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ABSTRACT 
The skeleton is composed of cartilage and bone which provide the functions such 

as support, protection, and movement in daily life. Articular cartilage tissue is 

composed of chondrocytes and extracellular matrix, where the chondrocytes only 

make up less than 10% of the total volume of cartilage. In healthy cartilage, the 

matrix is composed of collagens, especially type II collagen, proteoglycans, and 

noncollagenous proteins, and is filled with water because of the hydrophilic property 

of the framework. 

 Cartilage possesses limited ability to achieve spontaneous repair due to its 

dense extracellular matrix and lacking of blood vessels, lymphatics and innervation. 

When lesions occur in articular cartilage, there is no bleeding and thus no mechanism 

for the replacement of lost or damaged tissue. Neighboring chondrocytes may respond 

by local proliferation; however, because they are sequestered in the dense matrix, they 

do not migrate into the damaged region to fill the void. If injury extends through the 

chondral layer to the subchondral bone and underlying vasculature, a repair response 

can hence occur, but the newly formed cartilage will be gradually populated with type 

I collagen and degenerate to a fibrocartilaginous scar tissue after 6–8 months. 

     Circumstances that impair chondrocytes function hence disrupt the balance of 

synthesis and catabolism and lead to the development of osteoarthritis. In the 

progression, osteoarthritis eventually impairs the function of a whole joint, including 

the cartilage, the subchondral bone, the synovium and the periarticular connective and 

muscular tissues. The current treatment options are fairly limited which include only 

symptomatic treatment of limited efficacy with analgesics, non-steroidal 

anti-inflammatory agents or intra-articular administration of steroids or hyaluronic 

acid, and if the joint destruction can not be halted, the ultimate measure is joint 
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replacement.  

     Tissue engineering has been a feasible way to regenerate cartilage in vitro, 

which combines cells, scaffolds, and signals to mimic the original environment of 

tissues in vitro. In addition, there are some Chinese herbal medicines have been used 

to treat the degeneration of the cartilage for thousands of years, but the precise 

mechanism of their potent chondrogenesis effects have not been fully elucidated. 

Therefore, in this study, we investigated the involved mechanism of two single 

chemical compounds: aucubin and betulin which were separately extracted from 

Plantago asiatic and Ampelopsis brevipedunculata (Maxim.) Trautv. by focusing on 

their proliferation and antioxidant activity. 

The experiment was divided into two parts. One was two-dimensional 

chondrocytes culture; the other was three-dimensional scaffold culture. After treating 

two-dimensional chondrocytes or three-dimensional seeded chondrocytes with 

optimal concentration of single chemical compounds, the proliferation and matrix 

productivity of them were evaluated by real-time reverse-transcriptase polymerase 

chain reaction, ELISA assays, and immuno-histochemical staining. The important role 

in scavenging free radicals by those extracted chemical compounds was detected by 

the chemiluminescence method. 

     The results showed that, in two-dimensional chondrocytes culture, both aucubin 

and betulin could effectively promote the mRNA expression of ECM and inhibit the 

mRNA expression related with ECM degradation at appropriate concentration, and 

the ability of O2
•⎯ scavenging made aucubin and betulin as protectants of 

chondrocytes, which would stimulate chondrocyte proliferation and maintain the basic 

chondrocyte activities. In three-dimensional scaffold culture environment, betulin can 

significantly stimulate chondrocyte proliferation and maintain the basic chondrocyte 

activities until four-week cultivation, which suggested that in the future application 
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the in vitro three-dimensional cultivation of chondrocyte-scaffold hybrids should be 

maintained more than four weeks, and of course the addition of 0.32μg/ml of betulin 

into the cultured environment possessed positive effects toward chondrocytes and the 

whole cartilage-mimic tissue. 

 

Keywords: Chinese herbal medicine, Cartilage, Tissue Engineering, Real-time 

RT-PCR, ROS, Aucubin, Betulin 
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中文摘要 

人類的骨骼是由硬骨和軟骨構成的器官，具有支持、保護和運動的功能。軟

骨是由僅佔總體積百分之五的軟骨細胞和其所分泌的大量細胞外基質組成，在健

康的軟骨內，其細胞外基質主要為第二型膠原蛋白和多醣類，由於它們攜帶大量

的負電性，使水分子及正電離子易受吸引而聚集到軟骨中，因而使軟骨在受到壓

力時，能具有吸收震動力而達緩衝的效果。 

 

    然而受到破壞的軟骨其自我修復的能力很有限，除了因為軟骨中沒有血管或

神經的分布，使得受傷的部位沒有血流侵入而攜帶發炎因子，因而無法啟動修復

機制；另外在軟骨中的軟骨細胞數量本來就很有限，即使受傷部位鄰近的細胞可

以進行細胞分裂，但卻因數量過少且加上黏滯的細胞基質阻礙了細胞的遷移；而

當受傷侵入軟骨下方的硬骨時，受到破壞的硬骨內的血流便有機會侵入軟骨而啟

動修復，但此時新生成的軟骨組織，只具有分泌第一型膠原蛋白細胞外基質的能

力，而這種第一型膠原蛋白的機械特性和強度與原本第二型膠原蛋白相差甚大，

最終也將被逐漸降解而喪失軟骨的功能。 

 

    於是受到創傷而無法自我修復的軟骨會漸漸影響到整個關節，轉變為退化性

骨關節炎。目前臨床上的藥物療法皆著重在止痛而無法有根治之效，最常用的藥

物有普拿疼、第二型環氧脢抑制劑、非類固醇類抗發炎藥物、關節內注射透明質

酸、關節內注射類固醇，然而這些只治標不治本的療法，最終只能藉由置換人工

替代膝關節來取代壞損的關節。 

 

利用組織工程在體外培養軟骨組織近年來已成為修補受損關節軟骨的途徑

之一，組織工程利用組織工程的三要素:細胞、生物材料骨架及訊號的刺激，模

擬組織在體內的狀態，以期在體外復育仿生組織。此研究從具有促進軟骨再生之
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效的傳統中草藥複方中，萃取出主要來自於車前子及山葡萄兩種藥材中的兩種主

要有效單一化學成分，並以適當濃度添加到二維及三維支架的軟骨組織培養系統

中，而後利用同步定量聚合酵素鏈鎖反應、細胞總 DNA、細胞外基質葡萄胺聚

醣濃度、及免疫螢光染色確定細胞增殖情形；並利用化學發光技術配合適當的探

針，偵測軟骨細胞中自由基的產生量及其抗氧化的能力。 

 

實驗結果發現，二維單層軟骨細胞的培養中，利用適當濃度的車前子或山葡

萄有效單一化學成分之添加，軟骨細胞能夠增加其細胞外基質相關的基因表現，

並能抑制與細胞外基質降解相關之蛋白質的基因表現；也由二維系統初步發現，

由山葡萄萃取之有效單一化學成分相較於由車前子萃取之有效單一化學成分，更

具活性氧之清除能力，因而使得軟骨細胞的整體活性在山葡萄萃取物之添加組更

為提升。在三維軟骨組織工程的培養中，經過兩週以上培養的軟骨細胞明顯地增

加細胞活性及複製能力，其細胞外基質相關的基因表現也明顯的上昇，而與細胞

外基質降解相關的基因被受到抑制；值得注意的是，經過四週以上培養的軟骨細

胞，其細胞整體活性相較於一週及兩週更為佳，或許建議在未來之臨床應用也宜

取經過四週培養之軟骨組織工程物為較佳。 

 

關鍵詞：中草藥、軟骨、組織工程、定量聚合酵素鏈鎖反應、自由基、抗氧化 
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CHAPTER 1                            

INTRODUCTION 

1-1 Cartilage Biology 

1-1.1 Definition and Composition of Cartilage 

     Cartilage is an avascular, aneural and alymphatic connective tissue which 

belongs to the skeleton organ and covers the end of each bone of any joint (Figure 1) 

[1, 2]. This white-colored tissue has an elastic consistency to absorb mechanical shock 

and provides an extremely smooth bearing surface to facilitate daily motion between 

the bones [3], thereby preventing biomechanical damage caused by severe loading 

and protecting the underlying bones from mechanical stresses of normal joint use [4].  

 

 
Figure 1 Cartilage covers each end of the bones of any joint [5]. 

 

     In general, cartilage is composed of chondrocytes and extracellular matrix 

(ECM) [5]. The phenotypic cells, chondrocytes, are small cells with one oval-shaped 

nucleus and one to two nucleoli which only make up less than 10% of the total 

volume of cartilage and do not contribute to the mechanical properties of cartilage [6]. 

Chondrocytes attach themselves to the framework of ECM which they synthesize, but 
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do not form contacts with each other [7]. Because chondrocytes are derived from the 

same cell lineage as fibroblasts, chondrocytes are similar to fibroblasts [8]. 

     The matrix is composed of a framework of macromolecules and is filled with 

water (Figure 2) [9]. The structural macromolecules are collagens, proteoglycans, and 

noncollagenous proteins which make up 30% to 40% of the wet weight of cartilage 

matrix [10]. Collagens form a tight collagen fiber network which contains highly 

hydrophilic gel of aggregated proteoglycans and other noncollagenous proteins in it 

and hence provide the tensile strength for cartilage [11]. And because of the 

hydrophilic property of this framework, the entrapped water and ions make up the 

remaining 60% to 70% of the wet weight of cartilage matrix [12]. In the cartilage 

tissue dry weight, collagens account for 50% to 60%, proteoglycans contribute 30% to 

35%, and noncollagenous proteins are about 15% to 20% [13]. From the identification 

of electron microscopy, type II collagen consists 90% to 95% of total cartilage 

collagen, and the remaining percentage are lesser amounts of collagen types VI, IX, X 

and XI [14]. Type IX and type XI collagen have been reported to possess important 

roles in organizing and stabilizing the network of type II collagen [15]. 

 

 
Figure 2 Cartilage is composed of chondrocytes and extracellular matrix. 
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     Proteoglycans are composed of a protein core filament and one or more long 

glycosaminoglycan chains [16], which are unbranched polysaccharide chains of 

repeating disaccharides (Figure 3) [16, 17]. In each repeating disaccharide of 

glycosaminoglycan, one or more negative charges exist and hence attract positively 

charged ions or water molecules [18, 19]. Glycosaminoglycans that connect to 

proteoglycan core proteins include chondroitin sulfate, keratin sulfate, and dermatan 

sulfate [20]. When proteoglycans aggregate through the noncovalent interactions 

between hyaluronan filaments and link proteins, the resulting proteoglycan aggregate 

stabilizes these large macromolecules within the matrix (Figure 3) [21]. 

 

Figure 3 Diagram of proteoglycan aggregate. 

 

     The noncollagenous proteins in cartilage have not been extensively studied but 

seem to have some effects in organizing the matrix and maintaining the relationships 

between chondrocytes and the macromolecules of the matrix [11]. 
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1-1.2 Types of Cartilage 

     There are three basic types of cartilage: articular cartilage, fibrous cartilage, and 

elastic cartilage [22]. Articular cartilage, also called hyaline cartilage, is the most 

common type among the three types of cartilage. It exists in articular surfaces of the 

joints, trachea tube rings, larynx, rib, costae, and the tip of the nose [23]. 

Perichondrium covers articular cartilage and provides nutrients to chondrocytes 

through the blood vessels in it [24]. Chondrocytes are entrapped in the lacunae 

structure [25]. The matrix of articular cartilage is smooth and basophilic, and the 

framework of macromolecules is mainly type II collagen [14]. 

     Fibrous cartilage never occurs alone and exists in locations where high stress 

occurs such as the intervertebral disks, in front of the pelvic girdle between the pubic 

bones, and the glenoid cavity in the shoulder joint [26, 27]. It closely adheres to either 

articular cartilage or dense connective tissue. In fibrous cartilage, perichondrium is 

often absent. The chondrocytes are less in number and often widely separated, but are 

still enfolded in lacunae. The matrix of fibrous cartilage is mainly type I collagen [28, 

29]. 

Elastic cartilage exists in the places where the maintenance of specific shapes is 

important, such as auricular, epiglottis, and the walls of the eustachian tube [30]. 

Chondrocytes in elastic cartilage are more tightly arranged than in articular cartilage. 

And because the percentage of the matrix in elastic cartilage is higher than in articular 

cartilage, elastic cartilage can be easily deformed and spring back into the original 

shape. The major component of matrix macromolecules is elastin [31].  
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1-1.3 Homeostasis of Cartilage 

     Although there is only one type of cell in cartilage, like other tissues, cartilage 

still needs to keep its homeostasis [32]. Therefore, chondrocytes continually 

synthesize, combine and degrade ECM proteins to maintain the biochemical 

composition among cells, and in some manner are influenced and regulated by the 

mechanical and biochemical signs of ECM which they secrets [33]. This concept, in 

which chondrocytes maintain the balance and turnover between ECM and themselves, 

has been called dynamic reciprocity [34]. 

     Under normal physiological condition, the proteins relates to ECM express 

continuously at constant level. Type II collagen is the most abundant protein in 

cartilage and constitute the basic framework of ECM. In addition to type II collagen, 

the fibril network of healthy cartilage also contains type IX and type XI collagen, and 

there are still small amounts of other types of collagen such as type III, VI, XII, and 

XIV collagen found in cartilage[35]. Type II and type VI collagens are demonstrated 

to possess the RGD sequences, which suggest the role in facilitating cell attachment 

[36]. However, when normal articular cartilage is somehow worn away, the wound 

healing process of cartilage prefers to deposit type I collagen rather than type II 

collagen in the newly formed ECM, which makes the articular cartilage become 

fibrous cartilage [37]. Contrary to type I and type II collagen which are synthesized 

by chondrocytes, type X collagen is synthesized by hypertrophic chondrocytes which 

play an important role in endochondral ossification [38]. Hypertrophic chondrocytes 

direct the mineralization of their surrounding ECM, lead adjacent perichondrial cells 

to become osteoblasts, and finally undergo apoptotic cell death [39]. 

The balance in the expression of matrix metalloproteinases (MMPs) and their 

inhibitors, tissue inhibitors of metalloproteinases (TIMPs), is another important factor 

for cartilage homeostasis [40]. Matrix metalloproteinases are a family of 
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zinc-dependent endopeptidases that possess the ability to degrade and remodel ECM 

[41]. There are 22 human MMPs and can be roughly divided into several groups: 

collagenase such as MMP-1, MMP-8, and MMP-13, gelatinase such as MMP-2 and 

MMP-9, and membrane-type MMPs (MT-MMPs) such as MMP-14, 15, 16, 17, 24, 

and 25 [41, 42]. TIMPs inhibit MMPs in a noncovalent and reversible manner and can 

also positively regulate MMPs [41]. There are four types of TIMPs have been 

identified: TIMP-1, 2, 3, and 4, and each TIMP differs in its ability to inhibit or 

module different MMPs (Table 1) [41, 43]. TIMP-1 inhibits MMP-1 and MMP-3, 

while TIMP-2 and TIMP-3 inhibit MT1-MMP. 

MMP-2, also known as gelatinase-A, is widely expressed in many noninflamed 

healthy connective tissues [44]. It is activated at the cell surface level to remodel the 

ECM and the basement membrane substrates such as laminin and fibronectin and 

hence modulate the migration and adhesion of cells. The activition of MMP-2 is 

tightly regulated by the expression of MT1-MMP (MMP-14) and TIMP-2 [45].  
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Table 1 Inhibition profile of TIMPs. (＋) means the MMP is inhibited by the TIMP 

(Modified from the reference [41]). 

Type of MMP TIMP-1 TIMP-2 TIMP-3 TIMP-4 
MMP-1 ＋ ＋ ＋ ＋ 
MMP-2 ＋ ＋ ＋ ＋ 
MMP-3 ＋ ＋ ＋ ＋ 
MMP-7 ＋ ＋ ＋ ＋ 
MMP-8 ＋ ＋   
MMP-9 ＋ ＋ ＋ ＋ 
MMP-10 ＋ ＋   
MMP-11 ＋    
MMP-12 ＋    
MMP-13 ＋ ＋ ＋  
MMP-14  ＋ ＋  
MMP-15  ＋ ＋  
MMP-16 ＋ ＋   
MMP-17     
MMP-19     
MMP-20     
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1-2 Natural Limitations of Cartilage 

1-2.1 Low Oxygen Tension on Cartilage Metabolism 

Articular cartilage is a tissue without vascular invasion, so its nutrition and 

oxygen are mainly supplied by diffusion from the synovial fluid [46, 47]. Therefore, 

O2 tension in cartilage in vivo is only about 1% to 8% which is dramatically lower 

than in normal tissues where O2 tension is about 21% [48], and chondrocytes are 

hence adapted to working as anaerobic working cells [49]. The low O2 consumption in 

cartilage is because of the Crabtree effect, where the increased glucose concentrations 

inhibit the cellular respiration and limit the O2 consumption [50].  

The natural low O2 tension in cartilage not only influences the homeostasis of 

ECM components but also stabilizes the phenotype of chondrocytes [51-56]. Under 

hypoxia environment, chondrocytes increase the synthesis of type II collagen and 

glycosaminoglycans and decrease the synthesis of type I collagen [51-54]. Moreover, 

MMP-9 mRNA is decreased by interleukin-1β (IL-1β), a catabolic cytokine, in low 

O2 tension environment [57]. 
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1-2.2 Limited Cartilage Repair Response  

Because the cartilage naturally lacks of the vascularity, it is in the very limited 

capacity of self-repair [4]. In most tissues, injury is associated with a rupture of blood 

vessels, an influx of cells and bioactive peptides from the blood, and the formation of 

a hematoma [58]. Undifferentiated mesenchymal progenitor cells migrate into the 

lesion, differentiate into the local cellular phenotype and synthesize repair tissue. 

When lesions occur that are limited to the articular cartilage in adults, there is no 

bleeding and thus no mechanism for the replacement of lost or damaged tissue [59].  

Neighboring chondrocytes may respond by local proliferation; however, because 

they are sequestered in the dense matrix, they do not migrate into the damaged region 

to fill the void. As such, focal lesions that are limited to the chondral layer usually 

remain for life. These can often expand with time and use, and lead to the more 

generalized cartilage loss associated with osteoarthritis (OA) [59, 60]. 

A repair response can occur when injury extends through the chondral layer to 

the subchondral bone and underlying vasculature. Local bleeding and fibrin clot 

formation causes an infiltration of bone marrow-derived cells which synthesize 

space-filling repair tissue. This may initially heal to resemble hyaline cartilage after 

6–8 months, but in the longer term becomes increasingly populated with type I 

collagen, degenerating to a fibrocartilaginous scar tissue that does not have the 

appropriate physical and mechanical properties, and ultimately fails [61, 62]. 
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1-3 Cartilage Pathology 

Osteoarthritis (OA) is the most common disease of joints which affects millions 

of people all over the world [63]. It can occur in any joint but is most common in 

joints of the knee, shoulder, hand, spine, hip, and foot [4]. The development of OA 

starts in the cartilage degeneration, where the balance of anabolism and catabolism in 

cartilage is progressively disrupted by suppression in anabolic genes expression or 

increase in catabolic genes expression [4, 46, 64]. In this progression, OA eventually 

impairs the function of a whole joint, including the cartilage, the subchondral bone, 

the synovium and the periarticular connective and muscular tissues.  

As we noted, cartilage continually maintains its homeostasis. Circumstances that 

impair chondrocytes function can disrupt the balance of synthesis and catabolism in 

favor of cartilage degradation, which over time can lead to OA [59].  

The development of osteoarthritis begins at the degenerative processes in 

cartilage. Interleukin-converting enzyme (ICE) converts IL-1β to its active form and, 

therefore, activated IL-1β induces the expression of matrix proteases, which degrade 

the matrix components (Figure 4). The homeostasis in cartilage starts to be destroyed 

which contributes to the risk for cartilage degeneration by decreasing the ability of 

chondrocytes to maintain and repair the articular cartilage tissue [65]. The mitotic and 

synthetic activity of chondrocytes decline with advancing donor age [66]. In addition, 

human chondrocytes become less responsive to anabolic mechanical stimuli with 

ageing and exhibit an age-related decline in response to growth factors such as the 

anabolic cytokine insulin-like growth factor-I [66]. These findings provide evidence 

supporting the concept that chondrocytes senescence may be involved in the 

progression of cartilage degeneration. 
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Figure 4 Degenerative processes in osteoarthritis cartilage [4]. 

 

Metalloproteinases and ROS are the two main actors of matrix component 

degradation. They have been found to be overproduced in OA cartilage and synovium. 

ROS may directly oxidize nucleic acids, transcriptional factors, membrane 

phospholipids, intracellular and extracellular components leading to impaired 

biological activity, cell death and matrix components breakdown [67-69]. From the 

different in vitro and animal studies, Y. Henrotin et al. concluded that in pathological 

circumstances, ROS contribute to cartilage degradation by directly degrading matrix 

components, by sustaining the activity of catabolic cytokines and by reducing 

cartilage repair capacities. Altogether, these observations support the concept of 

antioxidant therapy in rheumatic diseases and it might also decrease the progression 

of OA [70]. 

In severe osteoarthritis, the pathological changes result in radiological changes, 

such as loss of joint space, subchondral bone sclerosis and presence of osteophytes 

(bony spurs mostly located at the joint margins) (Figure 5) [4, 60]. These changes can 

result in joint symptoms such as pain, stiffness and loss of function. The symptoms 
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vary with time and between joint sites and individuals. The main risk factors for OA 

are age, obesity and any form of joint trauma. In some families, OA seems to be 

inherited [60]. 

 

 

Figure 5 Articular structures that are affected in osteoarthritis. a, Normal cartilage is 

without any fissures, no signs of synovial inflammation. b, Early focal degenerate 

lesion and ‘fibrillated’ cartilage, as well as remodelling of bone, is observed in 

osteoarthritis. This can lead to bony outgrowth and subchondral sclerosis [4]. 
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1-4 Current Strategies for Cartilage Treatment 

1-4.1 Inadequate Pharmacological Options  

The specialized architecture and limited repair capacity of articular cartilage 

coupled with the high physical demands on this tissue make it exceedingly difficult to 

treat medically. The current treatment options as issued in the guidelines from the 

American College of Rheumatology are fairly limited (Figure 6) [71, 72]. In addition 

to non-pharmaceutical measures such as weight loss and physical exercise they 

include only symptomatic treatment of limited efficacy with analgesics, non-steroidal 

anti-inflammatory agents or intra-articular administration of steroids or hyaluronic 

acid. Because no drugs exist that prevent or halt osteoarthritis joint destruction, the 

ultimate measure is joint replacement. 

 

 

Figure 6 Current osteoarthritis treatment options. Abbreviations: GI, gastrointestinal; 

COX2, cyclooxygenase 2; NSAID, non-steroidal anti-inflammatory drug [4]. 
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Chronic pain in osteoarthritis patients causes primarily on the activation of 

sensory neurons that innervate the affected joint. With the exception of cartilage, all 

joint tissues, including subchondral bone and synovium, are densely supplied by 

small-diameter nociceptive neurons (Figure 7) [4, 71]. Tissues, including subchondral 

bone and synovium, are densely supplied by small-diameter nociceptive neurons. 

Potential targets for osteoarthritis is to interfere the nociception and possible 

pathways. Inhibiting the production of the inflammatory cytokine IL-1β or blocking 

its receptors or interrupting its subsequent intracellular signalling through nuclear 

factor-κB (NF-κB) and the blockade of bradykinin receptors are more recent 

approaches to developing symptom-modifying drugs with greater efficacy than 

non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit the formation of the pain 

mediator prostaglandin E2 (Figure 7) [4]. 

 

 
Figure 7 Targets for the development of disease- and symptom-modifying drugs for 

osteoarthritis. Nociception and possible ways are targets to be interfered by pain relief 

drugs [4].  
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1-4.2 Novel Gene-based Approach for Cartilage Repair 

Existing pharmacologic, surgical and cell based treatments may offer temporary 

relief but are incapable of restoring damaged cartilage to its normal phenotype. Gene 

transfer provides the capability to achieve sustained, localized presentation of 

bioactive proteins or gene products to sites of tissue damage (Figure 8).  

 

 

Figure 8 The central dogma of gene expressional molecular biology: Transcription of 

DNA to RNA and translation of RNA to protein. 

 

A variety of cDNAs have been cloned which may be used to stimulate biological 

processes that improve cartilage healing. They are anabolic growth factors such as 

transforming growth factor (TGF-β superfamily), several of the bone morphogenetic 

proteins (BMPs), insulin-like growth factor (IGF), fibroblast growth factors (FGFs), 

and epidermal growth factor (EGF). Transcription factors such as Sox-9, L-Sox 5 and 
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Sox-6 that promote chondrogenesis or the maintenance of the chondrocyte phenotype 

present another class of biologics that may be useful. Signal transduction molecules, 

such as SMADs are also known to be important in chondrocyte differentiation. 

Because these regulatory molecules function intracellularly and cannot be delivered to 

cells in soluble form, gene transfer is perhaps the only way to which they might be 

directly applied for medical use [73, 74]. 

The challenge to gene-based treatment strategies is to devise methods that 

incorporate the correct gene or gene combination with the appropriate vector, 

delivered to specific target cells within the proper biological context to achieve a 

meaningful therapeutic response. Toward the treatment and repair of damaged 

articular cartilage, the three primary candidate cell types to target for genetic 

modification are synovial lining cells, chondrocytes and mesenchymal stem cells 

(MSCs) (Figure 9) [59]. 

 

 

Figure 9 The key concept of gene-based cartilage repair. It provides a way to convert 

specific target cells into factories capable of sustained protein production.  
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1-5 Cartilage Tissue Engineering 

Compared with the former two strategies for cartilage repair, the cell-based 

cartilage tissue engineering seems a better way to repair the cartilage for several 

reasons. One of them is that strategies for engineering cartilage tissues are mainly 

focused on the restoration of pathologically altered structures, which were based on 

the transplantation of the so-called tissue engineering triad: cells in combination with 

supportive matrix and biomolecules [73, 75]. Since this approach comprises the 

interactive tissue engineering triad of responsive cells, a supportive matrix template, 

bioactive molecules promoting differentiation, it can mimic and further regenerate the 

tissue structure (Figure 10) [76]. Moreover, the cell source can origin from autologous 

cells or stem cells, and the cell number can be further augmented in vitro environment. 

Furthermore, there are already lots of biodegradable materials can be used clinically. 

The detailed descriptions are in following paragraphs. 

 

 
Figure 10 Tissue engineering triad and its characteristic. 
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1-5.1 Cell 

The cell is the first important component of the tissue engineering triad. Just as 

mentioned, cells can be obtained from autologous cells or stem cells. Although the 

cell used in cartilage tissue engineering triad can be directly obtained from patients, 

chondrocytes are difficult to isolate in humans, and they are also replicate in a slow 

rate and are prone to phenotypic dedifferentiation in vitro culture [77]. This can be 

further affected by donor age and health status [78]. In view of this, tissue engineering 

based on adult stem cells (ASCs) for tissue engineering cartilage is highly considered 

recently. Stem cells are highly replicative cells that have multilineage differentiation 

capacity (Figure 11). ASCs are less tumorogenic than their embryonic stem cells and 

are accessible from many tissues including bone, deciduous teeth, adipose tissue, 

umbilical cord blood, synovium, brain, blood vessels and blood [79-81]. To date, 

mesenchymal stem cells can not only derive from the bone marrow, but can also 

obtain from adipose tissue, muscle, skin and synovium. They are capable of 

self-renewal and can differentiate into several different phenotypes including bone, 

cartilage, adipocytes, and haematopoiesis supporting stroma [74, 82].  

 

 
Figure 11 Definition of the stem cells [79]. 
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1-5.2 Biomaterial Scaffold 

A critical requirement of cartilage tissue engineering is the design of specific 

biomaterials and scaffold structures. Biomaterial scaffolds control three-dimensional 

shape, guide tissue development and permit the convenient delivery of cells into 

patients [83]. For cartilage and intervertebral disc engineering, a suitable biomaterial 

should provide or support initial mechanical stability, even cell distribution and good 

tissue biocompatibility [84].  

Increasing evidence suggests that three-dimensional cell cultures provide the 

advantage of anchorage-independent cell growth, maintaining the differentiated 

phenotype that allows the synthesis of cell-specific pericellular or intercellular matrix. 

Furthermore, the macromolecular assembly of newly synthesized collagens and 

proteoglycans is critical for tissue engineering, as initially laden matrix serves as a 

template for subsequent matrix deposition and architecture. The polymers such as 

collagen, chondroitin sulfate, hyaluronate, fibrin, agarose, alginate and chitosan are 

often used in tissue engineering applications (Figure 12) [83]. Inclusion of chondroitin 

sulfate in scaffold may promote the secretion of proteoglycan and type II collagen 

[85], and using of hyaluronic acid can facilitates the integration of cells to the 

engineered cartilage [86]. 
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Figure 12 Tissue engineering triad of tissue engineered cartilage. 

 

1-5.3 Chondrogenesis Signals 

     A multi-factors network of metabolic pathways governs chondrogenesis (Figure 

12) [60]. TGF-β, BMPs, and the sonic hedgehog gene (members of TGF-β 

superfamily) were found to enhance chondrogenesis. Insulin-like growth factor was 

shown to have a synergistic effect with a member of the TGF-β family in promoting 

progenitor cell chondrogenesis. FGF-2 also has a role in chondrogenesis, inducing 

MSC proliferation and promoting retention of multilineage differentiation capacity 

[60]. 
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CHAPTER 2                            

THEORETICAL BASIS 

2-1 Reactive Oxygen Species in Cartilage 

2-1.1 Introduction of Reactive Oxygen Species 

     Reactive oxygen species (ROS) are a group of oxygen-containing and highly 

reactive species which are partially reduced from molecular oxygen, including 

molecules such as hydrogen peroxide (H2O2), radicals such as hydroxyl radical (•OH), 

ions such as hypochlorite ion (OCl⎯), and both an ion and a radical such as superoxide 

anion (O2
•⎯) [46, 87]. Under normal physiological conditions, the formation of ROS is 

a natural consequence of cellular metabolism, where about 1% to 3% of oxygen 

uptook by the body is reduced into ROS [88, 89]. The major source of ROS exists in 

the mitochondrial aerobic respiratory electron transport chain (ETC). Among four 

multi-protein complexes of ETC, Complex I, II, and III were believed to produced 

superoxide anion byproduct by leaking electrons to oxygen (Figure 13) [90, 91]. 

 

Figure 13 Generation of superoxide anion in the mitochondrial respiratory electron 

transport chain (ETC). (Modified from reference [91]) 
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     After reducing oxygen by one electron, the produced superoxide anion (O2
•⎯) 

can serve as the precursor of most other ROS. For example, superoxide anion can 

undergo dismutation to become hydrogen peroxide (H2O2), which can be further 

partially reduced to one of the strongest oxidants, hydroxyl radical (•OH) [92]. 

Furthermore, superoxide anion may also react with other radicals to produce new 

oxidants, such as peroxynitrite, an oxidant produced by the reaction of superoxide 

anion and nitric oxide (•NO) [93]. In addition to generating ROS by mitochondrial 

respiratory system, microsomal cytochrome P450 enzymes, flavoprotein oxidases, 

and peroxisomal enzymes involved in fatty acid metabolism also serve as the 

intracellular sources of ROS [88, 94]. 

According to current research, the biological functions of ROS constitute a 

paradox. They are not only involved in signal transduction and homeostasis of tissue 

turnover but also involved in cell death and cellular degradation (Figure 14) [67, 95]. 

Under normal physiological conditions, the toxic effects of ROS are prevented by 

various cellular anti-oxidant systems, which mean that the production of ROS and the 

scavenging of ROS by antioxidants are in balance. Therefore, the resulting low 

concentration of ROS within cells act as intracellular second messenger molecules 

which regulate the expression of a number of genes, such as ECM components, 

MMPs, and cytokines [96, 97]. However, in several pathological circumstances, the 

ROS are somehow over-produced and the antioxidants defenses become insufficient, 

which lead to destroy the balance between intracellular and extracellular redox state 

[67, 98]. The resulting so-called “oxidative stress” is an abnormal catabolic state 

which can induce structural or functional changes in cells and tissues by oxidizing 

polyunsaturated fatty acids to increase membrane fluidity and permeability, oxidizing 

guanine to 8-hydroxyguanine to cause DNA damage, and oxidizing amino acids such 

as proline, arginine, and cysteine to make protein dysfunction [46, 99-101].  
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Figure 14 The biological functions of ROS constitute a paradox. 
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2-1.2 Reactive Oxygen Species Formation in Cartilage 

The often produced ROS in chondrocytes are superoxide anion (O2
•⎯) and nitric 

oxide (•NO), which can further generate derivative radicals such as ONOO⎯ and H2O2 

(Figure 15) [102, 103]. Although O2
•⎯ in vivo can be enzymatically or 

nonenzymatically produced, in cartilage, O2
•⎯ is produced by the nicotinamide 

dinucleotide phosphate (NADPH) oxidase, which is a complex enzyme system 

consisting two membrane bound peptides: one is a two-peptide formed 

flavocytochrome, the other is a regulatory peptide called (Rap1A) [104]. 

Similarly, •NO in cartilage is also produced by an enzyme system, called NO synthase 

(NOS) [105]. Among three isoforms of NOS, chondrocytes express endothelial NOS 

(eNOS) and inducible NOS (iNOS) to generate nitric oxide [106]. On the other hand, 

in an in vitro environment, it was reported that O2
•⎯ may be generated by tumor 

necrosis factor-α (TNF-α) stimulation or by cyclic stretch [107], and •NO generation 

may be stimulated by IL-1β, TNF-α, shear stress, or mechanical compression. 

 

 

Figure 15 Schematic representation of the often produced ROS in chondrocytes. 

(Modified from references [46] and [67] ) 
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2-1.3 Antioxidant Systems in Cartilage 

In order to prevent the toxic effects of ROS, chondrocytes possess various 

anti-oxidant defensive systems to scavenge the over-produced ROS, which include 

superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and 

peroxiredoxins (PRDX) (Figure 16) [108-111]. SODs are metalloproteins which 

possess metals in their reactive centers [112]. In chondrocytes, cytosolic Cu/Zn SOD 

and mitochondrial Mn SOD are constitutively expressed to catalyze two superoxide 

anions into one hydrogen peroxide and one molecular oxygen [113]. Because O2
•⎯ is 

the most frequent and abundant ROS produced by normal cellular metabolism, the 

breakdown of O2
•⎯ becomes the first defense mechanism against ROS [112]. However, 

the resulting hydrogen peroxide is also another kind of ROS and its accumulation is 

regarded as an oxidative stress as well. Therefore, catalase and glutathione peroxidase 

coexist and are functioned as scavengers of H2O2 [113, 114]. Besides this, 

peroxiredoxins, a newly found peroxidase family which possesses six isoforms in 

mammals, expresses type V isoform and eliminates H2O2 in cartilage [111].  

 

Figure 16 Schema of the antioxidant systems. (Modified from reference [91, 115]) 
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2-1.4 Reactive Oxygen Species on Cartilage Matrix Degradation 

     In pathological conditions, such as OA, reactive oxygen species have been 

described as an important factor on cartilage matrix degradation because they can 

cause cellular or organic changes by either directly oxidizing the amino acids of 

collagen and proteoglycan molecules or by modifying the expression of anabolic and 

catabolic related enzymes [46, 99-101, 116]. From several in vitro experiments, it 

have been reported that ROS directly attacked ECM components. For example, when 

treating the incubated type I collagen with O2
•⎯, collagen was degraded and the ability 

of fibrils formation was lost [117, 118]. Moreover, in the •OH and oxygen coexisting 

environment, collagen was degraded into small peptides where the cleavages often 

happened on proline or 4-hydroxyproline residues, and the increase of glutamic acid 

and aspartic acid in the peptides were also observed [119]. Furthermore, HOCl was 

discovered to possess the ability to cleave hyaluronic acid and hence decrease the 

viscosity of synovial fluid [120]. On the other hand, some data also showed that ROS 

can change the response of chondrocytes to ECM-related anabolic enzymes or 

upregulate the expression of ECM-related catabolic enzymes. For instance, the 

concurrent generation of O2
•⎯ and •NO could decrease the sensitivity of chondrocytes 

to IGF-1 and hence inhibit the synthesis of proteoglycan [121, 122]. Moreover, •NO 

could inhibit the sulfation of newly synthesized proteoglycan under the induction of 

IL-1 [123], and •NO also played an important role in activation of metalloprotease 

enzymes in articular cartilage [124]. Besides this, HOCl could directly activate the 

proenzymes of metalloprotease and inactivate the tissue inhibitors of metalloprotease 

(TIMPs) [125, 126]. 
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2-1.5 Reactive Oxygen Species on Cartilage Senescence 

     Oxidative stress is an important factor of the aging process in cartilage. Because 

adult articular cartilage is considered as a post-mitotic tissue with the characteristic of 

limited ability to achieve tissue turnover [127], its aging process is not attributed to 

intrinsic replicative senescence accompanying with telomere shortening but is related 

to oxidative stress-induced extrinsic senescence [66, 128]. Several reports showed that 

the ability of chondrocytes to detoxify ROS and turnover the damaged 

macromolecules is dramatically inefficient over time [112]. Therefore, oxidative 

damage products such as peroxidated lipids [129], nitrotyrosine [130], and mutagenic 

8-oxoguanine [131] gradually accumulate in chondrocytes and disturb normal cellular 

functions until the chondrocytes can not endure these structural changes. Notably, the 

production of mutagenic 8-oxoguanine has been reported to result from O2
•⎯ attack 

which directly cause telomere erosion by injuring the guanine repeats in telomere 

DNA [132]. Moreover, it also has been reported that cell aging process correlates with 

the degeneration of mitochondria which may lead further leakage of electron transport 

chain and hence increase the production of ROS [133]. The accumulated ROS in 

mitochondria then attack mitochondrial 16-kilobase circular DNA, and the resulting 

mtDNA mutations contribute to the feature of accelerated aging [134]. 
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2-1.6 Reactive Oxygen Species on Chondrocyte Death 

     In adult tissues, cell death plays an important role in maintenance of the balance 

of cell proliferation and the constancy of cell numbers [135]. Apoptosis is an active 

process of programmed cell death which is characterized by a series of morphological 

changes including DNA fragmentation, chromatin condensation, nucleus break-up, 

and cell fragmentation, while necrosis is the accidental death of cells that resulting 

from a pathologic injury [136].  

It has been noted that aging [110], mechanical damage [137], and pathology 

such as osteoarthritis [138] often result in increased chondrocyte death in cartilage, 

and because of adult cartilage has limited ability for self-repair, the damaged cells 

may further accelerate the progression of the lesion [139]. From Blanco et al.’s 

research, it has been revealed that •NO is a primary inducer of chondrocyte apoptosis 

and is down-regulated by caspase-3 and tyrosine kinase activation [140]. However, 

from recent research, it has revealed that the toxicity of •NO needs to be further 

modulated by other ROS. For example, Del Carlo et al.’s research showed that the 

chondrocyte cell death mediated by •NO requires the generation of O2
•⎯, which 

suggests that ONOO⎯ plays an important role in the process [141]. Moreover, in Kurz 

et al.’s finding, they found that both O2
•⎯ and H2O2 play important roles in 

mechanically induced cell death [142]. From these examples, it might be suggested 

that O2
•⎯ also plays an important role as •NO in chondrocyte cell death [46]. 

     Several methods have been developed to detect cell death. However, it is often 

not sufficient to distinguish between apoptosis and necrosis by only applying a single 

assay. Therefore, combination of two to three methods is necessary to measure the 

morphological changes as well as the intracellular cell death parameters. Table 1 

summarizes some methods for the characterization of cell death [136]. 
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Table 2 Some methods for the characterization of cell death [136]. 

Cell Death Parameter Method Specific 
Detection of 
Apoptosis 

Loss of cell attachment Staining of cells with crystal violet or 
fluorescent DNA-binding dyes 

－ 

Cellular ultrastructure Electron Microscopy ＋ 
Externalization of 
phosphatidyl serine 

Annexin V binding － 

Release of cytosolic 
compounds 

51Cr release, 3H-labeled proteins, 
enzymatic activities in culture 
supernatants 

－ 

Uptake of dyes Vital dyes (counting of cells) or 
fluorescent dyes for FACS 

－ 

DNA laddering Agarose gel electrophoresis ＋ 
In situ DNA cleavage TUNEL － 
Nuclear condensation 
and fragmentation 

DAPI ＋ 

DNA degradation DNA content in sub G1 cells (FACS), 
agarose gel electrophoresis, DNA 
fragmentation ELISA 

－ 

Internucleosomal DNA 
fragmentation 

DNA fragmentation ELISA, agarose gel 
electrophoresis 

＋ 

Oxidative 
phosphorylation 

MTT, Alomar Blue － 

Mitochondrial 
membrane polarization 

Aggregation, uptake, sequestration of 
fluorescent dyes 

－ 

Caspase activity Conversion of fluorogenic substrates ＋ 
Caspase processing Western blot, immunhistochemistry ＋ 
Cleavage of caspase 
substrates 

Western blot, immunhistochemistry ＋ 
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2-2 Chondrogenesis-related Chinese Herbal Medicine 

Circumstances that impair chondrocyte function can disrupt the balance of 

synthesis and catabolism in favor of cartilage degradation, which over time can lead 

to OA. The changes can result in joint symptoms such as pain, stiffness and loss of 

function. The symptoms vary with time and between joint sites and individuals. The 

main risk factors for OA are age, obesity and any form of joint trauma. In some 

families, OA seems to be inherited [143].  

In Chinese herbal medicines, a number of herbs are used for treating joint 

symptoms in a long time treatment, and more and more researches have shown that 

the effective chemicals extracted from them possess various biological activities [144, 

145]. From traditional Chinese herbal medicine ancient literatures and records, we 

preliminarily compared the prescriptions which have been used to treat the 

degeneration of the cartilage and targeted on 12 single chemical compounds which are 

extracted from 7 chondrogenesis-related Chinese herbal medicines (Table 1).  

 

Table 3 Twelve single chemical compounds extracted from 7 chondrogenesis-related 

Chinese herbal medicines. 
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Then, by furthering systematic computer-aided search of the Medline database 

for the period 1990 through June 2006 and considering the commercializing 

achievability, we investigated the involved mechanism of 2 major single chemical 

compounds extracted from Plantago asiatica and Ampelopsis brevipedunculata 

(Maxim.) Trautv. by focusing on their antioxidant activity on cartilage tissue 

engineering. (Table 2) 

 

Table 4 Four chondrogenesis-related single chemical compounds extracted from 

Plantago asiatica and Ampelopsis brevipedunculata (Maxim.) Trautv.  
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2-3 Purpose of this study 

The objective of this study was to modify the current cartilage tissue 

engineering triad and find a better combination for regeneration the articular cartilage 

in vitro environment. We searched for the new signals which are more stable in 

structure and cheaper in price than the traditionally used signals such as TGF-β1 and 

IGF, and suggested that because of the ROS were scavenged in cultured chondrocytes, 

the life span of cartilage tissue hybrids would be longer. Also, we modified the 

components of original gelatin-C6S-HA tricopolymer to the one which is more mimic 

the really ECM in organisms. We hope that the newly designed cartilage tissue 

engineering triad will improve the antioxidant and proliferation activity of 

chondrocytes. 

In the beginning, we had to find the optimal concentration of these single 

chemical compounds when they were added in culture medium, and the experiment is 

divided into two parts: one part is 2D cell-based experiment, and the other part is 3D 

tissue engineering. In the 2D cell-based experiment, the important role in scavenging 

free radicals by these extracted chemical compounds was detected by the 

chemiluminescence method, and the proliferation and matrix productivity of 

chondrocytes were evaluated by real-time reverse-transcriptase polymerase chain 

reaction, ELISA assays, and immuno-histochemical staining. In the 3D tissue 

engineering experiment, also, the proliferation and matrix productivity were double 

evaluated by ELISA assays, real-time reverse-transcriptase polymerase chain reaction, 

and immuno-histochemical staining. 
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Table 5 Experiment Design. 
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CHAPTER 3                            

MATERIALS AND METHODS 

3-1 Two-dimensional Cell-based Experiments 

3-1.1 Isolation and Culture of Chondrocytes 

3-1.1.1 Specimen Isolation 

The articular cartilage used in the experiment was obtained aseptically from 

adult porcine knee joints which had no macroscopic signs of osteoarthritis. Within 4 h 

of slaughter, the integral part of adult porcine knee joint was cleaned by 75% ethanol 

(E7148, Sigma Co., St. Louis, MO, U.S.A.), iodine solution (35089, Sigma Co.) and 

phosphate-buffered saline (PBS, pH 7.2) in sequence. After trimming the undesired 

connective tissue with sterile scalpels, the cartilage tissue was sliced into 

5mm×5mm×0.5mm pieces, and the action of slicing was avoided cutting deep into the 

subchondral bone [146]. Then the thin slices were washed three times in sterile PBS 

and were further sterilized by soaking in 5-fold antibiotics-added (50 units/mL 

penicillin, 50 μg/mL streptomycin, 100 μg/mL neomycin, P4083, Sigma Co.) PBS for 

15 minutes. 

 

3-1.1.2  Matrix Digestion 

Enzymatic digestion of articular cartilage has been a feasible and useful 

technique for isolating chondrocytes based on degrading the extracellular matrix 

between cells. [147, 148]. In this experiment, the thin slices of cartilage were 

subjected to 0.2% collagenase (C0130, Sigma Co.) digestion in order to degrade the 

native collagen between animal cells and get the sufficient amount of cells after 

digestion [149-151]. The collagenase was dissolved in DMEM (31600-026, Gibco 
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Invitrogen Co., Burlington, Ontario, Canada) which was supplemented with 3.7 

mg/ml sodium bicarbonate (S5761, Sigma Co.), 50 μg/ml ascorbic acid (A5960, 

Sigma Co.) [152], 50 units/50 μg/100 μg/mL penicillin/ streptomycin/ neomycin 

(P4083, Sigma Co.), and 10% heat-inactivated fetal bovine serum (100-106 Gemini 

Bio-Products, Woodland, CA) and filter-sterilized by passing through a 0.22 μm filter 

(SCGPT05RE, Millipore Co., Bedford, MA, U.S.A.). After incubating the sliced 

cartilage in a humidified incubator at 37°C, 5% carbon dioxide for 16 hours, the 

resulting chondrocytes/collagenase solution suspension was collected and centrifuged 

at 1500 rpm for 5 min (KUBOTA 5101, Canada). The supernatant was discarded and 

the pelleted cells were gently washed once in PBS to neutralize remaining collagenase. 

Cells were centrifuged at 1500 rpm for 5 min again and resuspended in 10 ml of the 

same medium mentioned above. Cell number and viability was assessed by 

hemocytometer and trypan blue dye (T8154, Sigma Co.) exclusion. 

 

3-1.1.3 Cell Culture 

The chondrocytes were plated out to sterile 10cm tissue culture petri dishes 

(Cellstar, Greiner Bio-One, Longwood, Florida, United States) at 1×106 cells per dish 

as monolayer culture in the same DMEM mentioned above and maintained in a 

humidified incubator at 37°C, with 5% carbon dioxide [153]. Usually, the healthy 

chondrocytes would begin to adhere within the first two days, so in the 3rd day the 

culture medium was refreshed to discard the dead cells [154]. Moreover, often in the 

7th day the cultured chondrocytes reached confluence and were detached by 0.05% 

trypsin with EDTA•4Na (15400-054, Invitrogen Co.) for passage. Because most of the 

in vitro cultured chondrocytes lost their phenotype after the third passage [155], the 

cells used in the experiment were all in the beginning of the second passage. 

 



 

 36

3-1.2 Effective Single Compound Treatment 

In two-dimensional cell-based experiments, two commercially available 

effective single compounds: aucubin (55561, Fluka, St. Louis, MO, USA) and betulin 

(B9757, Sigma Co.) were chosen. Because previous researches have shown that the 

concentration of aucubin and betulin around 0.03 μM and 1 μM created no 

biochemically toxic to cells [156, 157], 5 mg of aucubin and 10 mg of betulin were 

separately dissolved in 50 ml of PBS to serve as a 0.1 mg/mL and a 0.2 mg/mL stock 

solution, respectively. Then, aucubin stock solution was further diluted with culture 

medium to get a starting concentration at 0.005 mg/mL, and betulin stock solution 

was also diluted with culture medium to get a starting concentration at 0.02 mg/mL. 

In order to assess the safe and effective concentration ranges of two compounds for 

treating chondrocytes, four-fold serial dilution with culture medium of the starting 

concentration of aucubin and betulin were performed to achieve twelve different 

concentrations, and the cytotoxicity effects of different concentrations of aucubin and 

betulin on chondrocytes were assessed by LDH assay and MTT assay (detailed 

methods and results were shown later). After this, only three different concentrations 

of aucubin (5μg, 80μg, and 1280μg of aucubin/L culture medium) and betulin (0.02μg, 

0.32ug, and 5.12ug betulin/mL culture medium) were chosen for further experiment.  

For the subsequent experiment, chondrocytes in their beginning of passage two 

were trypsinized and re-plated out to sterile optimal cell culture microplates (Greiner 

Bio-One) for further 7-day effective single compounds treatment. Aucubin-treated 

experimental groups were separately treated with a concentration of a 5μg, 80μg, and 

1280μg of aucubin/L culture medium while betulin-treated experimental groups were 

separately treated with a concentration of a 0.02μg, 0.32ug, and 5.12ug betulin/mL 

culture medium. Chondrocytes cultured with no chemical added culture medium 

served as the control group. 
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3-1.3 LDH Cytotoxicity Assay for Cytotoxicity 

     Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme retained within 

intact plasma membranes [158]. However, when cells are exposure to toxic substances 

which may somehow induce the loss of plasma membrane integrity, LDH begins to 

release into culture medium from leaky membrane [159]. Therefore, the amount of 

LDH released in culture medium can be used as the indicator of necrotic cells [158]. 

Here, a commercially available CytoTox 96® Non-Radioactive Cytotoxicity Assay 

(G1780, Promega Co., Madison, WI, U.S.A.) was chosen for LDH leakage detection. 

Briefly, released LDH converts NAD+ and lactate to NADH and pyruvate, and in the 

presence of a coupled enzymatic assay, NADH and the added tetrazolium salt (INT) 

turn into a red formazan product. The chemical reactions of the CytoTox 96® Assay 

are as follows: 

LDH 

  NAD+ + lactate  →  pyruvate + NADH 

Diaphorase 

      NADH + INT   →  NAD+ + formazan (red) 

 

     The amount of red formazan product correlates with LDH activity, and the data 

can be collect in a change in visible wavelength absorbance at 490 nm. Briefly, 

chondrocytes in their beginning of passage two were trypsinized and re-plated out to 

sterile 48-well cell culture microplates at 2×104 cells per well for further 7-day 

effective single compounds treatment. Each aucubin-treated experimental group, 

betulin-treated experimental group, and the control group were all performed in 

quadruplicate. At the end of 7-day cultivation, 50 ml of aliquots of media and total 

100 ml of reagent were mixed in a 96-well plate (Greiner Bio-One), and absorbance at 

490 nm was recorded using a MicroElisa reader (Emax Science Corp., CA, U.S.A.). 
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3-1.4 MTT Assay for Cell Viability 

     MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is a 

yellow water soluble tetrazolium salt, which can be endocytosed by metabolically 

active cells and chemically reduced to an insoluble purple formazan crystal by 

cleavage of its tetrazolium ring [160-162]. The reduction of MTT is accomplished by 

NADPH and NADH which are produced by the succinate dehydrogenase system of 

metabolically active mitochondria and also by other enzyme systems within the viable 

cells outside the mitochondria [162-164]. Therefore, the amount of insoluble purple 

formazan crystal produced is directly proportional to metabolically-active cell number 

which can be served as an indicator of cell viability in cell proliferation and 

cytotoxicity [165, 166]. Moreover, because the insoluble purple formazan crystals are 

impermeable to the cell membranes, they accumulate in healthy cells and were further 

solubilized by organic solvent for spectrophotometrical measurement. Briefly, 

chondrocytes in their beginning of passage two were trypsinized and re-plated out to 

sterile 48-well cell culture microplates at 2×104 cells per well. Each aucubin-treated 

experimental group, betulin-treated experimental group, and the control group were 

all performed in quadruplicate. MTT was freshly prepared with 0.01M PBS (pH 7.2) 

to obtain a concentration of 5 mg/ml and sterilized by passing through a 0.22 μm filter. 

At the end of 7-day cultivation, after removing the culture media, chondrocytes were 

washed once by PBS and added with 125 uL MTT solution and then incubated at 

37°C again for 4 h. Then, the MTT solution was removed, chondrocytes were washed 

again by PBS, and 100 μl of 1M HCl were added to each well. The absorbance at 570 

nm was recorded using a MicroElisa reader (Emax Science Corp., CA, U.S.A.). 

 

 

 



 

 39

3-1.5 Total DNA for Cell Proliferation Quantification 

     The Wizard® Genomic DNA Purification Kit (A2360, Promega Co., Madison, 

WI, U.S.A.) was chosen for DNA extraction. Chondrocytes in their beginning of 

passage two were trypsinized and re-plated out to sterile 24-well cell culture 

microplates at 4×104 cells per well for further 7-day effective single compounds 

treatment. Each aucubin-treated experimental group, betulin-treated experimental 

group, and the control group were all performed in triplicate. Briefly, at the end of 

7-day cultivation, after discarding the culture medium and washing cells with 1× PBS, 

lysis buffer was added to lyse the cells, and each lysate was transferred to a separate 

Wizard® SV minicolumn assembly. The assembly was centrifuged at 13,000 × g for 3 

min to bind genomic DNA to the membrane, and liquid in the collection tube of 

assembly was discarded. 650 mL of Wizard® SV Wash Solution was then added to 

wash the membrane of each assembly followed by centrifuging at 13,000 × g for 1 

min, and this step was repeated four times. Finally, extracted total DNA were 

dissolved in 65°C 250 uL nuclease-free water, and the absorbance at 230 nm, 260 nm, 

280 nm, and 320 nm were measured by UV spectrophotometer (Beckman Instrument 

Inc., Fullerton, CA, U.S.A.). DNA quality was determined at the ratio of 260 nm and 

280 nm absorption which should be in the range of 1.8 to 2.0 demonstrating good 

deproteinization [167], and the ratio of 260 nm to 230 nm help evaluate the level of 

salt carryover in the purified DNA [168]. DNA concentration was calculated by 

assuming 1 O.D. at 260 nm was equivalent to 50 ug of DNA per mL. Therefore, total 

DNA concentration was estimated with formula O.D. 260 - O.D. 320 × dilute factor × 

50ug/ml, where the subtraction of A320 was for adjusting the A260 measurement for 

turbidity [169]. 
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3-1.6 DMMB Assay for Quantitative Measurement of Sulfated GAGs Content 

     The 1,9-Dimethyl-Methylene Blue (DMMB) was used to determine the content 

of sulphate-glycosaminoglycans (sGAG), such as chondroitin sulphate and keratan 

sulphate, in the media to estimate the amount of cell-secreted proteoglycan [170, 171]. 

Positive charge of DMMB and the negative charge of sulfate of sGAG interact to 

form DMMB-GAG complexes which alter light absorbance at 595 nm and can thus 

be measured by spectrophotometer [172]. Briefly, the DMMB solution was prepared 

by dissolving 21 mg of DMMB (341088, Sigma Co.) in 5 mL of 95% ethanol (E7148, 

Sigma Co.), and the dissolved dye was further added with 2 g sodium formate 

(107603, Sigma Co.) and 800 ml of ddH2O. The solution was adjusted to a pH of 3.5 

by drop-by-drop addition of 0.1 M formic acid (33015, Sigma Co.), and ddH2O was 

added to reach a final volume of 1 L. The stock DMMB solution was stored at 4°C in 

an aluminum foil-wrapped glass bottle. A standard curve was made using serial 

dilutions of chondroitin-6-sulfate with culture medium to final concentrations of 0.1, 

1, 10, and 100 μg C6S/mL, and the absorbance at 595 nm of the DMMB-C6S 

complexes were measured triplicate and plotted against known concentrations [173]. 

Chondrocytes in their beginning of passage two were trypsinized and re-plated out to 

sterile 24-well cell culture microplates at 4×104 cells per well for further 7-day 

effective single compounds treatment. Each aucubin-treated experimental group, 

betulin-treated experimental group, and the control group were all performed in 

quadruplicate. At the end of 7-day cultivation, 40 ml of aliquots of media and 250 ml 

of DMMB solution were mixed in a 96-well microplate at room temperature, and 

absorbance at 595 nm was recorded using a MicroElisa reader (Emax Science Corp., 

CA, U.S.A.). Sulfated GAGs concentration of each sample was then calculated with 

use of the regression equation obtained from the linear standard curve. 
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3-1.7 Real-time Reverse-Transcriptase Polymerase Chain Reaction for mRNA 

Expression Quantification 

     Real-time Polymerase Chain Reaction (PCR) is a quantitative method to detect 

the amplification of a target sequence as it is amplified in real time during the 

progress of PCR cycling [174, 175] Because of the use of additional fluorescent 

reporter dye [174, 175], the amount of amplicon produced is collected during PCR 

cycles, rather than at the end of the PCR (i.e. the traditional agarose-gel-running 

semi-quantitative PCR) [176], and the result can be plotted as a representative 

amplification plot which reports the fluorescence of each cycle (Figure 17). Often 

used reporter dye includes SYBR® Green I dye. SYBR® Green I Dye is a small 

molecule which specifically binds to double-stranded DNA resulting in the increase of 

fluorescence. During PCR cycling, when new copies of the double-stranded target are 

created, the SYBR Green I dye then binds to each of them (Figure 18). Hence, the 

amount of amplicon is proportional to the increase in fluorescence intensity and can 

be detected in real time by the photo multiplier tube (PMT) of the real-time PCR 

instrument [177].  

 

 

Figure 17 A representative real time PCR amplification plot and some definiendum. 

(Modified from Applied Biosystems User Bulletin #2: Relative Quantitation of Gene 

Expression (PN 4303859)). 
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Figure 18 Mechanisms of the SYBR® Green I Dye chemistry. (Modified from 

Applied Biosystems User Bulletin #2: Relative Quantitation of Gene Expression (PN 

4303859)). 

 

     In real-time PCR quantitation assay, both absolute and relative quantitation can 

be used to calculate the results, but relative quantitation assay is especially used to 

analyze changes in gene expression in a chemically treated experimental sample 

relative to an untreated control sample, and relative quantitation provides accurate 

comparison between the initial level of template in each sample without requiring the 

exact copy number of the template. Often, comparative CT method is used for relative 

quantitation by using the arithmetic formula, 2-ΔΔC
T, and the result is drawn as gene 

expression plot which shows the fold-difference of the treated experimental sample 

relative to the untreated control sample. The threshold cycle (CT) here is defined as 

the fractional cycle number where the fluorescence passes the fixed threshold, and the 

threshold is set in the region of an exponential growth of PCR product.  
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     In this study, chondrocytes in their beginning of passage two were trypsinized 

and re-plated out to sterile 12-well cell culture microplates at 8×104 cells per well for 

further 7-day effective single compounds treatment. Each aucubin-treated 

experimental group, betulin-treated experimental group, and the control group were 

all performed in quadruplicate. Briefly, at the end of 7-day cultivation, total RNA of 

each sample was isolated by TRI REAGENTTM (T9424, Sigma Co.), and two-step 

real-time RT-PCR was used to measure specific mRNA expressed by chondrocytes, 

where the SuperScriptTM III First-Strand Synthesis System for RT-PCR (18080-044, 

Invitrogen Co.) and the 2X SYBR Green Master Mix (4309155, Applied Biosystems, 

Foster City, CA,. USA) were used for reverse transcription and PCR, respectively. 

The list of target genes for real-time RT-PCR in this study is in Table 4, and the 

primer sequence of those target genes are listed in Table 5. The detailed procedures 

were described in the following paragraphs. 

 

Table 6 List of target genes for real-time RT-PCR in two-dimensional chondrocytes 

culture. 

Target gene Description 
GAPDH Housekeeping gene 
I collagen Absent in healthy cartilage, present when fibrously transformed 
II collagen Major collagen type in the cartilage 
Aggrecan Key component of aggregated proteoglycans 
Decorin Small proteoglycans 
TIMP-1 Tissue inhibitor of MMPs 
MT1-MMP Degradative enzyme 
MMP-2 Degradative enzyme 
Sox9 Master chondro-regulatory gene 
IL-1beta Regulator of catabolism 
TGF-beta1 Regulator of anabolism 
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Table 7 Primer Sequences of two-dimensional chondrocytes culture. 

Name Sequences 
GAPDH 5’- GTCATCCATGACAACTTCGG-3’ 

5’- GCCACAGTTTCCCAGAGG-3’ 
I collagen 5’- CAGAACGGCCTCAGGTACCA -3’ 

5’- CAGATCACGTCATCGCACAAC -3’ 
II collagen 5’- GAGAGGTCTTCCTGGCAAAG -3’ 

5’- AAGTCCCTGGAAGCCAGAT -3’ 
Aggrecan 5’- CGAAACATCACCGAGGGT- 3’ 

5’- GCAAATGTAAAGGGCTCCTC-3’ 
Decorin 5’-GCATTTGCACCTTTGGTGAA-3’ 

5’-GACACGCAGCTCCTGAAGAG-3’ 
TIMP-1 5’- AACCAGACCGCCTCGTACA -3’ 

5’- GGCGTAGATGAACCGGATG -3’ 
MT1-MMP 5’- GCTGTGGTGTTCCAGACAAG -3’ 

5’- GGATGCAGAAAGTGATCTCG -3’ 
MMP-2 5’- GTTCTGGAGGTACAATGA -3’ 

5’- ACCACGGCGTCCAGGTTA -3’ 
Sox9 5’-ACCTGAAGAAGGAGAGC-3’ 

5’-CACCGGCATGGGTACCA-3’ 
IL-1beta 5’- ACCTCAGCCCTCTGGGAGA -3’ 

5’- CCTCCTTTGCCACAATCAC -3’ 
TGF-beta1 5’- GCACGTGGAGCTATACCAGA -3’ 

5’- ACAACTCCGGTGACATCAAA -3’ 
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In total RNA isolation, after discarding the culture medium and washing cells 

with 1× PBS, 500 μL of TRI REAGENTTM was directly added to each well to 

dissociating nucleoprotein complexes for 5 minutes, and the cell lysate was 

homogenized by pipetting and transferred to separate microcentrifuge tubes. Then 100 

μL of chloroform (C2432, Sigma Co.) was added, and the tubes were vigorously 

shake for 15 seconds and allowed to stand at room temperature for 15 minutes. The 

mixture was centrifuged at 12000 × g for 15 minutes at 4°C, and the colorless upper 

aqueous phase was transfer separately to a fresh microcentrifuge tube followed by 

adding 250 μL of isopropanol (I9516, Sigma Co.) and staying at room temperature for 

10 minutes. The mixture was then centrifuged at 12000 × g for 10 minutes at 4°C, and 

the RNA precipitate would form a pellet on the bottom of the tube. After removing the 

supernatant, the RNA pellet was washed by 500 μL of 75% ethanol (E7148, Sigma 

Co.), vortexed and centrifuged at 7500 × g for 5 minutes at 4°C. Finally, the RNA 

pellet was dried for 10 minutes by air-drying and dissolved in 20 μL of the RNA 

Storage Solution (7001, Ambion, Austin, TX, USA). RNA content was determined at 

260 nm by UV spectrophotometer (Beckman Instrument Inc., Fullerton, CA, U.S.A.) 

and RNA quality was evaluated at the ratio of 260 nm and 280 nm absorption which 

should be higher than 1.7. 

     In complement DNA synthesis, 8 μL of extracted RNA, 1 μL of 50 μM 

oligo(dT)20, and 1 μL of 10mM dNTP were mixed and incubated at 65°C for 5 

minutes, then placed on ice for 5 minutes. Next, 2 μL of 10× RT buffer, 4 μL of  25 

mM MgCl2, 2 μL of 0.1M DTT, 1 μL of RNaseOUTTM, and 1 μL of SuperScriptTM III 

RT (200 U/ μL) were added into the mixture. After this, the mixture was incubated at 

50°C for 50 minutes and followed by terminating the reaction at 85°C for 5mins. 

Finally, the synthesized cDNA was chilled on ice, and 1 μL of RNase H was added to 

each tube for 20 minutes at 37°C. 
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     In real-time PCR, each reaction was performed with 10 mL of cDNA with 100 

ng of cDNA in content, 12.5 μL of 2X SYBR Green Master Mix (4309155, Applied 

Biosystems Co.), 0.75 μL of 1 μM forward primer solution, 0.75 μL of 1 μM reverse 

primer solution, and 6 μL of nuclease-free water (P1193, Promega Co.). In order to 

avoid pipetting errors, three replicates of each sample were amplified. PCR cycles 

were performed on an ABI PRISM 7900 Sequence Detection System with ABI 

PRISM 7900 Sequence Detection Software 2.2.2 (Applied Biosystems, Foster City, 

CA, USA). Briefly, real-time PCR reaction was divided into three stages. In the first 

initiation stage, after the SYBR® Green I dye was activated at 50°C for 2 minutes, 

samples were then heated to 95°C for double-strand cDNA denaturation for 10 

minutes. Next, in the second cycling stage, the samples were undergone melting at 

95°C for 15 seconds followed by annealing/extension at 60°C for 1 minute for 40 

cycles to produce the amplicons. Finally, in the last termination stage, the samples 

were hold at 37°C for 10 minutes for the SYBR® Green I dye inactivation.  

     Real-time PCR was amplified for GAPDH, type I collagen (COL1), type II 

collagen (COL2), aggrecan, decorin, tissue inhibitor of metalloproteinase-1 (TIMP-1), 

matrix metalloproteinase-2 (MMP-2), membrane-type matrix metalloproteinases-1 

MMP (MT1-MMP), Sox9, IL-1β, and TGF-β1. GAPDH served as the endogenous 

control, and the level of mRNA expression of each target gene was normalized to 

GAPDH. The results were analyzed by comparative CT method, where ΔCt value of 

each target gene was first normalized by subtracting the Ct value of GAPDH from the 

Ct value of each target gene, ΔΔCt value were then obtained by subtracting the ΔCt 

value of the untreated control sample from the ΔCt value of each aucubin or betulin 

treated experimental sample, and by using the arithmetic formula, 2-ΔΔC
T, the 

fold-expression change of each mRNA was obtained. 
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3-1.8 Chemiluminescence Method for Detecting Free Radicals Scavenging 

In order to assess the ROS scavenging effects of chondrocytes after treated with 

different concentrations of aucubin or betulin, luminal- and lucigenin- dependent 

chemiluminescences (CL) methods were used as indicators of ROS detection.  

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) is a water-soluble and 

slightly yellow crystalline solid which can exhibit chemiluminescence when activated 

with an appropriate oxidizing agent. Usually, the appropriate oxidizing agents are a 

solution of H2O2 or a hydroxide salt in water. When luminol reacts with H2O2, a series 

of reaction will lead to produce a very unstable intermediate product, and as the 

excited state product relaxes to the ground state, the excess energy is liberated as a 

photon which is visible as a striking blue glow (Figure 19). 

 

Figure 19 Reactions leading to the chemiluminescence of luminol. 
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Lucigenin (9,9'-Bis-N-methylacridinium nitrate) is an aromatic compound and 

is an specific reagent used for the generation of chemiluminescence in the presence of 

superoxide anion radical. It will react with O2
•⎯ and result in the formation of an 

excited intermediate product, and as the excited state product relaxes to the ground 

state, the excess energy is liberated as a photon which is visible as emits a bluish 

green glow. 

In the experiment, 0.2 mM of luminol (09253, Fluka) was used to detect the 

existence of H2O2 or ROO, while 0.2 mM lucigenin (M8010, Sigma Co.) was 

specifically used to detect the existence of O2
•⎯. The measurements were made at 

room temperature using the Multi Luminescence Spectrometer (Tohoku Electronic 

Industrial Co., Ltd, Japan). 

Briefly, at the end of 7-day cultivation, after discarding the culture medium and 

washing cells twice with PBS, specimens were put into the TEI CL Sample Chamber 

for background measurement for 180 sec. At the 181st second, 1 mL of lucigenin or 

luminol was added separately to each specimen, and the CL counts were obtained for 

further 6 min at 10 sec intervals. Finally, the results were given as the area under 

curve (AUC) for a counting period of 6 min, where the CL count was corrected for 

subtracting the AUC of the baseline. 
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3-1.9 Histochemical Staining Evaluation 

Histological staining and characterization of cartilage tissue is used to provide a 

general evaluation of the morphology, structure, and arrangement of cells and matrix. 

Hematoxylin & eosin staining is used to characterize the morphology of chondrocytes, 

while alcian blue staining is used to characterize proteoglycans in the ECM. Briefly, 

chondrocytes in their beginning of passage two were trypsinized and re-plated out to 

sterile 8-well Lab-Tek II chamber slides (154534, Nalge Nunc International Co., 

Naperville, IL, USA) at 1.6×104 cells per well for further 7-day effective single 

compounds treatment. Each aucubin-treated experimental group, betulin-treated 

experimental group, and the control group were all performed in quadruplicate. At the 

end of 7-day cultivation, each group was fixed by 10% neutral buffered formalin 

(NBF) solution and then evaluated by Hematoxylin & Eosin staining and alcian blue 

staining.  

The fixation step used here is a chemical process that allows the phenotypes of 

cells or tissue can be maintained as similar as they are in the in vivo environment. An 

appropriate fixative can stop the activity of intracellular enzyme which may cause 

autolysis after death, inhibit the infection of bacteria and molds, and protect cells or 

tissue from excessive shrinkage and swelling. Because formalin is a trade name which 

contains about 40% of formaldehyde gas in water, a 10% NBF solution contains 

approximate 4% formaldehyde. NBF can irreversibly crosslink DNA and RNA to 

nearby protein by combining the nitrogen atoms in DNA or RNA with primary amine 

groups through a -CH2- linkage. 
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3-1.9.1 Hematoxylin & Eosin staining 

 Hematoxylin & Eosin staining is the basic and most common procedure for 

most tissues. Hematoxylin stains basophilic structures such as the nucleic 

acids-containing cell nucleus with blue-purple color, while eosin stains eosinophilic 

structures such as intracellular protein or extracellular protein with bright pink color. 

The structures of hematoxylin and eosin are shown in Figure 20. 

Briefly, after the in vitro cultured 7-day chondrocytes were washed once by 

PBS and fixed in 10% NBF solution for 15 min, each sample slide was washed briefly 

in distilled water and then stained in hematoxylin solution for 2 min. The slides were 

then washed in running tap water for 2 minutes and then covered with 0.5% hydrogen 

chloride solution for 1 second to avoid over-staining. After washing the slides in 

running tap water for 15 minutes, each sample slide was then stained in eosin solution 

for 2 min, and the samples were dehydrated through 95% alcohol and two changes of 

absolute alcohol with 30 sec for each. Finally, each sample slide was dried by air, 

cleared in three changes of non-xylene solution with 30 sec for each, and then 

mounted with xylene based mounting medium. 

 

    

Figure 20 The structures of hematoxylin and eosin. Left one is hematoxylin, and right 

one is eosin. 
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3-1.9.2 Alcian blue Staining 

Alcian blue is a widely used cationic dye and is a phthalocyanine dye which 

contains copper (Figure 21). It selectively stains the acid parts of polysaccharides and 

glycosaminoglycans (GAGs) by making electrostatic forces between the negatively 

charge of macromolecules (such as the sulfate group) and its cations. The stained 

parts usually become blue to bluish-green. Alcian blue staining can also be combined 

with H&E staining method. 

 
Figure 21 The chemical structure of alcian blue. 

Briefly, after the in vitro cultured 7-day chondrocytes were washed once by 

PBS and fixed in 10% NBF solution for 15 min, each sample slide was washed briefly 

in PBS and covered with 3% acetic acid for 2 min and washed by PBS again. The 

slides were then stained with alcian blue (pH 1.0, MUTO PURE CHEMICALS, Japan) 

for 30 min to let the alcian blue make electrostatic forces with the sulfate group of 

GAGs and then washed in running tap water for 1 minute. Hematoxylin staining was 

used here as a counterstain, so each sample slide was stained in hematoxylin solution 

for 2 min followed by being washed in running tap water for 15 min. Finally, the 

samples were dehydrated through 95% alcohol and two changes of absolute alcohol 

with 30 sec for each, dried by air, cleared in three changes of non-xylene solution with 

30 sec for each, and then mounted with xylene based mounting medium. 
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3-1.10 Immunohistochemical Staining Evaluation 

Immunohistochemical staining techniques have been developed in recent years 

to examine specific biochemicals such as type I, type II collagen, and other proteins in 

tissues. In immunohistochemistry, the biologic targets of interest are localized by the 

precise attachment of a complex or label, and the results can be subsequently 

visualized by either bright-field microscopy or by UV microscopy depending on 

whether the product is a chromogenic reaction product or a fluorescent coupled 

product. Common macromolecules in cartilage such as the ECM proteins and S100 

protein have been successfully localized in the specimens by immunohistochemical 

staining. 

The fixation step in immunohistochemical staining is much more restrict than in 

histochemical staining because of the successful of antibody localization may be 

fixative-sensitive. Often, fixation by ethanol or the sections treated by non-fixed 

frozen method may be needed for successful immunohistochemistry.  

 

3-1.10.1 S100 Protein Immunohistochemical Staining 

S100 protein is a calcium binding protein and exists in the cytoplasm and/or 

nucleus of cells derived from the neural crest, chondrocytes, adipocytes, 

myoepithelial cells, macrophages, dendritic cells, and keratinocytes. S100 proteins are 

involved in a variety of intracellular and extracellular functions including the 

regulation of cell cycle progression, protein phosphorylation, Ca2+ homeostasis, the 

dynamics of cytoskeleton constituents, enzyme activities, and the inflammatory 

response. 

Briefly, after the in vitro cultured 7-day chondrocytes were washed once by 

PBS, each sample slide was fixed in acetone at -20℃ for 20 min. This step was used 

to directly break the cell membrane and let the intracellular components may directly 
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contact with the following reagents. Then, each sample slide was covered with PBS, 

incubated with 3% H2O2 to eliminate the activity of endogenous peroxidase for 10 

min, and retrieved into the citrate buffer solution (pH 7) at 95°C for 20 min. The 

commercialized Histostain® Plus Kits (85-9643, Zymed, South San Francisco, CA, 

USA) was used in the following steps. 10% non-immune goat serum was used to 

block nonspecific antigen on each sample slide for 30 min at room temperature, and 

the sample slides were then incubated with 50-fold diluted mouse monoclonal [B32.1] 

to S100 antibody (ab7852, Abcam, Cambridge, MA, USA) for 1 hour. Subsequently, 

each sample slide was washed with PBS and incubated with the biotinylated goat 

anti-rabbit secondary antibody for 10 min, and then washed by PBS again and 

incubated with streptavidin-peroxidase conjugate for another 10 min. Finally, each 

sample slide was incubated with the 3, 3’-diaminobenzidine tetrahydrochloride (DAB) 

solution until the brown color developed around the antigen/antibody/enzyme 

complex, dehydrated through 95% alcohol and two changes of absolute alcohol with 

30 sec for each, dried by air, cleared in three changes of non-xylene solution with 30 

sec for each, and then mounted with xylene based mounting medium. 

 

3-1.10.2 Type II Collagen Immunohistochemical Staining 

Type II collagen is a fibrous structural protein and is an important component in 

ECM which adds structure and strength to connective tissues. It is found primarily in 

cartilage, inner ear, nucleus pulposus, and the vitreous of eyeball. In articular cartilage, 

type II collagen is the major protein which occupies 50% of the total proteins and 

makes up around 85% to 90% of collagen of articular cartilage. 

Briefly, after the in vitro cultured 7-day chondrocytes were washed once by 

PBS and fixed in 10% NBF solution for 15 min, each sample slide was covered with 

PBS, incubated with 3% H2O2 to eliminate the activity of endogenous peroxidase for 
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10 min, and retrieved into the citrate buffer solution (pH 7) at 95°C for 20 min. Also, 

the commercialized Histostain® Plus Kits (85-9643, Zymed, South San Francisco, 

CA, USA) was used in the following steps. 10% non-immune goat serum was used to 

block nonspecific antigen on each sample slide for 30 min at room temperature, and 

the sample slides were then incubated with 100-fold diluted rabbit polyclonal collagen 

type II antibody (NCL-COLL-IIp, Novocastra Laboratories Ltd., Newcastle, UK) for 

1 hour. Subsequently, each sample slide was washed with PBS and incubated with the 

biotinylated goat anti-rabbit secondary antibody for 10 min, and then washed by PBS 

again and incubated with streptavidin-peroxidase conjugate for another 10 min. 

Afterward, each sample slide was incubated with the 3, 3’-diaminobenzidine 

tetrahydrochloride (DAB) solution until the brown color developed around the 

antigen/antibody/enzyme complex. Hematoxylin staining was used here as a 

counterstain, so each sample slide was stained in hematoxylin solution for 2 min 

followed by being washed in running tap water for 15 min. Finally, the samples were 

dehydrated through 95% alcohol and two changes of absolute alcohol with 30 sec for 

each, dried by air, cleared in three changes of non-xylene solution with 30 sec for 

each, and then mounted with xylene based mounting medium. 
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3-1.10 Statistical analysis 

     The paired Student’s t-test was employed for determining the statistical 

significance of OD values detected in the LDH assay, MTT assay, Total DNA assay, 

and DMMB assay between each experimental group and the control group, where a p 

value of less than 0.05 was considered to be statistically significant. Similarly, the 

differences in mRNA expression and the ROS scavenging effects in each 

experimental group and the control group were also analyzed by using a paired 

Student’s t-test, but the p value of less than 0.01 was considered to be statistically 

significant.  
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3-2 Three-dimensional Tissue-based Experiments 

3-2.1 Isolation and Culture of Chondrocytes 

3-2.1.1 Specimen Isolation 

The articular cartilage used in the experiment was obtained aseptically from 

adult porcine knee joints which had no macroscopic signs of osteoarthritis. Within 4 h 

of slaughter, the integral part of adult porcine knee joint was cleaned by 75% ethanol 

(E7148, Sigma Co., St. Louis, MO, U.S.A.), iodine solution (35089, Sigma Co.) and 

phosphate-buffered saline (PBS, pH 7.2) in sequence. After trimming the undesired 

connective tissue with sterile scalpels, the cartilage tissue was sliced into 

5mm×5mm×0.5mm pieces, and the action of slicing was avoided cutting deep into the 

subchondral bone [146]. Then the thin slices were washed three times in sterile PBS 

and were further sterilized by soaking in 5-fold antibiotics-added (50 units/mL 

penicillin, 50 μg/mL streptomycin, 100 μg/mL neomycin, P4083, Sigma Co.) PBS for 

15 min.  

 

3-2.1.2 Matrix Digestion 

Enzymatic digestion of articular cartilage has been a feasible and useful 

technique for isolating chondrocytes based on degrading the extracellular matrix 

between cells [147, 148]. In this experiment, the thin slices of cartilage were subjected 

to 0.2% collagenase (C0130, Sigma Co.) digestion in order to degrade the native 

collagen between animal cells and get the sufficient amount of cells after digestion 

[149-151]. The collagenase was dissolved in DMEM (31600-026, Gibco Invitrogen 

Co., Burlington, Ontario, Canada) which was supplemented with 3.7 mg/ml sodium 

bicarbonate (S5761, Sigma Co.), 50 μg/ml ascorbic acid (A5960, Sigma Co.) [152], 

50 units/50 μg/100 μg/mL penicillin/ streptomycin/ neomycin (P4083, Sigma Co.), 
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and 10% fetal bovine serum (100-106 Gemini Bio-Products, Woodland, CA) and 

filter-sterilized by passing through a 0.22 μm filter (SCGPT05RE, Millipore Co., 

Bedford, MA, U.S.A.). After incubating the sliced cartilage in a humidified incubator 

at 37°C, 5% carbon dioxide for 16 hours, the resulting chondrocytes/collagenase 

solution suspension was collected and centrifuged at 1500 rpm for 5 min (KUBOTA 

5101, Canada). The supernatant was discarded and the pelleted cells were gently 

washed once in PBS to neutralize remaining collagenase. Cells were centrifuged at 

1500 rpm for 5 min again and resuspended in 10 ml of the same medium mentioned 

above. Cell number and viability was assessed by hemocytometer and trypan blue dye 

(T8154, Sigma Co.) exclusion. 

 

3-2.1.3 Cell Culture 

The chondrocytes were plated out to sterile 10cm tissue culture petri dishes 

(Cellstar, Greiner Bio-One, Longwood, Florida, United States) at 1×106 cells per dish 

as monolayer culture in the same DMEM mentioned above and maintained in a 

humidified incubator at 37°C, with 5% carbon dioxide [153]. Usually, the healthy 

chondrocytes would begin to adhere within the first two days, so in the 3rd day the 

culture medium was refreshed to discard the dead cells [154]. Moreover, often in the 

7th day the cultured chondrocytes reached confluence and were detached by 0.05% 

trypsin with EDTA•4Na (15400-054, Invitrogen Co.) for passage. Because most of the 

in vitro cultured chondrocytes lost their phenotype after the third passage [155], the 

cells used in the experiment were all in the beginning of the second passage. 
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3-2.2 Preparation of Modified Tri-copolymer Scaffolds 

Modified tri-co-polymer scaffolds were made up by gelatin (G2500, Sigma Co., 

St. Louise, USA), chondroitin-6-sulfate (C6S) (C4384, Sigma Co.), hyaluronic acid 

(H7630, Sigma Co.), and a newly added component: chondroitin-4-sulfate (C4S) 

(27042, Fluka, St. Gallen, Switzerland) in order to mimic the real extracellular matrix 

of cartilage [178]. 1 g gelatin, 0.12 g C6S, 0.08 g C4S, and 10 mg HA were 

sequentially dissolved into 13.8 ml ddH2O at the temperature of 40°C, and the 

mixture was then well mixed by stir for 20 min. After the solution became yellow 

colored colloid, it was further cross-linked by the crosslinking agents. 0.1 g 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (E1769, Sigma Co.) and 12 

mg N-hydroxysuccinimide (NHS) (56480, Fluka) were dissolved into 10 ml ddH2O as 

the crosslinking agents. At room temperature, 4 ml of the crosslinking agents were 

slowly dropped into the previous yellow colored colloid, and the newly formed 

solution was well mixed and stirred for two to three minutes. After the solution was 

cooled at 4°C for 1 h for �gelation, gel was frozen at 20°C for 2 h followed 80°C 

overnight to form a sponge and then lyophilized for 72 h. After drying, the modified 

tri-co-polymer scaffold sponge was cut into 0.5x0.5x0.5 cm cubes and soaked in 100 

mL of 5-fold dilution of the crosslinking agents at 4°C for 24 h for re-crosslinking. 

Again, the cubes were frozen at 20°C for 2 h followed 80°C overnight and then 

lyophilized for 72 h to get the dry sponge scaffolds. Finally, the modified 

tri-co-polymer scaffolds were sterilized by soaking in 70% ethanol (E7148, Sigma 

Co.) overnight and were washed five times by PBS and then pre-wetted by soaking in 

culture medium at 37°C for 30 min before cell seeding.  
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3-2.3 Seeding and Culturing Porcine Chondrocytes in the Modified 

Tri-Copolymer Scaffolds 

Porcine chondrocytes were expanded by two-dimensional monolayer culture for 

one week in DMEM medium (31600-026, Gibco Invitrogen Co., Burlington, Ontario, 

Canada) containing 3.7 mg/ml sodium bicarbonate (S5761, Sigma Co.), 50 μg/ml 

ascorbic acid (A5960, Sigma Co.) [152], 50 units/50 μg/100 μg/mL penicillin/ 

streptomycin/ neomycin (P4083, Sigma Co.), and 10% fetal bovine serum (100-106 

Gemini Bio-Products, Woodland, CA). At the 7th day, monolayer-cultured porcine 

chondrocytes were trypsinized and re-suspended in the culture medium, where the 

final concentration was about 1×106 chondrocytes/10 uL culture medium. A volume 

of 10 uL of cell suspension containing 1 x 106 cells was then injected into each 

scaffold. After this, cell-scaffold hybrids were cultured in 48-well plates for the first 

three days for cell attachment and then transfer to 6-well plates for further culture. 

Culture medium was changed twice a week during the first three days and two times a 

week during the subsequent culture period. Here, experimental groups were 

cell-scaffold hybrids treated with betulin-added culture medium, and positive control 

group was cell-scaffold hybrids treated with normal culture medium and was 

incubated under the same conditions as the experimental group. Furthermore, negative 

control groups were scaffolds which were not seeded with chondrocytes and 

incubated under the same conditions as the experimental groups and the positive 

control group. At the end of 1, 2, and 4-week in vitro cultivation, Duplicate samples 

from each experimental group were removed at the end of a 6-week cultivation for 

immunohistochemical study on Type II collagen and measurement of DNA content. 

The other quadruplicate samples from each group were removed at the end of 12 

weeks for measurement of DNA and sulfated GAG content, WST-1 assays and 

immunohistochemical study on Type II collagen.  
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3-2.4 Preparation of scaffold for scanning electron microscopy (SEM) 

     SEM was performed for morphological observation of the 

gelatin/C6S/C4S/hyaluronan modified tri-copolymer scaffold. The modified 

tri-copolymer scaffold was dehydrated by treatment with a series of graded ethanol 

solutions (50% for 12 h, then 75%, 85%, and 95%, each for 2 h), and then placed 

overnight in a vacuum oven at 50∞C before coating with gold for SEM examination. 

The scaffold was then examined using a JEOL JXA-804 A scanning electron 

microscope (JEOL-USA, Inc., Peabody, MA, U.S.A.). 

 

3-2.5 WST-1 Assay for Cell Proliferation in Cell-Scaffold Hybrids 

Water soluble tetrazolium salt, 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5- 

tetrazolio]-1, 3-benzen disulfonate (WST-1), had been demonstrated to be a simple 

and rapid measurement of cell proliferation with extremely low cytotoxicity. A 10% 

working solution was made by mixing 1 volume of cell proliferation reagent WST-1 

(Roche Molecular Biochemicals, Mannheim, Germany) with 9 volumes of 

DMEM/F-12 medium. Cell viability and proliferation in cell–scaffold hybrids were 

tested at the end of the second and fourth weeks of cultivation. Tricopolymer scaffolds 

with no cell seeded served as controls, and were regulated in the same culture 

condition as the cell–scaffold hybrids. Each scaffold, including cell–scaffold hybrids 

and control scaffolds, was incubated with 1 mL of WST-1 working solution in a 

12-well plate at 37∞C for 2 h. Then 100 mL of reacted solution was transferred to a 

96-well microplate. OD450 was measured using a VERSAmax microplate absorbance 

reader (Molecular Devices Corp., Sunnyvale, CA, U.S.A.). 

 

 

 



 

 61

3-2.6 Total DNA for Cell Proliferation Quantification 

     The Wizard® Genomic DNA Purification Kit (A2360, Promega Co., Madison, 

WI, U.S.A.) was chosen for DNA extraction. Both betulin-treated experimental group 

and control group were performed in quadruplicate. At the end of 1, 2, and 4-week 

cultivation, each cell-scaffold hybrid were places into 1.5 mL microcentrifuge tubes 

and digested by 275 uL of digestion solution for 18 h at 55°C. The digestion solution 

was composed of 200 uL of Nuclei Lysis Solution, 50 uL of 0.5M EDTA (pH 8.0), 20 

uL of proteinase K (20 mg/mL), and 5 uL of RNase A solution (4 mg/mL). After this, 

250 uL Lysis Buffer was added into microcentrifuge tubes, and each lysate was 

transferred to a separate Wizard® SV minicolumn assembly. The assembly was 

centrifuged at 13,000 × g for 3 min to bind genomic DNA to the membrane, and 

liquid in the collection tube of assembly was discarded. 650 mL of Wizard® SV Wash 

Solution was then added to wash the membrane of each assembly followed by 

centrifuging at 13,000 × g for 1 min, and this step was repeated four times. Finally, 

extracted total DNA were dissolved in 65°C 250 uL nuclease-free water, and the 

absorbance at 230 nm, 260 nm, 280 nm, and 320 nm were measured by UV 

spectrophotometer (Beckman Instrument Inc., Fullerton, CA, U.S.A.). DNA quality 

was determined at the ratio of 260 nm and 280 nm absorption which should be in the 

range of 1.8 to 2.0 demonstrating good deproteinization [167], and the ratio of 260 nm 

to 230 nm help evaluate the level of salt carryover in the purified DNA [168]. DNA 

concentration was calculated by assuming 1 O.D. at 260 nm was equivalent to 50 ug 

of DNA per mL. Therefore, total DNA concentration was estimated with formula O.D. 

260 - O.D. 320 × dilute factor × 50ug/ml, where the subtraction of A320 was for 

adjusting the A260 measurement for turbidity [169]. 
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3-2.7 DMMB Assay for Quantitative Measurement of Sulfated GAGs Content  

     The 1,9-Dimethyl-Methylene Blue (DMMB) was used to determine the content 

of sulphate-glycosaminoglycans (sGAG), such as chondroitin sulphate and keratan 

sulphate, in the media to estimate the amount of cell-secreted proteoglycan [170, 171]. 

Positive charge of DMMB and the negative charge of sulfate of sGAG interact to 

form DMMB-GAG complexes which alter light absorbance at 595 nm and can thus 

be measured by spectrophotometer [172]. Briefly, the DMMB solution was prepared 

by dissolving 21 mg of DMMB (341088, Aldrich-Chemie GmbH, Steinheim, 

Germany) in 5 mL of 95% ethanol (E7148, Sigma Co.), and the dissolved dye was 

further added with 2 g sodium formate (107603, Sigma Co.) and 800 ml of ddH2O. 

The solution was adjusted to a pH of 1.5 by drop-by-drop addition of 0.1 M formic 

acid, and ddH2O was added to reach a final volume of 1 L. The stock DMMB solution 

was stored at 4°C in an aluminum foil-wrapped glass bottle. A standard curve was 

made using serial dilutions of chondroitin-6-sulfate with HBSS to final concentrations 

of 0.1, 1, 10, and 100 μg C6S/mL, and the absorbance at 595 nm of the DMMB-C6S 

complexes were measured triplicate and plotted against known concentrations. At the 

end of 1, 2, and 4-week cultivation, positive and negative control group and 

quadruplicate betulin-treated experimental group were digested with 0.1% papain 

(#CAT, Sigma Co.) in HBSS solution (Sigma Co.) at 60°C for 16 h. Then 40 ml of 

sample digests and 250 ml of DMMB solution were mixed in a 96-well microplate at 

room temperature, and absorbance at 595 nm was recorded using a MicroElisa reader 

(Emax Science Corp., CA, U.S.A.). Sulfated GAGs concentration of each sample was 

then calculated with use of the regression equation obtained from the linear standard 

curve. 
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3-2.8 Real-time Reverse-Transcriptase Polymerase Chain Reaction for mRNA 

Expression Quantification  

    In three-dimensional tissue-based experiments, at the end of 1, 2, and 4-week 

cultivation, quadruplicate betulin-treated experimental cell-scaffold hybrids and the 

untreated control cell-scaffold hybrids and were immediately immersed into 1.5 mL of 

RNAlater RNA Stabilization Reagent (76104, QIAGEN GmbH, Hilden, Germany) in 

microcentrifuge tubes after removing from the culture medium. Briefly, total RNA of 

each sample was isolated by using RNeasy Protect Mini Kit (74124, QIAGEN 

GmbH), and two-step real-time RT-PCR was used to measure specific mRNA 

expressed by chondrocytes, where the SuperScriptTM III First-Strand Synthesis 

System for RT-PCR (18080-044, Invitrogen Co.) and the 2X SYBR Green Master 

Mix (4309155, Applied Biosystems, Foster City, CA,. USA) were used for reverse 

transcription and PCR, respectively. The list of target genes for real-time RT-PCR in 

this study is in Table 6, and the primer sequence of those target genes are listed in 

Table 7. The detailed procedures were described in the following paragraphs. 
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Table 8 List of target genes for real-time RT-PCR in three-dimensional scaffold 

culture. 

Target gene Description 
GAPDH Housekeeping gene 
I collagen Absent in healthy cartilage, present when fibrously transformed 
II collagen Major collagen type in the cartilage 
X collagen Marker of cellular hypertrophy 
Aggrecan Key component of aggregated proteoglycans 
Decorin Small proteoglycans 
TIMP-1 Tissue inhibitor of MMPs 
MT1-MMP Degradative enzyme 
MMP-2 Degradative enzyme 
Sox9 Master chondro-regulatory gene 
IL-1beta Regulator of catabolism 
TGF-beta1 Regulator of anabolism 
BMP-7 Promote growth and expression of the chondrocytes phenotype 
IGF-1 Regulate normal chondrocytes matrix secretion 
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Table 9 Primer Sequences of three-dimensional scaffold culture. 

Name Sequences 
GAPDH 5’- GTCATCCATGACAACTTCGG-3’ 

5’- GCCACAGTTTCCCAGAGG-3’ 
I collagen 5’- CAGAACGGCCTCAGGTACCA -3’ 

5’- CAGATCACGTCATCGCACAAC -3’ 
II collagen 5’- GAGAGGTCTTCCTGGCAAAG -3’ 

5’- AAGTCCCTGGAAGCCAGAT -3’ 
X collagen 5’- CAGGTACCAGAGGTCCCATC -3’  

5’- CATTGAGGCCCTTAGTTGCT -3’ 
Aggrecan 5’- CGAAACATCACCGAGGGT- 3’ 

5’- GCAAATGTAAAGGGCTCCTC-3’ 
Decorin 5’-GCATTTGCACCTTTGGTGAA-3’ 

5’-GACACGCAGCTCCTGAAGAG-3’ 
MT1-MMP 5’- GCTGTGGTGTTCCAGACAAG -3’ 

5’- GGATGCAGAAAGTGATCTCG -3’ 
MMP-2 5’- GTTCTGGAGGTACAATGA -3’ 

5’- ACCACGGCGTCCAGGTTA -3’ 
TIMP-1 5’- AACCAGACCGCCTCGTACA -3’ 

5’- GGCGTAGATGAACCGGATG -3’ 
Sox9 5’-ACCTGAAGAAGGAGAGC-3’ 

5’-CACCGGCATGGGTACCA-3’ 
IL-1beta 5’- ACCTCAGCCCTCTGGGAGA -3’ 

5’- CCTCCTTTGCCACAATCAC -3’ 
TGF-beta1 5’- GCACGTGGAGCTATACCAGA -3’ 

5’- ACAACTCCGGTGACATCAAA -3’ 
BMP-7 5’- CCATGTTCATGCTGGACCTG -3’ 

5’- GATCAAACCGGAACTCCCGG -3’ 
IGF-1 5’-CTCTTCAGTTCGTGTGCGGA-3’ 

5’-GAGCCTTGGGCATGTCCGTG-3’ 
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     In total RNA isolation, after immersing each cell–scaffold hybrids into 1.5 mL 

of RNAlater RNA Stabilization Reagent (76104, QIAGEN GmbH, Hilden, Germany), 

the samples were then disrupted and homogenized in 600 mL of Buffer RLT by using 

a rotor–stator homogenizer () to shear high-molecular-weight genomic DNA and 

other high-molecular-weight cellular components. Next, the lysate was centrifuged at 

full speed for 3 min, and the supernatant which had RNA dissolve in it was transfer to 

a new microcentrifuge tube followed by adding 600 mL of 70% ethanol for promoting 

selective binding of RNA to the RNeasy membrane. The mixture was then transfer to 

an RNeasy spin column placed in a 2 ml collection tube and centrifuge at 8,000 × g 

for 15 seconds. Subsequently, the column were washed once by 700 μl of Buffer RW1 

and twice by 500 μl Buffer RPE accompanying centrifuge at 8,000 × g for 15 seconds, 

8,000 × g for 15 seconds, and 8,000 × g for 2 minutes, respectively. Finally, extracted 

total RNA was dissolved in 50 uL nuclease-free water and was eluting by centrifuge 

at 8,000 × g for 1 minute. RNA content was determined at 260 nm by UV 

spectrophotometer (Beckman Instrument Inc., Fullerton, CA, U.S.A.), and RNA 

quality was evaluated at the ratio of 260 nm and 280 nm absorption which should be 

higher than 1.7. 

     In complement DNA synthesis, 8 μL of extracted RNA, 1 μL of 50 μM 

oligo(dT)20, and 1 μL of 10mM dNTP were mixed and incubated at 65°C for 5 

minutes, then placed on ice for 5 minutes. Next, 2 μL of 10× RT buffer, 4 μL of  25 

mM MgCl2, 2 μL of 0.1M DTT, 1 μL of RNaseOUTTM, and 1 μL of SuperScriptTM III 

RT (200 U/ μL) were added into the mixture. After this, the mixture was incubated at 

50°C for 50 minutes and followed by terminating the reaction at 85°C for 5mins. 

Finally, the synthesized cDNA was chilled on ice, and 1 μL of RNase H was added to 

each tube for 20 minutes at 37°C. 
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     In real-time PCR, each reaction was performed with 10 mL of cDNA with 100 

ng of cDNA in content, 12.5 μL of 2X SYBR Green Master Mix (4309155, Applied 

Biosystems Co.), 0.75 μL of 1 μM forward primer solution, 0.75 μL of 1 μM reverse 

primer solution, and 6 μL of nuclease-free water (P1193, Promega Co.). In order to 

avoid pipetting errors, three replicates of each sample were amplified. PCR cycles 

were performed on an ABI PRISM 7900 Sequence Detection System with ABI 

PRISM 7900 Sequence Detection Software 2.2.2 (Applied Biosystems, Foster City, 

CA, USA). Briefly, real-time PCR reaction was divided into three stages. In the first 

initiation stage, after the SYBR® Green I dye was activated at 50°C for 2 minutes, 

samples were then heated to 95°C for double-strand cDNA denaturation for 10 

minutes. Next, in the second cycling stage, the samples were undergone melting at 

95°C for 15 seconds followed by annealing/extension at 60°C for 1 minute for 40 

cycles to produce the amplicons. Finally, in the last termination stage, the samples 

were hold at 37°C for 10 minutes for the SYBR® Green I dye inactivation.  

     Real-time PCR was amplified for glyceraldehyde-3-phosphate dehydrogenase  

(GAPDH), type I collagen (COL1), type II collagen (COL2), type X collagen 

(COL10), aggrecan, decorin, tissue inhibitor of metalloproteinase-1 (TIMP-1), matrix 

metalloproteinase-2 (MMP-2), membrane-type matrix metalloproteinases-1 MMP 

(MT1-MMP), sex determining region Y-box 9 (Sox9), interleukin-1β (IL-1β), 

transforming growth factor-β1 (TGF-β1), bone morphogenic protein-7 (BMP-7), and 

insulin-like growth factor-1 (IGF-1). The mRNA expressions were analyzed by 

numbers of threshold cycles (Ct), where the Ct value of each target gene were 

normalized by the Ct value of endogenous control: GAPDH, and the results were 

shown as -ΔCt in means ± SD. The mRNA expression between betulin-treated 

experimental group and the untreated control group was analyzed statistically by 

Student’s t-test with a level of significance of α= 0.01. 
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3-2.9 Statistical analysis   

     A Student’s t-test was employed for determining the statistical significance of 

sulfated GAG content and OD values detected in the WST-1 assay between the 

cell–scaffold hybrids and the control scaffolds. The differences in mRNA expression 

in the cell-scaffold hybrids control groups and cell-scaffold hybrids experimental 

groups were also analyzed by using a Student’s t-test matched-pairs signed rank test. 

A p value of less than 0.05 was considered to be statistically significant.  

 



 

 69

CHAPTER 4                            

RESULTS 

4-1 Two-dimensional Chondrocytes Culture 

4-1.1 LDH Cytotoxicity Assay 

     The OD490 obtained from 2D cultured porcine chondrocytes which were treated 

with aucubin and betulin are summarized in Figure 22 and Figure 23, respectively. In 

the aucubin-treated experimental groups, the chondrocytes treated with the lowest 

concentration of aucubin showed a significantly higher OD value than the control 

group (0.725 ± 0.081 vs. 0.690 ± 0.073, P = 0.045). However, the chondrocytes 

treated with the middle and the highest concentrations of aucubin lowered the OD 

value compared with the control group.  
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Figure 22 LDH cytotoxicity assay of aucubin-treated chondrocytes. The absorbances 

at 490 nm were obtained from one-week chondrocytes which were treated with 

different concentrations of aucubin. 
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     In the betulin-treated experimental groups, the higher the concentrations of 

betulin, the lower the OD values. However, these differences are not statistically 

significant. 
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Figure 23 LDH cytotoxicity assay of betulin-treated chondrocytes. The absorbances 

at 490 nm were obtained from one-week chondrocytes which were treated with 

different concentrations of betulin. 
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4-1.2 MTT Cell Proliferation Assay 

     The OD570 obtained from 2D cultured porcine chondrocytes which were treated 

with aucubin and betulin are summarized in Figure 24 and Figure 25, respectively. In 

the aucubin-treated experimental groups, the chondrocytes treated with the lowest 

concentration of aucubin showed very little and not significantly higher OD value 

than the control group, and the chondrocytes treated with the middle concentration of 

aucubin showed a little but not significant lower OD value than the control group. In 

contrast, the chondrocytes treated with the highest concentration of aucubin showed a 

significantly higher OD value than the control group (0.253 ± 0.03 vs. 0.220 ± 0.03, P 

= 0.0004). 
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Figure 24 MTT cell proliferation assay of aucubin-treated chondrocytes. The 

absorbances at 570 nm were obtained from one-week chondrocytes which were 

treated with different concentrations of aucubin. 
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     In the betulin-treated experimental groups, the chondrocytes treated with the 

lowest and the highest concentrations of betulin both showed significantly lower OD 

values than the control group (0.168 ± 0.023 vs. 0.220 ± 0.03, P = 0.003, and 0.176 ± 

0.028 vs. 0.220 ± 0.03, P = 0.046), and the chondrocytes treated with the middle 

concentration of betulin showed lower but not statistical significant OD values than 

the control group. 
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Figure 25 MTT cell proliferation assay of betulin-treated chondrocytes. The 

absorbances at 570nm were obtained from one-week chondrocytes which were treated 

with different concentrations of betulin. 
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4-1.3 Total DNA for Cell Proliferation Quantification 

     After the genomic DNA was isolated from cultured cells, genomic DNA 

concentration was calculated by using the formula: DNA concentration = O.D. 260 

﹣O.D. 320 × dilute factor × 50 ug/ml. Total genomic DNA content obtained from 2D 

cultured porcine chondrocytes which were treated with aucubin and betulin are 

summarized in Figure 26 and Figure 27, respectively. In the aucubin-treated 

experimental groups, the chondrocytes treated with the lowest and the highest 

concentrations of aucubin both increased the DNA content in a statistical insignificant 

level than the control group. However, the chondrocytes treated with the middle 

concentration of betulin decreased the DNA content in a statistical significant level 

compared with the control group (2.322 ± 0.005 μg/mL vs. 2.682 ± 0.135 μg/mL, p = 

0.006). 
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Figure 26 Total DNA content of one-week chondrocytes treated with different 

concentrations of aucubin. DNA concentration was calculated by equation: O.D. 260 - 

O.D. 320 x dilute factor x 50 ug/ml. 
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     In the betulin-treated experimental groups, betulin increased the total DNA 

content of chondrocytes in every experimental group. Total DNA content in 

chondrocytes treated with the lowest and the middle concentrations of betulin 

averaged 3.05 ± 0.240 μg/mL and 3.185 ± 0.318 μg/mL respectively, which showed 

significant increase than the control group (p = 0.041 and p = 0.033). Total DNA 

content in chondrocytes treated with the highest concentrations of betulin averaged 

2.711 ± 0.118 μg/mL, but this increase of DNA content was not statistically 

significant. (p = 0.393). 
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Figure 27 Total DNA content of one-week chondrocytes treated with different 

concentrations of betulin. DNA concentration was calculated by equation: O.D. 260 - 

O.D. 320 x dilute factor x 50 ug/ml. 
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4-1.4 DMMB Assay for Sulfated Glycosaminoglycans Content 

     Before conducting DMMB assay, a linear standard curve was obtained from 

GAG standards: 0–100 mg/mL of chondroitin-6-sulfate (C-4384, Sigma), which were 

then used to estimate the GAG content in each experimental sample. The OD525 

obtained from C6S standards are summarized in Figure 28. The linear regression 

trend line of C6S standards was: y = 0.0043x + 0.4292. 
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Figure 28 Linear standard curve of glycosaminoglycans standards. The absorbance at 

525 nm was measured. The linear regression trend line of glycosaminoglycans 

standards was: y = 0.0043x + 0.4292. 
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     Sulfated glycosaminoglycans content obtained from 2D cultured porcine 

chondrocytes which were treated with aucubin and betulin are summarized in Figure 

29 and Figure 30, respectively. Both in the aucubin-treated experimental groups and 

the betulin-treated experimental groups, sulfated GAG content didn’t show any 

significantly change. The average sulfated GAG content in the control group was 

0.43128 ± 0.052 ug/ml, and the average sulfated GAG content in chondrocytes 

treated with the lowest, middle, and highest concentrations of aucubin were 0.43126 

± 0.006 ug/ml, 0.43133 ± 0.019 ug/ml, and 0.43134 ± 0.001 ug/ml, respectively. 
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Figure 29 Glycosaminoglycans content of one-week chondrocytes treated with 

different concentrations of aucubin. 
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     In the betulin-treated experimental groups, the average sulfated GAG content in 

chondrocytes treated with the lowest, middle, and highest concentrations of betulin 

were 0.43126 ± 0.006 ug/ml, 0.43125 ± 0.001 ug/ml, and 0.43136 ± 0.002 ug/ml, 

respectively.  
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Figure 30 Glycosaminoglycans content of one-week chondrocytes treated with 

different concentrations of betulin. 
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4-1.5 Real-time Reverse-Transcriptase Polymerase Chain Reaction for mRNA 

Expression Quantification 

     In real-time PCR, the -△Ct values of each target gene were normalized by the 

house-keeping gene, GAPDH, and relative expressions of each target gene between 

the experimental groups and the control group are shown by the comparative CT 

( CT) changes and △△ summarized as follows.  

 

4-1.5.1 Gene Expression of Type I collagen 

In the aucubin-treated experimental groups, gene expression of type I collagen 

showed a 1.33-fold increase under the lowest concentration of aucubin treatment. 

Also, there was a 1.36-fold increase under the middle concentration of aucubin 

treatment. In contrast, the chondrocytes treated with the highest concentration of 

aucubin lowered the gene expression of type I collagen to a 0.94-fold compared with 

the control group. 
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Figure 31 The mRNA expression of type I collagen of one-week chondrocytes under 

different concentrations of aucubin treatment. 
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 In the betulin-treated experimental groups, gene expression of type I collagen 

showed a 0.91-fold decrease under the lowest concentration of aucubin treatment, 

while there was a 1.26-fold and 1.21-fold increase under the treatment of the middle 

and highest concentrations of aucubin, respectively. 
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Figure 32 The mRNA expression of type I collagen of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of type I collagen protein.△△  
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4-1.5.2 Gene Expression of Type II collagen 

In the aucubin-treated experimental groups, gene expression of type II collagen 

showed a 1.26-fold and a 1.14-fold increases under the treatment of the lowest and 

middle concentration of aucubin, respectively. However, there was a 0.95-fold 

decrease under the highest concentration of aucubin treatment. 
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Figure 33 The mRNA expression of type II collagen of one-week chondrocytes under 

different concentrations of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of type I△△ I collagen protein. 
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In the betulin-treated experimental groups, gene expression of type II collagen 

increased in each experimental group. Moreover, the result showed that the higher the 

concentration of betulin added, the higher the gene expression of type II collagen in 

chondrocytes. The chondrocytes treated with the lowest concentration of betulin 

showed a 1.04-fold increase, and the chondrocytes treated with the middle and highest 

concentrations of betulin showed significant increases up to a 1.307-fold and 

1.311-fold, respectively. 
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Figure 34 The mRNA expression of type II collagen of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of type △△ II collagen protein. 
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4-1.5.3 Gene Expression of Aggrecan 

In the aucubin-treated experimental groups, gene expression of aggrecan 

showed a 1.58-fold increase under the treatment of the lowest concentration of 

aucubin. Also, there was a 1.11-fold increase under the treatment of the middle 

concentration of aucubin. However, gene expression of aggrecan under the highest 

concentration of aucubin treatment showed a 0.96-fold decrease compared with the 

control group. 
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Figure 35 The mRNA expression of aggrecan of one-week chondrocytes under 

different concentration of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ aggrecan protein. 
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In the betulin-treated experimental groups, although gene expression of 

aggrecan showed a 0.79-fold decrease under the treatment of the lowest concentration 

of betulin, gene expression of aggrecan showed a 1.31-fold and a 1.54-fold under the 

treatment of the middle and highest concentration of betulin, respectively. The result 

showed that the higher the concentration of betulin added, the higher the gene 

expression of aggrecan in chondrocytes.  
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Figure 36 The mRNA expression of aggrecan of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of a△△ ggrecan protein. 
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4-1.5.4 Gene Expression of Decorin 

In the aucubin-treated experimental groups, gene expression of decorin 

increased in each experimental group, although the result showed that the higher the 

concentration of aucubin added, the lower the gene expression of decorin in 

chondrocytes. The chondrocytes treated with the lowest and middle concentrations of 

aucubin showed significant increases up to a 1.39-fold and 1.33-fold, respectively. 

Also, the chondrocytes treated with the highest concentration of betulin showed a 

1.06-fold increase. 
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Figure 37 The mRNA expression of decorin of one-week chondrocytes under 

different concentration of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of decorin protein.△△  
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In the betulin-treated experimental groups, although gene expression of decorin 

decreased in each experimental group, the chondrocytes treated with the middle 

concentration of betulin still showed a 0.99-fold expression compared with the 

control group. The chondrocytes treated with the lowest and the highest 

concentrations of betulin showed a 0.82-fold and a 0.94-fold decrease, respectively. 
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Figure 38 The mRNA expression of decorin of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of decorin protein.△△  
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4-1.5.5 Gene Expression of Sox9 

In the aucubin-treated experimental groups, gene expression of sox9 decreased 

lower than a 0.4-fold in each experimental group. The gene expression of sox9 in 

chondrocytes treated with the lowest, middle, and highest concentrations of aucubin 

showed 0.35-fold, 0.14-fold, and 0.23-fold decreases, respectively. 
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Figure 39 The mRNA expression of Sox9 of one-week chondrocytes under different 

concentration of aucubin treatment. The data was shown by the comparative CT 

( CT) changes in gene expression of △△ Sox9 protein. 
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Also, in the betulin-treated experimental groups, gene expression of sox9 

decreased lower than a 0.35-fold in each experimental group. The gene expression of 

sox9 in chondrocytes treated with the lowest, middle, and highest concentrations of 

betulin showed 0.14-fold, 0.12-fold, and 0.33-fold decreases, respectively. 

 

0

0.2

0.4

0.6

0.8

1

1.2

control 0.02μg/ml 0.32μg/ml 5.12μg/ml

BETULIN conc.

Lo
g1

0 
(r

el
at

iv
e 

qu
an

tit
y)

■ Control
■ Betulin

* *

*

 

Figure 40 The mRNA expression of Sox9 of one-week chondrocytes under different 

concentration of betulin treatment. The data was shown by the comparative CT 

( CT) changes in gene expression of △△ Sox9 protein. 
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4-1.5.6 Gene Expression of MT1-MMP 

In the aucubin-treated experimental groups, gene expression of MT1-MMP 

increased in each experimental group. However, real-rime PCR analysis demonstrated 

that MT1-MMP mRNA levels were slightly but not significantly increased in 

chondrocytes treated with the lowest concentration of aucubin compared with the 

control group. Furthermore, the gene expression of mt1-mmp in chondrocytes treated 

with the middle, and highest concentrations of aucubin showed 1.14-fold and 

1.24-fold increases, respectively. 
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Figure 41 The mRNA expression of MT1-MMP of one-week chondrocytes under 

different concentration of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ MT1-MMP protein. 
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In the betulin-treated experimental groups, although gene expression of 

mt1-mmp showed a 0.82-fold decrease under the treatment of the lowest 

concentration of betulin, gene expression of mt1-mmp showed a 1.16-fold and a 

1.13-fold increases under the treatment of the middle and highest concentration of 

betulin, respectively.  
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Figure 42 The mRNA expression of MT1-MMP of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ MT1-MMP protein. 
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4-1.5.7 Gene Expression of MMP-2 

In the aucubin-treated experimental groups, gene expression of mmp-2 

decreased in each experimental group. The chondrocytes treated with the lowest 

concentration of aucubin showed a 0.72-fold decrease. Moreover, the chondrocytes 

treated with the middle and highest concentrations of aucubin showed significant 

decreases to a 0.15-fold and 0.22-fold, respectively. 
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Figure 43 The mRNA expression of MMP-2 of one-week chondrocytes under 

different concentration of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ MMP-2 protein. 
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Similarly, in the betulin-treated experimental groups, gene expression of mmp-2 

decreased in each experimental group. The chondrocytes treated with the lowest 

concentration of betulin showed a 0.48-fold decrease. Moreover, the chondrocytes 

treated with the middle and highest concentrations of betulin showed significant 

decreases to a 0.13-fold and 0.21-fold, respectively. 
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Figure 44 The mRNA expression of MMP-2 of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ MMP-2 protein. 
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4-1.5.8 Gene Expression of T1MP-1 

In the aucubin-treated experimental groups, although gene expression of timp-1 

showed a 0.79-fold decrease under the treatment of the lowest concentration of 

aucubin, gene expression of timp-1 showed a 1.13-fold increase under the treatment 

of the middle concentration of aucubin. The chondrocytes treated with the highest 

concentration of aucubin showed a little decrease to a 0.98-fold. 
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Figure 45 The mRNA expression of TIMP-1 of one-week chondrocytes under 

different concentrations of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ TIMP-1 protein. 
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In the betulin-treated experimental groups, the chondrocytes treated with the 

lowest concentration of aucubin showed a 1.13-fold increase in mRNA expression of 

timp-1 compared with the control group. Although gene expression of timp-1 showed 

a 0.82-fold and a 0.92-fold decreases under the treatment of the middle and highest 

concentration of betulin respectively, the value were still kept above 0.8-fold. 
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Figure 46 The mRNA expression of TIMP-1 of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of △△ TIMP-1 protein. 
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4-1.5.9 Gene Expression of IL-1beta 

In the aucubin-treated experimental groups, gene expression of IL-1 beta 

extremely increased higher than a 100-fold in each experimental group. The gene 

expression of IL-1 beta in chondrocytes treated with the lowest, middle, and highest 

concentrations of aucubin showed 103-fold, 170-fold, and 144-fold increases, 

respectively.  
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Figure 47 The mRNA expression of IL-1beta of one-week chondrocytes under 

different concentration of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of△△  IL-1beta protein. 
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On the other hand, gene expression of IL-1 beta also increased in each 

betulin-treated experimental group. Nevertheless, the increasing extent is not as high 

as in each aucubin-treated experimental group. The result showed that when 

chondrocytes were treated with betulin, there were about 20-fold to 50-fold increases 

in mRNA expression of IL-1 beta compared with the control group. The gene 

expression of IL-1 beta in chondrocytes treated with the lowest, middle, and highest 

concentrations of betulin showed 22-fold, 23-fold, and 47-fold increases, 

respectively. 
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Figure 48 The mRNA expression of IL-1beta of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of△△  IL-1beta protein. 
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4-1.5.10 Gene Expression of TGF-beta1 

In the aucubin-treated experimental groups, although gene expression of 

TGF-beta1 showed a 0.82-fold and 0.92-fold decreases under the treatment of the 

middle and highest concentration of betulin respectively, the TGF-beta1 mRNA levels 

were still kept above 0.85-fold. However, the chondrocytes treated with the highest 

concentration of aucubin showed a 0.60-fold decrease in TGF-beta1 mRNA levels 

compared with the control group. 
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Figure 49 The mRNA expression of TGF-beta1 of one-week chondrocytes under 

different concentration of aucubin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of△△  TGF-beta1 protein. 
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In the betulin-treated experimental groups, gene expression of TGF-beta1 

showed a 1.25-fold increase under the treatment of the lowest concentration of 

aucubin, and the chondrocytes treated with the highest concentration of betulin kept 

the gene expression of TGF-beta1 just as the control group (1.00-fold). In contrast, 

there was a 0.75-fold decrease in TGF-beta1 mRNA levels under the highest 

concentration of betulin treatment. 
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Figure 50 The mRNA expression of TGF-beta1 of one-week chondrocytes under 

different concentration of betulin treatment. The data was shown by the comparative 

CT ( CT) changes in gene expression of△△  TGF-beta1 protein. 
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4-1.6 Chemiluminescence Method for Detecting Free Radicals Scavenging 

Formation of reactive oxygen species in 2D cultured chondrocytes was 

demonstrated by using chemiluminescence (CL) technique with luminol and lucigenin 

chemical probes. Luminol was used to detect the existence of hydrogen peroxide in 

cells, while lucigenin was selective to the existence of superoxide anion in cells. 

Because there was no significant detection of hydrogen peroxide existing in 2D 

cultured chondrocytes of the control groups and the experimental groups, the 

luminol-dependent chemiluminescence results were not shown here. 

In the aucubin-treated experimental groups, lucigenin-dependent 

chemiluminescence demonstrated that lucigenin CL levels were slightly decreased in 

the group treated with the lowest concentration of aucubin compared with the control 

group (54.82±4.8 vs. 60.5±4.04 CL count/10sec, p = 0.165>0.01), but the lucigenin 

CL levels were slightly but not significantly increased in the group treated with the 

middle concentration of aucubin (88.35±6.63 vs. 60.5±4.04 CL count/10sec, p 

=0.018>0.01). In the group treated with the highest concentration of aucubin, the 

lucigenin CL levels were dramatically and significantly decreased compared with the 

control group (-53.81±6.16 vs. 60.5±4.04 CL count/10sec, p =0.001<0.01). 
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Figure 51 The free radicals scavenging effect of different concentrations of aucubin 

on lucigenin-dependent chemiluminescence of one-week chondrocytes.  

 

In the betulin-treated experimental groups, lucigenin CL levels significantly 

decreased to negative values in all experimental groups, which meant that after the 

addition of lucigenin enhancer to the experimental groups, the quantity of O2
− 

obtained in 5 min was lower than the baseline. In the group treated with the lowest 

concentration of betulin, that lucigenin CL levels were significantly decreased 

compared with the control group (-25.06±2.21 vs. 60.5±4.04 CL count/10sec, p = 

0.0007<0.01). Furthermore, the lucigenin CL levels were extremely and significantly 

decreased in the group treated with the middle concentration of betulin (-172.96±6.95 

vs. 60.5±4.04 CL count/10sec, p =0.0003<0.01). Also, in the group treated with the 

highest concentration of betulin, the lucigenin CL levels were decreased when 

compared with the control group (-3.06±9.16 vs. 60.5±4.04 CL count/10sec, p 

=0.006<0.01). 
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Figure 52 The free radicals scavenging effect of different concentrations of betulin on 

lucigenin-dependent chemiluminescence of one-week chondrocytes.  
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4-1.7 Histochemical Staining Evaluation 

     After one-week culture, the control group and the experimental group treated 

with the middle concentration of betulin were evaluated by H&E staining and Alcian 

blue staining. H&E staining was used to check the cell morphology, and the results 

are shown in Figure 53.  

 

  

(a)                                 (b) 

Figure 53 H&E staining of one-week cultured chondrocytes (100×). (a) Control 

group (b) Cells treated with 0.32ug/ml betulin experimental group.  
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Alcian blue staining targeted on the glycosaminoglycans of extracellular matrix, 

and the results are shown in Figure 54. In Alcian blue staining, the light blue color 

showed the existence of GAGs, and the light blue regions were both found in either 

control group or the experimental group. 

 

  

(a)                                 (b) 

Figure 54 Alcian Blue staining of one-week cultured chondrocytes (40×). (a) Control 

group (b) Cells treated with 0.32ug/ml betulin experimental group.  
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4-1.8 Immunohistochemical Staining Evaluation 

     After one-week culture, the control group and the experimental group treated 

with the middle concentration of betulin were evaluated by S-100 protein antibody 

immunochemical stain and type II collagen antibody stain. Here, S-100 protein 

antibody immunochemical stain was doubled checked by the labeled-(strept) 

avidin-biotin (LAB-SA) method and immunofluorescence method. The results of 

S-100 protein antibody immunochemical staining are shown in Figure 55 and Figure 

56, and the results of type II collagen antibody staining are shown in Figure 57. 

 

  

(a)                                 (b) 

Figure 55 S-100 protein antibody immunochemical stain of one-week cultured 

chondrocytes (200×). (a) Control group (b) Cells treated with 0.32ug/ml betulin 

experimental group.  
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(a)                                 (b) 

Figure 56 S-100 protein antibody immunochemical stain of one-week cultured 

chondrocytes (100×). (a) Control group (b) Cells treated with 0.32ug/ml betulin 

experimental group.  

 

   

(a)                                 (b) 

Figure 57 type II collagen antibody immunochemical stain of one-week cultured 

chondrocytes (200×). (a) Control group (b) Cells treated with 0.32ug/ml betulin 

experimental group.  
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4-2 Three-dimensional Scaffold Culture 

4-2.1 Scanning electron microscopy 

     An SEM photograph of gelatin/C6S/C4S/HA modified tricopolymer scaffold is 

showed in Figure 58. It showed a highly porous structure which had an average 40um 

pore size ranging from 15um to 60um, and all of the pores in the tricopolymer 

scaffolds were interconnected.  

 

 

Figure 58 An SEM photograph of gelatin/C6S/C4S/HA modified tricopolymer 

scaffold (400×). 

 

     SEM photographs of cell-scaffold hybrids which were taken immediately after 

cell seeding are showed in Figure 59. It showed that the seeded cells deeply 

penetrated and evenly distributed in the scaffold. Also, SEM photographs of the 

control and experimental cell-scaffold hybrids group were taken at the end of 1, 2, and 

4-week culture, and the results are showed in Figure 60, 61, and 62, respectively. 
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Figure 59 SEM photographs of cell-scaffold hybrids which were taken immediately 

after cell seeding. (a) 400× (b) 1500× 

 

  
Figure 60 SEM photographs of cell-scaffold hybrids which were taken at the end of 

1-week culture. (a) Control group (3000×) (b) Betulin-treated experimental group 

(1000×). 
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Figure 61 SEM photographs of cell-scaffold hybrids which were taken at the end of 

2-week culture. (a) Control group (2000×) (b) Betulin-treated experimental group 

(1200×). 

 

  
Figure 62 SEM photographs of cell-scaffold hybrids which were taken at the end of 

4-week culture. (a) Control group (3000×) (b) Betulin-treated experimental group. 

The chondrocytes were just in the phase of cell division (1500×). 
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4-2.2 WST-1 Assay for Cell Proliferation 

     The OD450 of cell-scaffold hybrids control group and cell-scaffold hybrids 

experimental group which were treated with 0.32ug/ml betulin were obtained after 

1-week, 2-week, and 4-week culture, and the scaffolds without cells seeded were used 

as the negative control group. The results were summarized in Figure 63, which 

showed that all of cell-scaffold hybrids treated with betulin had statistically 

significant and higher OD values than cell-scaffold hybrids control group at the end of 

each tested week. At the end of 1-week culture, the OD values of the experimental 

group and the control group are 1.129 ± 0.025 and 1.080 ± 0.019 respectively, and the 

p value was 0.006 lower than 0.05. At the end of 2-week culture, the OD values 

between the experimental group and the control group are 1.428 ± 0.145 and 1.280 ± 

0.083 where the p value was 0.03 and lower than 0.05. Besides this, at the end of 

4-week culture, the OD values of the experimental group and the control group are 

1.936 ± 0.169 and 1.648 ± 0.033 (p=0.009<0.05).  

     The results also showed that the longer the cells were cultured in 3D 

environment, the higher the OD values obtained. For instances, the OD450 of 4-week 

experimental group was significantly higher than the 2-week one (p = 1.79×10-6), and 

the OD450 of 2-week experimental group was also higher than the 1-week one (p = 

0.0003). 
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Figure 63 WST-1 assay of three-dimensional scaffold culture. In WST-1 assay, all of 

cell-scaffold hybrids experimental groups had statistically significant and higher OD 

values than cell-scaffold hybrids control groups. 
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4-2.3 Total DNA for Cell Proliferation Quantification 

     The total DNA amount of cell-scaffold hybrids control group and experimental 

group which were treated with 0.32ug/ml betulin were obtained after 1-week, 2-week, 

and 4-week culture. The results were summarized in Figure 64 and showed that all of 

cell-scaffold hybrids treated with betulin had higher DNA amount than cell-scaffold 

hybrids control group at the end of each tested week. At the end of 1-week culture, the 

DNA amount of the experimental group and the control group are 6.428 ± 0.428 and 

5.082 ± 0.590 respectively, and the p value was 0.15. At the end of 2-week culture, 

the DNA amount between the experimental group and the control group are 6.718 ± 

0.626 and 5.873 ± 0.025 where the p value was 0.15. Besides this, at the end of 

4-week culture, the DNA amount of the experimental group and the control group are 

12.153 ± 0.544 and 10.775 ± 0.110 (p=0.13).  

     The results also showed that the longer the cells were cultured in 3D 

environment, the higher the DNA amount obtained. For instances, the DNA amount 

of 4-week experimental group was significantly higher than the 2-week one (p = 

0.02<0.05). 
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Figure 64 Total DNA assay of three-dimensional scaffold culture. In total DNA assay, 

all of cell-scaffold hybrids experimental groups had higher DNA amount than 

cell-scaffold hybrids control groups. 
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4-2.4 DMMB Assay for Sulfated Glycosaminoglycans Content 

     When conducting DMMB assay, a linear standard curve should be obtained 

from GAG standards: 0–100 mg/mL of chondroitin-6-sulfate (C-4384, Sigma), which 

were then used to estimate the GAG content in each experimental sample. The OD570 

obtained from C6S standards are summarized in Figure 65. The linear regression 

trend line of C6S standards was: y = -198.2x + 198.83. 
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Figure 65 Linear standard curve of glycosaminoglycans standards. The absorbance at 

570 nm was measured. The linear regression trend line of glycosaminoglycans 

standards was: y = -198.2x + 198.83. 
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     The glycosaminoglycans content of cell-scaffold hybrids control groups and 

cell-scaffold hybrids experimental groups which were treated with 0.32ug/ml betulin 

was obtained after 1-week, 2-week, and 4-week culture and summarized in Figure 66, 

and the scaffolds without cells seeded were used as the negative control group.     

At the end of 1-week culture, betulin-treated experimental group didn’t show a higher 

GAG content than control group (79.365 ±2.690 ug/ml vs. 84.518 ±4.092 ug/ml, p = 

0.017). However, at the end of 2-week culture, betulin-treated experimental groups 

showed statistically significant higher GAG content than their relative control groups 

(94.924 ± 0.862 vs. 80.158 ±8.611, P = 0.0177<0.05). Similarly, at the end of 4-week 

culture, betulin-treated experimental groups showed higher but not statistically 

significant GAG content than their relative control groups. 

    The results also showed that when the cell-scaffold hybrids were treated with 

betulin, at the end of 2-week culture, the amount of GAGs got maxima. Since former 

research and the experimental result here have shown that the GAG originally 

entrapped in the scaffold substrate can not be retained by the scaffold and is lost into 

the culture medium during the in vitro culture period (data showed in Figure 67), the 

GAGs content increase of the experimental group means that the GAGs were newly 

secreted by chondrocytes themselves. Here, we didn’t discover that the longer the 

cells were cultured in 3D environment, the higher the GAGs content existed. 
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Figure 66 The GAG contents of cell-scaffold hybrids control groups and 

betulin-treated cell-scaffold hybrids experimental groups after cultured for 1, 2, and 4 

weeks were shown. 
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Figure 67 The GAG contents of the scaffolds without cells seeded negative control 

group after cultured for 1, 2, and 4 weeks were shown. 



 

 115

4-2.5 Real-time Reverse-Transcriptase Polymerase Chain Reaction for mRNA 

Expression Quantification 

     In real-time PCR, the -△Ct values of each target gene were normalized by the 

house-keeping gene, GAPDH, and relative expressions of each target gene between 

the experimental groups and the control group are shown by the - CT and △

summarized as follows.  

 

4-2.5.1 mRNA Expression of Collagens 

     The expression of type II collagen, type I collagen and type X collagen were 

shown in Figure 68, Figure 69 and Figure 70, respectively. Type II collagen, one of 

the major components in the extracellular matrix of articular cartilage, increased with 

the culture time when cell-scaffold hybrids were treated by betulin (Figure 68). Also, 

at the end of each tested week, betulin-treated experimental groups showed 

statistically significant higher type II collagen gene expression than their relative 

control groups. In contrast, in the control groups, the expression of type II collagen 

didn’t show constant increase within culture time. For Type I collagen gene, although 

at the end of the first week betulin-treated experimental groups showed statistically 

significant higher type I collagen gene expression than the control groups (Figure 69). 

However, at the end of 2 and 4 weeks, the type I collagen gene expression of control 

groups increased dramatically, and betulin-treated experimental groups showed 

statistically significant lower type I collagen gene expression than their relative 

control groups. When chondrocytes cultured in the betulin-treated experimental group, 

type X collagen expression was kept in a very low level, and at the end of 1 and 2 

weeks it was significantly lower then the control group (Figure 70). 
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Figure 68 At the end of 1, 2, and 4-week, the values of – Ct of relative type II △

collagen gene expression were obtained. In the bar chart, – Ct was shown by mean △

with S.D. (* means p-value<0.01).  
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Figure 69 At the end of 1, 2, and 4-week, the values of – Ct of △ relative type I 

collagen gene expression were obtained. In the bar chart, – Ct was shown by mean △

with S.D. (* means p-value<0.01) 
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Figure 70 At the end of 1, 2, and 4-week, the values of – Ct of relative type △ X 

collagen gene expression were obtained. In the bar chart, – Ct was shown by mean △

with S.D. (* means p-value<0.01). 
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4-2.5.2 mRNA Expression of Proteoglycans 

The expression of proteoglycans including aggrecan and decorin were shown in 

Figure 71 and Figure 72, respectively. In the betulin-treated experimental groups, at 

the end of each tested week, mRNA expression of aggrecan showed statistically 

significant higher than their relative control groups. Moreover, at the end of 2 weeks, 

betulin successfully increased the expression of aggrecan to the maximum. Similarly, 

mRNA expression of decorin also showed statistically significant higher than their 

relative control groups at the end of 1 week and 2 weeks.  
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Figure 71 At the end of 1, 2, and 4-week, the values of – Ct of relative △ aggrecan 

gene expression were obtained. In the bar chart, – Ct was shown by m△ ean with S.D. 

(* means p-value<0.01). 
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Figure 72 At the end of 1, 2, and 4-week, the values of – Ct of relative decorin gene △

expression were obtained. In the bar chart, – Ct was shown by mean with S.D. (* △

means p-value<0.01). 
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4-2.5.3 mRNA Expression of ECM Regulators 

The mRNA expression of three major factors related to extra-cellular matrix 

degradation, TIMP-1, MMP-2 and MT1-MMP, were measured, and results were 

shown in Figure 73, Figure 74 and Figure 75, respectively. The mRNA expression of 

TIMP-1 increased with the culture time when cell-scaffold hybrids were treated by 

betulin (Figure 73). Although the mRNA expression of TIMP-1 had no statistical 

significance between the control group and the experimental group, at the end of 1 

week and 2 weeks, the expression value of experimental groups were still higher than 

the control group. 
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Figure 73 At the end of 1, 2, and 4-week, the values of – Ct of relative △ TIMP-1 

gene expression were obtained. In the bar chart, – Ct was shown by mean with S.D. △

(* means p-value<0.01). 
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In MMP-2 mRNA expression, betulin-treated experimental group successfully 

kept the expression of MMP-2 in a significant low level although the expression 

amount was increase with the culture time (Figure 74). 
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Figure 74 At the end of 1, 2, and 4-week, the values of – Ct of relative MMP△ -2 

gene expression were obtained. In the bar chart, – Ct was shown by mean with S.D△ . 

(* means p-value<0.01). 
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Although at the end of the first week the mRNA expression of membrane-type 

1 metalloproteinase (MT1-MMP) of betulin-treated experimental group was 

significantly higher that the control group. However, at the end of 2 weeks, mRNA 

expression of MT1-MMP betulin group showed statistically significant lower value 

their relative control groups (Figure 75).  
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Figure 75 At the end of 1, 2, and 4-week, the values of – Ct of relative MT1△ -MMP 

gene expression were obtained. In the bar chart, – Ct was shown by mean with S.D. △

(* means p-value<0.01). 
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4-2.5.4 mRNA Expression of Growth and Differentiation Factors 

     In TGF-β1, there was no significant difference between the control and 

experimental group after 1-week culture, and at the end of 2 weeks the TGF-β1 

mRNA expression of control group increased to a significant higher value than the 

betulin-treated experimental group. However, after 4-week culture the mRNA 

expression of betulin-treated experimental group increased to a significant higher 

value than the control group (Figure 76). 
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Figure 76 At the end of 1, 2, and 4-week, the values of – Ct of relative TGF△ -β1 

gene expression were obtained. In the bar chart, – Ct was shown by mean with S.D. △

(* means p-value<0.01). 
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The results of BMP-7 mRNA expression showed that the longer the cells were 

cultured in betulin-treated 3D environment, the higher the mRNA expression amount 

obtained. At the end of 1 week and 2 weeks, mRNA expression of BMP-7 

successfully increased to a significant higher value than their relative control groups. 
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Figure 77 At the end of 1, 2, and 4-week, the values of – Ct of relative BMP△ -7 gene 

expression were obtained. In the bar chart, – Ct was shown by mean with S.D. (* △

means p-value<0.01). 
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Also, in the results of IGF-1 mRNA expression showed that the longer the cells 

were cultured in betulin-treated 3D environment, the higher the mRNA expression 

obtained. At the end of 1 week and 2 weeks, mRNA expression of IGF-1 successfully 

increased to a significant higher value than their relative control groups. 
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Figure 78 At the end of 1, 2, and 4-week, the values of – Ct of relative △ IGF-1 gene 

expression were obtained. In the bar chart, – Ct was shown by mean with S.D. (* △

means p-value<0.01). 
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4-2.5.5 mRNA Expression of Catabolic Cytokines 

When chondrocytes cultured in the 3D environment, IL-1β expression was kept 

in a quite low level, and at the end of 1 and 2 weeks it was significantly lower then the 

control group (Figure 79). 
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Figure 79 At the end of 1, 2, and 4-week, the values of – Ct of relative △ IL-1β gene 

expression were obtained. In the bar chart, – Ct was shown by mean with S.D. △    

(* means p-value<0.01). 
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CHAPTER 5                            

DISCUSSIONS 

5-1 Two-dimensional Chondrocytes Culture 

     In aucubin treated experiment, our findings clearly showed that under the 

lowest concentration of aucubin treatment, the chondrocytes increased the expression 

of ECM-related mRNA, although the O2
•⎯ was not significantly scavenged under this 

concentration and the chondrocytes did not significantly increase in cell number. 

Because constantly expressing type II collagen is an important biomarker of articular 

cartilage, it showed that the in vitro cultured chondrocytes under this condition could 

maintain their phenotype. The expression of ECM-related mRNAs were further 

proved by histochemical and immunohistochemical staining.  

     The middle concentration of aucubin treated environment may be the worst 

environment to chondrocytes because it increased the expression of type I collagen 

which implied that the chondrocytes were on the way toward fibrosis. On the other 

hand, the decrease in MMP-2 mRNA expression seemed to be a positive phenomenon 

because the number of MMP-2 protein decreased in the ECM and hence prevented the 

degradation of gelatin-related macromolecules in the ECM. However, as we noted 

before, MMP-2 widely expresses in many noninflamed healthy connect tissue and to 

compare with the lack of increase in the expression of ECM-related mRNA, maybe 

the chondrocytes were in an unhealthy state. 

     Under the highest concentration of aucubin treatment, O2
•⎯ was significantly 

scavenged, but there were no significant increases in chondrocytes proliferation and 

the expression of ECM-related mRNAs, which may show that O2
•⎯ did not directly 

modulate the proliferation and the expression of ECM-related genes. 
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     In betulin treated experiment, our findings clearly showed that under the lowest 

concentration of betulin treatment, O2
•⎯ was significantly scavenged and the number 

of chondrocytes was increased, which may show that by decreasing the amount of 

O2
•⎯, the replicative senescence of chondrocytes was slowed down. However, the 

mitochondrial respiratory activity, an indirect indicator of cell viability, decreased in 

this environment. 

The middle concentration of betulin treated environment may be the best 

environment to chondrocytes because it not only significantly scavenged O2
•⎯, 

increased the number of chondrocytes, but also increased the expression of type II 

collagen. On the other hand, the MMP-2 mRNA expression also decreased in this 

environment. This result showed that the middle concentration of betulin is an 

effective protectant of chondrocytes against superoxide anion and maybe possessed 

chondrogenesis activity by increasing extracellular matrix mRNA. 

     Under the highest concentration of betulin treatment, despite there was no 

significant increase in the number of chondrocytes, O2
•⎯ was significantly scavenged 

and the expression of type II collagen and aggrecan mRNAs were increased. On the 

other hand, the MMP-2 mRNA expression also decreased in this environment. 

Comparing with the results of the lowest and middle concentration treatment of 

betulin, we can conclude that under an appropriate concentration range, betulin is an 

effective protectant of chondrocytes against superoxide anion and by focusing on the 

chemical structure of betulin, the antioxidant activity of betulin may rely on the 

resonance structure of chemicals. 
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Table 10 Summary of two-dimensional chondrocytes culture results 
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5-2 Three-dimensional Scaffold Culture 

    In three-dimensional scaffold culture environment, the results showed that no 

matter the cell-scaffold hybrids were cultured for 1, 2, or 4 weeks, the viability of 

chondrocytes significantly increased. Moreover, as long as the cell-scaffold hybrids 

were cultured, the cell number whereupon increased. Furthermore, the mRNA 

expression of type II collagen, aggrecan, BMP-7, and IGF-1 significantly increased 

after the cultivation of two weeks. 

    In two-week cultivation, ECM-related mRNAs expression was 

significantly increased, which was compatible with the result of DMMB assay, and 

the mRNA expression of type I collagen and type II collagen were significantly 

decreased, which suggested that the chondrocytes were neither on the way toward 

fibrosis nor hypertrophy. Moreover, although we did not know whether the mRNA 

expression of TIMP-2 was increased or decreased, the mRNA expression of 

MT1-MMP was significantly decreased. Because the activition of MMP-2 is tightly 

regulated by the expression of MT1-MMP, the mRNA expression of MMP-2 was 

decreased due to the decreased expression of MT1-MMP. 

In four-week cultivation, the chondrocytes not only increased in their number 

but also increased their viability, which may infer that in the future application the in 

vitro three-dimensional cultivation of chondrocyte-scaffold hybrids should be 

maintained more than four weeks. The mRNA expression of type II collagen and 

aggrecan were significantly increased in this environment, and especially the mRNA 

expression of three kinds of growth factors were all increased, which suggested that 

the chondrocytes were well modulated under this environment. Also, the mRNA 

expression of MMP-2 was decreased here. 
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Table 11 Summary of three-dimensional scaffold culture results 
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CHAPTER 6                            

CONCLUSIONS 

     In two-dimensional chondrocytes culture, both aucubin and betulin could 

effectively promote the mRNA expression of ECM and inhibit the mRNA expression 

related with ECM degradation at appropriate concentration, and the ability of O2
•⎯ 

scavenging made aucubin and betulin as protectants of chondrocytes, which would 

stimulate chondrocyte proliferation and maintain the basic chondrocyte activities. 

     In three-dimensional scaffold culture environment, betulin can significantly 

stimulate chondrocyte proliferation and maintain the basic chondrocyte activities until 

four-week cultivation, which suggested that in the future application the in vitro 

three-dimensional cultivation of chondrocyte-scaffold hybrids should be maintained 

more than four weeks, and of course the addition of 0.32μg/ml of betulin into the 

cultured environment possessed positive effects toward chondrocytes and the whole 

cartilage-mimic tissue. 
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