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A B S T R A C T

It is well known that free fatty acids (FFAs) have beneficial effects on the skeletal system, however, which fatty
acid sensing GPCR(s) and how the GPCR(s) regulating cartilage development and osteoarthritis (OA) pathogene-
sis is largely unknown. In this study, we found Gpr84, a receptor for medium-chain FFAs (MCFA), was the only
FFA-sensing GPCR in human and mouse chondrocytes that exhibited elevated expression when stimulated by in-
terleukin (IL)-1β. Gpr84-deficiency upregulated cartilage catabolic regulator expression and downregulated ana-
bolic factor expression in the IL-1β-induced cell model and the destabilization of the medial meniscus (DMM)-in-
duced OA mouse model. Gpr84-/-/− mice exhibited an aggravated OA phenotype characterized by severe cartilage
degradation, osteophyte formation and subchondral bone sclerosis. Moreover, activating Gpr84 directly enhanced
cartilage extracellular matrix (ECM) generation while knockout of Gpr84 suppressed ECM-related gene expres-
sion. Especially, the agonists of GPR84 protected human OA cartilage explants against degeneration by induc-
ing cartilage anabolic factor expression. At the molecular level, GPR84 activation inhibited IL-1β-induced NF-κB
signaling pathway. Furthermore, deletion of Gpr84 had little effect on articular and spine cartilaginous tissues
during skeletal growth. Together, all of our results demonstrated that fatty acid sensing GPCR (Gpr84) signaling
played a critical role in OA pathogenesis, and activation of GPR84 or MCFA supplementation has potential in
preventing the pathogenesis and progression of OA without severe cartilaginous side effect.

1. Introduction

Osteoarthritis (OA), the most common degenerative joint disease
and a major cause of pain and disability in adults, incurs an enor-
mous economic burden on society [1,2]. Although OA was primar-
ily thought to be driven only by cartilage degradation, but more re-
cently other pathological processes including osteophyte formation, sub-
chondral bone sclerosis and synovial inflammation were found to con-
tribute to

OA [3–5]. Numerous etiologic risk factors for the development of OA
such as mechanical stress, aging, obesity and metabolic syndrome were
identified through preclinical research in animal models of OA and
clinical studies in patients with OA [6–9]. However, the molecular
mechanisms regulating these processes in articular chondrocytes re-
main unclear. It has been established that nuclear factor-κB (NF-κB)
and mitogen-activated protein kinases (MAPKs) signaling orchestrates
mechanical, inflammatory, oxidative stress activated processes and
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ECM degradation that contribute to cartilage tissue damage [10–12].
Whereas, few effective pharmacologic or other therapies for OA have
been developed.

It has been reported that free fatty acids (FFAs) contributes to the
skeletal health, as increasing the supplementation of long-chain ω-3
fatty acids positively contribute to joint health and preventing osteo-
porosis [13–16]. Short-chain fatty acids augment systemic bone mass
by protecting from bone resorption [17,18] and suppress inflamma-
tion in chondrocytes [19]. However, few studies have investigated
medium-chain fatty acids’ (MCFAs) effect on the skeletal system, partic-
ularly on joint health.

Recent studies showed that FFAs bind several types of membrane
receptors, to activate multiple intracellular signal transduction path-
ways. Five G protein–coupled receptors, GPR40, GPR41, GPR43, GPR84
and GPR120, have been reported to be activated by FFAs, in which
GPR40 and GPR120 are receptors for long-chain fatty acids, GPR41 and
GPR43 for short-chain fatty acids, while GPR84 for MCFAs [20]. Studies
showed that these FFA-sensing GPCRs have important physiological sig-
nificance in maintaining glucose stability, adipose formation, immune
function, energy metabolism and other physiological processes [21–26].
The regulatory roles of the FFA-sensing GPCRs in the pathogenesis and
progression of OA still need to be further investigated. In recent years,
some studies suggested a direct relationship between FFA-sensing GPCRs
and OA. Manifestations of knee joint instability-induced OA were ag-
gravated in Gpr40−/− mice, and Gpr40−/− chondrocytes secreted more
inflammatory mediators and showed decreased anabolism upon IL-1β
treatment [27]. Gpr120−/− mice displayed an accelerated development
of anterior cruciate ligament transection surgery-induced OA, including
modest inflammation, cartilage degeneration, and aberrant changes in
subchondral bone [28]. However, current understanding is limited re-
garding whether other FFA-sensing GPCRs participate in the pathogene-
sis and progression of OA and how they could manipulate signal trans-
duction.

GPR84 was identified as a receptor for MCFAs, and is specifically
activated by C9-C12 saturated fatty acids. MCFAs derived from milk of
certain species and coconut oil have a role in bone mass and bone re-
modeling [29,30]. Previous studies showed that GPR84 was expressed
on immune cells mediating proinflammatory and immunostimulatory ef-
fects [31–33]. Moreover, GPR84 was associated with obesity and dia-
betes, participating in lipid metabolism [24]. Recently, GPR84 was also
reported to be highly abundant in skeletal muscle, where it played a crit-
ical role in the regulation of mitochondrial integrity [30]. Preliminary
in vitro evidence indicates that GPR84 has a role in osteoclastogenesis
[34]. However, the role of GPR84 function in cartilage biology is poorly
investigated to date.

In this study, we found the MCFAs receptor Gpr84 was the only
FFA-sensing GPCR in human and mouse chondrocytes that exhibited in-
creased expression when stimulated by IL-1β. Gpr84-deficiency aggra-
vated OA pathogenesis in vitro and in vivo. Moreover, Gpr84 affected ar-
ticular cartilage homeostasis via altering extracellular matrix production
and degradation. Activating GPR84 could protected human OA cartilage
explants from degeneration through enhancing cartilage anabolic factor
expression. Furthermore, loss of Gpr84 had little effect on articular and
spine cartilaginous tissues during physiological skeletal growth. Overall,
our data demonstrated the importance of the FFA-sensing GPCR, Gpr84,
in maintaining cartilage homeostasis and provides a novel target for po-
tential therapeutic interventions in the treatment of osteoarthritis.

2. Materials and methods

2.1. Mice

Ggr84 knockout mice were generated using the CRISPR/Cas9 system
in the C57BL/6 J mouse strain, and Ggr84−/− generation was performed
by the Animal Center of East China Normal University. Ggr84−/

− mice were missing 172bp and identified by PCR using tail DNA.
Primers for the knockout mice genotyping are listed in Table 1. Main-
tenance, use and treatment of all animals was in accordance with ac-
cepted standards of the Ethics Committee at East China Normal Univer-
sity. All mice were housed in groups of five. Pathogen-free barrier facil-
ities were used for all animals. A 12 -h light/dark cycle was maintained
at all times. The mice were monitored daily and the weights were moni-
tored weekly throughout the experiment to ensure health status. No ad-
verse events were observed during the experiments. Except for the ani-
mal experiment with DMM surgery, Ggr84−/− and WT littermates were
allocated into groups based on sex, age, and genotype. After the selec-
tion, mice were allocated randomly without subjective judgement. The
numbers of mice per group were indicated in the figure legends. To re-
duce animal use, we analyzed multiple organs in the same mice includ-
ing articular cartilage, growth plate of long bone and cartilaginous tissue
of spine.

2.2. Experimental OA in mice

Experimental OA was induced by destabilization of the medial
meniscus (DMM) surgery in 8-week-old male mice; In brief, mice were
anesthetized and then the joint capsule of right knee medial to the
patellar tendon was excised. The medial meniscotibial ligaments were
cut with microsurgical bistoury. Sham operation mice with only me-
dial capsulotomy were used as controls [35]. Mice were killed 8 weeks
after the DMM surgery, and samples of the knee joints were fixed in
4% paraformaldehyde and then processed for micro-CT and histological
analysis.

2.3. Micro-CT analyses

Samples of the knee joints fixed in 4% paraformaldehyde were
washed with PBS and scanned using x-ray microtomography (SKYSCAN
1272, Bruker microCT). The scanner was set at a voltage of 60.0 kVp,
a current of 166.0 µA and a resolution of 7.0 µm per pixel. Next, we
defined the region of interest as ROI to cover the subchondral bone
medial compartment. Three-dimensional structural measurements of the
ROI were analyzed to determine the total tissue volume (TV) of sub-
chondral bone. Five consecutive images from the medial tibial plateau
were performed for three-dimensional reconstruction. For tibia trabecu-
lae bone samples were scanned at a tube potential of 60.0 kV, 166.0 µA
and a resolution of 9.0 µm pixels. The tibia sample area selected for
measurement was 0.7 mm below the growth plate. Trabecular bone pa

Table 1
Identification of knockout mice.

Genotype primer
Result
judgement PCR process

F:AGGCCTGAGAATCTTTGTGAGCTA WT: 782
bp

95 °C,
5 min;

R:GCCGGTACGCCAATGGAG Ggr84 − /−:
610 bp

95 °C, 30 s;

60 °C, 30 s;
72 °C, 40 s;
35 cycles
72 °C,
5 min;
25 °C, hold.
Polymerase:
Taq DNA
polymerase

*F = Forward Primer, *R = Reverse Primer.
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rameters of the tibia were calculated using CTan software (Bruker mi-
croCT). Three-dimensional reconstruction images were produced with
CTVOL (Bruker microCT).

2.4. Histological analyses

Following micro-CT analysis, the knee joints were decalcified with
0.5 M EDTA for 3 weeks and embedded in paraffin. The knee joint was
cut in serial sections of 6 µm thickness and sections were deparaffinized
in xylene, hydrated with graded ethanol and stained with Safranin-O
and H&E. An OARSI scoring system was used in evaluating articular de-
struction including medial tibial plateau, medial femoral condyle and
sum scoring by blinded observers [35]. Synovitis was evaluated accord-
ing to a previously described scoring system [36]. Osteophyte maturity
was quantified as previously described [35]. The thickness of the sub-
chondral bone plate was measured as previously described [37]. The
articular cartilage, growth plate and cartilage tissues of the spine his-
tomorphometric measurements were performed via microphotographed
sections. For immunohistochemical staining, mouse joint sections were
deparaffinized, hydrated and treated with 20 µg/mL Proteinase K for
20 min followed by 3 % H2O2 for 10 min. Then, sections were incubated
overnight at 4 °C with antibodies followed by ABC Kit reagents (Vector
Laboratories, Burlingame, CA, USA). Signals were visualized with the
DAB Substrate Kit followed by counterstaining with Harris' hematoxylin.
For immunofluorescent staining, secondary antibodies conjugated with
fluorescence were added, and sections were incubated for 1 h at room
temperature without light. Primary antibodies for immunohistochemical
and immunofluorescent staining were used: Col10a1 (1:1000; Abcam;
ab58632), Mmp13 (1:100; Abcam; ab39012), Col2a1 (1:100; Abcam;
ab34712) and Acan (1:100; Proteintech; 13880−1-AP). Sections were
microphotographed with an Olympus microsystems microscope (Olym-
pus Corporation, Tokyo, Japan) and analyzed using Image J software.

2.5. Pain assay

OA-associated pain in mice was measured using the von Frey assay
after surgery. Mice were kept in a quiet environment and allowed to ac-
climate for at least 60 min. Mechanical allodynia was tested with von
Frey filaments (Ugo Basile Biological Research Apparatus Company, Mi-
lan, Italy) via up-down methods [38]. The test was performed by indi-
viduals who were blinded to the information of the mice under analysis.
The examination was repeated three times, and the mean data was cal-
culated.

2.6. Cell culture

Primary mouse chondrocytes were isolated from new-born mouse
(postnatal day 3) articular cartilage by 0.2 % collagenase type II (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). Mouse articular chon-
drocytes were maintained in DMEM/F12 (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 1 % penicillin/strepto-
mycin and 10 % (v/v) fetal bovine serum (FBS). Only the passage 1–2
mouse chondrocytes were used for experiments. Normal primary hu-
man chondrocytes were purchased from BeNa Culture Collection (Bei-
jing, China). Human chondrocytes were maintained in DMEM supple-
mented with 10 % FBS, 1 % l-glutamic acid, and 1 % antibiotics. Human
chondrocytes were provided at passage 1, and passages 2–3 were used
for experiments. ATDC5 cells were cultured in DMEM containing 10 %
FBS. For western blotting assay, ATDC5 cells were treated with IL-1β
(10 ng/mL) for the indicated time periods in the presence of 6-OAU
(5 μM) and lauric acid (50 μM). Human chondrocytes and mouse chon-
drocytes were seeded at a density of 80,000 cells per well in 24-well
plates and allowed to adhere overnight. Human and mouse chon

drocytes were treated with IL-1β (1 ng/mL) (R&D System, Minneapolis,
MN, USA) for 24 h and then used for the next experiment. For chon-
drogenesis assessed, the mouse articular chondrocytes were allowed to
grow to 80 − 90 % confluence and then differentiated in differentia-
tion medium for 14 days with or without 6-OAU and lauric acid. For
siRNA transfection in mouse chondrocytes, siRNA (GenePharma, Shang-
hai, China) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
were transfected in chondrocytes according to the manufacturer’s in-
structions.

2.7. Culture of human OA cartilage explants

We obtained samples from knee joint cartilage of OA patients under-
going total knee arthroplasty, with the approval of the Human Ethics
Committee of Shanghai Changhai Hospital (CHEC2020−131). OA carti-
lage explants were cut into pieces of approximately 2 mm3 in volume
from relatively healthy parts of femoral condyles cartilages of total knee
arthroplasty patients. The explants were cultured in DMEM containing
5 % FBS supplemented with 6-OAU (5 μM) or lauric acid (50 μM) or ve-
hicle control. After 2 weeks, cartilage explants were collected for mRNA
expression levels examination.

2.8. Cell viability assay

Normal primary human chondrocytes were purchased from BeNa
Culture Collection (Beijing, China). Human chondrocytes were seeded at
a density of 10,000 cells per well in 96-well plates and allowed to ad-
here overnight. Cells were then treated with 6-OAU or lauric acid for
48 h. Cell viability was measured with a commercial CCK-8 kit (Dojindo,
Japan) according to the manufacturer’s instructions.

2.9. RNA assay

Total RNA was extracted from primary cultured chondrocytes using
the TRIZOL reagent (Invitrogen, Carlsbad, CA). cDNA was obtained via
PrimeScript™ RT reagent Kit (TaKaRa Bio, Kyoto, Japan) and PCR-am-
plified using the PCR primers. Quantitative RT-PCR was performed us-
ing the SYBR Green Master Mix (Yeasen, Shanghai, China) on the Step
One Plus PCR system (AB Applied, Life Technologies, Thermo Fisher Sci-
entific, Waltham, MA, USA). Individual target genes were normalized
relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expres-
sion. PCR primer sequences are summarized in Table 2. For analysis
of GPCR RNA expression of human chondrocytes, we downloaded the
expression data with GEO accession number GSE86578. In GSE86578,
RNA from three individual patient samples was stimulated with IL-1 +
OSM. Then we performed Student's t-test to check which GPCR genes
had significantly changed expression between IL-1 + OSM versus con-
trol.

2.10. Luciferase assay

ATDC5 cells were transfected with pGL3-basic or NF-κB luciferase re-
porter plasmid using Lipofectamine 2000 for 24 h, then the cells were
pre-treated with 5 μM 6-OAU or 50 μM lauric acid for 6 h, following
stimulated with 5 ng/mL IL-1β for 12 h. Luciferase assays were per-
formed with Dual luciferase reporter assay kit (Promega, USA).

2.11. Western blotting assay

Whole-cell protein extracts were obtained using Radioimmunopre-
cipitation assay lysis buffer, separated by 10 % SDS polyacrylamide
gel electrophoresis, and transferred to nitrocellulose membranes. After
blocking in 5 % BSA, the membranes were incubated with primary an
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Table 2
Primer sequences for RT-qPCR.

Gene Name Primer sequences

Acan F: CCCTCGGGCAGAAGAAAGAT
R: CGCTTCTGTAGCCTGTGCTTG

Col2a1 F: TTGAGACAGCACGACGTGGAG
R: AGCCAGGTTGCCATCGCCATA

Sox9 F: CGGCTCCAGCAAGAACAAG
R: GCGCCCACACCATGAAG

Prg4 F:
TGGAGTGCTGTCCTGATTTCAAGAG
R:
GGTGATTTGGGTGAGCGTTTGGTA

Gapdh F: AGGTCGGTGTGAACGGATTTG
R: TGTAGACCATGTAGTTGAGGTCA

Mmp3 F:
TTGACTCAAGGGTGGATGCTGTCT
R:
GCACATGCTGAACAAAGCACTTCC

Mmp13 F: GTGTGGAGTTATGATGATGT
R: TGCGATTACTCCAGATACTG

Nos2 F: TCACTGGGACAGCACAGAAT
R: TGTGTCTGCAGATGTGCTGA

Adamts5 F: CCCAGGATAAAACCAGGCAG
R: CGGCCAAGGGTTGTAAATGG

Gpr84 F: CTCCTGCTACCATGAGTCTGT
R: GTGCAGTAGAGTAGATCAGCCA

C5ar1 F: ATGGACCCCATAGATAACAGCA
R:
GAGTAGATGATAAGGGCTGCAAC

P2ry6 F: GTGAGGATTTCAAGCGACTGC
R: TCCCCTCTGGCGTAGTTATAG

S1pr3 F: ACTCTCCGGGAACATTACGAT
R: CAAGACGATGAAGCTACAGGTG

Ednra F: ATGAGTATCTTTTGCCTTGCGG
R: GTCTTCCATGTGGCTGCTTAG

Gpr40 F: GCTTTCCATTGAACTTGTTAGCC
R: CGCTGAGAGCAGCTAGGAAG

Gpr41 F: CTAAACCTGACCATTTCGGACC
R: GATAGGCCACGCTCAGAAAAC

Gpr43 F: TTATTGGCGCTTCGTGTGGAT
R: CCTCAGGTAGAACCCCACCA

Gpr120 F: ACCAAGTCAATCGCACCCAC
R: GTGAGACGACAAAGATGAGCC

GAPDH F: CGTCTTCACCACCATGGAGA
R: CGGCCATCACGCCACAGTTT

COL2A1 F: CGCCGCTGTCCTTCGGTGTC
R: AGGGCTCCGGCTTCCACACAT

ACAN F: TGGGAACCAGCCTATACCCCAG
R:
CAGTTGCAGAAGGGCCTTCTGTAC

SOX9 F: GACAGCCCCCTATCGACTTC
R: CAAACTCGTTGACATCGAAGG

PRG4 F: CAGAGGTCTCTACTCCAACTACC
R: AGTCATTTCAGGTTTAGTCGCTG

*F = Forward Primer, *R = Reverse Primer.

tibody overnight at 4 °C. The membranes were washed three times
and incubated with secondary antibodies for 2 h at room temperature.
The following antibodies were used: ACAN (Proteintech; 1:500), MMP3
(HuaBio; 1:1000), MMP13 (Servicebio; 1:1000), GAPDH (Cell Signaling
Technology; 1:10000), ERK (Cell Signaling Technology; 1:1000), p-ERK
(Cell Signaling Technology; 1:1000), JNK (Cell Signaling Technology;
1:1000), p-JNK (Cell Signaling Technology; 1:1000), P38 (Cell Signaling
Technology; 1:1000), p-P38 (Cell Signaling Technology; 1:1000), P65
(Cell Signaling Technology; 1:1000), p-P65 (Cell Signaling Technology;
1:1000).

2.12. Statistical analysis

For in vitro studies, each experiment was conducted independently
three times. Analysis was performed using the SPSS 23.0 statistical soft-
ware. The data are presented as mean ± S.D. Statistical significance of
two independent groups was calculated using two-tailed Student’s t-test
or one-way ANOVA with Dunnett’s test used for multiple comparisons
test. p values below 0.05 were considered statistically significant.

3. Results

3.1. Gpr84 expression is associated with osteoarthritis

To investigate the role of FFAs in osteoarthritis, IL-1β was used to
induce an inflammatory state in chondrocytes [39,40]. We examined
the expression of the FFA-sensing GPCRs including Gpr40, Gpr41, Gpr43,
Gpr84, and Gpr120 in IL-1β-treated primary cultured mouse articular
chondrocytes. Our data showed that Gpr84 was the only FFA-sensing
GPCR upregulated upon IL-1β treatment (Fig. 1A). Moreover, numer-
ous pro-inflammatory mediators including interleukin (IL)-1 and IL-6
family (including IL-6 and oncostatin M (OSM)) perpetuate joint de-
struction and pathological progression [41–43]. In order to find po-
tential GPCRs associated with human OA pathogenesis, we performed
a GEO-genome-wide analysis of all of the GPCRs in human chondro-
cytes (acc ession file GSE86578) for receptors induced by IL-1 and OSM.
Among all of the 826 GPCRs, five GPCR genes (C5AR1, GPR84, S1PR3,
P2RY6, EDNRA) were upregulated at relatively high levels in human
chondrocytes upon IL-1 and OSM stimulation, indicating a potential ca-
pacity to regulate OA (Table 3). We then tested C5ar1, S1pr3, P2ry6,
and Ednra expression in IL-1β-treated primary cultured mouse articular
chondrocytes. Interestingly, also only Gpr84 was upregulated when stim-
ulated with IL-1β (Fig. 1A). This result was confirmed in human chon-
drocytes (Fig. 1B).

To explore a possible association between GPR84 and OA pathogen-
esis, we then employed RNAi-mediated knockdown of Gpr84 in mouse
chondrocytes. The downregulation of Gpr84 markedly promoted the
IL-1β-induced expression of matrix-degrading enzymes such as Mmp3
and Mmp13 (Fig. 1C-1E). Together, all of these results suggest that
GPR84 is upregulated in IL-1β-induced human and mouse chondrocytes
and GPR84 regulates catabolic function in chondrocytes.

3.2. Genetic ablation of Gpr84 aggravates OA pathogenesis in mice

To further investigate the function of Gpr84 in OA pathogenesis, we
generated Gpr84-knockout (Gpr84−/−) mice to examined the gene’s ef-
fect on experimental OA induced by DMM surgery. After 8 weeks of
DMM surgery, we performed histological analyses to evaluate the knee
joint damage (Fig. 2A). Our data showed that articular cartilage degra-
dation was significantly aggravated in the medial tibial plateau (MTP)
and medial femoral condyle (MFC) of Gpr84−/− mice (Fig. 2B-2D),
and more severe articular cartilage erosion with osteophyte develop-
ment was observed in Gpr84−/− mice (Fig. 2E). Moreover, our micro-CT
analysis data showed that abnormal subchondral bone morphology was
present in DMM mice, with a higher total subchondral bone tissue vol-
ume (TV) and elevated thickness of subchondral bone plate (SBP) in
Gpr84−/− mice (Fig. 2F-H). Consistent with increased OA, the DMM-in-
duced OA pain was increased in Gpr84−/− mice as determined by von
Frey tests (Fig. 2I). However, there was no significant difference in syn-
ovitis between Gpr84 knockout mice and WT mice (Fig. 2J and K). Col-
lectively, our results indicate that genetic deletion of Gpr84 aggravates
experimental OA pathogenesis in mice.

To further investigate the effects of Gpr84-deficiency on cartilage
homeostasis, we examined the expression of chondrocyte homeostasis-

4



UN
CO

RR
EC

TE
D

PR
OO

F

F. Wang et al. Pharmacological Research xxx (xxxx) xxx-xxx

Fig. 1. Expression level of Gpr84 in IL-1β stimulated chondrocytes and gene expression in chondrocytes with Gpr84 siRNA.(A) RT-qPCR analysis of mRNA levels of FFA-sensing GPCRs and
candidate genes from Table 1 in articular mouse chondrocytes stimulated with 1 ng/mL IL-1β for 24 h. Two-tailed Student’s t-test was performed with experiments repeated three times
independently.(B) GPR84 mRNA levels as determined by RT-qPCR in human chondrocytes stimulated with 1 ng/mL IL-1β for 24 h. Two-tailed Student’s t-test was performed with experi-
ments repeated three times independently.(C–E) RT-qPCR analysis of Gpr84, Mmp3 and Mmp13 mRNA levels in mouse chondrocytes treated with 1 ng/mL IL-1β for 24 h, with or without
Gpr84 siRNA. One-way ANOVA followed by Dunnett’s test was performed with experiments repeated three times independently. All data were presented as mean ± S.D; * p < 0.05, **
p < 0.01, *** p < 0.001. Experiments repeated three times independently.

Table 3
Gene expression comparing with IL1 + OSM and control articular chondrocytes based on
RNA-seq (accession file GSE86578).

Human different expression
Genes(GPCRs) Fold change P-value

C5AR1 2.04 0.003
GPR84 1.99 0.07
S1PR3 1.94 0.01
P2RY6 1.56 0.001
EDNRA 1.50 0.06

related markers by immuno-histological staining. Our data showed that
Mmp13 (a cartilage degradation marker) and Col10a1 (a chondrocyte
hypertrophy marker) expression was obviously increased in Gpr84−/−

mice (Fig. 3A-C). Furthermore, decreased expression of Col2a1 and Ag-
grecan (Acan), the cartilage anabolic markers, were observed in artic-
ular cartilage of Gpr84−/− mice (Fig. 3A, D and E). All of the results
demonstrated that Gpr84 regulates cartilage homeostasis in both catab-
olism and anabolism.

3.3. Gpr84 ablation decreases cartilage anabolic factors expression and
aggravates IL-1β-induced matrix metalloproteinases expression in vitro

Next, we verified whether Gpr84 regulated IL-1β-induced cartilage
catabolic related gene expression, including matrix metalloproteinases
(Mmp3 and Mmp13), aggrecanase-1 (Adamts5) and nitric oxide syn-
thase-2 (Nos2) (Fig. 4A-D). Our results showed that IL-1β-induced ex-
pression of Mmp3 and Mmp13, but not Adamts5 and Nos2, were upreg-
ulated in Gpr84−/− chondrocytes (Fig. 4A-D), which was confirmed by
Western blot analysis (Fig. 4G). On the other side, knockout of Gpr84
decreased the expression of Acan and Col2a1 (the cartilage anabolic
genes) by RT-qPCR and reduced Acan expression by Western blot upon
IL-1β stimulation (Fig. 4E-G). All of the data demonstrate that Gpr84
has an essential role in regulating both production and degradation of
the extracellular matrix during OA pathogenesis.

3.4. Activation of GPR84 suppresses IL-1β-induced NF-κB signaling pathway

IL-1β is implicated in cartilage degradation through regulating NF-κB
and MAPKs signaling pathways [44]. To clarify whether Gpr84 mod-
ulates the activity of IL-1β signaling, we first analyzed the NF-κB lu-
ciferase reporter gene expression stimulated by IL-1β pre-treated with
Gpr84 agonists including synthetic compound 6-n-octylaminouracil
(6-OAU) or natural product lauric acid. Our data showed that 6-OAU or
lauric acid could inhibit IL-1β-induced NF-κB activity (Fig. 5A). Consis
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Fig. 2. Genetic ablation of Gpr84 aggravates OA pathogenesis.After DMM surgery or control (sham) operation for 8 weeks, joints from Gpr84−/− mice and WT littermates were isolated
and the DMM-induced knee joint damage was assessed.(A) Representative images of safranin O/Fast green staining showing cartilage destruction and osteophyte formation. 20× images:
magnified images of articular cartilage and osteophyte. Yellow arrows indicate cartilage destruction, black dotted line indicates osteophyte formation. Scale bar, 200 µm.(B–E) Experimen-
tal OA was examined by OARSI scoring, in the medial tibial plateau (MTP) (B), medial femoral condyle (MFC) (C), Total scoring (MTP + MFC) (D) and osteophyte maturity (E). n = 6
for WT and Gpr84−/− Sham groups, n = 12 for WT DMM group, n = 15 for Gpr84−/− DMM group.(F–H) Subchondral bone morphology. Three dimensional micro-CT images of the tibial
subchondral bone medial compartment (sagittal view) of mice in all groups (F), total tissue volume of subchondral bone (TV) (G) and thickness of subchondral bone plate (SBP) (H). Scale
bar, 100 µm. n = 5 for WT Sham group, n = 6 for Gpr84−/− Sham group, n = 5 for WT DMM group, n = 7 for Gpr84-/- DMM group in (G); n = 6 for WT and Gpr84−/− Sham groups,
n = 12 for WT DMM group, n = 15 for Gpr84-/- DMM group in (H).(I) OA-associated pain was measured by the von Frey assays. n = 7 for WT Sham group, n = 6 for Gpr84−/− Sham
group, n = 7 for WT DMM group, n = 11 for Gpr84-/- DMM group.(J and K) Synovial inflammation was determined by H&E staining (J) and analyzed in DMM-operated or sham surgery
Gpr84−/− mice and WT control (K). n = 6 for WT and Gpr84-/- Sham group, n = 12 for WT DMM group, n = 15 for Gpr84-/- DMM group. All data were presented as mean ± S.D; *
p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant. Two-tailed Student’s t-test was performed.
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Fig. 3. Gpr84-deficiency enhanced cartilage degradation and inhibited ECM generation in OA mouse model.(A) Representative images of immunohistochemistry (IHC) assays of Mmp13,
Col10a1, Col2a1 and Acan expression in articular cartilage of mice after DMM surgery or sham control operation for 8 weeks. Scale bar, 50 µm.(B–E) Statistical analysis of the percentage
of Mmp13+ (B), Col10a1+ (C), Col2a1+ (D) and Acan+ (E) chondrocytes in articular cartilage of samples shown in A. n = 4; All data were presented as mean ± S.D; * p < 0.05, **
p < 0.01. Two-tailed Student’s t-test was performed.

tently, phosphorylation of IκBα and p65 was suppressed by the two
GPR84 agonists, especially at 30 and 60 min after IL-1β stimulation
(Fig. 5B and C). Furthermore, degradation of IκBα were inhibited in
agonist-treated group (Fig. 5B and C). However, the two GPR84 ago-
nists had little effect on the phosphorylation of ERK, JNK, and p38 (Fig.
5B and C). Together, all of the results indicated that Gpr84 attenuates
NF-κB signaling.

3.5. Gpr84 regulates cartilage ECM generation

It is known that an imbalance between the anabolism and catabo-
lism of articular cartilage occurs during the development of osteoarthri-
tis. In the pathological progression, the cartilage extracellular matrix is
not only degraded, but its synthesis is also inhibited. To evaluate the
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Fig. 4. Knockout of Gpr84 induces a more severe OA phenotype in mouse articular chondrocytes.(A–F) RT-qPCR analysis of Mmp3, Mmp13, Adamts5, Nos2, Acan and Col2a1 mRNA levels
in Gpr84−/− mice and wild-type control chondrocytes stimulated with IL-1βfor 24 h. All data were presented as mean ± S.D; * p < 0.05, ns, not significant.(G) Western blot analysis of
Mmp3, Mmp13 and Acan in WT and Gpr84−/− chondrocytes treated with 10 ng/mL IL-1β for 36 h.

direct effect of Gpr84 on ECM generation, we employed several ap-
proaches. First, we found that the expression of Gpr84 increased dur-
ing differentiation of primary mouse articular chondrocytes (Fig. 6A).
Next, Alcian Blue staining revealed that Gpr84−/− chondrocytes had
reduced proteoglycan accumulation during chondrocyte differentiation
(Fig. 6B). Moreover, the mRNA expression levels of Col2a1 and Acan
were also reduced in Gpr84−/− chondrocytes, while proteoglycan 4
(Prg4) and SRY-box 9 (Sox9) expression has no obvious change (Fig.
6C). Furthermore, the two Gpr84 agonists 6-OAU or lauric acid en-
hanced the expression of ECM-related genes (Col2a1 and Acan) in mouse
articular chondrocytes, but have mild effect on Prg4 and Sox9 expres-
sion (Fig. 6D). Finally, to investigate whether Gpr84 could modu-
late ECM generation by stimulating anabolism in human articular car

tilage, human OA cartilage explants were cultured in the presence of the
two Gpr84 agonists for two weeks. As shown in Fig. 6E, the mRNA lev-
els of COL2A1 and ACAN, but not PRG4 and SOX9, was elevated when
treated with 6-OAU or lauric acid compared to the control, indicating
that GPR84 could protect human OA cartilage explants against degen-
eration through inducing cartilage anabolic related gene expression. To
evaluate the potential side effects of GPR84 agonists on human chon-
drocyte, we performed CCK-8 cell viability assay. Our data showed that
6-OAU or lauric acid had little effect on human chondrocyte viability
even their concentration is higher than the effective concentration we
used (Supplementary Fig. 1). Taken together, these data demonstrated
that Gpr84 effectively modulates cartilage ECM generation.
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Fig. 5. Activation of Gpr84 inhibits IL-1β-induced NF-κB signaling.(A) Luciferase assay of NF-κB luciferase reporter in ATDC5 cells when treatment with 6-OAU (5 μM) or lauric acid
(50 μM) in the presence IL-1β (5 ng/mL) for 12 h. All data were presented as mean ± S.D; *** p < 0.001. One-way ANOVA followed by Dunnett’s test was performed with experiments
repeated three times independently. (B and C) Representative images of Western blot and quantified results of indicated antibodies in ATDC5 cells when treated with IL-1β (10 ng/mL) for
the indicated time periods in the presence of 6-OAU (5 μM) or lauric acid (50 μM). The quantified results were shown in (C). One-way ANOVA followed by Dunnett’s test was performed
with experiments repeated three times independently. * p < 0.05, ** p < 0.01.

3.6. Gpr84 deletion had little effect on articular and the spine cartilaginous
tissues, however, it led to a mild length alteration in the growth plate of long
bones

To examine whether Gpr84 regulated the development of cartilage
tissue in mice, we investigated the cartilaginous tissues of articular car-
tilage, the growth plate of the spine and the proximal tibial growth plate
in Gpr84−/− mice compared with littermate control mice. Our results
showed that the thicknesses of total articular cartilage and the ratio of
hyaline cartilage to total articular cartilage had no significant difference
between the knockout and the wild type mice at 6 weeks and 8 weeks
of age (Fig. 7A and B). Similarly, there was no obvious difference in the
growth plate and other cartilage tissues of the spine in Gpr84−/− mice in
1-, 2-, or 5-month-old mice (Fig. 7C and D).

The length and morphology of the tibial in Postnatal day 1 (P1)
and 2-week-old mice showed little differences in proliferating zone (PZ),

hypertrophic zones (HZ), growth plate zone (GZ), resting zone (RZ)
(Fig. 8A-C). However, a significantly thicker growth plate was observed
in Gpr84-deficiency mice at 6 weeks and 8 weeks (Fig. 8D-E), including
elongated PZ at 6 weeks and HZ at 6 weeks and 8 weeks (Fig. 8D and
E). Staining for the hypertrophic chondrocyte marker Col10a1 also con-
firmed that elongated hypertrophic zones (HZ) were present only in 6-
and 8-week-old Gpr84−/− mice, but not in P1 or 2-week-old mice (Fig.
8F and G). Interestingly, postnatal growth plate abnormalities did not af-
fect body length in the Gpr84-/- mice (data not show), nor did they affect
tibia trabecular bone mass compare to WT controls (Supplementary Fig.
2). Altogether, Gpr84 deletion had little effect on articular and spine car-
tilaginous tissues, but had a mild effect on the growth plate length, sug-
gesting that activation of GPR84 has potential in preventing the patho-
genesis and progression of OA without severe cartilaginous side effect.
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Fig. 6. The effect of Gpr84 on ECM production.(A) RT-qPCR analysis of Gpr84 mRNA expression in primary articular chondrocytes at 7 day and 21 day of differentiation. Two-tailed
Student’s t-test was performed with experiments repeated three times independently.(B) Alcian Blue staining showing that Gpr84−/− chondrocytes had reduced proteoglycan accumulation
compared with WT controls following culture for 14 days in differentiation medium. Scale bar, 5 mm.(C) RT-qPCR analysis Col2al, Acan, Sox9 and Prg4 mRNA levels in Gpr84−/− and
wild-type control chondrocytes cultured for 14 days in differentiation medium. n = 3; Two-tailed Student’s t-test was performed.(D) RT-qPCR analysis of Col2al, Acan, Sox9 and Prg4
mRNA levels in chondrocytes cultured for 14 days in differentiation medium with indicated concentrations of the Gpr84 agonist 6-OAU or lauric acid. One-way ANOVA followed by
Dunnett’s test was performed with experiments repeated three times independently.(E) RT-qPCR analysis of COL2A1, ACAN, SOX9, PRG4 mRNA levels in human OA cartilage explants
after 6-OAU or lauric acid treatment for 2 weeks. n = 3; One-way ANOVA followed by Dunnett’s test was performed. All data were presented as mean ± S.D; * p < 0.05, ** p < 0.01,
*** p < 0.001, ns, not significant.

4. Discussion

FFA function in cartilage development and OA pathogenesis is poorly
investigated. In this study, we found that the FFA-sensing GPCR, Gpr84,
was the only FFA-sensing GPCR in mouse and human chondrocytes
upregulated by IL-1β. GPR84 was identified as a receptor for MCFAs.
Gpr84-deficiency increased OA phenotype severity by upregulating cata-
bolic regulators and inhibiting anabolic factors in Gpr84−/− mice.

Moreover, the agonists of GPR84 protected human OA cartilage explants
against degeneration through inducing cartilage anabolic related gene
expression. Furthermore, Gpr84 deletion had little effect on articular and
spine cartilaginous tissues during skeletal growth.

Although it’s generally known that FFAs have beneficial effects on
the skeletal system including bone mass and joint health, only a few
studies have examined the effect of MCFAs on the skeletal diseases, par-
ticularly on joint health. It has been reported that diets enriched in
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Fig. 7. Genetic ablation of Gpr84 had little effect on articular and spine cartilaginous tissues during skeletal grow.(A) Histological sections of articular cartilage from 6-week and 8-week-old
Gpr84−/− and WT mice. Scale bar, 200 µm.(B) The thicknesses of total articular cartilage and the ratio of hyaline cartilage to total articular cartilage articular of samples in (A). All data
were presented as mean ± S.D; n = 5 for 6-week-old WT and Gpr84−/− groups, n = 4 for 8-week-old WT group and n = 6 for 8-week-old Gpr84−/− group; ns, not significant.(C) Histo-
logical sections of cartilage tissue of the spine from 1-month, 2-month and 5-month-old Gpr84−/− and WT mice. Scale bar, 200 µm.(D) Quantification of the length of the growth plate
samples in (C). All data were presented as mean ± S.D; n = 3 for 1-month-old WT and Gpr84−/− groups, n = 4 for 2-month and 5-month-old WT and Gpr84−/− groups; ns, not significant.

MCFAs lead to lower fat mass and contribute to weight loss in over-
weight humans [29,45]. Weight loss and reduced body fat mass are ef-
fective in the management of OA, as it results in reduced mechanical

stress on joints and improved functional capacity, suggesting that MCFA
supplementation may have a beneficial role in preventing and treat-
ing OA. In the current study, we have shown that deletion of the
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Fig. 8. Gpr84 deletion led to a mild length alteration in the growth plate of long bones only in 6- and 8-week-old mice.(A) Histological sections of the proximal tibial growth plate from
Postnatal day 1 (P1) or 2-, 6- and 8-week-old Gpr84−/− and littermate WT mice. PZ, proliferative zone; HZ, hypertrophic zone. Scale bar, 200 µm.(B–E) Quantification of lengths of GZ,
RZ, PZ and HZ length in P1 (B), 2-week-old (C), 6-week-old (D) and 8-week-old (E) Gpr84−/− and WT mice. GZ, tibia growth plate zone, RZ, resting zone. All data were presented as
mean ± S.D; n = 4 for P1-old WT group, n = 6 for P1-old Gpr84-/-, n = 5 for 2-week-old WT group, n = 4 for 2-week-old Gpr84-/-group, n = 5 for 6-week-old WT and Gpr84-/- groups,
n = 4 for 8-week-old WT group and n = 6 for 8-week-old Gpr84-/-group; * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant.(F–G) Immunofluorescence assays of Col10a1 in
growth plates from P1, 2-, 6- and 8-week-old Gpr84−/− and littermate WT mice (F). Scale bar, 100 µm. Statistical analysis of the length of the Col10a1 positive layer (G). All data were
presented as mean ± S.D; n = 4; * p < 0.05, ** p < 0.01, ns, not significant.

medium-chain FFA receptor, Gpr84, significantly aggravated articular
cartilage degradation, osteophyte development and aberrant subchon-
dral bone remodeling. Furthermore, Gpr84 agonists 6-OAU or lauric
acid could protect human OA cartilage explants against degeneration
through inducing cartilage anabolic related gene expression. All these

studies demonstrated a protective role of Gpr84 activation by MCFAs in
OA management.

In a diseased state such as OA, disruption of cartilage homeostasis
leads to enhanced catabolism and subsequent ECM degradation. In the
process, articular chondrocytes lose their differentiated state and en-
ter an endochondral ossification-like process. Chondrocytes undergo hy
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pertrophic differentiation accompanied by expression of Col10a1 and
Mmp13, and apoptotic death, which results in mineralization of the car-
tilage matrix [44,46]. Recently, growing evidence suggests illegitimate
hypertrophic differentiation, which contributes to the degradation of
cartilage and replacement by bone, plays a critical role in the pathogen-
esis of OA [47]. Our current study found significantly aggravated ar-
ticular cartilage degradation and severe articular cartilage erosion with
osteophyte development in Gpr84−/− mice after DMM surgery. Mark-
ers of chondrocyte hypertrophy, such as Col10a1 and Mmp13, were
obviously increased in Gpr84−/− mice. Interesting, our results showed
that Gpr84 deletion had little effect on articular and spine cartilagi-
nous tissues but had a mild effect on growth plate in long bones only
in 6- and 8-week-old Gpr84−/− mice. Whereas, the postnatal growth
plate abnormalities did not affect body length and trabecular bone mass
in the Gpr84-/- mice compare to WT controls. It seems that irregular
arrangement of the hypertrophic chondrocytes in growth plate has no
effect on trabeculae bone formation in physiological conditions. But in
pathological conditions as OA, subchondral bone structure of Gpr84-/-

mice was changed. Whether the activated process of growth plate hy-
pertrophy in Gpr84−/− mice can affect the bone remodeling of sub-
chondral bone needs further verification. These results indicated that
Gpr84-deficiency affected chondrocyte differentiation and hypertrophy
under pathological conditions, but very mildly impacted physiological
skeletal growth. However, the role of Gpr84 in chondrocyte differentia-
tion and OA should be further validated by cartilage specifically knock-
out models.

In this study, we performed in vitro experiments to indicate that
Gpr84 deficiency not only upregulated the expression of matrix-degrad-
ing enzymes, but also exerted an inhibitory effect on matrix synthesis.
The data showed that activating Gpr84 by 6-OAU or lauric acid resulted
in increased expression of ECM-related genes (Col2a1 and Acan) in artic-
ular chondrocytes and protected human OA explants against degenera-
tion. In OA pathological progression, disruption of cartilage homeostasis
in OA leads to subsequent ECM degradation [48]. Cartilage has rather
limited capacities for self-repair and regeneration. Therefore, protection
of extracellular matrix from degradation and promoting ECM generation
would be an effective therapeutic strategy for OA. Also, ECM regenera-
tion plays a critical role in articular cartilage defects caused by sports-re-
lated injury, as cartilage tissue repair remains a significant challenge at
present [49,50]. Therefore, the positive effect of Gpr84 on ECM syn-
thesis perhaps provides a promising alternative strategy for treating car-
tilage defects and osteoarthritis. Furthermore, Gpr84 deletion had little
effect on articular and spine cartilaginous tissues, suggesting that activa-
tion of GPR84 has potential in preventing the pathogenesis and progres-
sion of OA without severe side effect.

In conclusion, we showed that Gpr84 regulated OA pathogenesis
in mice by altering matrix-degrading enzyme expression and ECM syn-
thesis. Moreover, our work suggested that Gpr84 protected human OA
cartilage explants against degeneration through inducing cartilage ana-
bolic gene expression. Our results are the first demonstration that Gpr84
played a critical role in OA pathogenesis, and that MCFAs have benefi-
cial effects on joint health.
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