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A B S T R A C T

Background: The heterogeneity of osteoarthritis (OA) significantly limits the effectiveness of pharmacological
treatments in an unselected patient population. In this context, the identification of OA subtypes is meaningful for
the development of therapies that target specific types of OA pathogenesis.
Methods: Expression array profiles of 70 OA and 36 control synovial samples were extracted from the GEO
database. Unsupervised consensus clustering was performed based on the most variable genes to identify OA
subclusters. Next, Joint samples from OA patients were obtained. We divided the OA patient into two sub-
populations according to synovial ADCY7 levels. Synovium and cartilage samples from different OA sub-
populations were evaluated. In addition, we established a high-fat diet (HFD)-induced rat OA model. We
evaluated OA progression, lipid metabolism, synovitis and fibroblast-like synoviocytes (FLS) function in this HFD-
induced OA model.
Results: 70 OA patients were categorized into three distinct subclusters. We noted that one subcluster was
characterized by synovial lipid metabolism disorder GO terms. We further identified the most noticeable KEGG
pathway “Regulation of lipolysis in adipocytes” in this subcluster as well as the most significantly differentially
expressed gene, ADCY7. We found that the ADCY7 high expressing group (32.6%) exhibited features of synovial
inflammatory lipolysis epithelial-mesenchymal transition (EMT) tendency, as well as faster join space narrowing.
The HFD induced OA-like degeneration in rat joints. We observed similar synovial inflammatory lipolysis and
EMT in FLS, characterized by higher proliferative and invasive activity and elevated proinflammatory and pro-
catabolic properties. ADCY7 was highly expressed in the synovium of the HFD-OA model rats and the inhibition of
ADCY7 effectively attenuated these HFD-induced degenerative changes as well as synovial inflammatory lipolysis
and FLS dysfunction. In HFD-FLSs, ADCY7 promoted the phosphorylation of PKA as well as its downstream lipid
droplet-associated protein PLIN1 and hormone-sensitive lipase (HSL). The inhibition of PKA largely alleviated
ADCY7-mediated HFD-FLS dysfunction.
Conclusions: We described a synovial EMT and lipid metabolism disorder in the pathogenesis of OA. This novel
mechanism may represent a currently undefined OA subtype. ADCY7 is a potential molecular marker of this
pathomechanism.
The Translational potential of this article: Utilizing synovial samples from OA patients, we identified a subpopulation
with high ADCY7 expression. This may represent a currently undefined OA subtype and explain the clinical
phenomenon of more severe synovial inflammation in obese OA patients. In addition, we established an HFD-
induced OA rat model and found an upregulation of ADCY7 in the synovium. We confirmed that the inhibition
of ADCY7 could effectively attenuate HFD-induced degenerative changes as well as the inflammatory lipolysis and
FLS dysfunction observed in the rat model. This suggests that ADCY7 and its downstream pathways are potential
pharmacological targets for treating this lipid-metabolism-disorder-related OA mechanism.
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1. Introduction

Osteoarthritis (OA) is a degenerative disease involving the whole
joint. In North America and Europe, the incidence of structural OA of the
hands and knee among adults�65 years has been reported to be 60% and
33%, respectively [1]. Currently, pharmacological treatments for OA are
mainly limited to temporary relief of symptoms, whereas no
disease-modifying OA drugs have gained clinical acceptance [2]. In
2018, OA was labeled a “serious disease with an unmet medical need” by
the FDA [3]. This has been partly attributed to the heterogeneity of OA,
which makes it challenging to develop a “one-size-fits-all” therapy for an
unselected patient population [4].

OA affects the whole joint and involves multiple tissues and cell types.
These tissues and cells in different patients or at different stages in the
same patients can exhibit differential pathological features. Cases of OA
resulting from different risk factors (“mechanical”, “inflammatory” and
“metabolic”) may have completely different pathogeneses and differen-
tial responses to treatments. In this context, defining OA subtypes ap-
pears meaningful for the development of therapies that target specific OA
pathogenesis (e.g., matrix degradation, bone remodeling, low-grade
inflammation and Wnt signaling) [5]. There have been a considerable
number of strategies applied to identify OA subtypes. Clinical charac-
teristics, imaging observations and biochemical markers were the most
frequently used variables [4,6]. These strategies have certain limitations
in revealing the underlying pathomechanisms and can provide only very
limited information for the discovery of novel drug targets. Using “big
data” from “omics” to identify OA subtypes has been a novel strategy in
the last decade. In particular, high-throughput omics techniques are quite
helpful for discovering unknown OA pathomechanisms [6]. Recently,
using omics data obtained from cartilage and synovia, researchers have
defined OA subtypes associated with inflammation and extracellular
matrix metabolism [7,8]. In this study, using transcriptome data from 7
GEO database series, we identified a novel OA subtype associated with
synovial lipid metabolism disorder. This subtype, which accounts for
approximately 32–36% of case of OA, is characterized by inflammatory
lipolysis of the synovia and the dysfunction of fibroblast-like synovio-
cytes (FLSs). This may represent a previously undiscovered patho-
mechanism of OA. Here, we investigated this subtype in detail and
explored the contribution of a key molecule, adenylyl cyclase 7 (ADCY7),
to OA progression.

2. Materials and methods

This study protocol was approved by the institutional review board
(IRB) of the Third Xiangya Hospital, Central South University (No: 2020-
S221), and a signed written consent form was obtained from all study
subjects. All experiments involving human tissues and animals were
performed in accordance with guidelines approved by the IRB. Each
sample was processed only after the receipt of a signed informed consent
form.

2.1. Data collection

The expression array profiles and partial clinical information of 70
OA and 36 control synovium samples were extracted from GSE12021,
GSE32317, GSE55235, GSE55457, GSE55584, GSE82107 and GSE93698
in the GEO database (Supplementary Table 1) (https://www.nc
bi.nlm.nih.gov/geo/), among which 70 OA synovium samples were
regarded as the training cohort for subsequent analysis. All raw data were
preprocessed with RMA algorithm normalization by the “affy” R package.
The batch effect was removed by the “removeBatchEffect” function in the
“limma” R package. The expression matrix of the validation cohort
containing 85 OA synovium samples [7] was extracted from GitHub
(https://github.com/Ellen1101/OA-subtype), 21 lipid metabolism-
related pathways and corresponding gene sets were extracted from the
KEGG database (http://www.kegg.jp/blastkoala/) [9], and 5 lipid
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metabolism-related gene sets were extracted fromMSigDB (https://www
.gsea-msigdb.org/gsea/msigdb/index.jsp) (Supplementary Table 2) [10,
11].

2.2. Identification of OA subclusters and functional annotation

The 872 most variable genes across the training cohort were identi-
fied with the expression MAD >0.5. Unsupervised consensus clustering
was performed based on the 872 genes with the “ConsensusClusterPlus”
R package to identify OA subclusters. Partitioning around medoids (pam)
algorithm and Spearman distance were applied, and 1000 repetitions
were used to guarantee the stability of the classification. The clearest
boundary and most appropriate consistency were observed when
consensus matrix k ¼ 3 (Supplementary Fig. 1a and b). Heatmaps were
produced by “pheatmap” R package. GO term analysis and KEGG
pathway analysis were conducted with the “clusterProfiler” and
“org.Hs.e.g.,.db” R packages, while visualization of the enrichment re-
sults was performed using the R package “ggplot2”.

2.3. Human tissue collection and cell isolation

Human synovium and cartilage samples were obtained during total
knee arthroplasty (advanced OA, n ¼ 11, females, 59.80 � 4.47 years),
arthroscopic debridement (early-stage OA, only synovium was obtained,
n ¼ 22, females, 54.95 � 7.59 years) and amputation (non-OA, n ¼ 10,
45.91� 8.90 years) (Supplementary Table 3). The cartilage was obtained
from the tibial plateau and distal femur of the knee. The harvested
synovium and cartilage were digested with 0.3% collagenase type I
(Sigma, USA) and 1 mg/ml collagenase type II (Sigma, USA), respec-
tively, in DMEM (Gibco, USA) with penicillin (100 U/mL)/streptomycin
(100mg/ml, Gibco, USA) and 10% FBS (Gibco, USA) for 3 h at 37 �C. The
cells were passed through a 70-mm nylon cell strainer and collected by
centrifugation at 250g for 5 min. The cells were then resuspended and
plated in a 60-mm diameter culture dish, with the medium replaced
every 3 days. Synovial fluid was collected for the measurement of glyc-
erol (glycerol assay, Sigma, USA) and FFAs (NEFA assay, Wako Di-
agnostics, USA).

2.4. High-fat diet (HFD) induced OA model

Eight-month-old SD rats were provided by the Department of Labo-
ratory Animals of Central South University (Changsha, China). The high-
fat diet (HFD) consisted of 17.5% fructose, 39.5% sweetened condensed
milk, 20% beef tallow (H) or SFA (20% LA (HLA), 20% MA (HMA), 20%
PA (HPA) or 20% SA (HSA)), 15.5% powdered standard rat chow, 2.5%
HMW salt mixture and 5% water [12]. The HFD rats were also given
drinking water supplemented with 25% fructose. The rats had ad libitum
access to food and water during the 12-week protocol. After 4 weeks of
HFD feeding, the rats were injected intra-articularly with 30 μl siRNA
targeting ADCY7 (20OME þ 50chol þ 5-FAM-modified, GenePharma,
China) once a week for 8 weeks. The body weight of the rats were
measured every twoweeks. After HFD feeding for 12 weeks, the rats were
sacrificed for evaluation (Fig. 4a).

2.5. Histological evaluation

Joint samples were collected and fixed in 4% paraformaldehyde (G-
Clone, China) for 48 h, decalcified in 10% EDTA (G-Clone, China) for 4
weeks, embedded in paraffin and cut into sections (5 μm). Immunohis-
tochemistry was performed using the DAB staining method. Briefly, the
slides were deparaffinized and rehydrated, followed by antigen retrieval
performed using sodium citrate at 95 �C. The slides were then blocked
with 3% bovine serum albumin for 30min at room temperature and
incubated with primary antibodies against ADCY7 (Thermo Fisher, USA),
MMP13 (Affinity, China), IL-1β (Affinity, China), CD86 (a surface marker
of M1 macrophages, Abcam, USA), CD55 (surface marker of FLS, Abcam,
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USA) overnight at 4 �C and a secondary antibody (Affinity, China), or a
fluorescent secondary antibody (Affinity, China), for 30 min at 37 �C.
Endogenous peroxidase activity was blocked with 3% hydrogen peroxide
for 10 min at room temperature before stained with 3, 30-diaminobenzi-
dine tetra hydrochloride (DAB) and counterstained with hematoxylin.
Slices of rat knee joints were also stained with safranin O/fast green (G-
Clone, China) and toluidine blue (G-Clone, China). The Osteoarthritis
Research Society International (OARSI) scoring system was used to
evaluate the OA cartilage pathology [13]. A synovitis scoring system was
used to evaluate the degree of synovitis [14].

2.6. Functional assessment of FLS

The siRNA targeting ADCY7 and the full-length rat ADCY7 cDNA
(NCBI: NM_053396, ligated into the pCDNA 3.1 vector by the HindIII and
NotI restriction enzymes (Takara Bio Inc., China)) was transfected into
FLSs at passage 2 by Lipofectamine 2000 (Invitrogen, USA) when cells
reached 70–80% confluence. FLSs at passage 3 were used for subsequent
functional assessments. For the MTT assay, 5� 104 cells were plated into
96-well plates in DMEM (10% FBS). Cell viability was estimated on day 2
after incubation with MTT for 4 hours and was read at 550 nm with a
spectrophotometer. For the CFU-F assay, 1 � 103 cells were plated into a
60-mm culture dish in DMEM (10% FBS). The medium was changed
every 3 days. After 14 days, the cells were fixed with 4% para-
formaldehyde (G-Clone, China) and stained with 0.1% crystal violet (G-
Clone, China). For the EdU assay, 2 � 105 cells were plated into 6-well
plates in DMEM (10% FBS). A Click-iT Plus EdU Alexa Fluor 488 Imag-
ing Kit (Invitrogen, USA) was used when cells reached 50–60% conflu-
ence according to the manufacturer's protocol. 24-well transwells were
used for cell migration and invasion assay. For the migration assay, 5 �
104 cells in serum-free medium were seeded into the upper chamber. For
the invasion assay, Matrigel was evenly inoculated into the upper
chamber and allowed to form a gel at 37 �C. A total of 1 � 105 cells in
serum-free mediumwere seeded into the upper chamber, and 20% FBS in
DMEM was added to the lower chamber. After incubation, cells on the
lower surface of the membrane were stained with 10% crystal violet (G-
Clone, China). For cell morphology observation, the F-actin cytoskeleton
was stained with rhodamine-phalloidin (diluted to 50 mg/ml, Sigma,
USA) for 40 min at room temperature shielded from light when cells
reached 40–50% confluence and visualized by confocal microscopy
(FV1000; Olympus, Tokyo, Japan). Cells that were 80–90% confluent in
6-well plates were collected and used for RT-qPCR and Western blot
analysis (See the following sections for details).

2.7. Western blot

Total proteins obtained from cells and tissues were subjected to
SDS–PAGE (Biosharp, China) and then transferred to PVDF (Millipore,
USA) membranes and blocked in 5% skimmed milk for 1 h. The mem-
branes were incubated overnight at 4 �C with primary antibodies against
ADCY7 (Thermo Fisher, USA), IL-1β (Affinity, China), MMP-13 (Affinity,
China), N-cadherin (Affinity, China), E-cadherin (Affinity, China),
vimentin (Affinity, China), α-SMA (CST, USA), p-PKA substrate (CST,
USA), p-PLIN1(Abcam, USA), PLIN1 (Abcam, USA), p-HSL (CST, USA)
and GAPDH. The following day, the membranes were incubated with
fluorophore-conjugated secondary antibody (LI-COR Corp., NE). Protein
bands were imaged with an enhanced LI-COR Odyssey infrared imaging
system (LI-COR Corp., NE). The protein levels were normalized to the
GAPDH levels.

2.8. RT-qPCR

ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) was used
for RT-qPCR according to the manufacturer's protocol. An initial dena-
turation step was carried out at 95 �C for 15 min, followed by 40 cycles of
denaturation at 95 �C for 10 s, annealing at 56 �C for 30 s, and extension
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at 72 �C for 30 s. Gene transcription levels were normalized to those of
GAPDH. The primer design is shown in Supplementary Table 4.

2.9. Statistical analysis

Values in the text and figures are expressed as the mean � SD unless
otherwise noted. All statistical analysis was performed with SPSS 17.0
(SPSS, Inc., Chicago, IL, USA). For calculation of significant differences in
experiments with two groups, unpaired two-tailed Student's t test was
applied when the data were normal distribution. The Mann–Whitney U
test was employed when the data were not normal distribution. For ex-
periments with more than two groups, ANOVA with Tukey or Sidak test
was applied. R version 4.0.3 was used for omics data analyses. Differ-
entially expressed genes (DEGs) between two subclusters were calculated
with the R package “limma” (|log2 FC|� 0.8 and adjusted P< 0.05). The
statistical significance of the gene expression distribution among the
three clusters was estimated by Kruskal–Wallis tests. P values in GO and
KEGG enrichment analyses were adjusted using “Benjamini& Hochberg”
method. Differences with p < 0.05 were considered statistically
significant.

3. Results

3.1. Identification of three OA subclusters based on the synovial mRNA
expression array

To explore the biological heterogeneity and potential subtypes of OA,
we extracted the mRNA expression array profiles of 70 OA synovium
samples from the GEO database. Based on the top 872 variable genes
(MAD >0.5), 70 OA patients were categorized into three distinct sub-
clusters via unsupervised clustering: 32 (45.7%) in Cluster 1 (C1), 14
(20%) in Cluster 2 (C2) and 24 (34.3%) in Cluster 3 (C3) (Fig. 1a). Next,
we utilized GO enrichment analysis to identify functional annotations for
each cluster based on the featured DEGs. The results indicated that
C1_OA was characterized by immunity and inflammatory GO terms,
including neutrophil activation involved in the immune response, regu-
lation of IL-6 production and regulation of the inflammatory response;
C2_OA was characterized by extracellular matrix-related GO terms,
including collagen fibril organization and cell-substrate adhesion; C3_OA
was characterized by lipid metabolism-related GO terms, including lipid
localization, regulation of lipid metabolic process and lipid catabolic
process (Fig. 1b). Fig. 1c compares the expression of several osteoar-
thritic synovitis-related genes across the three clusters.

To verify our classification, a validation cohort of 85 OA synovium
samples was extracted from GitHub. Based on the 540 feature DEGs
previously acquired among the training cohort subclusters (Supplemen-
tary Figure 1c), 85 OA patients were also categorized into three similar
subclusters: 37.6% in validation Cluster 1 (VC1), which was character-
ized by immune and inflammatory GO terms; 25.9% in validation Cluster
2 (VC2), which was characterized by cell membrane function-related GO
terms; and 36.5% in validation Cluster 3 (VC3), which was characterized
by lipid- metabolism-related GO terms (Supplementary Figure 1d and e).

3.2. An OA subcluster associated with ADCY7-related synovial lipolysis

Next, we performed further analyses aimed at the lipid metabolism-
related C3_OA subcluster that has not been previously described. A
total of 743 DEGs in the C3_OA subcluster were identified (with stricter
screening criteria P < 0.05, |LogFC| > 0.8), among which 67 DEGs were
regarded as correlated with lipid metabolism according to the summa-
rized lipid metabolism-related pathways and genes from the KEGG and
MSigDB databases (Supplementary Figure 1f). KEGG enrichment analysis
based on these 67 DEGs identified the most noticeable pathway “Regu-
lation of lipolysis in adipocytes” (Fig. 1d). Eight specific DEGs were
enriched in this pathway, including ADCY7, PLIN1, FABP4, NPY1R and
GNAI1, which were upregulated, and PTGS2, PNPLA2 and CGA, which



Fig. 1. Identification of three OA subclusters based on a synovial mRNA expression array. (a). Unsupervised consensus clustering based on the most variable
genes of 70 OA synovium samples. (b). GO enrichment analysis of DEGs in the three OA subclusters. (c). The expression of osteoarthritic synovitis genes across the
three subclusters. (d). KEGG pathway analysis of lipid metabolism-related DEGs of the C3_OA subcluster. (e). Eight specific DEGs were enriched in the pathway
“Regulation of lipolysis in adipocytes”. (f). PPI network of ADCY7-related DEGs between C3_OA subcluster and control group. Orange and blue circles represent genes
with high and low expression in the C3_OA subcluster, respectively. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significance.
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were downregulated (Fig. 1e). Notably, ADCY7 had the highest statistical
significance among these DEGs. Fig. 1f shows the PPI network between
ADCY7 and the other encoded proteins among the 743 screened DEGs.

3.3. The OA subpopulation with high ADCY7 expression is characterized
by synovial inflammatory lipolysis and FLS dysfunction

We examined the synovium of 10 non-OA, 22 early-stage OA, and 11
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advanced OA patients and found that ADCY7 was upregulated in 32.6%
of synovium from OA patients, including 11 (50%) from early-stage OA
and 3 (27%) from advanced OA. According to their ADCY7 levels, we
divided these patients into two subpopulations (Fig. 2a). The mean BMI
of the ADCY7_High group was slightly higher than that of the ADCY7_-
Low group (p¼ 0.0677). However, the narrowing of the joint space in the
ADCY7_High group was significantly faster than that in the ADCY7_Low
group (p ¼ 0.0006) (Supplementary Table 3). ADCY7 was mainly



Fig. 2. Evaluation of the ADCY7 high-expressing OA subpopulation (a,b). ADCY7 expression in OA synovium. Red dashed lines divide the patients into high and
low subpopulations according to their ADCY7 levels (10 non-OA, 22 early-stage OA and 11 advanced OA synovium were used) (c,d). Lipolysis of perisynovial adipose
tissue as measured by toluidine blue staining (c) and levels of lipolytic products in synovial fluid (d, n ¼ 8, bar ¼ 100 μm) (e–g). Synovial inflammation assessed by
inflammatory cytokines and chemokines expression (e, n ¼ 8), MMP-13 production (f) and M1 macrophage infiltration (g, n ¼ 8, bar ¼ 100 μm). (h). The cluster of
MMP-13 high-expressing cells (marked by white arrowheads) on the cartilage surface (bar ¼ 100 μm). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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expressed in the synovial lining layer and surrounding adipose tissue,
especially in areas with marked synovial hyperplasia and lipid accumu-
lation (Fig. 2b). We observed lipolytic features (adipocyte shrinkage and
increased stromal cell septum) in the perisynovial adipose tissue of the
ADCY7_High group, accompanied by increased levels of the lipolytic
products glycerol and free fatty acids (FFAs) in synovial fluid (Fig. 2c and
d). In parallel, we detected higher expression of inflammatory cytokines
(IL-1β, IL-6 and TNF-α) and chemokines (CCL21, CCL13 and CXCL14) in
the synovium with high ADCY7 expression (Fig. 2e), accompanied by
increased MMP-13 production and M1 macrophage (CD86þ) infiltration
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(Fig. 2f and g). In addition, we observed some clusters of cells with high
MMP-13 expression on the cartilage surface in the ADCY7_High group,
and surface marker identification suggested that these cells might be
derived from synovial FLSs (CD55þ) (Fig. 2h).

FLSs derived from the ADCY7_High group exhibited significantly
enhanced proliferative and invasive activity (Fig. 3a–c), whereas the
chondrocytes showed no differences in the expression of genes associated
with phenotype and cellular function (Fig. 3d).



Fig. 3. Functional assessment of FLSs and chondrocytes (a–c). Assessment of proliferation (a), Colony-forming units (b), and Transwell invasive activity (c) of
FLSs derived from patients with differential ADCY7 levels (n ¼ 6, bar ¼ 100 μm). (d). Expression of chondrocyte phenotypic and functional genes (n ¼ 6). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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3.4. ADCY7 plays a key role in a lipid metabolism disorder-related OA
model

The rat knee OAmodel was induced by a 12-week high-fat diet (HFD).
Compared with the normal diet (ND) group, the HFD for 12 weeks
increased the body weight of the rats by an average of 25.4% (Fig. 4b).
HFD increased the expression of ADCY7 in rat synovium, which was
inhibited by siADCY7 (Fig. 4c). Fluorescent labeled siADCY7 was
observed in approximately 61% of synovial cells (Supplementary
Figure 2). Histologically, the HFD resulted in typical features of early OA
(cartilage thinning and proteoglycan loss) (Fig. 4d). The proin-
flammatory factor IL-1β and the cartilage matrix-degrading enzyme
MMP-13 were highly expressed in chondrocytes from the HFD group
(Fig. 4e and f).

Notably, the HFD induced elevated expression of ADCY7 in the rat
synovium (Fig. 4c). We found that the inhibition of ADCY7 by intra-
articular injections of siADCY7 significantly alleviated HFD-induced
cartilage degeneration as well as upregulation of IL-1β and MMP-13 in
chondrocytes (Fig. 4d–f). Compared with the ND group, the HFD group
exhibited marked lipid accumulation in the synovium. These accumu-
lated lipids showed obvious lipolytic features, accompanied by elevated
levels of lipolytic products (glycerol and FFAs) in the synovial fluid.
siADCY7 further reinforced this lipid accumulation to a small extent but
significantly inhibited lipolysis and reduced the levels of lipolytic prod-
ucts (Fig. 4g and h). In parallel, we observed infiltration of M1 macro-
phages, as well as elevated expression of IL-1β by the lining layer cells, in
the synovium of the HFD group. These features, which were associated
with synovial inflammatory lipolysis, were also alleviated with the
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inhibition of ADCY7 (Fig. 4i–k).

3.5. ADCY7 regulates FLS dysfunction in the HFD-induced OA model

We subsequently assessed the role of ADCY7 in the cellular function
of FLSs, the major cell types of the synovial lining layer. Compared with
FLSs derived from the ND group, FLSs derived from the HFD group (HFD-
FLSs) exhibited elevated expression of ADCY7. In this part of the study,
we transfected these HFD-FLSs with siRNA and pCDNA 3.1-ADCY7 to
explore the role of ADCY7 in HFD-induced FLS dysfunction (Fig. 5a). We
found that the HFD induced an epithelial-mesenchymal transition (EMT)
tendency in HFD-FLSs. HFD-FLSs exhibited significantly higher prolif-
erative activity (as measured by EdU assays) and colony-forming ability
(as measured by CFU-F counts) than ND-FLSs (Fig. 5c and d). Transwell
assays suggested that HFD feeding promoted the migratory and invasive
activities of FLSs (Fig. 5e), which was confirmed by the increased pseu-
dopodia in the morphological observation of cytoskeletal F-actin
(Fig. 5f). The inflammatory cytokines TNF-α and IL-1β, proinflammatory
macrophage chemoattractant protein-1 (MCP-1) and matrix-degrading
MMP-1 and MMP-13 were also elevated in the HFD-FLSs (Fig. 5g).

We found that these HFD-induced EMT were, to varying degrees,
dependent on the presence of ADCY7. In particular, the inhibition of
ADCY7 significantly suppressed the invasive activity and the expression
of IL-1β and MMPs in HFD-FLSs (Fig. 5c–g). The changes of EMT markers
N-cadherin and E-cadherin induced by HFD also depend largely on the
expression of ADCY7 (Fig. 5b).



Fig. 4. ADCY7 plays a key role in an HFD-induced OA model. (a). Illustration of a HFD induced rat OA model. siRNA targeting ADCY7 was injected intra-
articularly (I.A.) beginning at week 4 and continuing for 8 weeks. (b) Body weight curves of the rats (n ¼ 3). (c). Protein levels of ADCY7 in rat synovium and
cartilage. (d). Safranin O staining and OARSI scoring of articular cartilage (n ¼ 5, bar ¼ 800 μm) (e–f). MMP-13 and IL-1β expression in cartilage assessed by
immunohistochemistry (e, n ¼ 5, bar ¼ 100 μm) and western blot (f) (g–h). Lipid accumulation and lipolysis in synovium assessed by toluidine blue staining (g, bar ¼
100 μm) and levels of lipolytic products (h, n ¼ 5) (i–k). Synovial inflammation assessed by M1 macrophage infiltration (I), IL-1β immunohistochemistry (j) and
synovitis scoring (k) (n ¼ 5, bar ¼ 100 μm). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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3.6. ADCY7 promotes PKA-mediated lipolysis pathway in HFD-FLS

By regulating ADCY7 expression, we found that ADCY7 plays a crit-
ical role in promoting the intracellular lipolysis of HFD-FLSs (Fig. 6a).
ADCY7 elevated the phosphorylation level of the phosphokinase PKA, as
well as its downstream lipid droplet-associated protein PLIN1 and
hormone-sensitive lipase (HSL) (Fig. 6c). However, with the exception of
PLIN1, we failed to detect changes in the expression of lipolysis-related
148
proteins (Fig. 6b). Next, we blocked PKA activity using its inhibitor H-
89. We found that inhibition of PKA activity blocked the ADCY7-
mediated phosphorylation of PLIN1 and HSL, and largely alleviated the
dysfunction of HFD-FLS, including increased MMP-13 and the proin-
flammatory cytokines IL-1β (Fig. 6d and e).



Fig. 5. ADCY7 regulates FLS dysfunction in the HFD-OA model. (a). ADCY7 expression in FLSs derived from the HFD-OA model. Cells were transfected with
siRNA-ADCY7 and pCDNA-ADCY7 in vitro (n ¼ 3). (b). Expression of epithelial-mesenchymal transition (EMT)-related markers in FLSs (n¼3).(c–e). Assessment of EdU
proliferation (c), Colony-forming units (d) and Transwell migration/invasion (e) of FLSs (n ¼ 6, bar ¼ 100 μm). (f). Morphology of cytoskeletal F-actin in FLSs.
Pseudopodia are marked by white arrowheads (bar ¼ 10 μm). (g). Expression of pro-inflammatory factors in FLSs (n ¼ 6). *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001.
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4. Discussion

Research is currently ongoing to identify OA subtypes for guiding
treatment decisions. Multiple strategies have been proposed to distin-
guish OA subtypes [4,6,15]. Imaging and molecular markers can objec-
tively reflect the characteristics of different patients and provide reliable
evidences for the identification of subtypes. In particular, molecular
markers are directly related to the pathological mechanism of OA. Mo-
lecular markers can sensitively reflect the characteristics of different
microenvironment changes and metabolic disorders and are often used
for the early diagnosis and subtype identification of OA [16]. For
example, several studies identified OA subtypes characterized by higher
levels of inflammatory markers [17,18]. Lv Z. et al. reviewed the char-
acteristics of molecular markers in different stages of knee OA from
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before OA to late-stage OA and proposed four subtypes of progressive OA
[16]. These strategies are helpful for patients with different OA subtypes
to choose the most effective disease-modifying drugs according to their
pathological characteristics.

Using “big data” from “omics” to group closely related items into
clusters through analytical methods is a novel strategy [19]. The
advantage of this strategy is that it can reveal the undiscovered OA
subtypes and underlying pathological mechanisms through bioinfor-
matics tools. By analyzing cartilage transcriptome data, Yuan C et al.
identified four OA subclusters with different metabolic activities: an
inflammation subcluster, two extracellular-matrix (ECM) metabolic dis-
order subclusters and an activated sensory neuron subcluster [7].
Considering the inherent homogeneity of cells and ECM in cartilage, the
metabolic differences of cartilage between different subclusters are more



Fig. 6. ADCY7 promotes PKA-mediated lipolysis pathway in HFD-FLSs (a–c). Assessment of lipolytic product levels (a), lipolysis-related gene expression (b) and
phosphorylation of PKA and its downstream PLIN1 and HSL (c) in HFD-FLSs treated with siRNA-ADCY7 and pCDNA-ADCY7 in vitro (d–e). Assessment of PLIN1/HSL
phosphorylation (d) and proinflammatory factor (MMP-13/TNF-α/IL-β) expression (e) in HFD-FLSs treated with pCDNA-ADCY7 and PKA inhibitor H-89 (n ¼ 5). *p <

0.05; **p < 0.01; ***p < 0.001.
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likely to be affected by the synovium-synovial fluid microenvironment.
Yuan C et al. analyzed tissue crosstalk in the knee joint and found that the
synovium had the most dominant regulatory effect on different metabolic
subclusters of cartilage [7]. Therefore, the synovium may be the driving
factor of these OA subclusters. Utilizing the GEO database, we acquired
transcriptome data of 70 OA synovium samples from 7 series. By unsu-
pervised clustering, we identified three OA subclusters, including two
subclusters related to inflammation and extracellular matrix metabolism
and, notably, a novel lipid-metabolism-disorder-related subcluster that
has not been reported before (Fig. 1a and b). This novel subcluster, which
accounts for more than 30% of OA cases, is characterized by the KEGG
pathway “regulation of lipolysis” as well as the differentially expressed
gene ADCY7 (Fig. 1d and e). This may represent a currently undefined
OA subtype and explain the clinical phenomenon of more severe synovial
inflammation in obese OA patients [18].

Close associations between OA and lipid metabolism have been
observed [20,21]. Substantial stores of lipid deposits have been observed
in osteoarthritic chondrocytes [22]. Recently, as an association of several
adipokines with OA has been discovered, the importance of adipokines in
the pathogenesis of OA has begun to gain attention [23]. These adipo-
kines, produced by periarticular adipose tissue or by the joint tissue itself,
can directly affect joint health and regulate inflammatory responses to
promote OA progression [24]. Lipolysis is defined as the catabolism of
triacylglycerol stored in lipid droplets into glycerol and free fatty acids
(FFAs) [25]. The latter, as common adipokines, exert important in-
fluences on the intra-articular microenvironment and cellular function
[26]. Lipolysis also activates inflammatory responses. Through excessive
release of adipokines such as FFAs, lipolysis induces the infiltration of M1
macrophages (proinflammatory) and activates inflammation within local
tissues [27]. In turn, inflammatory cytokines (e.g., TNF-α, IL-6, etc.)
released by inflammatory tissues further promoted lipolysis, thus form-
ing a local vicious cycle of inflammatory lipolysis. Straub RH et al.
observed features of lipolysis (increased density of sympathetic nerve
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fibers and more fragmented lipid droplets in adipocytes) surrounding the
inflammatory synovium [28]. We divided the OA patient into two sub-
populations according to synovial ADCY7 levels. In the ADCY7_High
group, we observed features of synovial inflammatory lipolysis, including
adipocyte shrinkage, increased stromal cell septum and lipolytic prod-
ucts, the infiltration of M1 macrophages and upregulation of inflamma-
tory cytokines (Fig. 2c–g). It is possible that this is a critical mechanism of
the chronic low-grade synovitis observed in some obese OA patients.
However, the cause of the synovial inflammatory lipolysis is currently
unclear. A high fat diet (HFD) is a commonmethod to establish an animal
model of systemic lipid metabolism disorder [29]. Several studies found
that HFD induced synovial inflammation, macrophage infiltration and
cartilage destruction in OA animal models [30–32]. We observed similar
features in our rat HFD-induced OA model, accompanied by the high
expression of ADCY7 (Fig. 4). Although it is not certain that these rats
have exactly the same pathogenic mechanism, the method provides an
available animal model for us to study this novel OA subtype.

The lipolytic microenvironment may also contribute to joint degen-
eration by directly affecting cellular functions within the joint. FFAs, the
main product of lipolysis, are not only energy sources but also potent
signaling molecules [25]. Studies have focused on the effects of FFAs on
multiple joint cells, including chondrocytes, osteoblasts, osteoclasts and
synoviocytes [33–38]. In the HFD-induced rat OA model, with the
enhancement of synovial lipolysis, FLSs transformed into a destructive
phenotype characterized by high proliferative activity, high invasive and
migratory activity and enhanced pro-inflammatory metabolism (Fig. 5),
while chondrocytes exhibited high matrix-degrading activity (Fig. 4e and
f). The inhibition of ADCY7 alleviated the phenotypic changes of these
cells and the cartilage degeneration to a considerable extent. Considering
that ADCY7 is mainly expressed in synovium and has a low level in
cartilage (Fig. 4c), this lipolysis is likely to mainly affect the function of
synovial cells and then indirectly affect chondrocytes through enhanced
proinflammatory and procatabolic metabolism of synovia. Interestingly,
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however, we did not detect differences in the expression of phenotypic
genes in chondrocytes from ADCY7_high OA patients (Fig. 3d). The main
reason for this contradiction may be the different severity of OA in the
samples. In animal studies, cartilage samples were derived from
early-stage OA induced by 12 weeks of an HFD. In contrast, human
chondrocytes were obtained from patients with advanced OA during
total knee arthroplasty. The severe destruction and degeneration of
cartilage are likely to mask the original phenotypic differences.

The mechanism by which the lipolytic microenvironment regulates
FLS function is currently unknown. Studies have found that some specific
FFAs can induce the release of inflammatory mediators from FLSs [34,
39]. However, we found that intracellular pro-lipolytic signaling medi-
ated through ADCY7 can directly affect the functions of FLSs (Fig. 5). This
indicated that the dysfunction of FLSs may be caused not only by FFAs
released from adipocyte lipolysis but also, more likely, by the disturbed
intracellular lipid metabolism in FLSs. Ahn JK et al. analyzed the
metabolomic profile of FLSs with an aggressive phenotype and found a
significant increase in multiple metabolites, including those represented
by FFAs [40]. They speculated that this aggressive phenotype might be
related to alterations in lipid metabolism within FLSs. This may represent
a currently unrecognized pathomechanism for OA. However, how
intracellular lipid metabolism causes FLS dysfunction is currently un-
known. Additional studies are necessary to elucidate its exact
mechanism.

Multiple mechanisms may be responsible for synovial lipolysis in OA
[41]. KEGG analysis revealed that ADCY7 had the highest statistical
significance among the characteristic DEGs enriched in the “lipolysis”
pathway in C3_OA subcluster (Fig. 1e). Adenylyl cyclases (ADCYs) are
responsible for catalyzing the formation of cyclic adenosine mono-
phosphate (cAMP) from adenosine triphosphate (ATP). ADCY7 is a
membrane-bound isoform that is activated by a variety of extracellular
signals [42]. Notably, ADCYs are key proteins in the pathway by which
catecholamines stimulate lipolysis [41]. However, to our knowledge, the
role of ADCYs in OA pathogenesis has not been previously studied, and
only a few studies have addressed its role in inflammatory or
aging-related diseases. Duan B et al. found that macrophages derived
from ADCY7-deficient mice produced more of the proinflammatory
cytokine TNF-α in response to stimulation [43]. Vatner SF et al. found
that ADCY5 promotes age-related oxidative stress and that ADCY5
knockdown significantly increases longevity and healthful aging [44].
Utilizing synovial samples from OA patients, we identified a subpopu-
lation with high ADCY7 expressing (Fig. 2a). In addition, we established
an HFD-induced OA rat model and found an upregulation of ADCY7 in
the synovium (Fig. 4c). In both cases, upregulated ADCY7 was strongly
associated with features of synovial inflammatory lipolysis and FLS
dysfunction. Although at present we do not have sufficient evidence that
these two conditions, together with the C3_OA subcluster identified by
synovial mRNA expression arrays, represent the same OA subtype, we
confirmed that the inhibition of ADCY7 could effectively attenuate
HFD-induced degenerative changes as well as the inflammatory lipolysis
and FLS dysfunction observed in the rat model. This suggests that ADCY7
and its downstream pathways are potential pharmacological targets for
treating this lipid-metabolism-disorder-related OA mechanism. Further
study is required to clarify the more detailed role of ADCYs in the
pathomechanisms of joint degeneration.
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