Open Access Article. Published on 10 March 2026. Downloaded on 6/14/2026 3:19:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food &
Function

‘ '.) Check for updates

Cite this: Food Funct., 2026, 17, 3186

Received 10th December 2025,
Accepted 19th February 2026

DOI: 10.1039/d5f005380c¢

rsc.li/food-function

“Department of Respiratory and Critical Care Medicine, The Affiliated Hospital,

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

Epigallocatechin-3-gallate ameliorates
LPS-induced ARDS by modulating Akkermansia-
associated SCFAs metabolism and inhibiting the
JAK2/STAT3 candidate signaling pathway

Shiming Fan, 1< Guofang Yin,1+* Yan Ren, 19 Xiaoging Fan,?< Yuling Liang,**
Ning Ma,€ Ying Luo,® Yi Deng,® Chunmei Zhang,® Tian Xiang," Jing Zuo,®
Jingli Tang,? Dan Luo**" and Xianming Fan {2 *3-¢

Acute respiratory distress syndrome (ARDS) is a leading cause of acute respiratory failure and mortality,
characterized by significant inflammation and damage to the alveolar-capillary membrane, which disrupts
gas exchange. Although the triggers of ARDS vary, uncontrolled inflammation plays a central role in its
progression, with current treatment options being limited. Dysbiosis of the gut microbiota fuels systemic
inflammation via the gut-lung axis and acts as a key driver of ARDS onset and progression.
Epigallocatechin-3-gallate (EGCG), a major polyphenolic constituent derived from green tea, with known
anti-inflammatory effects, and microbiota-modulating properties, holds potential as a therapeutic inter-
vention for ARDS. This study investigated the mechanism of EGCG's intervention in ARDS and its impact
on gut microbiota using C57BL/6J mice. The mice were divided into groups receiving different doses of
EGCG pretreatment, followed by intratracheal instillation of lipopolysaccharide (LPS)-induced ARDS.
Various techniques, including pathological examination, ELISA, and immunohistochemistry (IHC), were
employed to assess pulmonary inflammation and examine intestinal tight junction integrity. Gut micro-
biota composition was analyzed via 16S rRNA sequencing. To further elucidate the role of the gut micro-
biota, fecal microbiota transplantation (FMT) was performed following gut microbiota depletion. Feces
from EGCG-treated donor mice were transplanted into recipient mice, with results compared to the
EGCG-pretreated group. A more focused investigation involved the transplantation of Akkermansia muci-
niphila (AKK), and its effects on pulmonary inflammation and intestinal tight-junction integrity were
observed. Additionally, GC-MS analysis confirmed that AKK-derived metabolites were short-chain fatty
acids (SCFAs), and the effects of SCFAs were compared to those of EGCG pretreatment. Network
pharmacology and transcriptomic analysis suggested that SCFAs likely exert their effects through the
JAK2/STAT3 signaling pathway. The effects of SCFAs and EGCG pretreatment were further validated using
specific inhibitors to assess pulmonary and intestinal conditions. In the LPS-induced ARDS model, EGCG
significantly reduced the inflammatory response, decreased inflammatory cell infiltration, and inhibited
pro-inflammatory cytokine production, thereby limiting lung and intestinal tissue damage.
Mechanistically, EGCG enriched the gut microbiota, particularly increasing AKK abundance, which pro-
moted SCFAs production. These SCFAs entered systemic circulation, reached the lungs, and modulated
the JAK2/STAT3 candidate signaling pathway to suppress inflammation, ultimately alleviating ARDS path-

ology. In conclusion, EGCG mitigates ARDS-related inflammatory damage by increasing Akkermansia
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muciniphila abundance and enhancing SCFAs production, which inhibits the JAK2/STAT3 candidate

pathway. This study introduces a novel gut microbiota-based approach for ARDS treatment and offers

new insights into the role of gut-derived metabolites in ARDS pathogenesis.

1. Introduction

Acute respiratory distress syndrome (ARDS), a form of acute
respiratory failure," results from various triggers that initiate
inflammatory cascades, oxidative stress, and vascular hyper-
permeability.” These processes collectively disrupt the alveolar-
capillary barrier, impair gas exchange, and compromise respir-
atory function.® Current clinical management emphasizes sup-
portive strategies such as prone positioning, protective venti-
lation, and adjunctive therapies (e.g., diuretics, hemofiltration,
fluids, and vasopressors). However, these approaches show
limited efficacy in modulating the underlying inflammatory
response or improving patient outcomes.>” Critically, no exist-
ing drug specifically targets the molecular pathophysiology of
ARDS to effectively suppress inflammation.*

Akkermansia muciniphila (AKK), a beneficial gut bacterium,
alleviates systemic inflammation and preserves gut homeosta-
sis.® Data from animal studies indicate that oral adminis-
tration of AKK in LPS-induced ARDS models reduces pulmon-
ary pro-inflammatory cytokines, decreases bronchoalveolar
lavage fluid (BALF) inflammatory cell infiltration, and miti-
gates lung histopathology.”® This protective effect likely arises
from AKK’s ability to repair intestinal barrier dysfunction,
reduce bacteremia/endotoxemia, and modulate gut-lung
immune crosstalk by polarizing macrophages toward an anti-
inflammatory phenotype.”'® Notably, AKK’s effects may be
mediated through short-chain fatty acids (SCFAs, primarily
acetate, propionate, and butyrate), which are produced by gut
microbial fermentation."'™** In ARDS, SCFAs preserve mucosal
integrity (“gut wall” effect) and exhibit dual immunomodula-
tory effects, including suppression of TNF-o/IL-6 and pro-
motion of IL-10 secretion."* Experimental evidence supports
that SCFA supplementation or SCFA-producing probiotics
attenuate lung inflammation.”">"® Critical unresolved ques-
tions include understanding the mechanistic relationship
between AKK and SCFAs in regulating the gut-lung axis, par-
ticularly regarding how AKK orchestrates pulmonary immunity
through SCFA-mediated pathways and identifying the specific
downstream signaling effectors responsible for translating
SCFA activity within the complex pathophysiological micro-
environment of ARDS.

The Janus kinase 2/signal transducer and activator of tran-
scription 3 (JAK2/STAT3) signaling pathway is essential for
maintaining cellular homeostasis.'” In ARDS models, multiple
studies have shown that JAK2/STAT3 activation is significantly
elevated, driving pulmonary inflammation, tissue damage,
and respiratory failure.'®'® Mechanistically, pathogenic
stimuli (e.g., LPS) activate JAK2/STAT3 in alveolar epithelial
cells, triggering immune cell recruitment and pro-inflamma-
tory cytokine release.”® Emerging evidence links AKK to JAK2/
STAT3 regulation. In inflammatory bowel disease (IBD)

This journal is © The Royal Society of Chemistry 2026

models, AKK supplementation reduces JAK2/p-STAT3
expression and  inflammation, suggesting pathway
modulation.”"** Similarly, SCFAs inhibit JAK2 phosphoryl-
ation and STAT3 nuclear translocation in colitis, attenuating
inflammatory responses.”>>® Despite these findings in other
diseases, the coordination of JAK2/STAT3 signaling by AKK
and SCFAs in ARDS remains unclear, necessitating further
investigation into gut-lung crosstalk mechanisms.

EGCG, the principal catechin in green tea, exhibits potent
antioxidant and anti-inflammatory activities.>® Emerging evi-
dence highlights its therapeutic potential in inflammatory dis-
eases.”” In ARDS models, EGCG intervention reduces pulmon-
ary inflammatory cell infiltration, decreases lung wet/dry
(W/D) ratios, and lowers pro-inflammatory cytokines in serum
and BALF.”®?° Notably, EGCG-rich diets significantly increase
the relative abundance of AKK in the gut.** AKK elevation
attenuates tissue inflammation, as demonstrated in IBD and
neurodegenerative models.>’ Mechanistically, EGCG-induced
AKK proliferation enhances SCFA production, which exerts sys-
temic anti-inflammatory effects.>® This suggests that EGCG
may indirectly modulate inflammation via the AKK-SCFA axis.
Furthermore, EGCG directly inhibits JAK2/STAT3 signaling.
Across tumor, neuroinflammation, and dermatosis models,
EGCG reduces JAK2/STAT3 phosphorylation and regulates
pathway-related proteins.**** It is hypothesized that EGCG
could improve ARDS by enriching AKK, increasing SCFA pro-
duction, and inhibiting the activation of the JAK2/STAT3 sig-
naling pathway in the lungs. To validate this hypothesis,
C57BL/6] mice were pretreated with EGCG before inducing
ARDS with LPS, followed by multi-omics analyses of gut-lung
axis crosstalk. The results revealed that EGCG treatment sig-
nificantly increased the relative abundance of AKK in the gut,
elevated SCFA levels, inhibited JAK2/STAT3 signaling activation
in the lungs, and improved ARDS symptoms in mice. This
study provides a comprehensive understanding of the mecha-
nisms by which EGCG improves ARDS, offering a theoretical
basis and potential targets for ARDS treatment strategies
based on the gut-lung axis, with significant clinical transla-
tional value.

2. Materials and methods

2.1 Animal experiments and group allocation

Eight-week-old specific pathogen-free (SPF) male C57BL/6]
mice, with an initial body weight of 24-26 g, were selected for
this study. These mice were purchased from Chengdu Yaokang
Biotechnology Co., Ltd, China, under the SCXK (Sichuan)
2020-034 license number. They were housed in individually
ventilated cages with a density of five mice per cage, in the
standard SPF animal facilities at Southwest Medical University.
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The housing temperature was maintained ranging from 22 °C
to 25 °C, and the relative humidity was maintained between
50% and 70%. A 12 h light/dark cycle was implemented, and
the mice had free access to food and water. Ethical approval
was obtained from Southwest Medical University (no.
Swmu20240109), and all procedures adhered to the approved
protocol and care guidelines. This study examined the effects
of EGCG only during the initiation phase of inflammation
under pre-treatment conditions; its therapeutic potential after
inflammation is established remains to be validated before
clinical translation.
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The experimental design for Experiment 1 is shown in
Fig. 1A. The mice were randomly assigned to four treatment
groups (N = 8). Then, daily oral gavage was given; Control and
LPS groups received PBS, while EGCG groups received PBS
with EGCG. The LPS and LPS + EGCG (10 mg kg™, 20 mg
kg™') groups received LPS intratracheally, while the Control
group received PBS. Mice were anesthetized and euthanized
for sample collection. Samples were collected aseptically
under sterile conditions. Fecal samples were immediately
stored at —80 °C. Blood samples were obtained via right-heart
puncture, allowed to stand at room temperature for 2 h, and
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Fig.1 EGCG ameliorates LPS-induced lung injury. (A) Experimental design schematic. (B) Body weight changes following treatment with LPS and
EGCG. (C) H&E staining showing the histomorphological characteristics of the lung (scale bar = 50 pm). (D) Histological scores of lung tissues. (E)
Wet-to-dry weight ratio of lung tissues. (F) Protein concentration in bronchoalveolar lavage fluid (BALF). (G-I1) Cell counts in BALF, including total
white blood cells, neutrophils, and mononuclear macrophages, measured using a hematology analyzer. All data are normalized to the control

group. Data are presented as means + SEMs (N = 8, ####

pared to the LPS-induced group).
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then centrifuged at 1000g for 20 min at 4 °C. The serum was
stored at —80 °C. Colon tissue was sectioned into 5 mm pieces
from the middle part, rinsed with PBS, and fixed in either 10%
formalin or 4% paraformaldehyde for histological analysis.
The remaining colon tissue was rinsed with PBS, flash-frozen
in liquid nitrogen, and stored at —80 °C. Lung tissue was pro-
cessed in multiple ways. Some samples were fixed in the afore-
mentioned fixatives for histological analysis. For bronchoalveo-
lar lavage, the trachea and main bronchi were fully exposed,
an incision was made in the trachea, and the trachea was
lavaged three times with 1 mL of ice-cold saline to collect the
bronchoalveolar lavage fluid (BALF). The BALF was centrifuged
at 1500g for 10 min at 4 °C to separate the supernatant and
cell pellet. Both the supernatant and the cell pellet were flash-
frozen in liquid nitrogen and stored at —80 °C. Additionally,
some intact lung tissue was added to RIPA lysis buffer or Trizol
reagent containing inhibitors, flash-frozen in liquid nitrogen,
and ground in a tissue grinder at 70 Hz for 1 minute, repeated
ten times. The resulting liquid was stored at —80 °C for further
molecular biological analysis.

The experimental design for Experiment 2 is shown in
Fig. 5A. The mice were randomly and equally assigned to four
groups (N = 8): the control group, the LPS group, the LPS +
EGCG (20 mg kg™') group, and the LPS + EGCG feces group.
For the LPS + EGCG (20 mg kg™ ') group, on the seventh day
after EGCG administration, fecal samples were quickly col-
lected and immediately stored at —80 °C for cryopreservation.
The LPS + EGCG feces group received antibiotic (ABX) cocktail
treatment, which involved daily oral gavage of vancomycin
(100 mg kg™, cat. no. V301569-1 g), neomycin sulfate (200 mg
kg™, cat. no. N109017-25 g), metronidazole (200 mg kg™", cat.
no. M109874-25 g), and ampicillin (200 mg kg™, cat. no.
A6265-5 g). Following the methodology of Hashimoto et al.,?
fecal DNA was assayed from days 1 to 7. Fecal DNA quantity
was nearly zero between days 5 and 7 (Fig. S4A), prompting the
initiation of subsequent actions on day 7. Fecal matter from
mice in the LPS + EGCG (20 mg kg™") group was homogenized
with PBS at a concentration of 0.125 g mL™". After centrifu-
gation at 600g for 5 min, the supernatant was collected and
administered to mice in the LPS + EGCG feces group via daily
intragastric gavage for 7 days. Throughout this period, fecal
DNA concentration was measured daily from days 1 to 7, reach-
ing the level of the LPS + EGCG (20 mg kg ') group by day 7
(Fig. S4B). Equal volumes of PBS were administered to the
control, LPS, and LPS + EGCG (20 mg kg™ ') groups. Following
the model construction approach in Experiment 1, LPS was
intratracheally instilled into the LPS, LPS + EGCG (20 mg
kg™"), and LPS + EGCG feces groups, while an equal volume of
PBS was instilled into the control group. Once the ARDS model
was successfully established, blood, BALF, feces, lung tissue,
and intestinal tissue were collected under sterile conditions
and stored at —80 °C for subsequent analysis. Details and pre-
cautions regarding sample collection are presented in
Experiment 1.

The experimental design for Experiment 3 is shown in
Fig. 7A. The mice were randomly and evenly divided into four

This journal is © The Royal Society of Chemistry 2026
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groups, (N = 8): the control group, the LPS group, the LPS +
EGCG (20 mg kg™") group, and the LPS + AKK group. In the
LPS + AKK group, mice were treated with an ABX cocktail, and
fecal DNA was monitored from Day 1 to Day 7 following the
protocol detailed in Experiment 2. The results revealed that
fecal DNA content was nearly zero from Day 5 to Day 7
(Fig. S4C). Based on these findings, on Day 7, mice in this
group were intragastrically administered AKK at a concen-
tration of 2 x 10° cfu mL™" for 7 consecutive days. During this
period, fecal samples were collected daily, and AKK concen-
tration in the feces was assessed using the AKK nucleic acid
detection kit (Catalog No. BNCC 372727). By Day 6 and Day 7,
the concentration of AKK in the feces of this group reached
levels similar to those in the LPS + EGCG (20 mg kg™") group
(Fig. S4D). On Day 7, following the model-building method
from Experiment 1, LPS was intratracheally instilled into the
mice in the LPS, LPS + EGCG (20 mg kg™'), and LPS + AKK
groups, while an equal volume of PBS was instilled into the
control group. After successful model establishment, blood,
BALF, lung tissue, and intestinal tissue samples were collected
under strict aseptic conditions and stored at —80 °C for sub-
sequent analysis. Sample collection was conducted in accord-
ance with the procedures outlined in Experiment 1.

The experimental design for Experiment 4 is shown in
Fig. 10A. The mice were randomly and evenly divided into four
groups, (N = 8): the control group, the LPS group, the LPS +
EGCG (20 mg kg™') group, and the LPS + SCFAs group. For the
LPS + SCFAs group, as shown in Fig. 10A, mice received ABX
cocktail therapy, and fecal DNA was monitored from Day 1 to
Day 7 according to the protocol in Experiment 2. The results
indicated that fecal DNA content was nearly zero from Day 5
onward (Fig. S4H). Based on this finding and previous studies,
on Day 7, mice in this group were intragastrically administered
sodium acetate (400 mg kg™'), sodium propionate (100 mg
kg™), and sodium butyrate (100 mg kg™'). After intragastric
administration, the content of SCFAs in the feces was
measured using GC-MS. After 6-7 days of observation, the
SCFAs content in the feces of this group was found to be
similar to that in the LPS + EGCG (20 mg kg™') group
(Fig. S4J-L). Following the model-building approach in
Experiment 1, LPS was intratracheally instilled into the mice
in the LPS, LPS + EGCG (20 mg kg™ "), and LPS + SCFAs groups,
while an equal volume of PBS was instilled into the control
group. Once the model was successfully established, blood,
BALF, lung tissue, and intestinal tissue samples were collected
under strict aseptic conditions and stored at —80 °C for sub-
sequent analysis. The details and precautions for sample col-
lection were carried out in accordance with the relevant pro-
cedures in Experiment 1.

The experimental design for Experiment 5 is shown in
Fig. 13A. The mice were randomly and equally divided into five
groups (N = 8): the control group, the LPS group, the LPS +
EGCG (20 mg kg ') group, the LPS + SCFAs group, and the LPS
+ SCFAs + WP1066 group. The treatment procedures for the
control, LPS, and LPS + EGCG (20 mg kg ') groups were con-
sistent with those in Experiment 1. The treatment for the LPS
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+ SCFAs group followed the method described in Experiment
4. The LPS + SCFAs + WP1066 group received intraperitoneal
injections of WP1066 at a dose of 20 mg kg™ twice a week
(biweekly). Successful inhibition of the JAK2/STAT3 signaling
pathway was confirmed by western blotting. The remaining
treatments were identical to those in the LPS + SCFAs group.
Subsequently, following the model-building protocol from
Experiment 1, LPS was intratracheally instilled into the mice
in the LPS-containing groups, while the control group received
an equal volume of PBS. After the model was successfully
established, blood, BALF, lung tissue, and intestinal tissue
samples were collected under strict aseptic conditions and
stored at —80 °C for subsequent analysis. All sample collection
procedures were conducted in accordance with the relevant
protocols from Experiment 1.

2.2 Histopathological examination and injury assessment

Following the research procedure outlined by Fan et al.,**>°

tissues were fixed in 10% formalin, embedded in paraffin, and
sectioned into 5 pm slices. The slices were dewaxed in xylene,
hydrated in ethanol, and stained with hematoxylin and eosin
(H&E). A high-resolution optical microscope (BX43, Olympus,
Tokyo, Japan) was used for detailed histopathological examin-
ation. Lung tissue was assessed for interstitial and alveolar
edema, hemorrhage, structural destruction, thickening of the
alveolar septum, infiltration of inflammatory cells, formation
of hyaline membranes, cell necrosis, dilation, and focal
emphysema. Intestinal tissue was evaluated for mucosal
edema, inflammation, epithelial hyperplasia, villous separ-
ation, and mucosal injury. Two pathologists performed
double-blind scoring using the following criteria: 0 = no
injury, 1 = mild injury, 2 = moderate injury, 3 = severe injury,
and 4 = extremely severe histological changes.

2.3 Enzyme-linked immunosorbent assays (ELISA) and RNA
extraction and Real-time polymerase chain reaction (RT-PCR)
assay

Specific ELISA kits from Fine Biotech Co., Ltd (Wuhan, China)
were used to quantify the levels of inflammatory factors,
including IL-1p (Cat. No. EM0109), IL-6 (Cat. No. EM0121),
TNF-a (Cat. No. EM0183), and SCFAs (Cat. No. EM2520) in
serum, BALF, lung tissue, and feces. All experimental pro-
cedures were carried out in accordance with the manufac-
turer’s instructions. Absorbance was measured at 450 nm
using a Bio-Tek Synergy H1 Multi-Mode Microplate Reader.
The experimental procedure was adapted from Fan et al.*’
Total cellular RNA was extracted from lung and intestinal
tissues using Trizol reagent according to the manufacturer’s
instructions. The extracted RNA was reverse-transcribed into
cDNA using a reverse transcription kit (Bio-Rad Laboratories,
California, USA, Cat. No. 1708891). RT-PCR was performed
with the ABI 7500 prepstation (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and 2x M5 Hiper Realtime PCR
Supermix (Cat. No. MF797-01). The primer sequences are pro-
vided in Table S1 of the SI. PCR conditions included initial
denaturation at 95 °C for 1 min, followed by 40 cycles of dena-
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turation at 95 °C for 15 seconds, annealing at 60 °C for 30
seconds, and extension at 72 °C for 45 seconds, with a final
extension at 72 °C for 1 min. GAPDH from mice served as the
internal control, and the 274 method was used to quantify
the relative mRNA levels of inflammatory cytokines (IL-1p,
IL-6, TNF-at), zonula occludens 1 (ZO-1), and occludin.

2.4 Extraction of fecal genomic DNA, sequencing of 16S
rRNA gene, and microbiota data analysis

The experimental procedures in this study were based on the
methodology outlined by Wu et al.*® The preparation of fecal
samples and the method for 16S rRNA sequencing were
described previously.*® In the present study, PCR amplification
was performed using barcoded primers designed for the V3-
V4 region of the 16S rRNA gene to amplify fecal DNA samples.
Sequencing was carried out using the NovaSeq 6000 SP
Reagent Kit V1.5 on the Illumina platform. Initially, quality
control of the original sequences was performed using the
Qubit® 2.0 Fluorometer (Thermo Scientific) according to
preset default parameters. Bioinformatics analysis was then
conducted using QIIME software (v1.9.0). Statistical analysis
and graph creation were performed using programming
languages such as R (3.6.0), Python (3.7.4), and Java to carry
out a-diversity analysis, p-diversity analysis, microbial commu-
nity clustering analysis, and differential species analysis.

2.5 Western blot analysis

The experimental procedures in this study were adapted from
the description provided by Wang et al.>®* Whole lung tissue
was weighed, mixed with 1 ml RIPA buffer, ground, and centri-
fuged to determine the protein concentration using a BCA kit.
Equal amounts of protein underwent SDS-PAGE, were trans-
ferred to PVDF membranes, and blocked with 5% BSA. The
primary antibodies used are listed in Table S2 and were incu-
bated at 4 °C for 8-10 h. After washing with PBST, secondary
antibodies, as detailed in Table S2, were applied, with incu-
bation at 22 °C to 25 °C. Protein bands were visualized using
an ECL Kkit, images were captured with the Tianneng system,
and analyzed using Image] software.

2.6 Intestinal immunohistochemistry (IHC) and lung tissue
immunofluorescence (IF)

IHC was performed following the methodology described by
Jia et al* Intestinal tissue specimens were embedded in
paraffin, followed by deparaffinization, hydration, and block-
ing. Sections were incubated with primary antibodies (specific
antibodies are listed in Table S2) at 4 °C for 8-10 h. After incu-
bation with primary antibodies, the sections were incubated
with a biotinylated secondary antibody (Cat. No. 21538-M) and
SABC working solution. The expression of tight-junction pro-
teins ZO-1 and occludin in intestinal tissue was observed
using an optical microscope. The observed results were quanti-
tatively analyzed using Image] software.

IF was performed according to the methodology specified
by Yang et al.*' Lung tissue sections were washed and blocked,
then incubated with primary and secondary antibodies. The

This journal is © The Royal Society of Chemistry 2026
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sections were then incubated with a 5 pg mL™" DAPI working
solution for 5 minutes. Finally, sections were mounted with an
anti-fade mounting medium, and images were captured using
a fluorescence microscope.

2.7 Metabolomics and transcriptomics

Metabolomics was performed according to the methodology
described by Fu et al*® Fecal samples from each mouse
(20 mg) were weighed and mixed with 400 pL of a 70% metha-
nol-water internal standard extraction solution. After vortex
mixing and centrifugation, 200 pL of the supernatant was
transferred for instrumental analysis. Chromatographic separ-
ation was conducted under T3 conditions using a Waters
ACQUITY Premier HSS T3 Column (1.8 pm, 2.1 mm X
100 mm). Mobile phase A consisted of 0.1% formic acid in
water, and mobile phase B contained 0.1% formic acid in
acetonitrile. The column temperature was set to 40 °C, with a
flow rate of 0.4 mL min~" and an injection volume of 4 pL.
Raw data were processed using the XCMS program combined
with ProteoWizard software. Metabolites were identified via
the metDNA method, and data analysis was performed using R
language (version 4.1.2).

Transcriptomics was conducted following the procedure
defined by Hu et al.** A 50 mg lung tissue sample was hom-
ogenized with 1 mL of TRIzol reagent at 4 °C. Total RNA was
isolated and purified using the phenol-chloroform method.
mRNA was then captured using Epi™ mRNA Capture Beads
(cat. no. R2020-96), and library preparation was performed
using the Epi™ mRNA Library Fast kit (cat. no. R1810). Library
quality control was conducted with the Bioptic Qsep100
Analyzer (cat. no. R1809). Sequencing was performed on the
NovaSeq  high-throughput sequencing  platform in
PE150 mode.

2.8 Elucidation of the mechanism of EGCG in regulating the
inflammatory response in ARDS using systematic network
pharmacology methods

In this study, targets associated with EGCG were extracted
from the Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP). The chemical struc-
ture of EGCG was retrieved in Simplified Molecular Input Line
Entry System (SMILES) format from the PubChem database
(https:/pubchem.ncbi.nlm.nih.gov) (Fig. S5A). These SMILES
strings were then entered into the SwissTargetPrediction
small-molecule target prediction platform (https:/www.swis-
stargetprediction.ch) to predict potential targets.

To construct a target library related to ARDS inflammation,
the DisGeNET database (https:/www.disgenet.org) was used,
with search keywords such as “acute lung injury”, “acute res-
piratory distress syndrome”, “inflammation”, and “sepsis”.
The GeneCards database (https:/www.genecards.org) and the
Online Mendelian Inheritance in Man database (OMIM,
https://www.omim.org) were also searched using the same key-
words, including “inflammatory” and related terms. The
search results were filtered, with the screening criterion set to
a GeneCards score of >3. The Venny v2.1.0 tool (https:/bioin-
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fogp.cnb.csic.es/tools/venny/index.html) was used to identify
the common targets between the EGCG target gene database
and the inflammation-related target library.

A protein-protein interaction (PPI) network was constructed
using the STRING v12.0 database (https:/string-db.org/), mapping
EGCG targets to inflaimmation-related targets. Interaction data
were exported in tab-separated values (TSV) format and imported
into Cytoscape v3.10.1 for further analysis. Additionally, compre-
hensive gene annotation and analysis were performed using the
web-based DAVID database (https:/david.nciferf.gov/), with “Mus
musculus” set as the pre-analysis species. Gene Ontology (GO)
annotation and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis were conducted. The GO
analysis was categorized into three main domains: biological
process (BP), cellular component (CC), and molecular function
(MF). Finally, a bubble chart was generated using the free online
bioinformatics data analysis resource at Bioinformatics (https:/
www.bioinformatics.com.cn).

2.9 Statistical analysis

Consistent results were ensured by replicating all experimental
procedures, with each study repeated at least three times.
Statistical analysis was performed using Tukey’s multiple com-
parison test in GraphPad Prism Software (version 9.5.1;
GraphPad Software, San Diego, CA) to determine significance
between sample comparisons. Data are presented as Mean *
SEM, and statistical significance was set at p < 0.05.

3. Results

3.1 Protective effect of EGCG monotherapy against LPS-
induced inflammation responses in ARDS mice

To comprehensively evaluate the anti-inflammatory effects of
EGCG in LPS-induced ARDS, the safety profile of EGCG
(<20 mg kg™') was assessed through acute toxicity tests,
including survival curves and body weight monitoring. Then,
the ARDS model was optimized using a 10 mg kg™* LPS intra-
tracheal instillation based on survival outcomes and lung his-
topathological (H&E) analysis (Fig. S1). LPS-challenged mice
exhibited significant weight loss and elevated lung W/D ratios
at 24 h, compared to controls. Notably, EGCG pretreatment
mitigated these changes (Fig. 1A, B and E). Additionally, EGCG
attenuated LPS-induced pulmonary pathology, including
edema, alveolar hemorrhage, inflammatory cell infiltration,
hyaline membrane formation, alveolar thickening, and epi-
thelial necrosis, resulting in reduced histopathological scores
(Fig. 1C and D). Furthermore, EGCG suppressed LPS-driven
increases in BALF protein concentration and inflammatory cell
counts (Fig. 1F-I). Critically, EGCG pretreatment downregu-
lated the expression and secretion of IL-1p, IL-6, and TNF-« in
lung tissue, with the 20 mg kg™' EGCG dose showing the most
significant effect (Fig. 2A-L). In conclusion, this study demon-
strates that EGCG (20 mg kg™') effectively alleviates LPS-
induced ARDS by reducing inflammation and tissue damage
in mice.
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Fig. 2 EGCG ameliorates LPS-induced inflammation. (A—C) Serum levels of inflammatory factors (IL-1f, IL-6, TNF-«) measured using ELISA. (D—F)
Inflammatory factor levels (IL-1f, IL-6, TNF-a) in BALF measured using ELISA. (G-1) Inflammatory factor levels (IL-1f, IL-6, TNF-a) in lung tissue,
determined by ELISA. (J—L) mRNA expression of IL-1f, IL-6, and TNF-« in lung tissue assessed by RT-PCR. Data are normalized to the control group
and presented as means + SEMs (N = 8, ##p < 0.01, ##p < 0.001, ***#p < 0.0001, compared to the control group; *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, compared to the LPS-induced group).

3.2 Gut microbiota remodeling by EGCG mediates protection
against LPS-triggered ARDS

The gut microbiota, a key regulator of host immunity via the

gut-lung axis, plays a significant role in the inflammatory
injury associated with ARDS. While EGCG is known to modu-

3192 | Food Funct., 2026, 17, 3186-3211

late gut microbiota,** its therapeutic efficacy in alleviating
ARDS inflammation through this specific mechanism remains
to be further explored. To address this, 16S rRNA sequencing
was employed to analyze fecal samples. Venn diagrams,
a-diversity metrics (Chao index, ACE index, observed features,
Shannon diversity index, and Simpson diversity index), and
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B-diversity analysis revealed that while the microbial commu-
nity compositions of the EGCG-treated, LPS, and control
groups were similar both statistically and biologically, distinct
microbial taxa were identified in the EGCG-treated group
(Fig. S2). At the phylum, family, genus, and species levels, the
relative abundance of specific microbial taxa in the EGCG-
treated group, calculated as a percentage of intestinal bacteria,
exhibited dynamic changes compared to the LPS and control
groups. Notably, the relative abundance of beneficial bacteria
within the phylum Verrucomicrobia showed a significant
increase (Fig. S3 and Fig. 3A). Linear discriminant analysis
effect size (LEfSe) further demonstrated that the relative abun-
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dance of AKK was significantly higher in the EGCG treatment
group compared to the LPS and control groups (Fig. 3B).
Previous studies have shown that LPS-induced inflammation
in ARDS leads to intestinal pathology, including mucosal
edema, inflammatory cell infiltration, and disruption of tight-
junction proteins, ultimately compromising intestinal barrier
function and facilitating the translocation of pathogenic
mediators into systemic circulation.”” As a potent antioxidant,
EGCG may help preserve intestinal homeostasis by mitigating
these effects.*® In line with this, our histopathological analysis
revealed that LPS challenge caused severe intestinal damage,
including mucosal swelling, villus separation, and leukocyte
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aggregation, whereas EGCG pretreatment significantly alleviated
these pathological changes (Fig. 4A and B). RT-PCR and western
blot analysis demonstrated that LPS downregulated the
expression of ZO-1 and occludin in colon tissue, but EGCG pre-
treatment (with the 20 mg kg™ dose showing maximal efficacy)
reversed this effect (Fig. 4C-G). IHC further confirmed these
protein expression patterns (Fig. 4H-J). These results suggest
that EGCG may alleviate LPS-induced ARDS by modulating the
intestinal microecological environment, with Akkermansia muci-
niphila (AKK) potentially playing a key role.

3.3 Fecal microbiota transplantation reveals EGCG’s role in
alleviating ARDS through gut microbiota regulation and AKK
enrichment

To further elucidate the mechanism by which EGCG modu-
lates the inflammatory response in ARDS mice through gut
microbiota, a fecal microbiota transplantation (FMT) experi-
ment was conducted (Fig. 5A). Protein analysis revealed that
the protein concentration in the BALF of mice receiving
EGCG-FMT was significantly lower than in the LPS group and
comparable to that in the LPS + EGCG (20 mg kg™') group
(Fig. 5B). Lung damage, inflammatory cell infiltration, and
pro-inflammatory cytokine levels in serum, BALF, and lung
tissue showed consistent trends with the observed changes in
BALF protein levels (Fig. 5C-S). In the gut, EGCG-FMT mice
exhibited reduced intestinal inflammatory pathology com-
pared to the LPS group, with histopathological scores similar
to those in the LPS + EGCG group (Fig. 6A and B). Moreover,
the mRNA and protein expression of ZO-1 and occludin in the
colon were restored in EGCG-FMT mice, showing no signifi-
cant difference from the LPS + EGCG group (Fig. 6C-G). Gut
microbiota analysis in EGCG-FMT mice post-LPS treatment,
alongside control and LPS groups, revealed distinct commu-
nity composition through beta-diversity analysis (Fig. 6H).
Unique taxonomic features at the genus and species levels
were observed in EGCG-FMT mice, with a significantly higher
relative abundance of AKK compared to the control and LPS
groups (Fig. 61 and J]). In summary, EGCG-modulated gut
microbiota may mitigate LPS-induced ARDS inflammatory
damage independently, potentially linked to AKK enrichment
and enhanced intestinal barrier function.

3.4 AKK as key mediator of EGCG’s anti-inflammatory effects
in LPS-induced ARDS mice

Both EGCG and EGCG-FMT treatments significantly increased
the abundance of AKK. Based on these findings, AKK plays a
key role in regulating the host’s inflammatory response to LPS-
induced ARDS. To test this hypothesis, AKK was transplanted
into mice, and the results showed that, compared to the LPS
group, the protein levels in BALF from AKK-transplanted mice
were significantly reduced, reaching levels comparable to
those of the LPS + EGCG (20 mg kg™") group (Fig. 7A and B).
Importantly, the severity of lung pathology, inflammatory cell
infiltration, and pro-inflammatory cytokine levels in serum,
BALF, and lung tissue consistently mirrored the changes in
BALF protein concentrations (Fig. 7C-S). In the intestine, AKK

3194 | Food Funct., 2026, 17, 3186-3211

View Article Online

Food & Function

transplantation significantly alleviated LPS-induced inflamma-
tory damage, with histological scores comparable to those of
the LPS + EGCG group (Fig. 8A and B). Furthermore, AKK
transplantation restored the mRNA and protein expression of
tight junction proteins (ZO-1 and occludin) in the colon to
levels similar to those observed in the LPS + EGCG group
(Fig. 8C-G). Collectively, these results demonstrate that AKK
alone is sufficient to mitigate LPS-induced ARDS inflam-
mation, with efficacy comparable to EGCG treatment. These
results strongly support the conclusion that EGCG alleviates
ARDS primarily by enriching the relative abundance of AKK,
thereby enhancing gut barrier integrity and promoting sys-
temic anti-inflammatory responses.

3.5 EGCG ameliorates ARDS through AKK-mediated SCFAs
production and gut-lung axis modulation

To identify the key mediators underlying AKK’s inhibitory
effects on ARDS inflammation, metabolomic profiling of treat-
ment-associated metabolites was performed. Principal com-
ponent analysis (PCA) revealed distinct fecal metabolite pro-
files in the LPS + AKK group compared to both control and
LPS groups (Fig. 9A). Targeted analysis identified SCFAs as the
most significantly altered anti-inflammatory metabolites
(Fig. 9B). GC-MS analysis showed that compared with the LPS
group, the levels of key SCFA components—acetic acid, propio-
nic acid, and butyric acid—in feces, serum, and lung tissues
all exhibited an upward trend in mice treated with EGCG and
AKK. Notably, no statistically significant difference was
observed between the LPS + AKK group and the LPS + EGCG
20 mg kg~' group (Fig. 9C-K). Previous studies have reported
that SCFAs content can be measured using an ELISA kit.*”
Using the ELISA kit for detection, the present study observed
that the trends in SCFAs content in feces, serum, and lung
tissues were highly consistent with the results from GC-MS
analysis (Fig. S4E-G). Subsequently, GC-MS analysis was con-
ducted on mice treated with AKK. The results revealed that
acetic acid, propionic acid, and butyric acid together
accounted for 98% of the total SCFAs, with an approximate
molar ratio of 4:1:1 (Fig. S41). These results strongly support
the mechanistic model that EGCG induces SCFA production,
which enters the systemic circulation and accumulates in lung
tissues. In the lung, SCFAs’ main components (acetate, propio-
nate, and butyrate) act synergistically to alleviate the inflam-
matory response in ARDS.

To verify this model, SCFAs were administered to mice,
which were then challenged with LPS (Fig. 10A). Protein
content in the BALF of mice in the LPS + SCFAs group was sig-
nificantly lower compared to the LPS group, with no statisti-
cally significant difference when compared to the LPS + EGCG
20 mg kg™* group (Fig. 10B). Therapeutic effects were observed
across multiple parameters: lung pathology and inflammatory
cell infiltration showed marked improvement, while pro-
inflammatory cytokine levels in serum, BALF, and lung tissue
were significantly reduced (Fig. 10C-S). Additionally, intestinal
barrier integrity was restored, as evidenced by improved histo-
pathological scores and upregulation of tight junction proteins

This journal is © The Royal Society of Chemistry 2026
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(B) Quantitative analysis of histological scores of intestinal tissues. (C and D) RT-PCR analysis of ZO-1 and occludin levels in mouse intestinal tissues.
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0.001, ****p < 0.0001 compared to the LPS-induced group).
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in serum using ELISA kits. (K—M) Measurement of inflammatory factors (IL-1p, IL-6, and TNF-«a) in BALF using ELISA kits. (N—P) ELISA analysis of
inflammatory factors (IL-14, IL-6, TNF-a) in lung tissues. (Q—S) RT-PCR measurement of inflammatory factors (IL-1p, IL-6, TNF-a) in lung tissues. All
data were normalized to the control group. Data are presented as means + SEMs (N = 8, **##p < 0.0001, compared to the control group; ****p <

0.0001, compared to the LPS-induced group; "p > 0.05, compared to the LPS + EGCG 20 mg kg~ group).
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Fig. 6 Gut microbiota from EGCG-treated mice alleviates LPS-induced intestinal mucosal injury. (A) H&E staining of intestinal tissues from each

group of mice (scale bar = 50 um). (B) Quantitative analysis of histological scores of intestinal tissues. (C and D) RT-PCR analysis of ZO-1 and occlu-
din levels in mouse intestinal tissues. (E) Immunohistochemical detection of ZO-1 and occludin protein expression in intestinal tissues (scale bar =

20 pm). (F and G) Mean Fluorescence Intensity (MFI) of ZO-1 and occludin proteins measured by Imaged. (H) p-Diversity analysis of gut microbiota in

different experimental groups based on principal coordinate analysis (PCoA) (N = 5). () Community heatmap analysis at the species level. (J) LEfSe
analysis of differentially abundant taxa among experimental groups. All data were normalized to the control group. Data are presented as means +

SEMs (N = 8, ####p < 0.0001 compared to the control group; **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the LPS-induced group; "p >
0.05 compared to the LPS + EGCG 20 mg kg~ group).
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Fig. 7 AKK alleviates LPS-induced inflammation and lung injury. (A) Diagram illustrating the experimental design employed in Experiment 3. (B)
Protein concentration in BALF. (C) H&E staining reveals histomorphological characteristics of the lung (scale bar = 50 pm). (D) Histological scores of
lung tissues, enabling quantitative analysis. (E-G) Hematology analyzer-based cell count of total white blood cells, neutrophils, and mononuclear
macrophages. (H-J) Levels of inflammatory factors (IL-1p, IL-6, TNF-a) in serum measured using ELISA kits. (K—-M) Measurement of inflammatory
factors (IL-1p, IL-6, TNF-«) in BALF using ELISA kits. (N—P) ELISA analysis of inflammatory factors (IL-1, IL-6, TNF-a) in lung tissues. (Q-S) RT-PCR
analysis of inflammatory factors (IL-1p, IL-6, TNF-a) in lung tissues. All data were normalized to the control group. Data are presented as means +
SEMs (N = 8, ##p < 0.001, #*###p < 0.0001 compared to the control group; **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to the LPS-induced
group; ™p > 0.05 compared to the LPS + EGCG 20 mg kg™ group).
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Fig. 8 AKK alleviates LPS-induced intestinal mucosal injury. (A) H&E staini

ng of intestinal tissues from each group of mice (scale bar = 50 pm). (B)

Quantitative analysis of histological scores of intestinal tissues. (C and D) RT-PCR analysis of ZO-1 and occludin levels in mouse intestinal tissues. (E)
Immunohistochemical detection of ZO-1 and occludin protein expression in intestinal tissues (scale bar = 20 pm). (F and G) Mean Fluorescence
Intensity (MFI) of ZO-1 and occludin proteins measured by Imaged. All data were normalized to the control group. Data are presented as means +
SEMs (N = 8, ###p < 0.001, #*###p < 0.0001 compared to the control group; *p < 0.05, **p < 0.01, ***p < 0.001 compared to the LPS-induced group;

"p > 0.05 compared to the LPS + EGCG 20 mg kg™ group).

ZO-1 and occludin (Fig. 11A-G). Collectively, these results
demonstrate that SCFAs alone can replicate EGCG’s protective
effects against LPS-induced ARDS, strongly suggesting that
EGCG exerts its anti-inflammatory action primarily through
SCFA elevation.

This journal is © The Royal Society of Chemistry 2026

3.6 SCFAs alleviate LPS-induced pulmonary and intestinal
Injury in ARDS via the JAK2/STAT3 signaling pathway

To elucidate the mechanism by which SCFAs mitigate inflam-
matory injury in ARDS, network pharmacology and transcrip-
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Fig. 9 AKK exerts its effects by increasing the concentration of SCFAs. (A) Analysis of metabolites in mice treated with LPS and/or AKK based on
principal component analysis (PCA). (B) Heatmap analysis 