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Abstract  

The repair of cartilage and bone tissue post arthritis or injury in the knee joint is a challenge to the 

orthopedics. Both doxycycline and collagen scaffolds had been shown with positive influences on 

the repair of the tissue. Doxycycline inhibits catabolism related enzymes. Collagens provide tissue 

repair materials. In this study, the influence of doxycycline and jellyfish collagen (JFC) scaffold to 

the cells in vitro and tissue repair in vivo was studied. Doxycycline was found with a broad 

inhibition of the matrix metallopeptidases. It also had an enhancement to the progenitor 

chondrocytes but suppressed the maturation of chondrocytes. JFC (major type II collagen) was 

seen had improved both type I and type II collagen production during chondrogenesis of 

mesenchymal stem cells in vitro. Both doxycycline and JFC enhanced the bone formation and had 

synergistic effects in a late-stage during the bone repair process. However, the cartilage repair was 

found with no significant influence after the implantations. Overall, the control of metabolism by 

doxycycline and providing stimulation to collagen production by the implantation of JFC only 

contribute to bone growth but had little influence on cartilage repair. This indicates the growth of 

cartilage tissue needs more delicate regulation. The subchondral bone repair, even with some 

chondrocytes and proteoglycan deposition in the extracellular matrix could not convert to a repair 

with mature hyaluronic cartilage tissue. 

Keywords: Doxycycline; Jellyfish collagen; type II collagen; matrix metallopeptidases; bone 

defect; cartilage defect. 
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1. Introduction 

Addressing the limited healing capacity of 

articular cartilage alongside the pathological 

alterations in the underlying subchondral 

bone compartment is a major challenge in the 

development of therapeutic strategies for the 

treatment of arthritis or other diseases of the 

joint. In order to rebuild cartilage and bone 

tissue, it is essential to regulate the 

metabolism of these cells to promote tissue 

reconstruction and ECM synthesis. 

Doxycycline is an antibiotic, known to inhibit 

the activities of matrix degradative enzymes 

like matrix metalloproteinases (MMPs) and 

thus improve tissue repair.1,2 Matrix 

degradation and prolonged inflammation are 

hallmarks of disease progression in arthritis 

and other diseases of the joint. Hence, 

inhibition of MMPs by doxycycline helps 

slow the development of arthritis.3 

Doxycycline has been previously reported to 

promote  bone healing.4,5 Furthermore, the 

combination of doxycycline with other 

biological factors has been tested for 

application in tissue engineering including 

the repair of musculoskeletal tissues.1,6 

Collagen, a major protein content of the 

musculoskeletal system, is a backbone of 

cartilage and bone tissue repair. Marine 

collagen has been considered as an 

alternative to vertebral collagen for 

fabricating biological scaffolds.7,8 Jellyfish is 

one of the major sources of marine collagen.9 

Different from the widely available vertebral 

collagen, which is made with collagen type I 

or III, Jellyfish collagen (JFC) is mainly 

composed of collagen that closely resembles 

collagen type II in vertebrates.10 In this study, 

we tested the combinatory application of 

doxycycline and JFC scaffold in the repair of 

cartilage and bone defects in the knee joints. 

 

 

 

2. Methods 

2.1 Cell isolation and culture 

Human chondrocytes were collected from 

discarded tissues from 2 adult donors 

undergoing knee joint surgery unrelated to 

infection or arthritis. The cartilage tissues 

from the donors were collected and 

immediately put into a sterile container with 

saline to be processed for cell isolation. After 

being washed in phosphate buffered saline 

(PBS) with 2% antibiotic-antimycotic 

(ThermoFisher Scientific, Grand Island, NY) 

4 times, the harvested cartilage tissue was 

treated with 0.05% hyaluronidase (MP 

Biomedicals, Irvine, CA) in PBS for 10 

minutes, rinsed  with PBS again, and then cut 

into small pieces using a surgical blade. The 

resulting cartilage fragments were 

subsequently treated with 0.2% Trypsin 

solution and placed in a water bath at 37°C 

for 10 minutes with continuous shaking. 

Following 3 washes with PBS and brief 

centrifugations, the cartilage tissues were 

digested in 0.4% collagenase type II 

(ThermoFisher Scientific, Grand Island, NY) 

in Dulbecco's Modified Eagle Medium 

(DMEM)/F12 medium, and placed in the 

water bath at 37°C for 90 minutes with 

agitation. The supernatant was then collected, 

and centrifuged at 1000 rpm for 10 minutes 

to obtain a cell pellet. All pellets were 

collected and cultured in monolayer in 

DMEM/F12 medium with 10% fetal bovine 

serum (FBS) and 1% anti-anti at 37°C with 5% 

CO2 in the incubator. Cells at passage 3-5 

were used for this study.  

Human bone marrow mesenchymal stem 

cells (MSC) were purchased from ATCC 

(American Type Culture Collection, 

Manassas, VA). Cells were cultured in 

DMEM/F12 medium containing 10% FBS 

and 1% anti-anti and the medium was 

changed every 3 days. The MSCs used in this 

study were at passage 5. 
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2.2 In vitro doxycycline treatment 

Human chondrocytes were seeded in 12-well 

cell culture plates with 3×105 cells per well. 

After the cells reached 95% confluency, they 

were treated with doxycycline (Sigma-

Aldrich, St. Louis, MO) at varying 

concentrations with respect to their groups. 

The cells were separated into 3 groups:  a low 

dose group with doxycycline at 2µg/mL, a 

high dose group with doxycycline at 

20µg/mL, and a control group without 

doxycycline. The treatments were given 

every 2 days. All groups were harvested at 4 

and 8 days after initial treatment.  

2.3 MSC Cells cultured with collagen 

scaffold in vitro 

Every 100mg type II collagen scaffold made 

from jellyfish Rhopilema esculentum (JFC) 

(Agam Group, Rehovot, Israel) was put into 

2.5mL medium (DMEM/F12 + 10% FBS), 

then cut in gentleMACS C tubes (Miltenyi 

Biotec, Bergisch Gladbach, Germany) for 14 

minutes. The scaffold particles were then 

mixed with cell suspension in a similar 

medium to make a mixture containing a final 

cell concentration of 1.5×105 cells and 4.5mg 

collagen particles per milliliter of medium. 

Then every 2mL mixture was centrifuged at 

500g for 10 minutes to make a cell pellet. A 

cell pellet with a similar cell concentration of 

human MSCs but without the mixture of 

collagen particles was used as a control group. 

Both groups were cultured in DMEM/F12 

containing 1% FBS, 1% Insulin-transferrin-

selenite (ITS) (ThermoFisher Scientific, 

Grand Island, NY), 200uM sodium ascorbic 

phosphate (Sigma-Aldrich, St. Louis, MO), 

10nM dexamethasone (Sigma-Aldrich, St. 

Louis, MO), and 100ng/mL growth and 

differentiation factor 5 (GDF5) (ProSpec-

Tany TechnoGene, Ness-Ziona, Israel). 

Medium was changed every 3 days. The 

samples were collected at 1- and 2-week time 

points for gene expression study.  

2.4 Alcian blue staining 

Both groups of MSC pellet culture had 

samples collected at a 2-week time point for 

histological evaluation with alcian blue 

staining following the standard protocol. 

Briefly, the cell pellets were fixed in 10% 

formalin (ThermoFisher Scientific, Grand 

Island, NY) for 15 minutes. Then the pellets 

were washed in PBS for 3 times. After being 

embedded in paraffin (ThermoFisher 

Scientific, Grand Island, NY), the pellets 

were sectioned into 5µm thin slices which 

were placed on slides. The slides were 

stained in alcian blue solution (pH 1.0) 

(ThermoFisher Scientific, Grand Island, NY) 

for 5 minutes.  

2.5 Gene expression studies 

Human cells (including chondrocytes and 

MSCs) collected either from monolayer or 

pellet cultures were used for gene expression 

study to detect biomarkers. Messenger RNA 

from cells was collected and purified using 

RNeasy mini kit (QIAGEN, Venlo, 

Netherlands). The reverse transcription of 

mRNA to cDNA was performed by using a 

cDNA Synthesis Kit and a T100 Thermal 

Cycler (Bio-Rad Laboratories, Inc., Hercules, 

California). The expressions of target genes 

were measured by Realtime PCR with 

LightCycler 480 (Roche, Basel, Switzerland) 

and iQ SYBR Green Supermix (Bio-Rad) 

following standard protocols. The target 

genes in this study included SRY-Box 

Transcription Factor 9 (Sox9), Type I 

collagen, Type II collagen, Aggrecan, 

metalloproteinase-1 (MMP1), MMP3, 

MMP9, MMP13, Discoidin Domain 

Receptor Tyrosine Kinase 2 (DDR2), Runt-

related transcription factor 2 (RunX2), and 

Alkaline Phosphatase (ALP). The expression 

of each target gene was normalized by using 

GAPDH as reference genes and compared 

among groups by using 2ˆ(–delta delta CT) 



Haixiang Liang, et al.   Medical Research Archives vol 9 issue 1. January 2021   Page 4 of 18 

 

Copyright 2020 KEI Journals. All Rights Reserved                http://journals.ke-i.org/index.php/mra 

method. (The sequences of the primers was 

listed in Table 1)  

Table 1. Primer sequences 

Primer Sequences 

GAPDH ACCCAGAAGACTGTGGATGG 

GAGGCAGGGATGATGTTCTG 

MMP1 TGGTGTCTCACAGCTTCCCA 

CTCCACATCTGGGCTGCTTC 

MMP3 ATCCTACTGTTGCTGTGCGT 

CTTCCCCGTCACCTCCAATC 

MMP9 CCCGGAGTGAGTTGAACCA 

CAGGACGGGAGCCCTAGTC 

MMP13 GGACAAGTAGTTCCAAAGGCTACAA 

CTTTTGCCGGTGTAGGTGTAGATAG 

Sox9 ACCACCCGGATTACAAGTACCA 

TTGAAGATGGCGTTGGGGGAG 

Type I collagen TGACCTCAAGATGTGCCACT 

ACCAGACATGCCTCTTGTCC 

Type II collagen CCCAGAGGTGACAAAGGAGA 

CACCTTGGTCTCCAGAAGGA 

Aggrecan GGCACTAGTCAACCCTTTGG 

CTGAACCCTGGTAACCCTGA 

RunX2 ATGCTTCATTCGCCTCAC 

GATGCCATAGTCCCTCC 

ALP TTGCTGGTGGAAGGAGGC 

GTGAAGACGTGGGAATGG 

DDR2 GGTTGGGGAAACGCAGTGG 

GGTCCTGGGAGGCATATCAA 

2.6 In vivo implantation 

The animal work in this study was approved 

by the Institutional Animal Care and Use 

Committee (IACUC) of Feinstein Institutes 

for Medical Research. A total of 16 male 

Sprague-Dawley (SD) rats (Charles River, 

Wilmington, MA) weighing approximately 

350g were used for in vivo study. Each rat 

received an operative cartilage and 

subchondral bone defect created on both knee 

joints following methods previously 

published.11 Briefly, the rat receiving the 

surgery was anesthetized by isoflurane. The 

skin was prepared by using aseptic 

techniques. The knee joint was exposed 

following an incision along the medial edge 

of the patella tendon. The patellar tendon was 

pushed to the lateral side to expose the 

surface of the distal end of the femur. A 

defect was created on the trochlear groove by 

using a 2mm diameter ball shape burr drill bit, 

which was about 2mm in depth to reach the 

subchondral bone area. The defect on one leg 

was randomly chosen to receive an 

implantation of JFC scaffold, while the 

contralateral side received no implantation. 

The incision was closed layer by layer with 

4-0 sutures. Post operation, half of the rats 

received 1% doxycycline in water by oral 

gavage with 10mg/kg per day post-surgery. 

The animals were euthanized at 4-and 8-

weeks post-surgery and the femur samples 

were used for histological studies. 
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2.7 Histological study of in vivo 

experiment 

The femur samples of the rats were collected 

at each time point. The samples were fixed in 

10% formalin (ThermoFisher Scientific, 

Grand Island, NY) for 1 week. Then the 

samples were decalcified with 0.25M 

Ethylenediaminetetraacetic acid (EDTA) 

(ThermoFisher Scientific, Grand Island, NY) 

in PBS (pH 7.4) on the shaker for 2 weeks. 

After being embedded in paraffin 

(ThermoFisher Scientific, Grand Island, NY), 

samples were sectioned into 7µm thick slices 

and were then stained in Safranin O/fast 

green staining. 

2.8 Statistical analyses 

The results of gene expression study were 

expressed as mean ± standard deviation (SD). 

The expression of each gene was compared 

among groups by using One-way ANOVA 

analyses. Significance was determined if p < 

0.05.  

3. Results 

3.1 Human chondrocytes treated by 

doxycycline 

Monolayer cultured human chondrocytes 

were treated with low dose (LDD) and high 

dose (HDD) of doxycycline for 4 and 8 days. 

The expressions of MMP1, MMP3, MMP9, 

and MM13 were evaluated. At the 4-day time 

point, the expressions of MMP1 and MMP13 

had no significant change among groups. The 

LDD group had a lower level of MMP3 and 

MMP9 than the control group. The HDD 

group showed only MMP3 expression to be 

significantly lower than the control group at 

the 4-day time point. However, in the 8-day 

time point, the HDD group had much lower 

expressions of MMP1, MMP3, and MMP13 

than other two groups. But the expression of 

MMP9 had no significant difference among 

groups. (Figure 1 A, B, C, D)

 

Figure 1. Comparison of relative gene expression of MMP1, MMP3, MMP9 and MMP13 in human 

chondrocytes among groups. The results are shown as relative fold change. *: p<0.05; **:p < 0.01. (A) 

MMP1; (B) MMP3; (C) MMP9; (D) MMP13. 
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The expressions of Sox9 and ALP had no 

significant differences among groups at day 

4. However, the expression of Collagen type 

II had a lowest level in the HDD group. In 

contrast, the HDD group had the highest level 

of expression of RunX2 among three groups. 

At day 8, the HDD group had the lowest level 

of Collagen type II, RunX2, and ALP 

compared to the other two groups. But both 

LDD and HDD groups had higher levels of 

Sox9 than the control group. (Figure 2 A, B, 

C, D) 

 

 

Figure 2. Comparison of relative gene expression of Sox9, Type II collagen, RunX2 and ALP in human 

chondrocytes among groups. The results are shown as relative fold change. *: p<0.05; **:p < 0.01. (A) 

Sox9; (B) Type II collagen; (C) RunX2; (D) ALP. 

3.2 Human MSC pellet culture with 

scaffold particles 

Human MSCs were pellet cultured with or 

without the collagen type II particles. Gene 

expression was compared among groups at 1-

and 2-week time points. There was not a 

significant difference between groups in the 

expression of Sox9 at both time points.  

However, the expression of collagen type II 

significantly increased in the experimental 

group than the control at 2-week time point. 

The experimental group also had a higher 

level of aggrecan than the control at the 1-

week time point. Both groups had an 

increased expression of collagen type I at the 

2-week than the 1-week time point. Moreover, 

the experimental group had a higher level of 

collagen type I expression than the control 

group at both time points. For the expression 

of MMP13, the experimental group had a 

higher level at the 1-week time point. But it 

was significantly lower than the control 

group at the 2-week time point. The 

difference was majorly caused by a 

significant increase of MMP13 expression in 

the control group between two time points. 

Similar situation was also seen in the 

expression of DDR2. There was a significant 

increase in the expression of DDR2 in the 

control group, the experimental group had a 

much lower level of DDR2 at the 2-week 
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time point. (Figure 3 A, B, C, D, E, F) 

Histological study showed both groups had 

positively stained green color after culture in 

the chondrogenic induction medium for 2 

weeks. The control group had a more 

condensed pellet. But the experimental group 

formed a loosen pellet due to the mixture with 

the JFC collagen particles. (Figure 4 A, B, C, 

D) 

 

 

Figure 3. Comparison of relative gene expression of Sox9, Type II collagen, Aggrecan, Type I collagen, 

MMP13 and DDR2 in pellet cultured human MSC among groups. The results are shown as relative fold 
change. *: p<0.05; **:p < 0.01. (A) Sox9; (B) Type II collagen; (C) Aggrecan; (D) Type I collagen; (E) 

MMP13; (F) DDR2. 
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Figure 4. Alcian Blue staining of pellet cultured human MSC treated with chondrogenic induction medium 
for 2 weeks. (A) Control group low magnification. (B) Control group high magnification. (C) Mixture with 

JFC particles low magnification; (D) Mixture with JFC particles high magnification.  

 

3.3 In vivo implantations 

The in vivo implantation of JFC scaffolds 

treated with or without doxycycline was 

evaluated at 4-and 8- weeks. At the 4-week 

time point, the control group without scaffold 

had a fibrous tissue covering the surface of 

the defect. Some bone tissue was seen in the 

defect with a large hollow space filled by 

bone marrow tissues. (Figure 5A) In the JFC 

scaffold only group, the defect contained a 

mixture of cells, fibrous and bone tissues 

with fragments of degraded scaffolds. On the 

edge of the defect, cartilage was seen 

growing into the defect area. (Figure 5B) In 

the group treated with doxycycline but 

without JFC scaffold, a lot of chondrocytes 

were seen adjacent to the bone tissue in the 

center part of the defect. These chondrocytes 

formed cluster mass with positive safranin O 

staining in the matrix of the cell cluster. 

(Figure 5C) The group with doxycycline 

combined with the JFC scaffold had a much 

smaller defect area than other groups. No 

positive stained safranin O in the defect area, 

but some fragments of degraded scaffold 

were seen embedded in the center part of the 

defect. (Figure 5D) 
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Figure 5. Saffranin O/fast green staining of cartilage and bone defect at 4 weeks post implantation. (A) No 

scaffold, No doxycycline. A layer of bone tissue was seen in the center of the defect connected between 
both sides. The area underneath of this bone tissue was a large hollow area filled by bone marrow cells. (B) 

JFC scaffold implanted, No doxycycline. Some fragment of scaffold (light purple color) was seen mixed 

with fibrous connective tissue in the center part of the defect. (C)Doxycycline treatment, No scaffold. The 
center part of the defect was seen containing red color cartilage like tissues.   (D) Both of doxycycline 

treatment and JFC implantation. Some fragment of scaffold was seen in the center part of the defect. 

At the 8-week time point, the control group 

still had fibrous tissue filling the defect. More 

bone tissue formed at the bottom of the defect. 

The size of the defect area was smaller than 

previously observed in the earlier time point. 

(Figure 6A) In the JFC scaffold only group, a 

piece of bone tissue was formed in the defect 

area. But fibrous tissue was also seen in the 

defect. The size of the defect was also smaller 

than the 4-week time point. (Figure 6B) A 

similar situation was seen in the doxycycline 

only group. The defect was filled by fibrous 

tissue and a piece of bone tissue growing out 

from the wall of the defect. (Figure 6C)  

However, the newly formed bone tissue in 

the group which received the combination of 

doxycycline and the JFC scaffold was more 

extensive than other groups and occupied the 

whole defect area with mature bone marrow 

and trabecular bone inside. (Figure 6D)  
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Figure 6. Safranin O/fast green staining of cartilage and bone defect at 8 weeks post implantation. (A) No 

scaffold, No doxycycline. The side and bottom area of the defect area was repaired by bone and bone 

marrow tissues. But the center and top area of the defect was filled with fibrous connective tissue. (B) JFC 

scaffold implanted, No doxycycline. A bony tissue was seen in the defect area separated from the bottom 
of the defect by fibrous connective tissues. (C)Doxycycline treatment, No scaffold. A bony tissue was seen 

connecting to the side of the defect and close to the surface but separated from the bottom bone tissue by 

fibrous connective tissue. (D) Both of doxycycline treatment and JFC implantation. A much large bone 
tissue was seen connected to the side of the defect but separated from the bottom bone tissue by fibrous 

connective tissue in the defect. 

 

4. Discussion 

4.1 The regulation of matrix 

metallopeptidases by doxycycline 

In this present research, we studied the 

combination of doxycycline and JFC type II 

collagen scaffold for the repair of cartilage and 

bone defect in the knee joint. The effects of 

doxycycline on chondrocytes were tested with 

two different dosages in vitro. The human 

chondrocytes treated with high dose 

doxycycline (20µg/mL) showed significant 

decrease in the expressions of MMP1, MMP3, 

and MMP13. The inhibition of MMP1 and 

MMP13 was consistent with previously 

published reports.2 Furthermore, our study 

demonstrated a decrease of MMP3 in 

chondrocytes observed both in low and high 

doses of doxycycline. Moreover, the decrease 

of MMP3 happened prior to inhibition of 

MMP1 and MMP13. MMP3 is one of the 

stromelysins.12 It was reported that the 

administration of doxycycline decreased 

MMP3 in a rat tendon repair model at an early 

stage.13 This present study is the first to report 
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the decrease of MMP3 expression in human 

chondrocytes after treatment with doxycycline. 

The protective effect of doxycycline on 

cartilage precedents have been reported.14-17 

However, most of the studies focused on the 

ability of doxycycline to inhibit collagenases, 

such as MMP1, MMP9, and MMP13.2,18 The 

finding in the present study indicates that the 

effects of doxycycline on chondrocytes could 

be much broader. Fortier, et al. compared the 

expression of MMP3 from horse synoviocytes 

and horse cartilage tissues in a co-culture 

system with the treatment of doxycycline to 

antagonize the inflammatory stress induced by 

IL-1 and MMP13.19 They found that the 

expression of MMP3 was decreased in 

synoviocytes after treatment with doxycycline 

at 4.3µM. However, the expression of MMP3 

in the cartilage tissue fragments in the study 

was not influenced by doxycycline. Besides 

the difference in the species of animal model 

used, the co-culture system and the method 

employed to induce an in-vitro joint 

inflammatory environment might have 

diversely influenced the behavior of 

chondrocytes that resulted in the discrepancy 

between their report and this present study. 

This may indicate that accompanying change 

in the expression of MMP3 in chondrocytes 

after treatment with doxycycline might involve 

a more complex biological signaling system. In 

this present study, the expression of MMP9 

was decreased with a low dosage of 

doxycycline at an early stage. However, the 

expression of MMP9 recovered at a later stage. 

The regulation of MMP9 expression is related 

to  cell migration and angiogenesis in the 

tissue.20 It is possible that the influence of 

doxycycline on the expression of MMP9 in 

human chondrocytes requires a specific 

adjustment within the cellular 

microenvironment.  

 

4.2 The effects of promotion of progenitor 

and inhibition of maturation on 

chondrocytes by doxycycline 

Besides its mediated influence on MMPs gene 

expressions, doxycycline is also involved in 

biological factors related to the growth of 

chondrocytes. In this study, after treatment 

with 20µg/mL doxycycline, the expression of 

type II collagen in human chondrocytes 

showed a decrease at all time points. 

TeKoppele, et al. had reported the expression 

of type II collagen in bovine chondrocytes to 

decline with increasing dosage of doxycycline 

in the medium.21 Doxycycline was also 

reported to inhibit the synthesis of type X 

collagen.22 It is unclear whether this inhibitory 

effect of doxycycline involves all types of 

collagen or specific subgroups. Our study also 

demonstrated an increase in the expression of 

Sox9; a change only observed at a later time 

point and not at an earlier time point. This is 

the first study to report such an effect of 

doxycycline on the gene expression of Sox9. 

Because Sox9 is an upstream transcription 

factor that is related to the growth of 

chondrocytes prior to the expression of type II 

collagen.23,24 It is possible the increase of Sox9 

was involved in the regulation of type II 

collagen expression. Furthermore, Sox9 is also 

a negative regulator of the expression of type 

X collagen.25 Upregulated Sox9 might 

contribute to the inhibition of type X collagen 

expression by doxycycline. In this present 

study, both RunX2 and ALP decreased at a 

later time point with addition of doxycycline at 

20µg/mL, although the expression of RunX2 

initially increased at the earlier time point. 

Both these genes are considered as markers for 

mature or hypertrophic chondrocytes for tissue 

mineralization.26-28 Doxycycline was reported 

to have caused the decrease in the activity of 

ALP in osteoprecursor cells.29,30 This is the 

first study to confirm the expressions of both 

RunX2 and ALP in chondrocytes to have 

decreased after treatment with doxycycline. 



Haixiang Liang, et al.   Medical Research Archives vol 9 issue 1. January 2021   Page 4 of 18 

 

Copyright 2020 KEI Journals. All Rights Reserved                http://journals.ke-i.org/index.php/mra 

4.3 Jellyfish type II collagen enhanced 

chondrogenesis of stem cells 

To test the combinatory effect of collagen 

scaffold and doxycycline for the treatment of 

cartilage and bone defects in joints, JFC 

scaffolds were used in the in vivo portion of 

this study. From its component analyses, JFC 

is considered to be predominantly composed of 

type II collagen.10 Since type II collagen is not 

only a major component of cartilage, but also 

plays a major contribution during 

endochondral bone formation. The application 

of JFC scaffolds might promote both cartilage 

and bone repairs. At first, this study tested its 

chondrogenesis inducing potential with human 

MSCs mixed with JFC particles. Both 

collagens type I and II, especially type II 

expression, increased with the mixture of JFC 

in the pellet culture. Furthermore, the 

expressions of MMP13 and DDR2 

(hypertrophy chondrocyte markers 31,32) 

decreased at the 2-week time point. These in 

vitro studies indicated that the presence of JFC 

improved the chondrogenic potential of MSCs 

and hindered their ossification in vitro. The 

chondrogenesis of MSCs was also confirmed 

by alcian blue staining. The enhanced 

chondrogenic potential of human MSCs 

cultured on JFC scaffolds has also been 

previously reported.33,34 Furthermore, JFC has 

been reported to influence chondrocyte 

phenotype by preventing them from 

dedifferentiating.10 When considering JFC for 

its tissue engineering application in cartilage 

repair, its characteristics, including the 

promotion of chondrogenesis of stem cells and 

inhibition of dedifferentiation or maturation of 

chondrocytes, makes it a suitable scaffold and 

biomaterial for maintaining biological 

performance of chondrocytes. 

 

 

 

4.4 The combination of doxycycline and 

JFC for the repair of cartilage/bone defect 

in vivo 

4.4.1 Doxycycline caused the accumulation 

of chondrocytes 

The combination of doxycycline and JFC was 

evaluated by an in vivo experiment for the 

repair of a cartilage and bone defect created in 

knee joints. Because the critical defect size in 

rat knee joints is 1.4mm35 , without additional 

processes, the defect created in this study 

(2mm) could not self-heal. The healing of bone 

tissue has three stages: early inflammation, 

repair, and remodeling.36 The repair and 

remodeling stages happen almost 

simultaneously. When observing the control 

group at different time points, it showed the 

process of the bone reconstruction in the defect 

including both the repair and remodeling 

stages. The administration of doxycycline 

decelerated the process of bone formation, 

which caused the accumulation of 

chondrocytes in the defect observed at 4 weeks. 

However, more bone formation was observed 

in the defect than the control group at 8 weeks. 

This is the first study to demonstrate inhibition 

of bone formation at an early time but more 

bone formation at a later time after 

administration of doxycycline. A contradiction 

of the effect of bone repair after using 

doxycycline has been reported before. Both of 

Fawlkes, and Alkan groups reported no 

differences of bone formation with or without 

the administration of doxycycline in vivo.37,38 

However, some other groups reported the 

promotion of bone repair after using 

doxycycline.4,5,39 It was considered that the 

mechanism of doxycycline on bone formation 

involves multiple factors, which interacted and 

influenced each other.39 Since doxycycline 

was found to inhibit hypertrophy and 

maturation of chondrocytes in this study, it is 

possible that the endochondral bone formation 

was slowed down. The ossification of 

chondrocytes followed by early bone 
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formation could inhibit more bone marrow 

cells from infiltrating into the defect, 

suppressing the regeneration and remodeling 

of the tissue, which caused the accumulation of 

chondrocytes in the defects. These 

accumulated chondrocytes then formed a large 

piece of bone tissue in the defect later.  

4.4.2 JFC degradation with more collagen 

deposition in the defect 

The implantation of JFC also showed 

diminished bone formation after 4 weeks, but 

more bone formation in the defect than the 

control group at 8 weeks. Widdowson et al. 

reported the degradation of JFC almost totally 

finished within 4 weeks in vivo, with similar or 

even minor inflammatory reactions compared 

to bovine collagen scaffolds.40 In this present 

study, nearly all of the JFC scaffold degraded 

and disappeared after 4 weeks. It was possible 

that the inflammation caused by JFC and 

simultaneous remodeling of the tissue 

restricted bone formation from occurring at an 

earlier time. Because the in vitro study showed 

the enhancement of both type I and II collagen 

expressions in MSCs and the potential 

inhibition of the maturation and hypertrophy of 

chondrocytes in the presence of JFC. The 

accumulation of both type I and II collagens in 

the extracellular matrix (ECM) created a 

platform to facilitate more bone deposition 

after the degradation of the scaffold.  

4.4.3 The synergetic effect of bone 

formation promotion by doxycycline and 

JFC 

Although the doxycycline or JFC groups had 

limited bone tissue formation than the control 

group at 4 weeks, they both demonstrated more 

bone tissue later. The indications of significant 

bone deposition in these results suggest that 

bone formation during the remodeling stage 

plays a major contribution to the repair of the 

defect. Furthermore, the enhanced bone 

formation seen in the defect associated with the 

experimental group that received a 

combination of doxycycline and JFC in 

comparison to other groups showed a potential 

synergistic effect of this combination in 

promoting bone tissue formation. It is possible 

that the implantation of the JFC scaffold 

provided more collagen accumulation in the 

ECM, while its biodegradation offered an 

opportunity for tissue remodeling to stimulate 

reconstruction. Meanwhile, the administration 

of doxycycline inhibited the ossification of 

chondrocytes, which allowed their 

proliferation and accumulation in the defect. 

The ossification of the tissue with more 

chondrocytes and more collagens in ECM 

subsequently augmented bone formation in the 

defect.  

4.5. Neither doxycycline nor JFC enhanced 

the cartilage repair in the defects 

In contrast to the enhanced bone tissue repair 

observed within the defect, neither the 

administration of doxycycline, nor the 

implantation of JFC improved the cartilage 

tissue repair. The contribution of more 

collagen and chondrocytes in the defect turned 

into bone formation rather than the cartilage 

tissue formation. This result may suggest that 

the direct migration of bone marrow cells at the 

local site of articular defects is not sufficient to 

initiate the repair of cartilage tissue. The 

contribution of biodegradable scaffolds or 

regulation of the metabolism of the tissue may 

require alternative ways to stimulate and 

mobilize cells from within the different 

cartilage layers, but not from bone marrow, to 

mediate the repair of cartilage. It was 

considered that the formation of the cartilage 

layer relied on a bidirectional migration of 

chondrocytes within the cartilage between the 

superficial layer and the deep zone.41 For the 

restoration of the cartilage tissue, it has to 

rebuild the zonal structures within the 

interaction between the cartilage and bone, 

which includes the hyaline cartilage, tidemark, 

calcified cartilage layer and subchondral 
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bone.41-43 And these structures are developed 

from the interaction between the chondrocytes 

in the cartilage, and osteocytes and bone 

marrow cells in the subchondral bone tissue, 

and confer specialized functions in 

maintaining the articular cartilage. As 

demonstrated in this present study, without 

these layered structures within the 

cartilage/bone interaction, the mediation of 

articular and subchondral bone defect repair 

applicable during the process of the local tissue 

restoration will only contribute to the bone 

tissue repair. 

5. Conclusion 

This study tested using doxycycline and JFC 

scaffold for the repair of a cartilage and bone 

defect in a rat model. Doxycycline was found 

to inhibit the ossification of chondrocytes. JFC 

had the capacity of promoting the 

accumulation of collagens in the extracellular 

matrix. The applications of doxycycline or JFC 

alone enhance the bone formation in the defect. 

The combination of doxycycline and JFC had 

a synergistic effect of bone formation. 

However, the cartilage repair was not 

promoted even with improved accumulation of 

collagens and chondrocytes within the defect 

site. It is possible that the reconstruction of the 

zonal structures maintaining the interaction 

between the cartilage and bone is necessary for 

the repair of the cartilage layer itself.   
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