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Abstract
Objective—Mechanical injury induces cell death in cartilage and triggers a remodeling process
that ultimately can manifest as osteoarthritis (OA). Autophagy is a process for turnover of
intracellular organelles and macromolecules that protects cells during stress responses. This study
determined changes and functions of autophagy following mechanical injury to cartilage.

Methods—Bovine and human cartilage explants were subjected to mechanical impact (40%
strain, 500 ms). Cell viability, sulfated glycosaminoglyan (sGAG) release and changes in
autophagy markers ULK1, Beclin1 and LC3 were evaluated. Cartilage explants were also treated
with the mTORC1 inhibitor and autophagy inducer rapamycin and tested for protective effects
against mechanical injury, the cell death inducers nitric oxide and TNFα+Actinomycin D and the
proinflammatory cytokine IL-1α.

Results—Mechanical injury induced cell death and loss of sGAG in a time-dependent manner.
This was associated with significantly decreased ULK1, Beclin1 and LC3 expression in the
cartilage superficial zone (P < 0.05) at 48 hours post-injury. The levels of LC3-II were increased
at 24 hours post-injury but decreased at 48 and 96 hours. Rapamycin enhanced expression of
autophagy regulators and prevented cell death and sGAG loss in mechanically injured explants.
Rapamycin also protected against cell death induced by SNP, TNFα+Actinomycin D and
prevented sGAG loss induced by IL-1α.

Conclusion—Mechanical injury leads to suppression of autophagy, predominantly in the
superficial zone where most of the cell death occurs. Pharmacological inhibition of mTORC1, at
least in part by enhancement of autophagy prevented cell and matrix damage suggesting a novel
approach for chondroprotection.
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INTRODUCTION
Cartilage homeostasis is disturbed in osteoarthritis (OA), leading to progressive cartilage
destruction. Biomechanical and biochemical factors are responsible for disruption of cell
and tissue homeostasis and initiate catabolic pathways (1). Joint injury increases the risk for
developing OA. However, the mechanisms by which joint injury leads to OA are not well
understood (2–4).

The earliest degenerative changes occur in the cartilage superficial zone (SZ) and include
reduced cellularity and structural irregularities (5). This initiates the progressive remodeling
and degradation of the cartilage extracellular matrix (ECM) that subsequently affects the
mid and deep zones. Mechanical injury has been implicated in initiating the lesions in the
SZ and the SZ is more susceptible to cell death induced by mechanical injury (6). Under
physiological conditions, mechanical loading of cartilage represents an important anabolic
stimulus for chondrocyte metabolism (7). However, abnormal or injurious compression
promotes cell death, predominantly by apoptosis (8,9), stimulates release of sulfated
glycosaminoglycans (sGAG) from the extracellular matrix (10,11) and reduces chondrocyte
anabolic responses to dynamic compression (12).

Autophagy is a cellular response to various types of stress whereby cellular macromolecules,
organelles and cytoplasm are engulfed, digested and recycled to sustain cellular metabolism.
Constitutive, basal autophagy also has an important homeostatic function, maintaining
protein and organelle integrity (13). Although autophagy primarily promotes cellular and
organism health, in certain physiological and pathological conditions it can also lead to a
form of cell death that is characterized by cytoplasmic vacuolation and termed type II
programmed cell death or cell death by autophagy (14–16). However, in most experimental
models suppression of autophagy genes leads to cell death, indicating a protective and
survival-promoting function of autophagy (17–19).

Atg genes control the autophagy process, leading to the induction and nucleation of
autophagic vesicles, their expansion and fusion with lysosomes, allowing enzymatic
degradation of macromolecules and recycling of their components (20,21). Among the Atg
genes, Atg1, Atg6 and Atg8 (ULK1, Beclin1and LC3 in mammals, respectively) are three
major regulators of the autophagy pathway. ULK1 is a key intermediate in the transduction
of pro-autophagic signals to autophagosome formation (22). Beclin1 forms a complex with
type III PI3-kinase and Vps34 that allows nucleation of the autophagic vesicle (23). Finally,
the formation and expansion of the autophagosome requires two protein conjugation systems
that involve the Atg proteins LC3, Atg12 and Atg5 (14). LC3 is present in two forms, LC3-I
in the cytoplasm and LC3-II bound to the autophagosome membrane. During autophagy,
LC3-I is converted to LC3-II through lipidation by a ubiquitin-like system resulting in the
association of LC3-II with autophagy vesicles. The amount of LC3-II correlates with the
extent of autophagosome formation (15).

Mammalian target of rapamycin (mTOR) is a member of the PI3-kinase-related protein
kinase subfamily that plays a critical role in the regulation of various cellular events such as
cell growth and proliferation (24,25). mTOR is an important suppressor of autophagy,
functioning upstream of the Atg genes and is centrally regulated by multiple upstream
signaling pathways involving PI3-kinase/Akt and AMP-activated protein kinase (26).
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Inhibition of mTOR by rapamycin, a lipophilic macrolide antibiotic, used as an
immunosuppressive drug, can induce autophagy in a variety of cell types (27, 28). In
addition, recently it was reported that rapamycin treatment extends lifespan in mice (29) and
protects against aging-related pathology in various tissues, including brain and heart (30–
32).

In articular cartilage, which is characterized by a very low rate of cell turnover autophagy
would appear to be essential to maintain cell survival and function. Previously, we
demonstrated that autophagy is a constitutively active and apparently protective process for
the maintenance of the homeostatic state in normal cartilage (33). A reduction of autophagy
was observed in joint aging and OA in humans and mice and this was accompanied by an
increase in chondrocyte apoptosis. These results suggested that compromised autophagy
might contribute to the development of OA.

The role of autophagy in the response of chondrocytes or other cell types to mechanical
stress is unknown. Thus, the overall goal of this study was to evaluate the effect of
mechanical injury on autophagy. As we observed an inhibition of autophagy in response to
mechanical injury, we also tested potential protective effects of autophagy induction.

MATERIALS AND METHODS
Materials

The following antibodies were used: ULK1 and Beclin1 (Santa Cruz Biotechnology, Santa
Cruz, CA), and LC3 (Novus Biologicals, Littleton, CO). Rapamycin was purchased from
Calbiochem (San Diego, CA). Sodium nitroprusside (SNP) and Actinomycin D were
purchased from Sigma (St. Louis, MO), IL-1α was purchased from Peprotech (Rocky Hill,
NJ) and TNFα was purchased from R&D Systems (Minneapolis, MN).

Articular cartilage and chondrocytes
Full thickness articular cartilage explants without subchondral bone were harvested from
mature bovine knees (14–30 months of age). Explants (8 mm diameter) were cored out from
the weight bearing area of the distal femoral condyle using a dermal punch (Sklar
Instruments, West Chester, PA). Prior to mechanical loading, explants were cultured for 48
hours at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% calf serum (CS) and antibiotics. To isolate chondrocytes, cartilage surfaces were
rinsed with saline and scalpels were used to cut parallel sections 5 mm apart, vertically from
the cartilage surface onto the subchondral bone. These cartilage strips were then resected
from the bone. The cartilage tissue was incubated with trypsin at 37°C for 10 minutes. After
the trypsin solution was removed, the tissue slices were treated for 12 to 16 hours with type
IV clostridial collagenase in DMEM with 5% fetal calf serum. After isolation, the cells were
kept in high-density cultures in DMEM supplemented with 10% CS, L-glutamine, and
antibiotics and allowed to attach to the surface of the culture flasks. After the cells had
grown to confluence, they were split once and grown to confluence again for use in the
experiments.

Loading apparatus and mechanical injury
Mechanical injury was applied with an Instron 8511 mechanical testing device (Instron,
Norwood, MA) following the protocol described by D’Lima et. al. (8,34). Each explant was
centralized on a loading platform and a radially unconfined compressive load was applied
through an impermeable stainless steel platen. In this study, after a small preload (0.1 MPa)
was applied for two minutes, a 40% strain was applied to the explants for 500ms, conditions
that produce reproducible cell death (8,34). Control explants were placed in the loading
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apparatus but not loaded. Control and loaded explants were cultured at 37°C and 5% CO2 in
DMEM supplemented with 2% CS and antibiotics as indicated for the specific experiments
and measurements. Experiments with human explants were also performed using similar
methods. See supplemental information.

Live/dead assay
Live and dead cells were simultaneously viewed in situ with a confocal microscope (LSM
510; Zeiss, Wetzlar, Germany), using a fluorescent double stain. Calcein AM (1μM;
Invitrogen, Carlsbad, CA), a fluorescein derivative that is metabolized by nonspecific
esterase present in viable cells, was used to visualize live cells. The use of 8μM ethidium
homodimer-1 (Invitrogen), a nucleic acid stain that is excluded by intact cell membranes,
enabled visualization of the nuclei of dead cells (35). Cartilage explants were cultured in
DMEM supplemented with Calcein AM and ethidium homodimer-1 for 45 minutes. Live
and dead cells were counted using a custom designed automated image analysis program
based on Matlab software (MathWorks, Natick, MA) to determine percentage of viable cells
in the whole explant and separately in the SZ.

Glycosaminoglycan assay
To measure sGAG release we collected culture medium from explants without/with
mechanical injury at 0, 24, 48 at 96 hours or after treating with rapamycin at 24, 48 and 96
hours. sGAG was measured using the dimethylmethylene blue method (36). sGAG
concentration was normalized to explant weight and the results are reported as μg sGAG per
mg cartilage.

Immunohistochemistry
Paraffin-embedded samples were first deparaffinized in the xylene substitute Pro-Par
Clearant (Anatech, Battle Creek, MI) and rehydrated in graded ethanol and water. After
washing with phosphate buffered saline (PBS), sections were treated with 3% hydrogen
peroxide for 10 minutes, washed with PBS and sections were blocked with 5% serum for 30
minutes at room temperature. ULK1, Beclin1 and LC3 antibody (1:100 dilution) were
applied and incubated overnight at 4°C. Slides were washed, and sections were incubated
with biotinylated goat anti-rabbit secondary antibody for 30 minutes at room temperature,
and then incubated using the Vectastain ABC-AP kit (Vector Laboratories, Burlingame, CA)
for 30 minutes. Finally, sections were washed and incubated with 3,3-diaminobenzidine
tetrahydrochloride (DAB) substrate for 3–10 minutes.

Quantification and localization of positive cells in human cartilage
ULK1, Beclin1 and LC3 localization in each cartilage zone was assessed systematically by
counting positive cells in 50 × 50 μm grids starting from the cartilage surface to the deep
zone. This was repeated a minimum of three times for each section. The identification of
each zone was based on previously reported characteristics that comprise cell shape,
morphology, orientation, and pericellular matrix deposition (37). The depth of each zone
was recorded for each section for comparative analysis on the frequency of positive cells in
each zone. The frequency of positive cells was expressed as a percentage relative to the total
number of cells counted in each zone.

Western blotting
Cartilage explants were pulverized in a liquid nitrogen-cooled freezer-mill for two cycles of
1.5 min at the rate of maximum impact frequency. Dry weight of normal and OA cartilage
was measured and the same amount of protein was resuspended in SDS gel loading buffer
(50mM Tris PH 6.8, 10% glycerol, 4% sodium dodecyl sulfate, 10% 2-mercaptoethanol, and
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0.001% bromophenol blue) and mixed for 2 hours at room temperature. Centrifugation at
14000-rpm was performed for 30 minutes, and then supernatants were harvested and heated
at 80°C for 10 minutes. The protein concentrations were determined using a bicinchoninic
acid (BCA) reagent assay (Pierce Chemical, Rockford, IL). The concentrated samples were
then adjusted to equal volumes before resolution on 12% Tris-Glycine gels (Invitrogen).
Protein was transferred to nitrocellulose membranes (Invitrogen), blocked with 5% dry milk
in Tris-buffered saline–Tween (TBST), and blotted with rabbit polyclonal antibody for LC3
(Novus Biologicals) and β-actin antibody (Abcam, Cambridge, MA) for one hour. The
membranes were then incubated with HRP-conjugated anti-mouse IgG (Cell Signalling
Technology, Boston, MA) for one hour. Afterwards, the membranes were washed three
times with TBST and developed using the enhanced chemiluminescent substrate from Pierce
(Rockford, IL).

Flow cytometric assessment of cell viability and apoptosis
Bovine chondrocytes were cultured as described above. Before reaching confluency, the
cells were plated in 6-well plates at 5×105 cells per well and cultured in DMEM with 10%
FBS for 24 h. Medium was replaced with DMEM 0% FBS and the chondrocytes were
preincubated for one hour with rapamicyn (1 μM) and then stimulated with SNP (2 μM) for
18 h. To determine cell viability, the cells were labeled with propidium iodide (Sigma) as
described (38). For analysis of apoptosis, the cells were labeled with Annexin-V
(Invitrogen). Cells were analyzed on a BD FACSCalibur (Becton Dickinson, Franklin
Lakes, NJ). For each condition, 15,000 events were collected.

Statistical analysis
To evaluate normal distribution of the data, we performed the Kolmogorov-Smirnov test.
Statistically significant differences between two groups were determined with unpaired
Student’s t-test. Statistically significant differences between multiple comparisons were
determined by ANOVA with Tukey’s multiple comparisons test. The results are reported as
mean ± S.D. P values less than 0.05 were considered significant.

RESULTS
Mechanical injury induces cell death and loss of glycosaminoglycans in articular cartilage

To characterize the effect of mechanical injury on articular cartilage, we measured cell
viability and sGAG release. Mature bovine articular cartilage explants were subjected to
40% strain of their original thickness for 0.5 sec. The results showed that mechanical injury
induced cell death in a time-dependent manner (Figure 1A), predominantly in the SZ (Figure
1B). This was associated with a disruption of matrix integrity (Figure 1C) and a time-
dependent increase in sGAG release (Figure 1D).

Autophagy markers are reduced in response to mechanical injury in articular cartilage
To evaluate the effect of mechanical injury on the autophagy pathway, we analyzed the
expression of three autophagy markers, ULK1 (autophagy inducer), Beclin1 (autophagy
regulator) and LC3 (autophagy executor). After injury, the explants were cultured for 24, 48
and 96 hours. To study the presence of autophagosomes in response to mechanical injury,
we analyzed the expression of LC3-II in bovine explants. The results indicated that the
expression of LC3-II was increased 24 hours after injury, as an early response to stress, and
then decreased at 48 hours. At 96 hours the expression of LC3-I was also decreased,
indicating an overall decrease of LC3 expression in response to mechanical injury in a time-
dependent manner (Figure 2A).
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To confirm these results, we analyzed the expression of ULK1, Beclin1 and LC3 by
immunohistochemistry at 48 hours after injury (Figure 2B). The results showed a
significantly decreased expression of all three markers predominantly in the SZ (P < 0.05),
(Figure 2C–E). In addition, expression of ULK1 in mid and deep zone was significantly (P <
0.05) decreased compared to control condition without injury.

These results indicate that mechanical stress to articular cartilage decreased the expression
of autophagy markers, predominantly in the SZ.

Rapamycin does not affect cell viability and increases expression of autophagy markers in
normal cartilage

To study potential protective effects of autophagy, we employed rapamycin, an mTOR
inhibitor and autophagy activator (39). Bovine cartilage explants were incubated with
increasing doses of rapamycin (1, 5 and 10 μM) for 48 hours and analyzed by live-dead
assay or immunohistochemistry for LC3. The results indicated that rapamycin did not affect
cell viability (Figure 3A), but increased expression of LC3 (Figure 3B).

Autophagy induction protects against cell death and loss of glycosaminoglycans after
mechanical injury

To elucidate the role of autophagy induction in cell death and cartilage extracellular matrix
homeostasis in the mechanical injury model, we induced autophagy by treating bovine
cartilage explants with rapamycin (1 μM) and exposed them to mechanical injury. The
results indicated that rapamycin treatment prevented mechanical injury-induced cell death
(Figure 4A). These results were significant at 48 hours (P < 0.01) compared to injury
conditions (Figure 4B and C) and there was a trend towards protection at 96 hours.
Furthermore, in response to rapamycin treatment the levels of sGAG in supernatants were
significantly decreased at 48 hours and 96 hours (P < 0.05) compared to injury condition
without rapamycin treatment (Figure 5A, B).

Rapamycin protects against biochemically induced cell death and matrix degradation
To test whether the protective effects of rapamycin-induced autophagy extend to other
stimuli of cell death and cartilage damage we used a nitric oxide donor, SNP (2 mM), an
apoptosis inducer, TNFα (10 ng/ml) + Actinomycin D (1 μg/ml) and a proinflammatory
cytokine, IL-1α (10 ng/ml). Rapamycin protected against cell death induced by SNP (P <
0.01) (Figure 6A) and against apoptosis induced by TNFα + Actinomycin D (P < 0.01)
(Figure 6B and C). The sGAG loss induced by IL-1α (10 ng/ml) was also prevented dose-
dependently by rapamycin (P < 0.01) (Figure 6D).

Studies on human cartilage and chondrocytes
To confirm the results obtained with the bovine samples, we obtained normal human knee
joints. To induce cell death, application of more intense mechanical injury with 40% strain
of 500ms, for three times was required. There was a trend towards protection by rapamycin
at 96 hours but the results did not reach statistical significance (Suppl. Fig. 1), possibly due
to the more intense mechanical injury and the greater variation among the human samples.
In response to rapamycin the levels of sGAG in supernatants were decreased and a trend
towards protection was observed at 24, 48 and 96 hours (Suppl. Fig. 2). In human
chondrocytes, rapamycin protected against apoptotic cell death induced by TNFα +
Actinomycin D (P < 0.05) (Suppl. Fig. 3). These results suggest that similar to the findings
with bovine tissues, rapamycin has protective effects in human cartilage and chondrocytes.

Caramés et al. Page 6

Arthritis Rheum. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
Excessive mechanical load to articular cartilage results in damage to cells and extracellular
matrix. During traumatic joint injury, the impact to cartilage causes instant damage but also
initiates a pathogenetic process that is due to abnormal cell activation and leads to spreading
of cell death and matrix damage beyond the initial area that was exposed to the highest
mechanical load (8,10). Understanding mechanisms that are involved in these cellular
changes has the potential to identify targets for pharmacological interventions to limit
posttraumatic cartilage damage and prevent or attenuate the subsequent development of OA.
Recent progress in this field has shown that cellular changes include apoptotic cell death,
and increased production of oxygen radicals, matrix degrading enzymes and inflammatory
mediators. In addition, there is also an inhibition of anabolic chondrocyte responses (3,4,7).

A topic that is not as well characterized is whether mechanical trauma induces compensatory
and protective responses. Autophagy is a fundamental cellular homeostasis mechanism that
is activated by different types of stress, including nutrient depletion and hypoxia, improving
cellular survival and enhancing cellular fitness, whereas its inhibition precipitates
bioenergetic failure and cell death (40). Whether autophagy is activated by mechanical
injury has not been investigated in cartilage or in any other tissue or cell type.

In the present study, we used an in vitro model of cartilage injury as seen during single high
impact joint trauma (8,34). To assess autophagy, we analyzed the expression of autophagy
regulators and the presence of LC3-II, which directly indicates autophagosome formation.
The results showed an increase of LC3-II at 24 hours after injury, as an early response to
mechanical stress. However, autophagy was suppressed at 48 hours and 96 hours. In
addition, the levels of LC3-I were also decreased at 96 hours post-injury, indicating a
reduction in the expression of autophagy regulators after mechanical stress in articular
cartilage. A uniform suppression of autophagy markers, predominantly in the SZ was
observed in response to mechanical injury at 48 hours. Our results demonstrated that
mechanical stress to articular cartilage can activate the early mechanisms of autophagy,
however this defense mechanism was insufficient to protect articular cartilage against
mechanical damage. In addition, the basal expression of ULK1 and Beclin1 was
significantly higher in MZ and DZ compared to SZ. By contrast, the expression of LC3, was
not significant different between MZ and DZ compared to SZ. It is possible that the
relatively lower levels of ULK1 and Beclin1 lead to a lower autophagy activation or an
increased susceptibility to autophagy suppression. In fact, the latter was observed in our
mechanical injury experiments where autophagy suppression was more profound in the SZ
than the middle and deep zone (6).

It is well known that hypoxia, oxidative stress or nutrient deprivation can induce autophagy
to maintain homeostatic and survival mechanisms. In terminally differentiated chondrocytes,
autophagy regulates maturation and promotes survival under stress and hypoxia conditions
(41,42). In fact, silencing the transcription factor hypoxia-inducible factor 1 (HIF-1) in
chondrocytes, decreases the expression of Beclin1, suggesting that autophagy could play a
protective role against cell death (42).

Compromised autophagy has been observed in various diseases, in animal and in vitro
models and contributes to cell dysfunction, cell death and pathogenesis. Conversely,
activation of autophagy has been shown to have protective effects. Autophagy can be
activated genetically through overexpression of certain autophagy genes (43) and
pharmacologically by autophagy inducers, such as rapamycin (44). Rapamycin, a specific
and widely used inhibitor of mTOR signaling pathway, is a lipophilic macrolide antibiotic,
used as an immunosuppressive drug, induces autophagy in a variety of cell types, extends
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lifespan and protects against aging-related diseases in mice (29–32). Exposure of normal
cartilage explants and chondrocytes to rapamycin had no detrimental effects and activated
autophagy. However, it reduced cell death and GAG loss induced by mechanical injury.
These findings provide proof-of-concept in vitro that autophagy activation may lead to
chondroprotection after joint trauma.

This study used bovine cartilage explants from young animals. Key experiments were
performed with normal human knee cartilage explants. Some differences were noted in the
magnitude of protection by rapamycin. With human explants there was only a trend towards
protection against cell death at 96 hours and there was a trend but no significant difference
in sGAG release. These differences between human and bovine tissues may be due to
difference in age and in the more intense mechanical load applied. The protective effect of
rapamycin against biochemically induced cell death was significant in human chondrocytes.

Although rapamycin is a specific inhibitor of mTORC1 and this is the key regulator of
autophagy activation, additional signaling pathways can modulate autophagy and the
consequences of mTORC1 inhibition extend beyond autophagy to global changes in cell
function and ultimately cell survival. Signaling by mTORC1 can be regulated by various
stimuli, including growth factors, nutrients and mechanical signals. The most intensely
studied regulatory mechanisms are signaling events such as from growth factor and nutrient
signaling via PI3K/AKT, protein kinase B and AMPK. Additional regulators that can
modulate mTORC1 are the ER stress response and inflammation signaling via IKKβ (45). A
further level of complexity is added by the fact that besides regulation of autophagy
activation by mTORC1, the gene and protein expression levels of the autophagy and
lysosomal machinery are regulated by diverse transcription factors and microRNAs (46).

Although the direct consequence of mTORC1 inhibition by rapamycin is autophagy
activation, the associated changes in protein synthesis via p70s6 kinase will lead to global
changes in cell function. There are numerous examples of specific cell functions that are
modulated as an indirect consequence of autophagy activation. The actin cytoskeleton and
focal adhesion kinase (FAK) activation (47) are regulated by mTORC1 and rapamycin and
this may contribute to the observed protective effects in the cartilage injury model. There is
also a link between TNF and mTORC1 (48) that has been suggested to contribute to changes
in expression of matrix degrading enzymes and osteoclast apoptosis (49). Thus, it is possible
that rapamycin/mTOR effects besides regulating autophagy may be involved in the
protective effects observed in the cartilage injury model.

In regard to the overall impact on cell and tissue homeostasis, it is apparent that autophagy
plays a critical role in preventing the accumulation dysfunctional intracellular long-lived
proteins and organelles, and autophagy failure leads to accumulation of toxic, structurally
disruptive and energy draining structures and cellular components. Ultimately, cells in
which damaged proteins or organelles accumulate die because of bioenergetic and metabolic
dysfunction (50).

Previously we reported that autophagy is suppressed in human OA cartilage as well as
mouse models of joint aging and mechanical instability-induced OA and this reduction was
accompanied with an increase in apoptotic cell death (33). Aging-related or primary OA
involve stimuli, such as nitric oxide (NO) and IL-1 that are important activators of cell death
and extracellular matrix degradation. In addition, NO and IL-1 are also produced in response
to mechanical injury to cartilage (51). Results from the present study indicate that rapamycin
also protects against cell death induced by SNP and inhibits sGAG loss induced by IL-1α.
Several studies demonstrated that rapamycin decreased inducible NO synthase protein
expression in coronary endothelial cells (52) and inhibited IL-1β-induced MMP-9
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expression in rat mesangial cells (53). Furthermore, as apoptosis is one of the main features
of OA cartilage, we tested effects of rapamycin against the apoptosis inducer TNFα +
Actinomycin D (38). The results indicated that rapamycin protects against apoptosis.

In conclusion, the present results indicate that mechanical injury to articular cartilage causes
an overall suppression of autophagy, predominantly in the SZ. Rapamycin activates
autophagy in cartilage and protects against the damaging effects of mechanical stress and
biochemical stimuli, suggesting that enhancement of autophagy is a candidate approach for
chondroprotection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mechanical injury induces cell death and loss of glycosaminoglycans in bovine cartilage
explants
Full-thickness cartilage explants (n=80 explants) were subjected to mechanical injury or
placed in the loading machine but not loaded as control. The explants were analyzed by
Live/Dead viability assay immediately after mechanical injury (0 hours) or following culture
for 24, 48 or 96 hours. In addition, the effect of mechanical stress on cartilage extracellular
matrix was evaluated by safranin O staining and by quantification of sulfated
glycosaminoglycan (sGAG) release into supernatants. A, Percentage of viable cells in
cartilage explants. Values are mean ± SD. ** = P < 0.001 vs control; * = P < 0.01 vs control.
B, Percentage of viable cells in superficial zone (SZ) of cartilage explants. Values are mean
± SD. ** = P < 0.001 vs control; * = P < 0.05 vs control. C, Safranin O staining of control
explants and after mechanical injury at 0, 24, 48 and 96 hours. Original magnification x40.
D, Quantitative analysis of sGAG release into supernatants. Values are mean ± SD. * = P <
0.05 vs control; ** = P < 0.001 vs control. Values represent mean ± SD of five separate
experiments each in duplicate.
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Figure 2. ULK1, Beclin1 and LC3 expression is reduced in response to mechanical injury
Full-thickness cartilage explants (n=24) were subjected to mechanical injury or cultured
without injury to evaluate the effect of mechanical injury on the autophagy pathway. A,
Total protein from explants subjected to mechanical injury or cultured without injured at 24,
48 and 96 hours was analyzed by Western blotting using anti-LC3 and β-actin. B, Safranin
O staining and immunohistochemical analysis of ULK1, Beclin1 and LC3 from explants
subjected to mechanical injury or cultured without injury at 48 hours. Original magnification
x40. C–E, Quantitative analysis of ULK1, Beclin1 and LC3 positive cells in superficial zone
(SZ), mid zone (MZ) and deep zone (DZ). Values represent mean ± SD of four separate
experiments each in duplicate, * = P < 0.05.

Caramés et al. Page 14

Arthritis Rheum. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Rapamycin does not affect cell viability and increases expression of autophagy
regulators
Full-thickness cartilage explants and bovine chondrocytes were employed to study the
potential effect of rapamycin on cell viability by Live-Dead assay. Autophagy activation
was assessed by immunohistochemistry. A, Results of Live/Dead viability assay at 48 hours.
B, LC3 expression in explants in control conditions and after rapamycin treatment (Rapa; 1,
5 and 10 μM) at 48 hours. Original magnification X 40.
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Figure 4. Autophagy induction by rapamycin protects against cell death in response to
mechanical injury
Full-thickness cartilage explants (n=64 explants) were employed to study the potential effect
of rapamycin on response to mechanical injury. Explants were subjected to mechanical
injury, treated with rapamycin (Rapa; 1 μM) and analyzed by Live/Dead viability assay at
24, 48, 96 hours. A, Results of Live/Dead assay (original magnification X 40). B,
Percentage of viable cells in bovine cartilage explants. Values are mean ± SD. * = P < 0.05
vs control; ** = P < 0.01 vs control. C, Percentage of viable cells in superficial zone (SZ).
Values are mean ± SD. * = P < 0.05 vs control; ** = P < 0.001 vs control; & = P < 0.01 vs
injury. Values represent mean ± SD of four separate experiments each in duplicate.
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Figure 5. Rapamycin inhibits loss of glycosaminoglycans after mechanical injury
Full-thickness cartilage explants (n=64 explants) were used to study the effect of rapamycin
on mechanical injury-induced sulfated glycosaminoglycan (sGAG) release into supernatants
based on the dimethylmethylene blue method. Explants were subjected to mechanical injury,
treated with rapamycin (Rapa; 1 μM) and analyzed at 24, 48, 96 hours. A, Safranin O
staining of control explants and after mechanical injury at 48 hours. Original magnification
x40. B, Quantitative analysis of sGAG release into supernatants. Values are mean ± SD. * =
P < 0.05 vs injury; ** = P < 0.001 vs control. Values represent mean ± SD of four separate
experiments each in duplicate.
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Figure 6. Rapamycin protects against biochemically induced cell death and matrix degradation
Chondrocytes and cartilage were preincubated for 1 hour with rapamycin (Rapa; 1, 5, 10
μM ) and then stimulated by sodium nitroprusside (SNP; 2 mM) or TNFα (10 ng/ml) +
Actinomycin D (ActD; 1 μg/ml) for 18 hours or IL-1α (10 ng/ml) for 72 hours. A,
Quantitative analysis of cell death induced by SNP in chondrocytes at 18 hours was
performed by propidium iodide staining. Values are mean ± SD. ** = P < 0.001 vs control;
* = P < 0.01 vs SNP 2 mM. B, Quantitative analysis of cell death induced by TNFα + ActD
was performed by Annexin-V staining. Values are mean ± SD. ** = P < 0.001 vs control; *
= P < 0.01 vs TNFα + ActD. C, Morphological studies using DAPI staining in explants
treated or not with TNFα + ActD and rapamycin for 18 h. D, Quantitative analysis of sGAG
release into supernatants. Values are mean ± SD. ** = P < 0.001 vs control; * = P < 0.01 vs
IL-1α at 72 hours. Values represent mean ± SD of three separate experiments each in
duplicate.
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