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Osteoarthritis is a complex disease involving the mechanical
breakdown of articular cartilage in the presence of altered joint
mechanics and chondrocyte death, but the connection between
these factors is not well established. Lubricin, a mucinous glycoprotein encoded by the PRG4 gene, provides boundary lubrication
in articular joints. Joint friction is elevated and accompanied by
accelerated cartilage damage in humans and mice that have genetic
deﬁciency of lubricin. Here, we investigated the relationship between coefﬁcient of friction and chondrocyte death using ex vivo
and in vitro measurements of friction and apoptosis. We observed
increases in whole-joint friction and cellular apoptosis in lubricin
knockout mice compared with wild-type mice. When we used an in
vitro bovine explant cartilage-on-cartilage bearing system, we observed a direct correlation between coefﬁcient of friction and chondrocyte apoptosis in the superﬁcial layers of cartilage. In the bovine
explant system, the addition of lubricin as a test lubricant signiﬁcantly lowered the static coefﬁcient of friction and number of apoptotic chondrocytes. These results demonstrate a direct connection
between lubricin, boundary lubrication, and cell survival and suggest
that supplementation of synovial ﬂuid with lubricin may be an effective treatment to prevent cartilage deterioration in patients with
genetic or acquired deﬁciency of lubricin.
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steoarthritis (OA), which involves the degeneration of articular cartilage, is a prevalent disease with large societal
and health care implications. Besides total joint replacement,
there are no disease-modifying treatments for OA (1). Therefore, the identiﬁcation of factors that can initiate OA is an area
of extensive research. One hypothesis is that OA begins following an increase in coefﬁcient of friction (COF) due to loss of
boundary lubricant in synovial ﬂuid (SF) (2). According to this
hypothesis, increased friction between cartilage surfaces causes
an increase in shear stress at the cartilage surface, which then
affects chondrocyte metabolic function and survival. Ultimately,
the combination of increased friction, loss of proteoglycan within
the cartilage matrix, and chondrocyte death progresses to endstage OA, characterized by full-thickness cartilage loss (3–5).
Support for this hypothesis derives from studies demonstrating
the critical role of chondrocytes in maintaining the articular
cartilage matrix (6, 7) and associating chondrocyte apoptosis
with OA pathology (8–10). However, a direct connection between friction and chondrocyte apoptosis has not yet been demonstrated in the context of lubricating SF components.
Cartilage lubrication in articulating joints is facilitated by SF,
which contains the lubricating factors lubricin and hyaluronic
acid (11–13). Lubricin, a mucinous glycoprotein produced by
synovial cells and superﬁcial zone chondrocytes (11, 14), provides lubrication in the boundary mode (15). Boundary lubrication dominates during periods of high load and low velocity,
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when the lubricant ﬁlm layer is thinner than the surface roughness (16). In healthy articular joints, a layer of lubricin molecules
covers the surface of cartilage and acts as an antiadhesive and
boundary lubricant to prevent cartilage damage as surface
asperities move against each other (17–20). Patients with the
autosomal recessive disease camptodactyly–arthropathy–coxa
vara–pericarditis syndrome (CACP) lack functional lubricin and
develop precocious cartilage failure. This disease has been recapitulated in mice in which the lubricin encoding gene, Prg4,
has been knocked out. Early cartilage changes in mice lacking
lubricin include ﬁbrillation at the cartilage surface and loss of
superﬁcial zone chondrocytes (14, 21).
To determine whether increased friction is associated with loss
of superﬁcial zone chondrocytes, we measured whole-joint friction and observed the presence of apoptotic chondrocytes in
tibiofemoral joints from lubricin knockout (Prg4−/−), heterozygous (Prg4+/−), and wild-type (Prg4+/+) mice. We further investigated the role of lubricin using an in vitro bovine cartilage
disk-on-disk bearing system. We lubricated this system with biologically relevant test solutions [e.g., normal human synovial
ﬂuid (HSF), SF from patients with CACP, lubricin puriﬁed from
human synoviocyte culture] and measured friction and numbers
of apoptotic chondrocytes. Herein, we show that friction and
chondrocyte apoptosis are directly correlated, and both are reduced in the presence of lubricin.
Results
Chondrocyte Apoptosis in Mice with Different Prg4 Genotypes. We
stained coronal sections of knees from 10-wk-old Prg4−/−, Prg4+/−,
and Prg4+/+ mice for active caspase-3, which indicates cells in the
execution stage of apoptosis (Fig. 1A). There were more chondrocytes with active caspase-3 in Prg4−/− knees compared with
Prg4+/+ and Prg4+/− knees. We also performed terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL),
as a second means of measuring programmed cell death in knees
from mice with different Prg4 genotypes. There were more TUNELpositive cells in Prg4−/− knees compared with Prg4+/+ and Prg4+/−
knees (Fig. 1A). Regions of apoptotic chondrocytes in Prg4−/−
knees were most pronounced in the upper middle zone just below
the layer of ﬂattened chondrocytes (Fig. 1A).
Whole-Joint COF in Mice with Different Prg4 Genotypes. We measured whole-joint COF, which is manifested by contributions of
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The highest static COF measurements were observed in
bearings tested with PBS as a lubricant. Lubricating bearings
with CACP-SF did not reduce static COF compared with PBS,
whereas signiﬁcant reductions in COF were observed when
bearings were lubricated with HSF, HSL, or CACP-SF+HSL.
Comparing static COF between the lubricants HSL and CACP+
HSL, enables us to investigate whether lubricin synergizes with
other SF components, such as hyaluronic acid, to lower friction. We found no difference in static COF between these two
lubricants, indicating that lubricin does not require other SF
components to reduce static COF (12, 25) (Fig. 2).
Different results were obtained when kinetic COF was measured. The highest kinetic COF was obtained with PBS. All other
test solutions (i.e., HSF, HSL, CACP-SF, and CACP-SF+HSL)
were able to signiﬁcantly reduce kinetic COF compared with
PBS (Fig. 2). However, the greatest reductions in kinetic COF
were achieved with HSF and CACP-SF+HSF (Fig. 2), which is
consistent with lubricin and other SF components acting synergistically to lower kinetic COF.
Chondrocyte Apoptosis in Bovine Cartilage Bearings Lubricated with
Different Test Solutions. After the cartilage bearings were lubri-

Fig. 1. (A) Chondrocyte apoptosis in mice with different Prg4 genotypes.
Activated caspase-3 immunodetection in coronal sections of knee joints from
10-wk-old wild-type (Prg4+/+), heterozygous lubricin knockout (Prg4+/−), and
homozygous lubricin knockout (Prg4−/−) mice that were not tested using the
passive pendulum system. First column, Immunoﬂuoresence detection (red)
of active caspase-3. Second column, Same sections ﬂuorescently imaged to
reveal DAPI-stained (blue) chondrocyte nuclei. Third column, Merged active
caspase-3 and DAPI images. Note the red ﬂuorescence at the cartilage surface represents nonspeciﬁc antibody binding to proteinacious deposits that
normally accumulate on the cartilage surface in Prg4−/− mice. In contrast, the
punctate red ﬂuorescence observed below the cartilage surface overlaps
with DAPI-stained nuclei indicating chondrocytes undergoing apoptosis. In
contrast to Prg4−/− knees, the knees in Prg4+/+ and Prg4+/− mice had few
chondrocytes with activated caspase-3. Fourth column, TUNEL staining and
methyl green counterstaining of cartilage. More apoptotic (brown) chondrocyte nuclei are present in Prg4−/− cartilage compared with Prg4+/+ and
Prg4+/− cartilage. (Scale bars, 100 μm.) (Bottom row) Region of interest taken
from the image above to show the cells located just below the ﬂattened
superﬁcial chondrocytes that are most susceptible to apoptosis. (B) Wholejoint COF in mice with different Prg4 genotypes. Bar graphs depicting mean +
1 SD COF measurements in knee joints from 10-wk-old wild-type (Prg4+/+),
heterozygous lubricin knockout (Prg4+/−), and homozygous lubricin knockout
(Prg4−/−) mice. Each individual COF measurement is indicated by an open
circle. Prg4−/− knees have signiﬁcantly higher COF than either Prg4+/+ or
Prg4+/− knees. *P < 0.01 compared with Prg4+/+ or Prg4+/− knees.

cated with test solution and subjected to a friction and wear
regimen, we processed the bearings to look for apoptotic cells by
staining for active caspase-3 (Fig. 3). Many more chondrocytes in
the bearings lubricated with PBS and CACP-SF contained active
caspase-3 compared with chondrocytes in the bearings lubricated
with HSF, HSL, and CACP-SF+HSL, or compared with bearings that were not subjected to load (i.e., unloaded controls). In
bearings that were not lubricated with lubricin, cells located just
below the ﬂattened cells at the surface of cartilage appeared to
be at highest risk for apoptosis (Fig. 3).
We quantiﬁed the percentage of apoptotic chondrocytes in
three 100-μm-deep layers extending radially from the cartilage
surface (Fig. 4A). The top layer contains superﬁcial zone chondrocytes and some intermediate zone chondrocytes, whereas the
next two layers contain intermediate zone chondrocytes (23).
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static and dynamic COF, using a passive pendulum system (22) in
mouse knees from 10-wk-old Prg4−/−, Prg4+/−, and Prg4+/+ mice.
The mean ± SD COF in Prg4−/− knees was 0.072 ± 0.02 (n = 12
limbs), which was more than double that of Prg4+/+ (0.028 ±
0.004, N = 6 limbs, P = 0.0006) and Prg4+/− (0.031 ± 0.005, n = 6
limbs, P = 0.0066) knees (Fig. 1B).
COF in Bovine Cartilage Bearings Lubricated with Different Test
Solutions. We previously described a full-thickness bovine carti-

lage disk-on-disk bearing system for measuring static and kinetic
COF in cartilage explants containing living chondrocytes (23).
We lubricated this bearing system with ﬁve different test solutions: PBS, wild-type HSF, puriﬁed human synoviocyte lubricin
in distilled water (HSL), HSF from patients with CACP (CACPSF), and SF from patients with CACP to which puriﬁed human
lubricin has been added (CACP-SF+HSL). CACP-SF is void of
lubricin but otherwise contains normal SF components (24). The
effects of these different test solutions on static and kinetic COF
are depicted in Fig. 2.
Waller et al.

Fig. 2. COF in bovine cartilage bearings lubricated with different test solutions. Bar graphs depicting mean + 1 SD static (unshaded) and kinetic
(shaded) COF measurements in bovine cartilage bearings lubricated with
either PBS, SF from patients with CACP (CACP-SF), puriﬁed human synoviocyte lubricin (HSL), human synovial ﬂuid from normal joints (HSF), and CACPSF that has been supplemented with HSL (CACP-SF+HSL). Static COF was
signiﬁcantly higher in PBS and CACP-SF lubricated bearings compared with
HSL- and HSF-lubricated bearings. Kinetic COF was signiﬁcantly higher in
bearings lubricated with PBS compared with all other groups.
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Fig. 3. Apoptosis in bovine cartilage bearings lubricated with different test
solutions. The lower explant cartilage bearings were stained for active caspase-3 (red, left column), and nuclei were counterstained with DAPI (blue,
middle column) following friction and wear testing. Images were merged to
show colocalization of caspase-3 within cells (right column). We observed
many apoptotic cells in the superﬁcial and upper middle zones of PBS and
CACP-SF–lubricated samples, whereas few apoptotic cells were observed in
the unloaded bearings and in bearings lubricated with HSL, HSF, or CACP-SF +
HSL. (Scale bars, 100 μm.)

Bearings tested with PBS and CACP-SF had higher mean percentages of apoptotic chondrocytes in the top and middle layers,
compared with HSF- and HSL-lubricated bearings and to unloaded bearings (Fig. 4B). In addition, the more superﬁcial layer
of bearings tested with PBS and CACP-SF contained a greater
percentage of apoptotic chondrocytes compared with the next
layer. For example, in CACP-SF–lubricated bearings, the percentage of apoptotic cells in the top layer (zone A) was greater
than that of the middle layer (P < 0.001) and the middle layer
(zone B) was greater than that of the lower layer (zone C)
(P = 0.015).
Finally, when we graphed static COF and percentage of apoptotic chondrocytes in superﬁcial zone (top layer) independent
of the supplemented lubricant, we found a signiﬁcant correlation
between friction and cell death (r2 = 0.41, P = 0.0007) (Fig. 4C).
Discussion
Herein, we show that increasing static friction causes the death
of superﬁcial and upper intermediate zone chondrocytes. SF
from CACP donors in a cartilage-on-cartilage bearing system
failed to reduce static friction and increased chondrocyte apoptosis compared with normal HSF or puriﬁed human lubricin. In
addition, Prg4−/− mouse knees had more apoptotic cells and
higher whole-joint COF compared with Prg4+/+ and Prg4+/−
knees. These results support the hypothesis that increased friction in an articular joint causes chondrocyte apoptosis, which
results in progressive loss of extracellular matrix and ultimately
joint failure. Consistent with earlier studies (13, 20, 22, 23, 26–
5854 | www.pnas.org/cgi/doi/10.1073/pnas.1219289110

29), our study conﬁrms the importance of lubricin in providing
boundary lubrication to preserve structural and cellular integrity
at the cartilage surface.
Boundary lubrication decreases friction between surface asperities that are pressurized together during periods of high
load and low speed (30). This paradigm is particularly relevant
in large weight-bearing joints, when the ﬂuid layer normally found
on the surface of cartilage is measurably thinner than surface
asperities (16, 30, 31). In this study, the axial load is held constant
across samples, testing the ability of each test solution to provide
boundary lubrication, prevent shear stress, resultant strain, and
consequential chondrocyte apoptosis. Lack of boundary lubrication causes stick-slip to occur, which results in subsurface strain
(32) and causes surface asperities to deform destructively (24, 33).
In contrast to the inability of CACP-SF to reduce static COF,
CACP-SF had the same ability to lower kinetic COF as puriﬁed
human lubricin, yet this reduction in kinetic COF did not prevent
apoptosis. It should be noted that kinetic COF values may represent contributions of both mixed mode and boundary modes
of lubrication. Therefore, the chondroprotective properties of
lubricin are linked to its ability to lower COF at the initiation of
motion. Further support for this mechanism derives from the
observation that adding puriﬁed HSL to CACP-SF restored the
ﬂuid’s ability to lower static COF and to prevent apoptosis.
Pendulum analysis allows the observation of contributions of
adherent sliding surfaces that naturally articulate in a roller–
slider movement. Elevated whole-joint COF in Prg4−/− mouse
joints is directly related to the absence of lubricin in SF and may
also be inﬂuenced by cartilage surface damage and protein deposition that characterize the Prg4−/− phenotype. Interestingly, in
our mouse limbs and in the bovine cartilage bearing model, when
lubricin was missing, the occurrence of chondrocyte apoptosis
was greatest just below the cartilage surface (Figs. 1A and 3).
Previous work looking at shear deformation and shear strain in
cartilage explants from human (32, 34) and neonatal bovine (34,
35) sources found shear deformation was highest in the uppermost layers of cartilage, just below the superﬁcial zone, and did
not propagate linearly. Furthermore, under 10% compressive
axial strain, cartilage explants experienced the largest deformations in the transitional region between the superﬁcial and intermediate zone (34). Our ﬁnding of increased chondrocyte
apoptosis at these locations when lubricin is missing is consistent
with the predicted sites of maximum tissue deformation, especially around cells just below the superﬁcial zone (35). Previous
studies have reported elevated shear strain and cartilage deformation in human cartilage explants when lubricated with PBS
as opposed to normal bovine SF (32). Furthermore, shear strain
is exaggerated in degenerative cartilage samples (32). Also of
interest are reports that administering pancaspase inhibitors to
experimental OA models resulted in fewer cartilage lesions by
preventing cell death (8, 36).
Lubricin is normally produced in synovial joints by synovial
ﬁbroblasts and superﬁcial zone chondrocytes. Shear stress and
compression increase lubricin expression in bovine cartilage
when lubricated (37, 38), so the viability of lubricin-producing
cells in the superﬁcial zone and the availability of lubricin in SF
to deposit on the cartilage surface help maintain boundary lubrication (39). The importance of rapid and continuous replenishment of lubricin during joint loading is supported by our
studies, which found a signiﬁcant increase in COF after 30 h of
ex vivo joint oscillation under load in Prg4+/− compared with
Prg4+/+ mouse limbs (22). Prg4+/− limbs do not exhibit increased COF compared with Prg4+/+ limbs in the absence of
continuous oscillation.
In a previously normal joint, changes in lubricin abundance
following injury may affect the risk for developing cartilage
damage. Common traumatic knee injuries, such as anterior cruciate ligament tears, are strong risk factors for the development of
Waller et al.

OA. Lubricin levels in SF decrease after anterior cruciate ligament injury and can take up to a year to return to baseline values
(40). Several studies have demonstrated a disease-modifying effect for the intraarticular injection of native or recombinantly
expressed lubricin in rodent models of posttraumatic OA (28, 29,
41, 42). Our data indicate that lubricin supplementation likely
protects damaged joints by preserving boundary lubrication,
thereby protecting articular chondrocytes from apoptosis caused
by excessive deformation and shear stress.
Due to the ability of lubricin to reestablish boundary lubrication, provide chondroprotection and restore a low COF in the
boundary mode, this study suggests that lubricin could be used as
a therapy in patients with transient deﬁciency of lubricin, as can
occur following traumatic joint injury or inﬂammatory joint disease. Additional work introducing lubricin in lubricin-null mice
through intraarticular injection may provide the basis for a future clinical study in patients with CACP, or in patients with
acquired arthropathy.
Materials and Methods
Modiﬁed Stanton Pendulum. Hindlimbs were excised from Prg4−/− (n = 6
limbs, n = 5 mice), Prg4+/− (n = 6 limbs, n = 5 mice), and Prg4+/+ (n = 12 limbs,
n = 8 mice) male, 10 ± 1-wk-old mice and tested on a modiﬁed Stanton
pendulum immediately following harvest to achieve a measure of COF, as
previously described (22, 43). The hindlimbs were dissected, leaving the joint
capsule intact, and the proximal femur and distal tibia were rigidly embedded in square brass tubing (6.25 mm wide) using a urethane potting
compound (Smooth-ON). The pendulum arm was ﬁtted to the tube encasing
the femur, and the tube encasing the tibia was ﬁxed to the pendulum base
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using set screws, with the knee at a resting angle of 70°, which was chosen
based on previous studies regarding the mean ﬂexion angle during normal
murine ambulation (44, 45). Four reﬂective markers were attached to the
pendulum arm and four were attached to the base. Following a static
loading time of 8 min where the knee was loaded with the weight of the
pendulum (50 g, approximately two times body weight) and submerged in
a well ﬁlled with PBS. Following the loading period, PBS was removed from
the well, and the pendulum arm was rotated to a ﬂexion angle of ∼12° and
released, allowing the joint to oscillate freely until motion was ﬁnished. Four
trials were collected for each knee. Motion was tracked with a Qualisys AB
system at a rate of 60 Hz. Oscillation data were processed with Visual3D
software (C-Motion), and a custom MATLAB (MathWorks) code was used to
determine the peak amplitude of each cycle of oscillation and calculate
whole-joint COF using a linear Stanton linear decay model (43). The generation of these mice has been previously described and they have been
backcrossed onto a C57BL6/J background strain (14). All animal research was
approved by the Rhode Island Hospital Animal Welfare Committee.
Bovine Cartilage Preparation. Full-thickness cartilage plug bearings 6 and
12 mm in diameter were cored from the femoral condyle of bovine knees (n =
10) collected within 2 h of slaughter. Following harvest, the bearings were
rinsed with cell culture media [DMEM supplemented with 5% (vol/vol) FBS]
and cultured for 24 h at 37 °C.
Test Solutions. PBS (1×) was purchased from Life Technologies. HSF was aspirated from the uninjured contralateral joints of patients with an anterior
cruciate ligament injury (n = 4). These samples were obtained without lavage just before reconstructive surgery (40). Other HSFs were aspirated from
knee joints of postmortem donors with no OA within 12 h of death (two
male donors; ages, 29 and 39; National Disease Research Interchange). The
samples were inspected for blood contamination, and then centrifuged
following aspiration at 12,000 × g at 4 °C for 10 min, and the aliquot was
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Fig. 4. (A) Apoptosis in lower bovine cartilage bearings analyzed by zone. Cartilage explant bearings tested with PBS and CACP-SF had a greater number of
cells positive for activated caspase-3 (brown, arrowheads) than bearings lubricated with HSL, HSF, or CACP-SF+HSL and unloaded bearings. Cells negative for
activated caspase-3 are stained blue. TUNEL staining (brown) conﬁrmed apoptosis in bearings lubricated with PBS and CACP-SF (arrowheads), but few cells
were TUNEL positive in the bearings lubricated with HSL, HSF, or CACP-SF+HSL or in unloaded bearings. Cells negative for TUNEL are stained blue. (Scale bars,
100 μm.) (B) Percentage of activated caspase-3 in lower bovine cartilage bearings. Bearings tested with PBS and CACP-SF had signiﬁcantly higher percentages
of apoptotic cells in the superﬁcial and upper middle zones compared with unloaded bearings and bearings lubricated with HSL and HSF. Error bars indicate
SD. (C) Correlation of static COF and activated caspase-3 in zone A. A signiﬁcant correlation (r2 = 0.41) between static COF and activated caspase-3–positive
cells in zone A (articular surface, 100 μm) was observed for the mechanically tested bearings, across the different lubricants.

removed and stored at −80 °C until testing. Lyophilized HSL was obtained
from SBH Sciences and has been characterized previously (41, 42). This
product was solubilized using distilled water to a concentration of 250 μg/
mL, which is the estimated lubricin concentration in SF (40). SF from patients
with CACP (CACP-SF) was obtained from patients in the years between 2000
and 2011, following diagnostic knee joint aspiration (n = 4). CACP-SF samples
were inspected for blood contamination, and then centrifuged at 12,000 × g
at 4 °C for 10 min and stored frozen at −20 °C until testing. Lyophilized HSL
was solubilized in CACP-SF (CACP+HSL) at 250 μg/mL 24 h before testing, and
stored overnight at 4 °C. All lubricants were thawed to room temperature
immediately before testing. Approval to obtain SF from patients was granted
by the Rhode Island Hospital and Boston Children’s Hospital Institutional
Review Boards. Informed consent was obtained from patients.
Bovine Bearings Friction and Wear Testing. This testing method has been
described previously (23). Brieﬂy, the average total cartilage thickness for
each bearing pair was calculated (2.95 ± 0.47 mm) using caliper measurements in four regions along the circumference before testing. The upper
disk diameter (5.62 ± 0.47 mm) was also measured using two caliper measurements. Cartilage bearings were loaded in a disk-on-disk conﬁguration
(the lower disk diameter was 12 mm) into an EnduraTEC ElectroForce 3200
(Bose Corporation, ElectroForce Systems Group) with cyanoacrylate glue,
and any remaining cell culture medium was rinsed off three times with 1-mL
washes of PBS. Test lubricant was applied between the surfaces. The bearings were axially loaded to 18% total cartilage thickness, reaching a maximum load of 6.87 ± 3.6 N, and held at this displacement for 8 min to allow
for ﬂuid depressurization (25, 46). Then, the lower bearing was rotated in
torsion +2 revolutions and reset −2 revolutions at an effective velocity of 0.3
mm/s, which allows the depressurized cartilage–cartilage interface to remain
in the boundary mode of lubrication (25), for 12 continuous cycles. Immediately following testing, lower discs were ﬁxed in formalin. Unloaded
control discs, also 12 mm in diameter, were ﬁxed at the time of testing. All
tests were performed between 48 and 72 h of cartilage harvest, and bearings were only tested once.
Static and kinetic COFs were calculated using Eq. 1 (23):
COF = jTorquej=ð1=3 × Upper Bearing Diameter × Axial ForceÞ:

[1]

To calculate static COF, the absolute maximum value of torque at the
initiation of motion was used. To calculate kinetic COF, the average torque,
observed during the last 720° of rotation was used. The equilibrium axial
force (1.55 ± 0.82 N), which was incurred following the 8-min depressurization period, and the measured diameter of the upper bearing
were used for both measurements (23).
Activated Caspase-3 Staining and Quantiﬁcation. Mouse knees representing
each Prg4 genotype that were not used to measure COF and bovine femoral
cartilage lower bearings that were used to measure COF were processed for
active caspase-3 detection. Samples were ﬁxed in 10% formalin and decalciﬁed using a solution of 0.48 M EDTA adjusted pH to 7.1 with ammonium
hydroxide at 4 °C for 48 h (mouse knees) or 2 wk (cartilage bearings). Thin
coronal sections (6 μm) were taken for histological analysis of apoptosis of
chondrocytes in the femoral condyles and tibial plateaus of mouse limbs,
and full-thickness sections of large bovine bearings. Sections were heated to
60 °C for 30 min, deparafﬁnized, and hydrated in three changes of xylene
and serial alcohol. Sections were then quenched in endogenous peroxidase
in 3% hydrogen peroxide for 10 min, and antigen retrieval was performed
using a pepsin solution (Thermo Scientiﬁc). A rabbit polyclonal antibody

1. Yang KGA, Saris DBF, Dhert WJA, Verbout AJ (2004) Osteoarthritis of the knee:
Current treatment options and future directions. Curr Orthop 18(4):311–320.
2. Jay GD (2004) Lubricin and surfacing of articular joints. Curr Opin Orthop 15(5):
355–359.
3. Lorenz H, Richter W (2006) Osteoarthritis: Cellular and molecular changes in degenerating cartilage. Prog Histochem Cytochem 40(3):135–163.
4. Goggs R, Carter SD, Schulze-Tanzil G, Shakibaei M, Mobasheri A (2003) Apoptosis and
the loss of chondrocyte survival signals contribute to articular cartilage degradation in
osteoarthritis. Vet J 166(2):140–158.
5. Goldring MB (2000) The role of the chondrocyte in osteoarthritis. Arthritis Rheum
43(9):1916–1926.
6. Kühn K, D’Lima DD, Hashimoto S, Lotz M (2004) Cell death in cartilage. Osteoarthritis
Cartilage 12(1):1–16.
7. Thomas CM, Fuller CJ, Whittles CE, Sharif M (2007) Chondrocyte death by apoptosis is
associated with cartilage matrix degradation. Osteoarthritis Cartilage 15(1):27–34.
8. D’Lima D, Hermida J, Hashimoto S, Colwell C, Lotz M (2006) Caspase inhibitors reduce
severity of cartilage lesions in experimental osteoarthritis. Arthritis Rheum 54(6):
1814–1821.

5856 | www.pnas.org/cgi/doi/10.1073/pnas.1219289110

against active caspase-3 (ab13847; Abcam) at 1:50 dilution was added to the
sections and incubated at 4 °C overnight. After three washes with PBS, the
sections were incubated with Cy3 goat anti-rabbit IgG (Life Technologies,
Molecular Probes) at 1:50 dilution for 1 h at room temperature, protected
from light. The sections were washed ﬁve times using PBS, counterstained
using Vectashield mounting media with DAPI (1.5 μg/mL; Vector Laboratories). Images were captured with a 10× objective, using a Roeper Scientiﬁc
Photometrics CoolSNAP HQ2 monochrome camera (Roeper Scientiﬁc) and
a Nikon Eclipse 90i microscope (Nikon). Fluorescent images were thresholded
uniformly to reduce background autoﬂuorescence and to adjust DAPI signal
using Adobe Photoshop CS5 software (Adobe Systems). Active caspase-3 was
also immunodetected with ab13847 (Abcam) and detected using the Vectastain ABC kit (Vector Laboratories). Sections were then counterstained
with 0.5% methyl green.
The percentage of apoptotic cells in bovine sections was determined using
images captured at 20× with Image-Pro Plus software (Media Cyberkinetics).
The number of active caspase-3–positive cells was divided by the total
number of cell nuclei in three 100-μm-thick cartilage layers beginning at the
cartilage surface. The total percentage of apoptotic cells was the mean
across all three zones.
TUNEL Staining. We used the ApopTag Plus Peroxidase In Situ Apoptosis Kit
(Millipore). Mouse knee and bovine cartilage bearing samples were ﬁxed,
decalciﬁed, and embedded as previously described (23). Sections were heated
at 60 °C for 30 min and deparafﬁnized in three changes of xylene and serial
ethanol. Then, sections were pretreated with proteinase K (20 μg/mL) for
15 min at room temperature, quenched with endogenous peroxidase in 3%
hydrogen peroxide for 5 min, and incubated with equilibration buffer for 30 s.
Sections were treated with terminal deoxynucleotidyltransferase enzyme at
37 °C for 1 h in a humidiﬁed chamber, washed three times in PBS, incubated
with anti-digoxigenin conjugate for 30 min at room temperature, and washed
in PBS. Peroxidase substrate was applied to sections, which were stained for
4 min, washed in deionized water, and counterstained with 0.5% methyl
green. Sections were washed in deionized water again, dehydrated in xylene
three times, and then mounted with Permount mounting media. Images were
captured at 20× with Image-Pro Plus software.
Statistical Analysis. Statistical analysis was performed using a one-way
ANOVA on ranks (α ≤ 0.05) with Dunn’s comparison tests for COF in Prg4
mouse limbs. Statistical analysis for bovine bearing static and kinetic COF
between groups lubricated with different test lubricants was performed
using a one-way ANOVA with Holm–Sidak multiple comparison post hoc
tests. A Student’s t test was used to determine the difference between the
static COF of bearings lubricated with CACP-SF and CACP-SF+HSL. Linear
regression analysis was performed comparing static COF and the percentage
of activated caspase-3–positive cells in the top 100-μm layer. Differences
between apoptosis in the three zones of bovine cartilage discs were analyzed using a two-way repeated-measures ANOVA (α ≤ 0.05) with Holm–
Sidak multiple-comparison post hoc tests, using SigmaPlot software (Systat
Software). All other statistics were performed using Prism 6 Statistical
Software (GraphPad Software), and all values are reported as mean ± SD.
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