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Abstract
Objective—Glycosphingolipids (GSLs) are ubiquitous membrane components that modulate
transmembrane signaling and mediate cell-to-cell and cell-to-matrix interactions. GSL expression
is decreased in the articular cartilage of humans with osteoarthritis (OA). The aim of this study
was to determine the functional role of GSLs in cartilage metabolism related to OA pathogenesis.

Methods—We generated mice with knockout of the chondrocyte-specific Ugcg, which encodes
an initial enzyme of major GSL synthesis, (Col2-Ugcg−/−), using the Cre/loxP system. In vivo OA
and in vitro cartilage degradation models were used to evaluate the effect of GSLs on cartilage
degradation process.

Results—Although Col2-Ugcg−/− mice developed and grew normally, osteoarthritic changes
were dramatically enhanced with aging through the overexpression of MMP-13 and chondrocyte
apoptosis compared to their wild-type (WT) littermates. Col2-Ugcg−/− mice showed more severe
instability-induced pathologic OA in vivo and interleukin-1α (IL-1α) induced cartilage
degradation in vitro. IL-1α stimulation of chondrocytes from WT mice significantly increased
Ugcg mRNA expression and upregulated GSL metabolism.

Conclusion—GSL deficiency in chondrocytes enhances the development of OA. On the other
hand, the deficiency does not affect the development and organization of cartilage tissue at a
young age. These findings indicate that GSLs maintain cartilage molecular metabolism and
prevent disease progression, although GSLs are not essential for chondrogenesis of progenitor and
stem cells and cartilage development in young mice. GSL metabolism in the cartilage is a
potential target for developing a novel treatment for OA.
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Osteoarthritis (OA), the most common joint disease, affects over 200 million people
worldwide (1, 2) and frequently leads to disabilities in performing daily activities among the
elderly. The disease costs the United States economy more than $60 billion per year (3). OA
is characterized by degradation of the cartilage extracellular matrix. Elucidation of the
pathogenesis of OA requires a better understanding of the cartilage degradation mechanism.
Despite the large number of gene-based or protein-based studies performed to clarify the
mechanism of cartilage degradation, the pathogenesis of this joint disease remains unclear.
A new molecular target is therefore needed to analyze the mechanism of cartilage
degradation.

Glycosphingolipids (GSLs) are ubiquitous membrane components. They are a diverse group
of complex lipids that contain the hydrophobic ceramide moiety and a hydrophilic
oligosaccharide residue. Their lipid portion, ceramide, is embedded in the outer leaflet of the
plasma membrane, and their oligosaccharide moieties project into the extracellular space (4,
5). GSLs form clusters on cell membranes and modulate transmembrane signaling and
mediate cell-to-cell and cell-to-matrix interactions (4–9). The first committed step in the
synthesis of the majority of GSLs is directed by the enzyme glucosylceramide synthase,
encoded by the Ugcg gene (Figure 1 A) (4, 10–12). The enzyme catalyzes the transfer of a
glucose moiety from UDP-glucose to ceramide to form glucosylceramide, the precursor to
most cellular GSLs with hundreds of different oligosaccharide structures. Mice with a global
disruption in Ugcg are embryonic lethal (E7.5), suggesting that GSLs are essential for
embryonic development and differentiation (11, 12).

To date, the tissue specific functions of GSLs in the nervous system and epidermis have
been concretely clarified using conditional knockout (KO) mice (10, 13, 14). Regarding
articular cartilage, GSL expression of chondrocytes is decreased in human OA samples (15,
16). Chondrocytes are the only cells in cartilage responsible for the synthesis and
degradation of the extracellular matrix. Decreased GSL expression leads to alterations in the
biochemical composition of the chondrocyte membrane (15). The role of these changes in
cartilage metabolism and in the pathogenesis of OA, however, is unknown.

Here, we hypothesized that alterations of chondrocyte GSLs could be responsible for
disturbances in cartilage homeostasis, contributing to the development of OA. To test this
hypothesis, we generated KO mice of the chondrocyte-specific Ugcg for GSL deficiency in
chondrocytes. The current study demonstrated that chondrocyte-specific GSL deficiency
accelerated the development of OA under physiological and pathological conditions through
enhancement of chondrocyte MMP-13 secretion and apoptosis. These findings indicate that
GSLs are key molecules contributing to the pathogenesis of OA.

MATERIALS AND METHODS
Generation of chondrocyte-specific Ugcg KO mice

To interrupt GSL synthesis in cartilage, we generated mice with knockout of the
chondrocyte-specific Ugcg (Col2-Ugcg−/−) by crossing UgcgloxP/loxP mice (10) with
Col2a1-Cre transgenic mice (17), in which Cre recombinase is expressed specifically in
chondrocytes under the Col2a1 promoter. Transgenic mice carrying the Col2a1-Cre
transgene (Strain Name: B6; SJL-Tg [Col2a1-Cre] 1Bhr/J; Stock Number: 003554) were
obtained from The Jackson Laboratory (Bar Harbor, ME). UgcgloxP/loxP mice were
generated on a C57BL/6 background as previously described (17). Col2-Ugcg−/− mice were
generated by breeding Col2a1-Cre transgenic mice with UgcgloxP/loxP mice. Wild-type
littermates (UgcgloxP/loxP) were used as controls. Genotyping was accomplished by PCR of
tail DNA using primer sets as previously described (10). Mice were housed in a
temperature- and humidity-controlled environment on a 12-h light-dark cycle and fed a
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standard rodent diet. All experiments were performed according to the protocol approved by
the Institute of Animal Care and Use Committee of the Hokkaido University Graduate
School of Medicine.

Skeletal staining
To observe the skeletal systems, whole skeletons of wild-type (WT) and Col2-Ugcg−/−

littermates were stained with alcian blue and alizarin red as previously described (18, 19).

Age-associated OA model
At 4, 12, and 15 months of age, mice were euthanized and their entire knee joints were
dissected to assess the spontaneous development of OA, as an age-associated OA model (20,
21).

Instability-induced OA model
An OA model was created in 8-week-old mice by destabilizing the knee joint as previously
described (20, 22). Under general anesthesia, the right knee joint was destabilized by
transection of the medial collateral ligament and removal of the cranial half of the medial
meniscus using a microsurgical technique (OA side). A sham operation was performed on
the left knee joint using the same approach without ligament transection and meniscectomy
(sham side). To assess the histological findings, the mice were euthanized and entire knee
joints were dissected 8 weeks after surgery.

Histological analysis
For hematoxylin and eosin (HE) and safranin-O staining, samples were fixed in 10%
buffered formalin and decalcified in 10% EDTA (pH 7.5). Each tissue was dehydrated and
embedded in paraffin, and sectioned into 5-µm thick slices. Chondrocyte number and
cartilage thickness were quantified as previously described (20, 23–25). Three observers
who were blinded to the experimental group quantified the OA severity using the Mankin
scoring system (26, 27) and those scores were averaged.

Immunohistochemistry
Sections of the knee were deparaffinized and quenched for endogenous peroxidase activity.
After treatment with chondroitinase ABC (0.25 U/ml), the sections were incubated with
polyclonal antibody (1:200 dilution) against the carboxyl terminus of MMP-13 (Chemicon,
Temecula, CA) and monoclonal antibody (1:10 dilution) against ceramide (Alexis, San
Diego, CA) at 4°C overnight. After washing with phosphate-buffered saline 3 times, the
samples were incubated with a biotinylated secondary antibody. Type II and X collagens
were identified using polyclonal rabbit antibodies against rat type II and X collagens (LSL,
Tokyo, Japan).

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
To investigate chondrocyte apoptosis, the TUNEL assay was performed using an in situ
Apoptosis Detection Kit (Takara Shuzo, Kyoto, Japan) according to the manufacturer’s
instructions.

Proteoglycan release from cultured cartilage explants
In vitro cartilage catabolism was analyzed by culturing mouse femoral head cartilage with
IL-1α (Sigma, St. Louis, MO) (20, 28). The femoral head cartilage was harvested from 4-
week-old mice and pre-cultured for 48 hours at 37°C in a humidified atmosphere of 5% CO2
and 95% air in Dulbecco’s modified Eagle’s medium (DMEM) containing 1% antibiotic
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solution, 2 mM glutamine, 10 mM HEPES, 50 µg/ml ascorbate, and 10% fetal bovine serum.
The explants were then washed 3 times and cultured for an additional 72 hours in serum-free
DMEM plus 10 ng/ml mouse IL-1α. To quantify the proteoglycan release from cartilage
explants with cartilage degradation, the proteoglycan content in the medium and digested
cartilage was measured as sulfated glycosaminoglycan using a dimethylmethylene blue
assay as previously described (20, 28). The amount of proteoglycan released from a cartilage
explant into the medium was quantitatively expressed as the percentage release of
proteoglycan (%RPG, proteoglycan amount in the medium / total amount of proteoglycan in
the serum and cartilage explants × 100).

Isolation of chondrocytes
Immature mouse chondrocytes were obtained from the hip and knee joints of 6-day-old mice
as previously described (29, 30). Briefly, cartilage specimens were treated with 0.25%
trypsin (Wako Pure Chemical Industries, Osaka, Japan) in sterile saline for 30 minutes
followed by 0.25% collagenase (Gibco/Invitrogen, Grand Island, NY) in DMEM containing
1% antibiotic solution and 10% fetal bovine serum for 4 hours at 37°C in a culture bottle.
Isolated primary chondrocytes were cultured for 24 hours in serum-free DMEM plus 10 ng/
ml mouse IL-1α for further analysis.

Enzyme-linked immunosorbent assay (ELISA)
MMP-13 in the chondrocyte culture supernatant was measured using an ELISA kit for
mouse MMP-13 (Uscnlife, Missouri, TX) according to the manufacturer’s instructions.

Quantification of nitric oxide
Nitric oxide was quantified based on the amount of its stable end product, nitrite, in the
chondrocyte culture supernatant (31). Griess Reagent System (Promega, Madison, WI) was
used for this assay according to the manufacturer’s instructions.

Cellular stiffness measurement
As mentioned above, GSLs exist on cell membranes. Therefore, we hypothesized that loss
of GSLs would lead to alterations in the mechanical properties of the chondrocyte
membrane. To test this hypothesis, we directly visualized a single chondrocyte and
quantitatively measured the cellular stiffness using an atomic force microscope as previously
described (32). A customized atomic force microscope system (33) and a commercial
cantilever (MLCT-AUNM; Veeco Instruments, Santa Barbara, CA) with a spring constant
of 0.01 N/m were chosen for the measurement. The details of the stiffness measurement
were described previously (34, 35).

Quantitative real-time reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was extracted from the samples using a Qiagen RNeasy MINI Kit (Qiagen,
Valencia, CA). For cDNA synthesis, 0.5 or 1.0 µg of RNA was reverse-transcribed using
random hexamer primers (Promega, Madison, WI) and Improm-II reverse transcriptase
(Promega). Real-time RT-PCR was performed using an OPTICON II (Bio-Rad
Laboratories, Hercules, CA). Signals were detected using a SYBR Green qPCR Kit
(Finzymes, Espoo, Finland) with the following gene-specific primers: Ugcg, 5'-AGC TGG
AGA ACT GGT CGC TA-3' (forward) and 5'-CAC ACT GTG CGC CAT CAG-3'
(reverse); MMP-13, 5'-TTGGCCACTCCCTAGGTCTG-3' (forward) and 5'-
GGTTGGGGTCTTCATCGC-3' (reverse); iNOS, 5'-ACATCGACCCGTCCACAGTAT-3'
(forward) and 5'-CAGAGGGGTAGGCTTGTCTC-3' (reverse); and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), 5'-ACTTTGTCAAGCTCATTTCC-3' (forward) and
5'-TGCAGCGAACTTTATTGATG-3' (reverse) as a control housekeeping gene. The
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relative mRNA expression of each targeted gene was expressed by the cycle threshold (Ct)
value of each gene normalized to the Ct value of GAPDH.

Quantification of GSLs in the cultured chondrocytes
GSLs were extracted from mouse chondrocyte pellets. To quantify the GSLs content,
glycans of GSLs were digested by enzymatic reaction employing GSL-specific
endoglycoceramidases II (EGCase II) derived from mutant strain M-750 of Rhodococcus sp.
(Takara Bio, Otsu, Japan). The solutions treated by EGCase were subjected to glycoblotting
using a protocol similar to that used for N-glycome analyses reported previously (36, 37).
Samples were applied to Matrix Assisted Laser Desorption Ionization - Time of Flight mass
spectrometry (MALDI-TOF MS) analysis on an Ultraflex II TOF/TOF mass spectrometer
(Bruker Daltonics GmbsH, Bremen, Germany) equipped with a reflector, and controlled by
the FlexControl 3.0 software package (Bruker Daltonics). Peaks were detected as proton-
adducted ions. Masses were annotated using the FlexAnalysis 3.0 software package (Bruker
Daltonics). In addition to TOF/TOF analyses, we used the database GlycoSuiteDB
(http://glycosuitedb.expasy.org/glycosuite/glycodb) and SphinGOMAP©

(http://www.sphingomap.org/) for the structural identification of glycans.

Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM). Means of groups were
compared by two-tailed unpaired t-tests. P values less than 0.05 were considered significant.

RESULTS
Confirmation of chondrocyte-specific Ugcg deletion

The tissue specificity of recombination was confirmed by PCR of genomic DNA using
primer sets (10) that detected either the intact UgcgloxP allele (primers 1 and 2) or the Cre-
recombined UgcgΔ allele (primers 1 and 3) (Figures 1B and C). We next used real-time RT-
PCR to determine the relative Ugcg mRNA levels in the cartilage of Col2-Ugcg−/− mice and
WT littermates (UgcgloxP/loxP) (Figure 1D). Real-time RT-PCR analysis showed that Ugcg
mRNA expression was reduced by greater than 80% in the articular cartilage of Col2-
Ugcg−/− mice, compared to that in WT littermates (n = 3 per each group, P < 0.05).
Furthermore, we confirmed Ugcg mRNA deletion in the cartilage, but not in other tissues
including the brain, liver, kidney, and spleen (data not shown).

Col2-Ugcg−/− mice developed and grew normally in young age
Col2-Ugcg−/− mice developed and grew normally without abnormalities of major organs
and could not be distinguished from WT littermates. The whole skeletons of newborn mice
stained with alcian blue and alizarin red did not differ in appearance between genotypes
(Figure 2A). Body weight did not differ significantly between genotypes in growth curves
(Figure 2B). Histological examination of the knee joints in 4-week-old mice showed that
chondrocyte number, cartilage thickness, and growth plate width of Col2-Ugcg−/− mice
were similar to those of WT littermates (Figure 2C, Supplemental Figure S1A). Safranin-O
staining and immunostaining of type II and X collagen were comparable between WT and
Col2-Ugcg−/− littermates (Figure 2C). The expression levels of the MMP-13, ADAMTS4,
and ADATTS5 mRNA were also comparable between genotypes (Supplemental Figure
S1B). The glycosaminoglycan composition in the cartilage of Col2-Ugcg−/− mice was
similar to that of WT littermates (Supplemental Table 1). To assess the mechanical
properties of chondrocytes, we directly visualized a single chondrocyte and quantitatively
measured the stiffness of the cell using an atomic force microscope. There was no
significant difference in the value between the two genotypes (Supplemental Figure S2A).
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Furthermore, proliferation and matrix production of chondrocytes were not significantly
different between the two genotypes in vitro (Supplemental Figure S2B).

Chondrocyte-specific deletion of GSLs enhances the development of OA with aging by
inducing overexpression of MMP-13 and chondrocyte apoptosis

Mice were followed up to 15 months of age to assess the spontaneous development of OA
with aging. There were no apparent osteoarthritic changes in the knee joints in either
genotype at 4 months of age (Figure 3A). At 12 and 15 months of age, slight, but significant,
osteoarthritic changes were detected in the knee joints of WT mice. There were mild,
superficial cartilage erosion, and slight reduction of safranin-O staining at each time point
(Figure 3A). On the other hand, these osteoarthritic changes were more progressed in Col2-
Ugcg−/− mice at 12 and 15 months of age, compared to those of WT littermates (data at 12
months of age not shown) (Figure 3A). These histological findings were quantitatively
confirmed using the Mankin grading score (n = 10 per each group at each time, 3.65 ± 0.39
in WT mice vs. 5.77 ± 0.40 in Col2-Ugcg−/− mice at 12 months, P < 0.01; 4.95 ± 0.30 in
WT mice vs. 6.87 ± 0.38 in Col2-Ugcg−/− mice at 15 months, P < 0.01) (Figure 3B). Next,
we performed the immunostaining of MMP-13 (Figure 3A) and quantified the percentage of
MMP-13 positive cells (Figure 3C). Although no significant difference in MMP-13
expression was found between either genotype at 4 months of age, MMP-13 expression
increased at a greater rate in Col2-Ugcg−/− mice with aging, compared to WT littermates (n
= 10 per each group at each time, 11.37 ± 0.56% in WT mice vs. 17.22 ± 0.90% in Col2-
Ugcg−/− mice at 12 months, P < 0.01; 12.18 ± 0.65% in WT mice vs. 21.07 ± 1.08% in
Col2-Ugcg−/− mice at 15 months, P < 0.01). Furthermore, TUNEL positive cells
significantly increased in Col2-Ugcg−/− mice with aging, compared to WT littermates (n =
10 per each group at each time, 3.86 ± 0.25% in WT mice vs. 7.58 ± 0.44% in Col2-Ugcg−/−

mice at 12 months, P < 0.01; 10.07 ± 0.46% in WT mice vs. 21.48 ± 1.75% in Col2-Ugcg−/−

mice at 15 months, P < 0.01) (Figure 3A and D). In addition, we confirmed whether or not
interruption of Ugcg gene expression increased the ceramide content in chondrocytes.
Immunostaining of ceramide by the anti-ceramide antibody produced a similar staining
pattern between the 2 genotypes at each time point (Supplemental Figure S3A). No
significant difference in the percentage of ceramide positive cells was found at any time
point (Supplemental Figure S3B).

Chondrocyte-specific deletion of GSLs enhances the development of instability-induced
OA

We analyzed the development of instability-induced OA changes in WT and Col2-Ugcg−/−

littermates. Sham operations for both genotypes produced no significant osteoarthritic
changes. In the joints of WT mice at 8 weeks after instability-induced surgery, osteoarthritic
changes developed such as cartilage erosion and reduction of safranin-O staining and
chondrocyte number (Figure 4A). The deletion of GSLs showed more severe osteoarthritic
changes. In the joints of Col2-Ugcg−/− mice at 8 weeks after surgery, the uncalcified zone
(upper layer above the tidemark) was almost completely lost and the number of
chondrocytes was significantly reduced (Figure 4A). The quantitative assessment using the
Mankin grading score supported these histological findings (n = 8 per group, 5.70 ± 0.55 in
WT mice vs. 10.96 ± 0.46 in Col2-Ugcg−/− mice, P < 0.01) (Figure 4B).

Chondrocyte-specific deletion of GSLs enhances cartilage degradation by IL-1α
stimulation

To understand the mechanism of the decreased proteoglycan levels in OA joints, we
performed in vitro experiments. Cartilage explants were maintained in culture with IL-1α,
and the release of proteoglycan into the medium determined by using a dimethylmethylene
blue assay. Under the in vitro conditions, Col2-Ugcg−/− cartilage increased %RPG more
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significantly than did WT cartilage by IL-1α stimulation (n = 5 per group, 37.66 ± 0.88 % in
WT mice vs. 53.05 ± 0.81 % in Col2-Ugcg−/− mice, P < 0.01) (Figure 5A). Histological
examination of the explants also demonstrated that safranin-O staining for proteoglycans
was reduced more in Col2-Ugcg−/− cartilage than in WT cartilage (Figure 5B). Furthermore,
immunostaining of MMP-13 strongly enhanced in Col2-Ugcg−/− cartilage, compared to WT
cartilage (Figure 5B). And we found the significant elevation of both MMP-13 mRNA (n =
5 per group, 6.75 ± 0.73 in WT vs. 11.00 ± 1.41 in Col2-Ugcg−/−, P < 0.05) and protein
expression (n = 5 per group, 238.18 ± 7.09 pg/ml in WT vs. 307.58 ± 9.97 pg/ml in Col2-
Ugcg−/−, P < 0.05) in Col2-Ugcg−/− chondrocytes, compared to those of WT chondrocytes
(Figure 6A and B). TUNEL staining also enhanced in Col2-Ugcg−/− cartilage, compared to
WT cartilage (Figure 5B). And we found the significant elevation of both inducible nitric
oxide synthase (iNOS) mRNA expression (n = 5 per group, 1.10 ± 0.10 in WT vs. 2.00 ±
0.24 in Col2-Ugcg−/−, P < 0.05) and nitric oxide production (n = 5 per group, 52.16 ± 0.16
µM in WT vs. 60.30 ± 0.13 µM in Col2-Ugcg−/−, P < 0.05) in Col2-Ugcg−/− chondrocytes,
compared to those of WT chondrocytes (Figure 6C and D).

IL-1α can increase Ugcg mRNA level and upregulate the GSL metabolism in WT
chondrocytes

Isolated primary chondrocytes from WT mice were cultured for 24 hours in serum-free
DMEM with or without IL-1α for further analysis. Real-time RT-PCR analysis showed that
IL-1α stimulation significantly increased Ugcg mRNA expression from 4.89 × 10−2 ± 0.43
× 10−2 to 9.02 × 10−2 ± 1.48 × 10−2 in WT chondrocytes (n = 5, P < 0.05) (Figure 6E). Next,
to quantify the total amount of GSLs in cultured chondrocytes, we extracted GSLs from
cultured chondrocyte pellets and measured the amount of the glycans of GSLs using mass
spectrometry. This analysis showed that IL-1α stimulation significantly increased the total
amount of GSLs in WT chondrocytes from 8.1 ± 1.4 pmol/1×106 cells to 35.7 ± 3.5 pmol/
1×106 cells (n = 3, P < 0.01) (Figure 6F). Col2-Ugcg−/− chondrocytes showed very low
expression of Ugcg mRNA and low amount of GSLs both after and before IL-1α
stimulation (Figure 6E and F).

DISCUSSION
Our hypothesis was that alterations of chondrocyte GSLs could result in disturbance in
cartilage homeostasis, contributing to the development of OA. To determine the functional
significance of GSLs in cartilage, we generated Col2-Ugcg−/− mice, which interrupts GSL
synthesis in chondrocytes. Col2-Ugcg−/− newborn mice showed normal whole skeletons. In
addition, the mice developed and grew normally without abnormalities of major organs.
Histological and immunohistochemical findings of articular cartilage in 4-week old Col2-
Ugcg−/− mice were comparable to those in WT littermates. No significant differences in
proliferation, matrix production, and cellular stiffness of chondrocytes were found between
the 2 genotypes. Neural cell-specific deletion of Ugcg results in a striking loss of Purkinje
cells and abnormal neurologic behavior, suggesting that GSLs are important molecules for
neuron differentiation and maturation (10, 14). On the other hand, the current results
indicate that chondrocyte-specific deletion of Ugcg does not affect the chondrocyte
differentiation and the development and organization of cartilage tissue in young mice.

The main purpose of this study was to clarify the functional roles of chondrocyte GSLs in
the development of OA. One of the critical causes of OA is considered to be aging.
Therefore, we first investigated the roles of GSLs in age-associated OA development.
Although there were no apparent osteoarthritic changes in the knee joints in Col2-Ugcg−/−

mice at 4 months of age, the osteoarthritic findings were more progressed in the mice at 12
and 15 months of age, compared to those of WT littermates. Immunostaining of MMP-13
and TUNEL staining demonstrated a significant increase in MMP-13 expression and
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chondrocyte apoptosis of 12 and 15-month-old Col2-Ugcg−/− mice. Interruption of Ugcg
gene expression might increase the ceramide content in chondrocytes (Figure 1A), which
induces cellular apoptosis (38, 39). However, the result from immunostaining of ceramide
suggests that we can eliminate the direct effects of ceramide accumulation on OA
development in Col2-Ugcg−/− mice. These results indicate that chondrocyte-specific
deletion of GSLs significantly enhances the progression of osteoarthritic changes in articular
cartilage associated with aging by inducing overexpression of MMP-13 and chondrocyte
apoptosis.

Another critical cause of OA is excessive mechanical stress against joints due to joint
instability. Then, we investigated the role of GSLs in OA due to excessive stress against the
knee joint by surgically inducing joint instability. Histological findings of instability-
induced OA were more progressed in the knees of Col2-Ugcg−/− mice compared to those of
WT littermates. The obtained findings clearly suggest that the lack of GSLs also results in
significant progression of instability-induced OA.

Cartilage degradation in OA is characterized by initial proteoglycan depletion of the
cartilage extracellular matrix (34, 40). To elucidate this mechanism, we placed femoral head
cartilage in explant culture and stimulated it with IL-1α to promote proteoglycan release.
Col2-Ugcg−/− cartilage released significantly more total proteoglycan than did WT cartilage.
A reduction in safranin O staining of Col2-Ugcg−/− cartilage also supported the
proteoglycan loss from the explants. These results suggest that chondrocyte-specific deletion
of GSLs accelerates cartilage degradation by IL-1α. Furthermore, enhanced immunostaining
of MMP-13 and TUNEL staining in Col2-Ugcg−/− cartilage strongly suggests that IL-1α
stimulation remarkably enhances cartilage degradation through the overexpression of
MMP-13 and chondrocyte apoptosis. The significant elevation of both MMP-13 mRNA and
protein expression and nitric oxide production in Col2-Ugcg−/− chondrocytes after IL-1α
stimulation quantitatively confirm these results. The findings obtained from these in vitro
assessments support the current in vivo results in the OA models using conditional KO mice.

This study also demonstrated that IL-1α stimulation significantly increased Ugcg mRNA
and the total amount of GSLs in WT chondrocytes. A previous study showed that IL-1α
stimulation significantly increased hepatic Ugcg mRNA level in vivo as well as in HepG2
cells in vitro as compared to other cytokines (41). Together, these findings suggest that
IL-1α can increase chondrocyte Ugcg mRNA level, resulting in the upregulation of GSL
metabolism, as well as hepatocytes. In contrast, the deletion of this reaction in Col2-Ugcg−/−

chondrocytes may lead to accelerated cartilage degradation by IL-1α stimulation. The
obtained results indicate that loss of GSLs results in greater cartilage vulnerability against
IL-1α stimulation in the cartilage degradation process by increasing MMP-13 secretion and
apoptosis of chondrocytes. In the next study, we will examine whether GSLs have a
chondroprotective function via experiments which overexpress the chondrocyte GSLs. GSLs
are present in the plasma membrane of eukaryotic cells, including chondrocytes (42–44).
Therefore, we speculate that GSLs participate in modulating signal transduction in the IL-1α
pathway related to chondrocyte metabolism. Further studies are required to confirm our
speculation.

To our best knowledge, this is the first study to show the functional roles of GSLs in
development of OA. Our mechanism-of-action studies suggest that GSLs are potentially
regulatory components against chondrocyte MMP-13 secretion and apoptosis, which mainly
contribute to the pathogenesis of OA. Currently, there are no pharmacologic treatments that
block the development of this disease. Although this mechanism should be further clarified
by additional studies, GSLs may become targeting molecules to constitute a novel and
effective strategy for the treatment of OA.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ugcg gene targeting. A, Biosynthetic pathways for GSLs. B, Schema of the Ugcg targeting
strategy and cre-mediated recombination of the UgcgloxP allele. UT, untranslated region;
Neo, neomycin cassette; TK, thymidine kinase; Probe, location of probe used to select
clones. C, Identification of cre-mediated recombination of the UgcgloxP allele in cartilage.
Genomic DNA from cartilage and brain was subjected to PCR using primers 1 and 2 to
detect the UgcgloxP allele and primers 1 and 3 to detect the UgcgΔ allele. Locations of PCR
primers are shown in B. D, Expression of Ugcg mRNA in articular cartilage from wild-type
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(WT) and Col2-Ugcg−/− mice determined by real time RT-PCR (n = 3 per group). Data
shown are mean ± SEM. * = P < 0.05.
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Figure 2.
The phenotype of young mice. A, Double staining with alcian blue and alizarin red of the
whole skeleton in newborn mice. Scale bar = 1 cm. B, Growth curves determined by the
body weight of male wild-type (WT) and Col2-Ugcg−/− littermates. Weight did not differ
significantly between genotypes (n = 10 per group). Data shown are mean ± SEM. Females
of both genotypes showed similar skeletal development and growth (data not shown). C,
Histological findings of the knee joints in 4-week-old mice. Safranin O (Saf-O) staining,
toluidine blue (TB) staining, and immunostaining of type II collagen (Col2) and type X
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collagen (Col10) were performed in each genotype (upper: articular cartilage, lower: growth
plate of tibia). Scale bars = 100 µm.
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Figure 3.
Histological findings of age-associated OA in wild-type (WT) and Col2-Ugcg−/− littermates.
A, Histological findings of age-associated OA. Safranin-O (Saf-O) staining (top; knee joint),
immunostaining of MMP-13 (middle; proximal tibia), and TUNEL staining (bottom;
proximal tibia). Scale bars = 100 µm. B, Mankin score of WT and Col2-Ugcg−/− littermates
(n = 10 per group). C, The percentage of MMP-13 positive staining cells in WT and Col2-
Ugcg−/− littermates (n = 10 per group). D, The percentage of TUNEL-positive staining cells
in WT and Col2-Ugcg−/− littermates (n = 10 per group). Data shown are mean ± SEM. * = P
< 0.01.
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Figure 4.
Histological findings of instability-induced OA in wild-type (WT) and Col2-Ugcg−/−

littermates 8 weeks after surgery. A, HE staining (top) and safranin-O (Saf-O) staining
(bottom). Scale bars = 100 µm. B, Mankin score of WT and Col2-Ugcg−/− littermates (n = 8
per group). Data shown are mean ± SEM. * = P < 0.01.
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Figure 5.
Cartilage degradation induced by IL-1α stimulation. A, Proteoglycan release in cultured
cartilage explants from wild-type (WT) and Col2-Ugcg−/− littermates (n = 5 per group).
Data shown are mean ± SEM. * = P < 0.01, ** = P < 0.05. B, Histological findings of
cartilage explants cultured with IL-1α from WT and Col2-Ugcg−/− littermates (from top to
bottom, TB, toluidine blue; Saf-O, safranin O; MMP-13 immunostaining, and TUNEL
staining). Scale bars = 100 µm.
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Figure 6.
Chondrocyte reaction induced by IL-1α stimulation. A, Expression of MMP-13 mRNA in
cultured chondrocytes determined by real-time RT-PCR (n = 5 per group). B, Quantification
of MMP-13 release in chondrocyte culture supernatant determined by ELISA (n = 5 per
group). C, Expression of inducible nitric oxide synthase (iNOS) mRNA in cultured
chondrocytes determined by real-time RT-PCR (n = 5 per group). D, Quantification of nitric
oxide (NO) release in chondrocyte culture supernatant (n = 5 per group). E, Expression of
Ugcg mRNA in cultured chondrocytes determined by real-time RT-PCR (n = 5 per group).
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F, Quantification of total GSL-glycans in cultured chondrocyte pellets. (n = 3 per group).
Data shown are mean ± SEM. * = P < 0.01, ** = P < 0.05.
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