ANNALS OF MEDICINE
2025, VOL. 57, NO. 1, 2470958
https://doi.org/10.1080/07853890.2025.2470958

Elevate
Series

RESEARCH ARTICLE

8 OPEN ACCESS ‘ W) Check for updates

Sodium butyrate alleviates DSS-induced inflammatory bowel disease
by inhibiting ferroptosis and modulating ERK/STAT3 signaling and
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ABSTRACT

Background: Inflammatory bowel disease (IBD), encompassing Crohn’s disease (CD) and ulcerative
colitis (UC), can seriously impact patients’ quality of life. Sodium butyrate (NaB), a product of
dietary fiber fermentation, has been shown to alleviate IBD symptoms. Some studies have shown
that it is related to ferroptosis. However, the precise mechanism linking NaB, IBD, and ferroptosis
is not clear.

Objective: This study aimed to demonstrate that NaB suppresses ferroptosis, thereby alleviating
inflammatory bowel disease (IBD) through modulation of the extracellular regulated protein
kinases/signal transducer and activator of transcription 3 (ERK/STAT3) signaling pathway and
intestinal flora.

Methods: An IBD model was established using 2.5% (w/v) dextran sulfate sodium (DSS). Mice
were orally administered low-dose NaB, high-dose NaB , or 5-aminosalicylic acid (5-ASA).
Ferroptosis-related molecules were measured using specific kits, and western blotting (WB) and
real-time polymerase chain reaction (RT-gPCR) were used to determine the levels of the target
molecules.

Results: NaB alleviated symptoms in IBD mice, including reduced weight loss, prolonged colon
length, reduced disease activity index (DAI), and reduced spleen index and mRNA expression of
inflammatory factors. Additionally, NaB reduced the content of Fe?* and myeloperoxidase (MPO)
and increased the content of GSH and the activity of superoxide dismutase (SOD), which reflected
NaB-inhibited ferroptosis. Moreover, western blotting showed that NaB enhanced STAT3 and ERK
phosphorylation. In addition, NaB regulates the composition and functions of flora related to IBD.
Conclusion: NaB alleviates IBD by inhibiting ferroptosis and modulating ERK/STAT3 signaling and
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the intestinal flora.

Introduction

Inflammatory Bowel Disease (IBD) encompasses ulcer-
ative colitis (UC) and Crohn disease (CD). It is charac-
terized by chronic inflammation of the intestinal
mucosa, leading to debilitating symptoms and serious
consequences [1]. The incidence of IBD is rising rapidly
in Asia and study suggested that environmental or life-
style factors related to industrialization may play a role
[2]. Therefore, it is very important to explore the
pathogenesis and prevention and treatment of

inflammatory bowel disease. Some studies have
pointed out that STAT3, the gene encoding which lies
within an IBD-implicated locus, is activated in epithe-
lial cells from patients with IBD, and IEC-specific Stat3
deletion affects epithelial repair [3]. However, the exact
mechanism underlying IBD remains unclear and needs
to be explored.

Sodium butyrate (NaB), a kind of short-chain fatty
acids (SCFAs), is derived from dietary fiber produced
by the breakdown of intestinal flora [4]. Studies have
shown that butyrate plays a crucial role in regulating
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cell proliferation, apoptosis, and differentiation, which
helps maintain the integrity of the colonic mucosa in
mice, contributing to resistance against colitis [5]. In
addition, many in-depth studies have been conducted
on this mechanism. One study found that oral butyr-
ate notably reduced leukocyte (eosinophil and neutro-
phil) infiltration in the colon mucosa and improved
trophism [6]. Moreover, a previous study reported that
butyrate significantly alleviated IBD and altered the
expression of Slc16al, Slc16a4, Slc5a8 and Abcg2 [7].
Despite this, the mechanism of action of NaB in IBD is
not yet fully understood. Therefore, it still needs to be
explored to optimize treatment.

Ferroptosis is a unique, iron-dependent form of
non-apoptotic cell death, characterized by uncon-
trolled and overwhelming peroxidation of polyunsatu-
rated fatty acids in membrane phospholipids, ultimately
leading to rupture of the plasma membrane [8,9].
Ferroptosis is strongly correlated with various diseases
including UC, although its exact pathophysiological
role remains unclear [10]. Therefore, several studies
have explored the correlation between IBD and ferro-
ptosis. A previous study indicated that seliciclib allevi-
ates UC by inhibiting ferroptosis and improving
intestinal inflammation [11]. In addition, isorhamnetin
induced ferroptosis-mediated colitis by activating the
NRF2/HO-1 pathway and iron chelate [12]. Studies
have shown that butyrate protects cells against oxida-
tive stress and may inhibit ferroptosis, which reduces
the ferroptosis marker H,0, [13]. Therefore, ferroptosis
is a promising therapeutic target for UC treatment.

Signal transducer and activator of transcription 3
(STAT3) has been identified as a key hub gene associ-
ated with ferroptosis in UC, based on research that
identified STAT3 from a set of 13 hub genes derived
from differentially expressed genes (DEGs) and
ferroptosis-related genes [14]. Thus, there is a need to
further explore the connection between the
STAT3-regulated pathways, ferroptosis, and UC. UC is
primarily associated with a dysregulated interplay
between intestinal epithelial cells, microbial metabo-
lites, and macrophages. Research suggests that restraint
of extracellular regulated protein kinases1/2 (ERK1/2)
reduces the beneficial effects of butyrate-primed mac-
rophages, specifically diminishing their positive impact
on goblet cell function [15]. STAT3 is phosphorylated
by ERK at $727. Studies have shown that mitochondrial
STAT3 phosphorylation at S727 by ERK inhibits mito-
chondrial ROS generation during reperfusion [16].
These findings suggest that the ERK/STAT3 signaling
pathway may serve as a link between sodium butyrate,
ferroptosis, and UC, but it has not been verified, which
will be the focus of this study.

Moreover, modulation of gut flora by sodium butyr-
ate is crucial for alleviating inflammatory bowel dis-
ease (IBD). For example, substances such as Lycium
barbarum and riboflavin have been shown to modu-
late gut microbiota and alleviate UC by increasing the
abundance of butyric acid in the gut [17,18]. In sum-
mary, this study aimed to investigate the roles of fer-
roptosis, ERK/STAT3 pathway, and gut microbiome in
the amelioration of IBD by sodium butyrate.

To sum up, in this study, we will carry out a series
of experiments to study the effects of sodium butyrate
on ERK/STAT3, ferroptosis and the regulation of intesti-
nal flora in the process of alleviating IBD, so as to pro-
vide a basis for the practical application of NaB and
provide suggestions for the dietary therapy of IBD.

Materials and methods
Chemicals and reagents

A 2.5% dextran sulfate sodium (DSS) solution was pre-
pared from DSS powder (25g) and sterilized water
(1000 mL). This solution was used immediately after
preparation. For the low-dose and high-dose NaB
groups, solutions were formulated by dissolving 0.05g
and 1g of NaB powder per mL of sterilized water. The
5-aminosalicylic acid (5-ASA) group was prepared by
dissolving 0.015g 5-ASA powder in sterilized water. All
mice were administered a standard intragastric admin-
istration of 0.1ml/10g body weight.

Animal experiments

Seven-week-old C57BL/6) male mice were obtained
from Guangdong Experimental Animal Center.
Randomization was employed to allocate 40 mice into
5 groups. Forty mice were divided into five groups:
control (n=8), model (n=8), Low-dose NaB (NaB-L,
n=8), High-dose NaB (NaB-H, n=8), and 5-ASA (n=38).
The sample size was determined by a power analysis
based on expected effect sizes and variability observed
in preliminary studies. Following one week of acclima-
tization, Mice were included if they were aged 7 weeks
and weighed between 19 and 21 g. Mice were excluded
if they showed any signs of illness or injury before the
experiment began.

From the first day to the third day, all the mice
drink sterilized water. From the first day to the seventh
day, to add a protective effect to the mice in both NaB
groups, control group, model group and 5-ASA group
were administrated saline, while mice of NaB-L group
were administrated 500mg/kg body weight NaB, mice
of NaB-H group were administrated 1g/kg body weight



NaB. Each mouse was administered at 0.1 ml/10g body
weight. From the first day tothe third day, mice in the
NaB groups were given NaB solution by intragastric
administration. From the forth day to the ninth day, in
order to create mouse model of IBD, sterilized water of
Model group, NaB-L group, NaB-H group and 5-ASA
group were replaced into 2.5% DSS water, mice of
5-ASA group were administrated 150mg/kg body
weight 5-ASA and the administration method for other
groups remained the same as before. On the seventh
day, all the 2.5% DSS water was replaced with steril-
ized water, and administration way of all the group
were the same (Figure 1A). The entire animal experi-
ment was conducted in the SPF animal Laboratory. All
the administration was conducted in the afternoon
and the weighing and DAI testing was done in the
morning.

After a 12-hour fasting, all mice were euthanized
and samples were collected, including blood, liver,
spleen, colon, and colon contents. Photographs of the
colons were taken, and organ weights and colon
lengths were recorded. The spleens and colons were
divided into two parts for —80°C freezing and fixing.
More detailed information about animal experiments is
in the Supplementary Appendix.

Body weight and disease activity index (DAI)
assessment

During the DSS modeling process, the body weights of
the mice were measured daily at the same time to
ensure consistency. In addition to body weight mea-
surements, several other parameters were monitored,
including changes in stool consistency and rectal
bleeding. To assess the overall disease severity, the
Disease Activity Index (DAI) was calculated using the
following formula: DAl = (Weight loss score+ Stool
score +Bleeding score)/3. And the scoring criteria are
shown in Table 1. This calculation provides a compos-
ite score that reflects the severity of the disease based
on recorded changes in body weight, stool consis-
tency, and rectal bleeding.

Histopathological examination

Hematoxylin and eosin (H&E) staining: For tissue
analysis, spleen and colon tissues were carefully pre-
pared by selecting sections 0.5cm from the anus.
Tissues were fixed to preserve their structural integ-
rity. Following fixation, tissues were embedded in
paraffin and sectioned into thin slices for detailed
examination. H&E staining was performed on the tis-
sue sections to highlight the different cellular
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components and reveal histopathological changes.
The stained sections were then observed under a
microscope to assess any pathological alterations and
gain insight into the tissue conditions. And the
pathological status of the colons were then score.
The scoring criteria are shown in Table 2.

Alcian Blue-Periodic Acid Schiff (AB-PAS) staining

Alcian Blue-Periodic Acid Schiff (AB-PAS) staining was
performed to assess mucosal integrity and goblet cell
abundance in colon tissue sections. Tissues were fixed
in 10% neutral-buffered formalin, embedded in paraf-
fin, and sectioned into 5um slices. The sections were
dewaxed in xylene, rehydrated through a graded series
of ethanol to distilled water, and stained with 1%
Alcian Blue solution (pH 2.5) for 30min to identify
acidic mucins. After rinsing, sections were treated with
0.5% periodic acid for 10 min to oxidize mucopolysac-
charides, followed by incubation with Schiff reagent
for 15min to stain neutral mucins. The slides were
counterstained with hematoxylin for 1-2min, dehy-
drated through graded ethanol, cleared in xylene, and
mounted with neutral resin. Eight random fields of
stained sections of each group were observed under a
microscope for goblet cell analysis and mucosal assess-
ment. The number of goblet cells per crypt was
calculated.

Immunohistochemistry analysis

Colon tissue sections were blocked with BSA at room
temperature for 20 mins and then incubated with pri-
mary antibodies diluted 1000 times against ERK, p-ERK,
STAT3 and p-STAT3 overnight at 4°C. Next, the sections
were incubated with diluted secondary antibodies at
room temperature for 1h. DAB staining was performed
and the sections were counterstained with hematoxy-
lin. Finally, the sections were mounted using a neutral
resin. The average density of stained sections was
measured.

Ferroptosis related indexes assessment

The activity of superoxide dismutase (SOD) and levels
of Fe?*, glutathione (GSH), and myeloperoxidase
(MPO) were measured using specific assay kits to
assess oxidative stress and inflammatory responses.
Additionally, molecular analysis, including real-time
polymerase chain reaction (RT-gPCR) and western
blotting (WB), was performed to determine the mRNA
expression and protein levels of key regulators
involved in ferroptosis, including acyl-CoA synthetase
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Figure 1. General condition of mice. (A) Experimental protocol for inflammation bowel disease model. (B) Body weight change of
mice during the whole experimental period. (C) Body weight lost (%) during modeling period. (D) DAI change. (E) Photographs
of representative colons of each group. (F) Average length of colons of each group. *p <0.05; **p<0.01; ***p<0.001 vs. model.

long-chain family member 4 (ACSL4), Solute Carrier
Family 7 member 11 (SLC7A11), and Glutathione
Peroxidase 4 (GPX4), providing insights into the
underlying mechanisms at both the transcriptional
and translational levels.

Reverse transcription and real-time quantitative
polymerase chain reaction (RT-qPCR)

To analyze mRNA expression in mouse colon tissue,
total RNA was first extracted by placing the tissue in a
centrifuge tube and processing it with Trizol,



Table 1. Scoring standards of the DAI value.

Items Scoring standard Scores
Weight loss (%) No loss 0
1-5 1
6-10 2
11-15 3
>15 4
Stool Normal 0
Loose stool 2
Diarrhea 4
Bleeding No blood 0
Occult blood positive 2
Gross blood 4
Table 2. Histological scoring criteria.
Items Scoring standard Scores
Inflammation None 0
Mild 1
Severe 2
Depth of lesion None 0
Submucosa 1
Muscular layer 2
Serosa 3
Recess destruction None 0
1/3 Of the basal recess destroyed 1
2/3 Of the basal recess destroyed 2
Only intact surface epithelium 3
All crypts and epithelium destroyed 4
Extent of disease(%) 1-25 0
26-50 1
51-75 2
76-100 3

chloroform, isopropanol, and ethanol. After extraction,
RNA concentration and purity were measured to
ensure quality, and the RNA was reverse-transcribed
into cDNA following the TAKARA procedure. RT-gPCR
was performed for quantitative analysis of mRNA. The
gPCR conditions included an initial denaturation at
95°C for 30sec, followed by 40 cycles of denaturation
at 95°C for 15sec, and annealing/extension at 60°C for
30sec, during which the fluorescence signal was col-
lected. Finally, the relative expression levels of the tar-
get mRNA were calculated using the 2A-AACt method,
allowing for a precise comparison of gene expression
between samples. The primer sequences of each mol-
ecule are listed in Supplementary Table 1.

Western blot detecting protein expression level

Twenty milligrams of colon tissue was weighed and
300 pl of RIPA lysate containing 1% phosphatase inhib-
itor, 1% protease inhibitor, and 1%PMSF was added.
After grinding with a low-temperature grinder, the tis-
sue lysate was placed on ice for 30 mins and centri-
fuged. The total protein concentration was determined
using the BCA protein quantification method, and the
amount of Phosphate Buffer Saline (PBS) required for
adding diluted protein and the amount of buffer were
calculated accordingly. Finally, the samples were
heated in a metal bath at 100°C for 7 min.
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The protein samples were separated on 10 and 12%
sodium dodecyl sulfate-polyacrylamide gels. They were
then transferred to PVDF membranes, blocked, and
incubated with primary and secondary antibodies. A
Tanon imaging system was used to develop and take
pictures. Image) software was used to calculate the
gray values of the protein strips. GAPDH was used as
the internal reference protein, and the experiment was
repeated three times.

16S rRNA amplicon sequencing

Conserved regions were targeted to design universal
primers for PCR amplification of one or more highly
variable regions of 16S rRNA. The amplified products
were sequenced using the MiSeq/HiSeq platform with
paired-end sequencing. Operational Taxonomic Unit
(OTU) clustering was then performed on the highly
variable region sequences. This was followed by spe-
cies annotation and abundance, a-diversity, and
B-diversity analysis. The specific process is as
Supplementary Figure 1.

Statistical analysis

The results are expressed as the meanzxSD.
Comparisons between two groups of averages were
performed using two-tailed t-test or Mann-Whitney
test, while comparisons between multiple groups of
averages were performed using one-way ANOVA. SPSS
software (version 25.0) was used for the statistical
analysis of the data, and GraphPad Prism 8.0.1 was
used for graph drawing. Statistical significance was set
at p<0.05. The assumptions of the statistical tests were
checked and met. And all the results are showed in
Supplementary Table 2.

Results
General condition of mice

To some extent, weight change, DAI, and colon length
reflect the severity of IBD in mice. After the interven-
tion of mice (Figure 1A), the general condition of mice
is as follows. In the DSS-treated groups, mice began to
show significant weight loss starting on the seventh
day, and by the final day, the mice in the control,
NaB-L, NaB-H, and 5-ASA groups were significantly
heavier than those in the model group (Figure 1B)
(p<0.001; p<0.001; p<0.01; p<0.05; n=8) and had
less weight loss (Figure 1C) (p<0.001; p<0.001; p<0.01;
p<0.05; n=8). On the fourth day of the modeling
period, the DAl of mice that drank DSS increased
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rapidly. On the last day, the DAI of the control, NaB-L,
NaB-H, and 5-ASA groups was notably lower than that
of the model group (Figure 1D) (p<0.01; p<0.05; n=8).
The colon length of the model group was significantly
shorter than that of the control group, whereas the
colon length in the two NaB intervention groups was
significantly longer than that in the model group
(Figure 1EF) (p<0.001; p<0.01; n=5). These results
indicate that the IBD model has formed and that NaB
can alleviate IBD.

NaB enhances immunity of mice and reduces
inflammatory cytokine secretion

The spleen index reflects the immune system status
of mice, and the expression level of inflammatory
cytokine secretion reflects the inflammatory state of
mice [19]. By looking at the HE-stained sections of
the spleen, it can be observed that compared to the
control group, the boundaries of red and white pulp
were not as clear as those of the control group.
However, clear boundaries were significantly restored
in both NaB groups (Figure 2A). Moreover, the spleen
index of the model group was significantly higher
than that of the control group (p<0.01; n=5),
whereas it was notably lower in the NaB group than
in  the model group (Figure 2B) (p<0.05;
p<0.05; n=5).

The expression of inflammatory cytokines is an indi-
cator of the degree of inflammation. RT-qPCR testing
and calculation of the mRNA expression of TNF-q, IL-6,
IL-12, and IFN-y revealed that the mRNA expression of
cytokines in the model group was significantly higher
than that in the control group (p<0.05; p<0.001;
p<0.01, p<0.01; n=5). Intervention with low-dose NaB
(p<0.05, p<0.01, p<0.01, p<0.01; n=5) and high-dose
NaB (p<0.05, p<0.001, p<0.01, p<0.01; n=5) resulted
in significantly lower expression than that in the model
group (Figure 2C-F).

NaB repairs intestinal mucosal damage

To make a more definite pathological diagnosis in
mice, H&E staining was used to investigate the histo-
pathological state of the colon in mice. H&E staining
of the colon (Figure 3A) revealed serious damage in
the model group compared to the control group, with
observed damage including mucosal injury, crypt
destruction, and cellular infiltration. Specifically, H&E
staining clearly demonstrated the protective effect of
NaB against colitis. After quantification, the model
group had a significantly higher histopathology score
than the control group (p<0.001), whereas the

histopathology scores in the two NaB groups were sig-
nificantly lower than those in the model group
(p<0.001; p<0.001) (Figure 3C).

The number of goblet cells in colonic crypts can
reflect damage to the colonic mucosa, as reflected by
AB-PAS staining [20]. From the scanning and calcula-
tion results of AB-PAS staining (Figure 3B), the number
of goblet cells in the model group was much lower
than that in the control group (p<0.001; n=3) (Figure
3D). Notably, the volume of goblet cells in the NaB
group  was significantly  increased (p<0.01;
p<0.01; n=3).

NaB alleviates ferroptosis in colon cells of
IBD mice

Ferroptosis can be assessed by measuring Fe?*, GSH,
SOD, MPO, and related biomarkers. The results showed
that in the model group, Fe?* content and MPO activ-
ity significantly increased compared to those in the
control group (p<0.05; p<0.05; n=3), while GSH con-
tent and SOD activity decreased (p<0.01; p<0.001).
After NaB intervention, Fe?* content (p<0.05; p<0.05;
n=3) and MPO activity (p<0.05; p<0.05; n>3) were
much lower and GSH content (p<0.01; p<0.05; n=3)
and SOD activity were significantly higher (p<0.001;
p<0.01; n=3) than those in the model group
(Figure 4A-D).

Additionally, ACSL4, SLC7A11, and GPX4 are associ-
ated with ferroptosis. The model group showed sig-
nificantly higher mRNA expression of ACSL4 than the
control group (p<0.05; n=5), whereas that in both
NaB groups was much lower than that in the model
group (p<0.01; p<0.01; n=5) (Figure 4E). Similarly,
the mRNA expression of SLC7A11 and GPX4 was sig-
nificantly lower than that in the control group (p <0.05;
p<0.05, n=5, respectively), whereas the mRNA expres-
sion of SLC7A11 (p<0.001; p<0.001; n=5, respec-
tively) and GPX4 (p<0.01; p<0.01; n=5, respectively)
were much higher in the NaB group than in the
model group (Figure 4FG). Similarly, the protein
expression of ACSL4 in the model group was notably
higher than that in the control group (p<0.05; n>3),
while the protein expression of SLC7A11 (p<0.001;
p<0.001) and GPX4 (p<0.01; p<0.01; n=3) were
lower in the model group than in the control group
(Figure 4H-M).

NaB enhances phosphorylation of ERK and STAT3

After it was determined that IBD was alleviated by
NaB, its molecular mechanism was verified by WB and
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Figure 2. NaB enhanced immunity of mice and administration reduces inflammatory cytokine secretion. (A) Hematoxylin and
eosin staining images of representative spleens (first line: original magnification, x 40, bar = 200 um; second line: original mag-
nification, X 100, bar = 100 um). (B) Spleen index of each group. (C—F) mRNA expression level of TNF-q, IL-6, IL-12, IFN-y. *p <0.05;

**p <0.01; ***p<0.001 vs. model.

IHC. Compared to the control group, the phosphoryla-
tion levels of ERK and STAT3 in the model group
decreased significantly (p<0.05; p<0.05; n>=3) (Figure
5A-C). However, the phosphorylation levels of ERK
(p<0.01; p<0.05; n=3) and STAT3 (p<0.001; p<0.001;
n=3) in both the NaB groups were significantly
improved quite a lot. Furthermore, IHC results for

p-ERK and p-STAT3 showed that the model group
exhibited weaker staining (lighter brown) than the
control group. In contrast, both NaB groups displayed
stronger staining (darker brown) than the model
group, indicating higher expression levels of p-ERK
and p-STAT3 in the control group and the two NaB
groups (Figure 5D).
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Figure 3. NaB repair intestinal mucosal damage. (A) Hematoxylin and eosin staining images of representative Colon (first line: original
magnification, x 40, bar = 200um; second line: ORIGINAL magnification, x 100, bar = 100um). (B) Alcian Blue-periodic acid Schiff staining
images of representative colon (first line: original magnification, x 100, bar = 100um; second line: original magnification, x 200, bar =
50pm). (C) Histopathology score of colon tissue. (D) Measurement of goblet cell/crypt. *p<0.05; **p<0.01; ***p<0.001 vs. model.

NaB improves colonic microbiota dysbiosis in IBD

To investigate the effects of NaB on the intestinal
microbiota in DSS-induced IBD mouse models, 16S
rRNA sequencing was used to analyze the microbiota
composition. Using the VSEARCH software, sequence
clustering at 97% similarity resulted in Operational
Taxonomic Units (OTUs). A Venn diagram (Figure 6A)

illustrates that the total number of OUTs was 663.
Specifically, the control group had a higher number of
OTUs (615) than the model group (534), with 502 OTUs
shared between the two groups. After the NaB inter-
vention, the number of OTUs shared by the control
group increased significantly. There were 543 OTUs in
the control and NaB-L groups, and 537 OTUs in the
control and NaB-H groups.
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Figure 4. NaB alleviates ferroptosis in colon cells of IBD mice. (A-D) The levels of Fe?*, GSH, MPO, SOD. (E-G) mRNA expression of
ACSL4, SLC7A11, GPX4. (H-J) GPX4, SLC7A11, ACSL4 protein levels in colon tissues were detected by Western blotting. (K-M) Quantification
of colonic relative expression of GPX4/GAPDH, SLC7A11/GAPDH, and ACSL4/GAPDH. *p<0.05; **p<0.01; ***p<0.001 vs. model.

The rarefaction curves, generated using indices such
as the Shannon index and chaol index, indicate the
richness and diversity of the microbial populations by
plotting the number of observed OTUs against the num-
ber of sequencing reads. These curves flattened, sug-
gesting an adequate sampling depth for further analysis.
In this study, the chaol dilution curves were flattened,
which indicated that the data can be further analyzed
(Figure 6B). And chao1 index and ace index showed
that, compared with the control group, the total popula-
tion richness of the model group significantly decreased

(p<0.05; n=3) (Figure 6C,D), indicating a reduction in
microbial diversity following the induction of IBD.
Principal coordinate analysis (PCoA) was used to
visualize the similarities and differences in the
microbial community composition among the sam-
ples. Samples that clustered closely together exhib-
ited greater similarity in their microbial communities,
whereas those that were widely separated showed
greater dissimilarity (Figure 6E,F). This analysis helps
elucidate the extent to which NaB treatment alters
gut microbiota composition in the context of IBD.
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Figure 5. NaB enhance phosphorylation of ERK and STAT3. (A-C) Protein expression level of ERK, p-ERK, STAT3 and p-STAT3
detected by Western blotting. (D) Immunohistochemical results of p-ERK, ERK, p-STAT3 and STAT3 (original magnification, x 200,
bar = 50 um) *p <0.05; **p<0.01; ***p <0.001 vs. model.



ANNALS OF MEDICINE € 11

Figure 6. NaB improves colonic microbiota dysbiosis in IBD. (A) Venn diagram of OTUs of colonic microbiota. (B) Rarefaction
curves plotted by chao1l index. (C-D) Comparison of chaol index and ace index between control group and model group. (E-F)
PCoA index and NMDS index of each group.
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NaB improves composition of gut microbiota
in IBD

Comparison of intestinal flora species and function
using 16S rRNA. The histogram of LDA value distribu-
tion results indicates the species that significantly con-
tributed to the differences between groups, specifically
the biomarkers with statistical differences (Figure 7A).
At the phylum level, the control group had a signifi-
cantly higher abundance of Firmicutes than the model
group (p<0.05), whereas the model group showed a
significantly lower abundance of Firmicutes than the
NaB-H group (p<0.05; n=3) (Figure 7B). At the family
level, the abundance of Erysipelotrichaceae in the
model group was notably higher than that in the con-
trol group (p<0.05; n=3), whereas the NaB-H group
exhibited a notably lower abundance than the model
group (p<0.05; n=3) (Figure 7C). In addition, the
model group had a significantly higher abundance of
Neisseria and Clostridium than did the control group
(p<0.05; p<0.05). The abundance of Neisseria in the
NaB-L group was significantly lower than that in the
model group (p<0.05), and the abundance of
Clostridium in the NaB-H group was significantly lower
than that in the model group (p<0.05; n=3) (Figure
7D). At the species level, in contrast to the control
group, the abundance of C. cochleae and C. canis in
the model group was significantly increased (p<0.01;
p<0.05; n=3), the abundance of Clostridium cocleatum
in the NaB-H group was significantly lower than that
in the model group (p<0.01; n=3), and the abundance
of canis bacteria in the NaB-L group was significantly
lower than that in the model group (p<0.05; n=3)
(Figure 7E-Q).

In the functional analysis of the intestinal flora, in
contrast to the control group, the membrane transport
function of the model group was significantly weak-
ened (p<0.05; n=3). The NaB-H group showed
enhanced membrane transport function of IBD intesti-
nal flora (p<0.05; n=3), which may be related to
mucosal damage in IBD and the mucosal repair func-
tion of NaB (Figure 7H). Additionally, compared to the
control group, the ATP-binding cassette (ABC) trans-
port function was significantly weakened in the model
group (p<0.05; n=3), while the NaB-H group showed
enhanced ABC transport function in the IBD intestinal
flora (p<0.01; n=3) (Figure 7I).

Total triterpenes possess anti-inflammatory proper-
ties, which can inhibit the inflammatory response and
release inflammatory mediators, helping to reduce the
symptoms and severity of inflammatory diseases.
Hemiterpenes also exhibit anti-inflammatory activities.
In this study, in contrast to the control group,

biosynthesis of sesquiterpenes and triterpenes in the
model group was notably weakened (p<0.01; n=3).
The NaB-H group enhanced the biosynthesis of sesqui-
terpenoids and triterpenoids in the IBD intestinal flora
(p<0.001; n=3), suggesting that NaB may alleviate IBD
through, enhancing the synthesis of triterpenes and
hemiterpenes (Figure 7)J).

Discussion

Using a DSS-induced IBD mouse model, a model being
used more widely in IBD studies, this study investi-
gated the therapeutic effects of sodium butyrate (NaB)
in alleviating inflammatory bowel disease (IBD) through
multiple mechanisms, including ferroptosis inhibition,
regulation of ERK/STAT3 signaling, and modulation of
gut microbiota. Findings in our study suggest that NaB
exerts beneficial effects on IBD, consistent with previ-
ous studies using different methods of administration,
including intragastric delivery, which may be more
effective than oral administration [21].

The spleen, a major immune organ, plays a critical
role in IBD pathogenesis. In this study, NaB treatment
mitigated spleen damage and reduced spleen index,
indicating improved immune function. A study shows
that fermented Curcuma that contains butyrate can be
significantly reduce TNF-a and IgE release in
DSS-Induced colitis mice, which could be related to
our study [22]. Furthermore, NaB significantly reduced
the secretion of pro-inflammatory cytokines, such as
TNF-q, IL-1B, IL-6, and IFN-y, which are implicated in
IBD inflammation [23]. Histological analysis of the
colon showed NaB restored epithelial integrity and
reduced the inflammatory damage, supporting its
potential as an immune-regulatory agent.

Ferroptosis, characterized by iron overload, ROS
accumulation, and lipid peroxidation, has been linked
to IBD pathogenesis [24,25]. Our results show that NaB
reduced Fe?* and MPO levels while increasing antioxi-
dant markers like SOD and GSH, suggesting that NaB
alleviates IBD by inhibiting ferroptosis. NaB also upreg-
ulated GPX4 and SLC7A11 and downregulated ACSL4,
further supporting its role in ferroptosis suppression.
These findings are consistent with previous studies
demonstrating the beneficial effects of NaB on oxida-
tive stress and ferroptosis in IBD [26,27]. This phenom-
enon is the exact opposite of NaB promoting
ferroptosis in cancer and is likely related to the butyr-
ate paradox, the contrasting effects of butyrate in dif-
ferent biological contexts [28].

Additionally, we explored the activation of the ERK/
STAT3 signaling pathway. NaB enhanced phosphorylation
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Figure 7. NaB improves composition of gut microbiota in IBD. (A) LDA score compared with model group. (B-J) Species that are
representative and significantly different at phylum, family, genus and species level. *p <0.05; **p <0.01; ***p <0.001 vs. model.

of ERK and STAT3, which are key regulators of immune
function and inflammation. These findings align with
studies suggesting that butyrate regulates gut barrier
function through macrophage/WNT/ERK signaling [15].

As we all know, butyrate alters gene expression and
arresting cell proliferation by inhibition of the
chromatin-remodeling activity of histone deacetylases
(HDAC). inhibition of HDAC is involved in the
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anti-inflammatory effect of butyrate, which inhibits the
release of proinflammatory factors. And there were stud-
ies have studied about relationship between HDAC and
ERK, STAT3, however, most of them occur in cancers or
other pathways [29,30]. Though there were researches
have studied about pathway about ERK and STAT3 by
NaB in IBD model, most of them studied about the 705
site of STAT3, which is normally triggered by JAK [31],
while we mainly study about Ser727 site of STAT3. What's
more, there are few studies mentioned about relation-
ship between NaB, ERK/STAT3 and ferroptosis. According
to the above analysis, in the process of alleviating IBD,
NaB simultaneously inhibits ferroptosis and enhances the
phosphorylation of ERK and STAT3. Combined with the
database analysis of previous studies, STAT3 is the key
factor of IBD and ferroptosis, and the phosphorylation of
STAT3 is enhanced after the application of Fer-1, an
inhibitor of ferroptosis [14]. NaB is likely to inhibit ferro-
ptosis by enhancing ERK and STAT3 phosphorylation, and
further studies are needed to elucidate the precise
molecular interactions between these pathways.

The gut microbiota is a crucial modulator of IBD
pathogenesis, and our results show that NaB modulated
intestinal microbiota composition, notably increasing the
abundance of Firmicutes, which are associated with
anti-inflammatory effects, including breaking down com-
plex carbohydrates in the diet and producing short-chain
fatty acids (SCFAs) to help regulate the immune balance
in the gut [32]. We also observed reductions in
pro-inflammatory bacteria, such as Clostridium coclea-
tum, which is linked to intestinal mucin degradation and
inflammation [33]. What's more, our results show that a
low dose of NaB decreased Erysipelotrichaceae of in IBD
mice, it may be because NaB inhibits Erysipelotrichaceae’s
metabolites stimulating the host immune system, trig-
gering or aggravating intestinal inflammation, and indi-
rectly affecting intestinal barrier function and its health
by affecting the composition of other flora [34] There
was a study combining inulin, a kind of dietary fiber,
with several intestinal bacteria in the treatment of IBD
has better effects than the application of inulin alone
[35], combining with the regulation of sodium butyrate
on the composition and function of intestinal flora in
this study, it provides us with a good idea for future
therapeutic innovation. These findings suggest that
NaB's impact on gut microbiota may play a significant
role in its therapeutic effects in IBD.

While our results demonstrate promising effects of
NaB in IBD management, further investigations are
needed to confirm the molecular pathways involved,
particularly the relationship between ferroptosis, ERK/
STAT3  signaling, and microbiota modulation.
Additionally, future studies could explore the potential

for combination therapies that leverage NaB’s effects
on immune regulation and ferroptosis inhibition.

In conclusion, our study provides strong evidence
supporting NaB as a potential adjuvant therapy for
IBD, highlighting its role in regulating immune
responses, preventing ferroptosis, and modulating gut
microbiota. These findings open new avenues for ther-
apeutic strategies targeting multiple pathways involved
in IBD pathogenesis.

Conclusion

In summary, NaB may play a role in alleviating IBD via
several mechanisms. These include inhibition of ferro-
ptosis via increased phosphorylation of ERK and STAT3,
potentially involving pathways such as macrophage/
WNT/ERK signaling and mitochondrial functions, which
warrant further investigation. Additionally, NaB allevi-
ates IBD by modulating the intestinal flora, a process
that could be further explored, particularly in relation
to the Clostridium cocleatum strain.
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