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ABSTRACT

Objective: Lipocalin-type prostaglandin D synthase (L-PGDS) catalyzes the formation of prostaglandin D2 

(PGD2), which has important roles in inflammation and cartilage metabolism. The aim of this study was to 

investigate the role of L-PGDS in the pathogenesis of OA using an experimental mouse model. 

Methods: Experimental OA was induced in wild-type (WT), and L-PGDS- deficient (L-PGDS-/-) mice (n = 

10 per genotype) by destabilization of the medial meniscus (DMM). Cartilage degradation was evaluated by 

histology. The expression of MMP-13 and ADAMTS-5 was assessed by immunohistochemistry. Bone 

changes were determined by microcomputed tomography (-CT). Cartilage explants from L-PGDS-/- and WT 

mice (n = 6 per genotype) were treated with interleukin-1α (IL-1α) ex vivo, to evaluate proteoglycan A
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degradation. Moreover, the effect of intra-articular injection of an adeno-associated virus (AAV) 2/5 encoding 

L-PGDS on OA progression was evaluated in WT mice (n = 9 per group).

Results: Compared to WT mice, L-PGDS-/- mice had exacerbated cartilage degradation, and enhanced 

expression of MMP-13 and ADAMTS-5 (P < 0.05). Furthermore, L-PGDS-/- mice displayed increased 

synovitis and subchondral bone changes (P < 0.05). Cartilage explants from L-PGDS-/- mice showed 

enhanced proteoglycan degradation following treatment with IL-1α (P < 0.05). Intra-articular injection of 

AAV2/5 encoding L-PGDS attenuated the severity of DMM-induced OA-like changes in WT mice (P < 0.05). 

The level of L-PGDS was increased in OA tissues of WT mice (P < 0.05).

Conclusion: Collectively, these findings suggest a protective role of L-PGDS in OA, and therefore enhancing 

it level may constitute a promising therapeutic strategy. 
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INTRODUCTION 

Osteoarthritis (OA) is the most common form of arthritis, and a leading cause of disability. OA is primarily 

characterized by articular cartilage destruction, synovial inflammation, and subchondral bone remodeling [1, 

2]. There is currently, no proven treatment to stop or slow the progression of OA, as the exact mechanisms 

underlying the initiation, and progression of the disease are yet largely unknown. A deeper understanding of 

the mechanisms involved in the pathogenesis of OA will be useful in the development of more effective 

therapeutic agents to prevent or treat OA. 

Cartilage breakdown during OA is predominantly mediated by proteases, most notably, matrix 

metalloproteinase 13 (MMP-13) and a disintegrin and metalloproteinase with thrombospondin motifs 5 

(ADAMTS-5). Indeed, MMP-13 overexpressing transgenic mice develop spontaneous OA-like cartilage 

damage [3], and MMP-13 deletion protected mice against OA-like cartilage damage [4]. In addition, 

ADAMTS-5 deficiency was shown to prevent cartilage destruction in mouse arthritis models [5, 6].

Increasing evidence indicates that prostaglandin D2 (PGD2) may have protective effects in OA. We have 

demonstrated that treatment of chondrocytes with PGD2 inhibits the induction of MMP-1 and MMP-13, which 

play an important role in cartilage damage [7]. PGD2 was also reported to increase the expression of the 

cartilage-specific matrix molecules type II collagen and aggrecan [8], and to prevent chondrocyte apoptosis 

[9]. 

In addition to its chondroprotective effects, PGD2 has anti-inflammatory properties. For instance, the initiation 

of inflammation is associated with reduced production of PGD2, while the resolution phase is associated with 

increased levels of PGD2 [10]. Moreover, PGD2 inhibits several inflammatory responses including the 

production of IL-12 [11], and interferon  (IFN) [12], and the expression of inducible nitric oxide synthase 

(iNOS) [13]. PGD2 was also reported to enhance the production of the anti-inflammatory cytokine IL-10 [14]. 

The anti-inflammatory effect of PGD2 is further supported by studies using PGD2 synthase deficient, and 

transgenic mice. The knockout animals showed impaired resolution of inflammation, and transgenic animals 

had little detectable inflammation [15-17]. 

The biosynthesis of PGD2 is catalyzed by two PGD synthases (PGDSs) that differ in tissue distribution; the 

lipocalin-type PGDS (L-PGDS), and the hematopoietic PGDS (H-PGDS) [18]. L-PGDS is expressed 

abundantly in the central nervous system [19], the heart [20], and skin [21]. H-PGDS is expressed mainly in 

mast cells [22], megakaryocytes [23] and, T helper (Th) 2 lymphocytes  [24]. A
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We have previously shown that articular cartilage predominantly expresses L-PGDS [25, 26]. However, the in 

vivo role of L-PGDS in the pathophysiology of OA remains largely unknown. In this study, we investigated 

the effect of L-PGDS deficiency on the development of OA using a surgical mouse model, induced by 

destabilization of the medial meniscus (DMM) [27]. We also evaluated the effect of intra-articular injection of 

an adeno-associated viral vector (AAV2/5) encoding murine L-PGDS gene on the progression of OA in L-

PGDS-/- mice. 
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MATERIALS AND METHODS 

Mice. All animal experiments were approved by the Institutional Animal Protection Committee of the 

University of Montreal Hospital Research Centre (CRCHUM). L-PGDS-/- mice were generated as described 

previously [28]. In these mice, L-PGDS gene was disrupted by replacing a 1.84-kb fragment containing parts 

of exons II-V with the neomycin resistance gene. L-PGDS-/- mice were backcrossed onto the C57BL/6 

background for 10 generations. L-PGDS-/- and WT mice used in these experiments were generated by 

breeding heterozygous littermates, and genotypes were identified by polymerase chain reaction (PCR) of tail 

biopsy DNA extract. Mice were maintained under standard pathogen-free conditions and 12-hour light/dark 

cycle, and were freely allowed access to food, water and activity before and after surgery. The mice appeared 

healthy, and showed normal behavior throughout the study.

Induction of OA in mice. OA was induced by destabilization of the medial meniscus (DMM) in the knee 

joints of 10-week-old male WT and L-PGDS-/- mice, as previously described [27]. Briefly, animals were 

anesthetized, and the right knee joint was destabilized by transection of the anterior attachment of the 

medial meniscotibial ligament (MMTL). The sham operation involved the same surgery, except that the 

MMTL was visualized but not transected. Buprenorphine was provided perioperatively at 0.09 mg/kg every 

10–12 hours for 72 hours. Mice were sacrificed, the knees were harvested, and subjected to micro-CT, 

histological and immunohistochemical analyses. Only male mice were used in vivo in this study because 

male mice develop better features of the disease [29].  None of the mice died during the experimental 

period. 

Histological evaluation of osteoarthritic changes. Sham- (n = 6) and DMM-operated (n = 10) mice were 

euthanized at 2, 4 and 8 weeks pots-surgery and the harvested knee joints were fixed in TissuFix (Chaptec, 

Montreal, QC, Canada), decalcified in 10% EDTA for 14 days at 4°C, and embedded in paraffin. Coronal 

sections (5-μm) were obtained through the entire joint at 80 μm intervals, and stained with Safranin O–fast 

green (8 sections per joint) or hematoxylin and eosin (5 sections per joint). Cartilage damage was assessed in 

accordance with the recommendations of the Osteoarthritis Research Society International (OARSI) 

guidelines [30]. Synovitis was evaluated using the scoring method described by Lewis et al [31]. All sections 

were graded by two scorers (MN and YO) in a blinded manner. Scores for cartilage damage, and synovitis A
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were recorded for the femoral-medial and the tibial-medial condyles on the operated side of the joint, and the 

scores for the two quadrants regions were summed.

Immunohistochemistry. Immunohistochemical analysis was performed at 2 weeks post-surgery (n = 6 per 

group) as previously described [32, 33].  We selected this time-point because it is suitable to detect and 

quantify MMP-13 and ADAMTS-5 in the cartilage of DMM operated mice [32, 33]. For further details, see 

Supplementary Methods.

Isolation of primary chondrocytes and measurement of PGD2 levels. Primary epiphyseal chondrocytes 

were isolated from 5- to 6-day-old mice as previously reported [32]. A detailed description of isolation of 

primary chondrocytes can be found in the Supplementary Methods.

RNA extraction and real-time reverse transcription-polymerase chain reaction. Total RNA was isolated 

from whole joints following the removal of the skin and muscle bulk. The joint tissues were homogenized in 1 

ml of TRIzol® reagent (Invitrogen, Burlington, ON, Canada) using a PowerGen 125 Polytron instrument 

(Fisher Scientific), and RNA was isolated, according to the manufacturer’s instructions. RNA was reverse 

transcribed, and amplified using the QuantiTect Reverse Transcription PCR Kit (QIAGEN) on the Rotor Gene 

3000 Realtime PCR system (Corbett Research, Mortlake, Australia), according to the manufacturer’s protocol. 

Relative mRNA expression was determined using the CT method, and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as the housekeeping gene. The primer efficiencies were similar for the target and 

GAPDH genes. All primer sequences are available on request. Each PCR was performed in triplicate from two 

independent experiments.

PGD2 assay. The levels of PGD2 in culture supernatants or in knee joints were determined using the 

Prostaglandin D2 ELISA kit (Cayman Chemical, MI, USA). For mouse knee joints, skin and muscle were 

removed from the operated knee and the samples were snap frozen in liquid N2, and stored at -80°C until use. 

The samples were then gently homogenized (PowerGen 125 Polytron instrument, Fisher Scientific) in 1 ml 

ice-cold buffer (10 mM HEPES, pH 7.4, 1 mM EDTA, 1 mM EGTA, 10 mM KCl, 1mM dithiothreitol,  1 mM 

Na3VO4, 1 mM NaF, 1 mM PMSF, 10 μg/mL each of aprotinin, leupeptin, and pepstatin, and 10 M, 

indomethacin). The homogenates were sonicated on ice and centrifuged at 12,000×g for 15 minutes. The A
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levels of PGD2 in the supernatants were determined using an enzyme-linked immunosorbent assay (ELISA) 

kit (Cayman Chemical). All samples were analysed in duplicate and at two different dilutions.

Culture of cartilage explants. Femoral heads from 3- to 4-week-old WT and L-PGDS-/- mice were cultured 

as explants (4 femoral heads per well) in 48-well plates at 37°C in 400 μl of DMEM containing antibiotics and 

10% fetal calf serum for 48 hours. The explants were then washed in serum-free DMEM, and cultured for an 

additional 72 hours in serum-free DMEM, with and without 10 ng/ml mouse interleukin-1α (IL-1α) (Sigma-

Aldrich). Conditioned medium was collected at the end of the culture period and proteoglycan degradation 

was assessed by measuring the levels of sulfated glycosaminoglycan (GAG) released into culture media using 

dimethyl methylene blue (DMMB) with chondroitin sulfate as a standard [32]. Results are expressed as μg of 

GAG released/mg cartilage. 

Micro-CT analysis of bone. The knee joints were scanned using the Skyscan 1176 micro-CT scanner 

(Skyscan, Aartselaar, Belgium) at 50 kV, 500 μA, with a pixel size of 9 μm and a 0.5-mm aluminum filter. 

Data were recorded at every 3-degree rotation step through 180 degrees. Image slices were reconstructed 

using NRecon software (version 1.6.3.2, Skyscan). The region of interest (ROI) included the area between the 

epiphyseal growth plate and articular cartilage. The following morphometric parameters: trabecular bone 

volume fraction (BV/TV), trabecular thickness (Tb.Th.), trabecular separation (Tb.Sp.), trabecular number 

(Tb.N.), were determined using CT Analyzer software (SkyScan). CTVox software (SkyScan) was used to 

create 3-D images.

Intra-articular injection of AAV2/5. Recombinant AAV2/5 vectors encoding either green fluorescent 

protein GFP alone (AAV2/5‐GFP) or L-PGDS-GFP (AAV2/5‐L-PGDS-GFP) were generated by Vector 

BioLabs (Philadelphia, PA, USA). Ten week-old mice were anesthetized, and each right knee was intra-

articularly injected with 10 l of either 1.3 x 1010 gc AAV-GFP or AAV-L-PGDS-GFP. After three days, mice 

were randomly subjected to sham (n = 6) or DMM (n = 9) surgery. Mice were sacrificed 4 and 8 weeks post-

surgery, and the joints were harvested, and processed for immunofluorescence and molecular analyses.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Statistical analysis.  Sample size calculations were based on our primary outcome "OA histopathology" and 

our previous studies [32, 33]. Our sample size would provide >80% power to detect a 50% change in mean 

OARSI scores with a significance level of P = 0.05.

Histological and immunohistochemical data were assessed using the Mann-Whitney U test (for comparison of 

two groups), or Kruskal-Wallis followed by Dunn’s multiple comparisons test (for comparison between more 

than two groups). Results of the real-time PCR, PGD2 levels and bone parameters were analyzed using 

Student’s t-test (for comparison of two groups) or one-way ANOVA followed by Bonferroni's multiple 

comparisons test (for comparison between more than two groups).  P-value < 0.05 was considered significant. 

All analyses were performed using Prism 8.0 (GraphPad). 
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RESULTS

L-PGDS deficiency enhanced cartilage destruction following DMM surgery. To validate the deletion of 

L-PGDS, we assessed the expression of L-PGDS mRNA in the knee joints of WT and L-PGDS -/- mice. As 

expected, the expression of L-PGDS mRNA was absent in L-PGDS-/- mice (Suppl. Fig. 1A).  In addition, we 

compared the expression of L-PGDS protein, and the production of PGD2, in response to IL-1 in cultured 

chondrocytes from WT and L-PGDS -/- mice. The results revealed complete absence of L-PGDS expression 

and PGD2 production in chondrocytes isolated from L-PGDS-/- mice (Suppl. Fig. 1B, C). These results 

indicated effective ablation of L-PGDS in L-PGDS-/- mice.

To evaluate the functional role of L-PGDS in OA in vivo we studied the development of DMM-induced OA-

related changes in L-PGDS -/- mice and their WT littermates. DMM surgery was performed, and knee joints 

were harvested 2, 4, and 8 weeks post-surgery.  Histological analyses revealed that cartilage degradation was 

more severe and more accelerated in L-PGDS-/- mice compared with WT mice (Fig. 1A). Quantification by 

the OARSI grading scoring system [30] confirmed the exacerbation and acceleration of cartilage degradation 

in L-PGDS-/- mice (Fig. 1B). These results indicated that L-PGDS deletion exacerbates OA development in a 

surgical mouse OA model.

We also examined synovial inflammation, another feature of OA, and found no difference between L-PGDS-/- 

mice and their WT littermates at 2 and 4 weeks after DMM surgery (Fig. 1C). However, synovitis was greater 

in L-PGDS -/- mice compared with WT mice, at 8 weeks post-DMM surgery (Fig. 1C). Semi-quantitative 

scoring [31] confirmed that the scores were higher in L-PGDS-/- mice (Fig. 1D), although this was not 

statistically significant. These findings demonstrated that L-PGDS deletion accelerates both cartilage 

destruction, and synovial inflammation. 

Increased expression of cartilage-degrading enzymes and cartilage degradation products in L-PGDS-/- 

mice. To elucidate the mechanisms underlying the exacerbation cartilage degradation in L-PGDS-/- mice, we 

evaluated the expression of key factors in OA development including ADAMTS-5 and MMP-13. 

Immunohistochemical analysis revealed that the levels of MMP-13 and ADAMTS-5 enzymes were elevated 

in the joints of both WT and L-PGDS-/- mice at 2 weeks post-surgery compared to sham-operated control A
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joints (Fig. 2). This increase was significantly greater in L-PGDS-/- mice than in WT control mice. These 

results indicate that L-PGDS deletion may enhance cartilage damage by increasing the expression of cartilage 

degrading enzymes. We also performed immunostaining for type II collagen and aggrecan cleavage 

fragments. We observed increased staining for C1,2C, VDIPEN, and NITEGE  in cartilage from either 

genotype, though the staining was more intense in  the L-PGDS-/- mice, compared to wild-type mice (Suppl. 

Fig. 2). The elevated staining for the degradation products of MMP-13 and ADAMTS-5 in L-PGDS-/- mice 

compared with WT mice suggests increased activity of MMP-13 and ADAMTS-5.

L-PGDS deficiency enhanced IL-1-induced proteoglycan degradation. To further define the role of L-

PGDS in cartilage degradation, we examined the effect of IL-1 on proteoglycan degradation in cultured 

cartilage explants. Femoral head articular cartilage from WT and L-PGDS-/- mice were treated or not with IL-

1, and glycosaminoglycan (GAG) release was evaluated using dimethylmethylene blue assay. Treatment 

with IL-1 caused a significant increase in GAG release in both WT and L-PGDS-/- cartilage, with the 

increase being more pronounced in L-PGDS-/- cartilage (Fig. 3). In the absence of IL-1, there was no 

significant difference in GAG release between L-PGDS-/- mouse cartilage and WT mouse cartilage. These 

results further support that L-PGDS deletion increases cartilage degradation.

L-PGDS deletion exacerbated subchondral bone microarchitectural changes following DMM surgery. 

In addition to articular cartilage destruction, subchondral bone changes are believed to play a key role in the 

pathogenesis of OA. We therefore used micro-CT to evaluate DMM-induced changes in the microarchitecture 

of subchondral bone of sham- and DMM-operated WT and L-PGDS-/- mice at 8 weeks post-surgery. As 

shown in Fig. 4A, both WT and L-PGDS-/- mice had subchondral bone sclerosis, which is more prominent in 

L-PGDS -/- mice. There was also a significant increase in trabecular bone volume BV/TV in DMM-operated 

knee compared to sham-operated knees control, in both the WT and L-PGDS-/- mice.  Tb.Th also increased in 

DMM-operated knee joints of WT and L-PGDS-/- mice (Fig. 4B). In line with these changes, there was a 

decrease in Tb.Sp in DMM-operated knee joints of both genotypes Fig. 4B). The magnitude of subchondral 

bone changes was more pronounced in L-PGDS-/- mice (Fig. 4B). The 3-D rendering revealed that OA-

related bony changes including meniscal calcification, sesamoid bone enlargement, periarticular 

mineralization, and reduced joint space, which were more prominent in L-PGDS-/- mice (Fig. 4C). These A
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results demonstrated that L-PGDS deletion, not only exacerbated cartilage degeneration, and synovitis, but 

also increased the severity of subchondral changes in experimental OA. 

Intra-articular injection of AAV2/5-L-PGDS attenuated the severity of experimental osteoarthritis

As L-PGDS deletion was found to exacerbate experimental OA, we investigated whether intra-articular 

injection of an adeno-associated viral vector (AAV2/5) encoding L-PGDS gene attenuates typical DMM-

induced OA-like changes in WT mice. Immunohistochemical analysis at 4 weeks post-DMM surgery revealed 

that AAV-GFP control virus efficiently transduced cells in the cartilage, meniscus and synovium (Fig. 5A). 

Efficient AAV infection was further confirmed by detection of high levels of L-PGDS in the above tissues 

(Fig. 5B). The level of PGD2 was increased in L-PGDS overexpressing joints, demonstrating successful 

increased activity of L-PGDS (Fig. 5C). As shown in Fig. 5D, the administration of AAV-L-PGDS protected 

against cartilage loss, and significantly reduced the OARSI scores (Fig. 5E). Synovitis and subchondral bone 

sclerosis in L-PGDS-injected mice were also lower than in GFP-injected mice (Suppl. Fig. 3). These data 

suggest that L-PGDS overexpression has protective effects in OA

We also examined whether L-PGDS overexpression reversed the severity of DMM-induced OA-like changes 

in L-PGDS-/- mice. Efficient gene delivery was confirmed by detection of GFP in cartilage, meniscus and 

synovium (Suppl. Fig. 4A). Furthermore, high levels of L-PGDS were detected in AAV-L-PGDS-injected 

mice, while there was no evidence of L-PGDS expression in AAV-GFP-injected joints, as expected (Suppl. 

Fig. 4B). Mice injected with AAV-L-PGDS, but not those injected with AAV-GFP control, showed 

diminished cartilage loss and lower histologic scores (Suppl. Fig. 4C). Additionally, subchondral bone 

sclerosis and synovitis score in L-PGDS-injected mice were lower than in GFP-injected mice (Suppl. Fig. 5). 

Together, these data further support the notion that L-PGDS has protective effects in OA. 

Increased expression of L-PGDS in OA cartilage of WT mice. To further characterize the role of L-PGDS 

in the pathogenesis of OA, we evaluated the expression level of L-PGDS in knee joints of sham- and DMM-

operated WT mice at 2 weeks post-DMM surgery. We observed increased levels of L-PGDS mRNA in the 

joints of DMM-operated mice compared to those of sham-operated animals (Fig. 6A). The levels of L-PGDS 

protein was also higher in cartilage from DMM-operated mice than in cartilage from sham-operated mice (Fig. 

6B and C). Control sections showed no staining (data not shown). Consistently, the level of PGD2 was A
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increased in the knee joints of DMM-operated mice relative to sham-operated mice (Fig. 6D). These findings 

suggested that the up-regulation of L-PGDS is not sufficient to optimally protect against cartilage damage in 

this model.  

DISCUSSION 

In the present study, we demonstrated for the first time, that L-PGDS deletion accelerates and aggravates 

DMM-induced OA progression. Compared to their WT littermates, L-PGDS-/- mice displayed enhanced 

cartilage degradation, synovial inflammation, and subchondral bone alterations. These changes were 

associated with increased expression of cartilage matrix-degrading enzymes MMP-13 and ADAMTS-5 and 

their ECM degradation products. Finally, we found that enforced intra-articular overexpression of L-PGDS 

reversed the severity of cartilage degradation in L-PGDS-/- mice. These findings suggest a protective role of 

L-PGDS in OA, thus enhancing it expression/activity may constitute a new therapeutic strategy in the 

treatment of OA. 

To define the functional role of L-PGDS in OA, we studied the course of DMM-induced OA in L-PGDS-/- 

mice and their WT littermates. We found that the extent of cartilage damage seen in L-PGDS-/- mice was 

significantly increased compared to WT mice. Cartilage degradation in L-PGDS-/- mice was associated with 

increased expression of MMP-13, and ADAMTS-5, and their degradation products VDIPEN, NITEG and 

C12C. In addition, ex vivo cartilage explant studies revealed a significant increase in IL-1-induced 

proteoglycan release in cartilage from L-PGDS-/- mice compared to WT mice. Collectively, these data 

suggest that L-PGDS deletion exacerbates cartilage damage by enhancing MMP-13 and ADAMTS-5 

expression. This is also consistent with our previous study showing that PGD2 and 15d-PGJ2, the main 

products of L-PGDS, prevent MMP-1 and MMP-13 production in cultured chondrocytes [7, 34].

Another important finding of this study was that L-PGDS-/- mice had increased synovitis compared to WT 

mice at 8 weeks post-surgery. This is likely related to the anti-inflammatory properties of L-PGDS products, 

and is in agreement with previous studies in which injection of PGD2 reduced synovial inflammation, and 

joint damage in murine collagen-induced arthritis [14]. 15d-PGJ2, another end product of L-PGDS, has also 

been reported to reduce synovitis in collagen-induced arthritis in mice [35], and adjuvant-induced arthritis in A
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rats [36]. Further studies have demonstrated that PGD2 attenuates inflammation in a number of experimental 

models including atopic dermatitis [37] and colitis [38]. Moreover, L-PGDS deletion was reported to 

exacerbate atherosclerosis and nephropathy [17, 39]. 

Subchondral bone changes are another critical feature of OA pathogenesis in OA patients and in animal 

models of OA. Micro-CT assessment of the subchondral bone in WT and L-PGDS -/- mouse knee joints 

revealed subchondral bone sclerosis, increased BV/TV and TbTh, and ectopic bone formation at 8 weeks post-

surgery. These impairments were, however, more pronounced in L-PGDS-/- mice compared to WT mice. This 

is likely due to the importance of PGD2 in bone remodeling [40, 41]. Thus, in addition to cartilage 

degeneration and synovitis, L-PGDS deficiency also increased the magnitude of subchondral changes. 

Articular cartilage and the underlying bone operate as a functional unit in the joint, and crosstalk between both 

tissues compartments is believed to play an important role in the onset and progression of OA. Given that the 

mice used in our study are global constitutive KO and that L-PGDS is expressed in cartilage, bone and 

synovium, we cannot determine whether the observed effects were due to L-PGDS loss in cartilage, bone or 

synovium.  Future detailed analyses of L-PGDS deletion in specific tissues will contribute to a better 

understanding of the role of L-PGDS in the progression of OA.

Having demonstrated that L-PGDS deletion exacerbated OA-like changes, we assessed the effect of L-PGDS 

overexpression in the joint on the course of OA in WT mice. We found that intra-articular administration of an 

AAV2/5 encoding L-PGDS attenuates the severity of cartilage degradation, synovitis and subchondral bone 

sclerosis, confirming the protective role of L-PGDS. We also found that intra-articular injection of AAV2/5-

LPGDS reversed the exacerbation of DMM-induced cartilage degradation in L-PGDS-/- mice. Interestingly, 

the protective effect of L-PGDS overexpression was associated with increased level of PGD2, suggesting that 

enhanced production of PGD2 is the likely mechanism by which L-PGDS overexpression attenuates cartilage 

degradation. This is in accordance with our previous findings showing that treatment with BW245C, an 

agonist of the PGD2 receptor DP1, protects against OA and that DP1 deletion exacerbates murine 

experimental OA [32]. 
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Finally, we showed that L-PGDS expression is elevated in the cartilage of DMM-operated WT. This is 

consistent with our previous studies showing enhanced levels of L-PGDS in human [25], guinea pig and dog 

[26] OA cartilage. These findings suggested that although protective, up-regulation of endogenous L-PGDS 

might not be high enough to prevent the development of OA in this model.

It is also well known that the dehydration product of PGD2, 15d-PGJ2, exerts anti-inflammatory effects 

through either PPAR-γ–dependent or PPAR-γ–independent pathways. We have previously shown that 15d-

PGJ2 or PPAR-γ agonists negatively regulate the expression of a number of inflammatory and catabolic events 

in culture chondrocytes and synovial fibroblasts [42]. Moreover, we have demonstrated that PPAR deficiency 

in mice accelerates experimental OA [43]. Additional studies demonstrated that administration of 15d-PGJ2 

attenuates the severity of collagen-induced arthritis in mice [35], and adjuvant-induced arthritis in rats [36]. 

Thus, L-PGDS deletion may lead to reduced levels of 15-PGJ2 in the joint, resulting in enhanced 

inflammatory and catabolic responses and subsequent acceleration of OA progression.

In addition to its ability to catalyze the production of PGD2 and 15d-PGJ2, L-PGDS is also involved in the 

binding and transport of small lipophilic molecules, known for their implication in the pathophysiology of 

OA, like retinoids [44], thyroid hormones [21], and gangliosides [45]. Therefore, it is possible that the lack of 

L-PGDS will exacerbate OA by disrupting the availability and transport of these lipophilic molecules and/or 

altering their downstream signalling pathways. 

This study has some limitations. First, we used only male mice because male mice develop better features of the 

disease [29]. Second, although we demonstrated that L-PGDS deletion aggravates instability-induced OA, we 

did not evaluate the effect of L-PGDS deletion on the development of spontaneous OA, which is also relevant to 

the pathogenesis of OA. Third, we did not investigate the effect of L-PGDS deletion on OA-related pain 

behavior. Previous studies reported anti-nociceptive effects of PGD2. For example, Minami et al. showed that 

treatment with PGD2 prevents PGE2 induced allodynia [46], and nociceptin evoked hyperalgesia [47]. The anti-

nociceptive effect of PGD2 is corroborated by the finding of Telleria-Diaz [48], who showed that topical 

application of PGD2 to the spinal cord of rats with inflamed knee joints decreased responses to mechanical 

stimulation. Other studies, however, reported pro-nociceptive effects of PGD2. For instance, PGE2-induced 
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allodynia was attenuated in L-PGDS-/- mice [28], and PGD2 was reported to induce hyperalgesia and allodynia 

[49]. Further studies are required to define the exact role of PGD2 and L-PGDS in OA-related pain. 

Inhibition of prostaglandin production by traditional NSAIDs and COX-2 specific inhibitors have been widely 

used clinically for the management of OA, however, their effects on the structural progression of disease 

remains controversial.  Our findings that L-PGDS has protective properties, suggest that inhibition of 

endogenous PGD2 biosynthesis may partially explain the lack of long-term disease-modifying activity in 

patients receiving these drugs and underline the limits of therapeutic approaches that inhibit the production of 

all prostaglandins.

In conclusion, our findings suggest a protective role of L-PGDS in OA. They also suggest that enhancing the 

level of L-PGDS could be an attractive new strategy for the treatment of OA. 
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FIGURE LEGENDS

Figure 1. L-PGDS deletion exacerbated OA following DMM surgery. Ten-week-old WT and L-PGDS-/- 

mice (n = 10 mice/genotype/time point) were subjected to DMM surgery. Knee joint samples were harvested 

2, 4, or 8 weeks post-surgery, prepared and stained with Safranin O–fast green (to assess the extent of articular 

cartilage degeneration) or hematoxylin and eosin (to asses synovium changes). (A) Representative Safranin O 

staining, and (B) summed histologic scores for medial femorotibial joints of WT (open symbols) and L-

PGDS-/- (filled symbols) mice at 2, 4, and 8 weeks after DMM surgery. (C) Representative hematoxylin and 

eosin staining, and (D) quantification of the synovial inflammation in knee joints. Scale bars = 100 m. The 

representative sections were selected based on the average score from each experimental group. Results are 

presented as median with interquartile range. *P<0.05 versus WT mice.

Figure 2. Expression of ADAMTS-5, and MMP-13 in the knee joints of WT and L-PGDS-/- mice at 2 

weeks post-DMM surgery. A) Representative images of immunohistochemical staining for ADAMTS5, and 

MMP-13in knee joints from sham- (n = 6) and DMM-operated mice (n = 6) at 2 weeks post-surgery. Scale 

bars = 100 m. B) Percentage of chondrocytes expressing ADAMTS5, and MMP-13 in WT (open symbols) 

and L-PGDS-/- (filled symbols) mice (n = 6 per genotype). Data are presented as median with interquartile 

range of each group.  *P<0.05 versus WT mice.

Figure 3. L-PGDS deletion enhanced IL-1–induced proteoglycan degradation in cultured cartilage 

explants. Femoral heads from 3- to 4-week-old WT and L-PGDS-/- mice were cultured as explants (4 femoral 

heads (2 mice) per well) in 48-well plates and were stimulated with 10 ng/ml IL-1α for 72 h. Proteoglycan 

degradation in conditioned media from cultured explants was evaluated using dimethyl methylene blue assay). 

Data are expressed as mean ± SD of three independent experiments. *P<0.05 versus WT mice.

Figure 4. Micro-CT analysis of the subchondral bone of the tibial plateau of WT and L-PGDS-/- mice at 

8 weeks post-DMM surgery. Knee joints from sham- (n = 6 mice per genotype) and DMM-operated (n = 10 

mice per genotype) WT and L-PGDS-/- mice were evaluated by micro-CT at 8 weeks post-surgery. A) 

Representative axial micro-CT images of the subchondral bone compartment. Scale bars = 1 mm B) 

Quantification of BV/TV, Tb.Th, and Tb.Sp in the subchondral bone region of the medial tibial plateau of WT A
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(open symbols) and L-PGDS-/- (filled symbols) mice. Data are presented as mean mean ± SD. *P<0.05 versus 

WT mice. C) Representative 3D reconstructions of the knee joints of sham- and DMM-operated WT and L-

PGDS-/- mice. Scale bars = 1 mm.

Figure 5. AAV2/5-mediated L-PGDS over-expression in the joint attenuated DMM-induced cartilage 

degradation. Ten-week-old WT mice were intra-articularly injected with AAV2/5-GFP or AAV2/5-L-PGDS-

GFP. Three days later, mice were subjected to sham or DMM surgery. Mice were euthanized at 4 weeks after 

surgery for immunohistochemical analysis and PGD2 quantification, and at 8 weeks post-surgery for 

histological analysis. A) Representative images of GFP fluorescence in knee joints from mice injected with 

AAV2/5-GFP (n = 6). Nuclei were detected by DAPI (4',6-diamidino-2-phenylindole) staining (right). B) 

Representative images of immunohistochemical staining for L-PGDS in knee joints from mice injected with 

AAV2/5-GFP or AAV2/5-L-PGDS-GFP (n = 6). C) PGD2 levels in knee joint of sham- (n = 6) and DMM-

operated (n = 9) mice were determined by ELISA. D) Representative Safranin O-fast green stained histological 

sections and (E) respective OARSI score for medial femorotibial joints of sham- (n = 6) and DMM-operated (n 

= 9) mice. Scale bars = 100 m. Results are presented as median with interquartile range. *P<0.05 versus mice 

injected with AAV2/5-GFP control. 

Figure 6. Increased expression of L-PGDS in mouse OA cartilage. A) Total RNA was extracted from the 

joints of sham- (n = 6) and DMM-operated (n = 6) WT mice at 2 weeks post-surgery, and the levels of L-

PGDS mRNA were determined by real-time RT-PCR. Results are expressed as -fold change, considering the 

value for sham-operated mice as 1. B) Representative images of immunohistochemical staining for L-PGDS in 

knee joints from sham- (n = 6) and DMM-operated mice (n = 6) at 2 weeks post-surgery. Scale bars = 100 m. 

C) Percentage of chondrocytes expressing L-PGDS in sham- and DMM-operated cartilage. D)  PGD2 levels 

in knee joint of sham-(n = 6) and DMM-operated WT (n = 6) mice at 2 weeks post-surgery, as determined by 

ELISA. Results are shown as median with interquartile range. *P<0.05 versus sham-operated mice.

Supplemental Figure 1. Effective deletion of L-PGDS in L-PGDS-/- chondrocytes. A) Total RNA was 

extracted from the joints of L-PGDS-/- and WT mice (n = 4 per genotype), and processed for RT-PCR 

analysis using L-PGDS and GAPDH-specific primers. PCR products were resolved on a 2% agarose gel. B) A
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Chondrocytes from WT or L-PGDS-/- mice were treated with 100 pg/mL IL-1 for the indicated time periods. 

Cell lysates were prepared and analyzed for L-PGDS and β-actin proteins by Western blotting. The blots are 

representative of results from three independent experiments. C) Conditioned media were collected and 

analyzed for PGD2 content by ELISA. Results are expressed as the mean ± SD of 3 independent experiments. 

*P < 0.05 compared with unstimulated cells.

Supplementary Figure 2. Expression of C1, 2C, NITEG and VDIPEN in the knee joints of WT and L-

PGDS-/- mice at 2 weeks post-DMM surgery.  Knee joint sections from sham- (n = 6 per genotype) and 

DMM-operated (n = 6 per genotype) mice at 2 post-surgery were analyzed by immunohistochemistry for 

C1,2C, NITEG and VDIPEN. Scale bars = 100 m. B) Percentage of positive stained area (C1,2C and 

VDIPEN), and positive chondrocytes (NITEG) in WT (open symbols) and L-PGDS-/- (filled symbols) mice. 

Data are presented as median with interquartile range. *P<0.05 versus WT mice.

Supplementary Figure 3. AAV2/5-mediated L-PGDS over-expression in the joint attenuated the severity 

of DMM-induced synovitis and subchondral bone changes in WT mice. Ten-week-old WT mice were intra-

articularly injected with AAV2/5-GFP or AAV2/5-L-PGDS-GFP. Three days later, mice were subjected to 

sham (n = 6) or DMM (n = 9) surgery. Mice were euthanized at 4 weeks post-surgery for hematoxylin and eosin 

staining, and at 8 weeks post-surgery for microCT analysis. A). Representative hematoxylin and eosin staining 

and (B) respective synovitis scores. Scale bars = 100 m. Data are presented as median with interquartile range. 

*P<0.05 versus mice injected with AAV2/5-GFP control. C) Representative axial micro-CT images of the 

subchondral bone compartment of sham- and DMM-operated WT mice 8 weeks after surgery. Scale bars = 1 

mm. D) Quantification of BV/TV, Tb.Th, and Tb.Sp in the subchondral bone region of the medial tibial plateau 

of sham- and DMM-operated mice 8 weeks after surgery. Horizontal lines on the graph represent the mean of 

each group. *P<0.05 versus mice injected with AAV2/5-GFP control. E) Representative 3D reconstructions of 

the knee joints of sham- and DMM-operated mice 8 weeks after surgery. Scale bars = 1 mm.

Supplementary Figure 4. AAV2/5-mediated L-PGDS overexpression in the joint attenuated DMM-

induced OA progression in L-PGDS -/- mice. Ten-week-old L-PGDS-/- mice were intra-articularly injected A
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with AAV2/5-GFP or AAV2/5-L-PGDS-GFP. Three days later, mice were subjected to sham (n = 6) or DMM 

(n = 9) surgery. Mice were sacrificed 4 weeks after DMM surgery, and the joints were processed for 

immunohistochemistry and histology. A) GFP expression was determined by fluorescence microscopy. Nuclei 

were detected by DAPI (4',6-diamidino-2-phenylindole) staining (left). B) L-PGDS expression was 

determined by immunostaining.  C) PGD2 levels in knee joint of sham- (n = 6) and DMM-operated (n = 9) 

mice at 4 weeks post-surgery, as tested by ELISA. D) Representative Safranin O-fast green stained 

histological sections and (E) respective OARSI score for medial femorotibial joints. Scale bars = 100 m. 

Results are presented as median with interquartile range. *P<0.05 versus mice injected with AAV2/5-GFP 

control.

Supplementary Figure 5. AAV2/5-mediated L-PGDS expression in the joint attenuated the severity of 

DMM-induced synovitis and subchondral bone changes in L-PGDS -/- mice. Ten-week-old L-PGDS-/- 

mice were intra-articularly injected with AAV2/5-GFP or AAV2/5-L-PGDS-GFP. Three days later, mice were 

subjected to sham (n = 6) or DMM (n = 9) surgery. Mice were sacrificed 4 weeks after DMM surgery, and the 

joints were evaluated by microCT and stained with hematoxylin and eosin. A) Representative hematoxylin 

and eosin staining and (B) respective synovitis scores. Scale bars = 100 m. Data are presented as median 

with interquartile range. *P<0.05 versus mice injected with AAV2/5-GFP control. C) Representative axial 

micro-CT images of the subchondral bone compartment of sham- and DMM-operated L-PGDS-/- mice 8 

weeks after surgery. Scale bars = 1 mm. D) Quantification of BV/TV, Tb.Th, and Tb.Sp in the subchondral 

bone region of the medial tibial plateau of sham- and DMM-operated mice 8 weeks after surgery. Horizontal 

lines on the graph represent the mean of each group. *P<0.05 versus mice injected with AAV2/5-GFP control. 

E) Representative 3D reconstructions of the knee joints of sham- and DMM-operated mice 8 weeks after 

surgery. Scale bars = 1 mm. 
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