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Kartogenin induces cartilage-like tissue formation in tendon–

bone junction

Jianying Zhang and James H-C Wang

Tendon–bone junctions (TBJs) are frequently injured, especially in athletic settings. Healing of TBJ injuries is
slow and is often repaired with scar tissue formation that compromises normal function. This study explored
the feasibility of using kartogenin (KGN), a biocompound, to enhance the healing of injured TBJs. We first
determined the effects of KGN on the proliferation and chondrogenic differentiation of rabbit bone marrow
stromal cells (BMSCs) and patellar tendon stem/progenitor cells (PTSCs) in vitro. KGN enhanced cell
proliferation inboth cell types in a concentration-dependentmanner and induced chondrogenic differentiation
of stem cells, as demonstrated by high expression levels of chondrogenic markers aggrecan, collagen II and
Sox-9. Besides, KGN induced the formation of cartilage-like tissues in cell cultures, as observed through the
staining of abundant proteoglycans, collagen II and osteocalcin. When injected into intact rat patellar tendons
in vivo, KGN induced cartilage-like tissue formation in the injected area. Similarly, when KGN was injected
into experimentally injured rat Achilles TBJs, wound healing in the TBJs was enhanced, as evidenced by the
formation of extensive cartilage-like tissues. These results suggest that KGN may be used as an effective
cell-free clinical therapy to enhance the healing of injured TBJs.
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INTRODUCTION
Tendons connectmuscles to bones through tendon–bone

junctions (TBJs),whicharealso referred toasenthesis, inser-

tion sites, or osteotendinous junctions.1 TBJs are unique

structures made of tendon, a transitional fibrocartilage

zone (uncalcified and calcified) and bone.2–3 The fibrocar-

tilage structure acts as a shock absorber and reduces stress

transmitted to tendons.4 However, because tendons allow

complex movements in multiple axes, the TBJs experience

high levels of stress,making themprone toacute or chronic

injuries,1 particularly for those participating in recreational

and highly-competitive sport activities.

Once TBJs are injured, natural healingof the injured TBJ is

extremely slow, primarily because healing takes place

between two different types of tissues, i.e., tendon and

bone.5 Even when healed, the fibrocartilage zone is not

completely regenerated, making it susceptible to re-

injury.6–8 Previous studies have shown that the transitional

fibrocartilage zone does not regenerate in human supras-

pinatus reattachment,9 infraspinatus reattachment10 or a

rabbit partial patellectomy repair model.6,8,11 Treatments

for these injuries almost always involve reattachment of

the bone to the injured tendon by surgical juxtaposition

of tendons and bones, such as in Achilles tendon and in

anterior cruciate ligament (ACL) reconstruction, where a

tendon graft is inserted in the bone tunnel to support ten-

don/bone interface healing. The outcome of ACL recon-

struction largely depends on the healing of the tendon

graft-bone tunnel. Unfortunately, all four zones in the

injured TBJareoftennot completely restoredafter healing,

resulting in lower interface healing quality. Indeed, mag-

netic resonance imaging (MRI) and biopsy evaluations of

humanpatients have shown theabsenceof fibrocartilage

zone regeneration even several years after ACL recon-

struction.7 These studies emphasize that neither natural

healingnor surgical interventions are sufficient tooptimally

restore the unique features of the fibrocartilage transition

zone in injured TBJs.

Previous studies have shown the ability of tissue engin-

eering (TE) approaches to accelerate regeneration of the

tendon/bone interface. These include the use of growth

factors,12–17 mesenchymal stem cells (MSCs)18–19 and
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periosteal graft augmentation.20–22 Besides these TEmeth-

ods, the use of osteogenic matrix cell sheets (OMCS) has

enhanced early tendon-to-bone tunnel healing. Indeed,

macrophage depletion after ACL reconstruction has been

shown to promote healing at the tendon/bone interface23

and transplantation of OMCS with grafted tendons in rab-

bits induced bone formation.24 In addition, implantation of

a bovine-derived bone tissue scaffold into a sheep rotor

cuff model also enhanced regeneration of the tendon/

bone interface. In particular, all four fibrocartilage zones

at the interface were regenerated, resulting in a healed

interface that was similar to the normal tendon/bone inter-

face structure.25 Although these methods have shown

promise in enhancing tendon graft-bone healing in animal

models, at least somehave inherent limitations, particularly

from a clinical perspective. For example, the use of exo-

genous growth factors may raise safety concerns, and the

use of MSCs, OMSCs or tissue scaffolds in clinical settings

may not be feasible because many clinics lack the equip-

ment and personnel to perform stem cell isolation, culture

or expansion, or to create the tissue scaffold itself. Finally,

periosteal grafts have been shown to cause morbidity in

the autograft harvest sites.26 Therefore, novel approaches

are still needed to augment and accelerate TBJ healing.

Recently, a small heterocyclic molecule called karto-

genin (KGN) was demonstrated to promote robust chon-

drocyte differentiation of primary human MSCs.27 KGN

induced humanMSCs to express a typical set of chondro-

genicgenes, formchondrocytenodules, andexhibit char-

acteristic chondrocyte functions. These chondrocytes

proliferated quickly and produced a cartilage matrix.

When KGN was injected intra-articularly into a mouse

model of osteoarthritis, regeneration of the cartilage was

observed within only a few weeks. However, thus far KGN

has not been used to promote healing of injured TBJs.

Therefore, in this study we hypothesized that KGN injec-

tions would enhance the healing of injured TBJs. To test this

hypothesis, we performed in vitro experiments using cell

culturemodels byapplying KGN to two types of adult stem

cells which are involved in the healing of TBJs: bone mar-

row stromal cells (BMSCs) and tendon stem/progenitor

cells. In addition, we also injected KGN into intact patellar

tendons andexperimentally injured rat Achilles tendons as

in vivo models to investigate whether KGN could induce

chondrogenesis in these tissues. Our results showed that

KGN induced chondrogenesis in vitro and promoted the

formation of cartilage-like tissues in vivo.

MATERIALS AND METHODS
BMSC and patellar tendon stem/progenitor cells (PTSC)

isolation and culture

BMSCs were obtained from femur bones and PTSCs were

isolated frompatellar tendons of sevenNew Zealandwhite

rabbits (4–6 months old females) based on protocols sim-

ilar to those described previously.28–29 The protocols for

using rabbits in this study were approved by the University

of Pittsburgh IACUC. Briefly, BMSCs isolated from the fem-

oral marrow compartments were cultured in Dulbecco’s

modified Eagle’s medium (Lonza, Walkersville, MD, USA)

supplemented with 20% fetal bovine serum (Atlanta

Biologicals, Lawrenceville, GA, USA), 100 U?mL21 penicillin

and 100 mg?mL21 streptomycin (Atlanta Biologicals,

Lawrenceville, GA, USA) in an incubator at 37 uC with 5%

CO2. After an overnight culture, non-adherent cells were

removed carefully and replacedwith fresh medium.When

primary cultures became almost confluent, cells were

treated with 0.25% trypsin containing 0.02% ethylenediami-

netetraacetic acid for 2 min at room temperature (21 uC)

and seeded into new culture flasks. A pure population of

BMSCs was obtained 3 weeks after the first culture was

initiated. For PTSC isolation, tendon sheaths from the patel-

lar tendons were removed to obtain the core portions of

the tendons. Tendon samples were then minced into small

pieces and each 100 mg wet tissue sample was digested

in 1 mL phosphate buffered saline (PBS) containing 3 mg

collagenase type I and 4 mgdispase at 37 uC for 1 h. After

centrifugation at 3 500 r?min21 for 15 min to remove the

enzymes, the cells were cultured in growthmedium supple-

mented with 100 mmol?L21 2-mercaptoethanol (Sigma-

Aldrich, St Louis, MO, USA) at 37 uC with 5% CO2. The med-

ium was changed every 3 days and cells were split when

.90% confluencewas reached. In all further culture experi-

ments, BMSCs and PTSCs at passage 1 or 2 were used.

In vitro experiments

Rabbit BMSCs or PTSCs at passage 1–2 were seeded in 6-

well plates at a density of 63104 per well and cultured for

two weeks in growth medium (Dulbecco’s modified

Eagle’s medium plus 20% fetal bovine serum) with various

concentrations (1 nmol?L21–5 mmol?L21) of KGN. Themed-

ium was changed every 3 days and after 2 weeks, cell

proliferation was measured by population doubling time

(PDT), and cell differentiation was assessed by measuring

the expression of chondrogenic markers (aggrecan, col-

lagen type II and Sox-9) using quantitative RT-PCR (qRT-

PCR), cytochemical and immunocytochemical staining

for proteoglycans, collagen type II and osteocalcin.

Determination of PDT for measuring cell proliferation

in vitro

Proliferation of KGN treated BMSCs and PTSCs was deter-

mined by the time taken for the cells to multiply and was

expressed as PDT, which was calculated from the formula

PDT5log2 [Nc/N0], where N0 is the total number of cells

seeded initially and Nc is the total number of cells at

confluence.29
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Gene expression analysis in BMSCs and PTSCs by qRT-PCR

Total RNA (1 mg), which was extracted from BMSCs and

PTSCs in each group using the RNeasy Mini Kit (Qiagen,

Valencia, CA, USA), was used to synthesize first-strand

cDNA by reverse transcription using SuperScript II

(Invitrogen, Grand Island, NY, USA). The incubation tem-

peratures for the cDNA synthesis started with 65 uC for

5 min followed by cooling at 4 uC for 1 min, reverse tran-

scription at 42 uC for 50 min and a final incubation at 72 uC
for 15 min. Then, qRT-PCR was performed using the Qiagen

QuantiTect SYBR Green PCR Kit (Qiagen) in a 25 mL PCR

reaction volume with 2 mL cDNA (total 100 ng RNA) in a

Chromo 4 Detector (MJ Research, St Bruno, Que.,

Canada). PCR cycling conditions consisted of an initial

denaturation at 94 uC for 5 min, followed by 30–40 cycles

of 1 min at 94 uC, 40 s at 57 uC, 50 s at 72 uC and a final

10 min extension at 70 uC. Rabbit-specific primers for

aggrecan, collagen type II, and Sox-9, and the internal

control glyceraldehyde 3-phosphate dehydrogenase

(GAPDH), were adopted from a previous study.30–31 All pri-

merswere synthesizedby Invitrogenandare listed in Table 1.

Expression of all genes was normalized to the control group

without KGN treatment. Relative expression levels of indi-

vidual genes were calculated using the 2{DDCT method,

where DDCT~ðCTtarget{CTGAPDH
Þ
treated

{ðCTtarget{CTGAPDH
Þ
control

and CT represents the threshold cycle of each cDNA

sample. At least three CT values were used to determine

the mean6standard deviation (s.d.) for each data set.

Cytochemical staining of BMSCs and PTSCs in vitro

To determine the effect of KGN on rabbit BMSC and PTSC

differentiation, cells at passage 2 were seeded into 6-well

plates at a density of 243104 per well and treated with

various concentrations of KGN. After two weeks of treat-

ment, the cells were fixed with cold ethanol and stained

within the culture plate wells with Safranin O or Alcian blue

using standard protocols32 to detect proteoglycans and

collagens, respectively.

Immunocytochemical staining of BMSCs and PTSCs

treated with KGN

To determine the influence of KGN on rabbit BMSC and

PTSC differentiation, cells at passage 2 were seeded into

12-well plates at a density of 33104 per well and treated

with various concentrations (1 nmol?L21–5 mmol?L21) of

KGN. After 2 weeks of treatment, cells from each group

were fixed in 4% paraformaldehyde in PBS at room tem-

perature for 30 min. Then, chondrogenesis in the cells was

determined by measuring collagen type II expression after

immunostaining with mouse anti-collagen II (1:300) primary

antibody (Cat. #CP18–100UG; Millipore, Billerica, MA), and

osteogenesis expression was assessed using mouse anti-

osteocalcin (1:300) monoclonal antibody at room temper-

ature for 2 h (Cat. #ab13418; Abcam, Cambridge, MA).

Afterwashing in PBS three times, theproteinsweredetected

by incubation with FITC-conjugated goat anti-mouse IgG

(1:500) for collagen type II and Cy3-conjugated goat anti-

mouse IgG (1:500) for osteocalcin at room temperature for

2 h. After removing unbound antibodies by washing in PBS,

the nuclei were stained with Hoechst fluorochrome 33342.

Finally, positively stained cells were examined under fluor-

escence microscopy (Nikon eclipse microscope, TE2000-U,

Nikon Instruments Inc., Melville, NY, USA).

In vivo injection experiments

For in vivo injection experiments, 12 female Sprague–

Dawley rats (2.5–3.5 months old) were used. The protocol

for using rats in our in vivo experiments was approved by

the University of Pittsburgh IACUC. Two models were used

to determine the effect of KGN injections in vivo. In the first

model, a wound with 1 mm diameter was created in the

Achilles TBJs in both hind legs of all 12 rats using a biopsy

punch (Miltex Inc., York, PA, USA). Then rats were divided

into two groups based on the injections received: six rats

were given 10 mL saline injections in each wound (wound-

only group) and six rats received 10 mL of 100 mmol?L21

KGN solution each in the wounded areas (wound1KGN

group). The injections were given immediately after

wounding and repeated on days 2, 4, 7 and 12. The KGN

dosage used in the injection experiments was based on a

previous study.27 After injections, all rats were allowed free

cage activities. In the second model, the intact patellar

tendons in the hind legs of thewound only group received

10 mL saline, while each intact patellar tendon in the

wound1KGN group received 10 mL of 100 mmol?L21 KGN

solution. Then theywere all killed onday 15post-treatment

to harvest the Achilles TBJs (n512; two from each of the six

rats) and thepatellar tendons (n512; two fromeachof the

six rats). Aftermorphological examination of thewounded

area, cartilage formation in each TBJ was determined by

immunostaining of frozen tissue sections.

For immunohistochemical analyses, both patellar and

Achilles tissues were immersed in frozen section medium

(Neg 50; Richard-Allan Scientific; Kalamazoo, MI, USA) in

pre-labeled basemolds andquickly frozenby placing in 2-

methylbutane chilled in liquid nitrogen. The frozen tissue

Table 1. Sequences of the primers used in qRT-PCR

Gene Primer sequence Reference

Aggrecan Forward 59-GAG GAG ATG GAG GGT GAG GTC TT-39 [31]

Reverse 59-CTT CGC CTG TGT AGC AGA ATG-39

Collagen II Forward 59-TGG GTG TTC TAT TTA TTT ATT GTC TTC CT-39 [30]

Reverse 59-GCG TTG GAC TCA CAC CAG TTA GT-39

Sox-9 Forward 59-AGT ACC CGC ACC TGC ACA AC-39 [30]

Reverse 59-CGC TTC TCG CTC TCG TTC AG-39

GAPDH Forward 59-ACT TTG TGA AGC TCA TTT CCT GGT-39 [30]

Reverse 59-GTG GTT TGA GGG CTC TTA CTC CTT-39
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blocks were then placed on dry ice and subsequently

stored at 280 uC until further use.

Histochemical analysis of tissues treated in vivo with KGN

Each frozen tissue block was cut into 8 mm-thick sections,

which were fixed in 4% paraformaldehyde for 15 min. For

histochemical staining, the tissue sections (8 mm thick)

were stained with Safranin O and fast green according

to standard protocols to detect proteoglycan and col-

lagen expression, respectively.32

Statistical analysis

Data are expressed as mean6standard deviation

(mean6s.d.) of three independent experiments, each

with at least three replicates. A two-tailed Student’s t-test

wasused for statistical analysis. AP-value less than0.05was

considered to indicate a significant difference between

each KGN treated group and its control group.

RESULTS
Effects of KGN on BMSCs and PTSCs in vitro

Proliferation of BMSCs and PTSCs treated with various

concentrations of KGN in culture increased significantly,

as revealed by a reduction in PDT (Figure 1). KGN signifi-

cantly decreased PDT in both cell types in a concentra-

tion-dependent manner, with BMSCs reaching the lowest

PDT at a KGN concentration of 5 mmol?L21 (Figure 1).

Similarly, PTSCs proliferated more quickly when the KGN

concentration was gradually raised from 1 nmol?L21 to

5 mmol?L21.

Expression levels of all three chondrogenic genes,

aggrecan, collagen type II (collagen II), and Sox-9, were

highly elevated inbothBMSCsandPTSCs treatedwithKGN

(Figure 2) compared to control cells without KGN treat-

ment. In BMSCs, significant increase was observed in the

expression levels of aggrecan and Sox-9 even at the low-

est KGN concentration (1 nmol?L21) and these levels rose
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Figure 2. The effect of KGN on the gene expression of rabbit BMSC (a)
and PTSC (b) in vitro. Rabbit BMSCs and PTSCs were grown in medium
containing KGN at concentrations ranging from 1 nmol?L21 to
5 mmol?L21 for 7 days, followed by RNA extraction and qRT-PCR to
determine expression levels of chondrogenesis markers aggrecan, col-
lagen II and Sox-9. In both cell types, KGN increased the expression of all
three genes in a dose-dependent manner. Data represent mean6s.d. of
three independent experiments. Asterisks indicate significant statistical
differences (P,0.05) between the different KGN treatments and their
respective controls (0 nmol?L21 KGN).
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Figure 1. The effect of KGN on the proliferation of rabbit BMSC (a) and
PTSCs (b) in vitro. BMSCs and PTSCs were cultured with various con-
centrations of KGN (1 nmol?L21–5 mmol?L21) for 3 days. Cell prolifera-
tion in both cultures was assessed by determining cell PDT. Increasing
KGN concentrations decreased PDT in both BMSCs and PTSCs, indi-
cating higher cell proliferation rates in response to KGN treatments. The
data are expressed as mean6s.d. of three independent experiments.
Asterisks represent significant differences (P,0.05) between the treat-
ment groupswith variousKGN concentrations and the control group, or
the cells without KGN treatment.
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higher with further increase in KGN levels (Figure 2a).

Specifically, aggrecan levels in BMSCs treated with

5 mmol?L21 KGN reached the highest levels with an 8-fold

increase over the non-treated control cells. Collagen II

and Sox-9 mRNA levels stayed similar, with levels varying

only slightly between themunder all treatment conditions.

Similar to aggrecan, both collagen II and Sox-9 gene

expression levels also reached their maximum at

5 mmol?L21 KGN, with a 5-fold increase when compared

to the control cells without KGN treatment. On the other

hand, the chondrogenic response of PTSCs to KGN treat-

ment was different from BMSCs. While all three chondro-

genic gene markers in PTSCs also increased in a dose-

dependent manner, the maximum expression level

observed for collagen II was a 31-fold increase over con-

trol cell levels (Figure 2b). Similarly, both aggrecan and

Sox-9 mRNA levels also increased with increasing KGN

concentrations in the medium, although their maximum

BMSC PTSC

Safranin O

0 nmol·L-1

1 nmol·L-1

10 nmol·L-1

100 nmol·L-1

1 mmol·L-1

5 mmol·L-1

Alcian blue Safranin O Alcian blue

Figure 3. The effect of KGN on chondrogenic differentiation of rabbit BMSCs and PTSCs in vitro. BMSCs and PTSCs were cultured in medium
containing KGN at concentrations ranging from 1 nmol?L21 to 5 mmol?L21 for 2 weeks and stained with Safranin O or Alcian blue. Cells without
KGN treatment were used as a control (0 nmol?L21). Staining for both Safranin O and Alcian blue increased with increasing levels of KGN in both
cultures indicating that KGN increases chondrogenic differentiation of BMSCs and PTSCs.
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increasewasonly 12-fold for aggrecanand8-fold for Sox-9

(Figure 2b).

Consistent with the gene expression results, cytochem-

ical analyses to determine proteoglycan accumulation

using Safranin O and Alcian blue staining revealed an

increase in staining intensity in both BMSCs and PTSCs cul-

tured in vitro (Figure 3), indicating higher accumulation of

proteoglycans in both cell types treated with various con-

centrations of KGN. This increased staining intensity also

correlated with the increasing doses of KGN, reflecting a

dose-dependent effect on cell chondrogenesis.

Further, immunocytochemical analyses of BMSCs and

PTSCs (Figure 4) treated with KGN showed a clear dose-

dependent increase in both collagen II and osteocalcin

expression, with maximum expression levels at 5 mmol?L21

KGN.

Effects of KGN on tendinous tissues in vivo

Todetermine the in vivo effect of KGN,we first administered

four injections of 100 mmol?L21 KGN into intact rat patellar

tendons and analyzed the injected area 15 days after the

treatment. KGN injections induced drastic changes in the

patellar tendons; they were covered with a thin layer of

connective tissue, with newly formed vessels apparent

across the tissue and, as a result, the shinning appearance

in the saline injected control tendons (Figure 5a) were no

longer visible (Figure 5b). These morphological changes in

the patellar tendons were corroborated by histochemical

BMSC

Collagen II Osteocalcin Collagen II Osteocalcin

PTSC

0 nmol·L-1

1 nmol·L-1

10 nmol·L-1

100 nmol·L-1

1 mmol·L-1

5 mmol·L-1

Figure 4. Chondrogenic differentiation of rabbit BMSCs and PTSCs cultured in vitro in medium containing KGN. BMSCs and PTSCs were grown in
mediumwith various concentrations of KGN (1 nmol?L21–5 mmol?L21). The cells without KGN treatment were used as a control. After being treated
for 2 weeks in culture, the cells were immunostained with anti-collagen II and anti-osteocalcin antibodies to determine chondrogenic differentiation.
Nuclei were stained with Hoechst fluorochrome 33342 (blue). Chondrogenic differentiation in both cell types increased after the addition of KGN in a
dose-dependent manner. Bars5100 mm.
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staining, which showed intense staining for SafraninO in the

KGN-treated patellar tissues (Figure 5d) and a lack

of Safranin O staining in the control tendon injected with

saline (Figure 5c) indicating the presence of abundant pro-

teoglycan after KGN injections. While both control and

KGN treated tendons were stained with fast green, which

indicated the presence of collagen, staining in control ten-

dons was much more extensive compared to the KGN-

treated tendons, indicating the presence of large amounts

of neo-proteoglycan due to KGN injections.

Effects of KGN on injured TBJs in vivo

In addition to injecting KGN into intact patellar tendons,

we also determined the potential of KGN to enhance

wound healing in a TBJ injury model. For this, intact rat

Achilles tendons (Figure 6a) in the TBJs of the hind legs

were punctured with a biopsy punch to create a wound

or hole (Figure 6b). Injection of 100 mmol?L21 KGN indeed

promoted healing of injured tissue after 15 days of treat-

ment and appeared to form a more complete, mature

and glistening cartilage-like tissue (Figure 6d); in contrast,

the injured tissues injectedwith saline looked yellowish and

healing appeared incomplete (Figure 6c). Histological

analysis of these tissue sections stained with Safranin O

showed that almost 90% of the KGN-injected tissue

was stained positive (Figure 6f), compared to a lack of

Safranin O positive staining in the saline-injected group

(Figure 6e). Similar to the patellar tendon, fast green stain-

ing, indicating collagen, was intense only in the control

(Figure 6e), but not in the KGN-treated area of the TBJ

(Figure 6f).

DISCUSSION
Complete regeneration of TBJs after an injury continues to

be a challenge in clinics. Indeed, healing at the tendon/

Intact ATBJ
a b

c d

f

Saline Injected

1 mm 1 mm

1 mm 1 mm

200 mm

KGN Injected

Wounded ATBJ

e

200 mm

100 mm 100 mm

Figure 6. The effect of KGN injection on the healing of rat ATBJ. Intact
Achilles tendon-bone junctions of rats were wounded (1 mm diameter)
and then injected with 10 mL saline (c, e) or 10 mL of 100 mmol?L21 KGN
four times, on days 1, 2, 7 and 14. The rats were killed on day 15 for
examination. (a) Intact Achilles tendon–bone junction; (b) wounded
ATBJ with a hole indicated by arrow; (c) natural healing of the wounded
ATBJ 15 days after wounding; arrow indicates immature, yellowish car-
tilage-like tissue; (d) completely healed KGN-injected ATBJ 15 days after
wounding; arrow points to large, glistening new cartilage-like tissue; (e)
saline-injectedwound site at theATBJ stainedwith fast green and Safranin
O shows the lack of proteoglycans in the wound area indicating the
absence of fibrocartilage-like tissue formation in the junction; arrowpoints
to the wounded ATBJ area that remained empty even after two weeks of
healing. Bone tissues are visible on the left, while tendinous tissues stained
with fast green are at the bottom right corner; (f) staining of the KGN-
injected ATBJ wound with fast green and Safranin O shows formation of
cartilage-like tissue; thewoundedATBJ appears to be filledwith abundant
proteoglycans stainedwith SafraninO (triangle), and tendinous tissues are
located in the right and appear green with fast green staining. ATBJ,
Achilles tendon–bone junction.

Saline injected

a b

dc

5 mm 5 mm

100 mm100 mm

100 mm

KGN injected

Figure 5. The effect of KGN injection on intact rat patellar tendons in vivo.
Intact patellar tendons were injected with 10 mL saline (a, c) or 10 mL of
100 mmol?L21 KGN (b, d) four times, on days 1, 2, 7 and 14. Rats were
then killed on day 15 to assess the effect of KGN on the patellar tendons.
Intact tendons exhibit awhite glistening appearance (a, arrow).However,
after KGN injection, the original patellar tendon tissue is almost indistin-
guishable from the newly formed tissues, which appear highly vascular-
ized (b). Staining of the corresponding tissue sections with fast green and
Safranin O shows dense collagen in the saline-injected control (c), but
extensive accumulation of proteoglycans (arrow) interspersed with col-
lagen is observed in the KGN-injected patellar tendon (d).
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bone interface after ACL reconstruction surgeries has

been accelerated by tissue engineering approaches,

although limitations of using growth factors (MSCs,

OMSCs, etc.) have been recognized. Our findings

reported in this study show that the small drug-like mole-

cule, KGN, stimulates cell proliferation, induces in vitro

chondrogenic differentiation of two different adult stem

cells, BMSCs and TSCs, and accelerates the formation of

cartilage-like tissue within tendinous tissues and injured TBJ

in vivo.

The normal TBJ is protected by a fibrocartilage transition

zone which enables a gradual transition of mechanical

property between tendon and bone, and as a result,

decreases stress concentration, and enhances the

strength of tissue bonding between tendon and bone.

When the TBJ is injured, natural healing tends to be slow

and does not completely restore the original strength of

the TBJ. Therefore, surgical procedures have been

adopted inclinical settings. However, thus far, surgical pro-

cedures alone have not been successful in regenerating

the fibrocartilage zone in TBJs. Considering that KGN has a

strong potential to induce chondrogenesis, as shown in

this study, it may be a promising approach to apply KGN

after reconstruction surgeries to promote healing, particu-

larly healingof the fibrocartilage zoneat the tendon/bone

interface.

In clinics, tendon–bone healing is a particular challenge

after ACL reconstruction, which is a common surgical

procedure to re-create torn ACLs in injured knee joints

to restore knee function.33–34 To promote the healing of

the tendon graft within the bone tunnel during ACL

reconstruction, researchers have used hamstring

tendon transfers,5,35–39 tendon reattachment,40–41 cyto-

kine administration,14–15 wrappings of periosteum20 and

hydroxyapatite42 that anchors tendon to bone. All these

approaches attempted to produce firm tendon–bone

integration after ACL reconstruction surgeries. However,

these approaches resulted in limitedmechanical strength

between the healed tendon and bone, because the

fibrocartilage zone between the tendon graft and bone

was often not established. Additionally, cell therapy

approaches, such as implantation of MSCs, have been

proposed to enhance healing of the tendon/bone inter-

face,18,43–44 but these approaches have downsides that

make them less applicable in clinical settings.

In this study, we have shown that KGN could augment

and accelerate the tendon/bone interface healing

because of its potential to induce chondrogenic differ-

entiation of stem cells, as evidenced by the intense stain-

ing for chondrogenic markers collagen II and osteocalcin

(Figure 4) after KGN treatment. These findings indicate

that KGN may be used to enhance tendon/bone inter-

face healing through the direct, local delivery of KGN

injections into the gap between the tendon graft and

the bone surface during ACL reconstruction. It is known

that within a week after ACL reconstruction, a layer of

fibrovascular tissue forms in the interfacebetween the ten-

dongraft andbone tunnel.23 Therefore, KGNmaybe used

after ACL reconstruction to specifically target the stem

cells in the fibrovascular/connective tissues that are

already present in the interface between the tendon graft

and bone tunnel during the initial healing time. In other

words, this KGN approach taps into mesenchymal regen-

erative cells to give rise to cartilage cells that form connec-

tive tissues. These regenerative cells include chondrocytes,

the only cells in the body that produce cartilage; as shown

in this study, KGNactivates these cells to produce cartilage

tissues. Therefore, we suggest that KGN treatment could be

a cell-free therapy, which will be optimal to promote heal-

ing between bones and soft tissues.

In this study, we observed that the in vitro effect of KGN

on BMSCs and PTSCs was dose-dependent. While low

doses of KGN (10 nmol?L21 and 100 nmol?L21) effectively

induced chondrogenesis and osteogenesis in both BMSCs

and PTSCs, higher KGN levels (1 mmol?L21 and 5 mmol?L21)

caused the formation of extensive cartilage-like tissues

(Figure 4), which may be detrimental and deter healing

of TBJ. Therefore, optimal doses should be determined

based on tissue type, surgery type performed and patient

history before attempting to use KGN for therapeutic use.

Similar dose-dependent effects of KGN on the chondro-

genic differentiation of human MSCs were also reported

previously.27 This study also reported that the potential sys-

temic toxic effects of this compound in vivo at the tested

concentration (100 mmol?L21) was negligible, as evi-

denced by the low serum level of KGN absorbed from

the intra-articular space,27 which is an advantageof using

KGN as a cell-free therapy.

It should be noted that this study was designed to test

the feasibility of using KGN to induce chondrogenesis of

stem cells and thereby enhance the healing of the ten-

don/bone interface. However, studies of longer term use

(such as .26 weeks) and the effects of lesser amounts of

KGN (such as one or two injections) are required to dem-

onstrate whether the use of KGN injections can regen-

erate the fibrocartilage zone in injured TBJs, a key factor

for the successful restoration of the TBJ structure and func-

tion. Moreover, the mode of KGN delivery to wounds in

TBJs, in this case injection, may not be optimal; without a

scaffold to control its movement, KGN cannot be guar-

anteed to be confined to the wound area and act in

the intended location. This may be a problem because

of KGNs’ ability to form excessive cartilage-like tissues in

unintended areas. For example, in our results (Figure 5b),

the patellar tendon was no longer visible due to over

growth of patellar tissues and surrounding tissues.
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Therefore, KGN should be used with a bioscaffold, such as

platelet-rich plasma, to form a matrix in the injected area

and prevent KGN spreading into neighboring areas.45

Platelet-rich plasm is a good choice for a bioscaffold,

because the abundant growth factors it contains also

stimulate the healing of injured tissues. In addition, for

ACL reconstructions, KGN could be used along with engi-

neered tendon matrix46 to enhance tendon graft-bone

tunnel healing and promote the formation of fibrocarti-

lage regeneration in the interface. Use of engineered ten-

don matrix serves a dual purpose: on the one hand,

engineered tendonmatrix contains thematurematrix that

stemcells need toproliferateanddifferentiation into teno-

cytes, which in turnwould repair injured tendons in the TBJ;

on the other hand, KGN itself could stimulate stem cells

to undergo chondrogenic differentiation that would

enhance the formation of the fibrocartilage zone, which

could improve the healing speed and quality of tendon/

bone interface.

CONCLUSIONS
Regeneration of the TBJ after an injury is a significant chal-

lenge in clinics. This study showed that use of a small mole-

cule called KGN could be a promising approach to

augment and accelerate the formation of cartilage-like

tissue in the tendon/bone interface in the TBJ as well as in

ACL reconstruction. Compared to many tissue engineer-

ing approaches used in tendon/bone interface healing,

KGN may be easier to apply in clinical settings as a con-

venient, cell-free therapy. Future research is required to

determineoptimal KGNdosage regimensand toevaluate

the effects of KGN–scaffold composites on tendon/bone

interface healing.
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