Drug Design, Development and Therapy Dove

ORIGINAL RESEARCH

Exploring the Mechanisms of Modified Bu-Shen-Yi-
Qi Decoction for COPD-Related Osteoporosis
Therapy via Transcriptomics and Network
Pharmacology Approach

Yuanyuan Zhong"?, Bin Wang'?, Wenjing Chen"?, Hongying Zhang'?, Jing Sun'?, Jingcheng Dong ("

'Department of Integrative Medicine, Huashan Hospital, Fudan University, Shanghai, People’s Republic of China; 2Institute of Integrated Traditional
Chinese and Western Medicine, Huashan Hospital, Fudan University, Shanghai, People’s Republic of China

Correspondence: Jingcheng Dong; Jing Sun, Email jcdong2004@ |26.com; sjing0610@ | 63.com

Purpose: To investigate the effectiveness of modified Bu-Shen-Yi-Qi decoction (MBSYQ) in the treatment of osteoporosis associated
with chronic obstructive pulmonary disease (COPD) and its underlying mechanisms of action.

Methods: Discase targets, active ingredients and targets were predicted by TTD, CTD, DisGeNET, HERB (BenCaoZulian as its
Chinese name), and multiple-TCM databases; In addition, the screened targets were performed via the online platforms DAVID 6.8
and Metascape for GO and KEGG pathway enrichment analysis; The relationship between the MBSYQ and core targets were verified
by molecular docking technique. Then we established a COPD-associated osteoporosis rat model by passive 24-week cigarette
exposure. We assessed the efficacy of MBSYQ by lung histopathology assessment and distal femur/the first lumbar vertebra (L1)
microstructural assay. In addition, we performed tibial RNA sequencing, which was validated by RT-PCR and Western blot.
Results: Screening revealed that the 350 active compounds of MBSYQ anchored 228 therapeutic targets for COPD-related
osteoporosis; KEGG pathway enrichment analysis showed that the key targets mainly regulated MAPK and PI3K/AKT signaling
pathways. In vivo studies showed that MBSYQ treatment alleviated pathological alterations in lung tissue, and reversed the bone loss
and microstructure damage in the femur/L1 of model rats. The RNA seq indicated that MBSYQ could upregulate genes associated
with anti-oxidative stress and aerobic respiration. The GSEA analysis displayed that MAPK and PI3K/AKT pathways were inhibited
by CS exposure and activated by MBSYQ.

Conclusion: MBSYQ is effective in the prevention and treatment of COPD-related osteoporosis, partially achieved by improving
oxygen metabolism and activating MAPK and PI3K/AKT pathways.
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Introduction

Data show that the third leading cause of death worldwide is caused by chronic obstructive pulmonary disease (COPD)."
It’s a common, preventable and treatable chronic respiratory disease characterized by incomplete reversibility and
progressive airflow limitation. COPD is often associated with comorbidities and systemic consequences, including
lung cancer, muscle weakness, osteoporosis, and further decreases the quality of life and increases mortality.>™*
Patients with COPD are significantly more likely to develop osteoporosis than healthy individuals, and its severity is
strongly associated with a decrease in bone mineral density (BMD).>'® In addition, the most common cause of
secondary osteoporosis in men may be due to COPD."!

Chronic airway inflammation, characterized by inflammatory cell infiltration and increased secretion of inflammatory
mediators, is thought to be the main cause of the ongoing progression of COPD.'? Osteoporosis is generally characterized
by low bone mass, microarchitectural degeneration, and increased fracture risk.'® Although the prevalence of osteoporosis
is significantly increased in patients with COPD compared to normal people, the causal and molecular links between them
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remain unclear.'* It is difficult to clarify the pathological mechanism because of the various factors that affect bone
metabolisms, such as smoking, weight, COPD acute exacerbation, sarcopenia, steroid use, etc.'” To make matters WOTrSE,
COPD-related osteoporosis is highly neglected by respiratory and physicians, and no formal guidelines for managing
COPD-associated osteoporosis.”'®!” Due to the paucity of specific evidence in COPD patients, treatment is generally
guided by the practice guidelines for primary osteoporosis. Current treatments include interventions for patients’ lifestyles
(moderate exercise, healthy diet, etc.) and pharmacological treatments (calcium and vitamin D supplementation, etc.),
selective estrogen receptor modulators, RANKL inhibitors, calcitonin, bisphosphonates, and PTH receptor agonists, etc.'®
However, it’s limited in its efficiency in restoring bone loss or increasing bone mass and has unavoidable side effects.'’
Mesenchymal stem cell transplantation is thought to be a novel treatment for osteoporosis. However, it is still in preclinical
studies and clinical trials, and its safety and efficacy need to be further evaluated.?*!

Traditional Chinese Medicine (TCM) is an integrated system of medicine that has played an important role in the
maintenance of people’s health worldwide for thousands of years.””** The efficacy of TCM has been proven to be
a viable alternative therapy for the treatment of diseases.”* Bu-Shen-Yi-Qi decoction, composed of three herbs including
Epimedium brevicornum Maxim. (Epimedii Herba), Astragalus mongholicus Bunge (Radix Astragali), and Rehmannia
glutinosa (Gaertn.) DC. (Radix Rehmanniae), have been proven effective in clinical and experimental studies for the
treatment of chronic respiratory diseases such as asthma and COPD.>>** Our previous randomized, double-blinded,
multicenter clinical trial demonstrated that it improved lung function, reduced the frequency of acute exacerbations, and
attenuated the inflammation response in COPD patients.*’ In addition, a modified version of the Bu-Shen-Yi-Qi formulae
(MBSYQ, Scutellaria baicalensis Georgi (Radix Scutellariae) and Paconia lactiflora Pall. (Radix Paconiae Rubra) were
added, detailed in Table S1) is more effective in treating acute exacerbations of COPD, such as shortness of breath and
relief of cough.”® However, it remains unclear whether MBSYQ is effective in the prevention and treatment of COPD-
related osteoporosis.

We first explored the potential molecule link between COPD and osteoporosis from the perspective of network
pharmacology, the possible mechanisms of MBSYQ for COPD-related osteoporosis treatment, and then established a 24-
week CS-induced animal model to validate the pathological mechanisms, influencing factors and underlying mechanisms
of MBSYQ for COPD-related osteoporosis treatment, which can provide further clinical applications and basic research.
The study design is displayed in Figure 1

Materials and Methods

COPD & Osteoporosis-Related Protein Screening
Therapeutic Target Database (TTD, http:/bidd.nus.edu.sg/group/cjttd/)>* and Comparative Toxicogenomics Database

(CTD, http://ctdbase.org/)*' can be used to screen target proteins for COPD and osteoporosis; Potential targets for COPD

and osteoporosis were collected by DisGeNET database (https://www.disgenet.org/).>> We searched all three databases

using the keywords “Chronic obstructive pulmonary disease” or “Osteoporosis” and set the species to “Homo sapiens”.
Finally, we removed duplicates and integrated all information to further analyze proteins common to COPD and
osteoporosis.

Bioactive Ingredients Collection and Target Prediction

Potentially active compound screening and candidate target prediction for MBSYQ were screened from the HERB
database (BenCaoZulian as its Chinese name, obtained from http://herb.ac.cn/) which links 12,933 targets and 28,212
diseases to 7263 herbal medicines and 49,258 ingredients. They provided six pairwise relationships between them by
integrating multiple-TCM databases (SymMap, TCMID 2.0, TCMSP 2.3, and TCM-ID) and manually 1966 reference
comparisons.>® We further searched SuperTarget (https://bioinformatics.charite.de/supertarget/),>* SwissTargetPrediction

(www.swisstargetprediction.ch),” Similarity ensemble approach (SEA, https:/sea.bkslab.org/),>® STICH (http://stitch.

embl.de/)*” and PharmMapper (http://www.lilab-ecust.cn/pharmmapper/)*® databases for component-target prediction of

icaritin and astragaloside IV. Networks were built and visualized with Cytoscape 3.8.0.>° Network parameters were
calculated by the NetworkAnalyzer plugin.
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Figure | Schematic diagram of the study to explore the pharmacological mechanisms of MBSYQ in COPD-related osteoporosis.

Gene Ontology (GO) and Pathway Enrichment Analysis

To further reveal the mechanism of MBSYQ for COPD-related osteoporosis, through the online platforms DAVID 6.8
(https://david.ncifcrf.gov/)*® and Metascape (https://metascape.org/),*! the targets of MBSYQ for COPD-related osteo-
porosis therapy were additionally analyzed by GO and KEGG pathway enrichment.

Molecule Docking

Three-dimensional chemical structures of the core active ingredients were obtained from the PubChem database
(NCBI, USA), and energy minimized by molecular mechanics-2 (MM2) force fields in Chem 3D Pro; The RCSB
Protein Data Bank (www.rcsb.org) was used to retrieve the crystal structures of the target proteins; The AutoDock
tool (1.5.6) was performed for the addition of hydrogen atoms and the removal of water and heterogeneous
molecule; AutoDock vina was employed to predict potential molecular binding patterns between components and
candidate targets; the docked structures were analyzed via PyMol 2.3.0 (http://www.pymol.org/). The position of

the original ligand defines the center of the active site for protein-ligand docking, set to a grid size of 40 x 40x40
A in the x, y, and z directions, with the spacing between the two grid points set to 0.375 A. The most likely binding
mode is the docking conformation corresponding to the lowest binding energy.
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Chemicals and Reagents

Primary antibodies against P-JNK (4668T), P-ERK (4370), P-P38 (4511T), and B-actin (4970) were from Cell Signalling
Technology (Danvers, USA). Anti-P-Akt (66444-1-Ig) was obtained from Proteintech. Commercial tobacco Dagianmen
was purchased from Shanghai Jieqiang Tobacco, Sugar and Wine (Group) Co., Ltd.

MBSYQ Preparation

MBSYQ granules were purchased from Jiangyin Tianjiang Pharmaceutical Co., Ltd. Briefly, the herbs were decocted
twice with water, then filtered and concentrated to a relative density of 1.11-1.13 (Astragalus mongholicus Bunge), 1.09—
1.11 (Epimedium brevicornu Maxim.), 1.09-1.12 (Rehmannia glutinosa (Gaertn.) DC.), 1.15-1.17 (Scutellaria baica-
lensis Georgi) and 1.05-1.07 (Paconia lactiflora Pall.) at 65+5°C, respectively. The herbal extracts were obtained by
spray drying with 18—40 mesh screening and then quality controlled by ultraviolet-visible spectrophotometry (UU-Vis)
and high-performance liquid chromatography (HPLC). The pellets of each herb were mixed in proportion and diluted
with potable water before administration.

Animal Model and Treatment

Selected 40 male SD rats (6 weeks old, 160-200 g) (Sippr-BK Laboratory Animals Co. Ltd., Shanghai, China) and
housed in a specific pathogen-free (SPF) condition under a 12: 12 h light-dark cycle and given free access to food and
water. Animal experiments were approved by the Animal Experimentation Ethics Committee of Fudan University
(Approval No. 202011005S). Rats were acclimated to the conditions for one week before the experiment and randomly
divided into five groups (n =8 per group): Normal control group, CS group, CS + MBSYQ low/medium/high dose group
(6.25 g/kg, 12.5 g/kg, 25 g/kg). The medium doses given to rats were calculated based on the animal dose conversion
table and body surface area.*? Construction of rat model of chronic obstructive pulmonary disease with slight modifica-
tions from references.** *° Briefly, rats were placed in a homemade acrylic chamber (110 x 56 x 35 c¢m) and exposed to
smoke from 5 cigarettes (commercial cigarettes, large front door, each containing 12 mg carbon monoxide, 9 mg tar, and
0.8 mg nicotine) (30 min each, twice a day, 5 min smoke-free interval, 6 days a week for 24 weeks), except for normal
controls. Beginning at week 9, rats were gavaged with different doses of MBSYQ decoction or the same volume of
drinking water 30 min before CS exposure.

Lung Histopathology Detection and Evaluation

The right middle lobe of the rat lung was excised and fixed in 4% paraformaldehyde. Samples were paraffin-embedded and
cut into 4 um sections for H&E staining. The degree of infiltration of inflammatory cells in the lung was assessed according
to a scoring system on a 5-point scale according to the method described by previous authors.*® Mean linear intercept (MLI)

and mean alveolar area (MAA) were used to measure airspace enlargement according to the described protocol.*’

Micro-CT Imaging

The right femur and L1 were removed and separated from the soft tissues, scanned with QuantumGX (PerkinElmer,
USA) (90kv, 88uA), and then reconstructed in 3D. The region of interest (ROI) was defined as 150 consecutive slides
(3 mm) proximal to the distal femoral growth plate. Bone surface to bone volume (BS/BV), bone volume to total volume
(BV/TV), connective tissue density (Conn.D), trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular
thickness (Tb.Th) were calculated by Analyzel2.0.

RNA Sequence

Total RNA from the right femur was extracted according to the TRIzol kit (Invitrogen, Carlsbad, CA, USA). NanoDrop
ND-1000 (NanoDrop, Wilmington, DE, USA) to quantify RNA; Bioanalyzer 2100 (Agilent, CA, USA) to evaluate RNA
integrity. Eligible RNA samples were used to construct cDNA libraries. Then End-sequencing by Illumina Novaseq™
6000 (LC-Bio-Technology CO., Ltd., Hangzhou, China) (PE150). The mRNA expression levels were performed by
calculating FRKM in StringTie (FPKM = [total exon fragments / mapped reads (millions) x exon_length (kB)]).
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Differentially expressed genes (DEGs) with fold change > 1.5 or fold change < 0.66 were selected by the R package
edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html), and nested linear models were compared by

parametric F-test (p-value <0.05). Bioinformatics analysis and PPI network construction were performed as described
previously. GSEA software (Broad Institute’s) (http://software.broadinstitute.org/gsea/index.jsp) for genomic enrichment
analysis (GSEA).

Real Time-PCR Analysis

500ng RNA was reverse transcribed into cDNA for each sample using the PrimeScript™RT Master Mix (Takara,
RRO36A). The cDNAs were amplified using Genious 2X SYBR Green Fast qPCR Mix (ABclonal, RK21206) with
a Real-time PCR instrument (QuantStudio 6 Flex, ThermoFisher, USA) following the manufacturer’s instructions. The 3-
actin gene was chosen as an internal reference, and the expressions of target genes were calculated using the comparative
CT method (27**“T). The sequences of primers used are shown in Table S2. The RT-PCR assays were conducted in three
independent technical replicates for each sample.

Western Blot

Total protein was extracted from the right tibia with RIPA (Beyotime, P0013B) added to a mixture of protease inhibitors
and phosphatase inhibitors (Beyotime, P1050), and quantified with a BCA kit (Beyotime, P0012). The tissue lysates were
mixed with 5 x SDS sample buffer (4:1, Beyotime, P0O015) and heated at 99°C for 10 min. Proteins (20 pg total protein)
were subsequently separated by 10% SDS-PAGE (Beyotime) and then transferred to PVDF membranes (Millipore).
Blocking was performed with 5% skim milk at room temperature for 1 h. The blocking buffer solution consisted of
Tween-20 (TBST) and Tris-buffered saline. The membranes were then incubated overnight with 1:1000 dilutions of
primary antibodies against f-actin, P-AKT, p-ERK, p-P38, and p-JNK. The membranes were washed three times with
TBST before incubation with 1:10000 dilution of HRP-conjugated secondary antibody (Proteintech) for 1 h, and the ECL
detection system visualized the membranes with an enhanced chemiluminescence kit (Millipore, Billerica, USA). B-actin
was used as an internal control. Bands were scanned using Image-Pro Plus 6.0 and quantitated by densitometry.

Statistical Analysis

Data were expressed as mean + SD. One-way ANOVA and LSD multiple comparison tests were performed using Prism
6.0 (GraphPad, La Jolla) to assess between-group differences when homogeneity of variance and normality were
satisfied. Otherwise, Dunnett’s T3 and nonparametric tests were performed. P value <0.05 means statistically significant.

Results

COPD and Osteoporosis-Related Proteins Collecting and Analyzing

In total, 792 COPD-related targets and 1112 osteoporosis-related targets were retrieved (Table S3) and further submitted to
STRING to establish COPD and osteoporosis disease-specific protein interaction (PPI) network, respectively (Figure S1A and B).
There are 340 overlapping proteins in both protein lists, and their relative positions in the protein interaction networks of COPD
and osteoporosis are shown in (Figure S1C and D). We found that nodes with greater intergenic centers had greater extent in both
COPD and osteoporosis disease-specific PPI networks (Figure S2A and B). Therefore, we screened the top 15 COPD and
osteoporosis disease-specific proteins based on the degree values (Figure S2C and D). Among them, TP53, AKT, TNF, MAPK3,
IL-6, STAT3 and EGFR, etc. occupy a central position in the disease-specific protein interaction network of COPD and
osteoporosis, indicating that they play a critical role in the development and progression of both diseases. Most COPD-
associated proteins belonged to the same statistically significant GO terms as osteoporosis-specific proteins (Figure 2A-D),
indicating a strong functional association in these two contrasting cohorts and allowing further analysis of these 340 common
proteins.
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Figure 2 Co-bioinformatics analysis of the target of MBSYQ and 340 proteins in common between COPD & osteoporosis by Metascape. (A) Circos diagram of the 2 sets of
proteins. The proteins appearing in the two sets of protein profiles are connected by purple lines, and proteins of the same ontological term are connected by blue lines. (B)
The top 20 common GO terms or pathways enriched by 2 groups of protein profiles. (C) Enrichment network analysis of the 2 groups of proteins. A circular node
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Screening of Active Ingredients of MBSYQ Decoction and Prediction of Its Action

Targets

398 active ingredients and 2010 corresponding targets were retrieved (Table S4). Cytoscape 3.8.0 was used to build and
analyze Herb-Ingredient-Target (H-I-T) network (Figure S3A). The H-I-T network consists of 2413 nodes (5 herbs, 398
ingredients, and 2010 targets) and 8907 edges. The molecular mechanism of MBSYQ for COPD-related osteoporosis was
further explored, and we intersected the target profile of MBSYQ with 340 proteins common to COPD and osteoporosis.
Finally, we retrieved 228 potential targets and considered them as potential targets for COPD-associated osteoporosis
treatment. The herb-potential ingredient-potential target (HB-PI-PT) network was then built and analyzed (Figure S3B). The
HB-PI-PT network consists of 583 nodes (5 herbs, 350 ingredients, and 228 targets) and 3061 edges. The core objectives
and potential components of the two network parameters are shown in Figure S3C and D. Capsaicin, quercetin, eugenol,
apigenin, icaritin, etc., are potential core components, and PTGS2, AR, NOS2, ESR1, PPARG, etc. are the main potential
targets of MBSYQ for the treatment of COPD-related osteoporosis. Then, we performed GO and KEGG analysis on these
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228 potential targets (Figure 3A—C). We found that these 228 potential targets are mainly involved in regulating apoptotic
processes, inflammatory and hypoxia responses, nitric oxide biosynthesis, smooth muscle cell proliferation, etc. KEGG
pathway analysis revealed that the TNF signaling pathway, toll-like receptor signaling pathway, foxo signaling pathway,
HIF-1 signaling pathway, MAPK, and PI3K/AKT signal pathway, etc., are enriched and regulated by MBSYQ, suggesting

a comprehensive mechanism for MBSYQ treatment of COPD-associated osteoporosis.

Potential Components and Targets of MAPK and PI3K/AKT Signaling Pathway

Regulation by MBSYQ Decoction

Based on the KEGG enrichment results, we further constructed a potential target-pathway network (Figure 4A) and
a potential component-potential target (PI-PT) network (Figure 4B). We found that 314 active components in MBSYQ,
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Figure 4 MBSYQ potential target-pathway (PT-P) network and potential component-potential target (PI-PT) network for COPD-related osteoporosis treatment. (A) PT-P
network is based on the first 20 KEGG-enriched pathways. (B) PI-PT network based on PT-P network. (C) Relative positions of potential MBSYQ targets in the PI3K/AKT

pathway. (D) Relative positions of potential targets of MBSYQ in MAPK pathway.

including quercetin, anchored 137 targets and regulated more than 20 signal pathways. Through network analysis, we
found that PI3K/AKT and MAPK signaling pathways occupied relatively important positions, suggesting that they play
an important role in the MBSYQ treatment of COPD-related osteoporosis. Subsequently, we labeled the relevant targets
of MBSYQ regulating PI3K/AKT signaling pathway and MAPK signaling pathway (Figure 4C and D) and constructed
the compound-target-pathway network (Figure 5A). 6 core compounds are shown, including quercetin, apigenin,
capsaicin, aconitine, salicylic acid, and lignan (Figure 5B) and docked to 6 key corresponding targets of the regulatory
MAPK and PI3K/AKT pathways, including AKT1 (PDB ID: 3096), BCL2 (PDB ID: 600K), GSK3p (PDB ID: 6B8J),
MAPKI1 (PDB ID: 201J), MAPK14 (PDB ID: 1A9U) and TNF (PDB ID: 2AZS). The predicted binding patterns are
shown (Figure 5C-H). Among the necessary conditions for the pharmacological activity, hydrophobic interactions, -
cations, mt-stacking, and conventional hydrogen bonding all have essential roles in protein-ligand recognition and stability

and may be effective for the pharmacological activity.
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MBSYQ Alleviates Lung Inflammation and Airspace Enlargement Induced by Cigarette

Smoke

After 24 weeks of CS exposure, lung histopathology of the control group showed normal lung structure, no inflammatory
infiltration of small airways, and intact alveolar wall structure. In contrast, the lung tissue of the model group showed
significant cellular infiltration with marked inflammation, small airway wall thickening, alveolar expansion, rupture, and
parenchymal fusion, indicating successful induction of COPD-like responses in response to CS-exposure. In contrast,
MBSYQ treatment improved the aforementioned histological changes, as demonstrated by a statistical decrease in

inflammation scores, MLI, and MAA (Figure 6A-D). These results validate the efficiency of our animal model of
COPD and the MBSYQ decoction treatment.
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Figure 6 Cigarette smoking-induced lung inflammation and voids in rats can be attenuated by MBSYQ. (A) Lung section revealed by H&E staining. Alveolar inflammation
scores (B), MLI (C), and MAA (D) were assessed. Data are presented as mean + SD. #####p<0.0001, ###p<0.001 vs Control group; *p<0.05, **p<0.01, ***p<0.001 vs
Model group.

Abbreviation: ns, no significance.

MBSYQ Restored the Femur/Ll Bone Mass and Microstructure Damage in
CS-Exposure Rats

To further discover the role of MBSYQ in CS-exposed bone loss in rats, the bone microarchitecture of the distal femur
and L1 was evaluated by Micro-CT, and representative scans are shown in Figure 7A. The CS-exposed group had
a reduced number of bone trabeculae, a sparser distribution of bone trabeculae, and increased broken ends of bone
trabeculae when compared to the control group. Quantitative analysis showed that BMD of the femur and L1 was
obviously decreased in CS-exposure rats, and these changes were partially attenuated (not statistically significant) by
MBSYQ (Figure 7B and C). Analysis of microstructural parameters revealed lower values of BV/TV (Figure 8A), BS/
TV (Figure 8§B), Conn.D (Figure 8C), and Tb.N (Figure 8E) in the distal femur of CS-exposed rats compared to normal
controls, while Tb.Sp (Figure 8D) was larger. However, these phenomena were partially reversed by MBSYQ (Figure
8A-E). There was no significant change in Tb.Th in all groups (Figure 8F). Our results suggest that 24 weeks of CS
exposure can damage bone microstructure and that MBSYQ treatment is effective.

MBSYQ Upregulated Genes Associated with Anti-Oxidative Stress and Aerobic

Respiration

To further explore the mechanism of MBSYQ on COPD-associated osteoporosis, we performed transcriptome sequen-
cing analysis using rat tibial tissue. GO analysis of DEGs showed that the up-regulated genes were mainly related to
oxygen metabolisms, such as aerobic respiration, oxidative phosphorylation, and detoxification of cellular oxidants, etc.
(Figure 9A). These genes were up-regulated in the CS exposure group and further increased by MBSYQ (Figure 9B). We
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Figure 7 MBSYQ improves the BMD and bone microstructure of the femur and LI induced by cigarette smoke. Representative scans of bone microstructure (A) and
quantification of BMD of the femur (B) and LI (C). #p<0.05 vs Control group.
Abbreviation: ns, no significance.

also constructed the associated PPI network and screened out the core genes (Figure 9C). The expressions of the core
genes, including Gpx1, Gpx4, Ndufa4, and Uqcrb, were verified by RT-PCR experiment (Figure 9D-G). Gene expression
trends were consistent with the RNA seq results, although sometimes the differences were not statistically significant.
These results suggest an adaptive response to hypoxia during prolonged CS exposure and the efficiency of MBSYQ

decoction therapy.

MAPK and PI3K/AKT Pathways Inhibited by CS Exposure Can Be Restored by
MBSYQ

GSEA analysis showed that MAPK and PI3K/AKT signaling pathways were down-regulated in long-term CS exposure
compared to the normal control group, while MBSYQ partially activated these signaling pathways (Figure 10A—D). This
result was consistent with the consequence of network pharmacology (Figure 4). We further validated this result by
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Figure 8 Quantitative analyses of trabecular parameters of the femur including. Micro-CT and Analyze|2.0 were applied to determine the BV/TV (A), BS/TV (B), Conn.D
(C), Tb.Sp (D), Tb.N (E), and Tb.Th (F). Data were expressed as mean = SD. # P < 0.05, ## P < 0.01, ###P < 0.00| vs Control group. *P < 0.05, **P < 0.0, ***P <0.001 vs
CS exposure group.

Abbreviation: ns, no significance.

Western blot (Figure 10E-I). The expression of p-AKT, p-P38, p-JNK, and p-ERK was inhibited by CS exposure, which
was partially reversed by MBSYQ.

Discussion

One of the common extra-pulmonary manifestations in COPD patients is osteoporosis, the probability of which is
significantly higher than in the healthy population, and its severity is inversely correlated with bone mineral density.
Cross-sectional studies based on COPD patients, population-based cohort studies, and the National Health and Nutrition
Examination Survey (NHANES) have shown that the risk of COPD-related osteoporosis is approximately 1.5-2 times
higher than that in control populations.” ®'® However, the underlying pathogenesis of COPD-related osteoporosis is still
unclear and effective therapies are lacking. Here, we first attempted to elucidate the molecular link between COPD and
osteoporosis and the potential mechanism of MBSYQ treatment. 340 common proteins were identified, and many COPD-
related proteins belong to the same statistically significant GO terms and KEGG pathways as osteoporosis-specific
proteins. 350 potential compounds from MBSYQ anchored 228 common targets for COPD-related osteoporosis treat-
ment and showed modulation of MAPK and PI3K/AKT signaling pathways regulation. Then, we further employed a 24-
week passive CS-exposed rat model to reveal the underlying mechanisms of COPD-associated osteoporosis and the
therapeutic mechanism of MBSYQ. Here, we examined lung histopathology to assess the successful establishment of the
COPD rat model and the therapeutic efficiency of MBSYQ. Then, we examined the microstructure of the distal femur
and L1, demonstrating that MBSYQ can partially reverse the bone loss and microstructural damage in the femur and L1
induced by CS exposure. RNA sequencing can assist us in exploring the potential mechanisms of MBSYQ regulation.
GSEA analysis revealed that MAPK and PI3K/AKT pathways were inhibited by CS exposure and activated by MBSYQ,
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including GPX1 (D), GPX4 (E), Ndufa4 (F), and Uqcrb (G). ## P < 0.01 vs Control group.

Abbreviation: ns, no significance.
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which is consistent with network pharmacology predictions. The results suggest that MBSYQ is sufficient for the
treatment of COPD-associated osteoporosis.

Interestingly, genes related to oxygen metabolism were significantly up-regulated by passive CS exposure and further
up-regulated by MBSYQ. Previous studies have suggested that COPD patients suffer from chronic hypoxia due to the
presence of irreversible airflow limitation and progressive decline in lung function. Chronic hypoxia inhibits the
proliferation, differentiation, and mineralization of osteoblasts promotes their apoptosis, and inhibits the osteogenic
function of bone marrow mesenchymal stem cells, while hypoxia is also an important stimulus for bone resorption. The
concentration of hypoxia has a significant effect on the production and activity of osteoclasts, as the oxygen concentra-
tion decreases, the formation of osteoclast gradually increases, and more osteoclast nuclei are formed, but excessive
hypoxia is detrimental to the growth of osteoclasts.*® We found that chronic hypoxia in tibial tissues of CS-exposed rats
resulted in the upregulation of genes related to oxidative phosphorylation and aerobic metabolism, which may be due to
an intrinsic regulatory mechanism to improve the tolerance of the organism to hypoxia. The above genes were further up-
regulated after MBSYQ treatment, indicating that MBSYQ further improved oxygen utilization efficiency and reduced
oxidative stress damage induced by CS exposure.

The mitogen-activated protein kinase (MAPK) cascades are involved in cellular functions including cell proliferation,
differentiation, and migration, and also have a critical role in skeletal homeostasis, and development, and is highly
conserved. Inhibition of the JNK pathway by chemical inhibitors or siRNAs results in the downregulation of bone
mineralization and several osteogenic markers; conversely, upregulation occurs when it activates the JNK pathway.*’
ERK1/2 is expressed in osteoblasts and has a relevant function in bone metabolism. Inhibition of ERK1/2 can impair
osteoblast differentiation.’® The deposition and mineralization of extracellular matrix, as well as the osteoblast differ-
entiation response of osteogenic ligands (eg, TGF-B, BMP2, Wnt proteins, PTH, and epinephrine), can be regulated by
the p38 MAPK pathway.”' >® Our results suggest that MAPKs are inhibited by prolonged passive CS exposure, which
impairs bone formation. Treatment with MBSYQ partially reverses this inhibition and ameliorates bone loss and bone
microstructure damage. AKT is an essential serine/threonine protein kinase, which is relevant to many biological
processes including metabolism, proliferation, cell survival, growth, and angiogenesis.”” ®*> As the convergence and
integration point of multiple stimuli related to the pathogenesis of COPD, AKT can be activated by a variety of
inflammatory factors (such as TNF-a), growth factors (such as GM-CSF), and cigarette smoke components (such as
nicotine),* thus improving the proliferation and survival of inflammatory cells such as macrophages, neutrophils, and
T lymphocytes.®* In addition, AKT has been associated with COPD-related systemic complications, such as skeletal
muscle atrophy and metabolic disorder. Meanwhile, under normal conditions, the PI3K/AKT signaling pathway can
selectively affect the physiological functions of osteoblasts and osteoclasts, promote the expression of markers of
osteoblast differentiation such as alkaline phosphatase (ALP) and bone morphogenetic protein 2 (BMP-2), and promote
the proliferation and differentiation of osteoblasts.®> Rats deficient in AKT show insufficient bone growth in childhood
and decreased bone mass in adulthood, suggesting their specific role in osteogenesis.’® At the same time, PI3K/AKT
signaling pathway participates in downstream RANK and macrophage colony-stimulating factor receptor (M-CSF)
signals, thus playing a crucial role in osteoclast differentiation, survival, and bone resorption.®’ Inhibiting AKT can
inhibit RANKL-induced osteoclast activation.®® Therefore, they play different roles in regulating the survival and
differentiation of osteoblasts and osteoclasts. AKT deficiency or inhibition of the PI3K/AKT pathway will cause changes
in osteoblast bone formation and osteoclast bone resorption through their cellular self-aligning mechanisms. Previous
studies have shown that activation of the PI3K/AKT pathway can enhance bone regeneration.®” Here, we found that
MBSYQ treatment could improve bone injury by activating the PI3K/Akt pathway.

Several limitations should be noted. First, the rats used in this study do not fully reflect the actual situation in humans,
since the COPD model rats are young and have been gaining weight and growth throughout the experiment. In contrast,
most human studies have been conducted on the elderly. Therefore, an animal model of COPD with older animals is
worth testing. Second, the whole-body CS exposure model of COPD-related osteoporosis is inconsistent with the actual
situation, which would increase the intake of nicotine, tar, and/or other cigarette substances. Therefore, further studies on

nasal-only CS exposure models are needed.
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Conclusion

The present work applied a network pharmacology approach combined with transcriptomics in a passive 24-week CS
exposure rat model and found that MBSYQ was effective in the prevention and treatment of COPD-related osteoporosis,
which was achieved in part through activation of MAPK and PI3K/AKT pathways. In clinical treatment, the present
work provides valuable evidence for the application of MBSYQ in the treatment of COPD-related osteoporosis.
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