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A B S T R A C T

Aims: Previous study indicated that the increase of local bio-availability of 3′3′5-triiodothyronine (T3) influ-
enced osteoarthritis (OA) initiation. We aimed to investigate the role of thyroid hormone receptors (THRs)
signaling in OA osteoblasts.
Materials and methods: THRs expression in OA was detected by immunohistochemistry, immunofluorescence,
RT-qPCR and western blotting. These effects on the expression of angiogenesis-related factors were examined
after THRα or THRβ knockdown in OA osteoblasts. Fluorescence in situ hybridization was used to confirm the
leading receptor for regulating angiogenesis-related factors. Co-culture model was utilized to observe the MMPs
expression in chondrocytes after THRα knockdown in osteoblasts. The in vivo effects were also studied after
intra-articular injection with THRα siRNA in OA model mice. Micro-CT and immunohistochemistry were em-
ployed to evaluate the changes of subchondral bone.
Key findings: THRs expression and nuclear translocation were upregulated in human OA osteoblasts. Immunohisto-
chemistry showed that angiogenic activities were increased in OA subchondral bone of human and mice. VEGF, HIF-1α
and IGF-1, these THR downstream genes were downregulated after THRα knockdown in OA osteoblasts. Fluorescence
in situ hybridization further indicated that THRα signaling mainly regulated VEGF expression. Intra-articular injection
with THRα siRNA reduced angiogenic activities in OA model mice subchondral bone and ameliorated cartilage de-
gradation. Micro-CT analysis displayed that the aberrant subchondral bone formation in OA was promoted.
Significance: The microangiogenesis in subchondral bone may be partly attributed to abnormal THRα signaling
in osteoblasts, and local inhibition of the THRα could be a potential target to treat OA.

1. Introduction

Osteoarthritis (OA), the most common degenerative joint disease, is
the leading cause of physical disability and dysfunction, which affects the
aging population in the world [1]. Despite the loss of articular cartilage
in OA, currently numerous studies have focused on angiogenesis at os-
teochondral unit and the pathological process of subchondral bone
[2–4]. The crosstalk of bone-cartilage allows the transport of metallo-
proteinase (MMPs), inflammatory factors and chemokines, which ex-
poses cartilage to detrimental microenvironment [5]. However, vascular
invasion mainly contributed to the crosstalk and underlying mechanism
remains uncertain. Subchondral bone is considered to provide the

mechanical support for articular cartilage, and it also undergoes bone
resorption and remodeling in response to mechanical load changes. The
process of bone remodeling characterized by abnormally proliferative
osteoblasts after subchondral bone marrow loss in advanced OA [6,7].
An increasing amount of studies showed that subchondral bone not only
transferred mechanical pressure to the cartilage, but also synthesized and
released activated cytokines to disturb cartilage metabolism in OA
[8–10]. Meanwhile, the aberrant subchondral bone formation is ac-
companied by blood capillary invasion, suggesting a close association
between osteogenesis and angiogenesis [11].

Osteoblasts, which synthesize extracellular matrix proteins to
maintain skeletal homeostasis and matrix mineralization, play a pivotal
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role in OA pathogenesis and are involved in subchondral bone sclerosis
[12]. Aside from osteoprotegerin (OPG) and nuclear factor (NF)-κB li-
gand (RANKL), osteoblasts have been known that secreted various so-
luble factors, such as vascular endothelial growth factor (VEGF),
transforming growth factor (TGF)-β, and insulin-like growth factor
(IGF)-1 [13–15]. However, yet there is little understanding for the
specific effect of hypoxia-inducible factor (HIF)-1α in osteoblasts under
hypoxic environment in OA. A report on VEGF gene transcription in
human osteoblast-like cells (MG63 cell lines) through the HIF-2α was
demonstrated [16]. However, we consider that primary osteoblasts
from human OA are more able to reflect the cellular phenotype after
mechanical changes and HIF-1α is also one of target gene of T3 [17].
Therefore, it is extremely necessary to investigate the effect of HIF-1α
in osteoblasts and angiogenesis in our study at least. In particular,
elevated expression of these growth factors contributes to vasculariza-
tion originating from subchondral bone and transits the tidemark to
cartilage surface [18].

Previous study has reported that the increase of intracellular bio-
availability of T3 was considered to influence OA onset, and the me-
chanism was unknown [19]. Activities of thyroid hormones are mainly
mediated by THRs encoded by the THRA and THRB genes and regulate
many organs' growth and mature, especially the process of skeletal de-
velopment and remodeling [20]. Interestingly, VEGF, IGFs and placental
growth factor (PGF) were target genes of THR signaling and play key
roles in angiogenesis [21,22]. In addition, Moretto FC et al. [23] also
confirmed that the upregulation of HIF-1α mRNA expression in response
to T3 stimulation and it also participated in angiogenic activity. Hence,
the purpose of present study was to explore whether locally elevated T3
bio-availability facilitated OA progression through abnormal THR sig-
naling in OA osteoblasts. And our findings indicated that THRα signaling
mainly regulated the expression of angiogenesis-related factors in OA
osteoblasts, and THRα knockdown repressed angiogenic activities in
subchondral bone, thereby attenuating OA development.

2. Materials and methods

2.1. Reagents

DMEM medium were purchased from Hyclone (Logan City, Utah,
USA) and Fetal bovine serum (FBS) were purchased from CLARK
(CLARK Bioscience, Australia). Anti-THRα, THRβ, HIF-1α, IGF-1 and
anti-cluster designation 34 (CD34) antibodies were purchased from
Abcam (Cambridge, UK). Anti-VEGF antibody was supplied from
Elabscience Biotech Co., Ltd (Wuhan, China). ELISA kit was bought
from Dakewe Biotech Co., Ltd (Dakewe Biotech, Shenzhen, China).
Small interfering RNAs and 2′OMe+5′Chol modified THRα siRNA la-
beled with 5Cy5 were supplied by Ribo Company. (RiboBio,
Guangzhou, China). RNA reverse transcription and polymerase chain
reaction system was bought from TaKaRa (TaKaRa Bio, Japan).

2.2. Human OA osteoblasts and chondrocytes culture

Knee tibial plateaus were harvested from patients with OA (12 females
and 4 males, mean age 70.3 ± 7.9 years) undergoing total knee joint
replacement and 5 healthy knee specimens (2 male, 3 females, mean age
66.8 ± 8.2 years) were obtained from amputees as normal control group.
All patients have no diseases affecting bone metabolism and the history of
hormone uses. Diagnose of knee osteoarthritis was based on American
College of Rheumatology clinical criteria [24]. Demographic parameters
were listed in Table 1. This study design was approved by the Ethical
Committees of the first affiliated hospital of Anhui medical university and
was carried out in accordance with the Helsinki Declaration.

According Kellgren-Lawrence (KL) grade [25], all bone samples
were defined as KL grade Ⅲ∼Ⅳ OA. The subchondral bone plate
samples of medial sclerosis zone were isolated after eliminating the
trabecular bone, and were cut into small pieces of approximately

1–2mm2. The 1mg/ml type I collagenase (Sigma, St. Louis, MO) in
DMEM/F12 medium without serum was used to digest these bone chips
at 37 °C for 20, 20, and 240min sequentially. For chondrocytes culture,
briefly, cartilage pieces were washed and digested in 0.5 mg/ml col-
lagenase Ⅱ solution with DMEM containing 2mM L-glutamine, 50 U/ml
penicillin G in 37 °C for 12–16 h. After centrifugation at 1000 rpm for
10min, supernatant was seeded in DMEM medium containing 10% FBS
at 37 °C incubator with a volume fraction of 5% CO2 [26].

2.3. Mice

Twelve-week-old male C57BL/6 mice were purchased from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). Mice
subjected to a 12 h light/dark cycle and a standard food diet in the ab-
sence of specific pathogens. Mice were anesthetized and conducted the
destabilization of the medial meniscus (DMM) on the left knee to induce
surgical OA model. Sham surgeries were operated on independent mice.
Healthy mice without any treatment served as the control group
(n = 3–6 per group). All mice were killed at 8 weeks after surgery for
immunohistochemistry. Additionally, to verify the effectiveness of the
siRNA, mice were randomly divided into four groups: Sham, OA,
OA + siControl, OA + THRα siRNA. From 4 weeks after surgery, mice
were treated with intra-articular injection of 2 nmol 2′OMe+ 5′Chol
modified THRα siRNA labeled with 5Cy5 (OA + THRα siRNA group),
scramble siRNA (OA + siControl group) at a weight ratio of 2 twice a
week. A bioluminescence imaging (IVIS Lumia LTSeries Ⅲ, PerkinElmer,
USA) was used to verified that siRNA was injected into the knee joint
cavity. All mice were euthanized at 8 weeks after injection. Animal ex-
periments were approved and implemented by the Institutional Animal
Care and Use Committee of the Anhui Medical University.

2.4. Measurement of human serum thyroid hormones

Blood samples from sixteen OA patients and sixteen age-matched
healthy participants were collected to measure serum thyroid hor-
mones, including TT3 (total triiodothyronine) and TT4 (total thyr-
oxine). All blood samples were taken after a 12 h of fasting overnight.
According to manufacturer's instruction, Cobas 601 fully automatic
chemiluminescence analyzer (Roche, Basel, Switzerland) was used to
measure these blood indicators.

2.5. Histochemistry, immunohistochemistry and
immunofluorescence staining.

The well-prepared subchondral bone specimens of human and mice
were soaked with 4% paraformaldehyde, decalcified with 10%

Table 1
Demographic parameters of OA patients and healthy controls.

Age Gender K-L grade

Healthy controls 62 Male 0
60 Female 0
61 Female 0
73 Male 0
78 Female 0

OA 62 Male Ⅳ
60 Female Ⅳ
69 Female Ⅳ
72 Female Ⅳ
79 Male Ⅲ
81 Male Ⅳ
63 Female Ⅳ
83 Female Ⅲ
74 Female Ⅲ
71 Male Ⅳ
69 Female Ⅳ
61 Female Ⅳ
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ethylenediaminetetraacetid acid (EDTA) and embedded in paraffin.
Sections (5 μm) were processed for hematoxylin-eosin (H&E) and sa-
franin O and fast green staining using a manufacturer's protocol. Then,
these slices were dewaxed in xylene for three times with 5min each and
subsequently rehydrated in gradient concentrations of ethanol. Samples
were incubated in sodium citrate solution buffer at 92 °C for 10min. In
order to deactivate endogenous peroxidase, 0.3% H2O2 was dropwise
added in tissue sections to block. Then, slices were incubated with anti-
THRα (1:200 dilution; ab53729, Abcam), anti-THRβ (1:200 dilution;
ab5622, Abcam), anti-CD34 (1:2500 dilution; ab81289, Abcam) for
subchondral bone of human specimens and anti-MMP13 (1:100 dilu-
tion; E-AB-70346, Elabscience) and anti-MMP9 (1:200 dilution; 10375-
2- AP, proteintech) for cartilage of mice at 4 °C overnight, followed by
staining with goat anti-rabbit second antibodies conjugated with HRP
next day. Each immunostained section was imaged with a light mi-
croscope and analysis results were shown using image J software. For
immunofluorescence staining, OA osteoblasts were fixed in 4% buffered
paraformaldehyde and then were incubated with specific antibody after
penetrating cell membrane using 0.5% Triton X-100 and second anti-
body conjugated with fluorescence for 1 h at room temperature. The
staining images were captured by confocal laser scanning microscopy
(LSM880, Carl Zeiss Co.,Ltd, Germany).

2.6. Western blotting and ELISA

Osteoblasts lysates were extracted by nuclear and cytoplasmic ex-
traction reagents kit (KeyGen Bio TECH, Nanjing, China). The con-
centrations of proteins were determined using bicinchoninic acid pro-
tein assay. The 15 μg protein from each sample was added to
polyacrylamide gels and separated by 10% SDS-PAGE based on stan-
dard electrophoresis conditions. Proteins were transferred to PVDF
membranes (Millipore, USA) and blocked in 5% skim milk. After in-
cubation in primary antibodies, including anti-THRα (1:1000 dilution;
ab53729, Abcam), anti-THRβ (1:1000 dilution; ab5622, Abcam), anti-

VEGF at 1:1000 dilution (E-AB-64131, Elabscience), anti–HIF–1α
(1:1000 dilution; ab51608, Abcam), anti-IGF-1 (1:1000 dilution;
ab9572, Abcam), anti-GAPDH at 1:1000 dilution (GB11002, Servicebio,
Wuhan) and anti-Histone H3 (1:1000 dilution; ab1791, Abcam) for
osteoblasts and anti-MMP13 at 1:1000 dilution (E-AB-70346,
Elabscience), anti-MMP9 (1:1000 dilution; 10375-2-AP, proteintech)
for chondrocytes, membranes were incubated with goat anti-rabbit
antibody and used an enhanced chemiluminescence kit to visualized
these protein bands by Bio-Rad XRS + imaging system. The proteins
intensity was assessed by image J software. Meanwhile, we detected the
secretion levels of VEGF in the cell supernatant using the ELISA kit
following the manufacturer's instructions.

2.7. Total RNA extraction and RT-qPCR

Total RNA from osteoblasts was extracted using TRIzol lysate
(Invitrogen, USA) and reverse transcription was performed using a
PrimeScript™RT reagent Kit according to manufactures’ protocols after
measurement of RNA concentration. Then, PCR reaction systems were:
95 °C for 5min; followed by 40 cycles of: 95 °C for 30 s, 60 °C for 30 s,
72 °C for 1min; followed by 72 °C for 10min. Ct (cycle threshold) va-
lues were calculated using 2−ΔΔCT method to quantify relative genes
expression. Sequences of gene-specific primers were shown in Table 2.

2.8. Small interfering RNAs (siRNAs) and cell transfection

OA osteoblasts were seeded at a density of 1×105 cells/well in 6-
well plate and transfected with small interfering RNAs (Ribio,
Guangzhou, china) to knockdown endogenous THRα and THRβ expres-
sion for 48 h. The target sequences of siRNAs for human were as follows:
5′-CTACCGCTGTATCACTTGT -3′ for THRα and 5′-GAACGACCAGAGTG
TCTCA-3′ for THRβ. Fluorescence microscope IX51 (Olympus, Tokyo,
Japan) and RT-qPCR were employed to detected the transfection effi-
ciency. Osteoblasts transfected with siRNAs were cultured in DMEM/F12

Table 2
Sequences of gene-specific primers and mRNA probes.

Genes Primers sequence Length (bp)

Forward Reverse

THRA AGGTCACCAGATGGAAAGCG AGTGATAACCAGTTGCCTTGTC 110
THRB TGGGACAAACCGAAGCACTG TGGCTCTTCCTATGTAGGCAG 247
VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA 202
HIF-1α TGATTGCATCTCCATCTCCTACC GACTCAAAGCGACAGATAACACG 177
IGF-1 TCAGCAGTCTTCCAACCCAAT CATACCCTGTGGGCTTGTTG 228
ADAMTS5 GAGCCTGGAAGTGAGCAAGAA CACATAAATCCTCCCGAGTAAACA 137
MMP13 ACTGAGAGGCTCCGAGAAATG GAACCCCGCATCTTGGCTT 103
MMP9 GCACGACGTCTTCCAGTACC GGTTCAACTCACTCCGGGAA 86
Actin CACCCAGCACAATGAAGATCAAGAT CCAGTTTTTAAATCCTGAGTCAAGC 317
THRα probe 5′-DIG-GUGUUUGCGGUGGUUGACGUAGUGC-DIG-3′
THRβ probe 5′-DIG-CAGUGGCUGCCUUGGGCGUUGGUC-DIG-3′

Fig. 1. Comparison of the TT3 and TT4 levels in serum between healthy control group and OA group.
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Fig. 2. The upregulation of THRα and THRβ expression in OA osteoblasts. (a, b, c) The CD34, THRα and THRβ staining of subchondral bone in OA group and healthy
control group. Scale bar, 100 μm. Quantitative analysis of the number of positive cells was shown on the right. (d) The mRNA expression levels of THRα and THRβ in
OA osteoblasts and healthy control osteoblats. (e, f) THRs expression levels from nuclear protein and total protein and quantitation of western blotting in osteoblasts.
(g) Immunofluorescence detection of THRα and THRβ in osteoblasts. The yellow arrows indicate the enhancement of nuclear translocation of THRs in OA osteo-
blasts. Scale bar, 50 μm. Values are presented as the means ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 compared to the control group. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (continued)
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Fig. 3. The decreased expression of angiogenesis-related factors after THRα knockdown. (a) Red regions under fluorescent microscope show the transfection
efficiency of small interfering RNA of THRα andTHRβ. Scale bar, 100 μm. (b, c) The mRNA expression levels of VEGF, HIF-1α and IGF-1 after THRs knockdown. (d)
The protein expression levels of VEGF, HIF-1α and IGF-1 and quantification in osteoblasts after THRs knockdown. (e) Quantitative analysis of VEGF secretion levels
in osteoblasts supernatant. Values are presented as the means ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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medium without FBS and seeded into the Transwell chambers (Costar,
Cambridge, MA). The chambers were inserted into the 6-well plates
containing OA chondrocytes and 10% FBS to conduct 3D co-culture
model for 48 h. The 10 ng/ml IL-1β stimulated chondrocytes to conduct

OA model. The OA chondrocytes were divided into four groups: control
group, IL-1β group, IL-1β + co-culture group and IL-1β + co-
culture + siTHRα. ELISA and western blotting were used to examine the
level of VEGF secretion and MMPs expression in chondrocytes.

Fig. 4. THRα signaling mainly regulates the VEGF expression in OA osteoblasts. (a, b) The co-location of THRα and THRβ mRNA probes and VEGF in human OA
osteoblasts by fluorescence in situ hybridization. Scale bar, 50 μm.

Fig. 5. MMPs expression of chondrocytes in co-culture model. (a) The secretion levels of VEGF in chondrocytes supernatant after different treatments. (b) The
proteins expression levels of MMP9, MMP13 and quantification in OA chondrocytes after THRα knockdown of osteoblasts in 3D co-culture model. Values are
presented as the means ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001.
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2.9. mRNA fluorescence in situ hybridization (FISH)

The probes of THRα and THRβ mRNA were designed to confirm the
main receptor associated with regulating VEGF expression. Following
previous experimental instruction, primary human OA osteoblasts were
seeded in an 6-well plate at a density of 1× 105 cells/well and fixed in
4% paraformaldehyde, washed with PBS. Then, OA osteoblasts were
incubated with 8 ng/μl THRα or THRβ mRNA probes at 37 °C over-
night. As primary antibody, VEGF was added to slide at 1:200 dilution.
Cell nucleus were stained with DAPI (4′,6-diamidino-2-phenylindole)
after incubation of secondary antibody labeled FITC. Images were ac-
quired using a fluorescence microscope.

2.10. Micro-CT

Left knee joints of mice removed soft tissue were dissected, fixed
them in 98% ethanol for 24 h and visualized them by high-resolution in-
vivo X-ray microtomograph (Skyscan1176, Bruker, Germany). A vol-
tage 58 kVp, a current of 431 μA and a resolution of 9.0 μm per pixel
were set in scanner. Images of three-dimensional reconstruction in
subchondral bone medial compartment and parameters of the trabe-
cular bone were obtained by the NRecon software. Additionally, these
parameters of BMD (bone mineral density) and BV/TV (bone volume/
total tissue volume) were analyzed.

2.11. Statistical analysis

All data are presented as the mean ± standard deviation (SD).
Comparisons of different groups were performed by a one-way analysis
of variance (ANOVA) SPSS V.23.0 (SPSS Inc., Chicago, USA) to assess
statistical differences and the critical value was P < 0.05.

3. Results

3.1. The high expression and increased nuclear translocation of THRs in OA
osteoblasts and unchanged serum levels of thyroid hormones in patients

We firstly measured the TT3 and TT4 levels of serum in OA patients
and healthy controls (n= 16 per group), however, there was no sta-
tistical difference between two groups (Fig. 1). Then, as the blood en-
dothelial cell marker, CD34 was used to evaluate the angiogenic ac-
tivities and an obvious increase was revealed in human subchondral
bone (Fig. 2a). Due to abnormal proliferation of OA osteoblasts, we first
detected THRs expression. As shown in Fig. 2b∼ f, strong staining of
THRα and THRβ were shown in OA subchondral bone tissues compared
to control group. Consistently, the mRNA and protein levels of THRα
and THRβ were also significantly upregulated in OA osteoblasts and the
nuclear translocation of THRα and THRβ were obviously elevated.
Hence, these results indicated the increase in local bio-availability of T3
may be attributed to the abnormal THRs signaling.

3.2. Inhibition of THRα signaling downregulated the expression of
angiogenesis-related proteins

THRα siRNA and THRβ siRNA were designed to verify whether
abnormal THRs signaling was involved in angiogenesis in OA sub-
chondral bone, and the transfection efficiency in osteoblasts was ob-
served under fluorescence microscope (Fig. 3a). As expected, RT-qPCR
and western blotting analysis demonstrated that the expression of
VEGF, IGF-1 and HIF-1α were significantly downregulated when THRα
was knocked down. However, there is no statistical difference for these
proteins expression after THRβ knockdown at mRNA and protein levels
(Fig. 3b–d). Quantitative analysis by ELISA also suggested that the se-
cretion level of VEGF in osteoblasts supernatant was decreased after
THRα siRNA treatment (Fig. 3e).

3.3. THRα was the leading receptor of regulating microangiogenesis in
subchondral bone

To further definite the mainly regulative effect of THRα signaling
for angiogenesis, the regulation of VEGF expression in OA osteoblasts
was determined by fluorescence in situ hybridization using the marker
THRα mRNA and THRβ mRNA probes and VEGF antibody. As shown in
Fig. 4, the fluorescence intensity of VEGF with THRα is much stronger
than the binding of VEGF to THRβ.

3.4. Inhibition of THRα in osteoblast downregulated the MMPs expression
in OA chondrocytes

Changes of biological phenotypes in osteoblasts and chondrocytes
accelerate the OA progression, which affect each other. Thus, we next
examined the effect of osteoblasts with THRα siRNA treatment on OA
chondrocytes. According to previous study, the in vitro 3D co-culture
model allowed us to explore cell-cell interactions and we investigated
the expression of cartilage degradation-related proteins of MMP9 and
MMP13 by transwell assay. As presented in Fig. 5, THRα siRNA-
mediated THRα knockdown in OA osteoblasts decreased the secretion
level of VEGF and MMP9, MMP13 expression in OA chondrocytes by
the co-culture model.

3.5. Inhibition of THRα signaling attenuated cartilage impairment and
subchondral bone sclerosis in OA model mice

To verify our in vitro findings, C57/BL mice at 12 weeks of age were
conducted the model of DMM on the left knee joints and pathological
changes were observed after different treatments. The strong staining of
THRα in OA model mice was found compared to control group and
sham group 8 weeks after surgery (Fig. 6a). And the change on sub-
chondral bone sclerosis in mice 4 weeks after DMM was found by
micro-CT, suggesting that OA was in an period of aberrant bone for-
mation dominated by proliferative osteoblasts. Due to non-homology of
THRβ siRNA with human, THRα siRNA was only employed for intra-
articular injection in OA model mice. The bioluminescence imaging was
used to prove that the THRα siRNA labeled fluorescence injected into

Fig. 6. Intra-articular injection with siTHRα reduces microangiogenic activities in subchondral bone and attenuates the cartilage degradation in OA model mice. (a)
Immunohistochemistry and quantitative analysis of THRα (brown) in medial subchondral bone. Scale bars, left 100 μm, right 50 μm. Arrowheads represent THRα-
positive cells. (b)Micro-CT showed the change of subchondral bone sclerosis at 4 weeks after DMM surgery and the results of bioluminescence imaging indicated that
fluorescent emission was maintained at least 5 days after intra-articular injection with siTHRα. The black rectangles indicate sclerosis areas in subchondral bone. (c)
H&E staining of the subchondral bone plate and cartilage. The thicknesses of hyaline cartilage (HC) and calcified cartilage (CC) were marked by double-headed
arrows. CD34 and Safranin-O and fast green staining in Sham, OA, OA + sicontrol and OA + siTHRα groups. Scale bars, left 100 μm, right 50 μm. Arrowheads
represent CD34-positive cells and quantitative analysis was showed on the right. (d) MMP13 and MMP9 staining in Sham, OA, OA + siControl and OA + siTHRα
groups in medial articular cartilage. Scale bars, left 100 μm, right 50 μm. Arrowheads represent MMP13- and MMP9-positive cells and quantitative analysis was
showed on the right. (e) Three dimensional microCT images of the medial compartment in tibial subchondral bone (sagittal view) in different groups were displayed
and microstructural parameters of subchondral bone were analyzed. (f) OARSI scores in Sham, OA, OA + siControl and OA + siTHRα groups. Values are presented
as the means ± SD. *P < 0.05, **P < 0.01; ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 6. (continued)
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knee joints cavity and still detected the fluorescence after 5 days
(Fig. 6b). Unexpectedly, H&E staining showed that the thickness of the
calcified cartilage zone in those mice with THRα siRNA injection was
lower than that of OA model mice without treatment. We also found
that the number of CD34 positive cells was markedly reduced in sub-
chondral bone and proteoglycan loss of articular cartilage were alle-
viated in THRα siRNA group by immunohistochemtry and Safranin-O

and fast green staining (Fig. 6c and d). Additionally, the parameters of
microarchitecture of subchondral bone, especially increased BMD and
BV/TV in OA + siTHRα group revealed that aberrant subchondral bone
formation was also ameliorated (Fig. 6e). Meanwhile, OARSI scoring of
OA severity was used to assess the injury-degree of articular cartilage
among four groups (Fig. 6f).

Fig. 6. (continued)
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Fig. 6. (continued)
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4. Discussion

Thyroid hormones are known for its biological effects combined
with THRs on skeletal growth and metabolism, especially the regulation
of bone homeostasis [27,28]. Linked to the abnormal proliferation of
osteoblasts in OA [15] and the uncertain mechanism of locally elevated
T3 bio-availability, we firstly found a significant increase of THRs ex-
pression in OA osteoblasts and subchondral bone compared to normal
controls. Consistently, the stronger staining of THRα-positive was ob-
served in OA model mice. In fact, a recent study from health toxicology
have also reported that exposure of gestational Di-(2-ethylhexyl)
phthalate lead to fetal intrauterine growth restriction, which may be
attributed to local THR signaling disorders without effect on systemic
thyroid hormone levels, suggesting that local T3 played a key role in
mechanism of disease onset [29]. Hence, whether this locally disturbed
THRs signaling enhanced T3 bio-availability and contributed to mi-
croangiogenesis in subchondral bone are critical points of interest in
our study.

Relative to aberrant bone formation in OA, the coupled with mi-
croangiogenesis in subchondral bone is a crucial factor in cartilage
degradation [30–32]. A variety of angiogenesis-related factors were
considered to be the downstream proteins of the THR signaling. Our
data indicated that the downregulation of VEGF, HIF-1α and IGF-1
expression in OA osteoblasts after inhibition of THRα signaling in vitro.
Indeed, the decrease of positive cells number of CD34 in the sub-
chondral bone of OA model mice further demonstrated the reduced
angiogenic activities. The blockage of microangiogenesis could prevent
the transport of MMPs and harmful small molecules from subchondral
bone, which alleviated the degradation of OA articular cartilage. In our
study, it was once again confirmed that the vascular invasion estab-
lished the interaction in osteochondral unit for OA progression [33,34].

Recently, the function of THRs have been gradually clarified.
Studies demonstrated that trabecular bone volume and mineralization
were increased in mutant THRα mice and severe osteoporosis was
displayed in mutant THRβ mice [35]. Surprisedly, as the most im-
portant factor in angiogenesis, the reduction of VEGF expression in
osteoblasts after inhibition of THRβ in our study was much lower than
that of THRa knockdown. Meanwhile, this result of fluorescence in situ
hybridization further confirmed that abnormal THRα signaling of os-
teoblasts may act as a crucial role in regulating microangiogenesis in
subchondral bone during OA progression. However, this may be in-
consistent with the view that angiogenesis in pathological cardiac hy-
pertrophy was regulated by THRβ signaling [36]. We believe that this
was caused by the difference in cell phenotype and the biological en-
vironment in which these were located. And a recent study in breast
cancer cell lines concluded that depletion of THRα did not influence
cell proliferation or viability in vitro [37]. Thus, whether THRβ regu-
lated the abnormal proliferation of OA osteoblasts requires further ex-
ploration.

Previous studies regarding the effect of VEGF in OA progression
have provided evidences and VEGF plays a proactive role in inducing
and activating MMP-1, MMP-3, MMP-9 and MMP-13 expression in
chondrocytes [38,39]. These findings were consistent with these results
of in vitro co-culture model in our study. As a consequence, THRα
siRNA-mediated THRα downregulation decreased the VEGF secretion
in osteoblasts and subsequently reduced MMPs expression in chon-
drocytes. Moreover, MMPs have also been reported that could facilitate
VEGF release and thereby initiating the angiogenic activities [40].
Additionally, VEGF is not only involved in the cartilage degradation but
also participated in the process of osteophyte formation in OA [41,42].

OA model mice elucidated the function of intra-articular injection
with THRα siRNA in vivo study, as demonstrated by OARSI scores [43],
which were showed to be distinctly decreased in the THRα siRNA group
relative to time-matched OA group. Notely, THRα2 rather than
THRα1regulated skeletal maturity and the THRα siRNA was used in our
study referred to THRα1 [44]. Our data revealed that the angiogenic

activities of subchondral bone were reduced in THRα siRNA group
compared to the OA group by staining of vascular endothelial cell
marker. These results of immunohistochemistry in vivo explained, at
least partially, the regulative effect of abnormal THR signaling for an-
giogenesis in OA. Analogously, OA-like pathological changes, including
cartilage loss, subchondral bone sclerosis, and osteophyte formation
were induced in a report after local intra-articular injection with VEGF
in the knee joints of mice [45]. Indeed, treatment targeting VEGF may
be further valuable for the drugs research and development in OA [46].
Changes on decreased proteoglycans loss, weak staining of MMP9 and
MMP13 in articular cartilage after THRα siRNA treatment in OA model
mice revealed that THRα knockdown ameliorated cartilage degradation
in vivo. Moreover, the increased BMD and BV/TV, and lower thickness
of the calcified cartilage zone after THRα siRNA injection implied the
attenuation of aberrant subchondral bone formation in OA model mice.
Meanwhile, the most important limitation of the present study is that
the number of healthy knee samples is too small. Also, this study cannot
completely clarify the function of THRβ in OA osteoblasts. Moreover,
the regulative mechanism of THRα for angiogenesis in OA animal
model still needs further explore.

5. Conclusions

Our present findings demonstrate that abnormal THRα signaling of
osteoblasts contributes to locally upregulated T3 bio-availability, and
regulate microangiogenesis in subchondral bone. Therefore, inhibition
of THRα signaling could be a novel potential approach for preventing
OA progression.
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