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Purpose: Bufei Jianpi formula (BJF), a traditional Chinese medicine, is an effective and safe therapeutic formula for chronic
obstructive pulmonary disease (COPD). BJF treatment is known to reduce the incidence of loose stools in rats with COPD. It is
unclear whether BJF regulates gut microbiota. This study examined whether BJF improved mucosal immune function by remodeling
the gut microbiota and modulating metabolites in COPD rats.

Methods: Sixty Sprague Dawley (SD) rats were randomized into control, model, BJF, aminophylline (APL), and probiotics (PBT)
groups. The stable COPD rat model was duplicated using repeated cigarette smoke inhalation and lipopolysaccharide (LPS) injection.
Normal saline, BJF, APL, or PBT were intragastrically administered from weeks eight to twelve, and then the rats were sacrificed at
week thirteen. Lung and colon tissues were removed; feces were collected. Pulmonary function, histopathology, levels of inflammatory
factors, and activation of NF-«B in the lung tissues were evaluated. Gut microbiota were analyzed using 16S rRNA gene sequencing;
fecal short-chain fatty acid (SCFA) concentrations were determined using gas chromatography/mass spectrometry. Mucosal immune
response-related genes and proteins were determined using quantitative polymerase chain reaction and Western blotting.

Results: BJF improved pulmonary function and reduced lung inflammation. Further, BJF treatment altered the gut microbiota
composition and significantly increased the abundance of Firmicutes and the ratio of Firmicutes to Bacteroides, raising SCFA levels,
including acetate, butyrate, and propionate levels. However, the abundance of Bacteroidetes, Proteobacteria, Spirochaetes,
Clostridiaceae, and Treponema decreased after BJF administration. BJF decreased the gene and protein expression of NLRP3,
Caspase-1, IL-8, and IL-1B, and increased GPR43 expression.

Conclusion: Overall, BJF administration improved mucosal immune function by remodeling the gut microbiota and suppressing the
SCFAs/GPR43/NLRP3 pathway in COPD rats. This study provides evidence for the mechanisms underlying BJF-induced improve-
ments in COPD and supports clinical application of BJF.

Keywords: Bufei Jianpi formula, chronic obstructive pulmonary disease, gut microbiota, gut-lung axis, short-chain fatty acids,

mucosal immune function

Introduction
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide and manifests as persistent lung
inflammation. Currently, effective treatment methods for COPD are lacking." Although COPD ranks seventh among the
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leading causes of disability-adjusted life years, it is expected to become the fourth leading cause by 2030, considering its major
disease burden on patients’ livelihood.” Notably, increasing evidence indicates that alterations in the gut microbiome play
a significant role in COPD pathogenesis.” > Specifically, clinical data have shown that the gut microbes of patients with COPD
were altered compared with those of the healthy population, including decreased alpha diversity and abundance, decreased
levels of normal symbiotic bacteria, and increased levels of harmful bacteria (such as Clostridium and Escherichia).® In
addition, the gut-lung axis theory indicates that gut microbiome alterations can promote COPD initiation and development by
affecting mucosal immunity.”® This has somewhat revealed the connotation of the mucosal immune mechanism, which
dictates that “the lungs and large intestines are interior-exteriorly related.” Therefore, maintaining gut microbiome home-
ostasis has provided new insights into the pathophysiology of COPD.

When the gut microbiome is imbalanced, short-chain fatty acids (SCFAs), the most important metabolites of the gut
microbiome, diminish. This activates the SCFAs/GPR43/NLRP3 signaling pathway, which plays a key role in the process of
gut mucosal immunity.” The combination of SCFAs with the free fatty acid receptor GPR43 in gut epithelial cells can stimulate
the flow of potassium ions. This, in turn, hyperpolarizes the formation of gut epithelial cell membranes, thus activating NLRP3
inflammasomes. Recruitment of these inflammasomes subsequently activates caspase-1 and promotes the maturation and
secretion of pro-IL-1p and pro-IL-8, thereby triggering the body’s anti-pathogenic immune inflammatory responses.'® This
compromises the immune function of the respiratory tract mucosa, which aggravates COPD progression. Thus, improving the
immune function of the gut mucosa and restoring gut microbiome homeostasis may be an effective treatment strategy for COPD.

The Bufei Jianpi Formula, a traditional Chinese medicine, comprises twelve herbs including Codonopsis pilosula
(Franch.) Nannf, Astragalus mongholicus Bunge, Atractylodes macrocephala Koidz, Poria cocos (Schw.) Wolf,
Polygonatum kingianum Collett & Hemsl, Fritillaria thunbergii Miq, Pheretima aspergillum (E.Perrier), Magnolia
officinalis Rehder & E.H.Wilson, Citrus reticulata Blanco, Aster tataricus L.f., Epimedium brevicomu Maxim, and
Ardisia japonica (Thunb.) Blume. Recent evidence indicates that Astragalus polysaccharides (APS) effectively improve
gut microbial structure and function in high-fat-diet-fed mice."" Our previous studies have demonstrated that BJF
alleviates COPD symptoms, reducing the incidence of loose stools and fatigue and improving pulmonary function,
skeletal muscle tension, and tolerance in COPD rats.'*!> However, there is insufficient research on the effect of BJF on
gut microbial structure and the metabolome during the stable phase of COPD. Therefore, this study aimed to determine
whether BJF could alleviate COPD by improving the gut microbiome and enhancing mucosal immune function through
regulation of microbiome structure and function. The results of this study shed light on the gut microecology of COPD,
reveal the mechanism of action of BJF in COPD treatment, and identify drug target molecules for COPD management.

Materials and Methods

Animals and Induction of the COPD Rat Model

Sixty Sprague Dawley (SD) rats (200 = 20 g) were purchased from SPF Biotechnology Co., Ltd. (Shandong, China). The
rats were housed in the animal facilities at 25 + 2°C, 50 + 10% relative humidity, and a 12 h light/dark cycle for 1 week
prior to the experiment. They had ad libitum access to standard food and water.

The COPD rat model was prepared as described previously.'*'> Briefly, the SD rats were exposed to tobacco smoke
(Hongqi Canal® Filter cigarettes, Henan Tobacco Industry, Zhengzhou, China; each cigarette contained 10 mg tar oil,
1.0 mg nicotine and 12 mg carbon monoxide) from a smoke generator (BUXCO, Wilmington, NC, USA) 30 min per
exposure (concentration: 3000+ 500 ppm), twice a day, with three hour smoke-free intervals, from week one through
week eight. In addition, the LPS (1 mg/kg) purchased from Sigma-Aldrich Co., Ltd. was slowly dropped into the nasal
cavities of rats, twice per week for the first eight weeks. The control rats were administered 0.9% saline (0.2 mL).

BJF Preparation

BJF was prepared as a dry extract, as described previously.'® The BJF sample for HPLC-MS analysis was prepared as
described previously.!” The masses of the main active ingredients, bergenin, calycosin-7-glucoside, hesperidin, epimedium A,
icariin, nobiletin, and baohuosid I per 1 g of BJF were 1.3456 mg, 0.5616 mg, 1.1755 mg, 0.6869 mg, 1.1195 mg, 0.0951 mg,
and 0.0806 mg, respectively.'’
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Experimental Design

To investigate the therapeutic effects of BJF on COPD, the rats were randomly divided into five groups (n = 12 per
group): Control, Model, Aminophylline (APL), Probiotics (PBT) and BJF. From weeks eight to twelve, rats in the control
and model groups were intragastrically administered normal saline (2 mL), while the other groups were orally
administered Aminophylline (27 mg/kg/d, Shandong Xinhua Pharmaceutical Co., Ltd), Probiotics (0.9x10'°CFU/kg/d,
Pure Encasulations), or BJF (12.42 g/kg/d). Body weights were measured every week throughout the study. At week
thirteen, all rats were euthanized by intraperitoneal injection with 150 mg/kg sodium pentobarbital and lung tissue, colon
tissue, and fecal samples collected. The equivalent doses of BJF, PBT, and APL were calculated using the formula: D rat
= D human x (I rat/I human) x (W rat/W human) 2/3, where D = dose, I = body shape index, and W = body weight.

Pulmonary Function

The forced expiratory vital capacity (FVC), forced expiratory volume in 0.3 s (FEVO0.3), and FEV0.3/FVC were
measured using a FinePoint™ Pulmonary Function Test system (Buxco Inc., DSI, St. Paul, MN, USA) after the rats
were anesthetized and a tracheal cannula was inserted, prior to sacrifice.

Lung and Colon Histopathology

After euthanasia, the rats’ left lower lobe of the lung and colon tissues were immediately removed and fixed in 10%
neutral buffered formalin solution, embedded in paraffin, cut into 4-mm sections, and stained with Mayer’s haematox-
ylin-eosin (H&E). In addition, colon tissues were stained with H&E and Periodic Acid-Schiff (PAS) to visualize the
goblet cells and extent of colonic inflammation. The histopathological changes of the lung and colon tissues in the
sections were viewed using an OLYMPUS-DP70 microscope (Olympus, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay

Frozen lung tissues were weighed and then homogenized on an ice surface. Homogenate was obtained by centrifugation
at 1000 g and 4°C for 20 min. The TNF-a, IL-6 and IL-10 levels of lung homogenate were measured with ELISA kits
(Elabscience Biotechnology Co., Ltd, Wuhan, China) according to the manufacturer’s instructions. TNF-a, IL-6 and IL-
10 levels were determined by measuring the absorbance using a microplate reader and plotting a standard curve.

Immunohistochemistry Assay

Lung tissues were embedded in paraffin and cut into 4-pm-thick sections. Tissue slices were blocked with 3% H,O, for
15 min, and 5% bovine serum albumin solution was added. Slides were then incubated with an anti-TNF-a antibody,
anti-IL-6 antibody, and anti-IL-10 antibody (GeneTex, CA, USA) at 4 °C overnight, and then with horseradish
peroxidase-conjugated secondary antibodies for 30 min, then stained with a DAB solution (Solarbio, Beijing, China).
Images were collected for semi-quantitative analysis by Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, United
States).

NF-kB Activity Assay

NF-kB DNA binding activity was measured using TransAM™ NF-«B p65 Transcription Factor Assay kits (Active
Motif, CA, USA) following the manufacturer’s instructions. An oligonucleotide containing the NF-kB consensus site (5,
-GGGACTTTCC-3,) was loaded into multi-well plates. Then, 20 uL nuclear protein extracted from lung tissues were
incubated with 30 uL of binding buffer in microwells coated with the probes containing the NFkB binding consensus.
After a 1 h incubation at room temperature with mild agitation, microwells were washed three times. 100 pL of diluted
NF-kB antibody (1:1000 dilution) was added to each well and incubated for 1 h. Then, samples were incubated with the
secondary antibody (1:1000 dilution) for 1 h at room temperature. Subsequently, optical density was read at 450 nm,
using a 655 nm reference wavelength before the colorimetric reaction. The results are expressed after subtraction of the
blank values.
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Secretory IgA (SlgA) Assay

The colon tissues were longitudinally cut open, then rinsed with sterile alkaline phosphate buffer (PBS) solution (pH7.4).
The mucosal surface was gently scraped and mucus placed in an Eppendorf tube containing 0.5 mL sterile PBS (20
mmol/L) and mixed vigorously. After centrifugation (12,000 r/min, 10 min), the supernatant was stored at —80°C. The
SigA levels were determined by the SIgA ELISA kits (Elabscience Biotechnology Co., Ltd, Wuhan, China) following the
manufacturer’s protocol.

Fecal Sample Collection and 16S rRNA Gene Sequencing Analysis

Fecal samples were collected in individual sterile tubes from the rectum of each rat after sacrifice, frozen immediately
after sampling and stored at —80°C. Microbial genomic DNA from fecal samples was extracted using a QlAamp DNA
Stool Mini Kit (Qiagen, Dusseldorf, Germany) following the manufacturer’s instructions. To ensure successful DNA
isolation, the DNA was quantified using a NanoDrop instrument (Thermo Fisher Scientific, Waltham, MA, USA). The
V3-V4 regions of the 16S rRNA gene were amplified using specific primers (338F 5-ACTCCTACGGGAGGCAGCA-3)
and (806R 5'-GGACTACHVGGGTWTCTAAT —3'). The 16S rRNA gene amplicon and sequencing were performed as
previously described.'® 16S rRNA gene sequencing analysis was performed using QIIME (Quantitative Insights Into
Microbial Ecology, v1.8.0, http://qiime.org/) and the R package 3.5.1 (https://www.r-project.org/). Chaol and Shannon

indices were used to express the microbial species richness and alpha diversity. Bacterial taxa within different groups
were arranged based on relative abundance (false discovery rate < 0.05).

Fecal Short-Chain Fatty Acids (SCFAs)

Fecal SCFA concentrations were measured by gas chromatography/mass spectrometry. 20 mg of fecal samples were
placed in a 2 mL microcentrifuge tube. Phosphoric acid (1 mL,0.5% v/v) and a small steel ball were added to the tube.
After grinding three times for 10s each, the mixture was vortexed for 10 min and ultrasonicated for 5 min. The mixture
was centrifuged at 12,000 rpm for 10 min at 4°C and 0.1 mL of the supernatant was added to a 1.5 mL centrifuge tube.
0.5 mL methyl tert-butyl ether (MTBE) solution was added to the centrifuge tube. The mixture was vortexed for 3 min
and ultrasonicated for 5 min, then centrifuged at 12,000 rpm for 10 min at 4°C, and measured by gas chromatography/
mass spectrometry (GC/MS) using an Agilent7890B-7000D system (Agilent Technologies, CA, USA). Acetate, propio-
nate, and butyrate were quantified using pure standards diluted in diethyl ether.

Quantitative Real-Time PCR

Total RNA was extracted from colon tissue using a total RNA isolation kit (Solarbio Tech Co., Ltd., Beijing, China)
following the manufacturer’s instructions, then reverse-transcribed into cDNA using HiScript II reverse transcriptase
(EVazyme Biotech Co., Ltd., Nanjing, China). The qPCR primers were designed and synthesized (Genscript, Nanjing,
China). The forward and reverse sequences are shown in Table 1. Quantitative real-time PCR reactions were performed
using Power Up SYBR Green PCR Master Mix on an ABI 7300 HT Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The expression of the target genes was normalized to that of GAPDH. Relative expression levels
are shown as fold changes relative to the control.

Western Blot

Proteins were extracted from colon tissue samples using RIPA lysis buffer (Solarbio life sciences, Beijing, China). After
denaturation, the protein extracts were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) for 1 h, then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, MA, USA) for 2
h. PVDF membranes were probed overnight at 4 °C using the corresponding primary antibodies: anti- GPR43, anti-
NLRP3, anti-Caspase-1, anti-IL-8 and anti-IL-1B (GeneTex, CA, USA). After washing thrice with Tris-buffered saline,
the membranes were incubated at 25 °C for 1 h with the HRP-conjugated secondary antibody. Antibody binding was
determined using a chemiluminescence reagent. The membrane was then scanned and analyzed using a Bio-Rad analyzer
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Table | List of Primers for Real-Time PCR

Gene Name Sequence 5'-3’
NLRP3 F CTCACCTCACACTCCTGCTG

R AGAACCTCACAGAGCGTCAC
GPR43 F ATCCTCACGGCCTACATCCT

R CGCCAGGGTCAGATTAAGCA
Caspase-| F GACCGAGTGGTTCCCTCAAG

R GACGTGTACGAGTGGGTGTT
IL-1B F AACTGTGAAATAGCAGCTTTCG

R CTGTGAGATTTGAAGCTGGATG
IL-8 F CATTAATATTTAACGATGTGGATGCGTTTC

R GCCTACCATCTTTAAACTGCACAAT
GAPDH F ACAGCAACAGGGTGGTGGAC

R TTTGAGGGTGCAGCGAACTT

(Hercules, CA, USA). The relative amount of target protein was calculated using the gray value ratios of the protein to
GAPDH.

Statistical Analysis
All data are expressed as mean + standard deviation (SD). Statistical differences in multiple-group comparisons were
assessed using one-way analysis of variance (ANOVA). The correlations between specific gut microbiota and SIgA levels

and SCFA levels were tested using Spearman correlation test. Statistical significance was set at P <0.05.

Results
Effects of BJF on the Respiratory Function and Gut-Lung Axis Histopathology in
COPD Model Rats

To verify the effect of BJF in the treatment of COPD, we examined body weight, respiratory function, and lung and colon
histopathology in model rats. As shown in Figure 1A, the body weight of the COPD rats was significantly lower than in
the control group from week five (Figure 1A, P < 0.01). However, the weight loss of COPD rats was effectively reduced
after BJF and PBT treatment from week 10, especially in the BJF group (P < 0.05, Figure 1A). There was no significant
difference between the Model and APL groups (Figure 1A, P > 0.05). Therefore, the BJF treatment effectively alleviated
the weight loss of CSE and LPS-induced COPD rats.

Compared with the control group, decreases in the invasive lung function parameters FVC, FEV0.3, and FEV0.3/FVC
were observed in the COPD rats (Figure 1B-D, P <0.05). However, the BJF, APL and PBT treatments significantly increased
the FVC (Figure 1B, P < 0.05), the FEVO0.3 were lower in the APL group than in the model group (Figure 1C, P <0.01). No
significant changes were observed in the FEV0.3/FVC after four weeks of treatment (Figure 1D, P > 0.05).

H&E staining was performed to visualize the histopathological changes in the rat lung and colon; the numbers of
inflammatory cells and alveolar fractures and fusions were higher in the COPD group lungs. Notably, administration of
BJF, APL and PBT ameliorated pulmonary histopathological damage (Figure 1E). H&E staining of colon histopathology
revealed more infiltrating cells, fewer goblet cells, and looser intercellular space in the model group than the control group.
BJF, APL and PBT treatment significantly decreased inflammatory cell infiltration, and restored the thickness of the muscle
layer (Figure 1F). PAS staining of colon tissues showed that colonic goblet cells in the control group were full and round and
mucus secretion was abundant. In comparison, the goblet cells atrophied to varying degrees and the number of goblet cells
decreased significantly in COPD rats, while BJF, APL and PBT treatment markedly reversed these changes (Figure 1G).
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Figure | Effects of Bufei Jianpi Formula (BJF) on respiratory function, lung and colon inflammation in COPD model rats. (A) Changes in Body weight in each group. (B-D)
Changes in invasive respiratory function parameters FVC, FEV0.3, and FEV0.3/FVC in each group. (E) Histopathological changes of lung tissues in each group (HE staining,
magnification, x 100, x400). (F) Histopathological changes of colon tissues in each group (HE staining, magnification, %100, x400). (G) Histopathological changes of colon
tissues in each group (PAS staining, magnification, x400). Red arrows present the goblet cells. Data are presented as mean * SD. N = 6 for each group. **p < 0.01, *p < 0.05
vs control group; ##p <0.01, #p < 0.05 vs model group.

Effects of BJF on the Inflammatory Responses in COPD Model Rats
To confirm the effect of BJF on the inflammatory responses, we evaluated the expression levels of inflammatory cytokines in the
lung tissue. Compared with the control rats, the levels of TNF-o and IL-6 were higher in the COPD rats (Figure 2A-C, P <0.01),
while the level of IL-10 was lower (Figure 2A and D, P <0.01). BJF, APL and PBT treatment significantly inhibited up-regulation
of TNF-a and IL-6 in lung tissues, while downregulating IL-10 (Figure 2A-D, P < 0.01). Plainly, BJF contributed to alleviating
pulmonary inflammatory responses in COPD rats.

Compared with the control group, the TNF-a and IL-6 levels in COPD rats were markedly up-regulated. This alteration
was restored by administration of BJF, APL and PBT (Figure 2E and F, P < 0.01). IL-10 was rapidly down-regulated in the
model group, and increased in lung tissue after BJF, APL and PBT treatment, especially BJF treatment (Figure 2G, P < 0.01).
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Figure 2 Effect of BJF on the Inflammatory Responses in COPD rat lung tissue. (A) TNF-q, IL-6 and IL-10 were detected with immunohistochemistry (magnification, x200).
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0.01 vs control group; ™p < 0.01 vs model group; 2P < 0.01, P < 0.05 vs aminophylline (APL) group; #4p < 0.01, “p< 0.05 vs probiotics (PBT) group.

The NF-kB signaling pathway is considered a key target in COPD development and progression. To investigate the
effect of BJF on NF-«kB signaling, NF-kB DNA binding activity was measured. NF-kB p65 activation was notably higher
in the COPD group compared with the control; BJF, APL and PBT treatment significantly suppressed this increase
(Figure 2H, P < 0.01).

COPD is characterized by irreversible airflow obstruction as well as airway inflammation. NLRP3 has been shown to
play important roles in COPD,"'**° so we examined lung NLRP3 protein expression to explore the effect of BJE. NLRP3
protein expression was significantly increased in the COPD rats, and markedly decreased after BJF, APL and PBT
treatment (Figure 2I, P < 0.01). These data demonstrate that BJF treatment could alleviate pulmonary inflammatory
responses in COPD rats.

Modulatory Effects of BJF on Gut Microbiota Composition in COPD Model Rats

To explore the effect of BJF on gut microbiota, 16S rRNA gene sequence analysis was performed. We obtained 3,815,197
high-quality reads and used a diversity analysis to assess the effect of BJF on the richness and diversity of the gut microbiota.
Chaol and Shannon indices were lower in the model group than in the control group (Figure 3A and B, P < 0.05); BJF, APL
and PBT treatment reversed this change of Chaol index (Figure 3A, P < 0.01), and BJF or PBT treatment increased the
Shannon index (Figure 3B, P < 0.05). There was no significant difference in Shannon index between the Model and APL
groups (Figure 3B, P > 0.05). We also examined the changes in gut microbiota at the phylum and genus levels. 90-97% of
the gut bacterial community was composed of Firmicutes (91.50%), Bacteroides (3.02%), Proteobacteria (1.46%),
Spirochaetes (1.31%), and TM7 (1.28%) in normal rats. A decreased proportion of Firmicutes and increased proportions
of Bacteroides, Proteobacteria and Spirochaetes were observed in COPD rats (Figure 3C and D, P < 0.05). BJF treatment
reversed these alterations (Figure 3C and D, P < 0.05), and PBT treatment moderated the increase of Proteobacteria and
Spirochaetes (Figure 3C and D, P < 0.05). The ratio of Firmicutes to Bacteroidetes (F:B), which together make up about 94%
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of the gut microbiota, was lower in the model group than in the control group (Figure 3E, P <0.01). As expected, BJF or PBT
treatment increased this ratio (Figure 3E, P < 0.05), suggesting that BJF and PBT regulate dysbacteriosis in COPD rats. At
the genus level, Oscillospira, Lactobacillus, and Allobaculum were less abundant in the model group than in the control
group. BJF treatment significantly enriched their relative abundance (Figure 3F and G, P < 0.05). Finally, the proportions of
Clostridiaceae and Treponema were significantly elevated in COPD rats, and BJF treatment decreased their relative
abundances (Figure 3F and G, P < 0.05). Altogether, these data indicate that BJF treatment effectively modulates gut
microbiota structure in rats with COPD.

Effects of BJF on SCFA Production and Intestinal Mucosal SIgA in COPD Model Rats
To explore the effect of BJF on SCFA production, fecal SCFA levels were determined by GC/MS. In this study, the levels
of SCFAs, particularly acetate, butyrate, and propionate, in the model group were significantly lower than in the control
group (Figure 4A-C, P < 0.01). Meanwhile, BJF treatment increased the concentrations of acetate, butyrate and
propionate (Figure 4A—-C, P < 0.05), and PBT treatment significantly increased the acetate concentration (Figure 4A,
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P < 0.05). Our results indicate that BJF treatment elevated the local colonic levels of SCFAs. The gut microbiota and
intestinal mucosal immune system are important aspects of the gut-lung axis.

To address the role of the intestinal mucosal immune system in COPD and the therapeutic mechanism of BJF, SIgA
levels in the intestinal mucosa were analyzed. SIgA expression in COPD rats was significantly lower than in the control rats
(Figure 4D, P <0.01). It recovered after administration of BJF, APL, or PBT, and was highest in the BJF group (P <0.01).

Correlation Analysis of the Key Microbial Communities, Intestinal Mucosal Proteins,
and Fecal SCFA Levels

To investigate the relationship between the key gut microbial communities, fecal SCFA levels, and intestinal mucosal
proteins, Spearman correlation analysis was performed. At the phylum level, the abundance of Firmicutes, which are
SCFA-producing bacteria, was positively correlated with butyrate, Propionate and SIgA (Figure 5A, P < 0.001). In
contrast, the abundance of Bacteroidetes and Proteobacteria showed a significant negative correlation with the levels of
SCFAs and SIgA (Figure 5A, Ppropionate < 0.05, Ppytyrate < 0.001, Pgiga < 0.001). At the genus level, Lactobacillus, which
was upregulated by BJF, was positively correlated with propionate and SIgA (Figure 5B, Ppropionate < 0.01, Pgpga <
0.001). Overall, Allobaculum showed a significant positive correlation with butyrate and SIgA levels (Figure 5B, Pputyrate
< 0.05, Pgjga < 0.001). We found that the relative abundance of the SCFA-producing Bifidobacterium was positively
correlated with acetate and SIgA levels (Figure 5B, Pycerare < 0.05, Pgiga < 0.01). Further, Clostridiaceae and Treponema,
which were downregulated by BJF, were negatively associated with SIgA (Figure 5B, P < 0.05). These results suggest
that BJF could improve the intestinal mucosal immune function of COPD rats by increasing the abundance of SCFA-
producing bacteria.
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Effects of BJF on the SCFAs/GPR43/NLRP3 Signaling Pathway in COPD Model Rats

The above results suggest that decreased levels of SCFAs could activate the intestinal mucosal response. The SCFAs/
GPR43/NLRP3 pathway plays an important role in improving the intestinal mucosal responses. To further explore the
effects of BJF treatment on the SCFAs/GPR43/NLRP3 signaling pathway, the gene and protein expressions of GPR43,
NLRP3, Caspase-1, IL-8, and IL-1B were analyzed. GPR43 mRNA expression was lower in the model group than in the
control group (Figure 6A, P <0.01). BJF and PBT treatment increased it, especially in the BJF group (Figure 6A, P <0.05).
Consistently, the mRNA expression levels of NLRP3, Caspase-1, IL-8, and IL-1p were significantly upregulated in COPD
rats compared with the control group. However, BJF or PBT treatment produced a remarkable decrease (Figure 6B-E, P <
0.05, P <0.01). Similarly, BJF increased GPR43 protein expression and inhibited those of its downstream genes, including
NLRP3, Caspase-1, IL-8, and IL-1PB (Figure 6F-J, P < 0.05). Including these data, the results indicate that BJF could
improve intestinal mucosal response via the SCFAs/GPR43/NLRP signaling pathway.

Discussion

Traditional Chinese medicine theories suggest that the main syndrome of the stable phase of COPD is caused by lung and
spleen qi deficiency.>' Therefore, BJF has been developed based on the principle of “strengthening the spleen, tonifying the
lung, and reinforcing the earth to generate the metal” as a prescription against the disease. The evaluation index of the
COPD rat model included pulmonary function decline and representative lung pathological impairments. FEV1 and FEV1/
FVC are critical for evaluating lung function in COPD. The Global Initiative for Chronic Obstructive Lung Disease
(GOLD) guidelines indicate that FEV1 is associated with severity of COPD. Consistent with clinical COPD, the changes of
FEV0.3/FVC in COPD rats showed that lung function was damaged. And the lung damage was rescued by BJF treatment.
We also found marked inflammatory cell infiltration, bronchiolar stenosis, and alveolar expansion and destruction in the
COPD rats, which were improved in the treated groups. Inflammation is central to the development of COPD, which
involves the infiltration of the major inflammatory cells, including neutrophils, monocytes/macrophages, and lymphocytes,
into the airway and lung tissue.?” In this study, the levels of inflammatory factors (IL-6, TNF-o and IL-10) in lung tissue
were noticeably changed, implying that the degree of inflammation was increased in the lungs of COPD rats. The
inflammatory reaction was effectively repressed by BJF treatment.

A growing number of studies have demonstrated that CSE or Bacterial infection is able to activate NF-xB through
toll-like receptors, resulting in the production of proinflammatory cytokines including TNF-a, IL-1p, and IL-6.>* NF-«xB
also serves as the priming signal to facilitate the transcriptional expression of NLRP3 and pro-IL-1B.%* Our results also
show that the expression of NLRP3 and NF-«B activity is remarkably enhanced in the lung tissues of COPD rats. The
BJF treatment significantly inhibited these expressions. We speculate that these changes might partly explain BJF’s
contribution to alleviating the lung inflammatory response during COPD. These data taken together show that BJF has
a positive therapeutic effect on COPD, which is consistent with previous findings."’

Recently, a certain pathophysiological correlation between the respiratory and gastrointestinal tracts, the mutual
influence of which is exhibited through the gut-lung axis.?>**® Studies have reported that gut mucosal immunity affects
the immune response of the lung, wherein the gut microbiome promotes COPD initiation and development through
mucosal immunity.?’ In addition, most COPD patients have a long history of smoking. Studies have indicated that
chronic smoke exposure can alter the structure of gut microbes, which alters the gut microbiome and is associated with
the incidence of acute COPD.*® Lachnospiraceae sp. were reported to be increased in the mouse gut after smoke
exposure.”’ Therefore, in this study, the abundance of the gut microbiome was measured to understand its role in COPD.
Our results showed that the gut microbiome was highly diversified and abundant in control rats, with Firmicutes,
Bacteroidetes, and Proteobacteria being the most abundant intestinal bacteria. In contrast, among COPD rats, the a-
diversity was substantially changed, with decreased levels of Firmicutes, Oscillospira, and Lactobacillus, and increased
levels of Clostridiaceae, consistent with the available literature.”® However, the gut microbiomes are somewhat different
in the previous studies.'* An experimental factor that the duration and intensity of the CSE may explain the discordant
findings during the acute exacerbation and stable phase of COPD.
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Previous studies have shown that F:B is a predictor of fecal SCFA levels, as these two clades, along with
Laospirillaceae, include important symbiotic, SFCA-producing bacteria.>'~** In our study, a decrease in the F:B ratio
was observed among COPD rats, indicating that alterations in the gut microbiome, especially reduction of SCFA-
producing bacteria, could lead to the initiation and development of COPD. SCFA has been established as a mediator of
the gut-lung axis. As BJF considerably increased the abundance of SCFA-producing bacteria, the intestinal immune
barrier was strengthened, thereby protecting the mucosal immune system and alleviating COPD. Therefore, homeostatic
maintenance of the gut microbiome may be a viable treatment strategy for COPD.

As important beneficial metabolites of the gut microbiome, SCFAs including acetate, butyrate, and propionate, are the
primary energy source of intestinal mucosal cells.*> Moreover, both the human respiratory and gastrointestinal tracts can
produce SIgA, which acts as the main mediator of mucosal immunity. In particular, SIgA is connected through homing
migration and the common immune system, serving as an important basis for the correlation between the lungs and large
intestine.>* The present study revealed that compared to healthy rats, the SCFA and SIgA levels in the gut mucosa of
COPD rats were substantially lower, indicating compromised intestinal mucosal immune function. To further verify the
relationship between the gut microbiome and mucosal immunity, a correlation analysis was performed. Notably, the
results indicated that among different SCFA-producing bacteria, the relative abundance of Firmicutes was positively
correlated with SIgA and SCFA levels, whereas the relative abundance of Bacteroidetes and Proteobacteria was
negatively correlated. Alternatively, at the genus level, the relative abundance of the SCFA-producing Bifidobacterium
was positively correlated with SIgA levels. Thus, we speculated that BJF could improve the intestinal mucosal immune
function of COPD rats by increasing the abundance of SCFA-producing bacteria.

To further clarify the molecular mechanism of BJF in regulating the gut microbiome of COPD rats, we also investigated
the expression of inflammasome pathways. Several studies have indicated that as the most important molecular mechanism for
maintaining intestinal epithelial integrity and gut homeostasis, these inflammasome pathways regulate changes in Escherichia
coli in the gut microbiome through IL-18.*° Furthermore, IL-1p is an important component of cigarette smoke-induced
inflammation and COPD.*® The NLRP3 inflammasome is upregulated in COPD and COPD exacerbation in vitro.>” In this
study, we found that BJF upregulated GPR43 expression and downregulated NLRP3, caspase-1, IL-1f, and IL-18 expression
in COPD rats. These results suggest that BJF can improve gut microbiome alterations and gut metabolome changes by
regulating the intestinal SCFAs/GPR43/NLRP3 pathway, thereby enhancing gut mucosal immune function.

There are some limitations in this study. Firstly, because of the intimate relationship between the respiratory and
gastrointestinal tract, further work should focus on whether the changes in gut and lung microbiota composition are
consistent. In addition, future studies are needed to determine the most effective ingredients for treatment.

Conclusion

In conclusion, these results demonstrate that BJF can improve mucosal immune function by remodeling the gut
microbiota and modulating metabolites through suppression of the SCFAs/GPR43/NLRP3 pathway in COPD rats.
This evidence supports the clinical application of BJF in COPD treatment.
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