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ABSTRACT 
 

Meniscal mineralisation is commonly observed in domestic cats. However, 

its biological significance and underlying mechanisms remain unclear. This 

study aimed to characterise the histomorphological features of meniscal 

mineralisation and evaluate the mRNA expression of key chondro-

osteogenic trans-differentiation markers in the feline meniscus. A total of 20 

menisci (10 mineralised and 10 non-mineralised) were collected from 

skeletally mature domestic cats with disease-free joints following gross 

examination, during which meniscal mineralisation was identified. Both 

mineralised and non-mineralised menisci were collected for subsequent 

histological and molecular evaluation. Histological examination with H&E 

and Alizarin Red staining revealed that mineralisation was confined to the 

cranial horn of the medial meniscus, with most mineralised tissues displaying 

chondro-osseous metaplasia. The mean area of the mineralised regions was 

276.9 ± 227.9 mm². Only one sample exhibited intrameniscal ossification, 

characterised by trabecular bone and bone marrow spaces. The lateral 

menisci showed no evidence of mineralisation. Cellular density was not 

significantly different between groups (p=0.232). Quantitative PCR analysis 

revealed significantly increased expression of mRNA for COL10A1, MMP-

13, TNAP, RunX2, and Sox9 in mineralised menisci compared to controls 

(p<0.001), with COL10A1 and MMP-13 showing 9- to 7-fold increases, 

respectively. These genes were associated with hypertrophic chondrocyte 

differentiation, extracellular matrix remodelling and mineral deposition, 

indicating an active chondro-osteogenic trans-differentiation process. 

Collectively, the findings provide novel evidence that a chondro-osteogenic 

trans-differentiation pathway drives meniscal mineralisation in the domestic 

cat. This study enhances the understanding of meniscal biology in felines and 

may offer insights into joint mineralisation processes across species. 
 

 ــــــــــــــــــــــــــــــــــــــــ ـ

Keywords: Chondro-osteogenictrans-differentiation, Feline, Histology, 

Meniscal mineralisation, Stifle joint. 
 

 

Original Article: 

DOI:10.21608/javs.2025.416539.1717 

Received : 22 August, 2025. 

Accepted: 29 September, 2025.  

Published in October, 2025. 

This is an open access article under the term 

of the Creative Commons Attribution 4.0 

(CC-BY) International License . To view a 

copy of this license, visit: 

http://creativecommons.org/licenses/by/4.0/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

J. Appl. Vet. Sci., 10(4): 96-103. 

 

INTRODUCTION 

 Meniscal mineralisation refers to the deposition 

of calcium crystals within the meniscus. It is commonly 

observed in domestic cats and has also been reported in 

large non-domestic felids (Ganey et al., 1994; Walker 

et al., 2002; Arencibia et al., 2015). Although meniscal 

mineralisation is often considered a normal anatomical 

feature, present as a sesamoid structure known as the 

lunula that forms during skeletal maturation, its exact 

cause remains unclear (Whiting and Pool,  1985; 

Ariffin, 2015). Notably, previous studies have reported 

a correlation between meniscal mineralisation and 

cartilage degeneration within the feline stifle (Leijon et 

al., 2017).  

 

Meniscal mineralisation morphology is 

variable, with some studies describing it as trabecular 

bone formation containing marrow spaces, while others 

report regions of chondro-osseous metaplasia (Freire et 
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al., 2010; Ariffin, 2015; Voss et al., 2017). A major 

challenge in characterising meniscal mineralisation is 

its inter-individual size variability, which has not been 

consistently documented. This limits the understanding 

of its morphological features and potential impact on 

joint health. The meniscus typically presents as a 

smooth, fibrocartilaginous structure without mineral 

deposits. These joints are generally stable and 

demonstrate a full range of motion. In contrast, stifle 

joints affected by degenerative meniscal changes often 

exhibit lesions such as mineralisation, surface 

fibrillation and tearing of the meniscal tissue (Ariffin, 

2015; Voss et al., 2017). Such alterations are frequently 

accompanied by osteoarthritic changes in the stifle joint 

that affect joint mobility and pain. 

 

Emerging evidence suggests that mineralisation 

in various tissues may involve active cellular processes 

such as trans-differentiation. Mesenchymal stem cells, 

for instance, can acquire an osteogenic phenotype in 

response to environmental cues (Javaheri et al., 2018). 

Similar mechanisms have been reported in vascular 

calcification and tendinopathy, where smooth muscle 

cells and tenocytes transdifferentiate into hypertrophic 

chondrocytes or osteoblast-like cells (Bobryshev, 

2005; Pillai et al., 2017; Darrieutort-Laffite et al., 

2019). These processes are typically associated with the 

upregulation of transcription factors such as Runt-

related transcription factor 2 (RunX2), SRY-box 

transcription factor 9 (Sox9), Tissue-nonspecific 

alkaline phosphatase (TNAP), matrix metallopeptidase 

13 (MMP-13), and collagen type X alpha 1 chain 

(COL10A1). To date, the molecular mechanisms 

underlying meniscal fibrochondrocyte-to-osteoblast 

differentiation in felines remain unexplored.  

 

This study aimed to characterise the 

histomorphological features of meniscal mineralisation. 

Additionally, the study investigates the expression 

levels of key chondro-osteogenic indicators in 

mineralised and non-mineralised menisci of domestic 

cats. 
 

  

MATERIALS AND METHODS 
 

Cat cadaver 
Twenty skeletally mature domestic cat 

carcasses submitted to the Faculty of Veterinary 

Medicine, Universiti Putra Malaysia, were included in 

the study. All animals were euthanised due to causes not 

associated with this research. The inclusion criteria 

required that cats were at least one year of age, as 

skeletal maturity is generally reached by 12-18 months 

in domestic cats (Miranda et al., 2020) and had a body 

condition score of 3. Additionally, the stifle joints had 

to be intact, free from tibiofemoral osteoarthritis, 

meniscal degeneration and cranial cruciate ligament 

rupture. 

Dissection of the stifle joint 
Cat carcasses were dissected within 24 hours 

post-mortem. The stifle joint was palpated to identify 

anatomical landmarks. The overlying fascia and fat 

were reflected, and the patellar and collateral ligaments 

were resected. A lateral incision was made in the joint 

capsule to access the joint cavity, followed by careful 

resection of the cruciate ligaments near their femoral 

attachments to preserve integrity. The meniscus was 

examined in situ to assess for mineralisation. If present 

and grossly visible, the mineralised region was 

measured in millimetres using a digital calliper. 

 

Sample collection 
Twenty representative menisci (10 mineralised 

and 10 non-mineralised) were obtained and immersed in 

10% neutral buffered formalin for histomorphological 

analysis. For gene expression analysis, 38 

representative meniscal samples (19 mineralised and 19 

non-mineralised) were immersed in RNAlater™ solution 

(Sigma-Aldrich®, US), incubated at 4 ºC for 24 hours 

and subsequently stored at –20 ºC to preserve 

ribonucleic acid (RNA) stability until further 

processing. The non-mineralised menisci served as the 

control group. 

 

Histological preparation and staining  
Meniscal tissues were processed for 

histological evaluation using standard protocols. 

Horizontal sections measuring 5.0 µm in thickness were 

performed. Routine histological staining was conducted 

using haematoxylin and eosin (H&E) staining 

(Solarbio® Life Sciences, China) for morphological 

assessment. Meniscal samples exhibiting evidence of 

mineralisation were subjected to staining with 1% 

Alizarin Red solution (Solarbio® Life Sciences, China). 

Tissue sections were first deparaffinised and rehydrated 

through immersion in xylene, followed by a graded 

alcohol series (100% to 70%). The sections were then 

air-dried and incubated with 1% Alizarin Red solution 

(pH 4.2) for one minute. After staining with distilled 

water to remove excess dye, the sections were 

dehydrated, cleared and mounted in DPX medium 

(Sigma-Aldrich®, USA). 

 

Histomorphological and histomorphometrical 

analysis 
Tissue sections were examined and imaged 

using a Motic BA410 light microscope fitted with a 

Moticam Pro 285A camera (Xiamen, China). The 

histomorphological features of meniscal mineralisation 

were qualitatively evaluated in both H&E- and Alizarin 

red-stained sections. ImageJ software (developed by the 

National Institutes of Health, USA) was used for 

analysis, focusing on two parameters: the dimensions of 

mineralised regions and cellular density. H&E-stained 
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sections were imaged at a total magnification of 100× 

for both studies. The areas of mineralisation (mm2) were 

measured using the digital ruler tool in ImageJ. For 

cellular density, five representative images were 

captured from each of the meniscal regions (cranial, 

middle, and caudal thirds). Cell nuclei were identified 

and manually marked using the multipoint tool in 

ImageJ. Cell density was defined as the number of cells 

present within a 1.50 mm2 tissue section (Fedje-

Johnston et al., 2021). 

 

Chondro-osteogenic transdifferentiation gene 

expression 
Meniscal samples preserved in RNAlater™ 

were frozen in liquid nitrogen and finely ground using a 

mortar and pestle, and 30 mg of tissue was subjected to 

total RNA isolation with the InnuPREP RNA Mini Kit 

(Analytik Jena, Germany). Lysates were homogenised 

using a 21-gauge needle, followed by centrifugation at 

14,000 rpm for 1 minute at 20 °C. Total RNA was eluted 

in 50 µl of RNase-free water. RNA concentration and 

purity were determined using a NanoDROP ND-1000 

Spectrophotometer (Thermo Scientific, UK), accepting 

only samples with A260/A280 values ranging from 1.8 

to 2.0 for complementary DNA (cDNA) synthesis. The 

SensiFAST™ cDNA Synthesis Kit (Meridian 

Bioscience, USA) was used to synthesise cDNA from 6 

ng of total RNA, with reverse transcription performed 

at 48 °C for 30 minutes. Primers for RunX2, Sox9, 

TNAP, MMP-13, and COL10A1 were designed based on 

feline mRNA sequences using the Primer-BLAST tool 

(NCBI) and were commercially produced. Primers were 

selected based on similar melting temperatures and 

product lengths. The primer sequences are shown in 

Table 1.  

 

 

               Table 1: qPCR primer sequences for chondro-osteogenic markers and reference genes. 

Target genes Nucleotide sequence (5´→ 3´) Amplicon size (bp) 

RunX2 F: TCCGAAATGCCTCTG CTG TTA 

R: GGGAGGGTTTGTGAAGACAGT 

120 

Sox9 F: GGAGACTGCTGAACGAGAGC 

R: GCCGTTCTTCACCGACTTCC 

128 

TNAP F: CCGCCTACTTATGTGGGGTC 

R: ATGCCCACAGATTTGCCAGA 

145 

MMP-13 F: AAT CCT GAA GAA AGC GGC CA 

R: AAC GTT GTA CTC GCC CAC AT 

157 

COL10A1 F: CAT CAA AGG TGA TCG GGG CT 

R: CAG GGT GAC CTT TTG TCC CA 

158 

HPRT F: AACTGGAAAGAATGTCTTGATTGTTG 

: GACCATCTTTGGATTATACTGCTTGA 

132 

 
The qPCR was carried out with the 

SensiFAST™ SYBR® No-Rox One-Step Kit (Meridian 

Bioscience, USA). The qPCR reaction mixture (20 µl) 

contained 10 µl of master mix, 0.8 µl of each primer 

(forward and reverse), 7.4 µl RNase-free water, and 1 

µl of cDNA at a concentration of 1 ng/µl. Reactions 

were run in triplicate in 8-well PCR strip tubes 

(Labcon®, USA). Non-template and minus-RT controls 

were included. Using the Eppendorf® Realplex 4 

system, amplification was performed with an initial 

step at 95 °C for 2 minutes, followed by 40 cycles 

consisting of 95 °C for 5 seconds, 62 °C for 10 seconds, 

and 72 °C for 20 seconds. Specificity of amplification 

was verified through melting curve analysis, and 

samples displaying abnormal or multiple peaks were 

excluded. Target gene expression was analysed using 

triplicate cycle threshold (Ct) values, normalised to the 

reference gene hypoxanthine phosphoribosyl 

transferase (HPRT). Relative fold changes were 

calculated using the ΔΔCt method. 

 

Statistical analysis 
Data for cell density and mRNA expression 

levels between mineralised and non-mineralised 

menisci were assessed for normality using the Shapiro-

Wilk test. An independent t-test was applied to compare 

mean cell densities and mRNA expression levels 

between mineralised and non-mineralised menisci. 

Differences were considered significant at p<0.05. All 

values are shown as mean ± SD. 
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RESULTS 

Gross features of meniscal mineralisation 
The mean age cats included was 3.0 ± 0.5 years. Gross examination revealed mineralisation localised to 

the cranial horn of the medial meniscus and appeared round to oval in shape, as shown in Fig.1. The mean diameter 

ranges from 0.1 to 1.50 mm. No mineralisation was observed in the lateral meniscus of any of the examined 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1: Photograph showing mineralisation within the meniscus of the left stifle joint in cats appears as round to oval-shaped 

opaque regions embedded in the cranial horn of the medial meniscus (MM) (yellow dotted circle). In contrast, non-mineralised 

lateral menisci (LM) appeared smooth and glossy, with no visible signs of mineral deposition. CR: cranial; CD: caudal. 
 

 

Histomorphology of meniscal mineralisation 
All 20 meniscal samples (10 mineralised and 10 non-mineralised) were stained with Alizarin Red to screen 

for the presence of calcium compounds. In mineralised samples, horizontal sections revealed round structures with 

distinct orange to red staining, indicating calcium deposition (Fig. 2.A-B). In contrast, non-mineralised samples 

showed no evidence of Alizarin Red staining (Fig. 2.C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: Histological images showing horizontal sections of the cranial horn of the medial meniscus with meniscal 

mineralisation (A, B, D, E & F) in the left stifle joint of cats. The boxed areas in the lower magnification images are shown at 

higher magnification in B and E. (A-B) The mineralised meniscal tissue in the calcified area is stained orange to red, 

confirming the presence of calcium compounds. (C) Non-mineralised samples showed no evidence of Alizarin Red staining. 

(D) The meniscus displays mineralisation along with areas of chondro-osseous metaplasia. (E) Hypertrophic chondrocytes 

appear round to oval and reside within larger, irregular lacunae. Both the hypertrophic chondrocytes and the extracellular 

matrix exhibit strong basophilic staining. (F) Meniscal mineralisation showing trabecular bone and marrow spaces. (G) 

Interwoven fibrocartilage without mineralisation. The cells are arranged in rows or lines between the bundles of parallel 

collagen fibres. A-C: Alizarin Red; D-G: H&E. A, D & F: 40x magnification; B, C, E & G: 100x magnification. 
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Histological sections stained with H&E showed that 9 out of 10 mineralised meniscal samples exhibited 

areas of chondro-osseous metaplasia that appeared basophilic and were characterised by hypertrophic chondrocytes 

(Fig. 2.D-E). The cells appeared round to oval, were spaced apart and resided in large, irregular lacunae. Only one 

of the ten mineralised meniscal samples showed intrameniscal ossification with the formation of trabecular bone 

and marrow spaces (Fig. 2.F). All ten non-mineralised menisci showed no evidence of mineralisation (Fig.2.G). 

The area of mineralised regions was assessed histomorphometrically, with a mean ± SD of 276.9 ± 227.9 mm². 

 
Cellular density was calculated for both mineralised and non-mineralised menisci. Non-mineralised 

menisci showed a mean density of 0.28±0.10 cells/mm2, while mineralised menisci had a mean of 0.23±0.04 

cells/mm2. Statistical analysis revealed no significant difference (p=0.232). 

 

Chondro-osteogenic transdifferentiation gene expression 
The expression of COL10A1 in the mineralised samples was 9 times higher compared to non-mineralised menisci 

(Fig.3.A). COL10A1 mRNA expression was significantly elevated in the non-mineralised menisci (p<0.001), as 

shown in Fig. 3.B. 

 

In the mineralised samples, the expression of MMP-13 mRNA was 7-fold increased relative to the non-

mineralised menisci (Fig.3.C). Similar to COL10A1, MMP-13 mRNA expression was significantly upregulated 

(p<0.001) in the mineralised samples compared to the non-mineralised menisci (Fig. 3.D). 

 

Additionally, TNAP, RunX2, and Sox9 mRNA levels were all upregulated in the mineralised samples. Each 

of these genes showed a 5-fold increase in expression in the mineralised samples compared to the non-mineralised 

menisci (Fig.3.E, 3.G, 3.I). Mineralised samples exhibited significantly elevated mRNA levels of TNAP, RunX2, 

and Sox9 relative to non-mineralised menisci (p<0.001) (Fig. 3.F, 3.H, 3.J). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3: Bar chart showing fold change and normalised Ct for five marker genes in mineralised (MM) and non-mineralised (No 

MM) menisci of cats. Fold change in COL10A1 was 9 times higher with lower significance in normalised Ct (3.A and 3.B). 

MMP-13 shows a 7-fold change with a lower significance difference in normalised Ct (3.C and 3.D). The fold changes in 

TNAP, RunX2, and Sox9 are the same, as shown in 3.E, 3.G, and 3.I, respectively, at a 5-fold increase. Normalised city for 

TNAP, RunX2, and Sox9 are significantly lower than the no MM sample shown in 3.F, 3.H, and 3.J, respectively. 
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DISCUSSION 
 

The present study characterised meniscal 

mineralisation in healthy stifle joints of domestic cats, 

focusing on the associated cellular and molecular 

mechanisms. Histologically, in the present study, the 

mineralisation was evident as discrete calcifications and 

areas of chondro-osseous metaplasia. The areas of 

chondro-osseous metaplasia observed in this study are 

known to be associated with the mechanical stress of 

repetitive injury that occurs in the meniscus. 

Interestingly, these changes were only found in the 

medial meniscus, specifically the cranial horn, 

consistent with a previous study (Freire et al., 2010). 

The exact reason for this remains unclear. However, it 

is possible that increased mechanical loading is exerted 

on the medial compartment of the stifle joint, making it 

more susceptible to this transformation. 
 

Prominent hypertrophy of fibrochondrocytes 

was also observed. Importantly, Alizarin Red staining 

distinctly marked these mineralised areas, confirming 

the presence and precise localisation of calcium-rich 

mineral deposits. As fibrochondrocytes undergo 

hypertrophy, they actively modify the extracellular 

matrix (ECM) by upregulating the production of type X 

collagen (COL10A1) and proteoglycans (Debiais-

Thibaud et al., 2019). This newly synthesised 

proteoglycan-rich ECM, evidenced by basophilic 

staining (Figures 2.C-D), creates an environment 

conducive to vascular infiltration and facilitates the 

transition from fibrocartilage to bone (Mwale et al., 

2002; Dennis et al., 2020; Chen et al., 2023). 
 

Previous studies have shown that meniscal 

mineralisation can progress over time (Voss et al., 

2017). They may increase in size and undergo 

ossification, resulting in the development of organised 

bone structures that include trabeculae and marrow 

spaces. This progression reflects a continuum from 

initial mineral deposition to the formation of mature 

bone tissue within the meniscus, a process more 

commonly observed in older animals or those with 

degenerative joint changes (Voss et al., 2017).  In the 

present study, most samples were collected from cats 

with an average age of three years. Given their relatively 

young age, it is likely that these cats had not yet reached 

the advanced stages of mineralisation seen in older or 

degenerative cases. Consistent with this, only one 

sample exhibited mineralisation that had progressed to 

the point of forming trabecular bone and marrow spaces.  
 

There was no significant variation in cellular 

density between mineralised and non-mineralised 

menisci in our study, suggesting that meniscal tissue is 

capable of maintaining a relatively stable cellular 

density, regardless of mineralisation status. The 

findings align with evidence that the meniscus contains 

specialised cell populations and homeostatic 

mechanisms that regulate cellularity and ECM 

composition. This is important to preserve tissue 

function under varying conditions (Ding et al., 2022). 
 

The literature previously described feline 

meniscal mineralisation as presenting in the form of 

sesamoid bone, which is commonly accepted as a 

normal anatomical feature of the meniscus (Whiting 

and Pool, 1985). For example, in Pumas (Felis 

concolor), a sesamoid bone has been identified in the 

cranial horn of the medial meniscus, appearing 

histologically as spongy bone with sporadic osteons and 

an articular cartilage cap (Cerveny and Paral, 1995). 

However, in the present study, none of the mineralised 

menisci exhibited features consistent with a sesamoid 

bone. Furthermore, no degenerative changes were 

observed in any of the samples, suggesting that the 

mineralisation identified in this study represents a non-

pathological process in healthy feline stifle joints.  
 

Chondro-osteogenic trans-differentiation is the 

process by which cartilage cells transition toward an 

osteogenic phenotype (Aghajanian and Mohan, 

2018). Specific marker genes regulate this 

transformation, and each gene functions at a distinct 

stage of the process. The qPCR results demonstrated 

that RunX2, Sox9, MMP-13, TNAP, and COL10A1 

mRNA levels were significantly higher in mineralised 

menisci than in non-mineralised samples. This 

discovery is particularly relevant and new, considering 

the hypothesis that chondro-osseous trans-

differentiation is involved in feline meniscal 

mineralisation.  
 

COL10A1 (type X collagen) is primarily 

produced by hypertrophic chondrocytes and serves as a 

specific marker for the transition from cartilage to bone 

(Gu et al., 2014; Debiais-Thibaud et al., 2019). In this 

study, COL10A1 expression increased nine-fold in 

mineralised samples, highlighting its role in initiating 

calcium deposition within the cartilaginous ECM 

(Kirsch and Wuthier, 1994). MMP-13, which showed 

a seven-fold increase, is responsible for degrading type 

II collagen in the matrix and plays a necessary step for 

ECM reorganisation and subsequent bone (Duncan et 

al., 2022). 

 

Additionally, RunX2, TNAP, and Sox9 each 

exhibited a five-fold increase in expression. RunX2 is a 

key regulator of osteogenic differentiation and interacts 

with Sox9 to balance chondrogenesis and osteogenesis. 

Sox9 maintains chondrocyte function and prevents 

premature transition to osteoblast (Lefebvre and Dvir-

Ginzberg, 2017). TNAP is crucial for mineralisation as 

it hydrolyses phosphate esters to release inorganic 

phosphate, which is needed for bone mineral formation 

(Sekaran et al., 2021). 
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CONCLUSIONS 
 

This study confirms the presence of 

mineralisation in the healthy meniscus of domestic cats, 

particularly at the cranial horn of the medial meniscus. 

Histomorphological analysis revealed that the majority 

of the observed regions were chondro-osseous, as 

evidenced by positive staining with Alizarin Red, 

indicating mineralisation, along with one sample 

exhibiting trabecular bone with marrow. qPCR analysis 

revealed a marked upregulation of chondro-osteogenic 

trans-differentiation marker genes in mineralised 

menisci compared to non-mineralised menisci, strongly 

reinforcing the hypothesis that mineralisation in the 

feline meniscus is driven by chondro-osseous trans-

differentiation.  
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