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Loganin inhibits the ROS-NLRP3-IL-1f axis by activating the
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[ABSTRACT] Loganin (LOG), a bioactive compound derived from Cornus officinalis Siebold & Zucc, has been understudied in the
context of osteoarthritis (OA) treatment. In this study, we induced an inflammatory response in chondrocytes using lipopolysaccharide
(LPS) and subsequently treated these cells with LOG. We employed fluorescence analysis to quantify reactive oxygen species (ROS)
levels and measured the expression of NLRP3 and nuclear factor erythropoietin-2-related factor 2 (NRF2) using real-time quantitative
polymerase chain reaction (QRT-PCR), Western blotting, and immunofluorescence (IF) techniques. Additionally, we developed an OA
mouse model by performing medial meniscus destabilization (DMM) surgery and monitored disease progression through micro-com-
puted tomography (micro-CT), hematoxylin and eosin (H&E) staining, safranin O and fast green (S&F) staining, and immunohisto-
chemical (IHC) analysis. Our results indicate that LOG significantly reduced LPS-induced ROS levels in chondrocytes, inhibited the
activation of the NLRP3 inflammasome, and enhanced NRF2/heme oxygenase 1 (HO-1) signaling. In vivo, LOG treatment mitigated
cartilage degradation and osteophyte formation triggered by DMM surgery, decreased NLRP3 expression, and increased NRF2 expres-
sion. These findings suggest that LOG has a protective effect against OA, potentially delaying disease progression by inhibiting the
ROS-NLRP3-IL-1p axis and activating the NRF2/HO-1 pathway.
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presents with joint pain, swelling, and deformity, while ad-
vanced stages are marked by significant joint dysfunction and
restricted mobility ®'. Current treatment strategies primarily

Introduction

Osteoarthritis (OA) is a chronic condition predominantly

affecting the elderly, characterized by the degradation of car-
tilage, the formation of periarticular bone fragments, and

subchondral bone sclerosis ! *. Initially, OA typically
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focus on managing inflammation and pain through non-ster-
oidal anti-inflammatory drugs (NSAIDs) and glucocorticoi-
ds . However, these medications provide only partial relief
and can lead to adverse effects with long-term use ™. In cases
of severe OA, surgical interventions remain the only option,
imposing substantial burdens on individuals and healthcare-
systems . Consequently, there is a critical need for innovat-
ive OA treatments that are both effective and carry minimal
side effects.

Inflammation is a fundamental pathological factor in the
progression of OA . Emerging research highlights the
NLRP3 inflammasome as a pivotal contributor to OA exacer-

[8,9]

bation ', where its activation promotes Caspase-1 activity,

leading to the maturation and release of pro-inflammatory cy-
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tokines IL-1P and IL-18, thereby accelerating OA progres-
sion ['”,

Additionally, oxidative stress is intimately linked with
cartilage matrix degradation in OA ", An imbalance in re-
active oxygen species (ROS) levels within cells triggers
changes in chondrocyte signaling, increasing the expression
of matrix metalloproteinases (MMPs) and disrupting cartil-
age metabolism "', ROS also plays a role in the formation
and activation of the NLRP3 inflammasome "*\. For instance,
LIU et al. found that reducing ROS levels significantly
hindered the NLRP3-mediated secretion of inflammatory cy-
tokines ', Recent studies also suggest the involvement of the
ROS-NLRP3-IL-1f axis in the inflammatory activation ob-
served in conditions such as dry eye and myeloproliferative

. 15, 1
diseases ' '

. Investigating the dynamics of this axis in
chondrocytes may thus offer new directions for addressing
arthritis more effectively.

Nuclear factor erythropoietin-2-related factor 2 (NRF2)
is a crucial oxidative regulator in vivo, implicated in various
diseases ", ZENG et al. observed that activation of NRF2
signaling curtailed ROS production and NLRP3 inflamma-
some activity ¥
heightened ROS-mediated activation of these inflamma-

somes ', Heme oxygenase 1 (HO-1) is known for its signi-

. Conversely, inhibiting NRF2 signaling

ficant anti-inflammatory, antioxidant, and anti-apoptotic
properties *". Consequently, the NRF2/HO-1 signaling path-
way, with its comprehensive protective capabilities against
inflammation, oxidative stress, and cell death, is vital for the
oxidative stress response, offering protection across multiple
organs and aiding in the treatment of specific diseases ">\
Although direct evidence linking NRF2/HO-1 with cartilage
protection is scant, extensive research indicates that activat-
ing this pathway can shield cartilage from oxidative dama-
ge P Additionally, enhancing NRF2’s nuclear transloca-
tion to modulate the NF-«B pathway has been well docu-
mented to produce anti-inflammatory effects in OA 2%,
Loganin (LOG), the primary active constituent of the tra-
ditional Chinese medicinal herb Cornus officinalis Siebold &
Zuce, has been utilized in treating OA ", It is recognized
for its anti-inflammatory, antioxidant, and anti-diabetic ef-
fects *”. Previous studies have demonstrated that LOG can
mitigate acute kidney injury by modulating the NRF2/HO-1
signaling %, and recent findings suggest that it reduces ROS

Table 1 Quantitative real-time PCR primer sequences

production and NLRP3 inflammasome activation in high
glucose-induced Schwann cells B Moreover, HU et al. re-
vealed that LOG alleviates OA by inhibiting NF-«xB signal-
ing ¥ However, the specific effects of LOG on ROS reduc-
tion and NLRP3 inflammasome activation in chondrocytes
remain to be elucidated.

This study aimed to explore whether LOG can inhibit the
ROS-NLRP3-IL-1f axis by activating the NRF2/HO-1 path-
way, thereby exerting anti-inflammatory and antioxidant ef-
fects conducive to treating OA.

Materials and Methods

Reagents

LOG (CAS No. 18524-94-2) was obtained from
RuiFenSi Company (Chengdu, China). Lipopolysaccharide
(LPS) and collagenase type II were purchased from Sigma
(Stuttgart, Germany). Primer (Table 1) was obtained from
Tsingke Biotechnology (Beijing, China). ML385 (Nrf2 spe-
cific inhibitor) was purchased from MedChemExpress (NJ,
USA). Primary antibodies against f-actin (Cat. No. AF7018),
NRF2 (Cat. No. AF0639), matrix metallopeptidase 3 (MMP3,
Cat. No. AF0217), type II collagen (Col2, Cat. No. AF0135),
HO-1 (Cat. No. AF5393) and the secondary antibody (Cat.
No. DF6681) were obtained from Affinity Biosciences (Ji-
angsu,China),andCaspase-1/Cleavedcaspase-1(Cat.No.WL03-
450), IL-1B (Cat. No. WL00891), pro-interleukin-1f (pro-IL-
1B, Cat. No. WL02257), NLRP3 (Cat. No. WL02635), and IL-
18 (Cat. No. WL01127) were obtained from Wanleibio (Sh-
enyang, China).
Cell culture

Chondrocytes were isolated from the knee cartilage of 7-
day-old C57BL/6J mice, which were euthanized under deep
anesthesia. The cartilage was excised, finely minced, and
then subjected to enzymatic digestion. This involved 30-min
incubation in 0.25% trypsin, followed by 7-h digestion in
0.25% type 11 collagenase, until the chondrocytes were suc-
cessfully isolated ®”. The harvested chondrocytes were cul-
tured in DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS) and maintained at 37 °C in a humidified
incubator with 5% CO,. Chondrocytes from the second to
fifth passages were used for the experiments.
Cell viability assay

For the viability assays, chondrocytes were seeded in 96-

Genes Forward (5'-3") Reverse (5'-3")
18s rRNA TGGTTGCAAAGCTGAAACTTAAAG AGTCAAATTAAGCCGCAGGC
Col2 CTCCTTCCAGGTCCCA CTTCCGTCAGCGTCAACACC
Mmp3 TGCTTCCCAATCCTATTTGC AGAATCCCTTTCCCTCTCCA
Nirp3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG
Caspase-1 AACAGAACAAAGAAGATGGCACA CCAACCCTCGGAGAAAGAT
1-1p GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
1-18 TGGAGACCTGGAATCAGACA TGGGGTTCACTGGCACTT
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well plates at a density of 1 x 10’ cells per well. Cells were
treated with varying concentrations of LOG (1, 2.5, 5, 10, 25,
50, 100 pmol-L™") in the presence or absence of LPS (1
pg-mL™") for either 24 or 48 h ¥, Following treatment, 10 pL
of CCK-8 solution was added to each well, and the cells were
incubated for an additional 2 h. The absorbance was then
measured at 450 nm to assess cell viability.

Toluidine blue staining

For histological analysis, chondrocytes were plated at a
density of 3 x 10" cells per well in 24-well plates and treated
with LOG (5, 10 pmol-L™") with or without LPS (1 pg-mL™)
for 48 h. Post-treatment, cells were washed with PBS, fixed
in 4% paraformaldehyde for 20 min at room temperature, and
washed again. Cells were then stained with 1% toluidine blue
for 1 h at room temperature, rinsed thrice with PBS, and ex-
amined under a light microscope.

Quantitative real-time PCR (qRT-PCR)

Chondrocytes were treated with LOG at concentrations
of 5 and 10 pmol-L™", with or without LPS (1 ug-mL™") for 48
h. Total RNA was subsequently extracted using Trizol re-
agent (AG, China). For cDNA synthesis, an Evo M-MLV RT
Kit (AG, China) was utilized. mRNA levels were quantified
using the Bio-Rad CFX96 Real-Time System and SYBR
Green Pro Taq (AG, China), according to the manufacturer’s
protocol.

Western blotting analysis

Total proteins were extracted from chondrocytes using
RIPA buffer (Beyotime, China). Concentrations were determ-
ined using a BCA assay kit (Biosharp, China). The proteins
were separated by electrophoresis on a 4%—15% Sodium Do-
decyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-
PAGE) gel and transferred to polyvinylidene fluoride
(PVDF) membranes. These membranes were blocked with
5% bovine serum albumin (BSA) solution for 1.5 h, incub-
ated overnight at 4 °C with primary antibodies, and then for
1.5 h with secondary antibodies at room temperature. Detec-
tion was performed using an Electrochemiluminescence
(ECL) system, and images were captured for analysis.
Determination of ROS levels

Following treatment with LOG and LPS, chondrocytes
were incubated in a serum-free medium with dihydroethidi-
um (DHE, Beyotime, China) at 37 °C for 20 min in a light-
protected environment. After two Phosphate-buffered saline
(PBS) washes, cells were stained with Hoechst 33342
(Beyotime, China) for 8 min, followed by another two
washes. Intracellular ROS fluorescence was then observed
under a Leica microscope. Additionally, cells were digested,
centrifuged, and re-incubated with dichlorofluorescein diacet-
ate (DCFH-DA, Beyotime, China) at 37 °C for 20 min, shiel-
ded from light. After washing and resuspension in PBS, intra-
cellular ROS levels were quantified using flow cytometry
(BD Biosciences, USA)

Determination of malondialdehyde (MDA) and super oxide
dismutase (SOD)

Chondrocytes were exposed to LOG of 5 and 10

®

pmol-L™", with or without LPS (1 pg-mL™") for 48 h. Sub-
sequently, MDA and SOD levels were measured using assay
kits according to the manufacturer’s instructions provided by
Beyotime, China.

Immunofluorescence (IF)

Cells were first fixed with 4% polymethanol for 15 min
at room temperature and then permeabilized with 0.2% Tri-
ton X-100 for 30 min. After blocking with 4% BSA for 1 h at
room temperature, the cells were incubated with primary anti-
bodies against NRF2, NLRP3, and Col2 at a 1 : 200 dilution
overnight at 4 °C. Following this, cells were incubated with a
red fluorescence-labeled secondary antibody at a 1 : 250 di-
lution for 1 h at room temperature. Nuclei were stained with
DAPI for 3 min, and the cells were examined using confocal
laser scanning microscopy to capture IF images.

Molecular docking

The structural formula of LOG was obtained from the
PubChem website (https://pubchem.ncbi.nlm.nih.gov/), and
its 3D structure was created using Chem3D software and ex-
ported in mol*2 format. The structural domain of the core
protein NRF2 was downloaded in PDB format from the Pro-
tein Data Bank (http://www.rcsb.org/), prepared by removing
water and phosphate groups using PyMOL software (version
2.3, DeLano Scientific LLC). Both the LOG and NRF2 struc-
tures were converted to pdbqt format using AutoDockTools
(version 1.5.6). The Vina script was employed to identify the
active pockets and calculate the molecular binding energies.
The interactions, including the LibDockScore of flexible
binding, were analyzed using Discovery Studio (version
2019, DNASTAR). Molecular docking results were then
visualized in two-dimensional and three-dimensional formats
using PyMOL software to illustrate the potential binding con-
formations and interactions between LOG and NRF2.

Animal experiment

Seven-week-old male C57BL/6J mice were sourced from
the Guangzhou University of Chinese Medicine. The experi-
mental protocol was approved by the Ethics Committee of the
First Affiliated Hospital of Guangzhou University of Chinese
Medicine, complying with the National Institutes of Health
ethical guidelines (approval number: GZTCMF1-2022117;
January 17, 2022). Mice, except for those in the control
group, underwent destabilization of the medial meniscus
(DMM) surgery to establish an OA model ®*. Post-surgery,
mice were categorized into four groups: control (n = 8), mod-
el (n = 8), LOG-L (low dose LOG, 50 mg-kg ', n = 8), LOG-
H group (high dose LOG, 100 mg-kg™', n = 8), based on the
dosages determined from previous studies ©*. Both the con-
trol and model groups were administered equivalent volumes
of saline by gavage. After eight weeks of treatment, the mice
were euthanized to harvest their lower limbs for subsequent
analysis.

Micro-computed tomography (micro-CT) scanning

The harvested lower limbs were fixed in 4% paraformal-

dehyde for 24 h and subsequently stored in PBS. Micro-CT

-979 -
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scanning of the knee joints was performed, followed by 3D
reconstruction and detailed joint analysis. Assessment of
subchondral bone involved measuring metrics such as bone
volume fraction (BV/TV), trabecular separation (Tb.Sp), tra-
becular thickness (Tb.Th), and trabecular number (Tb.N).
Histological analysis

Post-fixation, the samples underwent a two-week decal-
cification process using 14% ethylenediaminetetraacetic acid
(EDTA). They were then embedded in paraftin and sectioned
into S-micron slices. These sections were placed on slides,
baked to ensure adhesion, and then subjected to a graded
series of xylene and ethanol for rehydration, each step lasting
3 min. After rinsing with distilled water and PBS, the sec-
tions were stained with hematoxylin and eosin (H&E) and
safranin O and fast green (S&F), adjusting staining times ac-
cording to preliminary microstaining results. Following stain-
ing, sections were dehydrated in ascending concentrations of
ethanol and xylene, each for 3 min, then air-dried, and moun-
ted with a drop of neutral gum. The stained sections were im-
aged under a microscope to evaluate morphological and
pathological changes.
Immunohistochemistry

For immunohistochemical analysis, knee tissue sections
were first deparaffinized using xylene and rehydrated through
a series of anhydrous ethanol solutions. Antigen retrieval was
performed using a sodium citrate solution. Sections were then
blocked with sheep serum for 10 min at room temperature to
prevent non-specific binding. Subsequently, sections were in-
cubated overnight at 4 °C with primary antibodies against
NRF2 and NLRP3, both diluted at 1 : 200. After primary an-
tibody incubation, sections were exposed to secondary anti-

A B

24 h

—_ —_
(=] [}

4
W

Cell viability

LPS (1 pg'mL™)

0
LOG (umol-L™) 0 0 1255 102550100

LPS(IpgmL™) — + + + + + + + +

bodies for 30 min at room temperature. Staining was conduc-
ted using a DAB solution, followed by counterstaining with
hematoxylin to enhance nuclear visibility. The sections were
then sealed with resin, and images were captured under a mi-
croscope for analysis.
Statistical analyses

Statistical analyses were performed using SPSS version
25.0. Data were expressed as mean + standard deviation
(SD). For normally distributed data with homogeneous vari-
ance, one-way analysis of variance (ANOVA) was used for
comparisons among multiple groups, while the #-test was ap-
plied for pairwise comparisons. For data with non-homogen-
eous variance, Dunnett’s T3 test was utilized. A P-value of
less than 0.05 was deemed to indicate statistical significance.
All experiments were replicated at least three times to ensure
consistency and reliability of the results.

Results

Effects of LOG on cell viability in LPS-treated chondrocytes
In this study, we induced inflammation in chondrocytes
using LPS (1 pg-mL™") to establish an inflammatory model ©*'.
Chondrocytes are identified in Fig. S1. As shown in Figs. 1B
and 1C, LPS exposure was found to inhibit chondrocyte pro-
liferation; however, treatment with LOG enhanced cell viabil-
ity in a dose-dependent manner. Notably, a concentration of
10 umol-L™" LOG displayed the most significant protective
effect on chondrocytes. Higher concentrations, such as 25
umol-L™", showed inhibitory effects on chondrocyte prolifera-
tion, leading to the selection of 5 and 10 pmol-L™" for further
experiments. Additionally, LPS treatment resulted in chon-

Cell viability

0
LOG (umol-L ) 0 0 1255 1025 50100
LPS (I pgmL™") — + + + + + + + +

LPS + 5 pmol-L™' LOG LPS + 10 umol- L' LOG

Fig. 1 LOG attenuates the inhibition of proliferation induced by LPS in chondrocytes. (A) Chemical Structure of LOG. (B, C)
Effect of different concentrations of LOG (1, 2.5, 5, 10, 25, 50, 100 p,mol~L") on cell viability in the presence or absence of LPS
for 24 or 48 h. (D) Toluidine blue staining of chondrocytes morphology (Scale bar: 100 pm). Data are presented as the mean + SD

e

(n=3). "P<0.05 "P<0.01,
significant).

P < 0.001 vs the control group; *P < 0.01, P < 0.001 vs the LPS treated group (ns: not
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drocytes that were enlarged and had increased tentacles, a
phenomenon that was mitigated by LOG treatment (Fig. 1D).
LOG alleviates ECM degradation in chondrocytes

Collagen type II (Col2) is a primary component of the
extracellular matrix (ECM), while matrix metalloproteinase-3
(MMP3) serves as an enzyme " that degrades the ECM. To
assess the protective effects of LOG on chondrocyte homeo-
stasis, we analyzed the expression levels of Col2 and MMP3
via qRT-PCR and Western blotting assays. The results re-
vealed that LPS exposure decreased Col2 expression and in-
creased MMP?3 levels at both mRNA (Figs. 2A—2C) and pro-
tein levels (Figs. 2D and 2E). Treatment with LOG, particu-
larly at concentrations of 5 and 10 pmol-L™', partially re-
versed these adverse effects. IF studies further confirmed
these findings, showing that LOG treatment restored Col2
fluorescence intensity close to control levels, especially in the

A B

co [ . . .

MMP3 | . ’ !
/)’—Actin|! - .
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high-concentration group (Fig. 2F).
LOG reduces LPS-induced ROS production

ROS is critical in maintaining metabolic homeostasis in
chondrocytes *”. However, excessive ROS production can
lead to oxidative stress and accelerate OA progression ',
Our study utilized ROS probe staining by fluorescence micro-
scopy (Fig. 3A) and flow cytometry (Fig. 3B) to evaluate
ROS levels. The results demonstrated that LPS significantly
increased ROS production, whereas LOG-treated cells exhib-
ited reduced ROS fluorescence intensity, suggesting a de-
crease in ROS production (Figs. 3A—3D). To further quanti-
fy the oxidative stress, we measured intracellular levels of
malondialdehyde (MDA) and superoxide dismutase (SOD)
activity. LPS treatment markedly raised MDA levels and re-
duced SOD activity, while LOG treatment effectively de-
creased MDA levels and enhanced SOD activity (Figs. 3E
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Fig. 2 LOG alleviates ECM degradation in chondrocytes. (A) Representative images and (B, C) quantitative analysis of West-
ern blots of Col2 and MMP3. All experiments were repeated three times. (D, E) Gene expressions of Col2 and Mmp3 detected by
qRT-PCR. (F) IFof Col2 (green) and DAPI-stained nuclear fluorescence (blue) were visualized by confocal microscopy (Scale

bar: 10 pm). Data are presented as the mean + SD (n=3). "P< 0.05, " P < 0.01,
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P <0.001 (ns: not significant).
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and 3F), indicating that LOG can mitigate LPS-induced oxid-
ative stress in chondrocytes. However, LOG significantly re-
duced MDA levels and increased SOD activity (Figs. 3E and
3F). Our results showed that LOG is capable of resisting LPS-
induced oxidative stress damage in chondrocytes.
LOG suppresses NLRP3 inflammasome activation

Emerging evidence underscores the critical role of the

"3

seesese

P <0.0001 (ns: not significant).

NLRP3 inflammasome in the progression of OA. This com-
plex is activated by increased ROS production, leading to
caspase-1 activation, which then stimulates the release of pro-
inflammatory cytokines IL-1§ and IL-18, exacerbating
flammation ®*. Our findings indicated that LPS treatment
significantly upregulated the expression of IL-13, NLRP3,
cleaved caspase-1, and IL-18 in chondrocytes at both the

in-
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mRNA and protein levels (Figs. 4A—4I). Conversely, LOG matory mediators. IF analysis further revealed that NLRP3

treatment effectively reduced the expression of these inflam- expression was markedly elevated in the chondrocytes of the
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model group, whereas LOG treatment, particularly at higher
doses, significantly decreased NLRP3 expression (Fig. 4J).
These observations were corroborated by in vivo immunohis-
tochemistry results.

LOG activates the NRF2/HO-1 signaling

ROS is implicated in triggering the activation of the
NLRP3 inflammasome. NRF2 is a direct downstream path-
way of ROS, which regulates cellular redox homeostasis °7.
To investigate whether LOG inhibits ROS-mediated NLRP3
inflammasome activation via the NRF2/HO-1 pathway, we
employed network pharmacology and molecular docking as-
says to examine the interaction between LOG and NRF2. The
docking studies showed favorable binding energies below
—5.0 kcal-mol ™" and RMSD values, and the LibDockScores of
the docking models formed were all greater than 100 (If the
binding energy is less than 0, the ligand and receptor can
spontaneously bind, and if the Vina binding energy is < —5.0
keal-mol™" and LibDock can find the docking site and Lib-
DockScore > 100, the two are stably docked). Combined with
the RMSDs, chemical energies, and docking scores, the bind-
ing energies of the active ingredient LOG and the core pro-
tein NRF2 could form stable docking. We utilized the com-
pound results exported from Vina to import into Pymol and
then demonstrated 3-dimensional and 2-dimensional molecu-
lar docking with protein ligands using Discovery Studio 2019
software (Figs. SA—5C). Next, we found that LPS slightly in-
creased the expression of NRF2 and HO-1 compared with the
control group (Figs. 5SD—5F). However, both 5 and 10
pumol-L™" LOG treatment significantly increased the expres-
sion of NRF2 and HO-1 (Figs. SD—5F). In response to oxid-
ative stress, NRF2 undergoes ubiquitination, accumulates in-
tracellularly, and translocates to the nucleus, promoting its
antioxidant transcriptional program “”. The results in Fig. 5G
show that the expression of NRF2 in the control group was
concentrated in the cytoplasm, while under LPS stimulation,
NRF2 clustered toward the nucleus but could not enter the
nucleus, and after drug treatment, the expression of NRF2
was concentrated in the nucleus, suggesting that LOG could
promote its entry into the nucleus and thus exert antioxidant
function (Figs. 5G and 5H). IHC staining of the mouse articu-
lar cartilage showed that the expression of NRF2 was signi-
ficantly higher in the LOG group, which is consistent with
the in vitro results (Figs. 8D and 8H).

To further substantiate the role of LOG in activating
NRF2 signaling, we utilized the NRF2-specific inhibitor
ML385. The results demonstrated that ML385 negated the
ROS-reducing effect of LOG (Figs. 6A and 6B). Addition-
ally, Western blot analyses revealed that ML385 also obstruc-
ted the suppressive impact of LOG on inflammatory mediat-
ors such as IL-1B, NLRP3, Cleaved caspase-1, and IL-18 and
inhibited the activation of the NRF2/HO-1 signaling pathway
(Figs. 6C—6J). These findings support the hypothesis that
LOG mitigates ROS production and subsequent inflamma-
tion primarily through the activation of NRF2/HO-1 signal-
ing, thereby effectively inhibiting NLRP3 inflammasome ac-

®

tivation. This mechanism is crucial for the anti-inflammatory
effects of LOG in the context of OA.
LOG alleviates DMM-induced OA in mice

Inflammation, cartilage degeneration, and periarticular
bone reconstruction are hallmark characteristics of OA ¥
Our study employed a destabilization of the DMM surgery to
induce OA in mice and assessed the therapeutic effects of
LOG on this model. The micro-CT scans showed that LOG
treatment led to a notable reduction in periarticular bone
formation compared to the DMM group (Figs. 7A and 7B).
Quantitative analysis of subchondral bone histology revealed
improvements with LOG treatment: increased Tb.Th and
BV/TV, along with a decrease in Tb.Sp. However, the Tb.N
did not show significant differences across the groups (Figs.
7C—7F). These findings suggest that LOG, particularly at
higher doses, effectively promotes subchondral bone recon-
struction. H&E staining of synovial tissues indicated that
LOG mitigated synovial inflammation in the OA mice. This
was evident from reduced inflammatory cell infiltration, di-
minished vascular proliferation, and lower synovitis scores
compared to the model group (Fig. 8A). This was reflected in
less inflammatory cell infiltration, vascular proliferation, and
synovitis scores (Fig. 8E). S&F staining of the articular cartil-
age further demonstrated that LOG treatment resulted in
smoother, thicker, and less worn cartilage surfaces compared
to those in the DMM group (Fig. 8B). The therapeutic effic-
acy of LOG was also quantified using the Osteoarthritis Re-
search Society International (OARSI) scoring system. Our
results showed that LOG significantly reduced the OARSI
scores in the OA mice, indicating a reduction in OA severity
(Fig. 8F). Collectively, these results suggested that LOG can
effectively alleviate the progression of DMM-induced OA in
mice.

Discussion

ROS-mediated oxidative stress and subsequent activa-
tion of the NLRP3 inflammasome play critical roles in the
pathogenesis of OA " Under normal conditions, ROS are
present at low levels in chondrocytes, primarily participating
in intracellular signaling M However, in OA, chondrocytes
produce large amounts of ROS, primarily through NADPH
oxidase activated under mechanical stimulation and inflam-
matory conditions “?. Excessive ROS production exacer-
bates cartilage degradation by inhibiting matrix synthesis, im-
peding chondrocyte migration and growth factor activity, and
directly breaking down matrix components via activation of
MMPs. It also leads to chondrocyte apoptosis . Addition-
ally, the overaccumulation of ROS diminishes the activity of
SOD, boosts the production of lipid peroxides such as MDA,
and weakens the overall antioxidant capacity of chondro-
cytes Y. Prior studies have shown that reducing ROS levels
can mitigate cartilage degradation in OA ™.

Moreover, ROS has been identified as a pivotal mo-
lecule in the activation of the NLRP3 inflammasome ™. Nor-
mally, the thioredoxin interacting protein (TXNIP) is bound

— 984 —



LI Miao, et al. / Chin J Nat Med, 2024, 22(11): 977-990

A
A B C A:é‘d’q— A%gg
A58Ys AlLEo AR
A5Es g | Al ALy
J. T AT419
HO -
A7 H g A /TR
A“é&a ]
A alhts R A8
L a
%J H o >
i L A N
#oL S
S 2Hes A
Interactions A'38o
o van der Waals m Unfavorable donor-donor
o Conventional hydrogen bond ® Unfavorable acceptor-acceptor
o Carbon hydrogen bond o Alkyl
P . NRF2 F HO-1
o 2.5¢ - 4 -
.2 .2
NRE2 [ s Z 20 i
o) £
o o o
g 1.5 =
HO-1 | % e S -5% -§§2
£z 10 =
(ST oo
o & o 1
> >
Actinjum. - — — £ 05 g
Q Q
LOG (umol' L")  — - 5 10 ~ 0 | )
_ LOG (umol'L') 0 0 5 10 LOG(umol'L™") 0 0 5 10
LPS (1 pg'mL™) - * - R + o+ o+ L + o+ o+
LPS (1 pg'mL™) LPS (1 pg-mL™)
G Control LPS (1pg'mL™) LPS + 5 umol-L' LOG LPS + 10 umol-L™' LOG
o
Ay
24
=
’ - -
=
<
Q - -
Q
=
i N i N
H ~ 250 —DAPI -~ 250 —DAPI —_ 200 —DAPI
3 200 ~NRF2| 5 200 NRE2 3 150 —NRF2
> 150 :i, 150 > 100
‘@ 100 Z 100 Bz
g 5 5 50
s 50 = 50 i
0 L . 0 0 o 0
0 10 20 30 40 0 20 40 60 0 10 20 30 40 0 10 20 30 40 50
Disatance/pm Disatance/um Disatance/um Disatance/pum

Fig. 5 LOG activates the NRF2/HO-1 signaling pathway. (A) 3D macroscopic docking diagram of NRF2 with LOG. (B) 3D mi-
croscopic docking diagram of NRF2 and LOG. (C) 2D docking diagram of NRF2 and LOG. (D) Representative images and (E, F)
quantitative analysis of the Western blots of NRF2 and HO-1. All experiments were repeated three times. (G) IF of NRF2 (green)
and DAPI-stained nuclear fluorescence (blue) were visualized by confocal microscopy (Scale bar, 25 pm). (H) Co-localization
analysis of NRF2 into nuclei in (G) was performed using Image J software. Data are presented as the mean + SD (n=3). "P<

0.01, P < 0.001 (ns: not significant).
®

- 985 -



LI Miao, et al. / Chin J Nat Med, 2024, 22(11): 977-990

>

Control LPS (1 pg'mL™) LPS + 10 pmol-L' LOG LPS +10 umol-L™' LOG + ML385

oe}

D
80 NLRP3 S — - -——
Cleaved caspaes-1 |8 ‘ - i
ol

pro Caspase-1 ‘s s S S———

LOG (umolL 5 0 0 5 10 TL-TH - —

LPS(l pgmL") - + + + - 4
ProTL-15 M h —
c ML (umolL) - - - 5 ro IL-1p -

- - s -

HO-1 [ — — —

intensity
E -
S S

D
(=]

Relative fluorescence

F-Actin s — — — B-Acln o emm @—
LOG (umol-L™) - - 10 10 LOG (umol- L") — - 10 10
LPS (1 pg'mL™)  ~ + + + LPS (I pgrmL™) — + + +
ML385 (umol' L")~ — - - 5 ML385 (umol- L") - - - 5
E NRF2 F HO-1 G NLRP3
3 2.5 e e 25
s = = o w «
s _3 5 _ 520 8 _g20f — g ™
59, . 5o = 25
52 § —= 5% 5151 7 3 22515
2 é S o § S o § S
Ziz ZExm 10 ZEz 10
= s €05 5 <€ o0s

0 0 0
LOG (umol'L) 0 0 10 10  LOG (umol-L™) LOG (umol'L)y 0 0 10 10

(=]
(=]
S
(=]

LPS(IpgmL") — + + + LPS(lpgmL") — + + + LPS (lpgmL?) - + + +
ML385 (umol-lL")y - - - 5 ML38(umolL) - - - 5 ML38 (umollL") - - — 5
H Cleaved caspas-1 ! IL-1B ! IL-18
2.0 2.0 —— 2.5 . e .
g s wk .

@:7‘?15 -§g315 5 < 2.0

° o - b sy 1 Z = §)

578 5% % 225 15

o 85 1.0 o 85 1.0 o 85

2 & Z Eo 2 Eo 10

8805 £82 05 R

~ ~ &

(=]

0 0 0
LOG (umol'Ly 0 0 10 10 LOG (umol-L) 0 10 10 LOG (umol'lLy 0 0 10 10
LPS(IpgmL™ — + + +  LPS(lpgmL’) — + + +  LIPS(lpgmL’) ~— + + +
ML385 (umol-'L™) - - - 5 ML385(umollL") - - - 5 ML38(umolL) - - - 5

Fig. 6 LOG alleviates ROS-mediated NLRP3 inflammasome activation via NRF2/HO-1 signaling. (A) Representative images of
DHE staining under a fluorescent microscope (magnification: 10 x; scale bar: 100 pm). (B) Relative fluorescence intensity of (A).
(C, D) Representative images and (E—J) quantitative analysis of Western bolt of NRF2, HO-1, NLRP3, Cleaved caspase-1, Pro

Caspasel, IL-1p, Pro IL-1p and IL-18. Data are presented as the mean = SD (n = 3). "P < 0.05, “P < 0.01, ""P < 0.001, ""P <
0.0001 (ns: not significant).

®

- 986 —



LI Miao, et al. / Chin J Nat Med, 2024, 22(11): 977-990

Control
a
o
F
O
2
2
=
B
@)
(o]
=
g
=
C wxr D
70
< 60 e
S £
E 50 S
= z
40 =
30 N > N >
Q\@@Q@ 06,\/069‘ &@ é\o& QO’VQC’?
& V9 &P ARV

es]

0.18
0.16
0.14
0.12
0.10
0.08

Tb.Th/mm

Q
<
N

0
N N v N N v
N V@& & 0632‘ o*“@ & & 00)2»
@ AVEEEN (@) AYEEEN

Fig. 7 LOG improves subchondral bone reconstruction. (A) Representative Micro-CT 3D images of the mouse knee joint. Red
arrows indicate osteophytes. (B) Representative Micro-CT 2D images of mice subchondral bone. (C—F) Quantitative analysis of

e

BV/TV, Tb.Th, Tb.N, Tb.Sp of subchondral bone. Data are presented as the mean + SD (n = 8). "P<0.05 ""P<0.01, " P<0.001

(ns: not significant).

to thioredoxin (TRX) in a quiescent state . Elevated ROS
levels disrupt this TXNIP-TRX complex, leading TXNIP to
bind to the leucine-rich repeat (LRR) domain of NLRP3, trig-
gering its oligomerization and activating the inflammasome,
. Studies

thereby promoting an inflammatory response ** *!

A Control

=

NLRP3 S&F H&E

NRF2

by Bauernfeind et al. revealed that ROS inhibitors can block
the priming of the NLRP3 inflammasome ©”. LIN et al. in-
dicated that the elimination of ROS in murine OA reduced
LPS-induced NLRP3 inflammasome activation ' These

studies suggested that targeting ROS-mediated NLRP3 in-
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Fig. 8 LOG alleviates DMM-induced OA in mice. (A) Representative images of H&E staining of mice knee joint after eight
weeks of LOG treatment. Black arrows indicate inflammatory cell infiltration and blood vessel invasion (magnification: 20 x;
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flammasome activation may be a viable therapeutic strategy
for OA. In our study, LPS treatment was used to simulate an
inflammatory environment in chondrocytes, resulting in in-
creased expression of MMP3 and decreased expression of
Col2, indicative of disrupted chondrocyte homeostasis. Addi-
tionally, this inflammatory stimulus led to reduced SOD and
glutathione (GSH) levels and increased MDA levels, further
evidencing oxidative stress. Treatment with LOG was found
to ameliorate these adverse effects. Specifically, LOG treat-
ment significantly reduced the production of ROS induced by
LPS, thereby alleviating the oxidative stress and associated
cellular damage. This suggests that LOG has potent anti-in-
flammatory and antioxidant effects that contribute to its
therapeutic potential in the treatment of OA, highlighting its
ability to restore chondrocyte homeostasis and suppress in-
flammatory pathways.

The NLRP3 inflammasome complex, comprising NL-
RP3, ASC, and Caspase-1, plays a pivotal role in the inflam-
matory response . Exposure to stimuli such as ROS activ-
ates NLRP3, which in turn triggers Caspase-1 activation .
This activation cascade mediates the maturation of IL-18 and
IL-1B, significantly increasing the release of inflammatory
factors and promoting cellular inflammation and death °*.
Previous studies highlight the involvement of the NLRP3 in-
flammasome in OA progression ™. LI ef al. demonstrated that
NLRP3 activation is linked to reductions in chondrocyte
pyroptosis and extracellular matrixdegradation ™, while NI
et al. found that the NLRP3 inhibitor MCC950 decreased
NLRP3 expression in OA cartilage, thereby delaying cartil-
age degeneration "*°. In our study, LPS stimulation increased
ROS levels in chondrocytes, which was associated with up-
regulated expression of NLRP3, Caspase-1, IL-18, and IL-1§.
Treatment with LOG effectively downregulated these expres-
sions and restored the expression levels of proteins related to
extracellular matrix degradation. These findings suggest that
the ROS-NLRP3-IL-1p axis may contribute to OA progres-
sion by promoting inflammation and matrix degradation,
while LOG can mitigate OA progression by inhibiting this
axis.

s sesedese

P<0.001, P<0.0001

The NRF2/HO-1 signaling pathway functions as an en-
dogenous antioxidant system activated during oxidative str-
ess *. Elevated ROS levels stimulate NRF2, enhancing the
transcription of antioxidant proteins such as HO-1, thereby
reducing oxidative stress-induced cellular damage °”. Recent
studies have shown that activating the NRF2/HO-1 pathway
can alleviate OA progression by modulating the NLRP3 in-
flammasome !, In this study, LOG treatment significantly
activated NRF2/HO-1 signaling, reduced ROS production,
and alleviated oxidative stress induced by LPS. To further as-
sess this pathway’s role, we utilized the NRF2-specific inhib-
itor ML385, which notably reversed LOG’s inhibitory ef-
fects on ROS production and NLRP3 inflammasome activa-
tion. Interestingly, ML385 abolished the inhibitory effect of
LOG on ROS production and NLRP3 inflammasome activa-
tion. In vivo experiments demonstrated that LOG effectively
countered DMM-induced OA, increasing NRF2 expression
and reducing NLRP3 expression in articular cartilage.

However, the direct relationship between the ROS-
NLRP3-IL-1p axis and the NRF2/HO-1 pathway in vivo can-
not be solely inferred from the expression levels of these
markers. The absence of an NRF2 inhibitor control group in
the animal experiments constitutes a significant limitation of
this study. Future research should consider including such
controls to more definitively parse out the mechanisms by
which LOG ameliorates OA, thereby solidifying the thera-
peutic potential of targeting these pathways in OA treatment
strategies.

Conclusion

Our study has demonstrated that LOG can effectively
mitigate the progression of OA induced by the destabiliza-
tion of the DMM. This effect is achieved through the inhibi-
tion of ROS-mediated activation of the NLRP3 inflamma-
some, facilitated by the activation of the NRF2/HO-1 signal-
ing pathway that LOG is able to attenuate DMM-induced OA
by inhibiting ROS-mediated activation of NLRP3 inflamma-
some via activating NRF2/HO-1 signaling (Fig. 9). These
findings highlight the therapeutic potential of LOG in man-
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aging OA, particularly forms associated with inflammation.

By targeting key pathways involved in both oxidative stress

and inflammatory responses, LOG presents a promising treat-

ment option for inflammatory OA, suggesting its viability for

future clinical applications.
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