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Osteoarthritis (OA) is characterized by the progressive degeneration of the synovial joint, leading to
irreversible damage to articular cartilage and subchondral bone. While animal models have advanced
our understanding of OA, numerous unresolved issues still remain. The zebrafish, known for its
transparent body, rapid developmental, and impressive regenerative capabilities, offers substantial
potential for osteoarthritis research. This study seeks to establish a new OA model utilizing the
zebrafish jaw joint, acting as a supplement to traditional animal models. In the future, this model
could serve as a valuable platform for delving deeper into the mechanisms of this disease, as well

as for advancing drug discovery and therapeutic interventions. Leveraging the skeletal structure

of zebrafish, we targeted the largest jaw joint for our research. A custom fixation device was

crafted, and a microinjection system was utilized to inject mono-iodoacetate (MIA) or collagenase
type Il (CTII) into the joint cavity of zebrafish. Subsequent analyses included histological staining,
immunohistochemistry, OA research society international (OARSI) scoring, and real-time in vivo
imaging were performed at 7, 14, and 28 days post injection. Our results effectively demonstrated the
presence of synovial inflammation and cartilage damage within the zebrafish mandible, affirming the
feasibility of inducing OA in zebrafish. In conclusion, the local injection of chemical agents into the
joint cavity of zebrafish effectively induced the occurrence of OA. Establishing the zebrafish OA model
enhances the array of animal models available for OA research. Moreover, zebrafish present distinct
advantages, including robust regenerative abilities, genetic editing simplicity, and efficient drug
screening. Consequently, this offers a fresh avenue for investigating the pathogenesis, prevention, and
potential therapeutic approaches for human OA.
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Abbreviations

OA osteoarthritis

MIA mono-iodoacetate

CTII collagenase type II

OARSI OA Research Society International
OMD osteomodulin

TCC triclocarban

dpi days post injection

H&E hematoxylin & eosin MMP13:matrix metalloproteinase 13
PBS phosphate-buffered saline

SD standard deviation

ANOVA  analysis of variance
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Osteoarthritis (OA) is a prevalent chronic and painful disease characterized by joint cartilage degradation
and joint inflammation!~3. This disease results in joint dysfunction, pain and disability, significantly imparing
patients’ quality of life**. The pathological progression of OA involves inflammatory responses, cartilage
degradation, osteophyte formation, and alterations in subchondral bone®. Current researches focus on
uncovering the molecular mechanisms driving OA pathogenesis and developing effective treatment strategies,
as existing therapies typically address symptoms rather than the root causes of the condition. Establishing stable
and reliable animal models is crucial for OA research, providing valuable insights into disease mechanisms
and aiding in the evaluation of potential therapeutic strategies. Existing animal models of OA primarily utilize
mice’™?, rats!®!! and rabbits'>!?, induced through surgery, drug treatment or gene editing!*!>. These models
offer advantages such as maturity, controllability and ease of manipulation!'®!”. However, While they can closely
mimic the actual disease state, the complexity of their biological systems often poses challenges for researchers in
interpreting outcomes directly. On the other hand, traditional in vitro culture systems lack the ability to capture
in vivo interactions fully. Therefore, there is a growing need for a more streamlined system that can effectively
facilitate in vivo research.

Zebrafish, as an innovative model organism, presents unique advantages such as transparent embryos,
convenient genetic editing, affordability, and rapid growth!®!°. Previous work by R. E. Mitchell et al.? highlighted
the utility of zebrafish in OA research. More recently, Jérémie Zappia et al.?! explored the impact of osteomodulin
(OMD) in OA by inducing mutations in zebrafish. Studies have also demonstrated that exposure to Triclocarban
(TCC) can induce OA in the anal fin of zebrafish. Additionally, research by Joanna Smeeton et al.?* showcased
the regenerative potential of zebrafish cartilage. Together, these findings emphasize the significant research
opportunities and value of zebrafish in OA studies.

In traditional animal models utilizing chemicals to induce OA, researchers commonly use collagenase type
II (CTII) or mono-iodoacetate (MIA) injections into the knee joint. Studies on zebrafish have identified the
jaw joint as a synovial joint>>?*, proving a unique opportunity for OA research. After carefully evaluating the
overall structure of zebrafish and considering experimental design and feasibility, we chosed to induce OA in the
zebrafish’s jaw joint. Initially, we utilized the transgenic fish line Tg (col2ala: EGFP) cq77, which marks cartilage,
to observe the expression pattern in the jaw cartilage. Subsequently, we designed a simple and reliable device
using a microinjection system and induced OA phenotypes via single injections of MIA'® and CTII?. Tissue
samples were collected at 7, 14 and 28 days post injection (dpi). Various experimental techniques, including
histological staining, OA scoring, immunohistochemistry and in vivo fluorescence imaging were employed to
examine the pathological and physiological changes of OA in the zebrafish jaw joint.

Our research underscores the potential of utilizing zebrafish to establish novel OA models, offering fresh
insights and methodologies for OA research.

Methods

Zebrafish strains and generation of transgenic lines

The AB and transgenic fish lines employed in this study were sourced from the Zebrafish Resource Center of
China. All zebrafish were housed in semi-closed recirculation housing systems manufactured by ESEN, China,
and were maintained at a constant temperature of 28.5 °C on a 14:10 h light: dark photoperiod. The care and
maintenance of all zebrafish lines strictly followed standard protocols?®. Zebrafish were anesthetized by immersed
in 0.2% tricaine (#A5040, Sigma-Aldrich, America) for 30 s. The in vivo experiments and associated protocols
were conducted in accordance with ethical guidelines and received approval from the Institutional Animal Care
and Use Committee of the Research Institute of Surgery, Daping Hospital, under IACUC protocol SYXK-(Army)
2022-0003. All animal experiments were carried out in strict compliance with the ethical guidelines outlined in
the National Institutes of Health guide for the care and use of Laboratory Animals and the ARRIVE (Animal
Research: Reporting In Vivo Experiments). These measures were implemented to ensure the ethical treatment
and welfare of the zebrafish subjects, as well as to uphold the scientific integrity of the research.

Zebrafish mandibular joint injection device

Crafted as a meticulously designed tool, this device serves the purpose of precisely administering drugs into
the zebrafish jaw joint. It was crafted to accommodate the anatomical characteristics of the joint, ensuring
easy access while minimizing potential damage to the surrounding tissues during the injection process. The
core components of this injection device include a fixture, injection needle, syringe, injection platform, and an
external light source. To construct the fixture, 0.3 g of agarose is dissolved in 30 mL of ddH20, necessitating
heat during the dissolution. The solution is then slowly poured into a 10 cm Petri dish, where a 2-3 mm thick
barrier is inserted. Once the solution solidifies at room temperature, the barrier is removed. The injection needle
is crafted using a single-channel thin-walled glass capillary (#TW100-4, World Precision Instruments, USA).
This glass tube is affixed to a horizontal puller (#PN-30, Narishige, Japan) and swiftly heated. As the glass tube
softens, it is horizontally drawn to create a needle with a sealed tip. Subsequently, the needle undergoes precision
trimmed using a 15° bevel cutting knife under a microscope to establish an aperture. Operation of the syringe
involves a pneumatic micro-pump (#PV820, WPI, USA) to regulate injection pressure effectively. The injection
platform comprises a stereo microscope (#SZX2-ILLD, Olympus, Japan), complemented by an external light
source (#LG-PS2-5, Olympus, Japan) to facilitate the administration process.
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Intra-articular injection of mono-iodoacetate or collagenase in the jaw joint

The 45 AB zebrafish individuals (1 year old) were randomly and equally divided into three groups, each containing
15 zebrafish. The control group received intra-articular injections of sterile saline (0.9% NaCl), whereas the
experimental groups were administered with 3% mono-iodoacetate dissolved in sterile saline (30 mg/ml) and
1% collagenase type II dissolved in sterile saline (10 mg/ml) respectively. Following the injections, histological
assessments will be conducted at 7, 14 and 28 dpi, with 5 zebrafish randomly selected from each group at each
time point to assess the effects of drugs on the jaw joint tissues.

Zebrafish whole skeleton staining

The process of performing whole skeleton staining in zebrafish comprises several crucial steps to achieve
successful visualization of the skeletal structure. Initially, we humanely euthanized the selected zebrafish using
a cold shock method?. The zebrafish were placed in ice, maintaining a cold environment for 15-20 min after
gill movement ceased. After removing the internal organs, the zebrafish were fixed in a 15 mL centrifuge tube
with 95% ethanol for 3 days. Subsequently, the ethanol was removed, and samples were immersed in acetone
for 2 days. A fresh staining solution was prepared by mixing 1 mL of 0.3% Alcian Blue in 70% ethanol, 1 mL of
0.1% Alizarin Red in 95% ethanol, 1 mL of glacial acetic acid and 17 mL of 70% ethanol. The acetone was then
replaced with the staining solution, allowing it to incubate with the sample for 2-3 days. Afterward, the staining
solution was removed, and 1% KOH was introduced to digest the tissue surrounding the skeleton. During the
digestion process, the 1% KOH solution was refreshed on the 3rd day for adult fish, and a gradient of 1% KOH/
glycerol (75%, 50%, 25%) was used after the 7th day until the tissues surrounding the skeleton were completely
digested. The skeletal structures were preserved in glycerol, and images were captured using a fluorescence
microscope (Zeiss).

The preparation of paraffin sections from zebrafish

Initially, the zebrafish was humanely euthanized, and its head was delicately positioned in a 15 mL centrifuge tube,
where it was fixed overnight at 4 °C in 4% PFA. Following this, the samples underwent a decalcification process
by being immersed in 15% EDTA/PBS (pH 7.0) at room temperature for 10-12 days. After decalcification, the
tissues were dehydrated through a series of alcohol gradients: 75%, 85%, 90% and 95% ethanol, each for 30 min,
followed by two changes of 100% ethanol for 30 min each. Subsequently, the tissues were clarified in xylene
for approximately 20 min, then infiltrated with paraffin for 4-6 h before finally embedded. Using a paraffin
microtome (Leica), continuous sections with a thickness of 5 pm were meticulously obtained. These sections
were air-dried and prepared for subsequent experiments.

Histology staining
To achieve intact paraffin sections of the zebrafish mandibular joint suitable for Safranin O/Fast Green and
hematoxylin & eosin (H&E) staining, the following detailed protocols should be meticulously followed:

1. Place paraffin sections in a 60 °C oven and bake for 30 min.

2. De-wax the sections in xylene for 20 min, followed by rehydration through a series of graded alcohols (abso-
lute ethanol, 95% ethanol, 75% ethanol), and a final rinse in distilled water.

3. For Safranin O/Fast Green staining, immerse the sections in 0.1% Safranin solution for 3 min, then quickly
rinse in distilled water to prevent fading. Subsequently, immerse the sections in 0.1% Fast Green solution for
3-10 s, adjusting timing baed on desired staining effect. Briefly rinse the Sects. 1-3 times in 1% acetic acid
solution, followed by distilled water, 95% ethanol, air-dry and mount with neutral resin.

4. For H&E staining, immerse the sections in hematoxylin for 2 min, followed by a distilled water rinse for
3-5 min. Evaluate the staining intensity under a microscope and adjust if necessary. If needed, decolorize
with acid alcohol, rinse, immerse in eosin for 15 s, followed by ethanol rinses. Adjust attaining as needed and
finish with a distilled water rinse, air-dry and mount with neutral resin for observation under an inverted
fluorescence microscope.

Immunohistochemical analysis

The immunohistochemical analysis was conducted using a two-step tissue staining kit (#PV-9001, ZSGB-BIO,
CHINA). Initially, the endogenous peroxidase activity was neutralized using 3% H202 (Reagent 1), followed by
antigen retrieval with 0.1% trypsin for 10-15 min. Subsequently, the sections were incubated overnight at 4 °C
with specific antibodies targeting AGGRECAN (dilution 1:100, #AB1031, Abcam), Adamts5 (dilution 1:100,
#DF13268, Chondrex), and matrix metalloproteinase 13 (MMP13) (dilution 1:300, #18165-1AP, Proteintech).
Afterward, the sections were rinsed with phosphate-buffered saline (PBS) and incubated with 100 pl reaction
enhancer (Reagent 2) at room temperature for 20 min, followed by a tertiary wash with PBS. Subsequent steps
included adding an appropriate amount of enhanced polymer enzyme conjugate (Reagent 3), incubating at
room temperature for 20 min, another wash, and the addition of freshly prepared DAB chromogenic solution.
Following a 1-3 min incubation at room temperature, the sections were counterstained with methyl green. Cell
counting was conducted within the cartilage regions of the mandibular joint. The quantification of positively
stained cells in the articular cartilage regions was performed using Image 1.54f software. Three sections were
selected for assessment per sample, and the average count across these sections was calculated for each sample.

Zebrafish OA research society international(OARSI) scoring and statistical analysis
In all experiments, 1-year-old zebrafish and corresponding age-matched control zebrafish were employed. The
OARSI scoring for zebrafish was conducted following the method outlined by Askary et al.?>%. For each of the

Scientific Reports |

(2025) 15:3905 | https://doi.org/10.1038/s41598-025-88125-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

three joint images, grade and stage values were assigned to both the anterior (anguloarticular) and posterior
(quadrate) surfaces. The score for each individual articular surface was computed by multiplying its grade and
stage values. Subsequently, the scores of the joint surfaces were averaged for each animal. Two independent
researchers evaluated 3-4 representative Safranin O/Fast Green-stained images of the induced joint in each
experiment for OARSI scoring in a blinded manner. All numerical data were presented as the mean + standard
deviation (SD), with error bars indicating SD. Statistical analysis entailed comparing differences between
two groups using unpaired Students t-test and analysis of variance (ANOVA) for comparisons involving
multiple groups. Post hoc testing using Tukey’s method was carried out upon reaching statistical significance
levels (P<0.05). The statistical analysis was carried out using GraphPad PRISM 9.0 software, with statistical
significance set at P<0.05.

Live imaging

At 14 and 28 dpi, Tg (col2ala: EGFP) cq77 zebrafish were anesthetized using 0.2% tricaine (#A5040, Sigma-
Aldrich, America) and then immobilized in 1% low-melting-point agarose within a confocal dish. Fluorescence
imaging of the live zebrafish mandibular joints was conducted using a Zeiss confocal microscope. This approach
facilitated the non-invasive visualization and evaluation of the dynamic changes occurring in the Tg (col2ala:
EGFP) cq77 zebrafish mandibular joints at specific time points following the injury.

Statistical analysis

All numerical data were presented as mean + SD, with error bars representing SD. Statistical analysis included
the utilization of unpaired two-sample Student’s t-test to compare differences between two groups and ANOVA
for comparisons among multiple groups.

Results

The zebrafish jaw joint was designated as a modeling joint

To investigate the feasibility of establishing an OA model in zebrafish mandibular joint, we initially examined
the cartilage within the jaw joint. Leveraging the transgenic zebrafish line Tg (col2ala: EGFP) cq77, recognized
for cartilage labeling, we conducted live imaging assessments of the mandibular joints in one-year-old adult
zebrafish. These observations revealed notable Col2ala expression on the surfaces of the anguloarticular bone
and quadrate bone within the jaw joint (Fig. 1A). Subsequently, we performed a comprehensive analysis of the
tissue structure and mandibular joint conditions in whole skeletally stained zebrafish to enhance precision in
drug injection positioning and angles (Fig. 1B). Upon closure of the mandibular joint, the upper and lower
joint surfaces exhibited tight articulation, resulting in a narrow joint space (Fig. 1C). Conversely, upon opening
the mandibular joint, the joint space became visible (Fig. 1D). Taking advantage of this distinctive feature of
the mandibular joint, we devised a simple and practical injection mold. Zebrafish were positioned in a supine
orientation post-anesthetization and immobilized within the mold. By opening the mandibular joint, we could
effectively inject drugs into the joint space (Fig. 1E).

Development of a drug jaw joint injection model in zebrafish

To implement our proposed design, we selected a 10 cm dish as the mold container. It was filled it with 30
mL of 1% agarose gel and 3 ul of methylene blue, after which a 2-3 mm wide barrier was inserted into the gel.
The mixture was allowed to solidify at room temperature, following which the barrier was carefully removed
(Fig. 2A). For drug injection into the joint cavity, a single-channel thin-walled glass capillary (#TW100-4,
Word Precision Instruments, America) was selected. Using a horizontal puller (#PN-30, Narishge, Japan),
a glass injection needle was crafted with a small opening at the tip, creating using a 15° bevel cutting knife
(Fig. 2B). The prepared glass injection needle was attached to the injector, and a stereomicroscope (#SZX2-ILLD,
OLYMPUS, JAPAN) served as the injection platform, with an external light source (#LG-PS2-5, OLYMPUS,
JAPAN). Following the anesthesia of the zebrafish with 0.2% tricaine, they were positioned in a supine posture
in the slot, enabling the mandibular joint to open and rest against the slot’s edge (Fig. 2C). The angle of the
external light source was adjusted to illuminate the zebrafish mandibular joint clearly under the microscope
(Fig. 2D). The needle was carefully inserted into the joint cavity, with a noticeable breakthrough sensation upon
penetration (Fig. 2E). A pneumatic picopump (#PV820, WPI, USA) was employed as the drug injector, with the
eject pressure set at 20 psi. The single injection volume is approximately 0.03 pL. Upon completing the injection,
the needle was gently withdrawn from the joint cavity (Supplementary material 1). Subsequently, the zebrafish
were promptly transferred from the injection slot to fresh egg water, and continuous monitoring was maintained
until the zebrafish fully recovered before being reintroduced into the breeding system.

Morphological changes were observed in the cartilage of jaw joint after MIA and CTII
treatment

We chose the chemical inducers MIA and CT1I, commonly utilized in other animal models of osteoarthritis
for injection into the mandibular joints of zebrafish. To visually observe the morphological changes in the tissue
post-injection, we conducted histological staining of the mandibular joints. After 14 days following injection,
H&E staining revealed the presence of multinucleated cells (highlighted by yellow arrows), chondrocytes
swelling (marked by blue arrows), and fibrosis on the joint surface (indicated by black arrows) in the MIA
and CTII groups, indicating notable inflammatory responses and cartilage destruction (Fig. 3A). Statistical
analysis revealed differences in the areas of inflammatory infiltration (Fig. 3B-C), cartilage damage (Fig. 3D),
and single chondrocyte area (Fig. 3E) between the experimental and control groups. By day 28 post-injection,
the experimental group exhibited expanded joint damage, showcasing prominent cartilage defects (indicated by
black arrows), chondrocytes hypertrophy (indicated by blue arrows), and apoptosis (indicated by yellow arrows),
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Fig. 1. The zebrafish jaw joint was designated as a modelling joint. (A) Col2ala: EGFP expression was widely
observed on the surface cartilage of adult zebrafish jaw joint. (B-D) Alizarin red-Alcian blue staining of the
whole skull of adult zebrafish and two states of the jaw joint were presented, including closed and opened. (E)
Schematic diagram of zebrafish immobilization, in which zebrafish were immobilized in a supine position in
an anesthetic-containing water, with the anterior end of the jaw placed in a groove at the top, and the jaw joint
opened.
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Fig. 2. Figure 2 Development of a drug jaw joint injection model in zebrafish. (A) Fabrication of the
immobilization mold using agarose gel. (B) Preparation of the glass capillary needle using a 15° slanted blade.
(C) Zebrafish immobilization and angle adjustment. (D-E) Injection process, including exposing the jaw joint
(red dashed lines), needle insertion (black dashed arrow), injection and needle retraction. AA, anguloarticular
bone; Q, quadrate bone.

reflecting typical degenerative alterations (Fig. 3F). Further statistical analyses validated these observations
(Fig. 3G-)).

OARSI scoring for the mandibular joints of zebrafish

To comprehensively evaluate and quantify osteoarthritis in the mandibular joints of zebrafish, we conducted
Safranin O/Fast Green staining at various time points following injection. At 7 dpi (Fig. 4A), both the MIA and
CTII groups exhibited incomplete mandibular joint morphology, reduced cartilage matrix, loss of chondrocyte
details, and initial subchondral bone involvement. By 14 dpi, the zebrafish mandibular joint cartilage surface
displayed irregular features, such as partial disappearance of surface cells, significant wear, hypertrophic
chondrocytes, and disorganized arrangement compared to the control group (Fig. 4B). At 28 dpi, additional
cartilage wear, erosion of the joint capsule, severe loss of chondrocytes, appearance of vertical clefts, and evident
degenerative changes in cartilage were observed (Fig. 4C). Subsequently, we evaluated the extent of damage in
the zebrafish mandibular joint surface cartilage using the modified OARSI scoring system. By 7 dpi, the 3%
MIA group had already shown scores exceeding 6 (indicating mild damage) for 3 out of 12 mandibular joint
surfaces. In contrast, the 1% CTII group, while not surpassing scores of 6, had 7 out of 16 joints with scores
reaching 6. This was in contrast to the control group, where scores generally ranged within 0-2 (Fig. 4D-E). By
14 dpi, over half of the joints in both drug-treated groups had scores exceeding 6 (Fig. 4F-G). By 28 dpi, nearly
all joint surfaces exhibited varying degrees of damage (Fig. 4H-I). At this time, the highest average OARSI scores
for the 3% MIA group was 18.5, while the 1% CTII group reached 14.5. (Fig. 4]). Notably, despite variations in
the timing of mandibular joint surface cartilage degeneration post-injection and the progression over time, our
results supported the conclusion that OA was effectively induced in the zebrafish mandibular joint following
MIA and CTII injections.
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Fig. 3. Morphological changes were observed in the cartilage of the jaw joint after administration of MIA and
CTIL (A) HE staining of the jaw joint in the control group and drug-injected groups at 14 dpi. (B-E) Statistical
analysis of inflammatory area, injury length of synovial, injury area of cartilage, and average area of cell
between control and experimentao groups at 14 dpi. (F) HE staining of the jaw joint in the control group and
drug-injected groups at 28 dpi. (G-J) Statistical analysis of inflammatory area, injury length of synovial, injury
area of cartilage, and average area of cell between control and experimentao groups at 28 dpi. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. All data were from n=5 zebrafish in each group.

Aggrecan, Adamts5 and MMP13 expression in the zebrafish OA model

After successfully inducing OA in the zebrafish mandibular joint, our study delved into investigating changes in
the expression of the synthesis and degradation markers Aggrecan, Adamts5 and MMP13 in OA chondrocytes
at various time points through immunohistochemistry. These markers have long been associated with OA
in existing literature?®->. At 7 dpi, notable differences in Aggrecan expression in the MIA and CTII groups
compared to the control group were apparent (Fig. 5A). The robust expression of Aggrecan in the extracellular
matrix crucial for cartilage formation markedly decreased in the MIA and CTII groups (Fig. 5B), indicating an
early-stage loss of extracellular matrix in the development of OA in the zebrafish mandibular joint. Conversely,
the positive expression of Adamts5 and MMP13 began to increase in all groups, highlighting their essential role
in degrading joint cartilage tissue (Fig. 5C-D). These observations confirmed the presence of OA in the zebrafish
mandibular joint. By 14 dpi, the decline in Aggrecan expression persisted in the MIA and CTII groups (Fig. 5E-
F), while Adamts5 and MMP13 exhibited widespread, robust positive expression on the mandibular joint surface
(Fig. 5G-H). At this stage, noticeable chondrocyte hypertrophy and irregular chondrocytes arrangement near
the injury site indicated the typical progression of OA with reduced cartilage matrix and concurrent abnormal
changes in chondrocytes. Continued monitoring at 28 dpi revealed immunohistochemical outcomes similar to
those at 14 dpi (Fig. 5I-L), aligning with our initial hypotheses. Despite this, the positive expression patterns of
Aggrecan, Adamts5 and MMP13 mirrored those at 14 dpi. Nevertheless, our experimental results unequivocally
confirmed the induction and progression of OA in the zebrafish mandibular joint post-drug injection.

The expression of collagen Il was decreased in living zebrafish following the modeling
process

Having successfully established the OA model in the zebrafish mandibular joint, we proceeded to validate the
model in vivo using the pre-established Tg (col2ala: EGFP) cq77 zebrafish line. As anticipated, live confocal
imaging results in vivo unveiled a significant reduction in Collagen II expression in the mandibular joint surface
cartilage (Fig. 6).

Discussion

In this study, zebrafish were chosen as the model organism for OA due to several advantageous characteristics.
Zebrafish are small in size, exhibit rapid development, boast large population numbers, and are cost-effective to
breed, providing key advantages for OA research. Notably, zebrafish share a substantial genetic and molecular
resemblance to humans®!, making them a promising model for unraveling the underlying pathogenic
mechanisms of OA and assessing potential therapeutic targets. The zebrafish mandibular joint, being the largest
joint in the organism with a hinged structure, allows for easy opening and closing of the joint space, facilitating
experimental procedures and observation. Classified as a synovial joint, it shares similarities with human synovial
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Fig. 4. OARSI scoring for the mandibular joints of zebrafish. (A-C) Safranin O-Fast Green staining of the jaw
joint in the control group and drug-injected groups at 7, 14 and 28 dpi. (D-E) Quantification of degenerative
changes in joint cartilage at 7 dpi using the modified Zebrafish OARSI scoring method. (F-G) Quantification
of degenerative changes in joint cartilage at 14 dpi. (H-I) Quantification of degenerative changes in joint
cartilage at 28 dpi. (J) Statistical analysis of OARSI scores among 7, 14 and 28 dpi. ***P < 0.0001. All data were
from n=5 zebrafish in each group.

joints. Additionally, zebrafish offer rapid gene-editing capabilities, a significant advantage for in vivo dynamic
imaging of the joint. Consequently, the zebrafish OA model fulfills the criteria for an economically feasible
and genetically manipulable model. Existing zebrafish models primarily involve surgical interventions to sever
ligaments?? or utilize gene editing to induce joint damage?’. These current models mainly concentrate on the
study of development and regeneration as well as genetic diseases. Our model induces cartilage damage through
chemical means to simulate the degenerative progression of OA, thus allowing for a more accurate description
of the disease’s pathology and progression. Given the transparency of zebrafish, researchers are able to observe
changes in cartilage and joint structures in real time, providing insights into the dynamic processes associated
with OA. By leveraging the unique attributes of zebrafish, researchers can delve deep into the molecular and
cellular processes involved in OA progression, identifying novel therapeutic targets for personalized medicine.
However, the zebrafish OA model has certain limitations. The mandibular joint of zebrafish is non-weight-
bearing, which leads to a lack of biomechanical relationships akin to those observed in OA. Moreover, zebrafish
are exposed to distinct environmental conditions compared to humans, resulting in significant physiological
and metabolic differences that diminish the accuracy of OA modeling when compared to other animal models.
Additionally, the small size of the zebrafish mandibular joint poses challenges for various laboratory assessments
commonly used to evaluate OA, such as X-rays and micro-computed tomography (microCT), making their
application more complex than in larger animal models.

Our study introduced a specially designed mold to effectively immobilize zebrafish and exposes the jaw joints,
simplifying the process of drug injection into the joint cavity. Unlike conventional animal models, our method
offers convenience, immediacy and precision in drug injection. In traditional models, fur removal is typically
required before injection, leading to extended procedural time, increased risk of skin damage and potential
infection. Moreover, in comparison to human joints, rodent joints, such as those in rats, are considerably smaller
in size. This diminutive size poses challenges when administering drugs, necessitating a high level of skill and
precision from operators to ensure accurate localization and dosing, potentially introducing experimental bias.
Zebrafish, on the other hand, do not require fur removal and have shallow jaw joint locations that allow for
direct visualization under a microscope. By utilizing a microinjection apparatus, precise control over dosage
administration is achieved, optimizing the experimental workflow, reducing reliance on operator expertise,
enhancing success rates, and minimizing experimental inaccuracies.
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Fig. 5. Aggrecan, Adamts5 and MMP13 expression in zebrafish OA model. (A-D) Immunohistochemical
staining and relative quantitative analysis of Aggrecan, Adamts5 and MMP13 at 7 dpi. (E-H)
Immunohistochemical staining and relative quantitative analysis of Aggrecan, Adamts5 and MMP13 at 14 dpi.
(I-L) Immunohistochemical staining and relative quantitative analysis of Aggrecan, Adamts5 and MMP13 at
28 dpi. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All data were from n=5 zebrafish in each group..

In our study, we identified hypertrophic chondrocytes within the control group. To confirm this finding,
we established a blank control group comprising normally developed zebrafish. The presence of hypertrophic
chondrocytes in this control group suggested that a degree of spontaneous hypertrophy can occur as part of
the zebrafish’s natural physiological processes, even without induced osteoarthritis. Our analysis indicates that
various factors, including age, may contribute to this phenomenon. In an effort to closely mimic the onset of
OA, we selected experimental animals that were one year old, despite zebrafish typically reaching maturity at
three months. Furthermore, we noted that areas featuring hypertrophic chondrocytes were predominantly
concentrated at the injection sites, where the injection needle potentially caused direct damage to the adjacent
cartilage and subchondral bone, introducing associated experimental biases. A comprehensive examination
across multiple time points highlighted distinct differences between the control and experimental groups. In the
experimental group, hypertrophic chondrocytes were more pronounced and widespread, showcasing significant
pathological alterations. Our results suggest that while some cartilage may exhibit mild hypertrophic changes,
these changes are markedly intensified in the specific compartmentalized responses induced by MIA and CTII
injections.

While specific histological markers for zebrafish OA specimens are currently lacking, histopathology remains
the gold standard for evaluating animal models of OA3233, In our study, we employed established histological
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Fig. 6. The expression of Collagen II in living zebrafish following the modeling process. At 14 dpi, there was
a significant reduction of Collagen II expression on the surface of the jaw joint cartilage, indicating significant
cartilage destruction.

analysis techniques, such as H&E staining of jaw joint sections to assess overall structures and cellular
characteristics. Subsequent evaluation of glycosaminoglycan (GAG) distribution was conducted through
Safranin O/Fast Green staining. Safranin O, a basic dye, binds strongly to proteoglycans in cartilage, resulting
in an orange color. Damaged cartilage releases glycoproteins, leading to reduced or absent Safranin O staining
and an uneven distribution of matrix components. Quantitative assesment of the stained cartilage matrix was
performed using image analysis software. Additionally, we utilized the OARSI scoring system to analyze jaw joint
specimens, revealing notable distinctions between the drug-injected group and the control group. Furthermore,
immunohistochemical staining was employed to detect the expression levels of Aggrecan, Adamts5 and MMP13
in jaw joint cartilage to evaluate pathological changes. Aggrecan, a proteoglycan composed of GAG and core
protein, plays a crucial role as a structural component of cartilage®*. Adamts5, a disintegrin and metalloproteinase
with thrombospondin motifs, primarily degrades aggrecan in articular cartilage matrix*. While MMP13, a
matrix metalloproteinase, is capable of degrading type II collagen in the extracellular matrix of cartilage®®. Our
experimental results revealed a significant decrease in Aggrecan expression and an increase in the levels of
Adamts5 and MMP13 in the drug-injected group compared to the control group. Finally, utilizing the heritable
marking trait of zebrafish, live imaging technology was employed to visualize the entire jaw joint, demonstrating
pronounced signal loss in the jaw joint cartilage following drug injection. This discovery reaffirmed the effective
induction of OA in the zebrafish mandibular joint and provided vital insights into the in vivo manifestation of
the disease within this model. In summary, these experimental findings collectively strengthen the evidence of
varying degrees of OA occurrence in the zebrafish jaw joint.

OA typically manifests with clinical symptoms primarily characterized by pain, making pain relief the most
predominant therapeutic focus®*. Utilizing a behavioral tracking system to capture data such as the frequency
and duration of fast and slow movements, distance, speed, and average velocity enables effective pain assessment
in the zebrafish model®’. Moreover, integrating the zebrafish model into the drug discovery process confers
several advantages over traditional methods®**°. These benefits encompass early identification of in vivo safety
concerns linked to candidate compounds, timely recognition of potential efficacy issues, and the capacity to
assess absorption and metabolic challenges. Additionally, the zebrafish model yields comprehensive efficacy-
based screening outcomes that surpass what can be achieved through in vitro approaches, ultimately leading
to reduced development timelines, costs, and enhanced success rates. Furthermore, the zebrafish model can
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replicate the degenerative alterations associated with OA’, facilitating the exploration of the ossification
processes of articular cartilage?! and delving into the underlying mechanisms of the disease>**.

Furthermore, considering the limited regenerative capacity of cartilage in most mammals, intra-articular drug
injections that cause cartilage damage can lead to irreversible joint deterioration in OA. In contrast, zebrafish, in
comparison to conventional animal models like mice, demonstrate a superior ability for cartilage regeneration.
This model allows for the specific investigation of the body’s response to cartilage damage, including regeneration
mechanisms and factors that promote or inhibit healing. Recent findings by Dora Sapéde et al.** have revealed
that zebrafish larvae can regenerate their cartilage post-injury through the Nrgl/ErbB pathway. This discovery
not only opens new avenues for researchers but also holds significant implications for understanding cartilage
regeneration mechanisms and enhancing the regenerative potential of mammalian cartilage.

Looking ahead, investigations centered on the zebrafish OA model are poised to delve deeper into the genetic
and environmental factors influencing OA susceptibility and progression. Moreover, the model’s effectiveness
in drug screening and live imaging holds promise for advancing our understanding of OA pathogenesis and
expediting the discovery of effective treatments. Ultimately, the OA model is set to revolutionize OA research
and make substantial contributions to the progress of precision medicine in managing this debilitating joint
ailment.

Conclusion

In our study, we chose zebrafish as the experimental model organism. Capitalizing on the distinctive anatomical
features of the zebrafish mandibular joint, we developed a straightforward fixation device and effectively
administered drugs into the joint cavity using a microinjector. Through the injection of MIA and CT1I into the
joint cavity, we were able to induce the pathological changes characteristic of OA in the zebrafish mandibular
joint. Our research aims to complement and enhance existing animal models by leveraging the unique
advantages of the zebrafish species. In the future, it will focus on the development of new drugs and the study of
cartilage regeneration, providing a theoretical foundation and new therapeutic perspectives for the prevention
and treatment of OA.

Data availability
The authors confirm that the data supporting the findings of this study are available from the corresponding
author on reasonable request.
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