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In this paper, we present the first evidence of differences in the mitochondria-related gene expression profiles of adult articular 

cartilage derived from patients with Kashin-Beck disease and normal controls. The expression of 705 mitochondria-related 

genes was analyzed by mitochondria-related gene expression analysis and ingenuity pathways analysis. Mitochondria-related 

gene expression analysis identified 9 up-regulated genes in Kashin-Beck disease based on their average expression ratio. Three 

canonical pathways involved in oxidative phosphorylation, apoptosis signaling and pyruvate metabolism were identified, 

which indicate the involvement of mitochondrial dysfunction in the pathogenesis of Kashin-Beck disease. 
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Kashin-Beck disease (KBD) is a chronic, endemic deform-

ing osteoarthrosis, characterized by chondrocyte necrosis 

and apoptosis, cartilage degeneration and matrix degrada-

tion [1]. KBD mainly affects older children, damaging the 

hyaline cartilage during development and becoming symp-

tomatic in adults who exhibit short stature, joint deformities, 

and other features caused by impaired epiphyseal growth 

and ossification. The main characteristic pathological 

changes of KBD are chondrocyte necrosis, excessive apop-

tosis, and dedifferentiation in the deep zone of cartilage 

(Figure 1). Currently, KBD is mainly prevalent in China, 

Siberia, and North Korea [2,3]. It has been reported that 

more than 2.5 million people suffer from KBD, and about 

30 million people are at risk of KBD in China [4]. KBD not 

only significantly reduces patients’ quality of life, but also 

brings heavy medical and financial burdens to local gov-

ernments. 

The etiology of KBD remains unclear. Various environ-

mental etiologic hypotheses have been proposed, such as 

selenium deficiency, serious cereal contamination by my-

cotoxin-producing fungi, and high humic acid levels in 

drinking water [5]. However, none of these hypotheses can 

completely explain the pathological changes seen in KBD. 

Recently, several studies were conducted to investigate the 
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Figure 1  The characteristics of Kashin-Beck disease (KBD). The characteristic appearance and radiographic images of knees in KBD (grade III, male, 47 

years old, A and B). The damage of mitochondrion in KBD chondrocyte is shown by the electron microscope (C, mitochondrion in the culture chondrocyte 

of KBD; D, the normal mitochondrion; 20000). Compared with healthy control tissue (E), KBD articular cartilage (F) shows an eroded surface and chon- 

dronecrosis (E and F, H.E. 20×100). 

roles of mitochondria and apoptosis in the pathogenesis of 

KBD. The findings showed that abnormal mitochondrial 

function and cell death were involved in the pathophysiol-

ogy of this disease [6,7], suggesting that mitochondrial 

dysfunction and apoptosis play important roles in the path-

ogenesis of KBD. However the detailed mechanisms in-

volved in the mitochondrial dysfunction and apoptosis un-

derlying the cartilage lesions in KBD remained unclear. 

Ingenuity pathways analysis (IPA) is a widely used soft-

ware tool [811] which can help researchers to model, ana-

lyze, and understand the complex biological and chemical 

systems at the core of life-science research. In our study, 

IPA helped to investigate the biology of KBD at multiple 

levels by integrating data from a variety of experimental 

platforms, providing insight into the molecular and chemi-

cal interactions, cellular phenotypes, and disease processes 

of KBD. 

To investigate the potential roles of mitochondrial dys-

function in the pathogenesis of KBD, we compared the mi-

tochondria-related gene expression profiles of cartilage de-

rived from KBD patients and normal controls. Both mito-

chondria-related gene expression analysis and IPA were 

conducted to identify the key genes and pathways contrib-

uting to the pathogenesis of KBD. 

1  Materials and methods 

All studies were approved by the Human Ethics Committee, 

Xi’an Jiaotong University. All patients, or relatives of do-

nors, provided informed consent. 

1.1  Cartilage sample collection 

Specimens of human articular cartilage were collected from 

9 KBD adults and 9 normal controls matched for age and 

sex (Table 1). KBD patients were diagnosed as having se-

cond and third degree KBD according to the diagnosing 

criteria of KBD in China (diagnostic code GB16395-1996). 

The KBD patients came from the KBD prevalent areas of 

Linyou and Yongshou in the Shaanxi Province of China. 

Normal human knee cartilage samples were collected from 

the knees of fresh cadavers within 8 h of death caused by 

traffic accidents. All normal control samples were from 

non-KBD areas. The KBD status of normal controls was 

diagnosed by histological examination with H&E staining,   
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Table 1  KBD-control pairs used for microarray and quantitative RT-PCR analysis 

Sample set 
KBD  Normal 

Age (years) Gender  Age (years) Gender 

Microarray      

Patient 1 52 Male  54 Male 

Patient 2 55 Male  55 Male 

Patient 3 49 Female  48 Female 

Patient 4 42 Male  37 Male 

Mean 49.5   48.5  

RT-PCR      

Patient 1 69 Male  60 Male 

Patient 2 51 Male  58 Male 

Patient 3 50 Male  56 Male 

Patient 4 57 Female  58 Female 

Patient 5 44 Female  34 Female 

Mean 54.2   53.2  

 

and subjects with osteoarthritis (OA), rheumatoid arthritis 

and genetic bone and cartilage diseases were excluded. All 

cartilage samples were derived from the same anatomic area 

of the femoral condyle of the knee. Cartilage tissue from the 

femoral condyles was dissected and rapidly frozen in liquid 

nitrogen, then stored at 80°C until used for RNA isolation. 

Four pairs of KBD and control samples were subjected to 

microarray analysis, and the others were used for quantita-

tive real-time reverse transcription polymerase chain reac-

tion (RT-PCR) (Table 1). 

1.2  RNA preparation 

Frozen cartilage from each sample was first rapidly ground 

in liquid nitrogen using a freezer mill (SPEX CertiPrep, 

Metuchen, NJ). Total RNA was then isolated from cartilage 

samples using the Agilent Total RNA Isolation Mini kit 

(Agilent Technologies, Santa Clara, CA) following the 

manufacturer’s recommended protocol. The quality and 

integrity of extracted total RNA were evaluated by 1% aga-

rose gel electrophoresis.  

1.3  Microarray hybridization 

The isolated total RNA was first transcribed into comple-

mentary DNA (cDNA), and labeled with CyDye using the 

Amino Allyl MessageAmp aRNA Kit (Applied Biosystems, 

Austin, TX). For each KBD-control pair, 0.5 μg of labeled 

cRNA was purified separately and mixed together with hy-

bridization buffer (Agilent in Situ Hybridization Plus kit). 

An Agilent Human 1A 22k Whole Genome microarray 

(G4110B), containing 22575 oligonucleotides probes rep-

resenting 21073 human genes, was then applied for micro-

array hybridization following the Agilent recommended 

protocol. Hybridization signals were recorded by an Agilent 

G52565BA scanner, and analyzed by Feature Extraction 9.3 

(Agilent Technologies) and Spotfire 8.0 (Spotfire Inc., 

Cambridge, MA) software. The quality of fluorescent spots 

was evaluated by Feature Extraction 9.3. The fluorescent 

spots that failed to pass the quality control procedure were 

excluded from further analysis. Linear and LOWESS nor-

malization implemented by Feature Extraction 9.3 were also 

conducted to eliminate possible dye-related bias in our mi-

croarray data. The gene expression data obtained from 

Spotfire 8.0 were imported into Excel spreadsheets (Mi-

crosoft Corp., Redmond, WA) for downstream data analy-

sis. 

1.4  Mitochondria-related gene expression analysis 

To identify differentially-expressed genes, expression ratios 

were calculated for each gene. Genes with expression ratios 

0.5 or 2.0 were regarded as significant in this study. Sta-

tistical P-values were also calculated for each gene using 

the Agilent P-value log ratio algorithm (Agilent Technolo-

gies), defined by 
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Erf(x) represents twice the integral of the Gaussian distribu-

tion, with a mean value of 0 and variance of 0.5, and xdev is 

the deviation of the log ratio from 0. This calculation gives 

the statistical significance of the log ratio for each feature 

(i.e., transcript levels) between the red and green channels. 

Only P-values less than 0.05 were regarded as significant. 

Once significant genes were identified, we used the NCBI 

database to identify the relationship of each gene to carti-

lage or other possible contributory factors.  

1.5  Ingenuity pathways analysis 

IPA uses a Fisher’s exact test to determine which bio-  

functions and canonical pathways are significantly linked to  
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the genes of interest compared to the whole Ingenuity 

knowledge base. In this study we used IPA to identify mi- 

tochondria-related pathways involved in the pathophysiol-

ogy of KBD. Briefly, web-based Ingenuity Pathway soft-

ware (Ingenuity® Systems, www.ingenuity.com) was em-

ployed to examine the function and pathway of the different 

genes. Data sets containing gene identifiers and corre-

sponding expression values were uploaded into Ingenuity 

Pathway software. Each gene identifier was mapped to its 

corresponding gene object in the Ingenuity Pathways 

Knowledge Base. Genes differentially expressed with 

P<0.01 were overlaid onto global molecular networks de-

veloped from information contained in the knowledge base. 

Canonical pathway analysis identified function-specific 

genes significantly present within the networks. 

1.6  Quantitative RT-PCR validation 

For quantitative RT-PCR, total RNA was prepared in the 

same way as for the oligonucleotide microarray analysis. 

These RNA samples were converted into cDNA using Su-

perscript II reverse transcriptase (Invitrogen, Carlsbad, CA) 

and random primers. Quantitative RT-PCR was performed 

using the ABI 7500 Real-Time PCR system (Applied Bio-

systems, Foster City, CA) according to the manufacturer’s 

instructions. Six genes with expression ratios >2.0 or <0.5 

in our microarray analysis were selected for quantitative 

RT-PCR, including CASP8AP2 (NM_012115), BMF (NM_ 

001003940), PAPSS2 (NM_001015880), POSTN (NM_ 

006475), TACC1 (NM_006283) and TMSL8 (NM_021992). 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

simultaneously assayed by quantitative RT-PCR as an en-

dogenous invariant control for data normalization. All pri-

mer and probe sets used for quantitative RT-PCR were sup-

plied by TaqMan Gene Expression Assays (Applied Bio-

systems). The expression values of the 6 selected genes 

were normalized to the GAPDH values, and then used to 

calculate expression ratios. A paired t-test was conducted to 

assess the significance of differences in expression of the 6 

genes between KBD and normal controls by quantitative 

RT-PCR.  

2  Results 

2.1  Mitochondria-related gene expression analysis 

The 705 mitochondria-related genes were identified as mi-

tochondria-related genes according to hMitChip 3.0 [12]. 

The expression level of these genes, which is from the 

whole human genome transcripts, was assessed in this study. 

SGEA results are presented in Table 2. We identified 9 

genes with an average ratio up-regulated in KBD compared 

to normal controls. The 9 identified genes belong to various 

functional categories, mainly including apoptosis (3 genes), 

metabolism (3 genes), cytoskeleton and cell movement (1 

gene) and signal transduction (1 gene). 

2.2  Ingenuity pathways analysis  

IPA analysis revealed 5 top bio-functions involving genes 

with altered expression in KBD cartilage compared to 

healthy cartilage. As shown in Table 3, the top 5 bio-   

functions were involved in the processes of cell death, cell 

morphology, DNA replication, recombination, and repair as 

well as post-translational modification. The function of cell 

death included the largest proportion of molecules.  

Based on the biological functions of the identified path-

ways, we identified 4 interesting canonical pathways that 

may contribute to the pathogenesis of KBD (Table 4, Figure 

2). The most significant canonical pathway identified by 

IPA is mitochondrial dysfunction with the highest ratio (the 

proportion of mitochondria-related genes in the pathway) in 

this study. The other 3 canonical pathways identified were 

involved in oxidative phosphorylation, apoptosis signaling 

and pyruvate metabolism. 

2.3  Quantitative RT-PCR analysis 

The quantitative RT-PCR analyses yielded results that were 

consistent with the microarray data, for the mRNA expres-

sion levels of CASP8AP2, BMF, PAPSS2, POSTN, 

TACC1 and TMSL8 (Figure 3). Specifically, expression 

levels of CASP8AP2, TMSL8 and PAPSS2 were higher  

Table 2  List of mitochondria related genes up-regulated in KBD cartilage 

Gene name Symbol Public ID Fold changea) P-value 

BCL2-antagonist/killer 1 BAK1 NM_001188 5.97±1.11 0.01 

Apoptotic protease activating factor APAF1 NM_181861 5.70±2.62 0.01 

Actin, alpha 2, smooth muscle, aorta ACTA2 NM_001613 4.03±3.14 0.04 

DEAD(Asp-Glu-Ala-Asp)box polypeptide 3,Y-linked DDX3Y NM_004660 5.97±4.81 <103 

Peptidylprolyl isomerase C (cyclophilin C) PPIC NM_000943 4.23±3.31 0.04 

Protein kinase, cAMP-dependent, regulatory, type II, beta PRKAR2B NM_002736 4.21±3.44 0.04 

Caspase 6, apoptosis-related cysteine protease CASP6 NM_001226 8.33±3.67 <103 

Lactate dehydrogenase A LDHA NM_005566 5.31±3.38 0.02 

Isocitrate dehydrogenase 2 (NADP+), mitochondrial IDH2 NM_002168 4.31±0.53 0.04 

a) The mean and SEM of the fold-change in expression of each gene. 
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Figure 2  The apoptosis signaling pathway. Diagram showing the signaling pathways involved in the process of apoptosis, red indicates mitochon-

dria-related genes which are included in the pathway. 

Table 3  Top bio-functions of mitochondria-related genes identified in KBD cartilage vs. healthy cartilagea) 

Name Molecules P-value 

Cell death 33 1.08×106 

Cellular assembly and organization 16 7.04×106 

Cell morphology 16 2.02×107 

DNA replication, recombination, and repair 14 5.14×106 

Post-translational modification 6 5.10×107 

a) Molecules and P-value were calculated by IPA. 

Table 4  Top canonical pathways of mitochondria-related genes identified in KBD cartilage vs. healthy cartilagea) 

Pathway name P-value Gene Ratio 

Mitochondrial dysfunction 1.49×1015 15 8.7 

Oxidative phosphorylation 5.46×108 9 6.1 

Apoptosis signaling 5.68×106 6 6.4 

Pyruvate metabolism 3.50×106 6 4.6 

a) The ratio and P-value were calculated by IPA. The ratio denotes the proportion of mitochondria-related genes in the pathway. 

whereas those of TACC1, POSTN, and BMF were lower in 

KBD cartilage samples than in normal cartilage samples. 

3  Discussion 

In this paper, we present the first evidence showing that 

canonical pathways involved in oxidative phosphorylation, 

apoptosis signaling and pyruvate metabolism are related to 

the mitochondrial dysfunction observed in KBD, as well as 

evidence for the underlying mechanism of mitochondrial 

dysfunction in the cartilage of patients with KBD which 

was previously not clear-cut [6].  
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Figure 3  The results of quantitative RT-PCR. Histogram showing the 

expression ratio of the 6 selected genes, as measured by microarray (white 

bars, n=4) and quantitative RT-PCR (black bars, n=5). * indicates P<0.05,  

calculated by Student’s paired t-test. 

It has been well documented that mitochondria play a criti-

cal role in apoptosis [13]. In our study, apoptosis-related 

genes and their pathways (Table 4, Figure 2) were signifi-

cantly up-regulated in KBD, and 3 of the 9 differential-

ly-expressed genes identified were apoptosis-related, in-

cluding BAK1, APAF1 and CASP6. Upregulation of these 

genes in KBD may result in excessive chondrocyte apopto-

sis and abnormal expression of the apoptosis-related genes 

BCL-2, BAX, FAS and iNOS in articular cartilage [5]. 

BAK1 is also known as BAK in NCBI. BAK regulates the 

intrinsic apoptosis pathway by promoting apoptosis and 

binding to anti-apoptotic family members including BCL-2 

and BCL-XL [14,15].  

CASP6 encodes a protein which is a member of the cys-

teine-aspartic acid protease (caspase) family. Sequential 

activation of caspases plays a central role in the execu-

tion-phase of cell apoptosis. APAF1 is related to caspase 9 

and commits a cell to apoptosis [16,17]. Combining this 

evidence with that from our previous study [7] shed light on 

the role of mitochondria-related genes and their contribution 

to the mitochondria-mediated chondrocyte apoptosis under-

lying the pathogenesis of KBD. 

An interesting finding in this study is that mitochon-

dria-related genes and pathways were dependent on oxida-

tive damage and dysfunctions of energy metabolism in-

volved in the destruction of KBD chondrocytes, such as 

IDH2, ‘oxidative phosphorylation’ and ‘pyruvate metabo-

lism’. A marked increase in expression of IDH2 in KBD 

cartilage was observed compared with healthy cartilage. 

IDH2 plays a role in the metabolism of glutathione, which 

composes the important glutathione/glutathione disulfide 

anti-oxidant protecting system of the human body [18]. As a 

major component of the glutathione/glutathione disulfide 

anti-oxidant protection system, glutathione peroxidase1 

(GSH-Px1) is known to be associated with the risk of KBD 

[19]. The protective effect of GSH-Px1 largely depends on 

the presence of selenium, while low selenium is an im-

portant environmental risk factor for KBD. Therefore, the 

glutathione/glutathione disulfide anti-oxidant protection 

system plays a role in the pathogenesis of KBD.  

Transport of pyruvate into the mitochondria is necessary 

for the oxidative decarboxylation of pyruvate to acetyl-CoA, 

and is fundamental to glucose oxidation and ATP produc-

tion [20]. The oxidative phosphorylation (OXPHOS) system 

is composed of more than 85 proteins organized into five 

multisubunit, enzymatic protein complexes (I–V) and two 

electron carriers (cytochrome c, coenzyme Q). Complexes 

I–IV comprise the electron transport chain, which generates 

an electrochemical proton gradient across the mitochondrial 

inner membrane (∆ψm) [21]. KBD chondrocytes have been 

shown to have a lower ∆ψm: green fluorescence ratio than 

normal chondrocytes (0.75, 95%CI 0.710.79 vs. 9.7, 

95%CI 6.7112.69, P0.0001) by flow cytometry [6]. 

The most significant canonical pathways in mitochondri-

al dysfunction, which are those involved in alterations in 

mitochondrial function and in mitochondrial damage, have 

been linked to a variety of cellular and organismal respons-

es including apoptosis, neuromuscular disease, tumor path-

ogenesis, and aging [13,2224]. Dysfunctions in complexes 

II, III and IV of the OXPHOS system have been found in 

KBD chondrocytes [6].  

It is well known that mitochondria are important orga-

nelles contributing to energy metabolism, reactive oxygen 

species (ROS) production and apoptosis in the human body 

[25]. Mitochondria can produce ROS through the action of 

the mitochondrial electron transport chain (ETC), while 

ROS can lead to mitochondrial DNA (mtDNA) mutagenesis 

[26]. MtDNA damage and mutations lead to progressive 

respiratory chain dysfunction and increasing ROS produc-

tion as a consequence of mitochondrial dysfunction [27,28]. 

Mitochondrial dysfunction and subsequent abnormal energy 

metabolism and apoptosis might play an important role in 

the pathogenesis of KBD.  

In a summary, three canonical pathways involved in ox-

idative phosphorylation, apoptosis signaling and pyruvate 

metabolism were identified by the mitochondria-related 

gene expression profiles of KBD cartilage, which related to 

mitochondrial dysfunction in the pathogenesis of KBD. 

These results may help to elucidate the differences and sim-

ilarities of the molecular mechanism underlying the devel-

opment of cartilage damage in KBD and other osteoarthro-

ses. 
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