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Abstract

Introduction

Osteoarthritis (OA) is a chronic inflammatory disease where pro-inflammatory cytokines,
damage-associated molecular patterns and macrophages play a crucial role. However, the
interaction of these mediators, the exact cause, and the treatment of knee osteoarthritis
(KOA) are still unclear. Moreover, the interaction of interleukin (IL)-33, platelet-derived
growth factor-BB (PDGF-BB), and matrix metalloproteinase-9 (MMP-9) with other factors in
the pathogenesis of KOA has not been elaborately explored.

Method

Therefore, in this study, we analyzed the expression of IL-33, PDGF-BB, and MMP-9 in the
knee cartilage tissue of model mice, murine KOA was induced by using the destabilization
of the medial meniscus (DMM) model.

Results

Compared with the sham operation control group, the expression levels of PDGF-BB, IL-33,
and MMP-9 were increased significantly, and the pathological sections showed obvious car-
tilage damage. Additionally, we assessed the levels of IL-33 and MMP-9 expression in the
knee joint of KOA model mice following intervention with PDGF-BB antibody, and we found
that the expression level of MMP-9 was reduced following intervention with IL-33 antibody.
When the effects of the three antibodies were compared in a mouse disease model, it was
discovered that the IL-33 antibody could dramatically lower the relative expression level of
MMP-9, resulting in the least amount of cartilage damage and improved protection. In con-
clusion, inhibiting IL-33 can significantly lower inflammatory factor levels in the knee joint,
including IL-33 and MMP-9, and it can improve cartilage breakdown in osteoarthritis of the
knee.
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Conclusion

Overall, the results indicate that IL-33 has a therapeutic function in the treatment of knee
osteoarthritis and may be a novel target for treatment of the underlying causes of KOA.
Additionally, PDGF-BB might be an upstream pathway of IL-33, and KOA’s MMP-9 is an
downstream pathway of IL-33.

Introduction

Osteoarthritis (OA) stands out as one of the most prevalent degenerative joint diseases, typi-
cally afflicting older adults who experience characteristic clinical symptoms, including joint
pain, swelling, stiffness, and reduced mobility [1]. The global prevalence of OA exceeds 303
million individuals, as indicated by a 2017 statistical study [2]. This statistic underscores the
significant impact of OA on patients’ quality of life and its substantial financial burden on indi-
viduals, families, and communities. As the world’s population ages and life expectancy
increases, OA poses a substantial threat to public health and society [3,4].

Although the precise cause of OA remains elusive, several risk factors, particularly in the
context of knee osteoarthritis (KOA), contribute to its development. These factors encompass
traumatic injury, aging, obesity, genetic predisposition, abnormal mechanical stress, and
inflammation stemming from infection or surgery [5]. Recent research has illuminated the
multifaceted impact of KOA on various joint structures, including the synovium, articular car-
tilage, subchondral bone, intra-articular fat pads, and the overall joint architecture [6]. Of par-
ticular significance are the fibrocartilage structures that provide intra-articular support, as well
as the chronic inflammation of these structures within the knee joint [7,8]. Progressive
destruction of articular cartilage and subchondral sclerosis are key pathological hallmarks of
KOA, signifying irreversible articular cartilage degradation [9].

Current research on KOA predominantly revolves around the inflammatory response,
which is often incited by immune cells with an inflammatory profile. Cytokines play a central
role in the pathophysiological processes leading to the onset and progression of KOA [10,11].
Notable examples include proinflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-1p), and interleukin-6 (IL-6), produced by immune cells and
macrophages, as well as anti-inflammatory cytokines like interleukin-4 (IL-4), interleukin-10
(IL-10), and interleukin-37 (IL-37) [12-15]. These cytokines collectively contribute to the
pathogenesis of arthritis. Interleukin-33 (IL-33), a member of the IL-1 cytokine family [16], is
a pivotal player in cellular interactions within the inflammatory microenvironment, found in
conditions such as tumors, respiratory, and digestive systems [13,17,18]. Recent studies have
linked IL-33 to KOA progression, as it mediates the production and secretion of matrix metal-
loproteinases (MMPs), particularly MMP-9 and MMP-13, by chondrocytes via the ST2 recep-
tor [19]. This process has direct or indirect effects on articular cartilage, leading to abnormal
cell metabolism and secretion and disrupting the homeostasis of the internal articular cartilage
environment [20-23]. Nonetheless, further research is required to fully understand the activa-
tion and mechanism of IL-33. It is postulated that abnormal subchondral bone angiogenesis,
involving the formation of new blood vessels from preexisting ones in osteoarthritic joints,
promotes KOA development and serves as an early manifestation of the disease, occurring
before articular cartilage damage [24,25]. One proposed theory suggests that increased secre-
tion of platelet-derived growth factor-BB (PDGEF-BB) by subchondral mononuclear osteoclasts
activates platelet-derived growth factor receptor-B (PDGFR-p) signaling in pericytes, leading
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to neovascularization and hastening cartilage degeneration [26,27]. Additionally, it has been
observed that PDGF-BB can stimulate pericytes to release IL-33 through PDGFR- in other
diseases [28]. Nevertheless, the involvement of IL-33 in KOA and the specific pathways
involved require further investigation, as it remains uncertain whether PDGF-BB can induce
an increase in IL-33 through this pathway during the progression of KOA.

In summary, the primary objective of this study is to employ animal experiments to unravel
the mechanisms and intrinsic connections between IL-33, PDGF-BB, and MMP-9 in KOA.
Furthermore, we aim to assess the therapeutic effects of various antibodies on KOA in mice,
with the ultimate goal of providing insights that can guide new clinical target therapies.

Materials and methods design
Ethical statement

The study protocol and the utilization of animals in this research were formally approved by
the Institutional Animal Care and Use Committee (IACUC) of Zhejiang Chinese Medicine
University and conducted in strict adherence to the committee’s guidelines (Approval No:
IACUC-20210201-05). The ethical treatment of the animals was paramount in this study.

All experimental animals were housed in controlled laboratory environments, ensuring
their well-being. They were accommodated in individually ventilated cages and provided with
standard laboratory conditions, including ad libitum access to both food and water. The room
temperature was carefully maintained within a range of 18-22°C to ensure their comfort and
minimize any stress-related effects.

A total of eighty-four healthy C57BL/6 mice, each of them aged 8 weeks and weighing
within the range of 25+5 grams, were thoughtfully selected for this study. These mice were pro-
cured from the reputable Animal Center of Zhejiang Chinese Medical University, operating
under a valid production license (License No: SCXK 2021-0003) and meeting the necessary
criteria for animal experimentation conditions (Qualification Certificate No: SYXK 2021-
0012).

Reagents and materials

We sourced essential reagents and materials from reputable suppliers. The TRIzol® Plus
RNA Purification Kit and SuperScript™ III First-Strand Synthesis Super Mix for qRT-PCR
were obtained from Invitrogen (USA). Applied Biosystems (USA) provided the Power
SYBR®) Green PCR Master Mix. The MMP-9 antibody reagent was supplied by Gene Opera-
tion (USA), while the PDGF-BB antibody, IL-33 antibody, and T-PER Tissue Protein Extrac-
tion Reagent were acquired from Thermo Fisher (Shanghai, China). The Transfer Film and
BCA Protein Assay Kit were procured from Millipore Corporation (USA) and Beyotime
(China), respectively. Additionally, the Laboratory Animal Research Center of Zhejiang Chi-
nese Medical University provided the remaining necessary testing equipment.

Establishment of animal models and grouping

We established an experimental knee osteoarthritis (KOA) model in rats by utilizing the desta-
bilized medial meniscus (DMM) induction method [29,30]. Eighteen male C57BL/6 mice,
each 8 weeks old and weighing 25 grams, were randomly assigned to two groups: the surgical
model group (DMM group) and the surgical control group (Sham group).

In the DMM group, we surgically severed the medial meniscus ligament of the right knee
joint in the mice, preserving the patellar ligament. Prior to the procedure, we administered 0.3
ml of sodium pentobarbital solution (0.15 mg/ml) intraperitoneally to ensure full anesthesia.
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After the surgery, we injected 800,000 units of penicillin into the gluteus maximus. The KOA
model in these mice was established after four weeks, adhering to the principles of minimizing
pain and distress in animals. Euthanasia was performed using a 5% isoflurane inhalation for
more than one minute. Absence of heartbeat and breathing were the criteria used to confirm
death. The deceased mice were then transferred to the designated disposal area at the Labora-
tory Animal Center of Zhejiang University of Traditional Chinese Medicine. In the sham-
operated control group, the integrity of the ligament and meniscus tissues was preserved using
an identical surgical technique. A medial incision was made in the right knee joint of the mice,
but without cutting the patellar ligament or the medial meniscus ligament. The medial capsule
and skin were sutured layer by layer, and an injection of 800,000 units of penicillin was admin-
istered in the gluteus maximus.

In a separate series of experiments, we randomly divided 8-week-old male C57BL/6 mice,
weighing 25+5 grams, into five groups: MMP-9 antibody group, PDGF-BB antibody group, IL-
33 antibody group, blank group, and model control group, with 12 mice in each group. The
blank group underwent a sham operation, while the other four groups of mice underwent KOA
surgery to establish the model. The surgical procedure was performed as previously described.

Administration of antibody reagents to animals

Each antibody group received injections of 2 ug of antibody reagent, which were dissolved in a
20 pl phosphate buffer saline (PBS) solution, into the right knee joint cavity of the mice once a
week for four consecutive weeks. The control group, over the same period, received injections
of PBS into the right knee joint cavity. It’s important to note that the control group underwent
a simulated procedure but did not receive any therapeutic intervention.

Tissue processing and staining

The right knee tissues from euthanized mice were initially treated with a neutral buffered
formaldehyde solution (pH 7.4) for 24 hours, followed by a 30-minute rinse with distilled
water. To decalcify, we subjected the samples to Ethylene Diamine Tetraacetic Acid (EDTA)
solution at room temperature once a week for four weeks. Subsequently, the samples were
dehydrated over a period of 4-6 weeks, with a 30-minute PBS rinse and immersion in a gradi-
ent of ethanol solutions (100%, 95%, and 75%) for 3 minutes each.

Special paraffin used for preparing pathological sections was melted at 58-60°C for 1 hour,
three times in total. The resultant samples were cut into sections approximately 3-4 um thick,
followed by baking in an oven (60-62°C; model DHG-9140A) for 2 hours. Next, the sections
underwent two dewaxing steps in xylene, each lasting 3 minutes, followed by washing with
anhydrous ethanol for 3 minutes.

The sections were then immersed sequentially in 90%, 80%, and 70% ethanol for 1-3 min-
utes, followed by a water rinse for 1 minute. Subsequently, the sections were stained with
hematoxylin for 10 minutes at room temperature, followed by a 2-minute rinse with distilled
water. This was followed by staining with eosin for 1 minute at room temperature.

Finally, we immersed the samples in an ethanol gradient (80%, 95%, and 100%) for 3 min-
utes each and performed two rounds of treatment with xylene for 5 minutes each. The sections
were sealed using neutral gum. Observation of the cartilage structure and chondrocytes was
conducted under a microscope with field of view settings at 50x and 100x.

Western blotting

The knee joint tissues were treated with RIPA lysis buffer (Thermo, Shanghai, China) contain-
ing 1% phosphatase inhibitor cocktail and 1% protease inhibitor cocktail for 30 minutes.
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Following centrifugation at 12,000 x g in a 4°C refrigerated centrifuge for 10 minutes, the
supernatants were collected. The total protein was quantified using a BCA Protein Assay Kit
(Thermo, Shanghai, China).

The protein samples were electrophoretically separated through sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred to polyvinyli-
dene difluoride (PVDF) membranes. The PVDF membrane was then blocked in TBS-T (con-
taining 5% BSA) for 1 hour at room temperature.

After blocking, the membrane underwent three washes with phosphate buffer solution
(PBS) for antibody incubation. The different primary antibodies were applied and incubated
at 4°C overnight. The primary antibodies used were as follows: anti-IL-33 (cat. no. ab187060;
1:1,000; Abcam), anti-PDGF-BB (cat. no. ab178409; 1:2,000; Abcam), anti-MMP-9 (cat. no.
ab228402; 1:1,000; Abcam), anti-MMP-13 (cat. no. ab84594; 1:1,000; Abcam), and anti-
GAPDH (cat. no. ab181602; 1:10,000; Abcam).

The membrane was subsequently washed with PBS-T and peroxidase-labeled anti-Mouse
IgG (cat. no. 31160; 1:5,000; Thermo Pierce) or anti-Rabbit IgG (cat. no. 31210; 1:5,000;
Thermo Pierce) was added and shaken for 1 hour. Following three additional PBS-T washes,
each lasting 10 minutes, proteins were detected using chemiluminescence (ECL) reagent
(Thermo, Shanghai, China).The intensities of protein bands in the Western blot were quanti-
fied using Image] software (version 1.46, National Institutes of Health).

Real-Time Quantitative PCR (qRT-PCR)

RNA was extracted from mouse knee tissue cell samples following the manufacturer’s protocol
using the TRIzol technique. To synthesize cDNA, the SuperScript kit was employed, and the
resulting cDNA was utilized for real-time quantitative PCR analysis. The synthesis of cDNA
was carried out by Sangon Biotech (Shanghai, China) using Primer Premier 6.0 and Beacon
Designer 7.8 detection systems. The primer sequences can be found in Table 1. SYBR Green
PCR Master Mix was employed for the detection process. Each sample was tested in triplicate,
and the relative expression level of each gene factor was calculated using the 2A-AACT
method.

Statistical methods

For group comparisons, an independent sample t-test was employed, with all data represented
as mean * standard deviation (MEAN+SD). A one-way analysis of variance (ANOVA) was
used for comparisons between multiple groups. Pairwise comparisons between multiple
groups were performed using the LSD and S-N-K methods. A significance level of P<0.05
indicated a statistically significant difference, while P<0.01 denoted a highly significant statis-
tical difference.

Table 1. Genes and primer sequences for real-time PCR detection.

Gene Genbank Accession Primer Sequences(5°to3’) Size(bp) Annealing(°C)
Mouse GAPDH GU214026.1 GAAGGTCGGTGTGAACGGATTTG 127 60

CATGTAGACCATGTAGTTGAGGTCA

Mouse MMP-9 NM_013599.4 GGGGTTTCTGTCCAGACCAAG 167 60

CTGGATGCCGTCTATGTCGTCT
CCCTGAGTACATACAATGACCAATC

Mouse IL-33 NM_001164724.2 GAGACTCATAGTAGCGTAGTAGCA 126 60
CCACTCCATCCGCTCCTTT
Mouse PDGF-BB NM_011057.4 CCCTCGAGATGAGCTTTCCAA 133 60

https://doi.org/10.1371/journal.pone.0301199.t001
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Results
Elevated levels of IL-33, PDGF-BB, and MMP-9 in murine KOA

Impact on cartilage degradation in murine KOA. Examination of the pathological sec-
tions from the right knee joints of mice in the surgical model group, four weeks post-model-
ing, revealed severe damage to the cartilage structure. The surface appeared rough,
chondrocytes were irregularly arranged, some chondrocytes had undergone apoptosis, and
there were evident cavities. The bone trabeculae were also found to be incomplete (Fig 1A and
1B). In contrast, the pathological sections from the control group, which underwent a sham
operation four weeks prior, showed a largely intact and smooth cartilage structure. There was
no chondrocyte necrosis or damage, and the trabecular architecture remained intact (Fig 1C
and 1D).

Relative expression levels of inflammatory factors in murine KOA. Real-time PCR and
western blot analysis were used to determine the relative levels of expression of inflammatory
factors in murine KOA. There was a significant increase in protein levels of IL-33, PDGF-BB,
and MMP-9 in murine KOA (Fig 2A). A comparison using an independent sample t-test

Fig 1. Comparative pathological analysis of murine knee cartilage: Control vs. Surgical modeling group. Comparison of pathological section of mouse
knee cartilage between experimental and control groups. Murine KOA right knee cartilage pathological sections in the control group (A, B), and the surgical
modeling group (C, D) (both 50x and 100x visual field comparison).

https://doi.org/10.1371/journal.pone.0301199.9001
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Fig 2. Differential expression of PDGF-BB, IL-33, and MMP-9 in mouse knee cartilage: Western blot and qRT-PCR analysis. In the mouse knee cartilage,
PDGF-BB, IL-33, and MMP-9 are expressed. (A) A Western blot study of the mouse knee joint’s IL-33, PDGF-BB, and MMP-9 of protein levels. (Table 2) The
ratio of the control group (Sham) and the inflammatory factor mRNA expression in mice knee samples was significantly different (P<0.01) using quantitative
real-time polymerase chain reaction analysis of PDGF-BB (C), IL-33 (B), and MMP-9 (D). Independent sample t test was used to evaluate the data, and **
denotes incredibly significant differences (P<0.01).

https://doi.org/10.1371/journal.pone.0301199.9002

revealed that the relative expression levels of PDGF-BB, IL-33, and MMP-9 in the surgical
model group (DMM) were significantly elevated (Table 2). The DMM group exhibited signifi-
cantly higher mRNA expression levels of PDGF-BB, IL-33, and MMP-9 compared to the con-
trol group (Sham) (P<0.01, Fig 2B-2D).

Table 2. Relative mRNA expression levels (Mean + SD).

Grouping The control group (Sham) Model group (DMM)
Cases 9 9
PDGF-BB 55.92540 + 10.27673 248.56220 + 32.22060 * *
1L-33 26.24670 + 4.10570 72.51440 + 13.31255 * *
MMP-9 0.67440 + 0.24815 6.29000 + 1.16181 * *

https://doi.org/10.1371/journal.pone.0301199.t002
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BRSO

Fig 3. Effects of antibody intervention on pathological changes in mouse knee cartilage: MMP-9, PDGF-BB, and IL-33 analysis. Observations on
pathological sections of mouse knee cartilage after antibody intervention. The pathological sections of the cartilage in the control group (A), the pathological
sections in the mmp-9 antibody group (B), the PDGF-BB antibody group (C), and the IL-33 antibody group (D), (both 50x and 100x visual field comparison).

https://doi.org/10.1371/journal.pone.0301199.9003

Reduction of inflammation and cartilage degradation with specific
antibody treatment

Preservation of cartilage in murine KOA. Four weeks after sham surgery, the cartilage
in the control group remained largely intact, with a smooth surface and no necrosis or harm to
chondrocytes. In contrast, the cartilage in the control group, after four weeks of modeling,
showed structural degradation, an uneven surface, disorganized chondrocytes, increased
chondrocyte mortality, and cavities (Fig 3A).

Pathological sections from the MMP-9 antibody group, after four weeks of therapy, dis-
played some cartilage damage, but the surface remained relatively smooth, with only a few
apoptotic chondrocytes (Fig 3B). The PDGF-BB antibody group’s pathological sections, four
weeks after injection, showed unevenly dispersed chondrocytes, with a minor proportion
undergoing apoptosis (Fig 3C). The cartilage structure was also affected. Finally, the IL-33
antibody group’s pathological sections, four weeks into therapy, revealed a relatively smooth
cartilage surface, fewer apoptotic chondrocytes, and mostly unaffected cartilage structure (Fig
3D).

Decreased expression of inflammatory factors after four weeks of antibody treatment.
Real-time PCR and western blot analysis were used to assess the relative levels of inflammatory
factor expression in murine KOA. After four weeks of antibody treatment, a significant differ-
ence in protein expression was observed (Fig 4A). The study demonstrated that although the
relative mRNA expression levels for PDGF-BB, IL-33, and MMP-9 in the anti-PDGF-BB
group were significantly higher than those in the sham group (P<0.01), they remained lower
than those in the DMM group (P<0.01, Table 3 and Fig 4D-4F). While MMP-9 did not show
a statistically significant difference from the blank group (P>0.05), the relative mRNA expres-
sion levels of IL-33 and MMP-9 were significantly lower in the IL-33 antibody group com-
pared to the model control group (P<0.01). IL-33 did not exhibit a significant difference
compared to the blank group (P>0.05, Table 4 and Fig 4B and 4C).
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Fig 4. Effectiveness of antibody therapy in reducing inflammatory factors in murine knee cartilage: IL-33, PDGF-BB, and MMP-9 analysis. The
expression of inflammatory factors in the mouse cartilage was reduced after four weeks of antibody therapy. Analysis of IL-33 by Western blot in Murine KOA
of cartilage(A). According to Real-time PCR analysis (Tables 3 and 4), the relative mRNA expression levels of IL-33 and MMP-9 in the IL-33 antibody group
were considerably reduced (P<0.01) after IL-33 and PDGF-BB antibody injection in mice knee four weeks (B, C). The relative mRNA expression levels of
PDGEF-BB, IL-33, and MMP-9 were all significantly lower in the PDGF-BB antibody group when compared to the control group (P<0.01) and significantly
lower compared to the control group (P<0.05) (D, E, F). The one-way analysis of variance (ANOVA) test was used to analyze the data, and the double test

between any two groups was performed using LSD and the S-N-K method. NS means no significant difference (P>0.05), * means significant difference
(P<0.05), ** means extremely significant difference (P<0.01).

https://doi.org/10.1371/journal.pone.0301199.9004

Distinct attenuation of KOA with IL-33 blockade. To assess the impact of IL-33 blockade
on KOA, the relative mRNA expression levels of MMP-9 were measured using real-time PCR
(Table 5 and Fig 5). The results demonstrate that the relative expression level of MMP-9 could be
reduced by PDGF-BB antibody, IL-33 antibody, and MMP-9 antibody, with the PDGF-BB anti-
body group exhibiting the highest reduction, and the IL-33 antibody group showing the least
reduction. The IL-33 antibody group and MMP-9 antibody group exhibited a significant differ-
ence from the PDGF-BB antibody group (P<0.01). Additionally, a significant difference existed
between the IL-33 antibody group and the MMP-9 antibody group (P<0.05), while no significant
difference was observed between the IL-33 antibody group and the control group (P>0.05).

Discuss and analysis

Our research establishes strong correlations between PDGF-BB, IL-33, MMP-9, and KOA. We
conducted interventions with PDGF-BB and IL-33 antibodies in KOA model mice to explore

Table 3. PDGF-BB antibody group vs. control group (Mean + SD).

Grouping Cases
Anti-PDGF-BB 9
DMM 9
Sham 9

https://doi.org/10.1371/journal.pone.0301199.t003

PDGF-BB mRNA IL-33 mRNA MMP-9 mRNA
83.82220 + 15.35365 48.55000 + 4.80414 2.00000 + 0.31293
199.53670 + 14.65879 ** 78.02220 + 7.97621 ** 3.46000 + 1.39939 **
55.92440 + 10.27673 ** 26.24670 + 4.10570 ** 0.62000 + 0.14756 **
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Table 4. Relative expression levels in IL-33 antibody vs. control group (Mean + SD).

Grouping
Anti-IL 33
DMM
Sham

https://doi.org/10.1371/journal.pone.0301199.t004

Cases IL-33 mRNA MMP-9 mRNA
9 31.88890 + 2.33789 0.67440 + 0.24815
9 78.02220 + 7.97621 ** 3.46000 + 1.39939 **
9 26.24670 + 4.10570* 0.62000 + 0.14756 ns

the relationships among these factors. Importantly, we found that PDGF-BB inhibition led to a
reduction in the relative expression levels of MMP-9 and IL-33. Furthermore, we identified
PDGE-BB as an upstream factor of IL-33, and MMP-9 as a downstream factor of IL-33 in the
KOA progression pathway. These findings highlight the need for further investigations into
the interactions between these pathways.

Additionally, a study by Lianfu Deng and colleagues [23] corroborates our findings by
revealing that the TLR3-p38-MAPK-NF-kB pathway can induce chondrocytes to secrete sub-
stantial IL-33, and the IL-33-ST2 pathway can trigger the production of proteases like MMP-9
and MMP-13, accelerating cartilage degradation. Our results demonstrated that, when com-
paring the efficacy in inhibiting MMP-9, the IL-33 antibody group exhibited the lowest effi-
cacy compared to the control group, followed by the MMP-9 antibody group and the
PDGF-BB antibody group. This suggests that the IL-33 antibody has a more pronounced
advantage in suppressing MMP-9.

Following 4 weeks of treatment post-modeling, in combination with the pathological find-
ings, the IL-33 antibody displayed substantial efficacy in preventing KOA progression and
slowing down cartilage degradation.

Interleukin 33 (IL-33), also known as IL-1F11, is a member of the IL-1 cytokine family
[31,32] and exerts its effects by binding to a heterodimeric receptor complex consisting of Sup-
pression of Tumorigenicity2 (ST2) and IL-1 receptor accessory proteins [33,34]. IL-33 is
released by endothelial and epithelial cells in response to stress, serving as a trigger for inflam-
matory responses [16,35]. It concurrently influences macrophage polarization and dendritic
cell modulation, primarily inducing inflammatory responses and fibrosis. Research has dem-
onstrated the link between IL-33 expression and the etiology of KOA, indicating that KOA can
lead to elevated IL-33 levels [22,36]. Our study identified higher levels of IL-33 expression in
DMM mice compared to the control group, further solidifying the strong association between
IL-33 and KOA. Additionally, the DMM mouse model exhibited significant expression of
PDGF-BB and MMP-9.

Recent research has emphasized that fibrosis, in addition to inflammation, is a key patho-
genic mechanism in KOA. PDGF-BB and PDGFR-f interactions in fibroblasts have been
extensively studied in diseases like rheumatoid arthritis [37,38], although not in KOA. Macro-
phages, fibroblasts, and endothelial cells can produce and release PDGF in response to tissue
damage, with PDGF-BB inducing angiogenesis in subchondral bone. In the early stages of
KOA, there is a rapid increase in subchondral bone angiogenesis, and the invasion of blood

Table 5. Comparison of relative expression mRNA levels of MMP-9 (MEAN+SD).

Grouping Cases MMP-9 mRNA
Sham 9 0.62000 + 0.14756
DMM 9 3.46000 + 1.39939 **

Anti-MMP-9 9 1.05220 + 0.22565*
Anti-PDGF-BB 9 2.00000 + 0.31293 **
Anti-IL-33 9 0.67440 + 0.24815 ns

https://doi.org/10.1371/journal.pone.0301199.t005
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Fig 5. Differential suppression of MMP-9 expression by antibody therapy in murine knee cartilage: IL-33, PDGF-BB, and MMP-9 comparison.
Comparison of relative expression levels of MMP-9. The relative MMP-9 expression levels in the MMP-9 antibody group, PDGF-BB antibody group, and IL-33
antibody group were lower than those in the control group (P<0.01). There was a substantial difference between the IL-33 antibody group and the MMP-9
antibody group, with the IL-33 antibody group having the lowest MMP-9 content (P<0.05). One-way analysis of variance (ANOVA) test and LSD and S-N-K
double test were used to analyze the data between any two groups. Ns means no significant difference (P>0.05), *means significant difference (P<0.05), **
means extremely significant difference (P<0.01).

https://doi.org/10.1371/journal.pone.0301199.g005

vessels through the cartilage tide line into avascular cartilage is a distinctive feature of human
osteoarthritis. Abnormal articular subchondral bone angiogenesis, believed to accelerate osteo-
arthritis progression, is established before articular cartilage injury following medial meniscus
(DMM) instability in mice [39]. This process, involving the formation of new blood vessels
from preexisting ones within the osteoarthritic joint, is thought to expedite osteoarthritis pro-
gression and is associated with various diseases, including cancer and tissue fibrosis. Subchon-
dral mononuclear osteoclasts release excessive PDGF-BB, promoting the proliferation and
migration of perivascular cells by activating PDGFR- [26]. Previous research has indicated
that IL-33 is the most up-regulated gene in PDGF-BB-stimulated pericytes and that the SOX7
transcription factor facilitates PDGF-BB-induced IL-33 expression [28]. Conversely, IL-33 can
stimulate macrophages by binding to their ST2 receptors [40,41], leading to the secretion of
MMP-9, MMP-13, and other inflammatory factors [11,42]. In a study on tumor disease, it was
also found that IL-33 may activate the ST2-NF-«B signaling pathway, increasing the expres-
sion of MMP-2 and MMP-9 [43]. MMP-9 is part of the MMPs family and can be released by
various cells, including synoviocytes, macrophages, and neutrophils [44,45]. According to
studies [46], MMP-2 and MMP-9 levels in KOA patients were significantly higher than those
of the other seven MMPs (MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, and MMP-
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13). Our investigation precisely identified the expression of MMP-9, revealing significantly
higher levels in KOA patients compared to healthy controls.

In our study, the pathological knee joint cartilage samples from the surgical model group
indicated chondrocyte destruction, and real-time PCR results demonstrated a significant
increase in PDGF-BB, IL-33, and MMP-9, affirming the strong connection between these three
proteins and knee osteoarthritis. However, after antibody blocking treatment, it was evident
that the IL-33 antibody had a significantly greater inhibitory effect than the MMP-9 antibody,
suggesting that IL-33 operates upstream in the MMP-9 pathway, influencing its expression dur-
ing KOA development. This implies that a potential MMP-9 production pathway can be tar-
geted to reduce downstream MMP-9 synthesis, subsequently mitigating extracellular matrix
degradation in cartilage, as well as chondrocyte and subchondral bone degeneration. Our exper-
imental findings indicated that, in terms of the degree of knee cartilage damage, the DMM
group displayed the most severe damage, followed by the model control group. After 4 weeks of
IL-33 antibody injections, the knee cartilage structure for mice with KOA demonstrated signifi-
cantly better integrity compared to the model control group, the MMP-9 antibody group, and
the PDGF-BB antibody group. These results illustrated the substantial inhibitory effect of the
IL-33 antibody in preventing cartilage breakdown and degradation.

While PDGF-BB is frequently used in clinical KOA treatments with PRP agents, it is associ-
ated with abnormal angiogenesis in the early stages of the disease. Therefore, the application of
PDGE-BB antibody in KOA mice may impact knee cartilage healing.

The findings of our study hold promise for the development of targeted therapies for KOA,
shedding light on the potential of IL-33 and its interactions with other factors in the disease
progression pathway. Further research is warranted to explore the intricate interplay among
PDGEF-BB, IL-33, and MMP-9, and to translate these discoveries into clinical applications for
the benefit of KOA patients.

In our study, it was inevitable to elucidate some limitations regarding the experimental
design. We solely employed the KOA DMM model. Using alternative models, such as the ante-
rior cruciate ligament transection model, could further substantiate our findings. Additionally,
histopathological examination revealed remarkable therapeutic effects of IL-33 antibody
administration at the 4-week time point post-modeling, in terms of suppressing and slowing
KOA progression and cartilage destruction. Therefore, IL-33 might serve as another promising
therapeutic target for KOA pathogenesis. However, there may be time-dependent differences,
as we only assessed the 4-week time point post-modeling in this study. According to current
understanding of DMM modeling [29], mice are typically in the early to moderate stages of
KOA currently point. Hence, further research is needed to investigate the relationship and
comparative efficacy of these interventions in the mid to late stages of KOA.

Conclusion

In conclusion, our research suggests that blocking IL-33 signaling could be a promising thera-
peutic approach for KOA. Furthermore, we suggest that PDGF-BB may serve as an upstream
regulator of the IL-33 pathway, whereas MMP-9 seems to act as a downstream modulator of
IL-33 in the context of KOA. These findings lay the groundwork for additional research into
targeted therapies for KOA. The intricate interactions among these pivotal factors in the dis-
ease pathway offer potential for clinical applications in KOA management.
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