P Acta Biochim Biophys Sin 2024, 56(11): 1644—1658
ABB https://doi.org/10.3724/abbs.2024102
—_— Advance Access Publication Date: 8 July 2024

—_ Original Article

Original Article

Acetyl-11-keto-p-boswellic acid restrains the progression of
synovitis in osteoarthritis via the Nrf2/HO-1 pathway

Jing Zhou'2', Xueyan Li?3', Zeyu Han*', Yinhua Qian'?, Lang Bai'?, Qibin Han"?,
Maofeng Gao®, Yi Xue®, Dechun Geng®*, Xing Yang'2*, and Yuefeng Hao'?*

'Orthopedics and Sports Medicine Center, the Affiliated Suzhou Hospital of Nanjing Medical University, Suzhou 215006, China, 2Gusu School,
Nanjing Medical University, Suzhou 215006, China, 3Department of Anesthesia, the Affiliated Suzhou Hospital of Nanjing Medical University,
Suzhou 215006, China, *Department of Foot and Ankle Surgery, Beijing Tongren Hospital, Capital Medical University, Beijing 100730,
China, ®Department of Orthopaedics, the First Affiliated Hospital of Soochow University, Suzhou 215006, China, and ®Department of
Orthopaedics, Changshu Hospital Affiliated to Nanjing University of Traditional Chinese Medicine, Suzhou 215500, China

These authors contributed equally to this work.

*Correspondence address. Tel: +86-13913109339; E-mail: haoyuefeng@njmu.edu.cn (Y.H.) / Tel: +86-15962122138; E-mail: xingyangsz@126.com (X.Y.) /
Tel: +86-13915439672; E-mail: szgengdc@163.com (D.G.)

Received 15 January 2024 Accepted 1 April 2024

Abstract

Synovial inflammation plays a key role in osteoarthritis (OA) pathogenesis. Fibroblast-like synoviocytes (FLSs)
represent a distinct cell subpopulation within the synovium, and their unique phenotypic alterations are considered
significant contributors to inflammation and fibrotic responses. The underlying mechanism by which acetyl-11-
keto-B-boswellic acid (AKBA) modulates FLS activation remains unclear. This study aims to assess the beneficial
effects of AKBA through both in vitro and in vivo investigations. Network pharmacology evaluation is used to
identify potential targets of AKBA in OA. We evaluate the effects of AKBA on FLSs activation in vitro and the
regulatory role of AKBA on the Nrf2/HO-1 signaling pathway. ML385 (an Nrf2 inhibitor) is used to verify the binding
of AKBA to its target in FLSs. We validate the in vivo efficacy of AKBA in alleviating OA using anterior cruciate
ligament transection and destabilization of the medial meniscus (ACLT+DMM) in a rat model. Network pharma-
cological analysis reveals the potential effect of AKBA on OA. AKBA effectively attenuates lipopolysaccharide (LPS)-
induced abnormal migration and invasion and the production of inflammatory mediators, matrix metalloprotei-
nases (MMPs), and reactive oxygen species (ROS) in FLSs, contributing to the restoration of the synovial micro-
environment. After treatment with ML385, the effect of AKBA on FLSs is reversed. In vivo studies demonstrate that
AKBA mitigates synovial inflammation and fibrotic responses induced by ACLT+DMM in rats via activation of the
Nrf2/HO-1 axis. AKBA exhibits theoretical potential for alleviating OA progression through the Nrf2/HO-1 pathway
and represents a viable therapeutic candidate for this patient population.
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Introduction

Osteoarthritis (OA) is a prevalent musculoskeletal disorder char-
acterized by substantial morbidity and disability [1]. The manage-
ment of OA has become a significant public health concern
worldwide. Nevertheless, while treatments for OA primarily focus
on providing symptomatic relief and do not effectively halt or
reverse disease progression, they may result in long-term side
effects, such as joint infections [2]. Despite extensive research

efforts over the years, the pathogenesis of OA remains poorly
understood, and the availability of effective treatments is limited.
Consequently, it is crucial to further elucidate the underlying
mechanisms of OA to find novel approaches for early prevention
and treatment. OA is a degenerative joint disease that impacts
various components of the joint, including cartilage, subchondral
bone, and synovium [3-5]. Synovial inflammation is recognized as
a significant pathological characteristic in the early stage of OA and
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is closely associated with clinical symptoms [6,7]. Recent research
has highlighted the crucial role of fibroblast-like synoviocytes
(FLSs), which are mesenchymal cells that reside in synovial tissue,
in the aberrant activation and biological function alterations
observed during the progression of OA [8]. Research on the
molecular mechanisms underlying these abnormalities holds
practical significance for pinpointing precise targets and developing
novel drugs for the prevention and treatment of OA.

Oxidative stress arises from the dysregulation of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) produced during
metabolic activities in the body, as well as the concomitant
antioxidant defense system, resulting in elevated levels of oxidants
[9,10]. Under physiological conditions, ROS and RNS engage in
various metabolic pathways to safeguard cells from oxidative
damage. The nuclear factor erythroid 2-related factor 2 (Nrf2)
serves as the principal orchestrator of the organism’s reaction to
oxidative stress, exerting a pivotal influence on cellular processes
and inflammation by regulating oxidative stress [11,12]. Upon
encountering external stimuli, the Nrf2/kelch-like ECH-associated
protein 1 (Keapl) complex disassembles, liberating Nrf2 into the
nucleus and instigating subsequent gene transcription. In indivi-
duals with OA, inflammatory reactions and alterations in the local
microenvironment within the joints can prompt synovial hypoxia,
consequently promoting heightened metabolic activity in FLSs [13-
15]. This heightened activity leads to the secretion of inflammatory
mediators [16], ROS [17], and matrix metalloproteinases (MMPs)
[18], culminating in oxidative damage and an inflammatory cascade.
Hence, ROS-induced oxidative stress may play a role in the initiation
of synovial inflammation and contribute significantly to the
distinctive phenotype exhibited by OA-FLSs [19-21]. Nevertheless,
the exact mechanism by which increased ROS levels regulate specific
phenotypic alterations in OA-FLSs and the inflammatory milieu
within the synovium remains a pertinent unresolved question.

Recent studies have demonstrated that specific low-toxicity small
molecule compounds sourced from traditional Chinese medicine,
including agnuside [22], gallic acid [23], and naringenin [24],
inhibit synovitis in OA by attenuating ROS, inflammation and
MMPs. Additionally, frankincense resin, a historically esteemed
traditional medicinal remedy in India and China, has exhibited
potential for mitigating OA symptoms [25]. Acetyl-11-keto-B-
boswellic acid (AKBA), identified as the most potent compound
found in frankincense, exhibits considerable promise in various
domains, as evidenced by a multitude of studies highlighting its
anti-inflammatory [26], analgesic[27], antioxidant [28], antitumori-
genic [29], immunomodulatory [30], and lipid-regulatory [31]
properties. Numerous studies have established a correlation
between AKBA and synovial lesions, with some indicating its
potential efficacy in alleviating symptoms of OA. Considering the
considerable influence of ROS on FLSs and the potential inhibitory
effects of AKBA on ROS, we postulated that AKBA may regulate
phenotypic alterations in FLSs by reducing ROS levels, thereby
influencing the progression of OA.

This study examined the impact of AKBA intervention on surgery,
lipopolysaccharide (LPS)-induced inflammation, MMPs, and ROS.
The results suggest that AKBA intervention significantly decreases the
secretion of inflammatory cytokines, MMPs, and ROS. This decrease
in inflammation, MMPs, and ROS was facilitated by the activation of
the Nrf2/HO-1 signaling pathway by AKBA. In summary, our findings
offer dedicated support for the use of AKBA as a viable therapeutic
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approach for the management and mitigation of OA.

Materials and Methods

Retrieval of AKBA and OA targets and protein-protein
interaction (PPI) network construction

We used the Swiss Target Prediction (http://www.swisstargetpre-
diction.ch/) and SuperPred (https:/prediction.charite.de/index.
php) databases to identify all the targets linked to AKBA. The
identified targets were then cross-referenced with data from UniProt
(https://www.uniprot.org/) to guarantee precision. Non-human
genes were eliminated, duplicate targets were removed, and gene
nomenclature was standardized. To compile targets related to OA,
keyword searches were conducted in the GeneCards (https:/www.
genecards.org/), Online Mendelian Inheritance in Man (OMIM:
https://www.omim.org/), and Therapeutic Target Database (TTD,
https://www.ttd.org/) databases. Targets sourced from three data-
bases were consolidated into an Excel spreadsheet, and duplicate
genes were eliminated. Validation of disease target gene data was
conducted utilizing the UniProt database. Subsequently, the targets
of the drug component (AKBA) and the disease (OA) were cross-
referenced to identify common genes. A Venn diagram was created
to illustrate the overlap of these genes. The “drug-target” network
was constructed using Cytoscape 3.7.2 software.

In order to investigate the protein-protein interactions influenced
by AKBA during OA treatment, we utilized the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) database (https://
string-db.org/) to generate a protein-protein interaction (PPI)
network based on the intersecting gene list. The analysis was
restricted to the species “Homosapiens”, with a minimum interac-
tion score of 0.7 implemented to ensure the reliability of the study.
Default parameters were maintained, and the results were exported
in TSV format for further analysis in Cytoscape 3.7.2. Network
analysis was carried out using the Cytoscape Tools Network
Analyzer, and the results were saved for subsequent investigation.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) signaling pathway enrichment
analysis of co-targets

The genes associated with both AKBA and OA were input into the
Database for Annotation, Visualization and Integrated Discovery
(DAVID, https://david.ncifcrf.gov/summary.jsp), utilizing OFFI-
CIAL_GENE_SYMBOL as the gene identifier and specifying the
species as Homo sapiens. DAVID 6.8 GO gene function analysis was
employed to examine the roles of AKBA in OA treatment, focusing
on biological process (BP), cellular component (CC), and molecular
function (MF) terms. To clarify the treatment targets of AKBA for
OA, a KEGG pathway enrichment analysis was performed. The top
10 items related to OA in GO functions (BP, CC, and MF) and the top
20 pathways (with a significance level of P<0.05) in the KEGG
pathways were selected. These processes and signaling pathways
are the principal functional enrichment pathways and mechanisms
of action of AKBA in treating OA.

Chemicals

AKBA (purity 0of 99.93%, HY-N0892, MedChemExpress, Monmouth
Junction, USA), LPS (HY-D1056, MedChemExpress, experimental
concentration: 1 pg/mL), and ML385 (purity of 99.96%, HY-100523,
MedChemExpress, concentration: 10 uM) were utilized for in vitro
and in vivo experiments. DMSO was used as the solvent for
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preparing the stock solutions, which were stored at -80°C.

Cell culture

Rat primary FLSs (Cat No. CP-R329; Procell Life Technology,
Wuhan, China) were cultured in F12 medium (Gibco, Waltham,
USA) supplemented with 10% fetal bovine serum (FBS; Procell) and
1% penicillin/streptomycin (PS; NCM, Suzhou, China) following
digestion with 0.25% trypsin (NCM). The cells were maintained in a
standard incubator at 37°C with 5% CO,, and the medium was
changed every 3 days. Subculturing was carried out when the cells
reached 70%-80% confluency after appropriate washing and
digestion procedures. Non-FLSs were present in primary cells after
three generations of culture, and to ensure the stability of the cell
phenotype, we selected P44 FLSs for in vitro experiments.

Cell viability assay

FLSs were cultured in 96-well plates at a seeding density of 5x103
cells per well in 100 pL of F12 medium. Subsequently, the FLSs were
exposed to varying concentrations of AKBA (0, 2, 4, 8, 16, or 32 uM)
for 24, 48, or 72 h post-adherence. At specified time intervals, the
cells were rinsed with phosphate-buffered saline (PBS) and
incubated with cell counting kit-8 (CCK-8) reagent (Dojindo,
Shanghai, China) for 3 h at 37°C. The optical density (OD) was
recorded at 450 nm to assess cell viability. The cell viability relative to
that of the control group was calculated using the following equation:
cell viability to control (%)=0D of drug-treated group/OD of control

group.

Cell migration and invasion assays and cell scratching
assay
Cell migration and invasion assays were performed using transwell
inserts (Corning, New York, USA). A total of 2x10° cells were
suspended in 200 pL of F12 medium without FBS and seeded into
cell culture plates that were either precoated with 1 pg/mL Matrigel
(Corning) (invasion) or left uncoated (migration). Transfected cells
(5x10%well) were seeded in culture medium supplemented with
1% FBS and added to the upper chamber of the transwell filter. The
cells were incubated at 37°C in 95% air for half a day and then fixed
in 4% paraformaldehyde. The staining process was achieved with
0.1% crystal violet (Sigma-Aldrich, Shanghai, China). The degree of
cell migration and invasion was observed using an AxioCam HRc
microscope (Carl Zeiss, Wetzlar, Germany).

After treatment with 10 mg/mL mitomycin C (Sigma-Aldrich) for
2 h, a confluent monolayer was formed within 24 h by cells cultured

Table 1. Sequences of primers used in PCR

in a six-well plate. The monolayer was then scratched with a sterile
pipette tip, FLSs were treated with or without LPS or AKBA, the cells
were washed with PBS two times, and the wound areas were
photographed before and after incubation.

Western blot analysis

Protein extraction from FLSs was carried out using RIPA lysis buffer
supplemented with 1 mM phenylmethanesulfonyl fluoride (PMSF),
followed by centrifugation at 16,000 g for 12 min at 4°C. The protein
concentration was quantified using a BCA protein assay kit (NCM).
The extracted proteins were then separated on SDS-polyacrylamide
gels with varying concentrations of 7.5%, 10%, or 12.5% (w/v) and
subsequently transferred onto polyvinylidene fluoride (PVDF)
membranes (Bio-Rad, Hercules, USA). The membranes were
blocked with a 5% (w/v) milk solution for 1 h at room temperature,
followed by overnight incubation at 4°C with primary antibodies
targeting IL-1p (AF5103, 1:1000; Affinity, Changzhou, China), IL-6
(DF6087, 1:1000; Affinity), TNF-o (AF7014, 1:500; Affinity), iNOS
(18985-1-AP, 1:1000; Proteintech, Rosemont, USA), COX-2 (66351-
1-Ig, 1:1000; Proteintech), MMP-1 (10371-2-AP, 1:1000; Protein-
tech), MMP-3 (17873-1-AP, 1:1000; Proteintech), MMP-13 (18165-
1-AP, 1:1000;), Nrf2 (16396-1-AP, 1:2000; Proteintech), Keapl
(10503-2-AP, 1:2000; Proteintech), HO-1 (10701-1-AP, 1:1000;
Proteintech), NQO1 (67240-1-Ig, 1:5000; Proteintech), B-actin
(20536-1-AP, 1:5000; Proteintech), and Histone H3 (68345-1-Ig,
1:10000; Proteintech). Subsequently, the membranes were rinsed
three times with TBS supplemented with 0.05% Tween 20 (TBST)
and then incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (goat anti rabbit-A0208 & goat anti mouse-A0216
1:1000; Beyotime, Shanghai, China) for 1 h. The resulting signals
were observed utilizing a ChemiDocXRS+Imaging System (Tanon,
Shanghai, China). Each experiment was repeated three times.

Quantitative real-time PCR

Total RNA was isolated using TRIzol (Beyotime) and quantified by
spectrophotometry. Subsequently, RNA from each experimental
group was reverse transcribed utilizing the Prime Script RT reagent
Kit (Beyotime). Primers were designed and synthesized by
Shanghai Biotechnology Service Company (Shanghai, China),
following the gene sequence in GenBank designed with Oligo v6.6
software (sequences listed in Table 1). The qPCR analysis was
performed using a LightCycler 480 II instrument (Roche, Basel,
Switzerland) and a Premix Ex Taq SYBR-Green PCR kit (Takara,
Kyoto, Japan) following the manufacturer’s instructions. The mRNA

Primer sequence

Gene Forward (5'—3') Reverse (3'—5)

IL-1B CAGCTATGGCAACTGTCCCT AACAGGTCATTCTCCTCACTGT
IL-6 GCCCACCAGGAACGAAAGTC ACTGGCTGGAAGTCTCTTGCG
TNF-a GAGGCAACACATCTCCCTCC TCCGCTTGGTGGTTTGCTAC

iNOS GCCTAGTCAACTACAAGCCCCA TTGATCCTCACGTGCTGTGG
COX-2 ATCCTTGCTGTTCCAACCCA TCTTGTCAGAAACTCAGGCGTA
MMP-1 CATCCAGGCTTTATATGGGCCTT GCGTCGAAGGTTAGATCACCA
MMP-3 GCTGTCTTTGAAGCATTTGGGTT CCTCCATGAAAAGACTCAGAGGAA
MMP-13 TCTTGAGTTTGCAGAGCACTACT CCACATCAGGCACTCCACAT
GAPDH ACTGGCGTCTTCACCACCAT AAGGCCATGCCAGTGAGCTT
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expression levels of individual genes were normalized to that of the
GAPDH reference gene and determined using the 2-2ACt method.

Immunofluorescence staining

The cells were subjected to a sequential protocol involving washing
with PBS, fixing in 4% paraformaldehyde, and permeabilizing with
0.1% Triton X-100 for 15 min. Subsequent steps included blocking
with 5% bovine serum albumin at 37°C for 1h, followed by
overnight incubation with primary antibodies specific for Nrf2
(16396-1-AP, 1:200; Proteintech) overnight at 4°C. Following wash
with PBS, the cells were incubated for 1h at 37°C with FITC-
conjugated secondary antibodies (AS011, 1:200; ABclonal, Wuhan,
China) and TRITC-conjugated phalloidin (40734ES75, 1:200; Yeasen,
Shanghai, China), followed by 7 min of staining with DAPI
(Beyotime). For observation, 10 fields from each slide were randomly
selected and examined using a fluorescence microscope (Carl Zeiss).

Animal study

The animal experiments conducted in this study were ethically
approved by the Ethics Committee of the Affiliated Suzhou Hospital
of Nanjing Medical University. Thirty male Sprague-Dawley (SD)
rats, aged 6 weeks and weighing 200-250 g, were procured from the
Animal Core Facility of Nanjing Medical University. The rats were
housed in a controlled environment with access to adequate water
and food. An anterior cruciate ligament transection and destabiliza-
tion of the medial meniscus (ACLT+DMM) OA model was
successfully established in these rats. The SD rats were randomly
allocated into three groups: Sham, OA, and OA+AKBA (n=10 rats
per group). Anesthesia was induced using isoflurane for all rats.
Subsequently, the surgical site on the right hind limb was shaved
and disinfected in accordance with aseptic procedures. A long-
itudinal skin incision was then made to expose the knee joint,
followed by excision of the medial collateral ligament. The medial
meniscus and anterior cruciate ligament were surgically excised
while preserving the integrity of the articular cartilage surface. The
joint cavity and skin were meticulously sutured using 3-0 silk thread
in a layered fashion. Notably, postoperative immobilization of the
affected limb was not implemented, and the experimental animals
were returned to their housing facility for continued care. Following
a two-week period of modeling, the rats were treated with
intraperitoneal injections of either 0.5 mL/kg saline or 8 mg/kg
AKBA solution on alternate days for 4 weeks. Subsequently, all
experimental animals were euthanized after 8 weeks, and samples
were collected for subsequent analyses.

Pain sensitivity test, body weight, and knee joint
diameter measurement

The differences in nociceptive responses to mechanical stimuli in
rats were examined through the use of an electronic von Frey
system (Dynamic Plantar Aesthesiometer, Ugo Basile, Italy). Before
each trial, the rats were acclimated for 30 min within transparent
Perspex chambers placed on a metal mesh floor, allowing precise
targeting of the stimulation needle tip to the midplantar region of
the limb under study. Each test was repeated at least 3 times, with a
minimum interval of 10 min between consecutive stimuli. Statistical
analysis was conducted by averaging the results of 3 tests. Rats were
weighed biweekly using an electronic balance after a 12-h fasting
period. The joint diameter of the right hind limb was measured in
the relative horizontal position using a Vernier caliper.

Zhou et al. Acta Biochim Biophys Sin 2024

Histopathologic analysis

Samples from each group were subjected to decalcification by
immersion in 10% ethylenediaminetetraacetic acid (EDTA) for 4
weeks. Following decalcification, the paraffin-embedded samples
were sectioned into 6-pm slices and stained with hematoxylin and
eosin (H&E), Sirius red, safranin O-fast green (SO-FG), and
toluidine blue (TB) according to the manufacturer’s recommended
protocols [32]. In brief, the slices were soaked in different
corresponding dyes, washed with water, and sealed with xylene
transparent and neutral gum. Image capture was performed using
an AxioCam HRc microscope (Carl Zeiss).

Immunohistochemical staining

For immunohistochemistry analysis, thin paraffin-embedded tissue
sections (6 pm) were treated with 3% (v/v) hydrogen peroxide for
10 min, followed by three times wash with PBS and incubation with
pepsin at 37°C for 30 min. Subsequently, the tissue sections were
blocked with 10% (v/v) goat serum albumin for 30 min at 37°C. The
sections were incubated overnight at 4°C with specific primary
antibodies targeting Nrf2 (16396-1-AP, 1:200; Proteintech), HO-1
(10701-1-AP, 1:200; Proteintech), iNOS (18985-1-AP, 1:200; Pro-
teintech), Col II (28459-1-AP, 1:200; Proteintech), and MMP-13
(18165-1-AP, 1:200; Proteintech). In the Sham group, tissue
sections were incubated with nonspecific 1gG, followed by
incubation with secondary antibodies conjugated with HRP and
subsequent staining with hematoxylin.

Statistical analysis

Data were presented as the meanzstandard deviation (SD). All
experiments were conducted in triplicate. Data analysis was carried
out using GraphPad Prism 9 (Graphpad software, La Jolla, USA),
with comparisons between two groups made using an unpaired
two-tailed Student’s t-test. Multiple group comparisons were
performed using one-way analysis of variance (ANOVA) followed
by a Bonferroni post-hoc test. Statistical significance was estab-
lished at a threshold of P<0.05.

Results

Bioinformatics analysis of AKBA and OA

We utilized Swiss Target Prediction to identify 98 potential targets
of AKBA with a probability>0. Subsequently, 101 targets were
identified using SuperPred. After eliminating duplicates, we
obtained a total of 184 targets corresponding to all components of
AKBA. The GeneCards and OMIM databases were utilized to
identify 5030 and 33 targets associated with OA, respectively. After
cross-referencing with the UniProt database and removing redun-
dancies, 5069 targets linked to weight gain in OA were identified.
The cross-referencing of AKBA and OA targets revealed 107 OA-
drug cross-correlated target genes that could serve as potential
interaction targets for OA drug therapy (Figure 1A). Prominent
targets include NOS2, PTGS2, MMP1, and MMP3, which are
implicated in inflammation and MMPs (Figure 1B).

A GO enrichment analysis was performed, revealing 345 GO
terms that met a significance threshold of P<0.05, to elucidate the
role of AKBA in OA. Among these genes, 220 were related to
biological processes (BP), with a focus on the regulation of the
inflammatory response and reactive oxygen species metabolic
processes. Additionally, 58 entries related to cellular components
(CQC), specifically involving the plasma membrane, cytoplasm,
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nucleoplasm, and extracellular regions, were identified. Among
these genes, 66 were found to be associated with molecular function
(MF), notably nuclear receptor activity (Figure 1C). Through the
utilization of the DAVID database, pathway enrichment analysis
revealed a total of 109 pathways enriched in the role of AKBA in OA.
Notably, 95 of these pathways were found to have a significance
level of P<0.05, with the Nrf2 signaling pathway ranking among the
top 20 (Figure 1D).

AKBA reduces LPS-induced migration and the
expression of inflammatory cytokines and MMPs in FLSs
The chemical structure of AKBA is presented in Figure 2A. The
cytotoxicity of AKBA was assessed at various concentrations (0, 1,
2,4,8,16, and 32 uM) in rat FLSs after 24, 48, and 72 h (Figure 2B,
C). After 72 h of treatment with 16 uM AKBA, a notable decrease in
cell viability was observed (P<0.05), suggesting that AKBA
concentrations between 1 and 8 uM did not induce significant
cytotoxic effects. Consequently, an AKBA concentration of 8 uM
was chosen for subsequent experiments.

To further investigate the effects of AKBA on FLS properties,
migration and invasion assays were performed on AKBA-treated
FLSs using a transwell chamber and a cell scratch assay. Treatment

with 8 uM AKBA resulted in a significant decrease in the migratory
and invasive capabilities of FLSs compared to those in the control
group (Figure 2D,E). It is widely recognized that inflammatory
cytokines and MMPs are key factors in the migration and invasion of
OA-FLSs. To clarify the influence of AKBA on the regulation of these
factors, the protein and mRNA levels of IL-1p, IL-6, TNF-a, iNOS,
COX-2, MMP-1, MMP-3, and MMP-13 were quantified in FLSs
following stimulation with LPS and subsequent treatment with
8 uM AKBA for 24 h. The results indicated that LPS induced an
increase in the protein expressions of inflammatory cytokines and
MMPs, a response that was mitigated by AKBA intervention (Figure
2F). Furthermore, parallel studies were conducted to evaluate the
impact of AKBA on mRNA expression induced by LPS. The
observed trends in mRNA levels aligned with the patterns observed
at the protein level (Figure 2G). In conclusion, these findings
indicate that AKBA may play a role in diminishing inflammatory
cytokines and MMPs in OA-FLSs.

AKBA reduces ROS levels and increases the nuclear
translocation of Nrf2 in FLSs.

Oxidative stress, arising from an imbalance between ROS generated
by the body’s metabolic processes and antioxidant defense
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Figure 1. Network pharmacological analysis

(A) Common targets of AKBA and OA. (B) Network relationship of co-targets between AKBA and

OA. (C) The top 10 items from the GO analysis for biological process (BP), cellular component (CC), and molecular function (MF). (D) The top 20

pathways of co-targets.
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mechanisms, has been implicated in the pathogenesis of OA [33].
To investigate the underlying mechanism of the antioxidative stress
effect of AKBA, we initially examined ROS levels in LPS-treated
FLSs treated with or without AKBA. The redox status of FLSs was
assessed by measuring ROS levels using immunofluorescence and
flow cytometry with 2’, 7"-Dichlorofluorescin diacetate (H2DCFDA)
dye. As shown in Figure 3A-D, LPS-stimulated FLSs exhibited
increased ROS levels, which were decreased following AKBA
treatment.

Nrf2 is synthesized and accumulates in the cytoplasm before
translocating to the nucleus to activate the expressions of its
target phase II genes, such as heme oxygenase-1 (HO-1) and
quinone oxidoreductase 1 (NQOI). Keapl forms a complex with
Nrf2, serving as the primary negative regulator of Nrf2 activity
[34]. Consequently, nuclear and cytoplasmic proteins were
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isolated and analyzed for Nrf2 and Keapl expression using
western blot analysis. The findings indicated a significant
upregulation of Nrf2 expression in the nucleus upon LPS
stimulation, which was further augmented by AKBA treatment,
while no notable alteration was observed in the cytoplasm (Figure
3E,F). Moreover, there was no significant difference in the
expression of Keapl in either the nucleus or cytoplasm of FLSs
(Figure 3E,F). Furthermore, the upregulation of downstream
proteins of Nrf2, specifically HO-1 and NQO1, was observed in
FLSs following treatment with AKBA (Figure 3G). Immunofluor-
escence staining of FLSs revealed a greater nuclear density of Nrf2
in the LPS+AKBA group than in the LPS and control groups
(Figure 3H). These results collectively suggest that AKBA
functions to mitigate oxidative stress by enhancing Nrf2 expres-
sion and facilitating its nuclear translocation.
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ML385 suppresses the antioxidant effects of AKBA and
inhibits the nuclear translocation of Nrf2 in FLSs

ML385 is a unique Nrf2 inhibitor that interacts directly with the Nrf2
protein by binding to the Nehl binding region, consequently
impeding the binding of the Nrf2-MAFG complex to the ARE
sequence of the promoter and diminishing transcriptional activity
[35]. Consequently, an investigation was conducted to assess the
impact of ML385 on nuclear and cytoplasmic protein expression in
FLSs treated with LPS and AKBA, with the aim of elucidating the

A F-actin H2DCFDA DAPI Merge

Control

LPS

LPS+AKBA

LPS+AKBA
+ML385

E
LIPS - + + + - + + +
AKBA - - + + - - + +
ML385 - - - + - - - + kpDa
Nif2 [ ame oy e | [F5 555 &5 5] 110
B-actin | - | [——— —] 42
Histone H3 [emm ewe ame w=a] | | 17
Nucleus Cytoplasm
I Control [ LPS LPS+AKBA [l LPS+AKBA+ML385
220 15
<
15
o 1.0
o1.0
B 05
05 :
N
500 0.0
Nucleus Cytoplasm
F LPS - + + +
AKBA - - + +
ML385 - - - + kDa

HO-1 [T 33
NQO1 [ | 31
Bractin [Sem s e ] 42

[ Control I LPS LPS+AKBA Il LPS+AKBA+ML385

6

>

@

=

54 =

o

Q.

22 -

E = *

T, .
NQO1

Figure 4. MIL385 suppresses the antioxidant effects of AKBA and inhibits AKBA-mediated anti-inflammation and anti-MMP effects in FLSs

G

LPS+AKBA

potential involvement of the Nrf2 signaling pathway in the
antioxidant effects of AKBA on FLSs under conditions of oxidative
stress. According to the ROS levels determined by immunofluores-
cence staining and flow cytometry, ML385 treatment significantly
increased ROS levels in AKBA-treated FLSs (Figure 4A-D). Further-
more, a notable decrease in Nrf2 expression in the nucleus was
observed following stimulation with ML385, but no significant
changes were detected in the cytoplasm (Figure 4E). Consistent with
our expectations, changes in the expressions of proteins downstream
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of Nrf2, namely, HO-1 and NQO1, were detected in the LPS+AKBA+
ML385 group (Figure 4F). As shown in Figure 4G, the density of Nrf2
in the nucleus also exhibited a significant decrease after ML385
treatment, suggesting that the downregulation of the Nrf2 signaling
pathway induced by ML385 inhibits the effects of AKBA.

ML385 reverses AKBA-mediated anti-inflammation and
anti-MMP effects on FLSs

To further investigate the potential involvement of the Nrf2
signaling pathway in the effects of AKBA on FLS properties,
migration and invasion assays were performed on AKBA-treated
FLSs using the transwell chamber and cell scratch assay. The results
indicated that ML385 notably attenuated both the migratory and
invasive abilities of FLSs compared to those in the LPS+AKBA group
(Figure 5A,B). Additionally, to validate the inhibitory effects of
AKBA on the secretion of inflammatory cytokines and MMPs in
FLSs through the Nrf2 signaling pathway, we analyzed changes in
the expressions of inflammatory cytokines and MMPs in FLSs
following treatment with LPS and AKBA in combination with
ML385 treatment. Western blot analysis revealed that ML385
treatment increased the expressions of IL-1p, IL-6, TNF-a, iNOS,
COX-2, MMP-1, MMP-3, and MMP-13 (Figure 5C,D). These results
indicate that AKBA mitigates inflammation and MMP activity in
FLSs by enhancing the Nrf2 signaling pathway.

AKBA alleviates pain, synovial inflammation, and
fibrosis in vivo

In this study, an OA model was developed in rats through the
transection of the medial collateral ligament, resection of the
meniscus, and transection of the anterior cruciate ligament; this
model is known as the ACLT+DMM model. The experimental
protocol for the animal study is depicted in Figure 6A. At the
beginning of the study, rats in the Sham group underwent surgical
intervention involving the opening and closure of the joint cavity,
while those in the OA group and OA+AKBA group underwent ACLT
+DMM surgery. Following a two-week modeling period, the rats
were intraperitoneally administered either 0.5 mL/kg saline or
8 mg/kg AKBA solution on alternate days for 4 weeks. After 8
weeks, all the experimental animals were euthanized, and samples
were collected for subsequent analyses.

The body weights of the rats in the Sham, OA, and OA+AKBA
groups remained stable prior to surgery, indicating a normal
baseline (Figure 6B). Moreover, there were no significant differ-
ences in body weight among the groups, suggesting that AKBA
administration did not have a significant impact on the growth or
development of the rats. We evaluated alterations in nociceptive
responses to mechanical stimuli after surgery through the assess-
ment of the paw withdrawal mechanical threshold (PWMT) at
biweekly intervals (Figure 6C). Both the OA group and the OA+
AKBA group demonstrated decreased PWMTs in comparison to
those of the Sham group, indicating the development of hyper-
algesia in the OA-affected subjects. Nevertheless, rats in the OA+
AKBA group exhibited elevated PWMTs in comparison to those in
the OA group, indicating the efficacy of AKBA in mitigating
enduring mechanical allodynia. Assessment of the maximal coronal
diameter of the affected knee joint via Vernier calipers at biweekly
intervals revealed a decrease in joint swelling in the AKBA-treated
cohort as OA progressed (Figure 6D).

Synovial tissue was evaluated through pathological examination

to analyze the influence of AKBA on synovial fibrosis in OA
patients. H&E staining indicated a marked increase in the thickness
of the synovial lining layer in the OA group, accompanied by the
infiltration of inflammatory cells and small blood vessels. These
alterations were significantly mitigated in the osteoarthritis group
treated with AKBA (Figure 6E). Sirius Red staining revealed
comparable findings, indicating a notable decrease in the synovitis
score (Table 2) in the ACLT+DMM OA model following AKBA
intervention (Figure 6F).

Immunohistochemical analysis of iNOS, MMP-13, Nrf2, and HO-1
(Figure 6G,H) further supported these results, showing a reduction
in iNOS- and MMP-13-positive cells in the synovium after AKBA
treatment, as well as a significant increase in Nrf2-positive areas in
the OA+AKBA group compared to those in the OA and Sham
groups. AKBA also increased the proportion of HO-1-positive cells
following modeling, consistent with the in vitro findings, suggesting
that AKBA may modulate synovial inflammation, extracellular
matrix production, and synovial fibrosis via the Nrf2/HO-1 signaling
pathway.

AKBA ameliorates chondrocyte extracellular matrix
(ECM) degradation and ACLT+DMM-induced joint
deterioration
Histological analysis and immunohistochemical staining were
utilized to explore the efficacy of AKBA in preventing the
degeneration of osteoarthritic joints. Safranin O-fast green and
toluidine blue staining methods were used for histological analysis.
The findings indicated that compared with those in the OA-only
group, the proteoglycan loss in the cohort treated with both OA and
AKBA decreased (Figure 7A). Additionally, the OA group exhibited
concomitant cartilage layer thinning, chondrocyte depletion, and
subchondral bone layer exposure. Subsequent to AKBA interven-
tion, there was a partial reversal of these phenomena, as evidenced
by the OARSI scores in each group (Figure 7B). Immunohistochem-
ical analysis was performed to assess the levels of collagen type II
(Col II) and MMP-13 expression in the articular cartilage of rats with
OA. The results indicated a marked decrease in Col II expression
and an increase in MMP-13 expression in chondrocytes within the
OA group compared to those in the Sham group (Figure 7C,D).
However, these effects were significantly attenuated by AKBA
treatment.

In summary, the administration of AKBA has shown promise for
attenuating extracellular matrix degradation in chondrocytes and
reducing cartilage degeneration caused by ACLT+DMM.

Discussion

OA is a multifaceted joint pathology impacting a variety of
anatomical structures, including muscles, subchondral bone,
cartilage, ligaments, and synovial tissue [1,3-5,7,14,18]. The
progression of fibrosis in the synovium during OA is subject to
variation among individual patients and specific joint locations.
This fibrogenesis process involves synovial hypertrophy and the
formation of fibrotic masses, which contribute to the enduring joint
pain and stiffness characteristics of OA [36-38]. FLSs, specialized
mesenchymal cells, are integral to the lubrication of cartilage
through the production of synovial fluid containing lubricin and
hyaluronic acid [39,40]. In OA, activated FLSs release pro-
inflammatory cytokines, chemokines, and proteolytic enzymes
such as MMPs [41-44], which play a role in sustaining inflamma-
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Figure 6. AKBA ameliorates pain, synovial inflammation and fibrosis in vivo  (A) The experimental design for the animal study; Figure Draw ID:
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tion and degrading the cartilage matrix [45]. Hence, the targeted
modulation of aberrantly activated FLSs represents a promising
therapeutic strategy for OA. Our study demonstrated that AKBA, a
pentacyclic triterpene compound, effectively mitigates inflamma-

tion, MMPs, and ROS in FLSs and joints via the Nrf2 pathway,
thereby promoting the joint cartilage microenvironment. Further-
more, utilizing network pharmacology, we explored the potential
role of AKBA in OA through the regulation of ROS production.

Zhou et al. Acta Biochim Biophys Sin 2024



AKBA restrains OA via Nrf2/HO-1

1655

Table 2. Krenn synovitis score

Score
Enlargement of the synovial lining cell layer
The lining cells form one layer 0 points
The lining cells form 2-3 layers 1 point
The lining cells form 4-5 layers, few multinucleated cells 2 points
might occur
The lining cells form more than 5 layers, the lining might 3 points
be ulcerated and multinucleated cells might occur
Density of the resident cells
The synovial stroma shows normal cellularity 0 points
The cellularity is slightly increased 1 point

The cellularity is moderately increased, multinucleated cells 2 points
might occur

The cellularity is greatly increased, multinucleated giant 3 points
cells, pannus formation and rheumatoid granulomas might

occur

Inflammatory infiltrate

No inflammatory infiltrate 0 points
Few mostly perivascular situated lymphocytes or plasma 1 point

cells

Numerous lymphocytes or plasma cells, sometimes forming 2 points
follicle-like aggregates

Dense band-like inflammatory infiltrate or numerous large 3 points

follicle-like aggregates

In the context of OA progression, inflammation plays a significant
role at the cellular level, primarily through the release of
inflammatory cytokines by FLSs during OA development. These
cytokines, including IL-1B, IL-6, TNF-a, iNOS, and COX-2, have been
identified as key mediators in the pathogenesis of OA [46-49]. These
results underscore the importance of inflammation in OA progres-
sion. Our study revealed that AKBA effectively inhibited LPS-
induced inflammation in FLSs, as indicated by a notable decrease in
the levels of proinflammatory cytokines, such as IL-1f, IL-6, TNF-a,
iNOS, and COX-2. ROS-induced oxidative stress has been shown to
negatively impact mitochondrial function in OA cells, leading to an
increase in the production of inflammatory factors and MMPs in
FLSs [11,34]. In addition to exogenous stimuli, FLSs are capable of
initiating ROS production through the end respiratory burst response
[50]. This detrimental cycle of inflammation and oxidative stress
perpetuates the release of additional inflammatory mediators and
ROS, ultimately worsening cartilage damage.

AKBA, a pharmacologically active pentacyclic triterpene com-
pound found in Boswellia serrata extract, has been previously
shown to alleviate inflammatory responses in various tissues,
including those affected by diabetes, bronchial conditions, and
nervous system disorders [51-53]. Previous research has shown
that AKBA exerts its protective effects by scavenging ROS to prevent
oxidative damage in rat macrophages and lens epithelial cells
[28,54]. Given the limited oral bioavailability of AKBA, intraper-
itoneal injection was utilized in this study, allowing absorption
through the mesentery. Our findings suggest that AKBA effectively
mitigates synovial inflammation by suppressing the overproduction
of ROS in FLSs. Our in vivo experiments confirmed the significant
inhibitory effects of AKBA on inflammatory cell infiltration and
fibrosis in the synovium. Both our in vitro and in vivo findings
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illustrated the potent anti-inflammatory effects of AKBA on OA-
FLSs, including the suppression of MMPs secretion. Despite the
potential efficacy of these therapeutic approaches, their application
in the treatment of OA remains limited in the current literature. This
study provides novel evidence indicating that AKBA effectively
mitigates the disruption caused by LPS and anterior cruciate
ligament transection combined with destabilization of medial
meniscus-induced disturbances within the inflammatory micro-
environment of the joint.

Nrf2 is a transcription factor located within the cell that contains
antioxidant response elements (AREs) in the nucleus and modulates
the expressions of genes responsible for maintaining redox balance,
detoxification enzymes, and stress response proteins [55]. Our
analysis revealed a strong correlation between AKBA treatment and
activation of the Nrf2 pathway. The Nrf2 pathway is widely
acknowledged for its involvement in anti-inflammatory and
antioxidative mechanisms. The activation of Nrf2 leads to the
upregulation of HO-1 expression, resulting in a reduction in
inflammation and ECM degradation. Previous research has shown
that Nrf2 deficiency is associated with increased NADPH oxidase 2
activity, while excessive downregulation of Nrf2 activation follow-
ing Keapl upregulation enhances NADPH oxidase 4 activity. This
suggests that the interplay between Nrf2 and NADPH oxidase may
play a crucial role in modulating the levels of ROS [56,57]. In the
present study, the use of ML385 to suppress the expression of the
Nrf2 gene demonstrated that AKBA plays a role in regulating ROS
activation by modulating Nrf2, thereby affecting the inflammatory
microenvironment in the synovium.

This study provides novel insights into the regulatory influence of
AKBA on Nrf2 within the OA synovium, emphasizing the potent
capacity of AKBA to mitigate synovial fibrosis, inflammatory cell
infiltration, and cartilage degeneration during the progression of OA
and associated pain. Furthermore, this research illustrates the
significant role of Nrf2-dependent activation of phase II genes,
including HO-1 and NQOI, in regulating the inflammatory
response. Specifically, treatment with AKBA in combination with
LPS led to an increase in the expression levels of HO-1 and NQO1
(Figure 8). However, numerous unresolved questions necessitate
further investigation. For instance, the most effective molecular
target and method of administration for modulating Nrf2 activity
have not yet been determined, and the intricate interplay between
Nrf2 and its upstream regulators remains largely unexplored.
Additionally, it is recommended that the intraperitoneal adminis-
tration and controlled release of AKBA be integrated with strategies
for cartilage regeneration to enhance the efficacy of the drug and
improve treatment outcomes for this disease.

In conclusion, the results of this study suggest that AKBA
mitigates the progression of osteoarthritis and associated pain by
virtue of its robust anti-inflammatory effects and its ability to inhibit
MMPs and ROS, a mechanism that is facilitated through the Nrf2/
HO-1 signaling pathway. Furthermore, AKBA has been shown to
exhibit protective effects on the synovium and exert anti-inflam-
matory effects. Our findings provide support for the use of AKBA as
a therapeutic intervention for OA and offer insights into the
mechanisms underlying its positive effects on synovitis associated
with this condition. This study lays the groundwork for the potential
clinical use of AKBA in the treatment of OA, particularly in terms of
managing disease progression and alleviating pain in affected
individuals.
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