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Abstract
Osteoarthritis (OA) is predicted to be the fourth leading cause 
of disability in the world by the year 2020. OA results in damage 
to cartilage tissue and underlying subchondral bone. Current 
therapeutic options for osteoarthritis (OA) are limited due to the 
unique nature of cartilage tissue. Alternatively, mesenchymal 
stem cells (MSCs) have been utilized for cartilage repair, but the 
formation of an intact neocartilage similar to hyaline cartilage is 
still a challenge. Kartogenin (KGN), a small heterocyclic, drug-like 
compound was discovered in the year 2012. KGN was found to 
induce chondrogenesis of MSCs and protect chondrocytes against 
OA. At the molecular level, KGN dissociates Filamin A from CBFβ 
that translocates into the nucleus and interacts with RUNX1 to 
transcribe genes involved in the chondrogenesis of MSCs. KGN 
maintains the balance between anabolism and catabolism of 
cartilage by providing protection against cytokine-induced cartilage 
damage. KGN also prevents apoptosis of MSCs and chondrocytes 
during stress conditions that mimic OA in vitro. Moreover, KGN 
repaired the damaged cartilage in chemically- and surgically-
induced animal models of OA. KGN treatment in mouse and rabbit 
models of OA improved as assessed by the gross morphology, 
histological features, MRI, micro-CT and serum markers of OA. 
Here we present a brief review of KGN in terms of cartilage repair 
both in vitro and in vivo. To the best of our knowledge, this is a first 
review that discusses the potential of KGN for cartilage repair. 
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inflammation of synovium and hypertrophy of chondrocytes [5]. 
Owing to its aneural, a vascular and a lymphatic nature, cartilage 
tissue fails to heal itself naturally [6]. The therapeutic options 
available so far for OA can be broadly classified as pain management 
and surgical intervention [7].

Mesenchymal stem cells (MSCs) have been looked forward as a 
reliable source to treat defects of articular cartilage and hence OA [8-
10]. MSCs can be isolated from various adult tissues. Furthermore, 
MSCs possess the capability of self-renewal and differentiation 
into various cell lineages, including chondrocytes, osteoblasts, and 
adipocytes [8]. The ultimate goal of this approach is to overcome 
the limited number of chondrocytes available to repair the damaged 
cartilage. In this aspect, many compounds have been studied that 
bring about the chondrogenesis of MSCs. This review discusses 
one such compound known as ‘Kartogenin (KGN)’. The interesting 
feature of KGN is that due to its small size it does not initiate the 
immune response and also it has been shown to have no toxic effect 
on different cell types even at a concentration of 100 mm [11]. We 
present here a brief review about how KGN has been exploited in the 
field of cartilage repair since its discovery.

Discovery of Kartogenin
In the year 2012, Kristen Johnson and his colleagues published 

the discovery of KGN after screening 22,000 drug-like molecules 
[12]. These compounds were similar to the natural ligands that 
are involved in cell signaling and differentiation. KGN is a small 
heterocyclic compound that induced chondrogenesis of human bone 
marrow MSCs by forming cartilage nodules in vitro. Interestingly, 
these nodules expressed collagen II and aggrecan that are specific for 
hyaline cartilage. In addition to this, no hypertrophic markers were 
expressed in either chondrocytes or bone cells. Furthermore, long-
term culture of differentiated chondrocytes showed no production 
of matrix metalloproteinases (MMPs), enzymes known to cause 
degradation of cartilage matrix. In fact, levels of inhibitors of MMPs 
were increased. It was also found that KGN protected chondrocytes 
from damage induced by cytokines as the release of proinflammatory 
NO and by-products of glycosaminoglycan of tissue degradation 
were suppressed in cultured chondrocytes and cartilage explants.

Introduction
Osteoarthritis (OA) is the chronic joint disease that is responsible 

for functional disability, particularly in the elderly population [1]. 
The rate of OA is growing rapidly around the globe. In the year 2010, 
OA was reported to be the eleventh leading cause of years lived with 
disability among 289 diseases [2]. Further, OA is likely to be the fourth 
leading cause of physical disability by the year 2020 [3]. Therefore, 
OA has been known as the major concern during the bone and joint 
decade [4]. The mediators of OA include degradation of articular 
cartilage, changes in subchondral bone, the formation of osteocytes, 
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Later, KGN was administered via the intra-articular route in 
chemically- and surgically-induced mouse models of OA (Figure 
1A and Figure 1B). Obvious reasons for selection of these models 
were that collagenase-induced OA mimics chronic injury while 
surgical ligament transection mimics acute injury. Cartilage was 
regenerated in both mouse models along with a reduction in serum 
levels of cartilage breakdown products and improved weight bearing 
outcomes. Moreover, the repair was observed at early stages of OA. 
These results indicated that KGN has both regenerative and protective 
effects. Furthermore, only 0.1% of the intraarticular dose of KGN was 
found in the serum. This percentage was found to be negligible to 
induce any toxic effects.

Molecular Mechanisms of Kartogenin (KGN)
It was previously known that MSCs undergo chondrogenesis via 

Runx1/CBFα 2 [13]. Johnson et al. while studying the mechanism of 
KGN action found that KGN disrupts the interaction between CBFβ 
and Filamin A. As a result, CBFβ translocates into the nucleus where 
it binds to RUNX1. The CBFβ-RUNX1 activates the transcription 
of genes that mediate chondrogenesis (Figure 1A). These results 
were supported by the experimental work on MSCs in which KGN 
enhanced the localization of CBFβ into the nucleus. In addition, 
knockdown of CBFβ expression blocked chondrogenesis of MSCs, 
whereas overexpression of CBFβ increased chondrogenesis. The role 
of RUNX1 was confirmed by microarray analysis [12]. In addition, 
recent studies showed KGN enhanced chondrogenesis by increasing 
the expression of chondrogenic markers such as Sox-9, collagen II 
and aggrecan [14,15].

Furthermore, KGN has been reported to play its role in the 
skeletal growth and development of mouse [16]. Researchers treated 
committed preskeletal MSCs that were isolated from mouse embryo 
limb buds and whole limb explants with KGN. It was found that KGN 
stimulated cartilage nodule formation, digit cartilaginous anlage 
elongation, the formation of synovial joint, interzone compaction, 
tendon maturation, and interdigit invagination. Authors also found 
that expression of lubricin/prg4 was enhanced by KGN that is vital 
for completion of cavitation by the end of mouse embryogenesis [17]. 
Deficiency or mutation of lubricin has been linked to joint disease 
[18]. Furthermore, it was found that KGN regulates canonical TGFβ 
and BMP signaling by regulating the phospho-Smads as compared to 
TGFβ [16]. It is known that TGFβ1 is responsible for phosphorylation 
of both TGFβ Smads (Smad 2/3) and BMP Smads (Smad 1/5/8) 
[19,20]. Smad 1/5/8 act upstream of RUNX2 that in turn causes 

hypertrophy and terminal differentiation of chondrocytes. On the 
other hand, KGN only increased the expression of Smad 2/3 while 
suppressed the expression of Smad 1/5/8. This is an indication of the 
chondroprotective effect of KGN. Moreover, this regulatory control 
by KGN seems to be specific for cartilage as KGN caused type-I 
collagen synthesis in human dermal fibroblasts by the activation of 
the Smad 4/5 pathway [21].

Kartogenin (KGN) in Cartilage Repair
In vitro studies

One of the ways by which OA can be characterized is the loss 
of aggrecan from the cartilage tissue, particularly in the pericellular 
matrix. This loss of aggrecan is also accompanied by the loss of 
glycosaminoglycan hyaluronan (HA). HA is known to retain 
aggrecan at the cell surface by linking with CD44 receptor [22]. A 
study examined the effect of KGN on chondrocytes, bioengineered 
neocartilages and cartilage explants obtained from human and steer 
cartilage samples and treated with IL-1β [23]. KGN prevented IL-1β 
induced damage to these coats, neocartilages and cartilage explants. 
Authors assumed the chondroprotective effect of KGN rather than 
anabolic effect by observing no significant changes in the anabolic 
markers of cartilage tissue such as collagen II, aggrecan, and Sox9.
The chondroprotective nature of KGN was confirmed by examining 
the degradation of aggrecan by IL-1β that increases the terminating 
ITEGE-containing fragment of aggrecan G1 domain. The release 
of ITEGE-containing fragment reduced after KGN treatment in 
human cartilage explants. This decrease was caused by inhibition of 
an aggrecanase, ADAMTS5. The overall conclusion of this study was 
that KGN exerts its effects by retention of aggrecan and CD44 and not 
by synthesizing any anabolic marker of the cartilage tissue.

Deficiency of lubricin has been associated with reduced articular 
joint friction that increases mechanical stress on cartilage surface and 
ultimately results in cartilage destruction [24]. A study conducted on 
bone marrow MSCs and chondrocytes from Sprague-Dawley (SD) 
rats examined the role of transforming growth factor-β1 (TGF-β1) 
and bone morphogenetic protein-7 (BMP-7) in combination 
with KGN on the production of lubricin [25]. It was found that 
combination of all these three components not only triggered 
chondrogenesis of MSCs but also enhanced the production of lubricin 
from chondrocytes. Gene expression analysis showed that production 
of lubricin is increased by prg4 and aggrecan genes. On the other 
hand degradation of lubricin is decreased by probable regulation of 
ADAMTS5 and c-Myc that are known to cause aggrecan degradation 

         

Figure 1: Discovery of KGN. (A) Molecular mechanism of action of KGN. In the absence of KGN, CBFβ is bound to Filamin A in the cytoplasm. KGN dissociates 
this interaction, CBFβ dislocates into the nucleus and interacts with RUNX1. This interaction results in the transcription of genes responsible for chondrogenesis 
and other mechanisms that are known for chondroprotection; (B) Surgically- and alchemically-induced mouse model of OA were developed and treated with KGN. 
Cartilage repair was observed in both mouse models. 
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and apoptosis respectively. Future studies on protein expression 
analysis of ADAMTS5 and c-Myc needs to be done to strengthen this 
observation. Nonetheless, this study sheds light on the role of KGN 
that it may be involved in different pathways to regulate cartilage 
homeostasis.

In vivo studies

Animal models of OA are used to study the pathological changes 
in the joints during the progression of OA. Details on animal models 
of OA have been covered elsewhere [26,27]. In general, the defect is 
created in the joint to cause OA. The injury could be either acute or 
chronic depending on the type of animal model used. The later agent 
of choice is used to repair the damaged cartilage and outcomes are 
measured.

Studies in mouse model of OA

Microparticles and nanoparticles, such as targeted nanosomes, 
are gaining considerable attention to be used as a delivery system to 
repair damaged cartilage in mouse knee [28]. A study was published 
in which, nanoparticles and microparticles were synthesized that 
contain KGN conjugated with low and medium molecular weight 
chitosan (CHI) [29]. Later, hMSCs derived from bone marrow were 
induced with both types of KGN-conjugated particles to undergo 
chondrogenesis. Although, both particles resulted in chondrogenesis 
of hMSCs, however, results were more significant with KGN-CHI 
nanoparticles. In vivo analysis was done on asurgically-induced mouse 
model of OA developed through transection of anterior cruciate 
ligament (ACLT) via intraarticular injection of KGN-CHI (KGN ~ 
25 µM) particles. It was observed that KGN-CHI microparticles were 
retained longer in the knee joint probably owing to their much bigger 
size. Healing of the cartilage was observed for both types of particles. 
Also, KGN-CHI particles were retained in OA joints for 3 weeks. In 
brief, this study presented an effective approach to delivering KGN 
into the affected joint to yield cartilage repair.

The progression of OA ultimately affects the underlying 
subchondral bone [5]. Therefore, a study was conducted not only 
to study the effects of KGN on cartilage but also on the subchondral 
bone in ACLT mouse model of OA [30]. Weekly, 125 µM KGN 
was injected intraarticularly in mice one week after surgery until 12 
weeks. On the basis of magnetic resonance imaging (MRI), it was 
found that KGN retained the integrity of cartilage by preventing 
proteoglycan loss and maintenance of water content. Micro-CT 
was done to analyze the subchondral bone that showed that KGN 
significantly prevented the OA-related changes in the architecture of 
subchondral bone. Furthermore, serum levels of cartilage oligomeric 
matrix protein (COMP) and C-terminal telopeptide of collagen type I 
(CTX-I) were examined. COMP and CTX-1 are markers of cartilage 
and bone turnover respectively that increase during OA. It was found 
that KGN prevented the OA-related increase of these markers. In 
short, this study showed that KGN reduced degradation of cartilage, 
subchondral bone changes and turnover of both cartilage and bone. 
However, this study was limited due to the sample size in each group 
(n=6 per group). Apart from this, the addition of gene expression 
analysis and protein analysis may further strengthen the findings of 
this study.

Studies in rabbit model of OA

One of the techniques used to repair full-thickness cartilage 
defects is microfracture. However, studies have shown that it fails 
in the long run [31]. To address this issue a study was conducted in 
female New Zealand White rabbits by creating full-thickness cartilage 
defect that measured about 3.5 mm in diameter and 3 mm in depth 
and was created in the patellar grooves of right femur [32]. Animals 
were injected intraarticularly with 10 µM KGN as a treatment. 
Follow-up was done at 4 and 12 weeks after KGN administration. 
Gross morphological features showed filling of cartilage defects at 
4 (50% healing) and 12 (100% healing) weeks as compared to an 
untreated control. The histological score also indicated a similar 
pattern by showing theformation of hyaline cartilage, intact repair 

tissue and reconstruction of the subchondral bone. Furthermore, 
histology revealed the formation of fibrotic tissue in the untreated 
group whereas no fibrosis was observed in KGN treated group. 
Immunohistochemistry further showed increased expression of 
collagen II in KGN treated group with decreased expression of 
collagen I. The condition was vice versa in an untreated control. This 
is an important finding as most of the healing approaches suffered 
due to the formation of fibrotic tissue along with the newly formed 
cartilage. Although, no gene expression analysis was carried out in 
this study but still the results of this clearly showed that KGN may 
prove a useful agent to treat full-thickness cartilage defects in rabbits.

Another study by the same group on rabbit model of microfracture 
studied the effect of KGN incorporated into poly (lactic-co-glycolic 
acid) (PLGA) scaffold and stabilized with photo-cross-linkable 
acrylated hyaluronic acid (m-HA) [11]. Follow-up in this study was 
also done at 4 and 12 weeks. Surprising results of this study were similar 
to their previous study done earlier. Gross morphological features 
showed initial signs of healing at 4 weeks and formation of hyaline-like 
cartilage at 12 weeks. Proteoglycan staining also showed integrated 
new tissue formation at 4 and 12 weeks. Immunohistochemistry also 
showed increased collagen II and decreased collagen I in the treated 
group. We suggest that these studies need to be further strengthened 
by molecular evidence.

The most recent study on full-thickness cartilage defects in 
rabbits was carried out by utilizing KGN-incorporated thermogel to 
support bone marrow MSCs [33]. Thermogel was constituted from 
poly(l-lactide-co-glycolide)-poly(ethylene glycol)-poly(l-lactide-co-
glycolide) (PLGA-PEG-PLGA) for the reason that both PEG and 
PLGA are approved by U.S. Food and Drug Administration (FDA) 
[34]. Gross morphological, histology and biochemical evidence all 
showed that KGN-loaded thermogel yielded better results than the 
untreated control. The authors concluded that their developed system 
is effective in maintain MSCs under stress conditions of OA and 
adding KGN is an added advantage. However, like previous studies 
their data lacked the molecular analysis. Furthermore, authors need 
to provide more strong evidence for the enhanced survival of MSCs 
using this system.

Conclusion
The discovery of KGN certainly has paved a new dimension in 

the field of cartilage repair. KGN has emerged as a promising small 
molecule that can be used to develop stem cell-based cartilage repair. 
Its efficacy to induce chondrogenesis, chondroprotective effect and 
biosafety have already been established. Although promising but 
results of the studies conducted so far on KGN are limited. This may 
be due to the short-term stability of KGN in anaqueous medium. We 
recommend strictly following the manufacturer’s guidelines when 
using KGN for long-term studies. In addition, some studies indicated 
that KGN might have a slight effect on hypertrophy and calcification 
[12,35].

Further studies are needed to exploit the molecular mechanisms 
by which KGN exert its effects in vivo. For instance, it is still not clear 
that how many pathways involve KGN. Moreover, more studies are 
required to develop effective delivery systems in order to deliver an 
effective dosage of KGN to the target tissue.
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