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Objectives: To investigate HIF-1α and VEGF expression under altered loading, and to 

explore the relationship between loading and hypoxia in the mandibular condylar cartilage 

of young rats. 

Setting and Sample Population: The sample comprised of eighty Sprague-Dawley rats. 

Material and Methods: The reduced loading group was fed soft food, and their incisors 

were cut to avoid occlusal contact. The increased loading group was fed hard food and had 

forced jaw-opening. Ten rats from each group (n=10) were sacrificed at 12, 24, 48, and 96 

hours after initiation of the experiment. Pimonidazole hydrochloride (Hypoxyprobe-1, HP-

1) was used as a hypoxia marker to confirm the hypoxic state. Hypoxic chondrocytes as 

indicated by HP-1, HIF-1α and VEGF protein expressions were recognized by 

immunohistochemical detection. HIF-1α and VEGF mRNA expressions were detected by 

semi-quantitative RT-PCR.  

Results: HP-1 was confined in the upper layers of cartilage, and was most strongly 

expressed in the weight-bearing area of TMJ at 12 and 96 hours. Staining of HIF-1α and 

VEGF was most strongly expressed in the chondrocytes of the fibrous and proliferative 

layer at all time points. Furthermore, expressions were also displayed in the hypertrophic 

and calcified layers at 48 and 96 hours. The expressions of HIF-1α and VEGF mRNA were 

higher in the increased loading group than in the reduced loading group at 48 and 96 hours 

(p<0. 05).  

Conclusion: Mechanical loading seems to directly induce weight-bearing area hypoxia 

followed by new vessel formation, which indicates that these factors are related and 

important for the development of cartilage. 
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Introduction 

Condylar cartilage is a primary part and an important growth site of the 

temporomandibular joint (TMJ).[1] Without direct blood supply, articular cartilage is 

avascular. [2] Thus, all nutrients, including oxygen and glucose, are diffused to the 

chondrocytes from surrounding sources. There are two possible routes for TMJ cartilage to 

obtain oxygen and other nutrients: diffusion of joint fluid from the articular surface, and 

transudation from the subchondral bone on the deep face. The possibility is that both co-

exist, but there is controversy about the relative importance of these two routes.[3,4] 

Loading is an important factor for TMJ, and appropriate loading can promote the 

metabolism of the chondrocytes, while excessive or reduced loading leads to degenerative 

processes in cartilage.[5] Numerous studies have been performed to examine the oxygen 

pathway and the effects of loading on TMJ cartilage separately. 

Hypoxia is known to be a common feature of solid tumors and has been regarded as a 

significant target of tumor therapy.[6] Various techniques are capable of measuring oxygen 

in tumor tissue, including needle electrode, imaging methods (PET, 

MRI), immunohistochemical method, and DNA strand break analysis.[7,8] The 

immunohistochemical method, which is widely used to detect hypoxia in patient biopsies, 

is basically based on antibody binding to bioreductive nitroimidazole compounds (e.g., 

pimonidazole, CCI-103F, and EF5).[9] These materials have been applied in normal tissue 

studies.[10,11]  

The aim here was to investigate HIF-1α and VEGF expression under altered loading, and 

explore the relationship between loading and hypoxia. We hypothesized that cartilage may 

acquire oxygen from the subchondral bone followed by angiogenesis under loading, and 
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that the increased loading group needs more oxygen than the reduced loading group.  

Material and Methods: 

Animal treatments 

A total of 80 Sprague-Dawley rats (obtained from the Experimental Animal Center of 

Guangxi Medical University and approved by the Research Ethics Boards) were randomly 

divided into two groups after weaning at 21 days of age. The reduced loading group (n=40) 

was fed soft (powder) food, and their incisors were shortened each day to avoid occlusal 

contact. The increased loading group (n=40) was fed hard (pellet) homogeneous food and 

had forced jaw-opening (10 mm) for an hour each day under anesthesia by chloral hydrate 

intraperitoneally (0.3 mg/100 g).  

To confirm the hypoxic state of TMJ cartilage, pimonidazole hydrochloride, known as 

Hypoxyrobe-1 (HP-1), was supplied (Natural Pharmacia International, Inc. Research 

Triangle Park, NC). Two hours before sacrifice, the rats were administered HP-1 at a dose 

of 60 mg/kg by intraperitoneal injection. Ten rats from each group (n=10) were sacrificed 

under deep anesthesia at 12, 24, 48 and 96 hours after initiation of the experiment. 

Immunohistochemical staining: 

The left TMJs were immediately fixed in 4% formalin for 24 hours, decalcified in 10% 

EDTA for 30 days, embedded in paraffin, and cut into 5 um sections in the sagittal direction. 

The three most central sections of each condyle were chosen after hematoxylin and eosin 

(HE) staining.  

The condylar cartilage was typically divided into fibrous, proliferative, hypertrophic, and 

calcified layers (Figure 1c). Furthermore, the condyle was divided into nine numbered 

sagittal segments (Figure 1a). [12] 
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The sections were deparaffinized and treated with 0.2 % H2O2 for 30 minutes at room 

temperature for peroxidase omission. Thereafter, the sections were incubated with primary 

antibodies at 4℃ overnight. The primary antibodies used were mouse monoclonal anti-

pimonidazole antibody (diluted 1:50 in PBS, 0.1% PBS; NPI Inc., USA), rabbit polyclonal 

anti-HIF-1α (diluted 1:100 in PBS, 0.1% PBS; Boster, China), and rabbit polyclonal anti-

VEGF (diluted 1:50 in PBS, 0.1% PBS; Bioss, China). Negative controls without the 

primary antibody were also prepared. Applied with secondary antibody, the sections were 

processed with diaminobenzidine (DAB) as the chromogen. Immunostained tissue sections 

were visualized by using a confocal microscope (Olympus FV 1000, Japan). 

Semi-quantitative RT-PCR 

    A two-step semi-quantitative RT-PCR method was used to measure gene expression in 

condylar cartilages. Total RNA of right condylar cartilages was extracted in accordance 

with the RNA extraction kit instructions and converted to cDNA by reverse transcriptase 

(TaKaRa, China). The primer sequences and optimal PCR annealing temperatures (ta) are 

listed in Table 1. 

    The PCR program for HIF-1α and VEGF started with a 95 °C denaturation for 2 min, 

followed by 30 cycles of 95°C for 45 s, and 55°C for 1 min, then 72°C for 1 min, and a 

final extension at 72°C for 15 min. The PCR samples were analyzed by gel electrophoresis 

using 2% agarose. The images were captured and analyzed with the ImagJ software (NIH, 

Bethesda, USA). Gene expression was defined as the ratio between the band intensity of 

each target gene and band intensity of β-actin. The experiments were repeated three times. 

Statistical Analysis 

The statistical analyses were performed by using the SPSS 13.0 software.  Analysis of 
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variance (ANOVA) was used to analyze the statistical significance. P-values less than 0.05 

were considered statistically significant.   

Results:                                        

HP-1 was confined in the upper layers of cartilage at all time points in both groups. In 

addition, it was mainly expressed in the anterior aspect of the condyle and posterior aspect 

of the articular eminence at 12 and 96 hours (1-2 area of Ⅰ-Ⅱ). At 24 and 48 hours, it was 

expressed in the fibrous, proliferative, and hypertrophic layers of cartilage in both groups. 

Since both groups showed the same location of staining, the increased loading group was 

presented in Figure 2. 

Staining of HIF-1α was most strongly expressed in the chondrocytes of the fibrous and 

proliferative layer of cartilage at all time points. HIF-1α staining was also expressed in the 

hypertrophic and calcified layers at 48 and 96 hours in both groups. Since both groups 

showed the same location of staining, the increased loading group was presented in 

Figure 3. RT-PCR analysis showed that HIF-1α mRNA was higher in the increased loading 

group than in the reduced loading group at 48 and 96 hours after initiation of the 

experiment (Figure 5a). 

Staining of VEGF was most strongly expressed in chondrocytes of the fibrous and 

proliferative layer of cartilage at all time points. VEGF staining was also expressed in the 

hypertrophic and calcified layers at 48 and 96 hours in both groups. Since both groups 

showed the same location of staining, the increased loading group was presented in 

Figure 4. The expression VEGF mRNA was lower in the increased loading group than in 

the reduced loading group at 24 hours. At 48 and 96 hours, VEGF mRNA was higher in the 

increased loading group compared to the reduced loading group (Figure 5b). 



7 

 

Discussion 

Earlier experiments have shown that immature articular cartilage may be nourished by 

both synovial fluid and subchondrol routes.[13] Because of the calcified barrier of 

subchondral bone, the view that mature cartilage gets its nutrients merely from the synovial 

fluid is favored by most investigators.[14,15] Oxygen tension, which has significant effects 

on metabolism of articular cartilage, ranges from 7% on the surface to less than 1% in the 

deep zone.[16,17] It is an accepted view that oxygen and other nutrients to the 

chondrocytes are mainly transported from the synovial fluid and assisted by cyclic loading 

(pumping). [18] Nevertheless, Arkill and Winlove have showed that calcified cartilage is 

permeable to small solutes even in mature tissue.[19] Our present results showed that the 

hypoxia marker HP-1 was expressed in the upper layers of the cartilage and was never seen 

in the calcified layer in both groups at all time points, which implies that articular cartilage 

is mainly nourished from direction of the deep zone by the subchondral bone in young rats 

under loading. The results of the present study support the possibility that hypoxia markers 

are useful in studies of TMJ cartilage physiology associated with oxygen tension. 

The TMJ is a load bearing joint and covered by fibrocartilage which is composed of four 

different layers: the fibrous, proliferative, hypertrophic, and calcified cartilage.[20] Stimuli 

induced by loading are essential to the development of TMJ cartilage.[21] It has been 

speculated that the cartilage obtains oxygen by the invasion of new vasculature, which 

promotes cartilage replacement by bone growth and remodeling.[22] During the 

angiogenesis period, special factors are required to be responsible for glucose metabolism, 

energy generation, as well as pH regulation.[23] One important factor is HIF-1α, which 

improves matrix synthesis and inhibits proliferation, but increases extracellular matrix 
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(ECM) production.[24] As a well-established HIF-1α target gene, VEGF is produced by 

hypertrophic chondrocytes and plays a central role in angiogenesis, neovascularization and 

endochondral bone formation.[25,26] Our experiment showed that HIF-1α and VEGF were 

most strongly expressed in the fibrous and proliferative layers at 12 and 24 hours, and also 

expressed in the hypertrophic and calcified layers at 48 and 96 hours. Hypertrophic 

chondrocytes are able to differentiate into chondrocytes, and they are required for condylar 

endochondral ossification. VEGF has been indicated to stimulate the proliferation and 

differentiation of chondrocyetes, and subsequently activate new blood vessel invasion into 

the hypertrophic layer.[27] Our results showed that HIF-1α and VEGF mRNA were higher 

in the increased loading group at 48 and 96 hours. Similarly, Jiang [22] et al. found out that 

VEGF expression increased in rat condylar cartilage more in the hard diet group than in the 

soft diet group. Pufe [28] et al. indicated that mechanical loading could induce VEGF 

expression in cartilage discs via HIF-1α. These findings support our hypothesis that 

cartilage acquires oxygen by angiogenesis under loading. Vascular invasion is needed to 

supply more oxygen and other nutrients, as indicated by the increased expression of HIF-1α 

and VEGF. This can explain the higher HIF-1α and VEGF expression in the hypertrophic 

and calcified layers in older animal groups. It is apparent that when the loading is heavier, 

more new vessels are needed. It has been shown that moderate loading is significant to 

maintain the integrity and development of TMJ, while overloading can induce conlylar 

cartilage degradation.[5]  

Rats are very sensitive to the altered loading during the period after weaning, but before 

and during the establishment of occlusion.[29] In the present study, VEGF mRNA was 

lower in the increased loading group than in the reduced loading group at 24 hours. A 
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previous study has shown that absence of the fibroblast growth factor receptor 3 (FGFR-3) 

leads to decreased expression of VEGF.[30] There might be a feedback control mechanism 

to avoid excessive growth by FGFR-3 which inhibits chondrocytes proliferation and 

differentiation.[31] Significant differences between increased and reduced loading groups 

were witnessed at 48 and 96 hours compared to 12 hours, which points to the fact that the 

mechanical loading signal pathway is stimulated in a time-dependent manner.[32]  

Although mechanical loading is a significant factor for condylar cartilage, the signal 

transduction mechanism remains elusive. [33] It is an interesting finding that the staining of 

HP-1 was primarily concentrated in the weight-bearing area of TMJ, i.e. the anterior aspect 

of the condyle and the posterior aspect of the articular eminence, at 12 and 96 hours. This 

phenomenon occurred in both groups and suggests that mechanical loading might directly 

induce weight-bearing area hypoxia, which may be a possible signal pathway of 

mechanical loading. However, it is yet unclear what is the linking factor between hypoxia 

and mechanical loading, and what is the specific mechanism behind the phenomenon. 

Apparently, further investigations are required to better understand this loading signal 

pathway.   

Conclusion: Mechanical loading seems to directly induce weight-bearing area hypoxia 

followed by new vessel formation, which indicates that these factors are related and 

important for the development of cartilage. 
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Figure 1. The central sagittal section by HE staining. 

a: The condylar was divided into nine sagittal segments (Ⅰ-Ⅲ sagittally and 1-3 vertically). Ⅰ: anterior 

aspect; Ⅱ: middle aspect; Ⅲ: posterior aspect; 1: fibrous layer; 2: proliferative layer; 3: hypertrophic 

and calcified layer. 

b：The central sagittal section of the condyle stained with HE. (×40) T: temporal condyle; D: articular 

disc; C: condyle 

c：Four layers of the cartilage were indicated. (×100) S: fibrous layer; P: proliferative layer; H: 

hypertrophic layer; C: calcified layer 
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Figure 2. The immunostaining of HP-1: HP-1 was confined in the upper layers of condylar cartilage. 

At 12 and 96 hours, the staining of HP-1 was most strongly expressed in the anterior aspect of the 

condyle and in the posterior aspect of the articular eminence (1-2 area of Ⅰ-Ⅱ, arrows). At 24 and 48 

hours, it was expressed in the fibrous, proliferative, and hypertrophic layers of cartilage in both groups. 

(×40) 
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Figure 3. The immunostaining of HIF-1α: At 12 and 24 hours, HIF-1α was most strongly expressed in 

the fibrous and proliferative chondrocytes of the condylar cartilage (arrows); HIF-1α was also expressed 

in the hypertrophic and calcified chondrocytes at 48 and 96 hours. (×100) 
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Figure 4. The immunostaining of VEGF: At 12 and 24 hours, VEGF was most strongly expressed in 

the fibrous and proliferative chondrocytes of the condylar cartilage (arrows); VEGF was expressed in all 

cartilage zones at 48 and 96 hours. (×100) 
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Figure 5. HIF-1α (a) and VEGF (b) mRNA expression in condylar cartilage shown as RT-PCR activity. 

At 48 and 96 hours, HIF-1α and VEGF mRNA were higher in the increased loading group than in the 

reduced loading group. At 24 hours, VEGF mRNA dropped in the increased loading group. A-D 

represent 12, 24, 48 and 96 hours of the reduced loading group. E-H represent 12, 24, 48 and 96 hours of 

the decreased loading group. Asterisks indicates a difference between the two groups at the same time 

point (* P<0. 05).  
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Table 1 PCR primer sequence, amplified product sizes and annealing temperature (ta) in condylar 

cartilage  

Primer Sequence (5'-3') Size (bp) Ta (°C) 

HIF-1α Forward 5'-CCTGGATGGCTTTGTTATGGTG-3' 

Reverse 5'- CGCTGCGTGTTTTGTTCTTTC-3' 

210 55 

VEGF Forward 5'- TTGAGACCCTGGTGGACATC -3'’ 

Reverse 5'- GGATCTTGGACAAACAAATGC -3' 

310 55 

β-actin Forward 5'- TATAACACCCAGCAGGCATCCA-3' 

Reverse 5'- GTGCTCAGTCCATTCCCGTTC-3' 

      150 60 

 


