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Glycogen Synthase Kinase-3β
Inhibition Links Mitochondrial
Dysfunction, Extracellular
Matrix Remodelling and Terminal
Differentiation in Chondrocytes
S. Guidotti1,2, M. Minguzzi1,2, D. Platano1,2, S. Santi3, G. Trisolino
& R. M. Borzì1

4

, G. Filardo5, E. Mariani1,2

Following inflammatory stimuli, GSK3 inhibition functions as a hub with pleiotropic effects leading to
cartilage degradation. However, little is known about the effects triggered by its direct inhibition as well
as the effects on mitochondrial pathology, that contributes to osteoarthritis pathogenesis. To this aim
we assessed the molecular mechanisms triggered by GSK3β inactivating stimuli on 3-D (micromass)
cultures of human articular chondrocytes. Stimuli were delivered either at micromass seeding (long
term) or after maturation (short term) to explore “late” effects on terminal differentiation or “early”
mitochondrial effects, respectively. GSK3β inhibition significantly enhanced mitochondrial oxidative
stress and damage and endochondral ossification based on increased nuclear translocation of Runx-2
and β-catenin, calcium deposition, cell death and enhanced remodelling of the extracellular matrix as
demonstrated by the increased collagenolytic activity of supernatants, despite unmodified (MMP-1) or
even reduced (MMP-13) collagenase gene/protein expression. Molecular dissection of the underlying
mechanisms showed that GSK3β inhibition achieved with pharmacological/silencing strategies
impacted on the control of collagenolytic activity, via both decreased inhibition (reduced TIMP-3) and
increased activation (increased MMP-10 and MMP-14). To conclude, the inhibition of GSK3β enhances
terminal differentiation via concerted effects on ECM and therefore its activity represents a tool to keep
articular cartilage homeostasis.
Healthy articular chondrocytes are post-mitotic cells expected to survive for several years in a maturation arrested
state which only requires a low homeostatic turnover of extracellular matrix (ECM) proteins. An intact ECM
delivers survival signal to chondrocytes1 while, conversely, proteolytic enzymes leads to production of bioactive
molecules that promote chondrocyte differentiation, thus boosting osteoarthritis (OA) pathogenesis2,3.
GSK3 is among the molecular constraints that keep chondrocytes in a “maturational arrested state”4 preventing β-catenin activation (dephosphorylation), its nuclear translocation and subsequent transcriptional activation
of TCF/LEF complex.
The relevance of this mechanism in OA development has been pointed out by conditional activation of
β-catenin in mouse articular chondrocytes, that led to cartilage destruction and accelerated progression towards
terminal differentiation5. On the other hand, conditional complete ablation of β-catenin signaling pathway has
been associated with cartilage degeneration in transgenic mice6, but due to a significant increase in articular
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chondrocyte apoptosis. Therefore, healthy articular cartilage requires an “housekeeping“ level of β-catenin signaling maintained via fine tuning of GSK34.
There are two GSK3 isoforms, α and β, that despite some redundancy exert tissue7 and signaling8 specific roles
in the cells. Although both isoforms contribute to skeleton formation, GSK3β is the only GSK3 protein expressed
in articular chondrocytes in healthy cartilage9. Moreover, findings of functional genomics studies on global
knockout mice indicate that GSK3β10 plays a more important role in skeletal development compared to GSK3α11.
Inhibition of GSK3α/β via serine 21/9 phosphorylation and subsequent β-catenin activation is a key event
in chondrocyte differentiation in the context of endochondral ossification, a process that is recapitulated in OA.
Indeed, Miclea and coworkers showed that, in rats, intra-articular injection of a selective GSK3 inhibitor induces
OA changes in articular cartilage12. In endochondral ossification, a number of different regulatory kinases affect
GSK3β phosphorylation status and drive the process towards hypertrophy and terminal differentiation. Akt has
been reported to regulate skeletal development through GSK3, mTOR and FoxOs13. In growth plate undergoing
endochondral ossification, the inactivating GSK3β phosphorylation is instead due to cGMP dependent protein
kinase II responsible for chondrocyte hypertrophic differentiation14.
Recently, Litherland and co-workers have established that GSK3 inhibition, at the cross of several inflammatory networks, occurs following different inflammatory stimuli and is responsible for enhanced cartilage destruction in a murine DMM model15. This enhanced ECM catabolism is likely due to increased activation/decreased
inhibition of matrix degrading enzymes, despite differential effects on MMP gene and protein expression. In this
context, the effects of inflammatory cytokines on ECM catabolism were worsened by the delivery of GSK3 inhibitors which conversely had been previously proposed as a potential therapeutic tool in OA16–18 because of their
anti-NF-κB or p38 inhibiting activity18. Moreover, recent findings have pointed at a role of inhibition of “mitochondrial GSK3” in reactive oxygen species (ROS) generation, DNA damage and cell senescence in exponentially
growing cells19,20. In this setting we had recently shown that GSK3 inhibition links oxidative damage, hypertrophy
and senescence, mimicking the status of chondrocytes in cartilage of obese OA patients20.
Since GSK3β inhibition has been linked to ECM remodelling we aimed at analyzing its effects on several
aspects of terminal differentiation using primary knee OA chondrocytes cultured in 3-D (micromasses) in order
to improve the biological relevance of the findings21. Grown in micromasses, chondrocytes recover a healthy
articular phenotype in few days and become surrounded by their native ECM22. Moreover, 3-D culture appears
as a convenient surrogate for chondrocyte “maturation” that reproduces dynamically23 and is therefore suitable to
evaluate the effects on cells and matrix protein of key signalling intermediates or culture conditions24–27. At first,
we checked the differential expression of the α and the β isoforms in human articular chondrocytes grown in 3-D
culture, since previous studies carried out with exponentially growing monolayer indicated the presence of both
isoforms, almost equally expressed15. We then analyzed the effects of different GSK3β inhibitors on mitochondrial health (potential, production of ROS and oxidative damage to mitochondrial DNA), nuclear translocation
of transcription factors pivotal for endochondral ossification, cell viability and global reprogramming of matrix
degrading enzymes at transcriptional, translational and post translational level. Particularly we focused on the
control of activation/inhibition of matrix degrading enzymes that ultimately drives endochondral ossification and
its recapitulation in OA.
We conclude that GSK3β activity is a requirement for a healthy articular cartilage since it impacts on chondrocyte viability, mitochondrial function and ECM integrity and therefore is a fundamental factor for “maturational
arrest” maintenance.

Materials and Methods

All methods and experiments were performed in accordance with the relevant guidelines and regulations.

GSK3 inhibition.

GSK3 inhibition was achieved with 5 mM LiCl or 10 µM SB216763 or 33 nM insulin.
Moreover, confirmation of the specificity of the effects was also obtained with small interfering RNA-mediated
gene silencing of GSK3β, as in20.

Chondrocyte cultures.

After approval of the Ethics Committee of Rizzoli Orthopaedic Institute and
patients’ informed consent, primary chondrocytes isolated with sequential enzymatic digestion were obtained
from 20 OA patients undergoing knee arthroplasty, and seeded in 3-D (micromass) culture essentially as
described in24. The GSK3β inactivating stimuli were either delivered “long term” (at micromass seeding and
medium changes during its maturation, up to 1week) to test the effects on chondrocyte hypertrophy and terminal differentiation or “short term” (for 8, 16 and 24 hours) after micromass maturation to evaluate early effects.
Micromasses were then used for immunohistochemistry or immunofluorescence, western blot or real time PCR
or mineralization assays essentially as described in24. Some samples were instead employed for live sample imaging as described below. Supernatants were collected either in regular medium or after an overnight starvation in
order to avoid serum interference on electrophoresis and/or enzymatic activity assessment.

Assessment of the differential expression and phosphorylation of the two GSK3 isoforms. The
expression pattern of the two GSK3 isoforms was investigated by means of western blot analysis using an
anti-GSK3α/β antibody (the ProteinAtlas validated antibody sc-7291, Santa Cruz Biotechnology). Protein lysates
corresponding to half micromass or 150000 cells of exponentially growing monolayer were loaded and processed
as described in28. Signals were revealed with ECL Select kit (GE Healthcare) as in20. Moreover, we tested the effect
of the GSK3β inactivating stimuli on both isoforms using the anti-phosphoGSK3α/β antibody (Cell Signaling
#9331). In some experiments GSK3β phosphorylation was also assessed by mean of an anti-phosphoGSK3β rabbit monoclonal antibody (Cell Signaling #5558) used as in20. Anti-GAPDH (clone 6C5, Chemicon–Millipore)
served as loading control.
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Evaluation of the mitochondrial effects of “short term” GSK3β inhibition.

A first investigation
was performed using MitoTracker dye (MitoTracker Orange CMTMRos, Invitrogen), applied at 200 nM in
serum-free medium (30 min at 37 °C) to viable micromasses established with cells of two different patients and
treated with GSK3β inhibiting stimuli. The staining intensity of this probe has been shown to sensibly and reliably
evidence changes in transmembrane potential as well as increased generation of ROS29. Change in MitoTracker
staining was investigated exploiting the use of Light Sheet technology (Zeiss) that allows for “live” sample imaging of almost the entire samples30. Hoechst 33342 was used as general counterstaining, while nuclei of dead cells,
unable to exclude the dye, were stained by mean of Sytox Green.
ROS generation was assessed by using MitoSox probe for superoxide (Invitrogen), essentially as indicated by
the manufacturer and exploiting flow cytometric detection with a FACSCanto II (Becton Dickinson). Live cells
were obtained by mild enzymatic digestion of micromasses treated with GSK3β inactivating stimuli for 16 hours.
Each condition was carried out in triplicate and the experiments were run with cells from three different patients.
Half of the cells derived from each micromass were used as a background fluorescence control and subtracted
from MitoSox fluorescence to obtain the Mean channel of Fluorescence intensity Increment (MCFI).
Overlapped signals of MitoTracker Orange CMTMRos and LysoTracker Green (Invitrogen) were evaluated by
Light Sheet technology in live micromass samples to assess occurrence of mitophagy31.
A confirmation of ROS generation leading to cell damage and death was obtained by staining the samples with
30 µM 2′,7′-Dichlorofluorescein diacetate (DCHF-DA), a robust indicator of generalized oxidative stress32, in
conjunction with the dead cell staining ethidium homodimer.
MitoTracker was also applied to micromass sections, exploiting its ability to bind heat shock proteins that
increase after mitochondrial activation33. The extent of mitochondrial oxidative damage at 16 hours stimulation
was investigated by mean of staining of 8-oxo-dG (Trevigen), a well known oxidative damage marker34, performed by immunohistochemistry and image analysis of the samples, essentially as described in35. Mitochondrial
localization of 8-oxo-dG was confirmed by combining the immunofluorescent staining of 8-oxo-dG (detected
by an Anti-Mouse Alexa Fluor 555) with that of the mitochondrial marker Tom20 (Santa Cruz Biotechnology,
detected by Streptavidin Alexa Fluor 488), thus yielding an orange signal. A 3-D reconstruction of one representative cell for each condition was undertaken and a quantitative colocalization analysis carried out using the overlap
coefficient K2, in order to compare the different culture conditions.
The consequences of mitochondrial oxidative stress following GSK3β inhibition achieved by either pharmacologic or silencing strategies were investigated by mean of the luminescent assessment of increased activity of
major initiator (caspase 8 and 9) and effector (3 and 6) caspases by using caspase-Glo reagents (Promega). To
evaluate the extent of caspase activation, micromasses were lysed with 20 µl of RIPA buffer20. 2 µl of the extract
were diluted with PBS to the volume of 75 µl, joined to the same volume of substrate and left to incubate for
30 min. Then the luminescent signal was detected with a Tecan M200 luminometer.

Evaluation of progressed chondrocyte terminal differentiation following “long term” GSK3β
inhibition.
(a) Confocal microscopy analysis of Runx-2 and β-catenin nuclear localization
Nuclear translocation of pivotal transcription factors (Runx-2 or β-catenin) following LiCl delivery was evaluated in 3 different experiments by confocal microscopy in 4% paraformaldehyde fixed 5 µm micromass sections,
essentially as described in28. β-catenin translocation was also assessed after SB216763.
(b) Mineralization assays
Changes in mineralization following either LiCl or SB216763 were quantified by mean of the Quantichrom
DICA-500 assay (Bioassay Systems) as previously described28. Micromasses were also scored for mineralized
areas by alizarin red staining as previously described36.
(c) Viability assay
The effects on terminal differentiation and viability of chondrocytes were evaluated with the Live & Dead viability
cytotoxicity kit (Invitrogen), according to manufacturer’s instructions. Three different experiments of long term
GSK3β inhibition were evaluated with NIKON confocal microscope system A1 with a z height of nearly 50 µm,
while three additional experiments with micromasses exposed either short term or long term to GSK-3β inhibiting stimuli were analyzed with the ZEISS Light Sheet system. Nuclei were stained with Hoechst 33342.

MMPs and TIMP-3 quantitative assessment. Supernatants of micromasses exposed to GSK3 inactivating stimuli were used to test the global effect of this treatment on the expression and activity of major collagenases.
To this end we used the Human MMP panel 5-PLEX (Biorad) multiplex bead based sandwich immunoassay kit to
simultaneously evaluate 5 different MMPs: the three collagenases MMP-1, MMP-8, MMP-13 and the two stromelysins MMP-3 and MMP-10. A further collagenase activator (MMP-14, that is also a collagenase able to cleave
collagen 2) was instead analyzed in situ with imunohistochemistry (using MAB9181, R&D) coupled with image
analysis as previously described35 since it corresponds to a membrane type MMP and therefore not released in
the supernatant until lately. TIMP-3 was also assessed in situ (using MAB973, R&D), since it is the only TIMP to
be sequestered to the extracellular matrix37.
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Real time PCR.

To detect the effects of GSK3β inhibition on global gene reprogramming targeted to ECM
remodelling, micromasses underwent RNA extraction with Trizol (Invitrogen), reverse transcription and real
time PCR analysis to evaluate change in gene expression of MMPs and TIMPs essentially as described in20.
Primers were as follows, with details of GenBank entries and primer pairing positions: GAPDH, NM_002046:
forward 579–598 and reverse 701–683; MMP-1, NM_002021.3: forward 136–155 and reverse 304–285; MMP-8,
transcript variant 1, NM_002424.2: forward 141–160 and reverse 329–310; transcript variant 2, NM_001304441:
forward 141–160 and reverse 420–401 and transcript variant 3, NM_001304442: forward 141–160 and reverse
417–398; MMP-13, NM_002427: forward 496–511 and reverse 772–756; MMP-10, NM_002425.2, forward 1278–
1298 and reverse 1472–1449; MMP-14, NM_004995: forward 3174–3193 and reverse 3375–3356 and TIMP-3,
NM_000362: forward 1193–1210 and reverse 1313–1294.

Assessment of collagenase activation following “long term” GSK3β inhibition.
(a) Western blotting
Western blot analysis was performed to detect MMP proteolytic processing. Protein lysates corresponding to
half micromass were loaded and processed as described in28. Signals were revealed with ECL Select kit (GE
Healthcare) as in20.
MMP-13 was detected by a goat polyclonal antiserum (R&D) able to recognize the 60 kDa pro-enzyme, the
50 kDa intermediate active and the 48 kDa finally active form.
At least 4 different experiments were carried out for each analysis. Anti-GAPDH (clone 6C5, Chemicon–Millipore) served as loading control.
(b) Collagen zimography
Supernatants obtained in serum free conditions were tested by zymography38 using SDS-PAGE and 10% acrylamide gels containing either gelatin or collagen 1 or 2, to better characterize the type of proteolytic activity. 20 µl
supernatant were loaded along with suitable molecular weight markers. Digestion time was 16 hours.
(c) C1,2C immunohistochemistry
Collagenase activation was also analysed by mean of immunohistochemistry of C1,2C (rabbit polyclonal, IBEX)
collagen neoepitopes coupled with image analysis35, carried out on samples from three different patients.

Small interfering RNA mediated GSK3β gene silencing.

To confirm the specificity of the effects
observed following GSK3β pharmacological inhibition, experiments were also carried out using RNA interference (RNAi), as in20.
48 hours after siRNA (either ON-TARGETplus GSK3β or ON-TARGET plus Non-targeting Pool, Dharmacon)
delivery, chondrocytes were collected for evaluation of GSK3β knockdown (KD) and for micromass seeding. To
confirm the findings obtained with wild type chondrocytes, control siRNA transfected chondrocytes were also
stimulated with GSK3 inactivating stimuli at both short or long term.
Immunohistochemistry coupled with image analysis was carried out to detect the effects on selected markers:
8-oxo-dG, MMP-10 (Novus, rabbit polyclonal), MMP-14, TIMP-3 and C1,2C.
Parallel micromass samples were also dedicated for caspase activity analysis.

Statistics.

All experiments were run at least three times or otherwise indicated.
The graphs represent the cumulative analysis of experiments performed with cells from at least three different patients. All data are presented as mean ± standard error of the mean (SEM), analyzed and graphed using
GraphPad Prism version 5.00 for Windows (GraphPad Software).
Since comparisons were always carried out in order to compare each GSK3β inhibiting stimulus with
the unstimulated condition we did not use statistical tests for multiple groups. Means of groups were compared with Student’s t test as detailed in the legend and considered significant when P < 0.05, with *P < 0.05;
**P < 0.01; ***P < 0.001. Two tailed Student’s t test was used throughout. Correlation was tested by Pearson’s r.

Results

GSK3β is the prevalent GSK3 isoform in chondrocytes grown in 3-D. When grown in 3-D, chondrocytes recover a phenotype closer to that of articular chondrocytes compared to previous reports15. Indeed
chondrocytes within 1 week micromasses almost only express the GSK3β isoform (see Supplementary Figure 1).
Moreover, GSK3β is the only isoform that undergoes phosphorylation in 1 week micromass, a maturation stage
that better corresponds to an healthy articular phenotype. We previously reported that progression from this
“healthy articular chondrocyte” phenotype to hypertrophy and terminal differentiation occurs in vitro across 1, 2
and 3 weeks maturation24,25. It is therefore noteworthy to underline that GSK3α phosphorylation is only evident
at 3 weeks maturation, albeit at lower intensity compared to that of GSK3β that reaches its maximal levels at this
maturation stage. Our 3-D model allows us to confirm that terminal differentiation is characterized by the highest
level of GSK3 phosphorylation of both its β and α isoform, in keeping with previously reported information of
GSK3 role in differentiation progression9 (Supplementary Figure 1: S1)
GSK3β inhibition in chondrocytes affects mitochondria and determines ROS production. We

recently showed that GSK3β inhibition in exponentially growing chondrocytes elicits mitochondria activation
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Figure 1. Short term GSK3 inhibition in chondrocytes cultured in 3-D affects mitochondrial functions
as evidenced by live sample imaging. (A) GSK3β inhibiting stimuli led to increased MitoTracker Orange
CMTMRos signal suggestive of increased mitochondrial membrane potential and ROS production (a
representative experiments out of three performed; bar:250 µm). (B) Left graph, Flow cytometry analysis
indicates that GSK3β inhibiting stimuli significantly increased superoxide production, as assessed by the
MitoSox probe (a representative experiments out of two performed, with each condition performed in triplicate
and compared to basal condition by mean of an unpaired Student’s t test). **P < 0.01; ***P < 0.001. Right
images: following LiCl treatment, the ROS damaging effect on mitochondria led to increased mitophagy, as
assessed by overlapped MitoTracker Orange CMTMRos and LysoTracker Green signal (Upper images). See the
higher magnification inset. The increased ROS accumulation was confirmed by increased DCHF-DA staining
(Lower images).

and ROS production20. Therefore, we evaluated the effect of “short term” GSK3β inhibition in 3-D cultures since
these settings more closely reproduce the in vivo situation with condrocytes surrounded by their native ECM.
We tested the extent of mitochondrial involvement that represents an early event downstream GSK3β inhibition.
Altered mitochondrial function was assessed by change of mitochondrial membrane potential, production of
ROS, accumulation of 8-oxo-dG adducts.
Light Sheet imaging of micromasses treated short term (16 hours) with GSK3β inactivating stimuli showed
markedly increased signal of MitoTracker (Fig. 1A), a probe that has been shown to sensibly and reliably evidence
changes in transmembrane potential as well as increased ROS generation29. Flow cytometric analysis of cells
obtained by mild enzymatic digestion indicated that these stimuli caused a markedly increased MitoSox fluorescence and therefore an increased superoxide production, also confirmed by a stronger DCHF signal (Fig. 1B).
MitoTracker staining applied to micromass sections confirmed a higher staining with GSK3β inactivating
stimuli, particularly in samples treated with SB216763 (Fig. 2A). As also previously shown in monolayer, we
found evidence of mitochondrial-nuclear translocation of proteins selectively stained by MitoTracker. This has
been previously explained as due to heat shock proteins functioning as chaperones that migrate to the nucleus
bound to antiapoptotic proteins39, and therefore expression of compensatory activities of the cells to protect
themselves from oxidative stress following GSK3β inhibition.
The increased ROS production led to mitochondrial damage that activates mitophagy (Fig. 1B) as a compensatory, yet ineffective mechanism, as judged on the basis of a significantly increased 8-oxo-dG signal following the
GSK3β inactivating stimuli (Fig. 2A and B). Double fluorescence analysis staining confirmed the higher amount
of 8-oxo-dG in the mitochondria. Colocalization was investigated as described in40,41. A 3-D reconstruction of
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Figure 2. Short term GSK3 inhibition in chondrocytes cultured in 3-D leads to mitochondrial DNA damage as
evidenced by in depth analyses. (A) First row (magnification 200x): staining of micromass sections confirmed
the accumulation of proteins stainable by MitoTracker following GSK3β inhibiting stimuli. Second row
(magnification 200x): GSK3β inhibiting stimuli led to increased 8-oxo-dG, an oxidative damage marker. Third
row (magnification 600x): accumulation of 8-oxo-dG occurs specifically in mitochondrial DNA: confocal
analysis demonstrated the lack of signal in genomic DNA and 8-oxo-dG localization exclusively in the
mitochondria, overlapping with the mitochondrial marker Tom20. Fourth and fifth rows are enlargements from
correspondent confocal pictures above: quantitative comparison of the intensity of colocalized pixel (filtering
the events with fluorescence intensity close to the bisector that were rendered in white) yielded a significantly
higher colocalized signal of Tom20 and 8-oxo-dG in all the samples. (B) GSK3β inhibiting stimuli led to
statistically significant increased amount of 8-oxo-dG (according to cumulative image analyses of experiments
performed in triplicate with cells from three different patients, n = 9, and compared to basal condition by mean
of an unpaired Student’s t test,***P < 0.001) and to correlated increased activity of caspase 6, 8 and 9 (n = 7).
Graphs show caspase 3/7, 6, 8 and 9 activity normalized (Fold change) to the level of control sample.

SCIeNTIfIC REPOrTS | 7: 12059 | DOI:10.1038/s41598-017-12129-5

6

www.nature.com/scientificreports/
single cells showed that 8-oxo-dG signal was exclusively localized in the mitochondrial and not in the genomic
DNA.
Moreover, a quantitative comparison of the intensity of colocalized pixels (filtering the events with fluorescence intensity close to the bisector that were rendered in white in lower images of Fig. 2A) yielded a significantly higher colocalized signal of Tom20 and 8-oxo-dG following all GSK3β inhibiting stimuli (mean ± SD:
NS = 0.33 ± 0.01; LiCl = 0.55 ± 0.10; SB216763 = 0.88 ± 0.09; insulin = 0.63 ± 0.04; Student’s t test, p < 0.05). To
confirm that 8-oxo-dG was not localized to the genomic DNA a further analysis was undertaken: for each condition three distinct confocal optical sections were taken, at different Z-height, and nuclei were confirmed free of
8-oxo-dG signal (Supplementary Figure 2: S2). Figure S2 reports details of the cells presented in the high magnification (600×) pictures in bottom rows of Fig. 2A.
Following oxidative stress and mitochondrial impairment, the involvement of apoptotic pathways has been
investigated. Evaluation of caspase activation carried out on 7 different patients indicated a minor role for caspase
3/7 compared to caspase 6 and a concurrent activation of caspase 9 (the caspase activated after mitochondrial
stress) and of caspase 8. The analysis was affected by a certain degree of variability, possibly due to the different
extent of chondrocyte viability in the 3-D constructs. Yet, the cumulative analysis of the activities of the four
caspases (21 samples) showed a very high level of correlation among CP6, 8 and 9 (CP8 vs CP9 r = 0.9919; CP8
vs CP6 r = 0.9863; CP9 vs CP6 r = 0.9817) suggesting their interdependent activation downstream GSK3β inhibition. Although not significantly different, the GSK3β specific inhibitor SB216763 was the more effective stimulus
for caspase activation (see Fig. 2B). The lower level of caspase activation exerted by LiCl or insulin was likely due
to their stimulatory effect on the PI3K/Akt pathway42 known to be able to reduce caspase activation43,44.

GSK3β inhibition affects chondrogenesis progression to terminal differentiation and viability
in 3-D cultures. 3-D cultures were used to evaluate the effect of “long term” GSK3β inhibition on chondro-

cyte maturation across the chondrogenesis process to terminal differentiation.
Confocal analysis indicated that nuclear localization of the hypertrophy marker and regulator Runx-2 was
much higher in 5 mM LiCl treated micromasses. This led to increased nuclear translocation and therefore transcriptional activation of β-catenin. Comparable results were obtained with SB216763 (Supplementary Figure 3).
Graphs in Fig. 3A, reporting the cumulative intensity of several hundreds of cells, indicated statistically significant
higher nuclear signal for both these transcription factors pivotal in chondrocyte maturation. This was in keeping
with statistically significantly higher mineralization content of 1 week 5 mM LiCl stimulated micromasses, as
evaluated by the DICA-500 assay (n = 10), and confirmed by alizarin red staining (Fig. 3B). Instead, mineralization was not affected by SB216763 (n = 7, Supplementary Figure 4). The effect of GSK3β inhibition in prompting
terminal differentiation was also confirmed by live and dead analysis of 1 week micromasses. GSK3β inhibition
achieved by 5 mM LiCl, 10 µM SB216763 or 33 nM insulin markedly affected cell viability as indicated by the
higher frequency of dead cells that was evident following both short and long term treatment. Figure 3C shows
one representative example out of three different experiments performed.

GSK3β inhibition “per se” is sufficient to concertedly regulate transcription, translation and
post-translational processing and activity of collagenases. The regulation of ECM remodelling

downstream GSK3β inhibition was investigated evaluating at both RNA (Fig. 4, left graphs) and protein (Fig. 4,
right graphs) level the effect on major collagenases (Fig. 4A MMP-1, 8 and 13) and on activators (Fig. 4B MMP-10
and 14) and major inhibitor (Fig. 4C TIMP-3) of their activity. No evident transcriptional effect was appreciated
on collagenases, but a reduction of MMP-13 in LiCl treated samples (Fig. 4A).
However, a strong activation of both MMP-10 and MMP-14 protein expression (the former evaluated in the
supernatants and the latter by means of immunohistochemistry performed on three different experiments) was
observed following both LiCl and SB216763 (Fig. 4B). MMP-1045 and MMP-1446,47 are pivotal activators of MMP13 in OA tissue and at the same time members of the senescence associated secretory phenotype48. On the other
hand, this was paralleled by a consistently reduced expression of TIMP-3 (Fig. 4C), the major MMP inhibitor in
chondrocytes, the only one capable of inhibiting both aggrecanases and MMPs, and whose knockdown has been
previously recognized as responsible for OA development49. Notably, SB216763, a GSK3β specific inhibitor50, was
effective in inhibiting both TIMP-3 transcription and translation. GSK3β inhibition did not affect MMP-3 levels
in the supernatants (data not shown).

GSK3β inhibition impacts on the regulation of collagenase activity.

As shown above, GSK3β
inhibiting stimuli determined pleiotropic effects on MMPs and TIMPs, and therefore to test the final effect on
collagenase activity we investigated the proteolytic processing of MMP-13, the pivotal collagenase in OA51, within
the 3-D construct. The representative example in Fig. 5A shows that across micromass maturation, LiCl addition
leads to an increase of the 50 kDa intermediate active form and of the 48 kDa finally active form. The increased
MMP-13 proteolytic processing following LiCl mediated GSK3β inhibition was maximally evident at 1 week
but also maintained at further micromass maturation stages (Fig. 5A), that more closely correspond to terminal
differentiation25. However, only at 1 week the increased MMP-13 proteolytic processing was markedly associated to a strong increase in GSK3β phosphorylation in LiCl stimulated samples. GSK3α phosphorylation was
only evident at 3 weeks but independently of the stimuli and rather indicating a progression in differentiation
(Supplementary Figure 1: S1).
To investigate the collagenase activity following GSK3β inhibition, serum starved supernatants were tested in
zymography, in presence of Col2 as substrate. A representative example out of 4 different experiments is shown in
Fig. 5B. GSK3β inhibiting stimuli led to a markedly increased collagenase activity as evidenced by increased signal of both the proenzyme and of the proteolytically processed form. Zymographic activity of supernatants tested
SCIeNTIfIC REPOrTS | 7: 12059 | DOI:10.1038/s41598-017-12129-5
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Figure 3. GSK3 inhibition affects viability and chondrogenesis progression to terminal differentiation in 3-D
cultures. (A) “long term” treatment with LiCl increased nuclear translocation of transcription factors directing
chondrogenesis: representative images of merged signals of nuclei (stained with Sybr Green) and either Runx-2
(left images) or active β-catenin (right images) stained with TRITC or DYLight 647 conjugate anti-primary
antibodies. Graphs report the mean nuclear intensity of immunofluorescent staining in several 60x fields taken
from sections of micromasses at 1 week of culture. The means are relative to several hundreds of different cell
nuclei (Runx-2: NS, 365; LiCl, 637. β-catenin: NS, 2137; LiCl, 1441) as evaluated by an unpaired Student’s
t test. ***P < 0.001 (B) LiCl treatment leads to a statistically significant increased calcium deposition (n = 10,
paired Student’s t test, *P < 0.05) as quantified by Quantichrom DICA-500 assay and confirmed by alizarinred staining (right images). (C) The GSK3β inhibiting stimuli led to increased cell death as detected by live
sample imaging with live and dead staining (calcein AM and ethidium homodimer) and Light Sheet detection.
Nuclear counterstaining was performed with Hoechst 33342. A representative example out of three different
experiments, each performed with cells derived from different patients.
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Figure 4. Long term GSK3 inhibition per se is sufficient to concertedly regulate transcription and translation of
collagenases. (A) Effects of GSK3β inhibiting stimuli on mRNA (as assessed by real time PCR, left graphs; n = 6)
and protein (as assessed by multiplex bead based sandwich immunoassay kits; right graphs, n = 7) expression
of major collagenases (MMP-1, MMP-8 and MMP-13). (B) Effects of GSK3β inhibiting stimuli on mRNA (left
graphs; n = 6) and protein expression of major collagenase activators (right graphs; MMP-10, n = 7 and MMP14, n = 3, the latter investigated in situ by image analysis of immunohistochemistry detection and expressed
as % of section area, i.e. the percentage of staining area relative to the area of the tissue). (C) Effects of GSK3β
inhibiting stimuli on mRNA (left graphs) and protein (right graphs) expression of TIMP-3, the pivotal inhibitor
of both collagenases and aggrecanases, as assessed by image analysis in situ (n = 3 different patients) since it is
the only TIMP with a binding domain to ECM. *P < 0.05, **P < 0.01.
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Figure 5. GSK3 inhibition impacts on collagenase post-translational processing and on the regulation of
collagenase activity. (A) The GSK3β inhibiting stimulus LiCl led to procollagenase proteolytic processing of
MMP-13 during 3-D culture maturation (1w = 1 week, 2w = 2 weeks, 3w = 3 weeks). Western blot of micromass
lysates showed increased evidence of the 50 kDa intermediate form and of the 48 kDa finally active form (left
panel); this was matched by increased phosphorylation of the GSK3β isoform at 1 and 2 weeks. (B) Zymography
of the culture supernatants confirmed an increased collagenolytic activity on both Col1 and Col2 substrates
(left side), with an increase in the proenzymatic and active form. Insulin and SB216763 showed the strongest
collagenolytic activity on Col2 (right image, SB:SB216763). Again, the increased collagenolytic activity is
accompanied by an increased GSK3β phosphorylation. (C) The GSK3β inhibiting stimuli induce increased
accumulation of the collagen neoepitope C1,2C in situ, as confirmed by immunohistochemistry detection and
image analysis (n = 9: triplicate micromasses derived from three different patients. Comparisons with basal
condition were performed by an unpaired Student’s t test). ***P < 0.001. Pictures relative to a representative
patient out of the three analyzed.
on gelatin or Col1 gels showed a similar pattern, suggesting that GSK3β inhibition leads to a marked increase
of the released enzymatic activity with enhanced proteolysis of different ECM components and independently
of substrate specificity52. In 1 week micromasses, the increased collagenolytic activity paralleled that of GSK3β
inactivation via phosphorylation, with the exception of the use of SB216763 that specifically inhibits GSK3 in an
ATP dependent manner and without phosphorylation.
The increased collagenolytic activity following GSK3β inhibiting stimuli delivered to 1 week micromasses was
also confirmed in situ by a markedly increased C1,2C staining, as shown in Fig. 5C.

The effects of GSK3 inhibitors are reproduced by GSK3β specific knockdown. To assess the specificity of the effects observed downstream GSK3 inactivating stimuli, we carried out specific silencing of GSK3β,
reported to be the prevalent form in articular chondrocytes9. Chondrocytes transfected with control vector were
treated short term or long term with the GSK3 inactivating stimuli to compare the pharmacologic inhibition and
the RNAi approach.
Figure 6 shows the results of one representative experiment and the cumulative image analysis of 8-oxo-dG,
MMP-10, MMP-14, TIMP-3, C1,2C and caspase activity.
Delivery of the GSK3 inactivating stimuli confirmed the effects observed with wild type chondrocytes, and
GSK3β specific silencing reproduced the effects on mitochondrial DNA damage, increase in collagenase activators (MMP-10 and MMP-14) and decrease in the major collagenase inhibitor (TIMP-3) thus leading to increased
C1,2C accumulation (Fig. 6A).
Micromass lysates were tested for the activity of major caspases. Specific silencing of GSK3β led to increased
activity of all caspases tested (Fig. 6B).

Discussion

Litherland and co-workers had recently pointed out that GSK3 inhibition, rather than being protective as previously suggested18 worsens murine OA15. Moreover, GSK3 inhibition is an event placed downstream many
inflammatory stimuli15 or growth factors that signals via PI3K/Akt to inhibit GSK3 such as insulin, increased in
insulin resistance and recognized as a major determinant of metabolic OA53 and mitochondrial dysfunction54.
Noteworthy, fractionation studies indicated that GSK3 localizes in the cytosolic, mitochondrial and nuclear fraction, with different proportion depending on the cell type19. Inhibition of “mitochondrial GSK3” is responsible for
increased ROS production and downstream effects on cellular senescence, as the result of mitochondrial complex
IV defect19.
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Figure 6. The effects of GSK3 inhibitors are reproduced by GSK3β specific knockdown. (A) To confirm
the GSK3β specificity of the effects observed downstream GSK3 inhibiting stimuli, chondrocytes were
transduced with control (CTRL) or GSK3β siRNA. In particular, siCTRL micromasses underwent GSK3
inhibiting treatment either short or long term, and the effects were compared with those observed in
micromasses seeded with siGSK3β chondrocytes. siGSK3β reproduced all the effects observed downstream
GSK3β inhibiting stimuli: increased accumulation of 8-oxo-dG adducts at 16 hours and increased activation
(higher level of MMP-10 and MMP-14) and decreased inhibition (lower TIMP-3) of collagenase activity at
1 week, thus resulting in higher amount of C1,2C neoepitopes. Graphs on the left report image analysis of
immunohistochemistry experiments. The data shown are representative of one out of two performed. *P < 0.05,
**P < 0.01, ***P < 0.001. (B) Moreover, siGSK3β led to increased activation of initiator (caspase 8 and 9) and
effector (caspase 3/7 and 6) caspases as shown by cumulative (n = 2) analysis of increased activity of these
enzymes in 1 week micromass lysates and expressed as fold change compared to the control siRNA.
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Mitochondrial pathology has been recently recognized as having a pivotal role in OA55,56 since ROS produced
by dysfunctional mitochondria are able to boost cellular signalling and matrix catabolism55 thus leading to tissue
derangement.
We had already shown that mitochondrial activation and ROS production occur after GSK3β inhibition
in primary chondrocytes cultured in “monolayer”, reproducing the phenotype observed in cartilage of obese
patients where GSK3β phosphorylation overlaps with mitochondrial DNA damage, hypertrophy and senescence20. Concerning articular cartilage, data derived from the different phenotypes of global GSK3-α or β knockout indicate a more pivotal role for GSK3β that is also selectively expressed in articular chondrocytes9,14. To
approach in vitro the closest as possible the phenotype of articular chondrocytes in vivo we selected a 3-D culture
model (micromass or pellet cultures)22 that more closely mimic the complex scenario of chondrocytes embedded
in their native ECM57. In micromasses, chondrocytes recover in 1 week time a correct “healthy articular chondrocyte” phenotype. Indeed, the analyses carried out in these settings confirmed that the β isoform accounts for most
of GSK3 expression and phosphorylation.
Then we tested the effect of GSK3β inhibition on chondrocyte differentiation using 3-D cultures of chondrocytes. GSK3β inhibition was achieved by mean of both pharmacological and RNAi approach. We provide
evidence that GSK3β inhibition “per se” achieved with different stimuli and independently of other upstream
inflammatory stimuli is sufficient to elicit mitochondrial activation, superoxide production and oxidative damage
(8-oxo-dG staining) to mitochondrial DNA in 3-D culture of primary chondrocytes. This results in activation of
initiator caspases 8 and 9 and effector caspase 6 and 3/7. These events are sufficient to increase nuclear localization of transcription factors (Runx-2, β-catenin) responsible for enhanced chondrocyte differentiation towards
“endochondral ossification”. Indeed, we described an increased calcium deposition and “terminal differentiation”
of chondrocytes as indicated by live and dead experiments carried out with Light Sheet technology, an advanced
method of fluorescence microscopy, specifically developed for 3-D structure mapping of large samples58, a challenge that could allow to drive more relevant conclusions compared to conventional studies carried out in monolayer. These experiments indicate reduced viability at both “short term” and “long term” GSK3β inhibition.
We also dissected the mechanisms whereby GSK3β inhibition leads to ECM remodelling. Overall, GSK3β
inhibition achieved with either pharmacological or RNAi approach consistently impacts on the regulation of
collagenase activity as shown by zymography or accumulation of the C1,2C neoepitope, a bioactive peptide able
to further boost chondrocyte progression towards hypertrophy and endochondral ossification2. Noteworthy, at
the same time GSK3β inhibition increases the protein expression of major collagenase activators (MMP-10 and
MMP-14) and reduces the expression of TIMP-3, the only one inhibitor that is effective on both aggrecanases
and MMPs. Notably, functional genomic studies in KO mice had previously indicated the role of TIMP-3 in OA
progression49.
The concerted effect on collagenase activity observed with pharmacological inhibition of GSK3β using either
specific (SB216763) or aspecific drugs (insulin and lithium chloride, that can be considered as an insulin mimicker) were fully reproduced by a RNAi approach, thus confirming that GSK3β is one of the molecular constraints
that prevent the progression of articular chondrocytes towards terminal differentiation.
In conclusion exploiting 3-D culture of primary chondrocytes we here demonstrate that GSK3β inhibition
leads to a highly catabolic shift in protein expression and posttranslational processing, that through accumulation
of bioactive collagen peptides boosts chondrocyte progression towards terminal differentiation, further sustained
by accumulation of mitochondrial damage.

References

1. Kim, S. H., Turnbull, J. & Guimond, S. Extracellular matrix and cell signalling: the dynamic cooperation of integrin, proteoglycan
and growth factor receptor. J Endocrinol 209, 139–151, https://doi.org/10.1530/JOE-10-0377 (2011).
2. Gauci, S. J. et al. Modulating chondrocyte hypertrophy in growth plate and osteoarthritic cartilage. J Musculoskelet Neuronal Interact
8, 308–310 (2008).
3. Yasuda, T. T. II collagen peptide stimulates Akt leading to nuclear factor-kappaB activation: its inhibition by hyaluronan. Biomed Res
35, 193–199, https://doi.org/10.2220/biomedres.35.193 (2014).
4. Lories, R. J., Corr, M. & Lane, N. E. To Wnt or not to Wnt: the bone and joint health dilemma. Nat Rev Rheumatol 9, 328–339, https://
doi.org/10.1038/nrrheum.2013.25 (2013).
5. Zhu, M. et al. Activation of beta-catenin signaling in articular chondrocytes leads to osteoarthritis-like phenotype in adult betacatenin conditional activation mice. J Bone Miner Res 24, 12–21, https://doi.org/10.1359/jbmr.080901 (2009).
6. Zhu, M. et al. Inhibition of beta-catenin signaling in articular chondrocytes results in articular cartilage destruction. Arthritis and
Rheumatism 58, 2053–2064, https://doi.org/10.1002/art.23614 (2008).
7. Kockeritz, L., Doble, B., Patel, S. & Woodgett, J. R. Glycogen synthase kinase-3-an overview of an over-achieving protein kinase.
Curr Drug Targets 7, 1377–1388, https://doi.org/10.2174/1389450110607011377 (2006).
8. Liang, M. H. & Chuang, D. M. Differential roles of glycogen synthase kinase-3 isoforms in the regulation of transcriptional
activation. J Biol Chem 281, 30479–30484, https://doi.org/10.1074/jbc.M607468200 (2006).
9. Gillespie, J. R. et al. Deletion of glycogen synthase kinase-3beta in cartilage results in up-regulation of glycogen synthase kinase3alpha protein expression. Endocrinology 152, 1755–1766, https://doi.org/10.1210/en.2010-1412 (2011).
10. Liu, K. J., Arron, J. R., Stankunas, K., Crabtree, G. R. & Longaker, M. T. Chemical rescue of cleft palate and midline defects in
conditional GSK-3beta mice. Nature 446, 79–82, https://doi.org/10.1038/nature05557 (2007).
11. MacAulay, K. et al. Glycogen synthase kinase 3alpha-specific regulation of murine hepatic glycogen metabolism. Cell Metab 6,
329–337, https://doi.org/10.1016/j.cmet.2007.08.013 (2007).
12. Miclea, R. L. et al. Inhibition of Gsk3beta in cartilage induces osteoarthritic features through activation of the canonical Wnt
signaling pathway. Osteoarthritis Cartilage 19, 1363–1372, https://doi.org/10.1016/j.joca.2011.07.014 (2011).
13. Rokutanda, S. et al. Akt regulates skeletal development through GSK3, mTOR, and FoxOs. Dev Biol 328, 78–93, https://doi.
org/10.1016/j.ydbio.2009.01.009 (2009).
14. Kawasaki, Y. et al. Phosphorylation of GSK-3beta by cGMP-dependent protein kinase II promotes hypertrophic differentiation of
murine chondrocytes. J Clin Invest 118, 2506–2515, https://doi.org/10.1172/JCI35243 (2008).
15. Litherland, G. J. et al. Glycogen synthase kinase 3 inhibition stimulates human cartilage destruction and exacerbates murine
osteoarthritis. Arthritis Rheumatol 66, 2175–2187, https://doi.org/10.1002/art.38681 (2014).

SCIeNTIfIC REPOrTS | 7: 12059 | DOI:10.1038/s41598-017-12129-5

12

www.nature.com/scientificreports/
16. Cuzzocrea, S. et al. Glycogen synthase kinase-3beta inhibition attenuates the degree of arthritis caused by type II collagen in the
mouse. Clin Immunol 120, 57–67, https://doi.org/10.1016/j.clim.2006.03.005 (2006).
17. Hui, W. et al. Lithium protects cartilage from cytokine-mediated degradation by reducing collagen-degrading MMP production via
inhibition of the P38 mitogen-activated protein kinase pathway. Rheumatology (Oxford) 49, 2043–2053, https://doi.org/10.1093/
rheumatology/keq.217 (2010).
18. Minashima, T., Zhang, Y., Lee, Y. & Kirsch, T. Lithium protects against cartilage degradation in osteoarthritis. Arthritis Rheumatol
66, 1228–1236, https://doi.org/10.1002/art.38373 (2014).
19. Byun, H. O. et al. GSK3 inactivation is involved in mitochondrial complex IV defect in transforming growth factor (TGF) beta1induced senescence. Exp Cell Res 318, 1808–1819, https://doi.org/10.1016/j.yexcr.2012.04.012 (2012).
20. Guidotti, S. et al. Lithium Chloride Dependent Glycogen Synthase Kinase 3 Inactivation Links Oxidative DNA Damage,
Hypertrophy and Senescence in Human Articular Chondrocytes and Reproduces Chondrocyte Phenotype of Obese Osteoarthritis
Patients. PLoS One 10, e0143865, https://doi.org/10.1371/journal.pone.0143865 (2015).
21. Eglen, R. M. & Randle, D. H. Drug Discovery Goes Three-Dimensional: Goodbye to Flat High-Throughput Screening? Assay Drug
Dev Technol 13, 262–265, https://doi.org/10.1089/adt.2015.647 (2015).
22. Caron, M. M. et al. Redifferentiation of dedifferentiated human articular chondrocytes: comparison of 2D and 3D cultures.
Osteoarthritis Cartilage 20, 1170–1178, https://doi.org/10.1016/j.joca.2012.06.016 (2012).
23. Pelttari, K. et al. Premature induction of hypertrophy during in vitro chondrogenesis of human mesenchymal stem cells correlates
with calcification and vascular invasion after ectopic transplantation in SCID mice. Arthritis and Rheumatism 54, 3254–3266,
https://doi.org/10.1002/art.22136 (2006).
24. Borzi, R. M. et al. Matrix metalloproteinase 13 loss associated with impaired extracellular matrix remodeling disrupts chondrocyte
differentiation by concerted effects on multiple regulatory factors. Arthritis Rheum 62, 2370–2381, https://doi.org/10.1002/art.27512
(2010).
25. Olivotto, E. et al. Differential requirements for IKKalpha and IKKbeta in the differentiation of primary human osteoarthritic
chondrocytes. Arthritis Rheum 58, 227–239, https://doi.org/10.1002/art.23211 (2008).
26. Facchini, A. et al. Hydroxytyrosol prevents increase of osteoarthritis markers in human chondrocytes treated with hydrogen
peroxide or growth-related oncogene alpha. PLoS One 9, e109724, https://doi.org/10.1371/journal.pone.0109724 (2014).
27. Philipot, D. et al. p16INK4a and its regulator miR-24 link senescence and chondrocyte terminal differentiation-associated matrix
remodeling in osteoarthritis. Arthritis Res Ther 16, R58, https://doi.org/10.1186/ar4494 (2014).
28. Guidotti, S. et al. Enhanced osteoblastogenesis of adipose-derived stem cells on spermine delivery via beta-catenin activation. Stem
Cells Dev 22, 1588–1601, https://doi.org/10.1089/scd.2012.0399 (2013).
29. Kuznetsov, A. V. et al. Mitochondrial ROS production under cellular stress: comparison of different detection methods. Anal Bioanal
Chem 400, 2383–2390, https://doi.org/10.1007/s00216-011-4764-2 (2011).
30. Reynaud, E. G., Peychl, J., Huisken, J. & Tomancak, P. Guide to light-sheet microscopy for adventurous biologists. Nat Methods 12,
30–34, https://doi.org/10.1038/nmeth.3222 (2015).
31. Rodriguez-Enriquez, S., Kim, I., Currin, R. T. & Lemasters, J. J. Tracker dyes to probe mitochondrial autophagy (mitophagy) in rat
hepatocytes. Autophagy 2, 39–46 (2006).
32. Chen, X., Zhong, Z., Xu, Z., Chen, L. & Wang, Y. 2′,7′-Dichlorodihydrofluorescein as a fluorescent probe for reactive oxygen species
measurement: Forty years of application and controversy. Free Radic Res 44, 587–604, https://doi.org/10.3109/10715761003709802
(2010).
33. Dong, H. et al. “Stainomics”: identification of mitotracker labeled proteins in mammalian cells. Electrophoresis 34, 1957–1964,
https://doi.org/10.1002/elps.201200557 (2013).
34. Markkanen, E., Hubscher, U. & van Loon, B. Regulation of oxidative DNA damage repair: the adenine:8-oxo-guanine problem. Cell
Cycle 11, 1070–1075, https://doi.org/10.4161/cc.11.6.19448 (2012).
35. Olivotto, E. et al. IKKalpha/CHUK regulates extracellular matrix remodeling independent of its kinase activity to facilitate articular
chondrocyte differentiation. PLoS One 8, e73024, https://doi.org/10.1371/journal.pone.0073024 (2013).
36. Olivotto, E. et al. Chondrocyte hypertrophy and apoptosis induced by GROalpha require three-dimensional interaction with the
extracellular matrix and a co-receptor role of chondroitin sulfate and are associated with the mitochondrial splicing variant of
cathepsin B. J Cell Physiol 210, 417–427, https://doi.org/10.1002/jcp.20864 (2007).
37. Lee, M. H., Atkinson, S. & Murphy, G. Identification of the extracellular matrix (ECM) binding motifs of tissue inhibitor of
metalloproteinases (TIMP)-3 and effective transfer to TIMP-1. J Biol Chem 282, 6887–6898, https://doi.org/10.1074/jbc.
M610490200 (2007).
38. Hawkes, S. P., Li, H. & Taniguchi, G. T. Zymography and reverse zymography for detecting MMPs and TIMPs. Methods Mol Biol
622, 257–269, https://doi.org/10.1007/978-1-60327-299-5_16 (2010).
39. Gallo, L. I., Lagadari, M., Piwien-Pilipuk, G. & Galigniana, M. D. The 90-kDa heat-shock protein (Hsp90)-binding immunophilin
FKBP51 is a mitochondrial protein that translocates to the nucleus to protect cells against oxidative stress. J Biol Chem 286,
30152–30160, https://doi.org/10.1074/jbc.M111.256610 (2011).
40. Bergami, M. et al. Uptake and recycling of pro-BDNF for transmitter-induced secretion by cortical astrocytes. J Cell Biol 183,
213–221, https://doi.org/10.1083/jcb.200806137 (2008).
41. Bergami, M. et al. TrkB signaling directs the incorporation of newly generated periglomerular cells in the adult olfactory bulb. J
Neurosci 33, 11464–11478, https://doi.org/10.1523/JNEUROSCI.4812-12.2013 (2013).
42. Gao, Y., Ordas, R., Klein, J. D. & Price, S. R. Regulation of caspase-3 activity by insulin in skeletal muscle cells involves both PI3kinase and MEK-1/2. J Appl Physiol (1985) 105, 1772–1778, https://doi.org/10.1152/japplphysiol.90636.2008 (2008).
43. Wang, L. et al. Shikonin protects chondrocytes from interleukin-1beta-induced apoptosis by regulating PI3K/Akt signaling pathway.
Int J Clin Exp Pathol 8, 298–308 (2015).
44. Price, J. et al. Akt-1 mediates survival of chondrocytes from endoplasmic reticulum-induced stress. J Cell Physiol 222, 502–508,
https://doi.org/10.1002/jcp.22001 (2010).
45. Barksby, H. E. et al. Matrix metalloproteinase 10 promotion of collagenolysis via procollagenase activation: implications for cartilage
degradation in arthritis. Arthritis Rheum 54, 3244–3253, https://doi.org/10.1002/art.22167 (2006).
46. Imai, K. et al. Expression of membrane-type 1 matrix metalloproteinase and activation of progelatinase A in human osteoarthritic
cartilage. Am J Pathol 151, 245–256 (1997).
47. Knauper, V. et al. Cellular mechanisms for human procollagenase-3 (MMP-13) activation. Evidence that MT1-MMP (MMP-14) and
gelatinase a (MMP-2) are able to generate active enzyme. Journal of Biological Chemistry 271, 17124–17131, https://doi.org/10.1074/
jbc.271.29.17124 (1996).
48. Freund, A., Orjalo, A. V., Desprez, P. Y. & Campisi, J. Inflammatory networks during cellular senescence: causes and consequences.
Trends Mol Med 16, 238–246, https://doi.org/10.1016/j.molmed.2010.03.003 (2010).
49. Sahebjam, S., Khokha, R. & Mort, J. S. Increased collagen and aggrecan degradation with age in the joints of Timp3(−/−) mice.
Arthritis Rheum 56, 905–909, https://doi.org/10.1002/art.22427 (2007).
50. Coghlan, M. P. et al. Selective small molecule inhibitors of glycogen synthase kinase-3 modulate glycogen metabolism and gene
transcription. Chem Biol 7, 793–803, https://doi.org/10.1016/S1074-5521(00)00025-9 (2000).
51. Goldring, M. B. et al. Roles of inflammatory and anabolic cytokines in cartilage metabolism: signals and multiple effectors converge
upon MMP-13 regulation in osteoarthritis. Eur Cell Mater 21, 202–220, https://doi.org/10.22203/eCM.v021a16 (2011).

SCIeNTIfIC REPOrTS | 7: 12059 | DOI:10.1038/s41598-017-12129-5

13

www.nature.com/scientificreports/
52. Murphy, G. et al. Matrix metalloproteinases in arthritic disease. Arthritis Res 4(Suppl 3), S39–49, https://doi.org/10.1186/ar572
(2002).
53. Zhuo, Q., Yang, W., Chen, J. & Wang, Y. Metabolic syndrome meets osteoarthritis. Nat Rev Rheumatol 8, 729–737, https://doi.
org/10.1038/nrrheum.2012.135 (2012).
54. Le Clanche, S., Bonnefont-Rousselot, D., Sari-Ali, E., Rannou, F. & Borderie, D. Inter-relations between osteoarthritis and metabolic
syndrome: A common link? Biochimie 121, 238–252, https://doi.org/10.1016/j.biochi.2015.12.008 (2016).
55. Wu, L. et al. Mitochondrial pathology in osteoarthritic chondrocytes. Curr Drug Targets 15, 710–719, https://doi.org/10.2174/1389
450115666140417120305 (2014).
56. Farnaghi, S. et al. Protective effects of mitochondria-targeted antioxidants and statins on cholesterol-induced osteoarthritis. FASEB
J 31, 356–367, https://doi.org/10.1096/fj.201600600R (2016).
57. Battistelli, M. et al. Cell and matrix morpho-functional analysis in chondrocyte micromasses. Microsc Res Tech 67, 286–295, https://
doi.org/10.1002/jemt.20210 (2005).
58. Lauer, F. M., Kaemmerer, E. & Meckel, T. Single molecule microscopy in 3D cell cultures and tissues. Adv Drug Deliv Rev 79–80,
79–94, https://doi.org/10.1016/j.addr.2014.10.008 (2014).

Acknowledgements

This work was supported by FIRB (Ministero dell’istruzione, dell’Università e della Ricerca, Italy) grant
RBAP10KCNS and Fondi cinque per mille (Ministero della Salute, Italy).

Author Contributions

All authors were involved in drafting the article or revising it critically for important intellectual content and
approved the final version. Study conception and design: R.M.B., S.G., M.M. and D.P.; analysis and interpretation
of the data: R.M.B., S.G., M.M., D.P., S.S. Acquisition of data: S.G., M.M., D.P., S.S.; Provision of study materials
after patient selection: G.T., G.F.; Obtaining of funding: E.M.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12129-5.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCIeNTIfIC REPOrTS | 7: 12059 | DOI:10.1038/s41598-017-12129-5

14

