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Propionate alleviates ulcerative colitis by
modulating the PI3K/AKT signaling pathway and
suppressing NLRP3 inflammasome activationt

Yao Shi, 2 *® Danging Xin,© Haojie Zhang, 2 ¢ Shuanglian Wang,* Maojun Yang*®
and Chuanyong Liu*®f

Background: Ulcerative colitis (UC) poses a significant health challenge characterized by recurrent inflam-
mation of the intestinal tract, yet effective treatment options remain elusive. While previous studies have
hinted at the potential of propionate, a short-chain fatty acid (SCFA), in mitigating colitis, the underlying
mechanism remains unclear. Purpose: This study aims to elucidate the therapeutic effects of propionate
in dextran sulfate sodium (DSS)-induced colitis and explore its regulatory influence on the NLRP3 inflam-
masome and associated signaling pathways. Methods: In vivo, we employe two kinds of DSS-induced
colitis model to examine propionate’s impact on the NLRP3 inflammasome. Additionally, in vitro investi-
gations were conducted using the RAW264.7 cell line. Results: Our findings present compelling evidence
that propionate effectively ameliorates DSS-induced colitis by impeding NLRP3 inflammasome activation.
This intervention leds to a reduction in pro-inflammatory factors, restoration of the epithelial barrier,
and downregulation of the PI3K/AKT signaling pathway. Notably, these effects are mediated through the
activation of its receptor GPR43. Conclusions: This pioneering study establishes propionate as a potent
agent in alleviating UC by suppressing NLRP3 inflammasome activation. The propionate-NLRP3 axis
emerges as a promising therapeutic target for inflammatory diseases, opening new avenues for treatment
strategies in UC.

1. Introduction

Ulcerative colitis (UC) is a pervasive and persistent inflamma-
tory condition affecting the intestinal tract." The global preva-
lence of UC has exhibited a consistent rise in numerous
countries, underscoring the urgency of understanding its
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underlying mechanisms."™* Among the pivotal pathogenic
factors contributing to UC, the hyperactivation of the innate
immune response, particularly inflammatory bursts, appears
to play crucial role in disease progression.” Within this
context, the inflammasome - an innate immune receptor —
holds significance as a regulator of intestinal homeostasis.®™®
Importantly, aberrant inflammasome hyperactivation has been
closely associated with various diseases, including Alzheimer’s
disease, UC, diabetes mellitus, and atherosclerosis.”™*? The
nucleotide-binding oligomerization domain, leucine-rich
repeat and pyrin domain containing 3 (NLRP3) inflammasome
has been extensively studied."® Activation of the NLRP3 inflam-
masome has been linked to the production of reactive oxygen
species (ROS), lysosomal damage, and mitochondrial dysfunc-
tion." Notably, studies have implicated NLRP3 in UC suscepti-
bility, revealing elevated levels of NLRP3 and interleukin-1f
(IL-1p) in UC patients and mice, while symptoms were amelio-
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rated in NLRP3 ™~ “mice.">'® Consequently, targeting the hyper-
activation of the NLRP3 inflammasome emerges as a potential
therapeutic strategy for UC."”

In addition to immune dysregulation, the microbiota and
its metabolites have been recognized as pivotal modulators of
UC pathogenesis, impacting fundamental physiological pro-
cesses such as immune regulation and gut barrier
function.'®' Notably, increased intake of dietary fibers and
short-chain fatty acids (SCFAs), among the myriad bacterial
metabolites in the gut, have demonstrated clinical benefits of
for UC patients.”®*® Of particular interest, propionate, an
abundant SCFA closely associated with the mucus layer of
intestinal epithelial cells, has shown promise in improving gut
barrier function and suppressing inflammation.>* Propionate
had a role in intestinal mainly through SCFAs receptor 43 (G
protein-coupled receptor 43, GPR43). GPR43 deficiency caused
impaired gut epithelial barrier function, reduced the
expression of mucins and antimicrobial peptides and
increased the susceptibility of mice to bacterial infection.>*®
Moreover, SCFAs restored gut barrier function by inhibiting
NLRP3 inflammasome and autophagy.””*® Propionate plays a
crucial role in regulating the SCFAs/GPR43/NLRP3 pathway.”’
Notably, propionate alleviates LPS-induced acute respiratory
distress syndrome in rats by inhibiting the activation of the
PI3K/AKT/mTOR signaling pathway, promoting autophagy,
and reducing the production and release of inflammatory
markers.*® Furthermore, activation of the PI3K/AKT pathway
increases the expression of NLRP3, thereby enhancing the
expression of inflammatory cytokines.>® However, it remains
unexplored whether the intervention of propionate can influ-
ence the PI3K/AKT signaling pathway through its receptor
GPR43 to inhibit the activation of the NLRP3 inflammasome,
thereby alleviating the progression of UC.

Here, we aim to elucidate the protective effects and under-
lying mechanisms of propionate in DSS-induced colitis, focus-
ing on its ability to inhibit NLRP3 inflammasome activation
and the subsequent release of proinflammatory factors, such
as IL-1p and IL-18. Critically, we also found that propionate
downregulates the PI3K/AKT signaling pathway through its
receptor GPR43 to inhibit NLRP3 inflammasome activation,
thereby improving DSS-induced colitis. These results provide
valuable insights into restoring epithelial barrier integrity and
suppressing the development of UC.

2. Materials and methods
2.1. Reagents

Lipopolysaccharide and propionate (>99%) are provided from
Sigma-Aldrich (St Louis, CA). Dextran sulfate sodium (DSS,
MW 40000) is obtained from MP Biomedicals (Irvine, CA,
USA). Antibodies are sourced from Abcam (Cambridge, UK),
Cell Signaling Technology, Inc. (Beverly, MA, USA), and
Proteintech (Wuhan, China). Mouse enzyme-linked immuno-
sorbent assay (ELISA) kits are acquired from Mlbio (Shanghai,
China).

Food Funct.

View Article Online

Food & Function

2.2. Cell culture

The role of propionate on macrophages is validated in vitro
using the RAW264.7 cell line. RAW264.7 cells are obtained
from Cell Life Science & Technology (Wuhan, China) and cul-
tured in DMEM supplemented with 10% heat-inactivated FBS
and 1% penicillin-streptomycin solutions (Gibco, Foster City,
CA) in a humidified incubator with 5% CO, at 37 °C. The
RAW264.7 cells are activated with LPS (100 ng ml™") for 6-8 h,
with or without propionate (0.3, 0.6, 1 mM) for 2 h.

2.3. Experimental animals

Wild-type C57BL/6] mice are purchased from Beijing Vital
River Laboratory Animal Technology and housed in the Animal
Center of Tsinghua University. All animals are housed underd
in standard laboratory conditions with a 12 h light/dark cycle
specific pathogen-free facility with an average ambient temp-
erature of 22-24 °C and an average humidity of 48% at the
Animal Center of Tsinghua University. All mice (7-week-old
males) are randomly grouped and all experimental procedures
were conducted at the Animal Center of Beijing, approved by
the Medical Ethics Committee for  Experimental
Animals, Tsinghua University School of Life Science (THU-02-
2023-079A).

An acute colitis model was employed using classical
methods. Mice were given 3% DSS (36-50 kDa, colitis grade MP
Biomedicals) in filter-purified drinking water ad libitum for
6 days, followed by a resumption of normal water intake. To
evaluate the protective efficacy of propionate against colitis in
mice, 7-week-old C57BL/6] mice were treated with or without
50 or 100 mM propionate administered in drinking water
ad libitum for 10 days. The specific experimental groups were
as follows: (1) control, (2) DSS, (3) 50 mM propionate + DSS, (4)
100 mM propionate + DSS. The incidence of symptoms such
as hair erection and fatigue, weight loss, and rectal bleeding in
the mice were monitored daily. Fecal changes and rectal bleed-
ing were recorded for each mouse to assess the disease activity
index (DAI) score, as previously described.>

2.4. Histopathology and Alcian blue/periodic acid-Schiff
staining

Colon tissues are harvested post-sacrifice, fixed in 4% parafor-
maldehyde, and processed for hematoxylin & eosin (H&E) and
Alcian blue-periodic acid-Schiff (AB-PAS) staining. Digital
images are acquired using a Zeiss fully automated digital slide
scanner (Axio Scan. Z1 Zeiss).

2.5. TUNEL staining

Intestinal segments are processed at terminal endpoint for
apoptosis detection using the TUNEL apoptosis kit. The pro-
cedure included dewaxing, protease K repair, membrane
breaking, TUNEL reaction solution incubation, DAPI staining,
film sealing, and imaging (Axio Scan. Z1 Zeiss). Data analysis
is performed using Image]J software.

This journal is © The Royal Society of Chemistry 2025
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2.6. Transmission electron microscopy (TEM)

Colon tissues (1-3 mm) are quickly excised, fixed in 2.5% glu-
taraldehyde, osmium tetroxide-stained, dehydrated in ethanol
and embedded overnight in epoxy propane wax. After Ultra
ultrathin slicing, samples are observed using a Hitachi
H-7650B TEM.

2.7. RNA extraction and quantitative real-time PCR

RNA is extracted from colon tissues and cells using the steady-
pure universal RNA extraction kit (Accurate biotechnology, Co.,
Ltd, Changsha, China) according to manufacturer recommen-
dations. cDNA is obtained using the Evo M-MLV RT mix Kkit.
SYBR Green premix pro Taq HS qPCR kit is used for amplifica-
tion. Primers sequences provided in Table 1 are synthesized by
Accurate Biotechnology (Changsha, China).

2.8. Enzyme-linked immunosorbent assay (ELISA)

Inflammatory cytokine concentrations in colon tissues are
determined using a mouse ELISA kit (Mlbio, China). Standard
procedures are followed, and values are measured at 450 nm
using EnVision (Perkin).

2.9. Western blotting analysis

Cells and colonic tissues are lysed in cold RIPA buffer
(Beyotime Biotechnology) with PMSF and phosphatase inhibi-
tor. Protein samples are separated by electrophoresis, trans-
ferred to PVDF membranes, and probed with primary and sec-
ondary antibodies. Chemiluminescence signals are obtained
using the ECL kit, and gray values are calculated with Image J.

2.10. Transcriptome RNA-seq analysis

Transcriptome sequencing is performed by Novogene (Beijing,
China). Differential gene expression is analyzed for
Hierarchical clustering and KEGG pathway analysis using R
software, with a corrected p-value of 0.05 as the threshold.

2.11. Small interfering RNA (siRNA)

The RAW264.7 cells are seeded at 40% confluence in 12-well
plates, and transfected with Scrambled (Scr) siRNA or GPR43
SiRNA (GenePharma, Shanghai, China) using Lipofectamine™
2000 (Thermo Fisher Scientific, USA). Transfection efficiency is
confirmed by western blot. The sequence of the siRNA target-
ing GPR43 is 5-GGCACUGAGAACCAAAUAATT-3', and the
sequence of the negative control siRNA is 5-UUAUUUGGUU-
CUCAGUGCCTT-3".

Table 1 The primer sequences used in the study as follows

Name Primer sequence (5’ — 3')

-Actin F primer: TACCACCATGTACCCAGGCA

P
R primer: CTCAGGAGGAGCAATGATCTTGA
F primer: GCTCCAACCATTCTCTGACCAT
R primer: GGTTGGTTTTGAGCACAGAGG
IL-1B F primer: GGCAACCGTACCTGAACCCA

R primer: CCACGATGACCGACACCACC

NLRP3

This journal is © The Royal Society of Chemistry 2025
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2.12. Statistical analysis

Data are presented as mean + SD. Unpaired ¢-tests are
employed to compare differences between two groups. One-
way ANOVA followed by Newman-Keuls or Dunnett multiple
comparisons test are employed to determine significant differ-
ences among multiple groups, Pairwise correlation analysis
was conducted using Pearson methods, with p < 0.05 consid-
eres statistically significant.

3. Results

3.1. Propionate attenuates the symptoms of DSS-induced
colitis

Clinical observations have consistently highlighted the recurrent
nature of UC, with SCFAs emerging as potential mitigators of UC
severity.>***?* The specific impact of propionate, a type of SCFA,
has remained relatively unexplored; therefore we explore the pro-
tective effects of propionate against UC in mice (Fig. 1A).

Mice subjected to 3% DSS exhibites distinctive features
characteristic of acute colitis, as evidenced by substantial
weight loss, reduced colon length, severe tissue damage, elev-
ated DAI scores, and an increased spleen-to-weight ratio com-
pared to the control group (Fig. 1 and 2). Furthermore, treat-
ment with varying concentrations of propionate (50 mM,
100 mM) demonstrate a notable improvement in UC develop-
ment. Strikingly, 100 mM propionate emerges as the most
effective concentration, significantly attenuating weight loss,
colon shortening and DAI scores (Fig. 1B-E). We also obtain
certain results in the long-term 14-day model (Fig. S2A-ET).
Administration of 100 mM propionate for a period of 10 days
was well tolerated, with mice displayed no significant altera-
tions in colon length and tissue structure compared to
untreated controls (Fig. S17). These results underscore the
potential therapeutic efficacy of propionate in treating UC.

3.2. Propionate restores tissue damage and mucosal barrier
in DSS-induced colitis

The intricate interplay between intestinal barrier dysfunction
and UC has been extensively documented.® Disruption of the
intestinal epithelial barrier stands out as a hallmark of UC
pathology. We next investigate the regulatory effects of propio-
nate on the gut epithelial barrier in DSS-induced colitis.

In comparison to the control group, evident tissue damage
is observed in DSS-induced colitis. Strikingly, treatment with
100 mM propionate robustly attenuates ulceration and mucin
loss, as vividly demonstrated by H&E and AB-PAS staining
(Fig. 2A-C). Building on the potential of propionate to restore
mucin loss, western blot analysis provides further evidence of
its beneficial impact on the intestinal barrier. Specifically,
protein expression levels of MUC2 (p = 0.0749) and occludin
are elevated in mice treated with 100 mM propionate, reinfor-
cing the notion that propionate plays a pivotal role in preser-
ving gut barrier integrity (Fig. 2D and E). Collectively, our
results strongly suggest that propionate contributes to the
maintenance of gut barrier integrity in DSS-induced colitis.

Food Funct.
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Methods
Transcriptome RNA-seq analysis
quantitative real-time PCR
Transmission electron microscopy
Enzyme-linked immunosorbent assay
Histopathology and Alcian Blue
Periodic Acid-Schiff staining
TUNEL staining
Western blot

Colon Length (cm)

Fig. 1 Propionate ameliorates the symptoms of DSS-induced colitis in mice. (A) Experimental design. Mice are randomly assigned to five groups:
DSS, propionate (50, 100 mM) + DSS, and a control group receiving water. (B) Percentage of weight change in each group, demonstrating the
impact of DSS and propionate treatment. (C) Assessment of DAI scores to evaluate the clinical severity of colitis in different treatment groups (D and
E) colon length in mice from each experimental group, indicative of colitis-induced changes (Newman—Keuls,*p < 0.05, **p < 0.01, ***p < 0.001; the

data are the mean + SD, n = 5).

3.3. Propionate decreases inflammatory responses in DSS-
induced colitis

A local inflammatory burst is a distinctive feature of UC, often
accompanied by an elevation of pro-inflammatory factors.*®
Therefore, we then assesse the impact of propionate on this
inflammatory milieu, and its ability to modulate the expression
of pro- and anti-inflammatory factors. ELISA results unveile a
substantial increase in the levels of pro-inflammatory cytokines,
including TNF-o and IL-1f in the UC condition (Fig. 3A and B).
Remarkably, treatment with 100 mM propionate exhibites a clear
inhibitory effect on these pro-inflammatory factors while concur-
rently promoting the expression of the anti-inflammatory factor
TGF-f (Fig. 3C), Similarly, western blot analysis confirmes a sig-
nificant reduction in the protein levels of IL-6 and iNOS in UC
mice treated with propionate (Fig. 3D).

3.4. Propionate improves the mitochondrial dysfunction in
DSS-induced colitis

Consistent with our observations in Fig. 2, TEM results
demonstrate the impact of propionate on the ultrastructural
integrity of colonic tissues in DSS-induced colitis. In DSS-
induced mice, tight junctions appears loose, broken, with
unclear borders and increased intercellular spaces. Strikingly,
the 100 mM propionate-treated group exhibites complete tight
junctions with clear borders. Additionally, the colon microvilli
of DSS-induced mice display shortened length, disorganize
arrangement, and sparse distribution, while the 100 mM pro-
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pionate group exhibites slender, neatly arranged microvilli
with a higher density (Fig. 4A).

Mitochondrial dysfunction is recognized as a pivotal factor
in the onset and recurrence of UC.*” Our TEM results further
indicate that mitochondria in DSS-induced colitis were charac-
terized by swelling, vacuolization, disrupted bilayer membrane
structure, and a reduced number of mitochondrial ridges.
Notably, propionate treatment visibly restores these mitochon-
drial structural abnormalities (Fig. 4B). Mitochondrial oxi-
dative phosphorylation (OXPHOS) can actively protect mice
from DSS.*® Delving into the functional mechanism, our
results demonstrate that propionate treatment substantially
restores the protein expression of respiratory complexes I, II
and V(NADH dehydrogenase, succinate dehydrogenase, FoF1-
ATPase), however, it has little effect on the protein expression
of complex III, IV (ubiquinol dehydrogenase, cytochrome c
oxidase) in UC mice (Fig. 4C). Collectively, these findings indi-
cate that propionate treatment holds the potential to enhance
mitochondrial function in the damaged colon, thus contribut-
ing to overall tissue recovery.

3.5. Propionate improves the symptoms of colitis by
inhibiting PI3K/AKT signaling pathway and reducing NLRP3
inflammasome activation in DSS-induced colitis

To elucidate the role of propionate in the context of UC, we
conducted transcriptome sequencing on colon tissues from
mice treated with propionate + DSS and DSS alone. We identify

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Propionate mitigates DSS-induced intestinal barrier impairment. Mice are randomly assigned to different treatment groups, and after propio-
nate intervention, colons are excised, sectioned, and subjected to H&E staining (A and B) or AB-PAS staining (C). Scale bar = 50 pm (n = 5). (D and E)
Western blots for occludin and MUC2 proteins, with corresponding quantification results (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001; the data are the

mean + SD).

229 upregulated genes and 697 downregulated genes (Fig. 5A).
Hierarchical clustering analysis reveales a distinct difference
in gene expression profiles induced by propionate treatment.
Notably, NLRP3 inflammasome-related genes are significantly
downregulated in the propionate-treated group compared with
the DSS group, as indicated by the transcriptome sequencing
data (Fig. 5B). These results were experimentally validated by
gPCR and western blot analysis (Fig. 6A and B). Additionally,
TUNEL staining demonstrates an increase in dead cells in UC
mice, while propionate treatment significantly reduces
TUNEL-positive cells (Fig. 6D). Collectively, these findings
provide compelling evidence that propionate prevents the pro-
gression of UC by effectively inhibiting NLRP3/Caspase 1/
IL-18/IL-1p signaling.

The KEGG pathway analysis unveiles that propionate treat-
ment induce the enrichment of the PI3K-AKT signaling
pathway (Fig. 5C). Building upon this observation and the

This journal is © The Royal Society of Chemistry 2025

results from transcriptome sequencing, we formulate the
hypothesis that propionate might inhibit inflammasome acti-
vation by regulating the PI3K/AKT signaling pathway. We
assesse the protein expression of key components in the PI3K/
AKT pathway using western blot. The results demonstrate a sig-
nificant upregulation of the PI3K/AKT signaling pathway in UC
mice, while treatment with propionate leds to a notable
reduction in the protein expression of PI3K and AKT (Fig. 6C).
We find that the inhibitor of PI3K/AKT signaling pathway
(LY294002, 10 mg kg™") reverses the effects of DSS on intesti-
nal symptoms; we also find that LY294002 in combination
with propionate are more effective in improving the intestinal
symptoms of DSS-induced colitis (Fig. S3A-Et), which may be
due to the dual effect of propionate and LY294002 on the
PI3K/AKT signaling pathway. This finding provides compelling
evidence that propionate ameliorates UC by inhibiting the
PI3K/AKT signaling pathway.
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Fig. 3 Effects of propionate on the inflammatory responses in DSS-colitis mice. (A—C) Quantification of the protein expression levels of pro-inflam-
matory cytokines IL-1p and TNF-a, as well as anti-inflammatory cytokine TGF-p in the colon tissue supernatant following propionate treatment. Data
are represented as mean values (n = 4). (D) Protein expression levels of IL-6 and iNOS in colon tissue are assessed by western blot analysis. Data are
presented as mean values (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001; the data are the mean + SD).

3.6. Propionate prevents NLRP3 inflammasome activation
through inhibiting PI3K/AKT signaling pathway in RAW264.7
cells

To further validate the impact of propionate, we next test it
in vitro in LPS-stimulated RAW264.7 cells. Western blot ana-
lysis reveales that 0.3 mM propionate effectively inhibits the
upregulation of p-AKT and NLRP3 protein expression induced
by LPS (Fig. S41). Consistently, compared to LPS group, the
protein levels of p-AKT, AKT, NLRP3, IL-18, Pro-caspase 1,
and Caspase 1 are significantly reduced (Fig. 7A-F), and
the mRNA levels of NLRP3 and IL-1p are also significantly
reduced with propionate treatment (Fig. 7G and H).

Given the reported involvement of the PI3K/AKT signaling
pathway in the regulation of the NLRP3 inflammasome,*® we
use SC79, an AKT agonist, to further elucidate the mechanism
underlying propionate’s impact on PI3K/AKT signaling
pathway and NLRP3 inflammasome. Activating AKT with SC79
increases the protein levels of p-AKT, NLRP3 and IL-18, con-
firming that propionate reduces NLRP3 inflammasome acti-
vation by inhibiting the PI3K/AKT signaling pathway (Fig. S51).
These in vitro findings align with our in vivo observations, col-
lectively emphasizing the potential of propionate in modulat-
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ing the PI3K/AKT signaling pathway and subsequently influen-
cing NLRP3 inflammasome activation.

3.7. Propionate exerts the anti-inflammatory effects through
GPR43

It was reported that propionate exerted its anti-inflammatory
effects through GPR43.° We employ siRNA-GPR43 to further
elucidate the post-receptor pathway of propionate (Fig. 8A).
Western blot analysis indicates that after siRNA-GRP43 trans-
fection to cells for 24 h, the roles of propionate is abolished,
and the protein levels of p-AKT, AKT, p-PI3K, PI3K, NLRP3,
Caspase 1 and IL-18 are up-regulated (Fig. 8B and C). The
protein changes of p-AKT and Caspase 1 were correlated with
decreased GPR-43 in the RAW264.7 cells, which further
suggest that propionate exerts an anti-inflammatory effect
through GPR43 (Fig. 8D).

4. Discussion

In this study, we explore the therapeutic potential of propio-
nate in colitis and delineated its underlying mechanism. Our

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Propionate attenuates DSS-induced mitochondrial dysfunction. (A) TEM images depicting the ultrastructural changes in colon epithelium
and mitochondrial morphology in colon tissues. Yellow arrows indicate tight junction. Red arrows indicate colonic villi. Scale bar = 500 nm. (B) Red
arrows indicate mitochondria. Scale bar = 200 nm. (C) Western blot analysis of OXPHOS protein expression in colonic tissues. Propionate treatment
significantly restores the expression of respiratory complexes |, Il and V (*p < 0.05, **p < 0.01; the data are presented as the mean + SD, n = 3).

in vivo findings highlight propionate as a promising interven-
tion to ameliorate colitis, manifested by its ability to reduce
inflammatory factors, restore gut epithelial barrier integrity,
and improve mitochondrial function. Notably, our investi-
gation unveils a novel mechanism through which propionate
regulates the inflammatory response by inhibiting the PI3K/
AKT pathway, resulting in the downregulation of NLRP3,
caspase 1, and the production of IL-1p and IL-18.

UCposes a significant global health burden, characterized
by chronic inflammation of the intestinal mucosa with a
complex and multifaceted etiology.! The dysregulated innate
immune response, particularly mucosal damage resulting
from aberrant immune activation, is implicated in UC
pathogenesis.>®*® The NLRP3 inflammasome, a critical com-
ponent of innate immunity, has been extensively studied in
the context of colitis, with studies demonstrating its pivotal
role in promoting disease progression.*’ Our results align with
these findings, as we observe a significant activation of the
NLRP3 inflammasomes in DSS-induced colitis. This reinforces
the notion that inhibiting NLRP3 inflammasome activation
could be a viable therapeutic strategy for UC.'® Our present
results also confirme that the DSS significantly promotes the
activation of the NLRP3 inflammasomes, thus accelerating the
process of UC. So, we advocate that inhibition of NLRP3
inflammasome activation might improves UC.

Propionate, a short-chain fatty acid derived from the gut
microbiota, plays a crucial role in maintaining intestinal
homeostasis.>® While the relationship between propionate and
UC has been minimally explored, existing research has shown

This journal is © The Royal Society of Chemistry 2025

that propionate can improve intestinal barrier function, sup-
press inflammation, and regulate oxidative stress through the
STAT3 signaling pathway, thereby alleviating UC progression.*?
Our study build upon these findings, demonstrating that pro-
pionate effectively ameliorates key symptoms of UC, including
weight loss, shortened colon length and increased DAI score.
Furthermore, propionate reduces inflammatory cytokine
expression and restores the gut epithelial barrier, underscoring
its potential therapeutic efficacy in UC.

Mitochondrial dysfunction is a recognized feature of UC,
contributing to disease onset and 43,44
Mitochondrial dysfunction and intestinal mucosal energy
deficiency has also been reported in UC patients and DSS
mice.*> Mitochondrial dysfunction may contribute to reduced
ATP production, increased levels of ROS and oxidative stress,
affecting the normal function of the cells and the repair ability
of the intestinal mucosa.’® Mitochondrial dysfunction pro-
motes the abnormal activation of the immune system, causing
the impairment of the intestinal mucosal barrier, leading to
the development of inflammatory intestinal disease (IBD), and
accelerating the progression of inflammation.*” Mitochondrial
dysfunction may be closely related to the development of IBD
by affecting the integrity of the intestinal barrier, triggering
immune responses, and then affecting the composition and
function of the intestinal flora.*® Mitochondria play a key role
in the regulation of cell death, and mitochondrial dysfunction
may lead to increased apoptosis and necrosis, affecting intesti-
nal cell homeostasis and repair.*® Therefore, the maintenance
of mitochondrial homeostasis is essential for intestinal health.

recurrence.
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Our results corroborate these findings, illustrating disrupted
mitochondrial structure and function in DSS-induced colitis in
mice. However, propionate treatment remarkably improves
mitochondrial morphology and function, emphasizing its pro-
tective role against UC-associated mitochondrial impairments.
This aligns with previous studies demonstrating the beneficial
effects of propionate in mitigating mitochondrial dysfunction
in various contexts.”®

Mitochondria play a key role in the activation and regu-
lation of the NLRP3 inflammasome.”* Mitochondria are
responsible for energy generation, calcium signaling, and
apoptosis, and they are the main source of reactive oxygen
species. Mitochondrial dysfunction can lead to the release of

Food Funct.

damage-associated molecular patterns (DAMPs), which can
activate inflammasomes and trigger an inflammatory
response.”>>* The generation of mitochondrial reactive oxygen
species (mtROS), which arises from mitochondrial dysfunction
and electron transport system failure, can enhance the acti-
vation of the NLRP3 inflammasome. The accumulation of
mtROS can lead to mitochondrial DNA damage, which in turn
triggers the activation of the inflammasome due to increased
mitochondrial dysfunction, ATP depletion, and intrinsic apop-
tosis.>® The increase in mitochondrial DNA (mtDNA) resulting
from mitochondrial abnormalities triggers the NLRP3 inflam-
masome via the cGAS-STING pathway, thereby promoting the
progression of inflammatory diseases.>*>®>” ATP can promote

This journal is © The Royal Society of Chemistry 2025
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the accumulation of a-synuclein, which in turn activates the
NLRP3 inflammasome, triggering the inflammatory
response.®® Our transcriptome sequencing, followed by vali-
dation through western blotting and qPCR, reveals that propio-
nate effectively inhibits NLRP3 inflammasome activation,
resulting in reduced production of IL-1p and IL-18. The intri-
cate crosstalk between mitochondrial function, the NLRP3
inflammasome, and UC pathogenesis is further supported by
the literature.”*" Collectively, our findings suggest that pro-
pionate’s mitigation of UC involves the restoration of mito-
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chondrial function and subsequent inhibition of NLRP3
inflammasome activation.

UC patients also exhibit mitochondrial dysfunction and an
abnormal accumulation of mitochondria. Mitochondrial auto-
phagy, a process essential for maintaining cell health by elimi-
nating damaged mitochondria, is critical. Dysfunction in mito-
chondrial autophagy can result in abnormal mitochondrial
accumulation and heightened inflammatory responses,
thereby furthering the progression of UC. Mitochondrial auto-
phagy diminishes mtROS and oxidative stress by selectively
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Fig. 8 Propionate inhibits the AKT signaling pathway and the activation of NLRP3 inflammasome through its receptor, GPR43. (A) The knockdown
efficiency of siRNA is verified by western blot. (B and C) RAW264.7 cells are stimulated with LPS for 6-8 h in the presence of propionate (0.3 mM)
after transfection. Western blot analysis assesses the levels of AKT, p-AKT, p-PI3K, PI3K, NLRP3, IL-18 and Caspase 1. (D) Association of altered PI3K/
AKT pathway, Caspase 1 and decreased aggregation of GPR-43 in the RAW264.7 cells in longitudinal studies (*p < 0.05, **p < 0.01; the data are the
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breaking down damaged or dysfunctional mitochondria,
thereby reducing the inflammatory response of the intestinal
mucosa.’® Mitochondrial autophagy also suppresses the over-
activation of the NLRP3 inflammasome and mitigates intesti-
nal inflammation by eliminating damaged mitochondria,
thereby reducing the release of mtDNA and the accumulation
of mtROS.®° Studies have reported that propionate
enhances PINK1/PARKIN-mediated mitochondrial autophagy
via GPR43, thereby maintaining mitochondrial homeostasis.**
Therefore, in light of our findings, propionate treatment sig-
nificantly improved mitochondrial morphology and function.
Moreover, we also found that inhibiting GPR43 negated the
anti-inflammatory effects of propionate. Thus, we speculate
that propionate enhances mitochondrial autophagy via
GPR43, maintains mitochondrial homeostasis, and improves
the intestinal inflammatory response. However, the roles of
propionate in maintaining mitochondrial autophagy and func-
tion in UC mice still require further in-depth research in the
future.

The PI3K/AKT signaling pathway has been implicated in
the regulation of NLRP3 inflammasome activation,®*"®* with
AKT as the main effector regulating many cell functions.®® The
priming signal through PI3K/AKT can activate IkB kinase and
promote the activation of NF-kB pathway to induce IL-1p.%°
Our transcriptome sequencing reveals an enrichment of the
PI3K/AKT signaling pathway upon propionate treatment,
prompting us to investigate its role in DSS-induced colitis.
Western blot analysis confirmes an upregulation of the PI3K/
AKT pathway in DSS-induced mice, which is significantly
reduced by propionate treatment. LY294002, an inhibitor of
PI3K/AKT signaling pathway, improves intestinal symptoms in
DSS-induced mice, the dual effect of propionate and LY294002
are more effective. It was reported that glycyrrhetinic acid
relieved acute lung injury via inhibiting the PI3K/AKT signal-
ing pathway and subsequently inhibiting the activation of the
NLRP3 inflaimmasome.®” In vitro experiments further
support these findings, with propionate inhibiting LPS-
induced upregulation of p-AKT, NLRP3, IL-18, Pro-caspase 1
and Caspase 1. The use of SC79, an AKT agonist,
corroborates the role of PI3K/AKT signaling pathway in NLRP3
inflammasome activation. These results collectively indicate
that propionate exerts its anti-inflammatory effects by inhibit-
ing NLRP3 inflammasome activation through the modulation
of the PI3K/AKT signaling pathway. GPR43 is a receptor for
propionate, in mediating its anti-inflammatory effects, which
is consistent with our observations where siRNA-mediated
knockdown of GPR43 results in abrogating propionate’s anti-
inflammatory actions and levels PI3K, AKT, NLRP3 and related
proteins.

5. Conclusion

In summary, our study unveils a multifaceted mechanism
through which propionate mitigates UC, involving the restor-
ation of mitochondrial function, inhibition of the NLRP3

This journal is © The Royal Society of Chemistry 2025
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inflaimmasome, and modulation of the PI3K/AKT signaling
pathway. These findings not only contribute to our under-
standing of UC pathogenesis but also provide a rationale for
exploring propionate as a therapeutic avenue in UC
management.

Author contributions

Yao Shi: Data curation, formal analysis, investigation, visual-
ization, software, writing - original draft. Danqing Xin: Data
curation, investigation, formal analysis. Haojie Zhang:
Performed animal models. Shuanglian Wang: manuscript
proof reading and editing. Maojun Yang and Chuanyong Liu:
Conceptualization, funding acquisition, resources, project
administration, writing - review & editing.

Conflicts of interest

The authors declare no conflict of interest.

Ethics approval and consent to
participate

We performed animal experiments on the basis of the
International Guiding Principle for Animal Research that was
stipulated by the Council for International Organizations of
Medical Sciences (CIOMS). The approach in this study was
approved by the Tsinghua University and Shandong First
Medical University & Shandong Academy of Medical Sciences
Animal Ethics Committee. The participants in the animal
models received formal training according to the rules of the
Institutional Animal Care and Use Committee Guidebook
(IACUC). Written informed consent was obtained from all
authors.

Abbreviations

DAPI 4',6'Diamidino-2-phenylindole dihydrochloride
hydrate

DMEM Dulbec’s modified Eagle’s medium

DSS Dextran sulfate sodium;

FBS Fetal bovine serum

IBD Inflammatory bowel disease

IL Interleukin

LPS Lipopolysaccharide

NLR Nucleotide-binding domain and leucine-rich repeat-
containing

PI3K Phosphatidylinositol 3-kinase

gqPCR  Reverse transcriptase quantitative real-time PCR
SCFAs  Short-chain fatty acids

TGF-p  Transforming growth factor p

TNF-o0  Tumor necrosis factor-o

uC Ulcerative colitis

Food Funct.


https://doi.org/10.1039/d5fo00772k

Published on 14 August 2025. Downloaded by Y unnan University on 8/25/2025 3:13:11 AM.

Paper

Data availability

The data during our research cannot be publicly available due
to the data safety concern. But the data are available from the
corresponding author on reasonable request.

Acknowledgements

This work is supported by the National Key R&D Program of
China (2022YFA1302701), the National Natural Science
Foundation of China (NSFC 32071127, 32371175, 32030056).
We are grateful for the animal medicine center of Tsinghua
University and Shandong First Medical University & Shandong
Academy of Medical Sciences for providing experimental
animals and Tsinghua University, Shandong First Medical
University & Shandong Academy of Medical Sciences for pro-
viding experimental places and basic materials.

References

1 R. Hodson, Inflammatory bowel disease, Nature, 2016,
540(7634), S97.

2 S. H. Lee, J. E. Kwon and M. L. Cho, Immunological patho-
genesis of inflammatory bowel disease, Intest. Res., 2018,
16(1), 26-42.

3 L. P. Bruner, A. M. White and S. Proksell, Inflammatory
Bowel Disease, Primary Care, 2023, 50(3), 411-427.

4 T. Sairenji, K. L. Collins and D. V. Evans, An Update on
Inflammatory Bowel Disease, Primary Care, 2017, 44(4),
673-692.

5 D. C. Baumgart and S. R. Carding, Inflammatory bowel
disease: cause and immunobiology, Lancet, 2007,
369(9573), 1627-1640.

6 S. M. Man and T. D. Kanneganti, Regulation of inflamma-
some activation, Immunol. Rev., 2015, 265(1), 6-21.

7 V. A. Rathinam and K. A. Fitzgerald, Inflammasome
Complexes: Emerging Mechanisms and Effector Functions,
Cell, 2016, 165(4), 792-800.

8 S. M. Man, Inflammasomes in the gastrointestinal tract:
infection, cancer and gut microbiota homeostasis, Nat. Rev.
Gastroenterol. Hepatol., 2018, 15(12), 721-737.

9 M. de Carvalho Ribeiro and G. Szabo, Role of the
Inflammasome in Liver Disease, Annu. Rev. Pathol., 2022,
17, 345-365.

10 M. T. Heneka, R. M. McManus and E. Latz, Inflammasome
signalling in brain function and neurodegenerative
disease, Nat. Rev. Neurosci., 2018, 19(10), 610-621.

11 V. Khatri and R. Kalyanasundaram, Therapeutic impli-
cations of inflammasome in inflammatory bowel disease,
FASEB J., 2021, 35(5), €21439.

12 A. Perri, The NLRP3-Inflammasome in Health and Disease,
Int. J. Mol. Sci., 2022, 23(21), 13103.

13 Z. Wang, S. Zhang, Y. Xiao, W. Zhang, S. Wu, T. Qin,
Y. Yue, W. Qian and L. Li, NLRP3 Inflammasome and

Food Funct.

View Article Online

Food & Function

Inflammatory Diseases, Oxid. Med. Cell. Longevity, 2020,
2020, 4063562.

14 Y. Qiu, Y. Huang, M. Chen, Y. Yang, X. Li and W. Zhang,
Mitochondrial DNA in NLRP3 inflammasome activation,
Int. Immunopharmacol., 2022, 108, 108719.

15 Z. Deng, J. Ni, X. Wu, H. Wei and J. Peng, GPA peptide inhi-
bits NLRP3 inflammasome activation to ameliorate colitis
through AMPK pathway, Aging, 2020, 12(18), 18522-18544.

16 D. Liu, Q. Tian, K. Liu, F. Ren, G. Liu, J. Zhou, L. Yuan,
Z. Fang, B. Zou and S. Wang, Ginsenoside Rg3 Ameliorates
DSS-Induced Colitis by Inhibiting NLRP3 Inflammasome
Activation and Regulating Microbial Homeostasis, J. Agric.
Food Chem., 2023, 71, 3472-3483.

17 C. T. Mai, M. M. Wu, C. L. Wang, Z. R. Su, Y. Y. Cheng and
X. J. Zhang, Palmatine attenuated dextran sulfate sodium
(DSS)-induced colitis via promoting mitophagy-mediated
NLRP3 inflammasome inactivation, Mol. Immunol., 2019,
105, 76-85.

18 K. Matsuoka and T. Kanai, The gut microbiota and inflam-
matory bowel disease, Semin. Immunopathol., 2015, 37(1),
47-55.

19 K. Dabke, G. Hendrick and S. Devkota, The gut microbiome
and metabolic syndrome, J. Clin. Invest., 2019, 129(10),
4050-4057.

20 C. Martin-Gallausiaux, L. Marinelli, H. M. Blottiere,
P. Larraufie and N. Lapaque, SCFA: mechanisms and func-
tional importance in the gut, Proc. Nutr. Soc., 2021, 80(1),
37-49.

21 J. Zhao, X. Zhang, H. Liu, M. A. Brown and S. Qiao, Dietary
Protein and Gut Microbiota Composition and Function,
Curr. Protein Pept. Sci., 2019, 20(2), 145-154.

22 A. Schwiertz, D. Taras, K. Schifer, S. Beijer, N. A. Bos,
C. Donus and P. D. Hardt, Microbiota and SCFA in lean
and overweight healthy subjects, Obesity, 2010, 18(1), 190-
195.

23 D. Parada Venegas, M. K. De la Fuente, G. Landskron,
M. J. Gonzalez, R. Quera, G. Dijkstra, H. J. M. Harmsen,
K. N. Faber and M. A. Hermoso, Short Chain Fatty Acids
(SCFAs)-Mediated Gut Epithelial and Immune Regulation
and Its Relevance for Inflammatory Bowel Diseases, Front.
Immunol., 2019, 10, 277.

24 E. Hosseini, C. Grootaert, W. Verstraete and T. Van de
Wiele, Propionate as a health-promoting microbial metab-
olite in the human gut, Nutr. Rev., 2011, 69(5), 245-258.

25 A.]. Brown, S. M. Goldsworthy, A. A. Barnes, M. M. Eilert,
L. Tcheang, D. Daniels, A. I. Muir, M. J. Wigglesworth,
I. Kinghorn, N. J. Fraser, N. B. Pike, J. C. Strum,
K. M. Steplewski, P. R. Murdock, J. C. Holder,
F. H. Marshall, P. G. Szekeres, S. Wilson, D. M. Ignar,
S. M. Foord, A. Wise and S. J. Dowell, The Orphan G
protein-coupled receptors GPR41 and GPR43 are activated
by propionate and other short chain carboxylic acids,
J. Biol. Chem., 2003, 278(13), 11312-113109.

26 E. Chun, S. Lavoie, D. Fonseca-Pereira, S. Bae, M. Michaud,
H. R. Hoveyda, G. L. Fraser, C. A. Gallini Comeau,
J. N. Glickman, M. H. Fuller, B. T. Layden and

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5fo00772k

Published on 14 August 2025. Downloaded by Y unnan University on 8/25/2025 3:13:11 AM.

Food & Function

27

28

29

30

31

32

33

34

35

36

37

38

W. S. Garrett, Metabolite-Sensing Receptor Ffar2 Regulates
Colonic Group 3 Innate Lymphoid Cells and Gut
Immunity, Immunity, 2019, 51(5), 871-884.

Y. Feng, Y. Wang, P. Wang, Y. Huang and F. Wang, Short-
Chain Fatty Acids Manifest Stimulative and Protective
Effects on Intestinal Barrier Function Through the
Inhibition of NLRP3 Inflammasome and Autophagy, Cell.
Physiol. Biochem., 2018, 49(1), 190-205.

P. Li, G. Chen, J. Zhang, C. Pei, Y. Chen, J. Gong, S. Deng,
K. Cai, H. Li, D. Wang, B. Shen, Z. Xie and Q. Liao, Live
Lactobacillus acidophilus alleviates ulcerative colitis via the
SCFAs/mitophagy/NLRP3 inflammasome axis, Food Funct.,
2022, 13(5), 2985-2997.

J. Mao, Y. Li, Q. Bian, Y. Xuan, J. Li, Z. Wang, S. Feng,
X. Liu, Y. Tian and S. Li, The Bufei Jianpi Formula
Improves Mucosal Immune Function by Remodeling Gut
Microbiota Through the SCFAs/GPR43/NLRP3 Pathway in
Chronic Obstructive Pulmonary Disease Rats, Int. J. Chronic
Obstruct. Pulm. Dis., 2022, 17, 1285-1298.

F. He, J. S. Zhong, C. L. Chen, P. Tian, J. Chen and
X. M. Fan, Sodium propionate ameliorates lipopolysacchar-
ide-induced acute respiratory distress syndrome in rats via
the PI3K/AKT/mTOR signaling pathway, 3 Biotech, 2024,
14(11), 286.

Y. Liu, C. Wang, T. Hui, Y. Yuan, S. Chen, Y. Li, G. Wang,
J. Kang and X. Xue, Cornus officinalis loganin attenuates
acute lung injury in mice via regulating the PI3K/AKT/
NLRP3 axis, J. Ethnopharmacol., 2025, 351, 120104.

Y. Niu, Y. Li, J. Zang, H. Huang, J. Deng, Z. Cui, D. Yu and
J. Deng, Death receptor 5 and neuroproliferation, Cell. Mol.
Neurobiol., 2012, 32(2), 255-265.

C. Niu, X. L. Hu, Z. W. Yuan, Y. Xiao, P. Ji, Y. M. Wei and
Y. L. Hua, Pulsatilla decoction improves DSS-induced
colitis via modulation of fecal-bacteria-related short-chain
fatty  acids and  intestinal = barrier  integrity,
J. Ethnopharmacol., 2023, 300, 115741.

J. Yang, G. Pei, X. Sun, Y. Xiao, C. Miao, L. Zhou, B. Wang,
L. Yang, M. Yu, Z. S. Zhang, E. T. Keller, Z. Yao and
Q. Wang, RhoB affects colitis through modulating cell sig-
naling and intestinal microbiome, Microbiome, 2022, 10(1),
149.

X. Ma, Q. Sun, X. Sun, D. Chen, C. Wei, X. Yu, C. Liu, Y. Li
and J. Li, Activation of GABA(A) Receptors in Colon
Epithelium Exacerbates Acute Colitis, Front. Immunol.,
2018, 9, 987.

A. Saez, B. Herrero-Fernandez, R. Gomez-Bris, H. Sanchez-
Martinez and J. M. Gonzalez-Granado, Pathophysiology of
Inflammatory Bowel Disease: Innate Immune System,
Int. J. Mol. Sci., 2023, 24(2), 1526.

P. S. Haque, N. Kapur, T. A. Barrett and A. L. Theiss,
Mitochondrial function and gastrointestinal diseases, Nat.
Rev. Gastroenterol. Hepatol., 2024, 21(8), 537-555.

F. Bédr, W. Bochmann, A. Widok, K. von Medem, R. Pagel,
M. Hirose, X. Yu, K. Kalies, P. Konig, R. Bohm,
T. Herdegen, A. T. Reinicke, J. Biining, H. Lehnert,
K. Fellermann, S. Ibrahim and C. Sina, Mitochondrial gene

This journal is © The Royal Society of Chemistry 2025

39

40

41

42

43

44

45

46

47

48

49

View Article Online

Paper
polymorphisms that protect mice from
Gastroenterology, 2013, 145(5), 1055-1063.

L. Dong, H. Du, M. Zhang, H. Xu, X. Pu, Q. Chen, R. Luo,
Y. Hu, Y. Wang, H. Tu, J. Zhang and F. Gao, Anti-inflamma-
tory effect of Rhein on ulcerative colitis via inhibiting PI3K/
Akt/mTOR signaling pathway and regulating gut micro-
biota, Phytother. Res., 2022, 36(5), 2081-2094.

A. Geremia, P. Biancheri, P. Allan, G. R. Corazza and A. Di
Sabatino, Innate and adaptive immunity in inflammatory
bowel disease, Autoimmun. Rev., 2014, 13(1), 3-10.

B. R. Sharma and T. D. Kanneganti, NLRP3 inflammasome
in cancer and metabolic diseases, Nat. Immunol., 2021,
22(5), 550-559.

L. C. Tong, Y. Wang, Z. B. Wang, W. Y. Liu, S. Sun, L. Li,
D. F. Su and L. C. Zhang, Propionate Ameliorates Dextran
Sodium Sulfate-Induced Colitis by Improving Intestinal
Barrier Function and Reducing Inflammation and
Oxidative Stress, Front. Pharmacol., 2016, 7, 253.

L. Dong, J. Xie, Y. Wang, H. Jiang, K. Chen, D. Li, J. Wang,
Y. Liu, J. He, J. Zhou, L. Zhang, X. Lu, X. Zou, X. Y. Wang,
Q. Wang, Z. Chen and D. Zuo, Mannose ameliorates experi-
mental colitis by protecting intestinal barrier integrity, Nat.
Commun., 2022, 13(1), 4804.

A. Verma, S. Pittala, B. Alhozeel, A. Shteinfer-Kuzmine,
E. Ohana, R. Gupta, J. H. Chung and V. Shoshan-Barmatz,
The role of the mitochondrial protein VDAC1 in inflamma-
tory bowel disease: a potential therapeutic target, Mol.
Ther., 2022, 30[2], 726-744.

J. Han, W. Li, G. Shi, Y. Huang, X. Sun, N. Sun and
D. Jiang, Atractylenolide III Improves Mitochondrial
Function and Protects Against Ulcerative Colitis by
Activating AMPK/SIRT1/PGC-1a, Mediators Inflammation,
2022, 2022, 9129984.

Q. Zhang, C. Deng, M. Peng, C. Li, Y. Teng, S. Guo, T. Wu,
D. Yi and Y. Hou, Integration of transcriptomic and proteo-
mic analyses reveals protective mechanisms of
N-acetylcysteine in indomethacin-stimulated enterocytes,
J. Nutr. Biochem., 2023, 112, 109231.

N. Unno, H. Wang, M. J. Menconi, S. H. Tytgat, V. Larkin,
M. Smith, M. J. Morin, A. Chavez, R. A. Hodin and
M. P. Fink, Inhibition of inducible nitric oxide
synthase ameliorates endotoxin-induced gut mucosal
barrier dysfunction in rats, Gastroenterology, 1997, 113(4),
1246-1257.

E. Urbauer, D. Aguanno, N. Mindermann, H. Omer,
A. Metwaly, T. Krammel, T. Faro, M. Remke, S. Reitmeier,
S. Birthel, J. Kersting, Z. Huang, F. Xian, M. Schmidt,
D. Saur, S. Huber, B. Stecher, M. List, D. Gomez-Varela,
K. Steiger, M. Allez, E. Rath and D. Haller, Mitochondrial
perturbation in the intestine causes microbiota-dependent
injury and gene signatures discriminative of inflammatory
disease, Cell Host Microbe, 2024, 32(8), 1347-1364.

G. Huang, H. Li and H. Zhang, Abnormal Expression of
Mitochondrial Ribosomal Proteins and Their Encoding
Genes with Cell Apoptosis and Diseases, Int. J. Mol. Sci.,
2020, 21(22), 8879.

colitis,

Food Funct.


https://doi.org/10.1039/d5fo00772k

Published on 14 August 2025. Downloaded by Y unnan University on 8/25/2025 3:13:11 AM.

Paper

50

51

52

53

54

55

56

57

58

59

S. Torretta, A. Scagliola, L. Ricci, F. Mainini, S. Di Marco,
1. Cuccovillo, A. Kajaste-Rudnitski, D. Sumpton, K. M. Ryan
and S. Cardaci, D-mannose suppresses macrophage IL-1f
production, Nat. Commun., 2020, 11(1), 6343.

E. A. Novak and K. P. Mollen, Mitochondrial dysfunction in
inflammatory bowel disease, Front. Cell Dev. Biol., 2015, 3,
62.

B. Wang, Y. Wang, J. Qiu, S. Gao, S. Yu, D. Sun and H. Lou,
The STING inhibitor C-176 attenuates MPTP-induced neu-
roinflammation and neurodegeneration in mouse parkin-
sonian models, Int. Immunopharmacol., 2023, 124(Pt A),
110827.

H. Hao, L. Cao, C. Jiang, Y. Che, S. Zhang, S. Takahashi,
G. Wang and F. ]J. Gonzalez, Farnesoid X Receptor
Regulation of the NLRP3 Inflammasome Underlies
Cholestasis-Associated Sepsis, Cell Metab., 2017, 25(4),
856-867.

Y. Yang, H. Wang, M. Kouadir, H. Song and F. Shi, Recent
advances in the mechanisms of NLRP3 inflammasome acti-
vation and its inhibitors, Cell Death Dis., 2019, 10(2), 128.
T. Tang, X. Lang, C. Xu, X. Wang, T. Gong, Y. Yang, J. Cui,
L. Bai, J. Wang, W. Jiang and R. Zhou, CLICs-dependent
chloride efflux is an essential and proximal upstream event
for NLRP3 inflammasome activation, Nat. Commun., 2017,
8(1), 202.

X. Luo, Y. Zhao, Y. Luo, J. Lai, J. Ji, J. Huang, Y. Chen,
Z. Liu and J. Liu, Cytosolic mtDNA-cGAS-STING axis con-
tributes to sepsis-induced acute kidney injury via activating
the NLRP3 inflammasome, Clin. Exp. Nephrol., 2024, 28(5),
375-390.

N. S. Yang, W. ]J. Zhong, H. X. Sha, C. Y. Zhang, L. Jin,
J. X. Duan, J. B. Xiong, Z. ]J. You, Y. Zhou and C. X. Guan,
mtDNA-cGAS-STING axis-dependent NLRP3 inflammasome
activation contributes to postoperative cognitive dysfunc-
tion induced by sevoflurane in mice, Int. J. Biol. Sci., 2024,
20(5), 1927-1946.

C. M. Deus, H. Tavares, M. Beatriz, S. Mota and C. Lopes,
Mitochondrial Damage-Associated Molecular Patterns
Content in Extracellular Vesicles Promotes Early
Inflammation in Neurodegenerative Disorders, Cells, 2022,
11(15), 2364.

A. Lan, T. Guerbette, M. Andriamihaja, B. Magnin,
M. Bordet, P. J. Ferron, A. Burel, R. Viel, B. Fromenty,
A. Corlu, F. Blachier and G. Bouguen, Mitochondrial remo-
deling and energy metabolism adaptations in colonic

Food Funct.

60

61

62

63

64

65

66

67

View Article Online

Food & Function

crypts during spontaneous epithelial repair after colitis
induction in mice, Free Radical Biol. Med., 2023, 205, 224—
233.

Q. Lv, Y. Xing, J. Liu, D. Dong, Y. Liu, H. Qiao, Y. Zhang
and L. Hu, Lonicerin targets EZH2 to alleviate ulcerative
colitis by autophagy-mediated NLRP3 inflammasome inac-
tivation, Acta Pharm. Sin. B, 2021, 11(9), 2880-2899.

Z. Wang, C. Wang, B. Yuan, L. Liu, H. Zhang, M. Zhu,
H. Chai, J. Peng, Y. Huang, S. Zhou, J. Liu, L. Wu and
W. Wang, Akkermansia muciniphila and its metabolite pro-
pionic acid maintains neuronal mitochondrial division
and autophagy homeostasis during Alzheimer’s disease
pathologic process via GPR41 and GPR43, Microbiome,
2025, 13(1), 16.

Y. Gong, J. Qiu, T. Jiang, Z. Li, W. Zhang, X. Zheng, Z. He,
W. Chen, Z. Wang, X. Feng, M. Wang and Z. Hong, Maltol
ameliorates intervertebral disc degeneration through inhi-
biting PI3K/AKT/NF-kB pathway and regulating NLRP3
inflammasome-mediated pyroptosis,
Inflammopharmacology, 2023, 31(1), 369-384.

Z. Liu, J. Li, S. Lin, Y. Wu, D. He and P. Qu, PI3K regulates
the activation of NLRP3 inflammasome in atherosclerosis
through part-dependent AKT signaling pathway, Exp.
Anim., 2021, 70(4), 488-497.

S. Xu, J. Wang, J. Zhong, M. Shao, J. Jiang, J. Song, W. Zhu,
F. Zhang, H. Xu, G. Xu, Y. Zhang, X. Ma and F. Lyu, CD73
alleviates GSDMD-mediated microglia pyroptosis in spinal
cord injury through PI3K/AKT/Foxol signaling, Clin. Transl.
Med., 2021, 11(1), e269.

Y. D. Zhou, J. G. Hou, W. Liu, S. Ren, Y. P. Wang, R. Zhang,
C. Chen, Z. Wang and W. Li, 20(R)-ginsenoside Rg3, a rare
saponin from red ginseng, ameliorates acetaminophen-
induced hepatotoxicity by suppressing PI3K/AKT pathway-
mediated inflammation and apoptosis, Int.
Immunopharmacol., 2018, 59, 21-30.

J. Liu, S. Jia, Y. Yang, L. Piao, Z. Wang, Z. Jin and L. Bai,
Exercise induced meteorin-like protects chondrocytes
against inflammation and pyroptosis in osteoarthritis by
inhibiting PI3K/Akt/NF-xB and NLRP3/caspase-1/GSDMD
signaling, Biomed. Pharmacother., 2023, 158, 114118.

K. Wang, Y. Zhang, Y. Cao, Z. Shi, Y. Lin, Y. Chen, H. Zhao
and X. Liu, Glycyrrhetinic acid alleviates acute lung injury
by PI3K/AKT suppressing macrophagic Nlrp3 inflamma-
some activation, Biochem. Biophys. Res. Commun., 2020,
532(4), 555-562.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5fo00772k

	Button 1: 


