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Aim of Study: The objective of this research is to clarify the mechanism by which FZJDF mitigates lipopolysaccharide (LPS)- ALI 
through the enhancement of short-chain fatty acids (SCFAs) production by Clostridium butyricum (C. butyricum), and the modulation 
of the gut microbiota-gut-lung axis.
Materials and Methods: The mice were treated with FZJDF for 7 days and then treated with LPS. The therapeutic efficacy of 
FZJDF against LPS-induced ALI was evaluated through lung-to-weight ratio, Inflammatory factor, pathological changes. Additionally, 
the intestinal barrier function was evaluated by analyzing tight junction protein expression levels. 16S rRNA gene sequencing was 
employed to monitor alterations in the intestinal microbiome and pulmonary microbiota, while gas chromatography-mass spectrometry 
(GC-MS) and ultra-performance liquid chromatography (UPLC) were utilized to quantify the concentrations of SCFAs. Ultimately, the 
necessity of C. butyricum for FZJDF’s therapeutic influence was confirmed through antibiotic-mediated gut microbiota depletion.
Results: FZJDF significantly decreased lung-to-weight ratio and reducing inflammatory cell infiltration of neutrophils. Furthermore, it 
significantly elevated the expression levels of tight junction proteins. It is plausible that FZJDF may improve intestinal and lung 
microecological imbalance and stimulate the synthesis of SCFAs. Notably, we determine C. butyricum as the crucial bacterium for the 
role of FZJDF in gut barrier repair and suppression of lung inflammation in ALI mice. The use of antibiotics led to the repair of the 
intestinal barrier and a failure in SCFAs production, whereas C. butyricum colonization restores the therapeutic effect of FZJDF in ALI 
mice, further confirming that FZJDF attenuates ALI.
Conclusion: Our results imply that FZJDF could exert its palliative effect in ALI by regulating the intestinal microbiota to increase 
the production of SCFAs, which in turn inhibits neutrophil-mediated inflammatory responses. These findings support microbiota- 
targeted traditional medicine as a translational strategy for acute lung injury.
Keywords: fuzhengjiedu formula, LPS-induced ALI, short-chain fatty acids, gut-lung axis

Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are recognized as a category of pulmonary 
disorders characterized by extensive inflammatory leukocyte infiltration, hemorrhagic exudation, and pulmonary edema. 
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Both primary and secondary triggers, including inhalation trauma, pneumonia, sepsis, injury, pancreatitis, and transfu
sion-related events, can precipitate ALI/ARDS.1,2 Studies indicate that the fatality rate associated with ALI/ARDS is 
around 40%. Inflammation is a pivotal factor in the etiology of ALI/ARDS.3 A substantial aggregation of immune cells at 
injury sites initiates a sequence of inflammatory signaling pathways and the release of multiple pro-inflammatory 
cytokines, which in turn compromises the alveolar epithelial integrity and increases the permeability of the alveolar- 
capillary membrane. Consequently, this leads to the accumulation of protein-rich edema fluid in the pulmonary 
interstitium, resulting in pulmonary edema and tissue damage.4,5 Current therapeutic approaches for ALI/ARDS 
primarily involve mechanical ventilation and fluid management, supplemented with glucocorticoids, pulmonary vasodi
lators administered via inhalation, and extracorporeal membrane oxygenation.6,7 Despite these interventions, the prog
nosis for most ALI/ARDS patients remains poor, underscoring the need for novel therapeutic strategies and medications.

Recent investigations have documented that a disruption in the intestinal microbiota correlates with heightened 
fatality rates due to respiratory infections. The gut-lung axis underscores the complex interplay between the intestinal and 
pulmonary systems.8 The gut acts as a bacterial reservoir within the organism. Under normal physiological conditions, 
the intestinal barrier, enteric microflora, and microbial byproducts constitute an intestinal ecosystem, preserving a state of 
equilibrium. In cases of pulmonary and intestinal injury, particular pathogens can penetrate the epithelial barrier, gain 
access to the bloodstream, and be recognized by immune cells from both the gastrointestinal and respiratory tracts, thus 
triggering a cascade of localized and systemic inflammatory responses.9 The epithelial barrier is crucial for maintaining 
the structural integrity and immune balance within both the gastrointestinal and respiratory tracts.

Short-chain fatty acids (SCFAs), primarily resulting from gut microbial fermentation of dietary fiber, include acetic, 
propionic, and butyric acids that bolster the intestinal epithelial barrier and modulate immune responses by influencing 
the functionality and maturation of both local and systemic immune cells.10 Previous research has indicated that mice 
with ALI exhibit a marked reduction in SCFA concentrations relative to healthy counterparts. Furthermore, contemporary 
research has revealed that adding SCFAs to drinking water reduces lung inflammation, oxidative stress, and metabolic 
issues in older mice, while also lessening the severity and inflammatory mechanisms of ALI.11
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Consequently, the intestinal microbiota and its derivatives, especially SCFAs, merit further investigation within the 
framework of the gut-lung axis. C. butyricum, an obligate anaerobe and butyrate-yielding rod bacterium, is consistently 
found throughout the gastrointestinal tract in both humans and animals. It is capable of breaking down indigestible 
dietary fiber to yield SCFAs and has been utilized in medical and healthcare settings for many decades.12 Research 
suggests that C. butyricum not only aids in the repair of damaged intestinal mucosa13 and preserves gut equilibrium but 
also ameliorates colitis by increasing levels of anti-inflammatory factors in mouse models.14 Hence, we have chosen 
C. butyricum as a candidate probiotic for the current research.

The Fuzheng jiedu formula (FZJDF) serves as an experiential treatment employed as a complementary medicine for 
COVID-19, specifically tailored for patients presenting with pneumonia and pronounced deficiency patterns.15 FZJDF 
comprises eight herbs: Aconitum carmichaelii Debeaux (Danfupian), Zingiber officinale Rosc. (Ganjiang), Glycyrrhiza 
uralensis Fisch. (Gancao), Lonicera japonica Thunb. (Jinyinhua), Gleditsia sinensis Lam. (Zaojiaoci), Ficus simplicis
sima Lour. (Wuzhimaotao), Pogostemon cablin (Blanco) Benth. (Guanghuoxiang), and Citrus reticulata Blanco 
(Chenpi). The side roots of Aconitum carmichaelii Debeaux, a popular herbal remedy in China, Japan, and Korea, are 
formally listed in the pharmacopeias of these nations.16 In China, “Danfupian” and its derivatives possess a spicy-sweet 
taste, are characterized by a warm, poisonous quality, and are known for their ability to revive Yang energy, counteract 
collapse, enhance Fire and Yang elements, expel Cold, and alleviate pain.17 Zingiber officinale Rosc., a prevalent dual- 
purpose plant in both medicinal and culinary domains, has been historically utilized to alleviate gastrointestinal issues 
such as queasiness and disgorgement since ancient times.18 Glycyrrhiza uralensis Fisch., which is known for its resolve 
phlegm and relieve cough, relieve spasm and pain, is listed in the Russian Pharmacopoeia and the American compendium 
of approved medicinal substances, and has subsequently been included in the official drug registries of numerous 
countries.19 Prior studies have demonstrated the efficacy of FZJDF in COVID-19 therapy and in animal-derived ALI 
models, along with reduced herbal toxicity and fewer adverse effects.20 However, microbiota-directed interventions for 
ALI remain experimental and often lack defined microbial or metabolic targets. We therefore hypothesized that FZJDF 
alleviates ALI by enriching C. butyricum and thereby increasing gut-derived SCFAs.

Methods and Materials
Materials
FZJDF was manufactured by the Guangzhou university of Chinese Medicine Science and Technology Industrial Park 
Co., Ltd. (Guangzhou, China). Dexamethasone was procured from Tianjin Xinyi JINjin Pharmaceutical Co. Ltd. (Tianjin, 
China). Lipopolysaccharide (LPS, L2880) was acquired from Sigma-Aldrich (MO, USA). C. butyricum was obtained 
from BNCC (Beijing, China). Kits for the enzyme-linked immunosorbent assay (ELISA) of IL-6 and IL-1β were 
supplied by Jiangsu Enzyme Industry Co., Ltd. (Jiangsu, China). The polyclonal antibody for occludin was purchased 
from Proteintech Group, Inc. (Chicago, IL, USA). Antibodies against ZO-1, myeloperoxidase, and the secondary 
antibody goat anti-rabbit IgG H&L (HRP) were sourced from Abcam (Cambridge, UK). Ly-6G (1A8) Rat mAb was 
obtained from CST (Boston, USA). The C. butyricum FISH Probe (CY3 Labeled) was provided by Guangzhou Exon 
Biotechnology Co., Ltd (Guangzhou, China).

Preparation and Chemical Profiles of FZJDF
FZJDF (batch number: S20231123) was manufactured by the Guangzhou university of Chinese Medicine Science and 
Technology Industrial Park Co., Ltd. The preparation followed the method previously described by Lu.20,21

Animals and LPS-Induced ALI
100 specific pathogen-free male Balb/c mice, weighing 20–22 g, were sourced from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. in Beijing, China. They were housed in specific pathogen-free conditions with a humidity 
of 55% ± 2%, a temperature of 22 ± 2°C, and a 12-hour light/dark cycle at Guangdong Provincial Hospital of Chinese 
Medicine. The study complied with international Ethical Guidelines and the National Institutes of Health Guidelines for 
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the Care and Use of Laboratory Animals. All animal experiments were implemented following the guidelines approved 
by the Ethics Committee of Guangzhou University of Chinese Medicine (No. ZYD-2024-162).

The study was executed in three distinct stages. In the initial phase, 42 mice were categorized into six groups: 
a control, an LPS (0.5 mg/kg), a dexamethasone (DXM, 1.5 mg/kg), and three FZJDF treatment groups (FZJDF_L, 3.3 g/ 
kg; FZJDF_M, 6.6 g/kg; FZJDF_H, 13.2 g/kg) (Figure 1A). Mice acclimated to the experimental setup and diet for 7 
days before oral FZJDF administration at specified doses. Control and LPS groups received isotonic saline. After a 7-day 
dosing period, LPS and treatment groups were intratracheally instilled with LPS, while controls received saline. Mice 
were euthanized 24 hours post-LPS instillation for tissue collection.

In the subsequent phase, as illustrated in the diagrammatic representation of the experimental design (Figure 1B and 
C), 6 pseudo germ-free (PGF) mice were developed for the antibiotic cocktail (ABX) group by administering a sterilized 
mixture of antibiotics (0.1mL/10g) including vancomycin (50 mg/kg), neomycin sulfate (100 mg/kg), metronidazole 
(100 mg/kg), and ampicillin (100 mg/kg) A control group of six mice was given distilled water. After 14 days, mice from 
both ABX and control groups were euthanized, and tissues were collected. The analysis confirmed the PGF model’s 
success. The remaining 16 ABX mice were divided into a natural recovery group (given sterile saline orally) and 

Figure 1 Schematic representation of animal experimental design. (A) Part I animal experiments: FZJDF protection against LPS-induced ALI. Mice were gavaged with FZJDF 
or vehicle for 7 days (D1–D7). On D7, LPS (or saline control) was administered intratracheally; tissues and blood were collected 24 h later (D8). (B) Part II animal 
experiments: ABX-mediated PGF induction. Animals received a broad-spectrum antibiotic cocktail (ABX) or regular water (NC, n = 6) throughout D1–D14. (C) Part II 
animal experiments: After ABX treatment (D1–D14), mice were gavaged daily with C. butyricum (CB, n = 8) or vehicle (PGF, n = 8) for 7 days; all samples were collected 
on day 21 (D21). (D) Part III animal experiments: Mice were rendered PGF with ABX (D1–D14), then received C. butyricum, FZJDF, or vehicle (D15–D21). LPS was instilled 
on D21; lungs and blood were collected 24 h later (D22).
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a C. butyricum group (given C. butyricum orally). Each received 0.2 mL of saline or C. butyricum daily for a week. After 
the 7-day treatment, mice were euthanized, tissues were gathered, and the results confirmed effective C. butyricum 
colonization.

In the final phase of the study (Figure 1D), 30 mice were systematically allocated to five groups: the pseudo germ-free 
group (PGF), the LPS group, the LPS+FZJDF group (LPS+FZJDF), the LPS+CB group (C. butyricum + LPS), and the 
LPS+CB+FZJDF group (C. butyricum + LPS + FZJDF, 13.2 g/kg). The LPS+FZJDF and LPS+CB+FZJDF groups were 
given 13.2 g/kg FZJDF orally daily for 7 days. Except for the PGF group, all mice underwent intratracheal LPS 
injections. Twenty-four hours post-LPS, all mice were euthanized, and samples were collected.

C. Butyricum Culture and Treatment
C. butyricum was cultivated under anaerobic conditions in Reinforced Clostridium Medium (RCM) at a temperature of 
37°C for an extended period until it reached the exponential growth phase, achieving a bacterial concentration of 0.5 at 
an optical density of 600 nm (A600). Subsequently, the microbial cells were collected via centrifugation at 8000 g for 
a duration of 3 minutes and reconstituted in sterile saline solution to achieve the desired experimental concentration of 
5×10^8 colony-forming units per milliliter (CFU/mL).22

Histopathological Evaluation (HE)
Lung tissues and colonic samples were procured, rinsed with PBS, and then fixed in a 4% paraformaldehyde solution. 
Following this, they were dehydrated using a series of ethanol concentrations, impregnated with paraffin, sectioned, and 
subsequently stained with HE. Pathological changes were examined under a light microscope (OLYMPUS, Tokyo, 
Japan).

Immunofluorescence
The lung and colon tissue sections, embedded in paraffin, underwent deparaffinized and were rehydrated using a graded 
series of alcohol solutions. Following antigen retrieval with citrate buffer, the sections were immunostained with 
appropriate primary and secondary antibodies. Finally, the tissues were counterstained with DAPI and examined using 
a fluorescence microscope (OLYMPUS, Tokyo, Japan).

Immunohistochemistry
Sections of lung and colon tissues, embedded in paraffin, were cleared of paraffin using xylene and underwent 
a rehydration process with a sequence of alcohol solutions of escalating concentrations. Following this, the sections 
were subjected to treatment with citrate buffer to retrieve antigens. Autochthonous peroxidase activity was neutralized 
with a 10% solution of bovine serum albumin for a duration of 30 minutes, preceding an extended period of incubation 
with the primary antibody overnight. On the subsequent day, the further incubated with a secondary antibody for a period 
of 1 hour. Visualization was achieved with DAB reagent, and tissue morphology was assessed using a light microscope 
(OLYMPUS, Tokyo, Japan).

16S rDNA Gene Sequencing
Upon completion of the experimental treatments, lung tissue and fresh fecal specimens were harvested from the mice and 
preserved at a temperature of −80°C for 16S rDNA amplicon sequencing. The targeted amplification of a distinct 
segment of the bacterial 16S rDNA gene was performed utilizing primers that incorporated adapter and barcode 
sequences, succeeded by a two-stage PCR process. The PCR amplicons were consolidated and subjected to sequencing 
on the Illumina PE250 sequencing platform utilizing the NovaSeq 6000 instrument (San Diego, CA, USA).

SCFAs Quantification
For the analysis of colonic content, samples were vortexed with distilled water, and the supernatant was extracted and 
diluted for Gas chromatography-mass spectrometry (GC-MS) analysis using an Agilent 7820 system with a DB-FFAP 
column (30 m × 0.25 mm × 0.25 μm). The oven temperature was programmed from 70°C to 100°C at 6°C/min, and 
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a quadrupole mass spectrometer was used for SIM detection (m/z 30–550). Data was acquired with MassHunter software 
and processed with Quant-My-Way (Agilent Technologies).

For serum analysis, samples were mixed with extraction medium, centrifuged, and derivatized with EDC and 3NPH 
at 40°C for 30 minutes. The extracts were analyzed by Ultra-performance liquid chromatography-Orbitrap mass spectro
meter system (UPLC, Vanquish; MS, QE) on a Waters BEH C18 column (50×2.1 mm, 1.8 μm) with a gradient elution 
program. High-resolution mass spectrometry (HRMS) was performed on a Q Exactive mass spectrometer with heated 
ESI source (Thermo Fisher Scientific), using Xcalibur software for data acquisition and TraceFinder for processing 
(Thermo Scientific).

Fluorescence in Situ Hybridization (FISH)
Paraffin-embedded colon tissue sections were prepared for FISH to assess bacterial infiltration. A CY3-tagged probe 
specific to C. butyricum was used alongside a FITC kit from Guangzhou Exon Biotechnology for detection.

Statistical Analysis
Results are expressed as mean ± SEM. Analysis was performed with GraphPad Prism 9.0 software. Data underwent 
normality testing, with nonparametric analyses employed for non-normal distributions. Group differences were evaluated 
using Kruskal–Wallis or one-way ANOVA and pairwise comparisons between groups were conducted using Tukey’s test 
or Dunnett’s T3 test. A threshold of P < 0.05 was set for statistical significance.

Result
FZJDF Exerts Protective Effect Against LPS-Induced Acute Lung Injury in vivo
In the control group, mouse lung tissues exhibited a pale pink appearance, with no evident hemorrhagic spots or 
ecchymosis, and a soft texture. Conversely, LPS stimulation caused the lung tissue to become dark red, with 
surface hyperemia, visible hemorrhagic spots, ecchymosis, and a slightly firmer texture. These alterations were 
ameliorated following treatment with FZJDF and DXM (Figure 2A). Additionally, pulmonary edema was quanti
fied by measuring the ratio of lung-to-body weight ratio, which was elevated in LPS-treated mice and reduced in 
FZJDF-treated animals (Figure 2B). Serum levels of key inflammatory cytokines in ALI pathogenesis were 
measured by ELISA. LPS-induced ALI markedly increased IL-1β and IL-6 levels, which were reduced by 
FZJDF and DXM, with the highest FZJDF dose showing the greatest reduction (Figure 2C).

Histopathological analysis of FZJDF-treated LPS-induced ALI mice showed that the model group exhibited inter
stitial edema, alveolar wall thickening, and substantial inflammatory cell infiltration. FZJDF and DXM treatment 
alleviated these changes, with high-dose FZJDF being most effective (Figure 2D). Furthermore, immunofluorescence 
and immunohistochemistry were performed using anti-Ly6G and anti-MPO antibodies to assess neutrophil infiltration in 
the lungs (Figure 2E and F). Staining results revealed that LPS treatment significantly increased neutrophil recruitment, 
whereas FZJDF treatment notably reduced neutrophil infiltration. These findings suggest that high-dose FZJDF effec
tively maintains alveolar-vascular barrier integrity and reduces excessive pulmonary inflammation in ALI mice.

FZJDF Enhances the Impaired Intestinal Barrier Function in LPS-Induced ALI Mice
Inflammation systemic to the body, stemming from pulmonary damage, impaired the intestinal barrier’s continuity, thus enabling 
the migration of microorganisms and their byproducts. HE staining revealed that the administration of FZJDF maintained the 
structural integrity of the colonic epithelium in mice (Figure 3A). Concurrently, the abundance of intestinal tight junction proteins 
was assessed using immunofluorescence and immunohistochemistry (Figure 3B and C). Analysis revealed that LPS exposure 
significantly decreased ZO-1 and Occludin expression compared to the control group. Notably, FZJDF treatment significantly 
upregulated the expression of these proteins compared to the model group. Collectively, these findings indicate that FZJDF 
ameliorates intestinal barrier dysfunction, which is closely associated with the translocation of gut microbiota.
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Figure 2 FZJDF treatment ameliorated LPS-induced ALI (A) Appearance of lung tissues in each group. (B) Lung/weight ratio in each group (n=6). (C) Serum level of IL-1β 
and IL-6 in each group (n=5). (D) H&E staining of the lungs (×200). (E) Ly6G were observed by immunofluorescence (×200, n=5, red: Ly6G-positive, blue: DAPI). (F) MPO 
were observed by Immunohistochemistry (×200, n=5). The data are mean ± SD. FZJDF_L, low dose of FZJDF (3.3g/kg); FZJDF_M, medium dose of FZJDF (6.6g/kg); 
FZJDF_H, high dose of FZJDF (13.2g/kg); ##P<0.01 vs the control group; *P<0.05, **P<0.01 vs the model group; ns, not significant.
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Figure 3 FZJDF can improve the impaired intestinal barrier function in LPS-induced ALI mice (A) H&E staining of colonic tissue (red arrows indicated the infiltration of 
inflammatory cells ×200). (B) ZO-1 was observed by immunofluorescence (×200, n=5, red: ZO-1-positive, blue: DAPI). (C) Occludin were observed by 
Immunohistochemistry (×200, n=5). The data are mean ± SD. FZJDF_L, low dose of FZJDF (3.3g/kg); FZJDF_M, medium dose of FZJDF (6.6g/kg); FZJDF_H, high dose 
of FZJDF (13.2g/kg); ##P<0.01 vs the control group. *P<0.05, **P<0.01 vs the model group.
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Effect of FZJDF on the Intestinal Microflora of LPS-Induced ALI Mice
The lung-gut axis hypothesis suggests that intestinal microbiota changes can markedly affect pulmonary conditions, 
suggesting a regulatory role of the gut microbiota in lung disease progression. Accordingly, this study examined the 
effects of FZJDF on the gut microbiome in LPS-induced ALI mice. Results showed that FZJDF supplementation 
significantly increased the diversity and abundance of fecal microbes reduced in the model group (Figure 4A). 
Principal coordinate analysis (PCoA) based on Bray-Curtis distances indicated that LPS disrupted the gut microbiome, 
an effect mitigated by FZJDF (Figure 4B).

Figure 4 Effect of FZJDF on the intestinal microflora of LPS-induced ALI mice. (A) Alpha diversity analysis of gut bacterial richness from different group. (B) PCoA analysis 
of intestinal flora in different groups. (C) Community structure analysis of each group at the genus level. (D). Relative abundance of the genus levels. (E) LEfSe analysis of the 
control, model, and FZJDF groups. The data are mean ± SD (n=5). FZJDF_L, low dose of FZJDF (3.3g/kg); FZJDF_M, medium dose of FZJDF (6.6g/kg); FZJDF_H, high dose 
of FZJDF (13.2g/kg); Clostridia_UCG_014 indicated by the red rectangle box, #P<0.05, ##P<0.01 vs the control group. *P<0.05, **P<0.01 vs the model group.
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To further explore the role of microbiota in FZJDF’s effects on ALI, a taxonomic profiling of bacteria at the genus 
level was conducted. The model group had a higher prevalence of Rikenellaceae_RC9_gut_group and lower levels of 
Prevotellaceae_UCG_001, Lachnospiraceae_NK4A136_group, Colidextribacter, unclassified_Oscillospiraceae, and 
Clostridium_UCG_014, which were more abundant in the FZJDF group, with Clostridium_UCG_014 showing 
a significant increase (Figure 4C and D). LEfSe analysis confirmed the substantial difference in Clostridium 
_UCG_014 relative abundance between the FZJDF and model groups (Figure 4E).

Effect of FZJDF on the Lung Microflora of LPS-Induced ALI Mice
To explore the correlation between lung microbiota alterations and LPS-induced lung injury, a 16S rDNA analysis was 
conducted to assess microbial diversity in control, model, and FZJDF-treated groups. No significant differences were 
found in species richness or diversity indices such as Shannon, Simpson, and Chao1 among the groups. However, non- 
metric multidimensional scaling (NMDS) based on weighted UniFrac distances revealed clear distinctions between group 
microbial compositions (Figure 5A). The Firmicutes/Bacteroidetes ratio, indicative of inflammation, was lower in the 
model group than in controls (Figures 5B and C). FZJDF treatment significantly increased this ratio, suggesting 
a potential therapeutic effect.

At the genus level, the model group exhibited reduced relative abundances of Muribaculaceae, 
unclassified_Lachnospiraceae, Lachnospiraceae_NK4A136_group, Roseburia, Blautia, Lachnoclostridium, 
Lachnospiraceae_UCG-001, Lachnospiraceae_UCG-006, unclassified_Oscillospiraceae, and an increase in Bacteroides. 
Conversely, the FZJDF group had increased relative abundances of Muribaculaceae, Roseburia, Blautia, 
Lachnospiraceae_UCG-001, Lachnospiraceae_UCG-006, unclassified_Oscillospiraceae, and a decrease in Bacteroides relative 
to the model group (Figure 5D). Additionally, class-level changes in Clostridium relative abundance were noted (Figure 5E).

FZJDF Enhanced the Production of SCFAs Through Modulation of the Gut Microbiota
C. butyricum, a member of the genus Clostridium, ferments indigestible dietary fibers into SCFAs, which are recognized 
for their role in preserving intestinal homeostasis. We conducted an analysis of SCFA concentrations in the intestinal 
contents, serum, and lung tissue of mice (Figure 6). Notably, the SCFA content in the FZJDF group were markedly 
elevated in comparison to the model group implying that SCFAs originating from C. butyricum might exert a significant 
influence on the therapeutic effectiveness of FZJDF in alleviating LPS-induced ALI in mice.

FZJDF Attenuated LPS-Induced ALI Mice by Targeting C. Butyricum
To confirm the role of C. butyricum in FZJDF’s therapeutic effects, ALI was induced in PGF mice after their intestines 
were colonized with C. butyricum. The impact of FZJDF on ALI was evaluated using the Observed OTUs index and 
PCoA to measure diversity of the gut microbiota (Figure 7A and B). The results validated the PGF mice model and 
demonstrated that C. butyricum could efficiently colonize the intestinal tract through oral gavage (Figure 7C).

Subsequent examination of the ALI model revealed that the advantageous impacts of FZJDF, including decreases in 
inflammatory biomarkers and pathological damage, were nearly abolished in the deficiency of intestinal microflora 
(Figure 8A–D). Moreover, FZJDF treatment influenced the levels of tight junction proteins in mouse intestinal epithelial 
cells, with no marked differences observed compared to the LPS group (Figure 8E and G). On the contrary, LPS+CB 
+FZJDF group not only mitigated ALI symptoms but also rejuvenated the intestinal barrier integrity in mice. 
Concurrently, FZJDF elevated the levels of SCFAs in mice inhabited by C. butyricum (Figure 9). These observations 
suggest that the therapeutic efficacy of FJZDF on ALI is dependent on the presence of C. butyricum, with FZJDF 
augmenting the SCFA production by C. butyricum, thereby ameliorating lung inflammation and repairing damaged 
intestinal mucosa.

Discussion
Inflammatory modulators, specifically proinflammatory cytokines, are pivotal in the etiology of ALI and ARDS. Such 
mediators induce extensive impairment of alveolar epithelial and vascular endothelial cells, escalate vascular perme
ability, and encourage protein seepage, thus intensifying lung edema.23,24 In our investigation, HE staining revealed that 
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Figure 5 Effect of FZJDF on the lung microflora of LPS-induced ALI mice. (A) PCoA analysis of lung microflora. (B) Community structure analysis of each group at the 
Phylum level. (C) the relative ratio between Firmicutes and Bacteroidetes. (D) Representative species of Firmicutes family and Bacteroidetes family in lung microbial. (E) 
Community structure analysis of each group at the Class level. The data are mean ± SD (n=5). FZJDF_L, low dose of FZJDF (3.3g/kg); FZJDF_M, medium dose of FZJDF 
(6.6g/kg); FZJDF_H, high dose of FZJDF (13.2g/kg); Clostridia indicated by the red rectangle box, #P<0.05, ##P<0.01 vs the control group; *P<0.05, vs the model group; ns, not 
significant.
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LPS exposure resulted in significant alveolar and interstitial damage in mouse lung tissue. Nonetheless, intervention with 
FZJDF alleviated alveolar and interstitial edema and curtailed the infiltration of inflammatory cells.

Neutrophils, the initial immune responders at sites of inflammation, phagocytize and eliminate bacteria and fungi, and 
trigger the mobilization and activation of additional immune cells.25 SCFAs produced by the microbiota influence 
neutrophil activity and monocyte recruitment in areas of inflammation by regulating the synthesis of inflammatory 
mediators, making neutrophils an important source of mediators.26 In line with prior research,27 FZJDF administration 

Figure 6 FZJDF regulates intestinal microbiota to promote the production of SCFAs. (A) The concentration of acetic acid in intestinal contents of mice (B) The 
concentration of propionic acid in intestinal contents of mice. (C) The concentration of butyric acid in intestinal contents of mice. (D) The concentration of acetic acid in 
serum of mice. (E) The concentration of propionic acid in serum of mice. (F) The concentration of butyric acid in serum of mice. (G) The concentration of butyric acid in 
lung of mice. (H) The concentration of SCFAs in lung of mice. The data are mean ± SD (n=5). FZJDF_L, low dose of FZJDF (3.3g/kg); FZJDF_M, medium dose of FZJDF 
(6.6g/kg); FZJDF_H, high dose of FZJDF (13.2g/kg); ##P<0.01 vs the control group. *P<0.05, **P<0.01 vs the model group.
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reduced the concentrations of inflammatory factors, thereby mitigating lung tissue damage. Immunofluorescence assays 
using anti-MPO and anti-Ly6G antibodies on lung tissues confirmed elevated neutrophil infiltration in ALI mice, with the 
FZJDF group showing diminished inflammatory cell counts.

Numerous investigations have demonstrated that inflammation throughout the body, triggered by pulmonary damage, 
can result in heightened intestinal permeability and compromise the intestinal barrier. This heightened permeability 
allows microbiota and their metabolites to translocate into the lungs, potentially exacerbating lung disease.28 The 
crosstalk between the gut29 and the lungs30 is strongly correlated with the severity of lung disease, primarily directed 
from the gut to the lungs, though bidirectional communication is also possible. Intestinal epithelial cells, linked through 
tight junctions, constitute the initial defense mechanism against microbial invasion by establishing a physical barrier. The 
intestinal integrity relies on both physical and microbial barriers.31 Previous research has confirmed that the tight junction 
proteins exhibit decreased expression in LPS-induced mice.32 Our results demonstrate that FZJDF administration 
increases the levels of these proteins, decreases intestinal permeability, and repairs the intestinal barrier function.

A substantial body of research indicates that the respiratory microbiome is crucial for various pulmonary diseases, 
encompassing idiopathic pulmonary fibrosis, asthma, and lung cancer.33 Notably, lung flora composition shows 
a significant increase in Firmicutes following treatment, whereas LPS exposure markedly elevates Proteobacteria 
abundance.34 Our findings corroborate previous studies, indicating that FZJDF treatment increases the abundance of 
Firmicutes. The microbial barrier, primarily composed of intestinal microbiota, maintains intestinal mucosal homeostasis 
and prevents pathogenic bacterial invasion, remaining relatively stable under normal conditions.35 Thus, we hypothesized 
that FZJDF might regulate the gut microbiota and embarked on pertinent research endeavors. Previous research has 
shown that inflammatory processes, immune reactions, and additional elements can perturb the intestinal microbiota, 

Figure 7 Confirmation of the PGF mice model and establishment of C. butyricum in the colonic microbiome. (A) Alpha diversity assessment using the Observed index. (B) 
PCoA depicting the composition of the intestinal microbiota. (C) Detection of C. butyricum colonization in the murine colon via FISH (×200), (C. butyricum indicated by the 
green arrows); The data are mean ± SD (n=6). **P<0.01 vs the PGF group.
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Figure 8 continued.
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Figure 8 FZJDF attenuated LPS-induced ALI mice by targeting C. butyricum. (A) H&E staining of the lungs (×200). (B) Serum level of IL-1β and IL-6 in each group. (C) Ly6G 
were observed by immunofluorescence (×200, red: Ly6G-positive, blue: DAPI). (D) MPO were observed by Immunohistochemistry (×200). (E) H&E staining of colonic 
tissue (×200); (The inflammation indicated by the red arrows). (F) ZO-1 was observed by immunofluorescence (×200, red: ZO-1-positive, blue: DAPI). (G) Occludin were 
observed by Immunohistochemistry (×200). The data are mean ± SD (n=5). LPS+FZJDF, LPS (0.5 mg/kg) + high dose of FZJDF (13.2g/kg); LPS+CB, LPS (0.5 mg/kg) + 
C. butyricum; LPS+CB+FZJDF, (0.5 mg/kg) + C. butyricum + high dose of FZJDF (13.2g/kg); ##P<0.01 vs the PGF group. *P<0.05, **P<0.01 vs the LPS group.
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Figure 9 FZJDF enhances the proliferation of C. butyricum and the production of SCFAs in PGF mice. (A) FISH was employed to quantify the presence of C. butyricum in the 
colon of mice; (C. butyricum indicated by the green arrows). (B) The concentration of acetic acid within the intestinal contents of mice. (C) The concentration of propionic 
acid within the intestinal contents of mice. (D) The concentration of butyric acid within the intestinal contents of mice. (E) The concentration of acetic acid in serum of 
mice. (F) The concentration of propionic acid in serum of mice. (G) The concentration of butyric acid in serum of mice. (H) The concentration of butyric acid in lung of 
mice. (I) The concentration of SCFAs in lung of mice. The data are mean ± SD (n=5). LPS+FZJDF, LPS (0.5 mg/kg) + high dose of FZJDF (13.2g/kg); LPS+CB, LPS (0.5 mg/kg) 
+ C. butyricum; LPS+CB+FZJDF, (15mg/kg) + C. butyricum + high dose of FZJDF (13.2g/kg); ΔΔP<0.01 vs the LPS+CB group; #P<0.05, ##P<0.01 vs the PGF group; *P<0.05, 
**P<0.01 vs the LPS group.
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diminishing its diversity and augmenting susceptibility to detrimental bacteria.36 In line with these observations, our 16S 
rDNA sequencing revealed a significant decrease in both the richness and diversity of the gut microbiome in ALI mice. 
In FZJDF-treated mice, the dominant genera in fecal samples included Clostridia, Gastranaerophilales, 
Vampirivibrionia, and Cyanobacteria, with a significant increase in Clostridia_UCG_014.

A large body of literature has established that C. butyricum, a bacterium of the Clostridium genus, promotes the 
production of butyrate among SCFAs.37 As a probiotic inhabiting the gastrointestinal tract, C. butyricum exerts beneficial 
effects by modulating the intestinal microbiota and curbing inflammation.38,39 For example, C. butyricum strain 
MIYAIRI 588 increases the quantity of beneficial microbes, enhances intestinal homeostasis, and correlates positively 
with the effectiveness of immunotherapy in individuals with advanced non-small cell lung cancer.40 Additionally, 
C. butyricum has been shown to mitigate lung inflammation and modulate immune responses by promoting M2 
polarization of pulmonary macrophages, diminishing the secretion of inflammatory factors.41 In summary, 
C. butyricum exhibits promise as a protective and therapeutic agent in pulmonary pathologies.

Prior research22 has demonstrated that C. butyricum possesses considerable promise in facilitating the regeneration of 
intestinal epithelial cells, reshaping the intestinal microbiota, and suppressing the synthesis of pro-inflammatory cytokines. 
Consequently, C. butyricum may be pivotal for the efficacy of FZJDF in alleviating ALI. Our investigation revealed that 
FZJDF diminished both respiratory and systemic inflammatory responses, as indicated by lower levels of pro-inflammatory 
cytokines. Furthermore, by supplying energy to colonic cells, FZJDF effectively protected the intestinal mucosa from 
bacterial translocation into the bloodstream, thus preventing the onset of inflammatory reactions. Given that the primary 
metabolic products of C. butyricum are SCFAs, we also scrutinized changes in SCFA levels using GC-MS. The results 
indicated that FZJDF increased SCFA levels. Upon in-depth analysis of the ALI model, we found that the potential benefits 
of FZJDF, including the reduction of pro-inflammatory markers and attenuation of pathological damage, were significantly 
attenuated under conditions lacking a gut microbiota. However, in the LPS+CB+FZJDF group, FZJDF not only signifi
cantly ameliorated ALI symptoms in C. butyricum-colonized mice, but also promoted the restoration of intestinal barrier 
function. In addition, FZJDF treatment significantly increased the concentration of SCFAs in C. butyricum colonized mice.

Our findings suggest that FZJDF may contribute to alleviating ALI by modulating the gut microbiota, potentially 
enhancing the production of SCFAs such as butyrate, which may in turn help suppress neutrophil-mediated inflammatory 
responses. This finding provides new insights into the potential mechanisms by which FZJDF regulates intestinal flora 
and ameliorates ALI. This study has certain limitations, particularly regarding the precise mechanisms by which FZJDF 
exerts its effects. While our findings suggest that FZJDF alleviates ALI by modulating the gut microbiota to SCFA 
production, it remains unclear whether these effects are primarily mediated through GPR43 signaling. Future studies will 
expand the sample size, integrate clinical trials to verify the transformation potential, and use receptor-specific inhibition 
or knockout models to analyze the signal transduction process mediated by GPR43, and clarify the more in-depth 
mechanism research of FZJDF in the relationship between microbial community changes and immune regulation.

Conclusion
Our research has revealed that FZJDF can alleviate ALI by reshaping the gut microbiota and increasing SCFA levels, 
which may consequently dampen neutrophil-driven pulmonary inflammation. While these pre-clinical findings identify 
a promising microbiota–metabolite–immune axis, they require validation in human cohorts. Ongoing work will integrate 
these basic observations with clinical studies to elucidate the deeper mechanisms of FZJDF and to evaluate its therapeutic 
potential in patients.
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