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Introduction

Lactobacillus fermentum remodeled the lung
microbiota by crosstalk with the gut and lungs and
regulated the PI3K-AKT pathway to alleviate acute
lung injury

Jiali Ni,+? Jian Shen,T° Fengjiao Wang,? Yechen Wu,® Bo Qiu,? Ziyuan Zhou,?
Qianhan Xie,? Shengjie Li,? Qianggiang Xiang,® Tinglei Song,? Yuxi Zhao,?
Yanfei Chen*? and Lanjuan Li (2 *?

Acute lung injury (ALl) is a syndrome of acute inflammatory lung injury triggered by diverse etiological
factors, which can lead to atelectasis, prolonged hypoxemia, severe respiratory distress, and high mor-
tality. There is increasing evidence that the gut microbiota is involved in regulating pulmonary immunity,
and the gut-lung axis plays a critical role in pulmonary diseases. The primary objective of this study was
to investigate the effect of Lactobacillus fermentum on lipopolysaccharide (LPS)-induced ALI. After the
establishment of an LPS-induced ALl model and gavage with L. fermentum, pulmonary edema and
inflammatory cell infiltration in mice were significantly reduced. In addition, L. fermentum regulated the
gut microecology, restored the gut barrier, remodeled the lung microecology and increased the abun-
dance of Lactobacillaceae through gut-lung cross-talk. Multi-omics results suggested that L. fermentum
intervention regulated sphingolipid metabolism and downregulated the PI3K-AKT pathway. Moreover,
intervention of lung organoids with the cell-free supernatant (CFS) of L. fermentum significantly reduced
LPS-induced autoinflammatory responses and confirmed the down-regulation of the PI3K—AKT signaling
pathway. In conclusion, L. fermentum alleviates LPS-induced lung injury by regulating the PI3K-AKT sig-
naling pathway via the gut—lung axis, offering a potential therapeutic approach for ALI.

involves lung-protective ventilation and fluid management,
with the addition of therapies such as glucocorticoids, inhaled

Acute lung injury (ALI) is a rapidly progressing lung condition
characterized by diffuse inflammation and injury, which can
be triggered by various pathogenic factors." ALI may lead to
atelectasis, long-term hypoxemia, severe respiratory distress,
and even acute respiratory distress syndrome (ARDS)."”
However, treatment for ALI is limited, and the mortality rate is
as high as 40%.> The primary approach of ALI treatment
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pulmonary vasodilators, neuromuscular blockade, or extracor-
poreal membrane oxygenation as needed.*

The gut-lung axis serves as a critical pathway through
which gut microbiota and their metabolites influence lung
immunity.> The development of pulmonary diseases has been
consistently linked to gut dysbiosis, characterized by a decline
in Bifidobacterium, Blautia, Faecalibacterium prausnitzii,
Lactobacillus, and Akkermansia, and an increase in
Proteobacteria, Escherichia-Shigella, Enterococcus, Parasutterella,
and Alloprevotella, as observed in community-acquired pneu-
monia, acute pancreatitis-induced ALI/ARDS, COVID-19, and
ALI mouse models.®™*?

Targeting the gut microbiota presents a viable strategy for
ameliorating lung injury. Fecal microbiota transplantation can
rapidly restore microbial communities and mitigate lung cell
apoptosis by systemic
immunity.”>'* Similarly, direct probiotic supplementation
demonstrated efficacy. For instance, Akkermansia muciniphila
exerted anti-inflammatory effects via its metabolite butyrate,
inhibiting the TLR2/MyD88/NF-xB pathway.'> Clinical trials

improving gut pathology and
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further supported this approach; supplementation with
Lactobacillus fermentum alleviated respiratory and gastrointesti-
nal symptoms in athletes, and a probiotic formulation contain-
ing Lactiplantibacillus and Pediococcus improved outcomes in
COVID-19 patients.'®'” Collectively, these findings under-
scored that modulating the gut microbiota, either directly or
indirectly, interacted with the host immune system to confer
protection against lung injury.

Limosilactobacillus fermentum (Lactobacillus fermentum), a
widely used probiotic strain isolated from fermented grain-
based foods, exhibited notable acid and bile tolerance—a key
probiotic property that supports survival under harsh gastroin-
testinal conditions and is also valuable for food industry
applications."®° Its probiotic efficacy has been attributed to a
variety of mechanisms, including the ability to form intestinal
biofilms, which inhibit pathogen colonization, modulate
immune responses, and reduce the production of pro-inflam-
matory factors.'®?%>! These properties supported its protective
role in various disease models. In a mouse influenza model,
the abundance of Lactobacillus was consistently reduced in the
oropharynx, nasopharynx, lungs, and gut, highlighting the
potential of Lactobacillus as a therapeutic target for pulmonary
infections.>?

Lactobacillus can secrete acids, bacteriocins and other by-
products, which can neutralize the infections caused by patho-
gens and regulate the host’s inflammatory and immune
responses.”® A study on the anti-inflammatory activity of pro-
biotic metabolites found that the cell-free supernatant of
Lactobacillus ~ strains  (Lactobacillus  acidophilus,
Lactobacillus casei, Lactobacillus reuteri, etc.) exhibited specific
anti-inflammatory activity, regulating the production of IL-1p,
IL-6, TNF-a, and IL-10.>* The CFS of L. fermentum also has
certain anti-inflammatory and anti-oxidant stress effects.>® The
research on cellular anti-aging has found that the CFS of
L. fermentum significantly reduced key aging markers, includ-
ing the expression of p53/p21WAF1 and SA-f-Gal, while inhi-
biting p38MAPK, NF-kB, oxidative stress (iNOS, COX-2 and
ROS) and DNA damage.”® Considering the low pH properties
of L. fermentum, we conducted an in vitro intervention experi-
ment using the CFS of the lactic acid bacteria.

This study focused on the role of Lactobacillus fermentum in
regulating the immune function of the gut-lung axis.
Leveraging comprehensive multi-omics analysis (16S sequen-
cing, transcriptomics, and metabolomics), this study evaluated
the effect of L. fermentum on LPS-induced ALI and sought to
uncover its underlying mechanism.

various

Results

L. fermentum attenuates inflammation and preserves the
pulmonary barrier function

A stable ALI model was successfully established via a single
administration of LPSs (Fig. 1A). As shown in Fig. 1B and C,
while L. fermentum gavage did not adversely affect body weight
over 21 days (p > 0.05), the LF group exhibited a slower rate of
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weight loss after LPS induction compared to the LPS group (p
< 0.05). Compared to the LPS group, the LF group exhibited a
lower lung W/D ratio (Fig. 1D, p < 0.01), indicating less severe
pulmonary edema. The total protein concentration, cell
number, and the LDH activity in the LF group were signifi-
cantly improved (LF vs. LPS, p < 0.05, p < 0.01 and p < 0.001,
respectively), suggesting that the alveolar barrier was repaired
after L. fermentum intervention. The lung injury score and H&E
staining (Fig. 1H and I) showed that mice in the LPS group
had diffuse inflammatory cell infiltration in the alveoli and
interstitium, thickening of the alveolar walls and interstitium,
and severe damage or disappearance of normal lung structure.
Compared with the LPS group, the LF group demonstrated
markedly ameliorated lung histopathology, characterized by
lower injury scores, thinner alveolar walls, and reduced inflam-
matory cell infiltration. These results indicated that
L. fermentum can reduce inflammatory cell infiltration and pul-
monary edema, and protect the lung barrier function.

The study found that L. fermentum significantly reduced the
acute inflammatory response caused by LPS. In BALF, the levels
of IL-1f and IL-6 in the LF group were significantly decreased
(Fig. 1] and K, LF vs. LPS, p < 0.01 and p < 0.05). In serum, the
levels of IL-1p, IL-6, TNF-o and MCP1 in the LF group were sig-
nificantly lower than those in the LPS group (Fig. 1L-O, LF vs.
LPS, p < 0.01, p < 0.05, p < 0.05, and p < 0.001, respectively).
Furthermore, immunohistochemical analysis of F4/80 and MPO
(Fig. 1P and Q) revealed that the L. fermentum intervention signifi-
cantly improved the aggregation of macrophages and neutrophils
in the lungs induced by LPS.

L. fermentum improves the gut barrier function and regulates
gut metabolism

Serum LBP concentrations were measured to reflect gut per-
meability and serve as a marker for the translocation of gut
microorganisms and of systemic LPS exposure.”’” Compared
with the NC group, the LBP level of serum in the LPS group
was significantly increased (Fig. 2A, LPS vs. NC, p < 0.001), and
it was significantly decreased in the LF group (LF vs. LPS, p <
0.01). We measured the mRNA expression levels of several
typical gut barrier factors, like zonula occludens protein 1
(zO-1), mucin 2 (MUC-2), and Occludin (Fig. 2B). At the mRNA
level (Fig. 2B), the relative mRNA expression of MUC-2,
Occludin, and ZO-1 in the colonic tissue was significantly
downregulated in the LPS group compared to the NC group
(LPS vs. NC, p < 0.001, p < 0.001 and p < 0.01, respectively).
L. fermentum gavage effectively reversed this trend, upregulat-
ing their expression compared to the LPS group (LF vs. LPS, p
< 0.001, p < 0.001 and p < 0.05 respectively).
Immunofluorescence was used to detect the protein expression
of ZO-1, MUC-2 and Occludin (Fig. 2C). We found that the
tight junction structure and mucus layer thickness of the gut
mucosa were restored after L. fermentum intervention.

LPS induction significantly altered the gut metabolism (SI
Fig. S1A and B and Fig. 2D). Compared to the LF group with
the LPS group, lipid metabolites were elevated in the LPS
group, including multiple sphingolipids (SL 14:3;0/16:4,

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo04619j

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

Open Access Article. Published on 08 January 2026. Downloaded on 1/11/2026 9:40:00 AM.

(cc)

View Article Online

Food & Function Paper
A Intratracheal injection B ok C
Saline 40 - e NC
PBS L _PBS nc —— . Ps
3 3 s o © LF 5
LPS (5mg/kg) £ ke £
=4 B o
PBS | _PBS jLps g » 2
>
LPS (5mglkg) g H
L fermentans L fermentans | 0 : ; 1 : . .
o o 0 2 4 6
D21 D2.6 < ° Days post-LPS induced (day)
Sacrifice

F *k
* Kk

G e H =

Pulmonary injury score

LDH activity in BALF(milliunits/ml)

Total Protein Concentration in BALF (ng/ml)

* % 500

IL-1B in BALF (pg/ml)
IL-6 in BALF (pg/ml)
serum IL-1B (pg/ml)

serum IL-6 (pg/ml)
serum TNF-a (pg/ml)
=
.
serum mcp1 (pg/ml)

MPO

Fig. 1 (A) LPS was used to establish a stable model of acute lung injury. (B) Bar graph of body weight after 21 days of L. fermentum gavage and after
5 days of LPS induction. (C) Curves of body weight changes after LPS induction. (D) Wet dry ratio (W/D) of the lungs. (E and F) Total protein concen-
tration and total cell number in BALF. (G) LDH activity. (H) Pulmonary injury score. () H&E staining in the lung tissue. (J and K) The levels of IL-1p and
IL-6 in BALF. (L—O) The levels of IL-1p, IL-6, TNF-a, and MCP1 in serum. (P and Q) Immunohistochemical staining of F4/80 and MPO in lung tissue.
Data are presented as the mean + standard error of the mean (mean + SEM); *p < 0.05, **p < 0.01 and ***p < 0.001.
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(A) Serum LBP level. (B) Relative mRNA expression levels of MUC-2, Occludin, and ZO-1; GAPDH was used as the internal reference. (C)
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**p < 0.01 and ***p < 0.001.

indicates that p > 0.05. Data are presented as the mean + standard error of the mean (mean + SEM); *p < 0.05,

SHexCer d33:1) and cardiolipin (CL(8:0/8:0/10:0/18:2(9Z,112))). in the LPS group. The elevated levels of Maltoxazine,
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membrane suggested damage to the gut cell barrier. The an imbalance of the intestinal flora, which is caused by an
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orders. LPS-induced inflammation leads to a shift in the gut
metabolic environment to a pro-inflammatory and disordered
state. The expression levels of these metabolites were nega-
tively correlated with those of gut barrier-related genes (ZO-1,
MUC-2 and Occludin) (Fig. 2E). After L. fermentum interven-
tion, the gut barrier was repaired, gut inflammation was
reduced and gut immune activation was balanced.

L. fermentum restored the gut microbiota in LPS-induced
acute lung injury

The gut microbiota showed significant structural and abun-
dance abnormalities. In terms of a-diversity, the Chaol and
Shannon indices were significantly decreased (Fig. 3A, LPS vs.
NC, p < 0.05 and p < 0.05). The PCoA analysis of p-diversity
also revealed abnormalities in the LPS group. After supple-
menting L. fermentum by gavage, the PCoA plot of B-diversity
analysis showed that the gut species composition structure of
the LF group changed to that of the NC group (Fig. 3B). As
shown in Fig. 3C, the relative abundances of Lachnospiraceae,
Prevotellaceae, Lactobacillaceae, Ruminococcaceae, and
Enterobacteriaceae in the LF group were increased, compared
to the LPS group. Linear discriminant analysis (LDA) was used
to illustrate the biological differences in the gut microbiota
(Fig. 3D and E). Compared with the NC group, LPS induced
increased abundance of Rhodospirillales at the order level,
Oscillospiraceae, Bacteroidaceae and Tannerellaceae at the
family level, and Bacteroides and Parabacteroides at the genus
level. Compared with the NC group, the LF group increased
the abundance of Oscillospiraceae at the family level, and
Prevotellaceae_ NK3B31_group at the genus level. Compared
with the LPS group, the LF group increased the abundance of
Firmicutes at the phylum level, Bacilli at the class level,
Lactobacillales at the order level, Lactobacillaceae at the family
level, and Ligilactobacillus, Lachnospiraceae  NK4A136_group
and Prevotellaceae_ NK3B31_group at the genus level.

L. fermentum reshaped the lung microecology and regulated
lung metabolism

Pronounced compositional differences in the lung microbiota
were observed, with the LF group significantly distinct from
the other two groups in the Chao1 index in a-diversity and in
PCoA analysis in p-diversity (Fig. 4A and B). These results indi-
cate that the changes of the gut microbiota after L. fermentum
supplementation affected the species structure and abundance
of the pulmonary microbiota at the same time, and a new pul-
monary microbial system was constructed. As shown in
Fig. 4C, the abundance of Lactobacillaceae increased in the LF
group, as shown in the column plots of species abundance.
LEfSe analysis is shown in Fig. 4D and E (LDA > 3). Compared
with the NC group, the LPS group increased the abundance of
Acidovorax at the genus level and Blastocatellia at the class
level. Compared with the LPS group, the LF group increased
the abundance of Enterobacteriaceae and Pseudomonadaceae
at the family level, Pseudomonadales and Lactobacillales at
the order level, Latilactobacillus and Pseudomonas at the genus
level, etc. In addition, the abundances of f Bacteroidaceae,

This journal is © The Royal Society of Chemistry 2026
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g Bacteroides, and f Tannerellaceae were all increased in the
lungs and gut of the LPS group (LPS vs. LF).

Similarly, LPS and L. fermentum also caused changes in the
levels of metabolites in the lungs (SI Fig. S1C and D and
Fig. 4F). Compared with the LF group, the down-regulated
lung metabolites in the LPS group were mainly sphingolipid
signaling molecules involved in cell apoptosis and inflam-
mation, including multiple sphingolipids, as shown by
SHexCer14:3; 20/12:1; O, SL17:0; O/15:0; O, SL17:0; 0O/16:0,
SL17:0; O/15:0, SL18:0; O/16:0, SL16:0; O/14:0, SL17:0; O/14:0,
Cer(d16:1/PGE2), Cer(d16:1/PGF2alpha), etc., whose depletion
may impair lung barrier function and signal transduction
(Fig. 4F). As an important chemotactic factor, leukotriene
B4 may be related to the blocked recruitment or depletion of
immune cells to the lungs. The decrease in amino acids and
their derivatives, such as ornithine-CA and His-Ser-Lys-Lys,
may reflect a decrease in the metabolic capacity of lung func-
tion. The significant up-regulation of 3-guanidinopropanoate,
a product of oxidative stress, further suggested that LPS
caused lung injury through oxidative stress.

L. fermentum modulates the lung transcriptome in LPS-
induced lung injury

The transcriptome analysis of lungs showed that there was a
significant separation between different groups in the princi-
pal component space, and the LPS group and the LF group
had significant differences in gene expression (Fig. 5A). The
Venn diagram showed that a total of 4888 genes were detected
(Fig. 5B). Comparison of the LPS and LF groups revealed 485
up-regulated genes and 1139 down-regulated genes in the LPS
group (Fig. 5C). These genes were annotated against the KEGG
pathway database to identify significantly enriched pathways
and 13 significant signaling pathways were identified. Among
them, the disease-related pathways were the PI3K-AKT signal-
ing pathway, the TGF-p signaling pathway, focal adhesion, the
ECM-receptor interaction, complement and coagulation cas-
cades, and phagosome and platelet activation (Fig. 5D). As
shown in Fig. 4E, by mapping key genes through the PI3K-
AKT signaling pathway, we detected the following key genes
that were significantly expressed in the LPS group: Tnc, Fni,
Fgfr1, Areg, Ntrk2, Thbs1, Cdknla, Myc, and Ngf. Among them,
the significantly up-regulated genes Fni, Thbsi, Areg, Ntrk2,
and Ngf activated the PI3K-AKT/NF-kB signaling pathway, pro-
moting inflammatory factor infiltration and alveolar epithelial
barrier damage. As shown in Fig. 5F-I, the mRNA relative
expression of PI3K, AKT, iNOS, and NF-«B in the LPS group
was significantly upregulated, and was significantly reduced in
the LF group (LF vs. LPS, p < 0.001, p < 0.01, p < 0.05 and p <
0.001, respectively).

Fig. 5] shows that Lactobacillaceae were positively corre-
lated with sphingolipids and f Tannerellaceae were negatively
correlated with sphingolipids. The PI3K-AKT pathway genes
Ntrk2 and Myc were significantly correlated with sphingolipids,
lung microbiota, and inflammatory damage factors. These results
indicated that L. fermentum intervention increased the abundance
of Lactobacillaceae in the lungs through gut-lung axis crosstalk,
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*p < 0.05, **p < 0.01 and ***p < 0.00L.

affected sphingolipid metabolism, regulated PI3K-AKT pathway The results indicated that the relative mRNA expression levels
genes, and ameliorated LPS-induced lung tissue cell injury. of genes related to alveolar epithelial organoids in the LPS
group (PI3K, AKT, NF-xB and TNF-a) were significantly

CFS of L. fermentum protected the lung organoids from LPS

increased. After CFS intervention, the expression levels of

mjury these mRNAs decreased (Fig. 6C and D, LPS-Ls vs. LPS, p <
The in vitro experiments revealed that after LPS induction, the 0.01, p < 0.001, p < 0.05 and p < 0.01, respectively). The CFS of
alveolar organoids underwent significant changes, with the L. fermentum improved the acute inflammatory response of the
levels of IL-6 and TNF-u secreted increasing significantly. After lung alveolar organoids induced by LPS.

CFS intervention, the levels of IL-6 and TNF-a did indeed

In Fig. 6G, in the Ctrl group, the lung organoids showed

decrease (Fig. 6A and B, LPS-Ls vs. LPS, p < 0.05 and p < 0.01). intact organoid structures, presenting regular circular or ellip-
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(A) Chaol index using the Kruskal—Wallis test of a-diversity analysis of the lung microbiota. (B) PCoA based on the Bray—Curtis distance

algorithm of B-diversity analysis of the lung microbiota. (C) Species abundance of the family level bar chart of the lung microbiota. (D and E) The
LDA value distribution bar chart of the NC group, the LF group and the LPS group of the lung microbiota (LDA > 3); the species marked in the gray
boxes showed an increase in abundance in the LPS groups of lung and gut microbiota (LPS vs. LF), while the species marked in the pink boxes
showed an increase in abundance in the LF groups of lung and gut microbiota (LPS vs. LF). (F) Heat map of the top 30 differential metabolites in the
lungs. Data are presented as the mean + standard error of the mean (mean + SEM); *p < 0.05, **p < 0.01 and ***p < 0.001.

tical cavities with smooth inner surfaces. The epithelial cells
were arranged in a single layer closely and the cell nuclei had
regular shapes and uniform sizes. In the LPS group, obvious
changes such as cavity enlargement, thickening of the epi-

This journal is © The Royal Society of Chemistry 2026

thelial layer, disordered cell arrangement, nuclear shrinkage,
and infiltration of inflammatory cells were observed. These
typical pathological features indicated that LPS-induced injury
caused significant inflammatory tissue damage. In Fig. 6H,
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Fig. 5 (A) 2D and 3D principal component analysis (PCA) among the three groups. (B) Venn diagram of differential genes. (C) Volcano plot of differ-
ential genes. (D) Upregulated pathways in the LPS group of KEGG pathway enrichment analysis. (E) The FPKM of key genes through the PI3K—-AKT
signaling pathway. (F—I) The mRNA relative expression of PI3K, AKT, iNOS, and NF-kB. (J) Using Spearman'’s analysis, correlations were established
between inflammatory indicators, injury indicators, pulmonary metabolites, genes of the PI3K—AKT pathway, and pulmonary microecology; the
symbol “X” indicates that p > 0.05. Data are presented as the mean + standard error of the mean (mean + SEM); *p < 0.05, **p < 0.01 and ***p <

0.001.
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immunohistochemical staining revealed that the expression of
TNF-o in alveolar organoids was significantly increased,
suggesting a pronounced inflammatory response. The mor-
phology of the organoids in the LPS-Ls group was significantly
improved, and the cell degeneration, necrosis and inflamma-
tory responses were also significantly alleviated. The
expression of F4/80 in the LPS group was not significantly
different from that in the LPS-LS group and Ctrl group
(Fig. 6I), suggesting that there was no spontaneous differen-
tiation of macrophages in pulmonary organoids. LPS could
directly drive the alveolar epithelial cells to cause cell damage
and an inflammatory response, and the CFS of L. fermentum
could inhibit the inflammatory response of epithelial cells. As
shown in Fig. 6], the cytoplasm and cell membrane of the Ctrl
group and LPS-Ls group showed weak green fluorescence,
while the cell membrane and cell membrane of the LPS group
showed diffuse enhanced green fluorescence, and the LPS
group showed slightly stronger red fluorescence than the
LPS-LS group. These results suggested that the CFS of
L. fermentum could inhibit the excessive activation of the PI3K-
AKT pathway in lung organoids induced by LPS.

Discussion

In this study, we identified a multi-layered protective mecha-
nism by which L. fermentum attenuated acute lung injury
through coordinated regulation of the gut-lung axis, pulmon-
ary microecology, and epithelial inflammatory signaling.
Firstly, ALI caused an acute inflammatory response, marked
disruption of the integrity of the gut barrier and alterations in
the gut microbiota, which were -effectively restored by
L. fermentum. Second, L. fermentum reengineered the lung
microbiota; in particular, it increased the abundance of
Lactobacillaceae, regulated lung transcription and metab-
olism, and ameliorated epithelial damage and inflammatory
cell infiltration. Third, the CFS from L. fermentum was rich in
microbial metabolites that directly protected alveolar orga-
noids from LPS-induced injury by inhibiting PI3K-AKT acti-
vation. Taken together, these data provide a mechanistic
framework linking microbial regulation, metabolism, and epi-
thelial immunity in ALL

ALI triggered a cycle of inflammation and microbial imbal-
ance, which was characterized by elevated inflammatory
mediators, damage to the alveolar epithelium, and increased
protein-rich exudates.’®*° The severe inflammatory response
led to dysfunction of the intestinal barrier, allowing microor-
ganisms and their metabolites to pass through the barrier and
enter the lungs, thereby further activating the immune
response in the distal lung mucosa.’?'° The epithelial
barrier, which is connected by a series of protein complexes
such as tight junction proteins (ZO-1 and Claudin-1), is an
important part of maintaining the stability of the gut-lung
structure and immune homeostasis.’’ Consistent with this
model, our findings revealed decreased expression of tight
junction proteins and increased systemic inflammation follow-
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ing LPS challenge. Importantly, intragastric administration of
L. fermentum restored the barrier protein levels and amelio-
rated circulating LBP, indicating that its primary mechanism
of action involved the stabilization of mucosal integrity and
the reduction of systemic leakage.

A noteworthy observation in this study was the increased
abundance of Lactobacillaceae in the lung after L. fermentum
intervention. Although the gut-lung microbial communication
was well recognized, the direct regulation of lung microecology
by gut probiotics remains unclear. Studies have confirmed that
there is a significant correlation between the bacteria in the
extraintestinal tissues regulated by gut-origin probiotics and
the metabolic network.*’ In the LPS-induced sepsis model,
L. fermentum pretreatment protected organ damage through
antioxidant effects and reduction of pro-inflammatory factors
such as TNF-a and IL-6.*> Gut microbial products crossed the
gut epithelial cells and affected distal organs directly or
indirectly through the regulation of gut hormones.** Symbiotic
bacteria can migrate to various tissues throughout the body in
a stable state, but the specific mechanism remains unclear.
Some studies suggested that a high bacterial load may facili-
tate the transfer of certain bacteria from the gut to the mesen-
teric lymph nodes, or through extracellular vesicles produced
by dendritic cells to enter the circulation and be transported to
distant organs.*"***> Qur findings suggest that microbial-
derived metabolites or immunomodulatory signals may reach
the lungs and reconfigure the local niche, thereby enhancing
resistance to epithelial injury. This gut-derived modulation of
the lung microbiota represents a novel aspect of gut-lung
interactions and may partially explain the significant changes
observed in the lung tissue.

The metabolites produced by the gut microbiota can be
transmitted through the gut-lung axis to the lungs and partici-
pate in the pathogenesis of lung diseases.**™*® Sphingolipids
are structural components of membranes that regulate pul-
monary mucosal immunity via endogenous lipids, while also
exerting paracrine effects to defend against pathogens and
alleviate inflammation.>® In patients with pneumonia and in
animal models of ALI induced by LPS, the levels of sphingo-
sine were significantly disrupted, and the occurrence and
development of ALI were significantly associated with the
sphingolipid metabolic pathway.**>' Modulating sphingolipid
metabolism has thus emerged as a promising therapeutic
strategy, as evidenced by a rat ALI study in which the Tongfu
Xingshen capsule alleviated gut barrier damage and improved
lung injury by increasing the abundance of Lactobacillus and
Allobaculum,®® while concurrently reversing sphingolipid meta-
bolic dysregulation. Eicosanoids are highly active lipid
mediators produced by the oxidation of 20-carbon polyun-
saturated fatty acids through cyclooxygenase, lipoxygenase and
cytochrome P450 pathways.>® They acted locally through G
protein-coupled receptors or nuclear receptors, and were
widely involved in inflammation, immune response and phys-
iological and pathological processes of the gastrointestinal
tract.>® The levels of eicosanoids derived from arachidonic
acid, such as PGD,, PGE,, TXA, and LTB,, were elevated in the
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inflamed gut mucosa, and these substances were correlated
with disease activity or severity.>> >’ In addition, the metabolo-
mic results revealed changes in triterpenoids and their deriva-
tives. Triterpenoids and their derivatives have immunomodula-
tory activity and show neutrophil elastase inhibition.”®>°
L. fermentum intervention caused extensive reprogramming of
gut and pulmonary metabolic networks.

The PI3K/AKT signaling pathway is a crucial intracellular
communication hub that regulates essential biological pro-
cesses, including metabolism and inflammatory responses.®
A substantial body of evidence supports its pivotal role in the
pathogenesis and treatment of ALI. For instance, Jingfang
granules have been shown to alleviate pulmonary edema and
inflammation in ALI mice by inhibiting the PI3K/Akt/mTOR
axis and modulating associated carbon metabolism path-
ways.®" In another study, acute ozone exposure induced bron-
chial epithelial damage and ferroptosis by activating TRPA1
via PI3K/AKT signaling, which subsequently disrupted mito-
chondrial function.®” Furthermore, the pathway exhibited sig-
nificant crosstalk with other metabolic processes; notably,
sphingolipid metabolism was identified as strongly inter-
related with the PI3K signaling pathway.®® Both in vivo and
in vitro studies further established PI3K/AKT as a central regu-
lator of macrophage polarization—specifically balancing M1/
M2a phenotypes—in the context of ALI intervention.’* This
was consistent with our findings. L. fermentum exhibited a
dual protective role: the whole bacterium modulates systemic
immunity to reduce the lung macrophage influx, while its CFS
directly targets the alveolar epithelium to suppress PI3K-AKT-
driven inflammatory signaling.

Crucially, the results of our in vitro studies using macropha-
geless alveolar organoids showed that LPS alone directly acti-
vated PI3K-AKT signaling within epithelial cells, suggesting
that epithelial autoinflammation is a major driver of injury,
independent of immune cell recruitment. For example, one
study showed that some of the succinate found in the lungs
came from the gut. It can aggravate ALI caused by intestinal
ischemia-reperfusion injury by promoting macrophage polar-
ization and the PI3K/AKT/HIF-1a signaling pathway.®
Treatment with CFS effectively inhibited PI3K-AKT activation
and reduced the secretion of inflammatory mediators, con-
firming that probiotic-derived metabolites could directly act
on epithelial cells. When combined with in vivo findings,
these observations support a unifying model in which
L. fermentum reduces systemic inflammatory inputs from the
gut, remodels the lung microecology, and directly modulates
intraepithelial signaling that collectively contribute to the miti-
gation of lung injury.

Several limitations remain in this study. First, the precise
mechanism by which L. fermentum translocates from the intes-
tinal tract to the lungs following oral gavage remains to be
fully delineated. Second, while pulmonary metabolomic ana-
lysis indicated significant alterations in sphingolipid metab-
olism upon L. fermentum intervention, the specific metabolites
responsible for these changes could not be conclusively identi-
fied. Furthermore, due to the acidic growth conditions

This journal is © The Royal Society of Chemistry 2026
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required for L. fermentum, direct co-culture with alveolar orga-
noids was not feasible, preventing direct observation of their
interaction. Although similar validation results were obtained
using low concentrations of CFS as a surrogate for
L. fermentum, the full effect of L. fermentum may be
underestimated.

L. fermentum can not only regulate the systemic immunity
and improve the infiltration of macrophages and neutrophils,
but also inhibit the autoinflammatory response of alveolar epi-
thelial cells. In addition, L. fermentum can reshape the lung
microecology, affect sphingolipid metabolism, and inhibit the
PI3K-AKT signaling pathway, thereby reducing lung injury.
These findings not only deepen our understanding of the
mechanistic basis of probiotic-mediated protection against
AL but also provide strong preclinical evidence for the devel-
opment of L. fermentum as a potential adjuvant therapeutic
agent. In future studies, we should focus on identifying the
specific active metabolites responsible for their beneficial
effects and explore their therapeutic potential in patients with
acute lung injury due to clinical infection or sepsis.

Methods

Strain and culture conditions

L. fermentum (CECT5716) was anaerobically cultured in de
Man-Rogosa-Sharpe (MRS) broth at 37 °C for 24 hours.
L. fermentum was then collected by centrifugation at 4000g for
10 min at 4 °C, washed twice with PBS, and finally resus-
pended in PBS to a concentration of 3 x 10° CFU mL™". Fresh
suspensions of L. fermentum were prepared daily for mouse
gavage.

After centrifugation under the same conditions, the super-
natant was collected and filtered through a 0.22-micron mem-
brane to remove free bacteria, resulting in a cell-free super-
natant (CFS). The pH value of the CFS was adjusted for use in
subsequent experiments.

Animal experiments

Male C57BL/6 mice (6-8 weeks old, 22 + 0.5 g) were housed
under specific pathogen-free conditions with a 12 h/12 h light/
dark cycle, stable temperature and humidity. After acclimation,
the mice were randomly divided into three groups (Fig. 1A, all
groups n = 8: NC group, LPS group, and LF group). The LF
group received a daily oral gavage of L. fermentum for 21 days,
while the NC and LPS groups were administered PBS as a
vehicle control. On day 22, acute lung injury was induced in
the LPS and LF groups via intratracheal instillation of LPS
(5 mg kg™'; Sigma-Aldrich, UK), with the NC group receiving
an equal volume of sterile saline. All animals were euthanized
by a sodium pentobarbital injection five days after modeling.

Serum parameter assay analysis

Serum was separated from blood samples by centrifugation at
3000g for 15 min at 4 °C and stored at —80 °C until analysis.
Inflammatory cytokine levels were assayed using a mouse cyto-
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kine 23-plex kit (Bio-Rad, USA), and the LPS binding protein
(LBP) concentrations were determined by using an ELISA kit
(Abcam, ab269542). All procedures were conducted in accord-
ance with the manufacturers’ instructions, with n = 8 replicates

per group.

Bronchoalveolar lavage fluid (BALF) assay analysis

BALF was collected via endotracheal lavage with PBS following
euthanasia. After centrifugation (800g, 4 °C, 10 min), super-
natants were aliquoted and stored at —80 °C. Cell pellets were
treated with RBC lysis buffer (5-10 min) and resuspended for
counting using a Countess automated cell counter (Thermo
Fisher Scientific). The total protein content was quantified
using a Pierce™ BCA assay. Levels of cytokines (IL-1p and IL-6)
and lactate dehydrogenase (LDH) activity were measured using
the respective ELISA kits (Abcam, Cambridge, UK) according
to the manufacturer’s instructions. For all groups n = 8.

Lung tissue W/D ratio

The right middle lung lobe was harvested on day 26, and the
wet weight (W) was measured immediately after gently wiping
blood from the surface. All right middle lobe tissues were then
placed in an oven at 70 °C for continuous drying for 72 hours,
and then the dry weight (D) was measured. The severity of pul-
monary tissue edema was evaluated by calculating the W/D
ratio. For all groups n = 8.

Histopathological analysis

The lung and colon tissue samples were fixed with the SIF for-
malin fixative for 24 hours. Then, the tissues of the lungs and
colon were embedded in paraffin and cut into 2 pm sections.
The lung tissue was stained with hematoxylin and eosin (H&E)
to observe the tissue morphology. Lung tissues were immunos-
tained for the anti-F4/80 antibody and the anti-myeloperoxi-
dase (MPO) antibody. Colon samples were immunostained for
the anti-zonula occludens-1 (ZO-1) antibody, the anti-Occludin
antibody and the anti-mucin-2 (MUC-2) antibody to evaluate
gut barrier integrity. Pathological scores of lung tissues were
assigned independently by two certified pathologists using a
double-blind protocol. The images were scanned using a
Pannoramic MIDI scanner (3DHISTECH, Budapest, Hungary).
For all groups n = 3.

Real-time fluorescence quantitative PCR analysis

The RNA was extracted from the lungs and colon, using the
RNeasy Plus Mini kit (Qiagen, CA, USA). The obtained RNA
was then reverse transcribed into complementary DNA (cDNA),
using the PrimeScript™ RT kit (Takara, Kusatsu, Japan).
Subsequently, the levels of expression of target genes were
measured using the ViiA7 real-time PCR system (Applied
Biosystems, Waltham, Massachusetts, USA) based on the
2744CT method (with GAPDH as a control) using the SYBR
Premix Ex Taq II reagent (Takara). The primer sequences of
the genes used for RT-qPCR analysis are shown in SI Table S1.
For all groups n = 8.
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16S rRNA sequencing

Total genomic DNA was extracted from the lung and stool
samples using the FastPure Stool DNA Isolation Kit (MJYH)
following the manufacturer’s protocol. PCR amplification of
the V3-V4 variable regions was performed with the use of uni-
versal primer sequences (forward sequence: CCTAYGGGRB-
GCASCAG, reverse sequence: GGACTACNNGGGTATCTAAT).
After identification, the data were sequenced on an Illumina
NovaSeq6000 platform (Illumina Inc., CA, USA) and the
libraries were constructed. The data were imported into
QIIME2 for processing. By using the DADA2 plugin, the data
were then clustered into amplicon sequence variant (ASV)
groups and classified according to the Silva 138 database in
QIIME2. «o- and p-Diversity analyses were performed in
QIIME2. Differential taxa between groups were identified
using LEfSe analysis (LDA, p < 0.05). For all groups n = 8.

Transcriptome analysis

Lung tissue RNA was extracted, and a library was constructed and
sequenced as described previously.®® Differential transcript ana-
lysis among the three groups was later performed using the R
package DESeq2, and the p values obtained were adjusted to
control for error incidence by using Benjamini and Hochberg’s
approach. Genes with P,g < 0.05 by DESeq2 were considered as
having differential transcripts. For all groups n = 3.

Non-targeted metabolomic analysis of the lung tissue

Lung tissue samples and feces samples (n = 6 per group) were
homogenized in 400 pL methanol : water (4:1) using a cryo-
genic tissue grinder (6 min, —10 °C, 50 Hz), followed by low-
temperature ultrasonic extraction (30 min, 5 °C, 40 kHz). After
incubation at —20 °C for 30 min, samples were centrifuged
(13000g, 4 °C, 15 min) and supernatants were collected for
LC-MS analysis. Metabolite profiling was performed using an
Orbitrap Q Exactive™ HF mass spectrometer (Thermo Fisher
Scientific). Raw data were processed using Progenesis QI v3.0
(Waters) for peak identification, alignment, and correction,
generating a data matrix containing m/z and intensity values.
Metabolites were annotated against the KEGG and HMDB
databases. Differential metabolites were identified with
thresholds of p < 0.05, VIP > 1, and FC < 1.

Lung organoids

After cleaning the mouse lung tissue with PBS, it was minced
and digested until the tissue became loose. After terminating
the digestion, the sample was centrifuged at 1500 rpm for
3 minutes, the supernatant was discarded, and a balanced salt
solution was added for resuspension. Then, the cells were fil-
tered through a 100 pm cell sieve, followed by another 1500
rpm centrifugation process for 3 minutes and the supernatant
was discarded. The cell precipitate was resuspended in a com-
plete medium for lung organoid expansion (RISEZI
Biotechnology Co, Ltd, RSQ-OCM1109) and prepared into a
cell suspension of 1-20 x 10°> mL™". The cell suspension was
inoculated into the matrix gel (Corning, 356231) and cultured
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in a CO, incubator (37 °C, 5% CO, concentration).®” The
mature pulmonary organoids were randomly grouped, namely
the Ctrl group, the LPS group, and the LPS-Ls group (for all
groups n = 3). To the LPS group was added 50 pg mL™"' LPS
and it was treated for 48 hours. The LPS-Ls group was pre-
treated with 30% CFS for 24 hours before adding LPS for
48 hours. Samples were collected after 48 hours, and some
were fixed with paraformaldehyde for subsequent pathological
experiments. The others were extracted for RNA for subsequent
experiments. The supernatant of organoids was stored at
—80 °C.

A portion of the organoids was fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned for histological
analysis. The lung alveolar organoids were identified using an
anti-RAGE antibody and an anti-prosurfactant protein C anti-
body. Sections were stained with H&E for general morphologi-
cal assessment. Immunostaining for TNF-a was performed to
evaluate lung organoid damage. Immunofluorescence experi-
ments were performed on organoids using the PI3K/AKT sig-
nalling pathway panel (contains AKT1 + AKT2 + AKT3
(phospho S472 + S473 + S474) and PI 3 kinase p85 alpha). The
images were scanning using a Pannoramic MIDI scanner
(3DHISTECH, Budapest, Hungary). For all groups n = 3.

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics 22.0 and GraphPad Prism 10.1. Continuous variables
with normal distribution are presented as mean + SD, and
those with non-normal distribution are expressed as median
(IQR). The Shapiro-Wilk test was applied to assess data nor-
mality. For comparisons between two groups, a two-tailed
Student’s ¢-test or Mann-Whitney U test was used as appropri-
ate. Ordinary analysis of variance (ANOVA) was used for com-
parisons among more than two groups with equal standard
deviations, otherwise, Brown-Forsythe and Welch ANOVA were
performed. Pairwise comparisons were conducted using
Tukey’s post hoc test. Figures were generated using GraphPad
Prism 10.0 and R (version 4.2). Significance levels are denoted
as *p < 0.05, **p < 0.01 and ***p < 0.001.
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