was obtained from the ATCC cell bank in the US and
cultured in DMEM supplemented with 10% FBS and 1%
penicillin−streptomycin. The cells were maintained in a 37 °C
humidified incubator with 5% CO2. To induce insulin resistance
and inflammation, EGCs were treated with 60 μg/mL LPS and
0.2 mM palmitic acid (PA) for 48 h. The cells were then treated
with acetic and butyric acids at concentrations determined from
animal experiments (acetic acid: Con dose group 39.5 μg/mL;
DM dose group 9.8 μg/mL; and DM-I dose group 17.1 μg/mL;
butyric acid: Con dose group 9.7 μg/mL; DM dose group 1.0
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μg/mL; DM-I dose group 2.3 μg/mL). EGCs maintained in a
normal medium served as the control group. To confirm the
anti-inflammatory effect of butyric acid in EGCs, GLPG0974, a
selective antagonist of free fatty acid receptor 2 (FFAR2), was

added to the culture medium at a concentration of 90 nM. The
EGCs were cultured in complete medium for 24 h, followed by
48 h of culture in medium containing 0.2 mM PA, 60 μg/mL
LPS, 2.3 μg/mL butyric acid, and 90 nM GLPG0974.

Figure 1. Inulin reduced body weight and abnormal glucose metabolism in T2DMmice. (A) Body weight of each group of mice (n = 24). (B) Ratio of
body fat to body weight of mice at the 18th week. (n = 8). (C) Perirenal fat mass in each group ofmice at the 22ndweek (n = 24). (D) Perirenal fat mass
to body weight ratio at the 22nd week (n = 24). (E) Blood glucose levels in each group of mice following an intraperitoneal injection of STZ (n = 24).
(F,G) Insulin tolerance test was performed to evaluate the blood glucose levels and the corresponding area under the curve after insulin injection (n =
5). (H−J) GSP levels, fasting insulin levels, and HOMA-IR values were measured in each group (n = 5). The results are provided as means standard
deviations, with *p < 0.05 compared to the Con group and #p < 0.05 compared to the DM group.
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Cell-Attached Slide. EGCs were seeded at a density of 5 ×
104 cells/mL on a sterile glass slide placed in a 12-well plate and
cultured at 37 °C with 5% CO2 for 24 h to allow attachment.
Each well was assigned to one of four groups: control, LPS + PA
(0.2 mM PA and 60 μg/mL LPS), acetic acid (0.2 mM PA, 60
μg/mL LPS, and 17.1 μg/mL acetic acid), and butyric acid (0.2
mM PA, 60 μg/mL LPS, and 2.3 μg/mL butyric acid). The
corresponding medium was added to each well, and the cells
were cultured for an additional 48 h. Afterward, the specimens
were removed for immunofluorescence staining using the same
method as described for the colonic submucosa.

Methods for Statistical Processing. All data are

represented by the formula mean ± standard deviation (M ±
SD). GraphPad Prism 8 was used for the statistical analysis. A

nonparametric test was used to compare statistical differences

between groups. A one-way ANOVA with Tukey’s multiple

comparison test was used to evaluate statistical differences

between multiple groups. The level of statistical significance was

set at p < 0.05.

Figure 2. Inulin intake reduced colon and systemic inflammation in T2DM mice. (A,B) Colon length of each group of mice (n = 24). (C−F) At the
22nd week, the representative H&E staining of colon sections, the depth of colonic crypts, the number of goblet cells, and the ratio of transverse
diameter to gland spacing in each group of mice (n = 3). (G−I) Number of CD4+ and CD8+ cells in the colon at the end of the intervention (n = 3).
(J,K) LPS and TNF-α levels inmouse serum (n = 3). The results are provided asmeans standard deviations, with *p < 0.05 compared to the Con group
and #p < 0.05 compared to the DM group.
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■ RESULTS
Inulin Reduced Body Mass and Visceral Fat in Mice

with T2DM. As depicted in Figure 1A,mice in theDMandDM-
I groups displayed significantly higher body weight compared to
mice in the Con group after 3 weeks on a high-fat diet. Following
STZ injection, the DM-I mice were fed a high-fat diet

supplemented with inulin. At the 18th week, a notable disparity
in body weight was observed between DM-I mice and DMmice,
despite the fact that their energy intake was identical (Figure
S1A,B). To investigate the underlying cause of this weight
difference, we analyzed the body composition of the mice.
Although the average body fat percentage of DM-I mice was

Figure 3. Inulin reversed the intestinal flora imbalance and up-regulated the levels of acetic acid and butyric acid in the colon of T2DM mice. (A)
Simpson’s index for alpha diversity (n = 15). (B) Beta diversity of gut microbiota among different groups was revealed through PCoA based on
amplified sequence variant data. (n = 15). (C) Composition and abundance of gut bacteria at the phylum level for each group (n = 15). (D) Intestinal
bacterial composition and abundance at the order level (n = 15). (E) LEfSe analysis for each group of mice (n = 15). (F) Key intestinal bacteria
phylotypes from each group (n = 15). (G) Genus-level composition of gut bacteria (n = 15). (H) Heatmap of KEGG differential result clustering (n =
15). (I−K) Acetic acid, propionic acid, and butyric acid content in the colon of mice in each group (n = 15). Results are presented as mean ± SD, *p <
0.05 compared to the Con group, #p < 0.05 compared to the DM group.
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lower than that of DM mice, the difference was not statistically
significant (Figure 1B). However, after 22 weeks of nutrition, a
significant difference in perirenal fat mass and ratio between DM
mice and DM-I mice was observed (Figure 1C,D). These
findings are consistent with previous studies12,13 and suggest
that inulin supplementation reduces body weight and visceral fat
in mice with high-fat diet-induced T2DM following STZ
administration.

Inulin supplementation improved insulin sensitivity in mice
with T2DM. As depicted in Figure 1E, the blood glucose levels
of mice in the DM and DM-I groups significantly increased
following STZ injection compared with the control group.
However, there was no significant difference in blood glucose
levels between DM-I and DM mice until 9 weeks after STZ
injection and inulin consumption. The insulin tolerance test
revealed that DM-I mice exhibited a more substantial decrease
in blood glucose levels compared to DMmice after receiving the
same dose of insulin, and the area under the curve was
significantly different (Figure 1F,G). Measurement of GSP,
fasting insulin levels, and HOMA-IR values further demon-
strated enhanced glucose metabolism in the DM-I group
compared with the DM group (Figure 1H−J). These findings
are consistent with previous studies,14 indicating that inulin
supplementation can increase insulin sensitivity in mice with
T2DM induced by a high-fat diet and STZ administration.

Mice with T2DM that were administered inulin exhibited
reduced colonic and systemic inflammation. Colonic inflamma-
tion is characterized by significant manifestations such as colon
shortening, colonic sac disappearance, and shallowness. The
length of the colon in DM mice was considerably shorter
compared to that of Con mice, but this difference was
statistically significant and was restored in the DM-I group
(Figure 2A,B). Histological examination revealed significant
pathological changes in the colon of diabetic mice. These
changes included a decrease in goblet cells and intracellular crypt
mucus, atrophy and distortion of crypts with varying lumen
sizes, enlarged crypt openings, irregular mucosal surfaces, and
finger-like alterations. The inclusion of inulin in the diet
mitigated the severity of these inflammatory pathological
alterations (Figure 2C−F). Furthermore, the results of periodic
acid-Schiff (PAS) staining and counting of colonic goblet cells
exhibited a consistent trend (Figure S2A,B). Similarly,
immunohistochemical staining indicated a lower number of
CD8+ cells in the colon of DM-I mice compared to DM mice,
while there was no significant difference in the number of CD4+

cells among the three groups (Figure 3G−I). Furthermore, the
levels of inflammatory factors in the serum were measured.
ELISA analysis revealed that serum LPS and TNF-α levels were
significantly higher in DM mice compared to Con mice, but no
significant differences were observed between DM-I and Con
mice (Figure 2J,K). Based on our findings, we concluded that
inulin alleviates colon and systemic inflammation in mice with
T2DM.

Inulin Corrected the Intestinal Bacterial Imbalance in
T2DM Mice. Each mouse group’s feces were collected for 16S
rRNA sequencing. As shown in Figure 3A, the Simpson index,
used to assess alpha diversity, was lower in the DM-I group of
mice, indicating changes in the composition and structure of the
gut microbial community in the DM-I group. This suggests a
potential reduction or loss of certain microbial species, thereby
decreasing the diversity of the community. However, despite the
reduced microbial diversity, functional remodeling of the
microbial community resulted in an improved health status for

the organisms. Principal coordinate analysis (PCoA) showed
distinct clustering of the intestinal flora among the Con, DM,
and DM-I groups (Figure 3B). These results indicate significant
differences in the beta diversity and composition of the intestinal
microbial community among the different groups of mice. As
shown in Figure 3C,D, additional analysis suggested that dietary
inulin can reverse the alterations of intestinal flora in the DM
group, specifically by increasing Bacteroidetes and decreasing
Firmicutes. At the genus level, inulin ingestion significantly
increased the abundance of Muribaculaceae, Alloprevotella, and
Muribaculum while decreasing the abundance of the Lachnospir-
aceae_NK4A136_group, Colidextribacter, and Blautia (Figure
3G). Linear discriminant analysis effect size (LEfSe) analysis
revealed that inulin administration effectively regulated the
relative abundance of diverse intestinal microbes, as shown in
Figure 3E,F. Additionally, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) function prediction, based on 16S rRNA
sequencing, demonstrated significant correlations between
changes in the intestinal flora of T2DM mice and various
factors, including nervous system diseases, bacterial biological
function, butyric acid metabolism, and insulin resistance, as
depicted in Figure 3H. These findings collectively suggest that
inulin has the potential to modulate the composition of the
intestinal flora and ameliorate the imbalance in mice with
T2DM.

Inulin Increased the Amount of Acetic Acid and
Butyric Acid in the Colon of Mice with T2DM. SCFAs are
crucial byproducts generated through the microbial fermenta-
tion of dietary fiber in the colon. Consistent with the KEGG
analysis findings, which indicated a connection between the
alteration in the intestinal flora of T2DM mice after inulin
administration and butyric acid metabolism, we investigated the
levels of major inulin metabolites, including acetic, propionic,
and butyric acids, in the colon of each experimental group. The
results revealed a significant decrease in the SCFA concentration
in the colons of diabetic mice. Although there was a partial
recovery in the levels of acetic and butyric acids following inulin
consumption, they remained significantly different from those
observed in the Con group. Notably, the levels of propionic acid
did not show significant changes (Figure 3I−K). Based on these
findings, we conclude that inulin consumption has the potential
to enhance SCFA concentration in the colon of T2DM mice,
particularly acetic acid and butyric acid.

Inulin Inhibits the NF-κB Inflammatory Pathway in
T2DM Mice’s Colon. NF-κB is a transcription factor that plays
a crucial role in various biological processes, including
inflammation, immune response, apoptosis regulation, and
stress response. Excessive activation of the NF-κB signaling
pathway is associated with the development and progression of
inflammation. Previous studies have shown that SCFAs can
inhibit activation of the NF-κB signaling pathway, leading to a
decrease in the release of inflammatory factors and an increase in
the production of anti-inflammatory factors. Through Western
blot analysis, we observed the activation of the IKKβ/NF-κB
pathway in colon tissues. The ratio of pIKKβ/IKKβ was higher
in the DM and DM-I groups compared to the Con group,
resulting in the degradation of IκBα and a significant increase in
the nuclear translocation of NF-κB. However, in the DM-I
group, compared to the DM group, phosphorylation of IKKβ
was inhibited, leading to a reduction in the nuclear translocation
of NF-κB. Additionally, dietary supplementation with inulin
significantly decreased the levels of IL-1β, IL-6, and TNF-α in
DM mice, as shown in Figure 4A−C. Real-time quantitative
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Figure 4. Inulin reduced inflammatory response in T2DMmice by inhibiting NF-κB nuclear translocation. (A−C) IKKβ, p-IKKβ, IκBα, NF-κB (in the
nucleus and cytoplasm), IL-1β, IL-6, and TNF-α expression in the colon of Con, DM, and DM-I mice (n = 3). (D−F) Inflammatory factor gene
expression (IL-1β, IL-6, and TNF-α) (n = 3). (G−I) Protein expression in mice after FMT from the Con, DM, and DM-I groups (n = 3). (J−L)
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PCR analysis showed a significant increase in mRNA levels of
IL-1β, IL-6, and TNF-α in the colon of mice in the DM group.
However, the addition of inulin to the diet led to a decrease in
the mRNA transcription levels of these inflammatory factors.
Importantly, the difference in mRNA levels between the inulin-
treated group and the Con group remained significant (Figure
4D−F). Based on these findings, we concluded that the
protective effect of inulin on colon inflammation in T2DM
mice is achieved through the regulation of intestinal flora and
subsequent changes in SCFA content. To further validate this
hypothesis, we performed fecal microbiota transplantation
(FMT). Figure 4G−I demonstrates the activation of the NF-
κB pathway and elevated levels of inflammatory factors in
DM(FMT) mice that received FMT from the DM group. In
contrast, DM-I(FMT) mice that received FMT from the DM-I
group showed a decrease in nuclear translocation of NF-κB and
levels of inflammatory factors compared to DM(FMT) mice.
The expression of inflammatory factor mRNAs reflected these
changes (Figure 4J−L). These findings provide strong evidence
that inulin supplementation effectively inhibits NF-κB inflam-
matory pathways and reduces the levels of inflammatory factors
in the colon of T2DM mice.

Butyric Acid Regulated EGC Function to Decrease
Colonic Inflammation. EGCs play a vital role in maintaining
intestinal function and have been shown to regulate the
inflammatory process. Numerous studies have demonstrated
that the NF-κB pathway serves as a fundamental mechanism by
which these cells modulate inflammation.15 To investigate the
mechanism behind the mitigation of colonic inflammation in
T2DM mice, we proposed a hypothesis that inulin inhibits the
activation of the NF-κB pathway by modulating the function of
EGCs via SCFAs. To test this hypothesis, we exposed mice to a
high-fat diet for a short period. After 4 weeks of the high-fat diet,
we observed the activation of EGCs, marked by increased
expression of the GFAP. However, the protein levels of IL-6 and
TNF-α at the corresponding time points did not show
significant differences compared to the Con group (Figure
5A,B). This led us to propose that abnormal activation of EGCs
may be the cause of colonic inflammation in mice. To further
investigate this, we used immunofluorescence histochemistry
with a whole-mount stretch preparation to stain EGCs in the
submucosa of the colon. Compared to the DM-I group, the
translocation of NF-κB p65 into the nucleus of EGCs in the
colonic submucosal plexus was more pronounced in the DM
group, indicating the activation of the NF-κB pathway in EGCs
of T2DM mice (Figure 5C,D). In vitro experiments, varying
concentrations of SCFAs extracted from the feces of each animal
group were used. Butyric acid effectively inhibited the activation
of the NF-κB pathway and increased the expression of
inflammatory factors induced by LPS (Figure 5E−G). These
effects were most prominent in the Con dose group, followed by
theDM-I dose group, and finally theDMdose group. Acetic acid
did not show any evidence of inflammation inhibition (Figure
5H−J). The immunofluorescence staining used to observe the
nuclear translocation of NF-κB p65 within EGCs also
demonstrated consistent results (Figure 6A,B). The anti-
inflammatory effects of butyric acid were abolished when
GLPG0974, a FFAR2 inhibitor, was added to the medium

(Figure 6C−E). These findings suggest that inulin regulates the
abnormal activation of EGCs by modulating the production of
butyric acid by the intestinal flora, ultimately reducing the level
of production of inflammatory factors through the inhibition of
the NF-κB pathway.

■ DISCUSSION
Dietary Inulin Improved the Metabolism of Mice with

T2DM Induced by a High-Fat Diet and STZ and
Decreased Colonic Inflammation. In patients with T2DM,
the intake of soluble dietary fiber has been shown to improve
adiposity and insulin resistance. Inulin, a commonly used
prebiotic, has also been reported to have beneficial effects on
human health. In our study, we observed that dietary inulin
supplementation improved glucose and lipid metabolism in
T2DM mice, which is typically characterized by obesity, insulin
resistance, and subsequent insulin secretion dysfunction.
Furthermore, inulin administration led to a reduction in colonic
and systemic inflammation. The most striking effects were
observed in T2DM mice treated with inulin, as evidenced by
weight loss, a decrease in the ratio of perirenal white fat to body
weight, improved insulin sensitivity, amelioration of inflamma-
tory changes in the crypts, goblet cells, and mucosal surface of
the colon observed through H&E staining, as well as a decrease
in the levels of inflammatory markers such as LPS and tumor
necrosis TNF-α in the peripheral circulation. Interestingly, even
in the presence of abnormal blood glucose levels, inulin
consumption resulted in reduced body weight and visceral fat
ratio in mice fed a high-fat diet, which partially explains the
observed enhancement in insulin sensitivity in the inulin-fed
experimental animals.

Currently, the role of the inflammatory response in promoting
the pathological processes in T2DM and its impact on affected
tissues and organs is well recognized. Several studies have
provided insights into the mechanisms by which T2DM induces
inflammation and oxidative stress.16−20 It is indisputably
beneficial to modulate the inflammatory response in T2DM
patients.21−25 The cardiovascular, renal, and other organ-
protective effects of novel antidiabetic medications have been
attributed to their anti-inflammatory properties.26 Colonic
inflammation, with its detrimental effects on the mucosal
barrier, bacterial infection, and insulin resistance, has been
implicated in various diseases, including diabetes. A growing
body of evidence has shown an association between the
development of T2DM and its complications with a state of
chronic inflammation.27,28 Intestinal inflammation leads to
increased intestinal permeability, triggering a cascade of events,
such as infection and systemic inflammation.

We selected inulin as the water-soluble dietary fiber source for
our study based on its multifunctional properties and established
market availability. The literature suggests that 37 g/kcal11 of
inulin was added to the experimental diet. However, it is yet to
be determined whether this dosage is optimal for the prevention
and treatment of colonic inflammation in T2DM mice.

In mice with T2DM, inulin remodeled the intestinal flora
imbalance and increased the levels of acetic and butyric acid.

Figure 4. continued

Inflammatory factor gene expression (IL-1β, IL-6, and TNF-α) in mice after FMT (n = 3). Results are presented as mean ± SD, *p < 0.05 compared to
the Con group, #p < 0.05 compared to the DM group.
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Figure 5.Butyric acid regulates the function of EGCs to reduce colonic inflammation. (A,B)GFAP, IL-6, and TNF-α protein levels in the colon ofmice
fed a high-fat diet for 2 or 4 weeks (n = 3). (C,D) Immunofluorescence analysis of NF-κB p65 translocation to the nucleus in EGCs in the colonic
submucosa of mice (n = 3). (E−G) Inhibitory effect of different dosages of acetic acid (from animal trials) on LPS-induced inflammatory response in
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In T2DM mice, dietary inulin reversed the disorder of
intestinal flora and the reduction of SCFAs. It reversed the
abnormally elevated Bacteroidetes/Firmicutes (B/F) ratio,
narrowed the disparity between the abundance of other
microorganisms, such as Muribaculaceae, and the Con group,
and to some extent increased the concentrations of acetic and

butyric acid. These modifications were presumably responsible
for the decrease in colon and systemic inflammation in T2DM
mice.

The intestinal microbiota plays a crucial role in the
development of the immune system, defense against pathogenic
microorganisms, digestion of exogenous substances, and

Figure 5. continued

the situation of insulin resistance produced by PA in cultured EGCs in vitro (n = 3). (H−J) Inhibitory effect of different doses of butyric acid (from
animal experiments) on LPS-induced inflammatory response while PA induced insulin resistance (n = 3). Results are presented as mean ± SD, (B) *p
< 0.05 compared to the Con group. (D) *p < 0.05 compared to the DM group. (F,G,I,J) *p < 0.05 compared to the LPS + PA group, #p < 0.05
compared to the DM dose group.

Figure 6. Butyric acid and GLPG0974 inhibited the activation of the NF-κB pathway in cultured EGCs in vitro. (A,B) Immunofluorescence was used
to observe NF-κB p65 nucleus translocation in EGCs cultured in vitro with LPS and PA following intervention with acetic acid or butyric acid (n = 3).
(C−E) Protein levels of NF-κB pathway-related factors and downstream inflammatory factors were measured byWestern blotting in EGCs cultured in
vitro with LPS and PA, treated with butyric acid (BA group) or both butyric acid and the free fatty acid receptor inhibitor GLPG0974 (BA +RA group)
(n = 4). Results are presented as mean ± SD, (B) *p < 0.05 compared to the LPS + PA group, #p < 0.05 compared to the butyric acid group. (C−E) *p
< 0.05 compared to the LPS + PA group, #p < 0.05 compared to the BA group.
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regulation of metabolism. In recent years, evidence has emerged
regarding the distinctive characteristics of the intestinal
microbiome in patients with metabolic diseases.29 The dysbiosis
of intestinal flora in patients with T2DM is primarily
characterized by an abnormal ratio of Bacteroidetes to Firmicutes,
with a notable enrichment in carbohydrate membrane transport
and butyric acid biosynthesis functions.30 Furthermore, the
genetic information on these microorganisms is implicated in
the oxidative stress process, indicating a direct association
between alterations in the composition of the intestinal flora and
the inflammatory state observed in T2DM patients.31 The
Bacteroidetes/Firmicutes (B/F) ratio in the colon of T2DM mice
exhibited an increase, consistent with the trend observed in
patients with various metabolic and inflammatory diseases,
including obesity and nonalcoholic fatty liver disease. However,
the addition of inulin to the diet of T2DM mice led to a
significant decrease in the B/F ratio. Furthermore, the increased
presence of Colidextribacter, a Gram-negative bacterium, was
observed in the intestines of the DM group. This bacterium is
considered a conditional pathogen and has the potential to
induce inflammation. This likelihood was notably elevated in
T2DM mice with a compromised intestinal mucosal barrier
integrity.Moreover, an association has been established between
the increased abundance of Rikenellaceae and stress, as well as
inflammatory responses.32 On the other hand,Muribaculaceae is
generally recognized as a beneficial bacterium that exerts
positive effects on intestinal energy metabolism and regulates
the host’s blood glucose and lipid levels.33 However, in the DM
group, there was a decrease in the abundance ofMuribaculaceae.
Additionally, the relative abundance of SCFA-producing
bacteria, such as Alloprevotella and Clostridia, was lower
compared to that of the Con group. The observed improve-
ments in these phenomena in the DM-I group indicate that
inulin intervention regulated the composition of intestinal flora
in T2DM mice, alleviating the dysbiosis and offering protection
for T2DMmice. Numerous studies have consistently shown that
the influence of the intestinal microbiota on the host is a result of
highly intricate processes, where the metabolites produced by
microorganisms also impact the composition and functioning of
the entire microbial community. Rather than focusing solely on
alterations in the abundance of individual microorganisms, it is
often more meaningful to consider the proportions and
relationships among various members of the overall flora.

Dietary fibers, such as inulin, are indigestible and cannot be
assimilated by the human body. However, it serves as a
metabolic substrate for intestinal microorganisms during
fermentation, leading to the production of SCFAs such as
acetic, propionic, and butyric acid. The specific types and
quantities of SCFAs generated are dependent on the intake of
dietary fiber and the composition of the intestinal microbiota.
Butyric acid, a metabolite of intestinal flora, plays a crucial role as
an energy source for the colonic mucosa, facilitates nutrient
synthesis, exhibits anti-inflammatory properties, and improves
insulin activity, as indicated by numerous studies. The liver
primarily absorbs acetic and propionic acids, which have
significant effects on adipogenesis and gluconeogenesis.
Emerging research suggests that SCFAs, important metabolites
of dietary fiber, play various protective roles. For example, they
help maintain intestinal barrier function and reduce the growth
of pathogenic bacteria by decreasing intestinal pH.34 SCFAs also
activate peroxisome proliferators-activated receptor (PPAR)
and mitogen-activated protein kinase (MAPK) signaling
pathways, inhibit lipoprotein lipase,35 enhance insulin sensitivity

and glucose tolerance by sensing glucose through the gut−brain
axis,10 regulate appetite and energy balance by activating
corresponding receptors, and exert anti-inflammatory effects
both locally in the intestine and systemically. SCFAs serve as a
crucial energy source for intestinal epithelial cells, thereby
enhancing the integrity of the mucosal barrier. This, in turn, can
lead to a reduced intestinal permeability and a subsequent
decrease in systemic inflammation. Among the SCFAs, butyric
acid emerges as the preferred energy source for colonic cells and
exerts a significant impact on preserving the balance and
functionality of the intestinal epithelium.36

Inulin Improved Colonic Inflammation in T2DM Mice
by Inhibiting the IKKβ/NF-κB Pathway Activation. Inulin
exhibits an anti-inflammatory effect by inhibiting the activation
of the IKKβ/NF-κB pathway, leading to a reduction in the
expression of IL-1β, IL-6, and TNF-α. Furthermore, the findings
from FMT experiments indicate that inulin’s inhibitory effect on
the IKKβ/NF-κB pathway is achieved through the regulation
and restoration of the composition of the intestinal microbiota.

NF-κB is an intracellular nuclear transcription factor that plays
a critical role in regulating apoptosis, stress, and inflammatory
and immune responses in the body. The activation of the NF-κB
signaling pathway is closely linked to the inflammatory response,
which can be excessive under certain conditions. The IKK
signaling pathway is a prominent factor contributing to insulin
resistance in peripheral tissues. IKKβ can enhance the activation
of NF-κB, leading to the expression of TNF-α and IL-1β. Apart
from their role in inducing inflammation, these cytokines also
contribute to peripheral tissue insulin resistance.37 Upon NF-κB
activation, TNF-α and IL-1β utilize their respective receptors38

to stimulate the NF-κB pathway, setting up a feedforward
mechanism. Free fatty acids and a high glucose environment can
activate NF-κB by triggering the production of TNF-α, IL-1β,
and IL-6.39 InhibitingNF-κB activation has a protective effect on
islet cells, safeguarding them from various detrimental effects.40

The potential mechanisms by which the microbiota influences
the metabolism of patients with T2DM include the regulation of
the inflammatory response, modulation of intestinal perme-
ability, influence on insulin sensitivity in key glucose metabolic
organs such as the liver, skeletal muscle, and adipose tissue, and
improvement of obesity by affecting fatty acid oxidation
synthesis. The cross-talk between the intestinal microbiota
and the host regulates local or systemic immunity and
inflammation, which, in turn, contributes to the development
of T2DM. Dysfunction of the intestinal barrier plays a crucial
role in this process. The intestinal barrier serves to protect the
body from the contents of the intestine, and its dysfunction leads
to increased leakage of bacteria or their products, resulting in
chronic inflammation and metabolic disorders.41,42 Therefore,
activation of the NF-κB pathway is crucial in the context of
intestinal dysbiosis, obesity, and T2DM.

By Modulating the Function of EGCs, Inulin and Its
Metabolite Butyric Acid Inhibited Colonic Inflammation.
We initially established that the development of colonic
inflammation in mice was attributed to the abnormal activation
of EGCs. Subsequently, we observed that increased levels of
butyric acid, a metabolite of inulin, hindered the nuclear
translocation of NF-κB in insulin-resistant EGCs, leading to
anti-inflammatory effects. Furthermore, the specific antagonist
GLPG0974 for FFAR2 effectively blocked the regulatory effects
of butyric acid on the NF-κB pathway in EGCs, thereby
eliminating its anti-inflammatory capabilities. This finding
further corroborates the significant role of altered biological
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functions of EGCs and elevated levels of butyric acid in the colon
of T2DM mice following inulin consumption in reducing colon
inflammation.

The ENS comprises a multitude of EGCs, which play a pivotal
role in colon inflammation. Upon activation, EGCs secrete pro-
inflammatory cytokines, including TNF-α, IL-6, and LPS,
thereby inducing pathological activation of EGCs. This
activation triggers inflammation-related pathways, such as NF-
κB, resulting in the release of pro-inflammatory cytokines. This
inflammatory cascade amplifies inflammation, leading to
systemic inflammation, including within the CNS.43−45 In
patients with T2DM, abnormal blood glucose levels, insulin
resistance, intestinal dysbiosis, alterations in SCFA content, and
resulting chronic inflammation collectively exert a substantial
impact on the intestinal mucosal barrier and the intestinal−brain
axis. It is evident that EGCs play a crucial role in modulating and
controlling local inflammation, as well as maintaining the
homeostasis of the intestinal and ENS environment.6,46 TheNF-
κB pathway is likely the central regulator of these functions.

Based on existing research and scientific literature on the role
of SCFAs, it has been reported that butyric acid has inhibitory
effects on intestinal inflammation.47 Building upon this
knowledge, we hypothesized that butyric acid regulates the
function of EGCs by inhibiting the nuclear translocation of NF-
κB, thereby preventing its abnormal activation and exerting anti-
inflammatory effects. Our hypothesis is supported by the
observation that colonic levels of butyric acid were significantly
higher in the DM-I group compared to the DM group and the
difference of NF-κB pathway activation.

To summarize, our study demonstrates that colonic
inflammation in mice with T2DM, induced by a high-fat diet
combined with intraperitoneal injection of STZ, is closely
associated with abnormal activation of EGCs and activation of
the IKKβ/NF-κB pathway. The addition of inulin to the diet
regulates the biological function of EGCs by restoring intestinal
dysbiosis and normalizing the concentration of SCFAs in the
colon. This improvement in colonic inflammation plays a
positive role in T2DM mice with abnormal glucose metabolism,
obesity, and systemic inflammation.
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