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1. Introduction

Sodium butyrate attenuates experimental neonatal
necrotizing enterocolitis by suppressing
TLR4-mediated NLRP3 inflammasome-dependent
pyroptosist

Yanan Gao,}? Liting Yang,$*° Hongya Wu,? Qiangian Yao,*< Jiagi Wang® and
Nan Zheng (2 *@

Necrotizing enterocolitis (NEC) is a fatal intestinal disease in premature infants, and is characterized by
intestinal inflammation and disruption of the intestinal barrier. The protective effects of sodium butyrate
(NaB) against NEC have been documented, however, the underlying fundamental processes remain
unknown. To address this deficit, we used the NEC neonatal rat model to confirm the intestinal protective
effect of NaB. We then used network pharmacology and confirmed a role for NaB in the attenuation of
NEC and this was associated with the NLRP3 inflammasome and the NF-«xB signaling pathway. These
results were verified by proteome analysis in vivo, and molecular docking analysis was used to explore the
potential underlying mechanisms, revealing a suppressive function of NaB on NEC, which may be caused
by its interaction with the TLR4-mediated NF-«B signaling pathway. An in vitro cell model (LPS-stimulated
IEC-6 cells) was then established to confirm the docking results. Results using assays involving the NLRP3
(MCC950) and TLR4 (TAK-242) inhibitors suggested that NaB protected intestinal cells from inflammatory
injuries during NEC by suppressing the TLR4/MyD88/NF-kB/NLRP3/cleaved caspase-1/GSDMD inflam-
masome pathway. These findings indicated that NaB can be used as a potential modulatory and thera-
peutic candidate for the treatment of NEC.

the healthy gut, the intestinal tissue of NEC patients showed a
greater loss of villus structure, with more severe submucosal

Necrotizing enterocolitis (NEC) is a fatal inflammatory intesti-
nal disease found in preterm infants, and is considered as the
first cause of short bowel syndrome in neonates." NEC mani-
fests as necrosis of the intestinal mucosa and even the distal
ileum and proximal colon, with a mortality rate as high as
30%.% Besides the intestinal inflammation, the clinical mani-
festations of NEC are often accompanied by intestinal barrier
dysfunction. Intestinal epithelial apoptosis and autophagy are
up-regulated in Sprague-Dawley (SD) neonatal rats with
NEC.>* Additionally, the expression of tight junction (TJ) pro-
teins was down-regulated in rat pups with NEC.> Compared to
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damage (partial necrosis) and increased inflammatory cell
infiltration.® Moreover, NEC may be related to long-term com-
plications, including neurodevelopmental impairment, cogni-
tive alterations, and multisystem organ failure.” Consequently,
it is essential to develop innovative strategies for the preven-
tion or treatment of NEC.

Comprehensive data from in vitro, in vivo, and human
cohort studies have shown that breast milk helps lower the
prevalence of NEC by 6- to 10-fold.® A previous review reported
that feeding preterm infants with breast milk and probiotics
could effectively inhibit the frequency of NEC, which could not
be achieved by infant formula and probiotics.” The primary
difference between these two combinations is that breast milk
with probiotics could produce additional metabolites, includ-
ing indole-3-lactic acid and short-chain fatty acids (SCFAs)."°
In another study, various SCFAs, including butyrate, acetate,
and formate, have been found to exist in breast milk samples
at concentrations of 95.6, 46.8, and 43.7 pmol L%, respect-
ively."* In addition, butyrate has also been found in the milk
of various other mammals, including cow, buffalo, goat, yak,
and camel.’> Another study reported the presence of butyrate
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in different heat-treated milk samples.”® Butyrate is not only
the most abundant SCFA in breast milk but also the focus of
attention in studies focusing on SCFAs that regulate intestinal
health.

Due to the double-sided effect of butyrate on intestinal
health and the limited studies focusing on the effects of
sodium butyrate (NaB) on NEC, only a few studies have
reported the protective effect of butyrate on the intestine of
NEC patients. A previous study of 81 NEC patients showed that
butyrate levels in the fecal samples of NEC patients were lower
than controls.'* Examination of the C57BL/6 mice adminis-
tered with NaB showed that NaB exerted protective effects in
the disrupted intestine of this NEC model by downregulating
inflammatory cytokines (IL-6 and TNF-a) and upregulating a
TJ protein (claudin-7)."> In addition, our previous in vitro and
ex vivo studies showed that NaB exhibited anti-inflammatory
effects in the lipopolysaccharide (LPS)-induced neonatal NEC
intestine.'®!” However, it is still unknown whether NaB can
exert intestinal protective effects in an in vivo NEC model.
Moreover, the potential mechanisms underlying the thera-
peutic or preventive effects of NaB on NEC patients are also
unknown.

Human development studies have shown that newborn rat
pups are an excellent model to study preterm neonates.'®
Furthermore, based on public databases, network pharma-
cology has been regarded as an emerging, high throughput,
and cost-effective approach for identifying the potential targets
of various compounds and diseases."® Proteomics provides a
global perspective on the cellular processes of health and
disease at the protein level.

In this study, the protective effect of NaB against NEC was
confirmed in a neonatal rat model of NEC. The combination
of proteomic experiments in vivo and network pharmacology
was applied to explore the underlying potential core targets
and pathways. Then, the potential underlying mechanisms
were preliminarily validated by molecular docking analysis,
and then the therapeutic role of NaB was experimentally veri-
fied using IEC-6 cells induced with LPS and inhibitor assays.
These findings extend the nutritional function of NaB, which
could be considered as a novel preventive and therapeutic
agent for NEC.

2. Materials and methods
2.1 Chemicals

NaB (99% purity) was purchased from Sigma Aldrich (Natick,
MA, USA). The lipopolysaccharide (LPS, bs-8000P) from
Escherichia coli 055: B5 was purchased from Bioss Corporation
(Beijing, China). The primary antibodies, including anti-
MyD88 (cat. no. bs-1047R), anti-TLR4 (cat. no. bs-20594R),
anti-cleaved caspase-1 (cat. no. bs-10743R), anti-f-actin (cat.
no. bs-0061R), and secondary antibodies were obtained from
Bioss (Beijing, China). Anti-NLRP3 (cat. no. A12694) and anti-
GSDMD (cat. no. 17308) antibodies were purchased from
Abclonal (Wuhan, China). Anti-NF-xB p65 (cat. no. 8242S) was
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purchased from Cell Signaling Technology (MA, USA). The
NLRP3 inhibitor (cat. no. MCC950) and TLR4 inhibitor (cat.
no. TAK-242) were purchased from MedChemExpress (New
Jersey, USA) and Selleck (Houston, USA), respectively.

2.2 Experimental neonatal NEC model in vivo

2.2.1 Animal studies. Twenty-four 3-day-old neonatal
Sprague-Dawley rat pups were obtained from Wuhan Cloud
Clone Diagnostic Reagent Institute Co., Ltd, (Wuhan, China)
and divided into the control group (n = 8, fed with breastmilk
freely), the NEC group (n = 8, fed with rodent formula, and
administered with phosphate-buffered saline post-NEC model-
ing for 18 days via gavage administration at a dose of 0.1 mL
day™), and the NEC + butyrate group (n = 8, fed with rodent
formula, and administered with 14 mg per kg body weight
NaB post-NEC modeling for 18 days by gavage administration
at a dose of 0.1 mL day™!). The experimental in vivo neonatal
NEC model was established by hypoxia and cold stress, as
described previously.>® To improve the survival rate of the
pups and simulate bowel necrosis histologically, we chose
3-day-old newborn SD rats instead of the rat pups after birth to
establish the model. Briefly, the 3-day-old newborn SD rats
were fed rodent formula (Abbott Nutrition, USA) and placed
under an environment of 5% oxygen + 95% nitrogen for
10 min and then exposed to 4 °C for 10 min in a refrigerator.
Hypoxia + cold stress stimulation was performed twice daily
for three consecutive days. On the 4th day, the rats were sacri-
ficed. A score of 0 to 4 was used to diagnose the severity of the
NEC, as previously described and a score of >2 represents the
occurrence of NEC.”® The dosage of NaB in this study was
selected based on previously reported studies.'>>" Ileum tissue
of these pups was obtained and stored at —80 °C for further
experiments. The animal experiments were approved by the
Committee for the Management and Use of Laboratory
Animals [Review number: JACU21-0869 (Date: 7/2021)].

2.2.2 Reverse transcription-quantitative real-time polymer-
ase chain reaction (RT-qPCR). We conducted RT-qPCR using
the TB Green Premix Ex Taq II kit (Takara, Japan) following
the manufacturer’s protocol. First, total RNA was extracted
from the ileum tissues of the neonatal SD rats using a TRIzol
kit. Then, the extracted RNA was reverse transcribed into cDNA
using the PrimeScript™ RT Reagent kit. The 274" method
was used to calculate the changes in gene expressions levels
relative to the GADPH expression as the reference gene. The
primer sequences of the gene targets are shown in Table S1.f

2.2.3 Proteomics. Tandem mass tags (TMT)-based proteo-
mic analysis was used to identify the pathways and proteins
potentially involved in the protective action of NaB against
NEC. Ileum tissues were vortexed and lysed in a lysis buffer
and then subjected to protein digestion. One hundred micro-
grams of the collected protein was incubated, washed, and
desalted. Then, the resultant labeled peptide was subjected to
high pH reverse phase separation, followed by nano-HPLC-MS/
MS analysis. Differentially expressed proteins (DEPs) were
chosen based on two criteria: fold change >1.5 and p < 0.05.
And then KEGG enrichment analysis was performed. The mass
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spectrometry proteomics data have been deposited to the
iProX (https:/www.iprox.org) with the data set identifiers
IPX0006818000.

2.2.4 Western blot assay. Ileum tissue samples were placed
in RIPA lysate buffer for 30 min and then homogenized and
centrifuged. Next, the supernatants, containing ileum pro-
teins, were collected and denatured at 100 °C with a 5x protein
loading buffer. After separation by SDS-PAGE, the membranes
were blocked for 1.5 h. Then, the membranes were incubated
overnight at 4 °C with primary antibodies, including anti-
NLRP3, anti-GSDMD, anti-NF-xB p65, anti-TLR4, and anti-
MyD88, at 1: 1000, followed by incubation with secondary anti-
bodies. The proteins were quantified using an enhanced che-
miluminescence (ECL) kit, and the obtained band intensities
were analyzed using Image J 2x.

2.3 Network pharmacology

2.3.1 Screening for potential targets of NaB and NEC.
Bioinformatics analysis was used to screen the potential
targets of small molecule (NaB) and NEC disease.

Potential targets for NaB in Homo sapiens were obtained
from the Similarity ensemble approach (SEA, https:/sea.
bkslab.org), PharmMapper (https:/lilab-ecust.cn/pharmmap),
SuperPred (https://prediction.charite.de), and
SwissTargetPrediction (https:/www.swisstargetprediction.ch).
The combined targets selected by these software were con-
sidered the potential targets of NaB.

Furthermore, the potential targets for NEC were summar-
ized from DisGeNET (https:/www.disgenet.org), GeneCards
(https://www.genecards.org), MalaCards (https:/www.mala-
cards.org), and RGD Disease (https:/rgd.mcw.edu/wg/portals/).
These combined targets were considered as the potential
targets for NEC.

2.3.2 Protein-protein interaction (PPI) network and enrich-
ment analysis. STRING and Cytoscape software were used to
construct the PPI network for NaB and NEC targets. Then,
Cytoscape with the cytoHubba plug-in was used to build the
PPI interaction network for “hub genes” for NaB and NEC. The
cytoHubba plug-in ranks these “hub genes” according to their
attributes of nodes in the network with 11 scoring methods.
Among these scoring methods, the Maximal Clique Centrality
(MCC) method was applied in the present study, as it has been
reported to perform better than other scoring methods.>” In
addition, STRING (https:/cn.string-db.org/) was also used to
perform GO and KEGG pathway analysis enriched with hub
genes. The selected visual enrichment of GO and KEGG ana-
lysis was conducted via GraphPad 9.00 and Origin 2021, based
on a false discovery rate <0.05.

2.4 Molecular docking

Molecular docking between NaB and its targets was performed
using the AutoDock software. The structure of NaB
(ZINC895132) was obtained from the ZINC database (https:/
zinc15.docking.org), and the structure of their targets was
searched from the PDB database (https:/www.rcsb.org/).
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2.5 LPS-induced in vitro experimental NEC model

2.5.1 Cell culture and treatments. Rat small intestinal epi-
thelial cells (IEC-6, American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 1% nonessential amino acids (NEAAs), and anti-
biotics. The culture was incubated in a 5% CO, incubator at
37 °C. DMEM, FBS, NEAAs and antibiotics were obtained from
Gibco (Grand Island, NY, USA).

2.5.2 Cell viability and construction of in vitro experi-
mental NEC model. The viability of IEC-6 cells was measured
using a cell counting kit-8 assay according to the manufac-
turer’s instructions. Cell viability (%) was presented as 100
times the ratio of the treatment group to the control group.
According to previous studies, the in vitro NEC model using
IEC-6 cells was established by exposing cells to different doses
of LPS for different incubation times.>*** The in vitro NEC
model was established by exposing IEC-6 cells to 100 pg mL™"
LPS for 3 h in the present study, which resulted in significantly
decreased cell viability (Fig. S1t). The viability of IEC-6 cells
induced by varying NaB concentrations (5-30 mM) for 2 h was
measured. For subsequent analyses, IEC-6 cells pretreated with
5 mM NaB for 2 h and then 100 ug mL™" LPS for 3 h were used
(Fig. S2+).

2.5.3 RT-gqPCR analysis and western blot assay. RT-qPCR
conducted as per the manufacturer’s protocol.
PrimeScript™ RT Reagent kit was used to reverse-transcribe
the extracted RNA into cDNA. RT-qPCR was conducted using
the TB Green Premix Ex Taq II kit (Takara, Japan) and GADPH
was used as the reference gene. The 272" method was used
to assess the relative expressions of genes. Among the primary
antibodies, anti-NLRP3, anti-GSDMD, anti-NF-xB p65, anti-
TLR4, anti-cleaved caspase-1, and anti-MyD88 were used for
the western blot assay.

2.5.4 Determination of IL-1f and IL-18. The concentrations
of IL-1p and IL-18 in the supernatant of the treated IEC-6 cells
were determined with rat IL-1f (SEKR-0002) and rat IL-18
ELISA kits (SEKR-0054). These kits were obtained from
Solarbio (Beijing, China).

2.5.5 TLR4 and NLRP3 inhibitor assay. NaB, TAK-242
(TLR4 inhibitor), or MCC950 (NLRP3 inhibitor) alone do not
affect IEC-6 cell viability but can improve the viability of LPS-
treated cells. In the present study, the pretreated IEC-6 cells
were exposed to either 25 pyM TAK-242 or 10 nM MCC950
(Fig. S3 and S4%).

For TAK-242-treated cells, the levels of TLR4, MyD88, NF-
kB, NLRP3, cleaved caspase-1, and GSDMD proteins were
measured. For MCC950-treated cells, the protein levels of
NLRP3, cleaved caspase-1, and GSDMD and mRNA levels of IL-
1B, IL-4, IL-6, IL-18, TNF-a, and IFN-y were measured.

was

2.6 Statistical analyses

All the phenotypic data were analyzed using GraphPad Prism
9.0 (La Jolla, CA, USA) and the in vivo and in vitro results were
represented as mean + SEM. One-way ANOVA tests combined

This journal is © The Royal Society of Chemistry 2025
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with Tukey’s multiple analysis was used to analyze differences
and a p < 0.05 represented a significant difference.

3. Results

3.1 NaB ameliorated in vivo hypoxia- and cold stress-induced
intestinal inflammation and disrupted intestinal barrier

To evaluate the protective effects of NaB on NEC-induced intes-
tinal inflammation and disrupted intestinal barrier, in vivo
experiments were conducted on neonatal rats with NEC
(Fig. 1A). The results showed that NaB supplementation alle-
viated NEC-induced weight loss, especially on the seventh day
(p < 0.05, Fig. 1B) and significantly reversed the NEC-induced
changes in mRNA levels of proinflammatory cytokines (p <
0.05, Fig. 1C). These results indicated that NaB ameliorated
NEC-induced intestinal inflammatory responses.

Additionally, the RT-qPCR results showed that NEC signifi-
cantly reduced the mRNA levels of claudin-3, claudin-7, occlu-
din, and ZO-1 (p < 0.05, Fig. 1D), which represent the impor-
tant markers of TJs. Furthermore, compared to the control
group, the relative mRNA expression of cell apoptosis related
genes (Bax, Bcl-2, caspase-6, and caspase-9) and cell autophagy
related genes (Atg5, Atg7, Atg12, ULK1, ULK2, and Beclin1) were
significantly increased in the NEC group (p < 0.05, Fig. 1E and
F). However, gavage administration of 14 mg per kg b.w. NaB
significantly reversed the changes in intestinal barrier-related
(TJs, cell apoptosis and autophagy) mRNA levels induced by
NEC (p < 0.05, Fig. 1D-F). These results showed that NaB had
the ability to alleviate the disrupted intestinal barrier in neo-
natal rats with NEC.

3.2 Network pharmacology construction of NaB against NEC

To explore the underlying mechanisms of the protective effects
of NaB against NEC, the network pharmacology was used in
the present study.

3.2.1 Screening for potential NaB targets involved in the
alleviation of NEC. There were 6, 50, 82, and 68 NaB targets for
Homo sapiens in PharmMapper, SEA, SuperPred, and
SwissTargetPrediction databases, respectively. After removing
the duplicates, 199 NaB targets were collected (Fig. 2A). Using
“necrotizing enterocolitis” as the keyword, 209, 463, 29, and 10
NEC targets in Homo sapiens were obtained from DisGeNET,
GeneCards, MalaCards, and RGD Disease, respectively. After
removing the duplicates, 577 NEC targets were collected
(Fig. 2B) and used for subsequent analyses.

3.2.2 PPI network and enrichment analysis of hub genes.
The PPI network of NaB and NEC targets was primitively con-
structed using the STRING database. To further visualize these
constructed PPI networks, the data of both networks were
imported into Cytoscape 3.9.1 to construct visual and analyz-
able PPI networks (Fig. 2C). The PPI network of NaB targets
contained 147 nodes with 513 edges, and that of NEC targets
comprised of 508 nodes with 12776 edges. The nodes indi-
cated the proteins, and the edges represented the interactions
between the proteins. Next, the two networks were combined
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to obtain an overlapping PPI network between the NaB and
NEC targets. This overlapping PPI network comprised 637
nodes and 13264 edges. To further assess the hub genes in
the overlapping PPI network, topology analysis was conducted
using the cytoHubba plug-in of Cytoscape. Here, the top 50
targets, selected using the MCC scoring method in cytoHubba,
were considered the hub genes. Table S21 shows detailed
information on these top 50 hub genes. Finally, the PPI
network of these hub genes comprised 50 nodes with 1193
edges and the degree values of these 50 hub genes were calcu-
lated. The target nodes with high degree values included
NLRP3 (n = 35), CXCL1 (n = 44), CASP1 (n = 46), and MyD88 (n
= 46), indicating that these might play an important role in the
anti-NEC effects of NaB (Fig. 2D). In addition, the inflam-
mation-related hub genes, including IL-18 (n = 30), IL-6 (n =
20), TLR4 (n = 13), and IL-1p (rn = 9), were also found to be
involved in the anti-NEC effects of NaB (Fig. S5T). These hub
genes are primarily involved in the GO terms of the NLRP3
inflammasome complex (NLRP3 and CASP1) and the KEGG
pathway of the NF-xB signaling pathway (IL-1p, CXCLS8, TLR4,
and MyD88, Fig. 2E and F). The detailed information for the
enriched GO terms and KEGG pathways is depicted in Tables
S3 and S4.F

3.3 Quantitative proteome analysis of the effects of NaB on
neonatal rats with NEC

To verify the results obtained by the network pharmacology
enrichment analysis suggesting that the NLRP3 inflamma-
some complex and the NF-kB signaling pathway might be the
core anti-NEC targets of NaB, TMT proteomic analysis was con-
ducted on the ileum of neonatal rats.

Firstly, the results of hierarchical clustering revealed that
there are similarities in the expression patterns between NEC
treatment and NEC + Butyrate treatment, while these two treat-
ments were clearly separated from the control treatment
(Fig. 3A). These results illustrated that NEC and NaB treatment
led to all of the significant changes seen in the neonatal rats.
This result was consistent with PCA analysis, which indicated
that the NaB supplementation significantly impacted NEC pro-
gression (Fig. S61). Additionally, as the histogram shows, there
were 953 (432 up-regulated and 521 down-regulated), 513 (258
up-regulated and 255 down-regulated), and 65 (28 up-regulated
and 37 down-regulated) DEPs in NEC vs. control, NEC +
Butyrate vs. control, and NEC + Butyrate vs. NEC groups,
respectively (Fig. 3B). These results suggested that NaB treat-
ment could partly reverse the changes induced by NEC. The
volcano diagram depicted the specific changes in DEPs among
the different treatments (Fig. S77).

To further elucidate the effects of NEC and NaB treatment
on neonatal rats, KEGG pathway analysis was used to investi-
gate intestinal inflammation- and intestinal barrier-related
effects under different treatment conditions. The results of
KEGG pathway enrichment showed that TJ, apoptosis and
autophagy-related pathways were enriched by the DEPs
(Fig. 3C-E). These results were consistent with the enrichment
analysis of GO terms (Fig. S87), suggesting that NaB attenuated
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Fig. 1 Sodium butyrate (NaB) inhibited alleviated necrotizing enterocolitis-induced intestinal inflammation and disrupted intestinal barrier in neo-
natal rats. (A) The simplified flow chart of in vivo experiments. Neonatal rats were divided into the control, NEC, and butyrate + NEC groups. The sim-
plified flow chart of in vivo experiments. (B) The measurement of body weight gain (%) on the 7%, 14", and 21% days. (C) The mRNA expression levels
of IL-1 and IL-6 in the ileum. (D) The tight junction (TJ)-related mRNA relative expression, including claudin-3, claudin-7, occludin, and ZO-1 in the
ileum. (E) The apoptosis-related mRNA relative expression, including Bax, Bcl-2, caspase-6, and caspase-9 in the ileum. (F) The autophagy-related
mRNA relative expression, including Atg5, Atg7, Atg12, ULK1, ULK2, and Beclinl in the ileum. All the results are represented as mean + SEM. *p <
0.05, **p < 0.01, and ***p < 0.001, versus the control group; * p < 0.05, *# p < 0.01, and **# p < 0.001, versus the NEC rat group.
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Fig. 2 The construction of network pharmacology for exploring sodium butyrate (NaB) activity against NEC. (A) Venn diagrams showing NaB and
NEC targets obtained from five different databases. (B) The topology of core targets involved in the NaB activity against NEC. The color in nodes rep-
resents the degree number—the redder the color, the more the degree number. (C) The top targets with node degree >35. (D) The GO terms analysis
of the top 50 hub genes, including terms of biological process (red), cellular component (green), and molecular function (blue). (E) The KEGG path-
ways enrichment of the top 50 hub genes. (F) The size of each dot indicates the corresponding number of genes. The color represents —log 10

(p-value).

This journal is © The Royal Society of Chemistry 2025

Food Funct., 2025, 16, 3508-3524 | 3513


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo03517h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 April 2025. Downloaded on 11/20/2025 5:25:37 PM.

[{ec

View Article Online

Paper Food & Function

600+ == Up
521
2 == Down
;“_3
S 400-
Q.
—
° 258 255
@
£ 200+
£
>
=z
N
« «° \{5’
0'0 OQ 2
(9 () S
© © @0
L m @ @0 é
z z z =z =z z © O o ~ S i
m m m m m m -] [} ° o’ &
o o o o o o 2 E 3 PN S
L% & & & ® 3 5 3 & &
< < c - = T RS
2 2 g - 0 & Q
a N &
C NEC vs Control NEC vs Control
—inflammation —intestinal barrier
Complement and coagulation cascades [ ] GenesNumber Focal adhesion ® GeneNumber
. o
HIF-1 signaling pathway [ ] e 55 Regulation of actin cytoskeleton ® ® 9
NOD-like i th g GMP-PKG signali th @) 9 i
¥ C©GMP-PKG signaling pathw:
ke receptor signaling pathway (@) ® 105 ignaling pathway ® 2
NF-kappa B signaling pathway Y [ RE CcAMP signaling pathway ® @
Fod e -log,(Pvalue)
Inflammatory bowel disease . -log,(Pvalue) ot ! e
15 PI3K-Akt signaling pathway o
TNF signaling pathway ° 125 L ,‘:’
(') - Adherens junction . 3
Th17 cell differentiation ° 05 1
025 Autophagy °
Th1 and Th2 cell differentiation .
Apoptosis .
Toll-lik tor signalil
oll-like receptor signaling pathway . Gapiiniaion .
0.04 0.06 0.08 0.10 0.05 0.10
RichFactor RichFactor
D NEC + Butyrate vs Control NEC + Butyrate vs Control
— inflammation — intestinal barrier
< GeneNumber
NF-kappa B signaling pathway O Genshumber Focal adhesion O 2
-1 ”
& ad ° ® 225 Tight junction (@) e 3
® 35 NF-k; B signali h [ ] ® s
NOD-like receptor signaling pathway . P 4‘75 TP DS PTGy e
. Regulation of actin cytoskeleton . 9
Inflammatory bowel disease ° . 6 .
Apoptosis ® -log, (Pvalue)
Toll-like receptor signaling pathway ) -log,q(Pvalue) 125
07 cGMP-PKG signaling pathway o 1
Th17 cell differentiation ° oo 0.75
0.4 cAMP signaling pathway (6] 05
TNF signaling pathway ° 0.3 0.25
8% Autophagy ®
Notch signaling path J
lotch signaling pathway . MAPK signaling pathway @
Th1 and Th2 cell differentiation - Gap junction X
001 002 003 004 001 002 003 004
RichFactor RichFactor

Fig. 3 The proteome analysis of sodium butyrate (NaB)-treated NEC neonatal rats. (A) Two-dimensional hierarchical clustering of protein expression
profiles among control, NEC, and butyrate + NEC groups. (B) Histogram showing the number of up and down-regulated identified differentially
expressed proteins in the different groups. (C—E) The inflammation and intestinal barrier-related KEGG pathways in the control, NEC, and butyrate +
NEC groups. (F) The protein levels of pyroptosis markers (NLRP3 and GSDMD) and TLR4/MyD88/NF-«B signaling in the ileum. NaB reduced pyropto-
sis-induced intestinal inflammation and NF-kB signaling in NEC neonatal rats. All results are expressed as mean + SEM. *p < 0.05, **p < 0.01, and
***p < 0.001 versus the control group; # p < 0.05 and #*# p < 0.01 versus the NEC group.
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NEC-induced disruption of the neonatal intestinal barrier
through cellular TJ proteins, cell apoptosis and autophagy.
Furthermore, the enrichment analysis of the relevant pathways
regulating intestinal inflammation and barrier indicated that
the NF-xB signaling pathway played an important role in regu-
lating the NEC after administration of NaB (Fig. 3C-E). These
results were consistent with those from network pharmacology
enrichment analysis.

Next, the results of the network pharmacology and proteo-
mic analysis were verified using western blot assay. As shown
in Fig. 2, the pharmacology network analysis showed that the
NLRP3 inflammasome complex and NF-kB signaling pathway
were involved in the anti-NEC effects of NaB. The genes encod-
ing NLRP3, MyD88, and TLR4 were found to be the hub genes
in this pharmacology network analysis. Additionally, the pro-
teomics results indicated that the NF-kB signaling pathway
played an important role in regulating the NEC of NaB, and
the NLRP3 inflammasome complex was associated with the
regulation of inflammation (Fig. 3C-E). Therefore, combining
the results of pharmacology network analysis and proteomics
analysis, the expression of NLRP3, GSDMD, TLR4, MyD88, and
NF-«xB was evaluated by western blot assay.

The results of the assay showed that, compared with the
NEC group, NaB addition significantly decreased the protein
levels of the indicators of NLRP3-dependent pyroptosis
(NLRP3 and GSDMD) (p < 0.05, Fig. 3F). Additionally, NaB also
significantly inhibited the protein levels of TLR4, MyD88, and
NF-kB in neonatal rats with NEC (p < 0.05, Fig. 3F). These
results were consistent with those of network pharmacology
and proteomic analysis, demonstrating that NLRP3-dependent

Butyrate .
TLR4

Butyrate
NF-kB

*************
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pyroptosis and the TLR4/MyD88/NF-kB pathway were essential
for mediating the protective effects of NaB against NEC. As a
result of these findings, the causal relationship between
NLRP3-dependent pyroptosis and the TLR4-mediated NF-xB
pathway were explored next.

3.4 Molecular docking analysis of potential targets

Molecular docking analysis was performed to elucidate a
potential causal relationship between NaB-induced NLRP3-
dependent pyroptosis and TLR4-mediated NF-kB signaling,
which was confirmed by the network pharmacology and pro-
teomic analysis. The molecular docking between the target
proteins (including TLR4, MyD88, NF-kB, NLRP3, caspase-1,
and GSDMD) and NaB were assessed via AutoDock software
and the visual results were obtained in 2D and 3D modes. As
shown in Fig. 4, among these target proteins, NaB interacted
only with TLR4 (PBD ID: 3VQ1) and NF-«B (PBD ID: 1VKX).
NaB was conjugated with TLR4 via two hydrogen bonds with
different amino acids [LYS341 (1.86 A) and LYS367 (3.69 A)]
(Fig. 4A, B and Table S5t). Furthermore, NaB was found to
interact with LYS218 in NF-kB via one hydrogen bond [LYS218
(2.02 A)] (Fig. 4C, D and Table S5t). The binding energies for
TLR4 and NF-xB were —3.37 and —3.57 kcal mol™" (Table S51),
suggesting the likelihood of their interaction with NaB. These
results showed that NaB directly interacted with the TLR4-
mediated NF-kB signaling pathway instead of NLRP3-depen-
dent pyroptosis, indicating that NaB might inhibit NLRP3-
dependent pyroptosis by restricting the TLR4/MyD88/NF-kB
signaling pathway and, in turn, attenuating NEC.

Fig. 4 Molecular docking model of sodium butyrate (NaB) with its potential targets. (A) 3D crystal structure docking model of TLR4 (PDBID: 3VQ1).
(B) 2D docking model of TLR4. (C) 3D crystal structure docking model of NF-xB (PDBID: 1VKX). (D) 2D docking model of NF-kB.
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Fig. 5 Sodium butyrate (NaB) inhibited LPS-induced intestinal inflammation in vitro. (A) The simplified flow chart of in vitro experiments. IEC-6 cells
were divided into the control, LPS, and butyrate + LPS groups. (B) The mRNA expression levels of the inflammatory factors obtained from the top
50 hub genes (including IL-1p, IL-18, IL-4, IL-6, TNF-q, and IFN-y) in cells pretreated with 5 mM butyrate for 2 h and 100 pg mL™* LPS for 3 h. (C) The
secretion of inflammatory factors IL-1p and IL-18 quantified by ELISA in cells pretreated with 5 mM butyrate for 2 h and 100 pug mL™* LPS for 3 h. (D)
The mRNA levels of pyroptosis- and NF-kB-related genes (including TLR4, MyD88, NF-kB, NLRP3, caspase-1, and GSDMD) in cells pretreated with
5 mM butyrate for 2 h and 100 pg mL™ LPS for 3 h. (E) The protein levels of pyroptosis- and NF-kB-related proteins in cells pretreated with 5 mM
butyrate for 2 h and 100 pg mL™ LPS for 3 h. All results are expressed as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control

group; ¥p < 0.05, #¥p < 0.01, and ##¥#p < 0.001 versus the LPS group.

3.5 Inhibition of in vitro LPS-induced intestinal
inflammation by NaB

To validate the molecular docking results, the effects of NaB
against an LPS-induced in vitro NEC model was used (Fig. 5A).
RT-gPCR results showed that the mRNA levels of inflammatory
cytokines (IL-1f, IL-18, IL-4, IL-6, TNF-a, and IFN-y) selected

3516 | Food Funct, 2025, 16, 3508-3524

from the hub genes significantly increased post-LPS stimu-
lation (p < 0.05). However, NaB treatment significantly reversed
the upregulation of these genes (p < 0.05, Fig. 5B). Moreover,
among these inflammatory cytokines, compared with the LPS
group, NaB decreased the secretion of the pyroptosis markers
(IL-1p and IL-18, Fig. 5C). In addition, the results of RT-qPCR
and western blot assay demonstrated that NaB significantly

This journal is © The Royal Society of Chemistry 2025
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reversed the LPS-induced increase in the mRNA and protein
levels of TLR4, MyD88, NF-kB, NLRP3, cleaved caspase-1, and
GSDMD, respectively (p < 0.05, Fig. 5D and E). These findings
were consistent with those of the in vivo assay, indicating that
the NaB-induced alleviation of inflammatory responses in
IEC-6 cells was mediated via NLRP3-mediated pyroptosis and
TLR4-mediated NF-kB signaling.

3.6 Suppression of in vitro LPS-induced intestinal
inflammation via the NaB-mediated modification of NLRP3-
dependent pyroptosis

Firstly, to explore the potential relationship between TLR4-
mediated NF-xB signaling and NLRP3-mediated pyroptosis,
IEC-6 cells were treated with TAK-242, a TLR4 inhibitor
(Fig. 6A). The western blot assay results showed that
compared with the LPS group, TAK-242 treatment significantly
reduced the protein expression of several TLR4/MyD88/NF-kB
signaling pathway components and NLRP3-related pyroptosis
(p < 0.05, Fig. 6B). These findings indicated that the TLR4-
mediated NF-xB pathway might regulate NLRP3-dependent
pyroptosis.

To further explore the underlying relationship between
inflammatory responses and NLRP3-mediated pyroptosis,
IEC-6 cells were treated with MCC950, an NLRP3 inhibitor
(Fig. 7A). MCC950 pretreatment significantly reduced the
protein levels of NLRP3, cleaved caspase-1, and GSDMD and
the mRNA levels of IL-1p, IL-18, IL-4, IL-6, TNF-a, and IFN-y (p
< 0.05, Fig. 7B and C). These findings suggested that NLRP3-
dependent pyroptosis might regulate the inflammatory
responses. The results of inhibitors (TAK-242 and MCC950)
were consistent with the effects of NaB treatment both in vivo
and in vitro, indicating that NaB attenuated NEC via suppres-
sion of NLRP3-dependent pyroptosis and that the TLR4/
MyD88/NF-xB signaling pathway is essential for NaB activity.

4. Discussion

NEC represents a major and fatal intestinal disorder found in
premature infants, therefore, novel preventive and treatment
strategies for NEC are urgently required. As the primary metab-
olite present in breast milk, butyrate has been reported to
mediate its preventive effects against NEC. However, the funda-
mental processes underlying NaB-mediated protection are still
unknown. In the present study, we firstly used rat pups with
NEC to demonstrate a protective effect of NaB against NEC
and the intestinal barrier in vivo. We then used network
pharmacology and proteome analysis to screen vital targets
and pathways, which were further validated via molecular
docking and inhibitor assay in vitro.

From this, we demonstrated that NaB can protect immature
intestinal function through enhancing the expression of TJ
proteins and decreasing apoptosis and autophagy. These
results were consistent with our recent reported study,
showing that the integrity of the intestinal villi can be restored
with the addition of NaB.?® It has been reported that NaB can

This journal is © The Royal Society of Chemistry 2025
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reverse the disrupted intestinal barrier induced by inflam-
mation and that mRNA expression levels of TJ proteins (occlu-
din, claudin-2, claudin-5, and ZO-1) in the colon of Western-
style diet-fed C7BL/6 mice was significantly increased by the
addition of NaB.”” In weanling piglets, NaB significantly
reduced the apoptotic cell number and the mRNA expression
of caspase-3 in the jejunum induced by LPS.*® Furthermore, it
has been reported that compared to healthy control groups,
ulcerative colitis patients were observed with a greater number
of autophagosomes, and that this autophagy could be sup-
pressed by NaB as well as reduced in HT29 cells.>®

The results of pharmacology networks and functional vali-
dations in vivo and in vitro showed that NaB-mediated NEC
alleviation is mediated vie NLRP3-dependent pyroptosis.
Previous studies have reported that pyroptosis is a form of pro-
grammed cell death (PCD), known as “caspase 1-dependent
PCD”, which is pivotal in innate immunity.”® NLRP3 is an
inflammasome sensor. Once activated, it interacts with
caspase-1, which, in turn, converts pro-IL-1§ and pro-IL-18 into
their biologically active forms.* At the same time, activated
caspase-1 converts GSDMD into GSDMD-N with the cleaved
N-terminal domain, leading to increased cell permeability
resulting in the release of IL-1p and IL-18 from the cells,
thereby inducing an inflammatory response.’

Pyroptosis-induced inflammation can be found in various
vital organs of the body, including the gastrointestinal tract.
Therefore, pyroptosis might play a part in the development of
inflammatory bowel disease (IBD).** Although it has been
reported that pyroptosis performs a double-sided effect in
IBD development, many studies have demonstrated that the
inhibition of pyroptosis might ameliorate the severity of IBD
in mice. Caspase-1 inhibition has been reported to exert pro-
tective effects in a DSS-induced colitis experimental model.**
Furthermore, the severity of DSS-induced colitis was report-
edly attenuated by IL-18 neutralization.>® Moreover, a recent
study demonstrated enhanced pyroptosis in the intestine of
exacerbated IBD patients.>> Another study on MODE-K cells
and a mouse model showed that the knockout of NEK7, a
component of the NLRP3 inflammasome, significantly ame-
liorated chronic colitis.*® In addition, a reduction in the
expression of pyroptosis-related proteins, including NLRP3,
led to protective effects in experimental colitis mouse
models.*”**

Compared to the control samples, NLRP3 expression was
increased in samples from children with NEC. Additionally,
elevated secretion of IL-1f, IL-6, and TNF-a was also detected
in their serum.** Immunohistochemistry results showed that
the increased frequency of NLRP3 and caspase-1 positive cells
was found in the intestinal-tissue segments collected from
NEC infants.*® Recent studies of mice with NEC and cell
models have demonstrated that the NLRP3/caspase-1/IL-1p sig-
naling pathway may be the underlying mechanism responsible
for the development of NEC, and related therapeutic targets of
these could be developed to alleviate the intestinal inflam-
mation and injury seen with NEC.>*"*> Melatonin has been
reported to attenuate the severity of NEC by repressing the acti-
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Fig. 6 Sodium butyrate (NaB) prevented NLRP3-dependent pyroptosis by inhibiting the TLR4/MyD88/NF-xB signaling pathway in vitro. (A) The sim-

plified flow chart of in vitro experiments. IEC-6 cells were divided into the control, LPS, and TAK-242 + LPS groups. (B) The protein expressions of

TLR4, MyD88, NF-kB, NLRP3, cleaved caspase-1, and GSDMD induced by LPS as well as TAK-242 and LPS treatment. All results are expressed as

mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group; *p < 0.05, *#p < 0.01, and **#p < 0.001 versus the LPS group.

vation of the NLRP3 inflammasome.*® Clinical samples, NEC NLRP3 signaling pathway.** These findings were consistent
rat models, and in vitro experiments have revealed that with the results of the current study, showing that NaB allevi-
Bacteroides fragilis alleviated NEC through inhibiting the ates NEC by inhibiting NLRP3-dependent pyroptosis.
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Fig. 7 Sodium butyrate (NaB) inhibited LPS-induced intestinal inflammation via NLRP3-dependent pyroptosis in IEC-6 cells. (A) The simplified flow
chart of in vitro experiments. IEC-6 cells were divided into the control, LPS, and MCC950 + LPS groups. (B) The protein levels of NLRP3, cleaved
caspase-1, and GSDMD in cells induced by MCC950 and LPS. (C) The mRNA levels of inflammatory cytokines in cells induced by MCC950 and LPS.
All results are expressed as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group; #p < 0.05, #¥p < 0.01, and ###p < 0.001

versus the LPS group.

It has previously been demonstrated that diverse exogenous
stimuli could activate the NLRP3 inflammasome; however, it is
unlikely for NLRP3 to bind directly to these ligands. Therefore,
the specific activation mechanism of the NLRP3 inflamma-
some needs to be further explored.’’ In the present study,
functional validation in vitro revealed that NaB inhibited
NLRP3-dependent pyroptosis by suppressing the TLR4/MyD88/
NF-kB signaling pathway, thus exerting an anti-NEC effect.
Previous studies have reported that the Nrf2/HO-1, MAPK, and

This journal is © The Royal Society of Chemistry 2025

NF-xB signaling pathways are upstream regulators of
pyroptosis.*>*® Human and mouse experiments have shown
that the inhibition of NLRP3-induced pyroptosis was mediated
by the suppression of NF-kB signaling.” In addition, TLR4 is
considered an important regulator of the canonical NLRP3
inflammasome pathway.*®* In H9C2 cells, doxorubicin has
been shown to initiate the formation of TLR4 and NLRP3
inflammasomes, inducing pyroptosis.”> These findings

demonstrated that TLR4-dependent NF-kB signaling is necess-
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Fig. 8 Schematic mechanism underlying NaB activity against NEC in vivo and in vitro. NaB attenuated NEC by inhibiting NLRP3-dependent pyropto-

sis, partially by suppressing the TLR4/MyD88/NF-«B signaling pathway.

ary to activate pyroptosis. In addition, both cell and chronic
colitis mouse models have shown that LPS activates the NLRP3
inflammasome via the TLR4/NF-kB pathway.>®>° TAK-242 treat-
ment in mice and human kidney cells revealed that the inhi-
bition of TLR4/NF-kB signaling led to suppressed pyroptosis,
and ameliorated the secretion of inflammatory cytokines
(IL-1p and IL-18).%"

Studies of the small intestine from patients with NEC and
mouse models have found that the expression of TLR4 signifi-
cantly increased.>>® The importance of intestinal TLR4 in the
pathogenesis of NEC has been revealed by studies showing
that in mice deficient in TLR4 at the intestinal epithelium the
development of NEC could be inhibited.>® It has been reported
that milk fat globule membrane ameliorated NEC in vivo and
in vitro through suppressing inflammation via the TLR4/
MyD88/NF-kB pathway.>* Additionally, the in vitro NEC model
established with IEC-6 cells showed that the TLR4/NF-xB
pathway was involved in the pathogenesis of NEC.”>

Although a few studies have shown that NaB regulates
NLRP3-mediated pyroptosis through TLR4-meditated NF-kB
signaling, various substances have been demonstrated to
perform such a function. In HTR-8/SVneo cells, metformin
partially alleviated NLRP3-mediated pyroptosis by suppressing
TLR4/NF-«B signaling.’® The hepatoprotective effect of octreo-
tide in rats was associated with a decrease in pyroptosis
mediated via the inhibition of the TLR4/NF-kB/NLRP3 signal-
ing pathway.”” Nicorandil reduced NLRP3 inflammasome-
mediated pyroptosis by suppressing TLR4/MyD88/NF-kB sig-
naling, thus protecting the rats against myocardial infarc-
tion.’® In addition, in vivo and in vitro experiments have
demonstrated that salidroside ameliorates Parkinson’s disease
by suppressing NLRP3-dependent pyroptosis, partly by inhibit-

3520 | Food Funct,, 2025, 16, 3508-3524

ing TLR4/MyD88/NF-«B signaling.>® In addition, it has been
reported that the increased expression of TJ proteins induced
by kaempferol and maresin 1 in animal models of DSS-
induced ulcerative colitis was associated with the TLR4/NF-«kB
signaling pathway.®®®' Furthermore, baicalin significantly
decreased apoptosis-related proteins in ulcerative colitis
through NF-kB signaling.®® It has been reported that the inhi-
bition of NLRP3 via the TLR4 and NF-kB signaling pathways
were involved in the improvement of NEC.** Furthermore, cur-
cumin may improve NEC-induced cell pyroptosis (NLRP3 and
caspase-1 expression) by inhibiting the TLR4 signaling
pathway in newborn rats.®* The suppressor of cytokine signal-
ing 3 protected against NEC via suppressing the NLRP3
inflammasome in a TLR4 dependent manner.®® The protective
effects of sialylated human milk oligosaccharides on NEC may
be due to the suppression of TLR4/NF-kB/NLRP3-mediated
inflammation.>® In the present study, as shown in Fig. 8, NaB
was found to attenuate NEC by suppressing NLRP3 inflamma-
some-dependent pyroptosis via TLR4-mediated modulation of
NF-kB signaling.

5. Conclusions

In our study, we firstly confirmed that NaB exerts an intestinal
protective effect on NEC in vivo, and then used network
pharmacology to predict the potential targets of NaB associ-
ated with NEC. The results of network pharmacology were veri-
fied by in vivo experiments and proteomics. The results
showed that NLRP3-dependent pyroptosis and TLR4-mediated
NF-xB signaling were involved in the anti-NEC effect of NaB.
Furthermore, preliminary validation of molecular docking and

This journal is © The Royal Society of Chemistry 2025
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in vitro NEC modeling, combined with inhibitor assays invol-
ving TAK-242 and MCC950, demonstrated that NaB amelio-
rated NEC by inhibiting NLRP3-dependent pyroptosis via sup-
pression of TLR4/MyD88/NF-kB signaling (Fig. 8). These find-
ings suggest that inhibition of NLRP3-dependent pyroptosis or
NaB supplementation might be used as a novel preventive and
treatment strategy for NEC.
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