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Abstract
Background TGFβ1 plays an important role in the metabolism of articular cartilage and bone; however,
the pathological mechanism and targets of TGFβ1 in cartilage degradation and uncoupling of
subchondral bone remodeling remain unclear. Therefore, in this study, we investigated the relationship
between TGFβ1 and major protein-degrading enzymes, and evaluated the role of high levels of active
TGFβ1 in the thickening of subchondral bone and calci�cation of articular cartilage. Materials and
methods The expression of TGFβ1 and protein-degrading enzymes in clinical samples of articular
cartilage and subchondral bone obtained from the knee joint of patients with osteoarthritis was detected
by immunohistochemistry. The expression levels of TGFβ1, MMP-3, MMP-13 and IL-1β in cartilage and
subchondral bone tissues were detected by absolute real-time quantitative RT-PCR. The expression of
TGFβ1, nestin and osterix in subchondral bone was detected by Western blot analysis and
immunohistochemistry. The degree of subchondral bone thickening was determined by micro-computed
tomography (CT) imaging. Results Expression of TGFβ1 and cartilage-degrading enzymes was higher in
the cartilage-disrupted group than that in the intact group. Furthermore, expression of TGFβ1, nestin and
osterix was signi�cantly higher in the OA group than that in the control group. Micro-CT imaging showed
that the OA group had abnormal hyperplasia of subchondral bone. Conclusions The data suggest that
highly active TGFβ1 activates the expression of cartilage-degrading enzymes. Abnormally activated
TGFβ1 may induce formation of the subchondral bone and expansion of the calci�ed cartilage area,
eventually leading to degradation of the cartilage tissue.

Introduction
Osteoarthritis (OA) is the most common chronic degenerative joint disease in orthopedics. It is clinically
characterized by varying degrees of joint pain, stiffness, dysfunction and deformity, and ultimately loss of
joint function. In the later stages of the disease, it has a non-negligible in�uence on the quality of life of
patients[1, 2]. Risk factors for OA can be broadly classi�ed as systemic, including factors such as age,
sex, heredity and ethnicity, or mechanical, including joint structure, alignment, trauma, physical activity,
and occupation.[2]. However, for early OA, the main risk factor is age.[3]. In the Framingham study,
estimation of the incidence of OA based on the de�nition of the disease and the age characteristics of the
study population[4] revealed a prevalence of radiological knee OA (age 63 to 94 years) estimated at 33%,
with a slightly higher prevalence in women than in men (34% vs. 31%). In the same study, the prevalence
of symptomatic knee OA was 9.5%, with signi�cantly higher prevalence in women than in men (11.4% vs.
6.8%)[5]. In general, patients do not seek medical care until they experience physical symptoms, although
the joint is already severely damaged by this stage. In such cases, partial or complete joint replacement is
the only effective treatment, an option that is associated with high medical costs. Excluding the
subjective causes, the main objective reasons for this delay in treatment are the unclear pathological
mechanism of OA, the lack of accurate and early diagnostic techniques and effective early intervention.
With the accelerating growth in the aging population worldwide, OA has become a concern for patients
and health workers.
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The pathological changes of OA are characterized by the progressive degradation of articular cartilage
and the metabolic dysregulation of subchondral bone, gradually leading to cartilage atrophy,
degeneration, and shedding, as well as osteophyte formation and joint edge and surface bone
hyperplasia. This tissue destruction is accompanied by subchondral bone remodeling and hypertrophy in
addition to varying degrees of synovial hyperplasia, hypertrophy, and �brosis[6]. Numerous studies have
shown that age, sex, immune response, elevated intraosseous pressure, enzyme degradation of cartilage,
cytokines, genetic polymorphisms and other factors are related to OA; however, the speci�c pathological
mechanism remains unclear[7, 8][8-10]{Lories, 2011 #8;Tchetina, 2010 #9;Dreier, 2010 #10}. Previous
research has shown that the interaction between cartilage tissue degradation and subchondral bone
metabolism disruption lead to the characteristic pathological changes of OA, although the etiology and
pathogenesis of these pathological changes have not been elucidated[9, 10]. Studies have shown that
remodeling of OA subchondral bone is highly active in a process that involved both bone resorption and
formation. Inhibiting subchondral bone remodeling effectively slowed down articular cartilage
degeneration, indicating a close relationship between these two processes as well as an important role in
the early stages of cartilage degeneration[7]. Previous studies suggest that structural changes in the
subchondral bone are closely related to the pain experience by patients with OA, and the severity of OA
can be expected[11]. However, the current relationship between the changes in subchondral bone and the
pathogenesis of OA as well as the underlying pathological mechanisms are not clear.

Transforming growth factor (TGFβ1) is a pleiotropic cytokine that is closely related to the pathological
changes of OA[12, 13]. During the early stages of joint development, TGFβ1 is important for the
maintenance of a normal chondrocyte phenotype[14]. The articular cartilage performs the biological
functions of shock absorption and buffering mechanical stress. Chavez et al.[15] reported that TGFβ
increases the expression of type II collagen (ColII) and the proteoglycan aggrecan (ACAN) by regulating
Smad2/3. In contrast, there are also extensive reports indicating that TGFβ1 is an important factor in joint
destruction. Therefore, the current evidence for the role of TGFβ1 in the development of OA is
contradictory[16]. In many animal models of OA, active TGFβ1 is expressed at high levels in epiphyseal
and subchondral bone calci�cation [17]. Mesenchymal stem cells (MSCs), also known as pluripotent
stem cells, are capable of self-renewal and differentiation into a variety of cells, allowing tissue growth
and regeneration[18]. Nestin was identi�ed in neural stem cells and is now used as a marker of bone
marrow-derived MSCs[19]. MSCs �rst differentiate into osteogenic precursor cells and then into
osteoblasts. The osteogenic precursor-speci�c transcription factor, osterix, which was �rst discovered in
mice[20], is one of the most important transcription factors involved in osteoblast differentiation, and its
loss leads to a direct loss of bone formation ability. Therefore, osterix expression is used to evaluate
osteoblast differentiation. Clinically, TGFβ1 is highly expressed in the subchondral bone of OA patients,
leading to increased formation of MSC clusters and calluses, and ultimately to the occurrence of OA.
Moreover, TGFβ1 antibody treatment improves bone microstructure, reduces the severity of OA, and
delays the progression of joint deterioration[21].Therefore, TGFβ1 is crucial for the metabolic
homeostasis and structural integrity of articular cartilage, although the speci�c mechanism of action of
TGFβ1 in OA is still controversial.
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Subchondral bone is the main link between cartilage and bone and bone plays an important role in the
stress transmission process. Therefore, a role for subchondral bone plays a role in OA is increasingly
being proposed [22, 23]. In our preliminary study, we found that active TGFβ1 was highly expressed in the
subchondral bone of OA patients, and the reactivity of the patient’s chondrocytes to TGFβ1 was
decreased, which was consistent with the changes in TGFβ1 receptor expression in elderly OA cases. The
level of active TGFβ1 is also elevated in a mouse anterior cruciate ligament rupture OA model (ACLT-OA)
and a spontaneous OA guinea pig model. Cui et al.[24]showed that reduced TGFβ1 expression in the
mouse ACLT-OA model impeded articular cartilage degeneration. The subchondral bone undergoes a
process of plastic bone and bone remodeling. During osteolysis caused by osteoclasts, TGF-β1 induces
proliferation of nestin-positive MSCs and transcription factor osterix-positive osteogenic precursor cells,
which couples bone remodeling and angiogenesis[25]. These reports indicate that TGFβ1 plays different
roles in the remodeling of subchondral bone and the pathological changes of articular cartilage, although
the underlying mechanism requires further clari�cation.

Clinical OA joint samples are obtained long after the lesions have formed and after a very long period of
wear. Animal models of OA offer the advantage that samples can be obtained at different stages during
the development of the lesion. Such models provide the opportunity to investigate differences in the
microstructure of the subchondral bone at different stages and different degrees of cartilage wear, the
relationship between these differences and TGFβ1expression and the relationship with OA articular
cartilage degeneration and subchondral bone remodeling.

In this study, control normal cartilage specimens and clinical OA specimens were collected to investigate
the changes in cartilage and subchondral bone structure, the activity of TGFβ1 and its correlation with
cartilage-degrading enzymes and OA lesions. This information will provide an important basis for the
clinical application of TGFβ1-targeted therapy for OA.

Methods
Chemicals and reagents

Antibodies for detection of TGFβ1, MMP-3, MMP-13, IL-1β, PTHrP, Indian hedgehog (IHH), sonic hedgehog
(SHH), β-catenin, pSmad1, nestin, and osterix were purchased from Abcam Corporation (USA). The
QuantiNova SYBR Green PCR Kit (500) was purchased from Qiagen GmbH (Germany). The PCR
ampli�cation machine (AG 22331 Hamburg) was purchased from Eppendorf Corporation (Germany). The
frozen high-speed microfuge (Thermo Scienti�c Heraeus Fresco 17) was purchased from Thermo Fisher
Scienti�c (USA). The Modi�ed Safranine O-Fast Green FCF Cartilage Stain kit and SDS-PAGE Kit were
purchased from Beijing Solarbio Technology Co., Ltd.

Experimental samples and protocol

Inpatients from the Department of Joint Surgery, the First A�liated Hospital of Shihezi University Medical
College were enrolled into this study from March 2016 to December 2018. Joint samples were obtained
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from 100 patients (48 males and 52 females; average age of 69±5 years) with con�rmed OA patients
undergoing total knee arthroplasty and 20 patients with amputation due to trauma (see Appendix for
inclusion and exclusion criteria).

All patients signed informed consent prior to participating in the study. The study was approved by the
Ethics Committee of the First A�liated Hospital of the Medical College.

Decalci�cation of joint samples was carried out in 10% EDTA at -80℃. All the joints of one side of the
tibial plateau were divided into a mild (normal cartilage), moderate (cartilage wear) and severe (cartilage
exfoliation) according to the degree of lesions; the mild group was used as the control for statistical
analysis. According to the Kellgren and Lawrence (K–L) classi�cation [26], of the 100 patients, eight (8%)
were grade 2 OA, 62 (62%) were grade 3 OA, and 30 (30%) were grade 4 OA.

In the control group, tibial plateau samples were collected from 20 healthy joints (12 males and 8
females; average age 56±4 years) obtained from patients who had undergone amputation due to trauma
and died of acute disease consent at the Department of Trauma of the First A�liated Hospital of Shihezi
University and the Department of Trauma of Shihezi People’s Hospital China. The control group was The
tibial plateau did not have any form of joint disease.

Histological examination

The knee tibial plateau tissue sections were dewaxed in xylene and then hydrated in a series of graded
ethanol solutions. The sections were placed in 0.4% pepsin and �xed at 37℃ for 30 min. After washing
three times with PBS, sections were immersed in 3% hydrogen peroxide for 30 min, washed again and
then incubated in 5% fetal bovine serum blocking solution for 30 min. The sections were then placed in
hematoxylin solution for 30 s, acidi�ed for 3–5 s, and rinsed with tap water until no color, tap water
returned to blue for 10 min. Subsequently, sections were washed three times with PBS followed by 95%
alcohol before dehydration in anhydrous ethanol, and then immersed in xylene to render the tissue
transparent. Sections were sealed with optical resin.

Masson’s trichrome staining

The knee tibial plateau tissue sections were dewaxed in xylene and then hydrated in a series of graded
ethanol solutions. Subsequently, 50 μL of Lichunhong acid magenta dye solution, phosphomolybdic acid
solution and aniline blue dye solution were added for 5 min, and the sections were washed with 1%
glacial acetic acid aqueous solution. Subsequently, sections were washed three times with PBS followed
by 95% alcohol before dehydration in anhydrous ethanol, and then immersed in xylene to render the
tissue transparent. Sections were sealed with optical resin.

Modi�ed Safranin O-Fast green staining

The knee tibial plateau tissue sections were dewaxed in xylene and then hydrated in a series of graded
ethanol solutions. Sections were immersed in freshly prepared Weigert dye solution for 3–5 min, washed
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with water and then immersed in acidic differentiation solution for 15 s. After washing in distilled water
for 10 min, sections were immersed in Safranin O stain for 5 min. Subsequently, sections were washed
three times with PBS followed by 95% alcohol before dehydration in anhydrous ethanol, and then
immersed in xylene to render the tissue transparent. Sections were sealed with optical resin.

Immunohistochemical staining

The knee tibial plateau tissue sections were dewaxed in xylene and then hydrated in a graded series of
ethanol solutions. The sections were placed in 0.4% pepsin and �xed at 37℃ for 30 min. After washing
three times with PBS, sections were immersed in 3% hydrogen peroxide for 30 min, washed again and
then incubated in 5% fetal bovine serum blocking solution for 30 min. Sections were then incubated
overnight at 4℃ with primary detection antibodies (TGFβ1, 1:200; MMP-3, 1:200, MMP-13, 1:50; IL-1β,
1:200; PTHrP, 1:25; IHH, 1:50; SHH, 1:100; β-catenin, 1:100; nestin, 1:500; Osterix, 1:20; and pSmad1, 1:50).
After incubation at room temperature for 30 min, sections were rinsed three times and incubated with the
secondary antibody at 37℃ for a further 30 min. DAB color development was monitored under an optical
microscope to control and the reaction was stopped rinsing with tap water. The sections were then placed
in hematoxylin solution for 30 s, acidi�ed in acid alcohol for 3–5 seconds, rinsed in tap water and then
returned to blue for 10 min. Subsequently, sections were washed three times with PBS followed by 95%
alcohol before dehydration in anhydrous ethanol, and then immersed in xylene to render the tissue
transparent. Sections were sealed with optical resin.

Immunohistochemical staining (percentage positive cells and staining intensity) was scored
quantitatively in six �elds randomly selected randomly under the microscope. The percentage of positive
cells was scored as follows: 0, <5%; 1, 6%–25%; 2, 26%–50%; 3, 51%–75%; and 4, 76%–100%. Staining
intensity was scored as follows: 0, no staining; 1, light brownish yellow; 2, brownish yellow; and 3, tan.
The �nal score for each section was calculated by multiplying the scores for percentage of positive cells
and staining intensity.

Western blot analysis

The hypoglossal bone tissue of the tibial plateau was ground under liquid nitrogen and then incubated
overnight at 4℃ in high-e�ciency lysate RIPA buffer and the PMSF protease inhibitor. The protein
concentration was determined by ultraviolet spectrophotometry (A280). 1/4 of a loading buffer was
added to the EP tube for 10 minutes to be used at -80℃. The protein sample was added to the loading
buffer, electrophoresed on an SDS polyacrylamide gel. For TGFβ1 and osterix detection, proteins were
transferred to the PVDF membrane using a semi-dry method, whereas a wet-transfer method was used
for detection of nestin. Membranes were then blocked at room temperature for 2 h, washed three times
with TBST and incubated overnight with the primary detection antibodies (TGFβ1, nestin, osterix
antibodies, 1:1,000; β-actin antibody, 1:20,000). After washing three times with TBST, membranes with the
secondary antibody for 2 h at room temperature. Protein immunoreactivity was visualized using XXXX.
Image-Pro Plus software was used to analyze the grayscale values of the protein bands.
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Real-time PCR analysis

Total RNA was extracted from the tibial plateau using Qiagen kit and TRIzol reagent (Invitrogen) and
reverse transcribed into cDNA using SuperScript First-Strand Synthesis System (Invitrogen). Using cDNA
as a template, SYBR GreenMaster Mix (Qiagen) was used for RT-PCR ampli�cation of target genes
(TGFβ1, MMP-3, MMP-13 and IL-1β) and internal control (β-actin) using the following PCR parameters:
pre-denaturation at 95℃ for 2 min; denaturation at 95℃ for 30 s; extension at 60℃ for 30 s (40 cycles).
The primer sequences are shown in Table 1. Relative gene expression was analyzed using the 2-ΔΔCt
method.

Micro-CT joint imaging

The isolated tibia was imaged using the GEHC MicroView. The resolution was adjusted to 9 mm for
scanning, and the 3-dimensional (3D) image was then reconstructed. After 3D reconstruction, the region
of interest (ROI) of the subchondral bone in the human tibial plateau was selected. The ROI included all
trabecular bone surrounded by a growth plate and a distal tibia (1–4 mm). For each ROI, we measured
bone mineral density (BMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular bone
number (Tb.N), trabecular bone spacing (Tb.Sp), trabecular surface area/skeleton (BS/BV).

Statistical analysis

All statistical analyses were performed using SPSS 20.0 (IBM Corp, Armonk, NY, USA). Differences
between groups was evaluated by one-way ANOVA and chi-squared tests. P-values < 0.05 were
considered to indicate statistical signi�cance.

Results
Visual observation of specimen morphology

By visually observing the specimen, it was found that the articular cartilage on the lateral side of the tibial
plateau was lightly worn, and the cartilage surface was relatively intact. No cartilage sclerosis, bare
subchondral bone or osteophyte formation were found. Compared with the medial and lateral aspects of
the tibial plateau, the surface of the medial platform was uneven. Furthermore, the area of the weight-
bearing area of the joint and the area with severe wear had complete signs of cartilage exfoliation. The
surface showed osteophyte hyperplasia, and bare cartilage and subchondral bone calci�cation were
visible. (Figure 2-1)

Histological evaluation of cartilage and subchondral bone

As shown in Figure 2-2, histological examination following Modi�ed Safranin O-Fast green and Masson’s
trichrome staining showed thicker cartilage in the cartilage wear group compared to that in the cartilage
intact group, with disordered chondrocyte arrangement. In addition, the subchondral bone thickness was
increased and the cartilage surface was uneven with obvious cracks. In the cartilage exfoliation and
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cartilage intact groups, almost completely disappeared than the hyaline cartilage. The subchondral bone
was exposed and deformed obviously. The calci�ed cartilage thickening was obviously exposed, and the
bone cell and bone structure in the subchondral bone area decreased although the accumulation of lipid
droplets was increased.

Increased TGFβ1 expression in the subchondral bone correlated positively with the degree of
degeneration

Immunohistochemical analysis showed low levels of TGFβ1 protein in the control group, whereas the
levels were signi�cantly higher in the cartilage and subchondral bone of the moderate and severe OA
patients (χ2 = 18.486a, P < 0.05, n = 69 ), especially in the subchondral bone near the cartilage area
(Figure 2-3). Western blot analysis showed that TGFβ1 protein expression in the subchondral bone of the
OA group was signi�cantly increased compared with that in the control group. However, there were no
signi�cant differences in TGFβ1 protein expression between the different degrees of wear (Figure 2-3). RT-
PCR showed higher levels of TGFβ1 mRNA expression in subchondral bone in the moderate and severe
groups than those in the control group (Figure 2-3).

Elevated expression of cartilage-degrading enzymes in cartilage and subchondral bone

Immunohistochemical analysis showed signi�cantly (P < 0.05, n = 69) higher expression of MMP3, MMP-
13, IL-1β, PTHrP, IHH, SHH, β-catenin and pSmad1 (χ2 = 20.653a, 22.951a, 36.192a, 30.212a, 35.558a,
11.500a, 31.072a and 11.072a, respectively) in cartilage and subchondral bone in moderate and severe
OA patients compared with that in the control group (Figure 2-4). RT-PCR also showed that expression of
MMP3, MMP-13 and IL-1β mRNA in the subchondral bone of the articular cartilage destruction area in
moderate and severe OA patients was higher than that in the control group (Figure 2-4).

TGFβ1, nestin and osterix expression patterns re�ected differences in subchondral bone degeneration

Immunohistochemical analysis showed that, compared with the low levels of TGFβ1, nestin and osterix
proteins expressed in the subchondral bone in the control group, signi�cantly (P < 0.05, n = 69) higher
levels of all three proteins were expressed in the subchondral bone of the moderate and severe OA
patients (χ2 = 18.486a, 11.523a and 17.875a, respectively) (Figure 2-5A). Western blot analysis also
showed that the expression of TGFβ1, nestin and osterix proteins in the subchondral bone of the cartilage
destruction group was signi�cantly increased compared with that in the control group (Figure 2-5B).

Micro-CT imaging of the extent of subchondral bone thickening

The micro-CT imaging results of the cartilage exfoliation area and the of subchondral bone in the normal
control group are shown in Table 2-1 and Figure 2-6. The ratio of BV/TV (0.8066±0.06928) in the OA
group was signi�cantly higher than that in the control group (0.0647±0.02992) (P < 0.001). In accordance
with this change, the Tb.N (3.5831±0.93732) and Tb.Th (0.2675±0.06986) values in OA group were
signi�cantly higher than those in control group (1.2938±0.5904) (P < 0.05 and P < 0.001, respectively),
showing that the thickness of trabecular bone and number of trabecular bone cells were increased
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compared with the control group, which led to an increase in BV/TV. The BMD of the OA group
(549.4933±70.79334) was signi�cantly higher than that of the control group (25.4986±12.19363) (P <
0.001). These observations demonstrated that, in the cartilage exfoliation area, the microstructure of the
subchondral bone is seriously disordered and accompanied by cellular proliferation.

The micro-CT imaging results of the cartilage wear zone and the normal control subchondral bone are
shown in Table 2-2 and Figure 2-6. The ratio of BV/TV (0.7246±0.12835) in the OA group was
signi�cantly higher than that in the control group (0.0647±0.02992) (P < 0.001). In accordance with this
change, the Tb.N (2.8204±1.44650) and Tb.Th (0.1808±0.05915) values in OA group were signi�cantly
higher than those in control group (1.2938±0.5904) (P < 0.05). These observations demonstrated that the
thickness of trabecular bone and number of trabecular bone cells, which led to an increase in BV/TV. The
BMD of the OA group (445.2538±103.2219) was signi�cantly higher than that of the control group
(25.4986±12.19363) (P < 0.001). These observations demonstrated that the microstructure of the
subchondral bone in the cartilage wear group is also seriously disordered and accompanied by cellular
proliferation. These two comparisons show that the thickness of the subchondral bone increases with the
degree of cartilage degeneration.

Discussion
In 1986, Radin et al.[27] �rst proposed the role of subchondral bone in the process of cartilage
degeneration. Subchondral bone plays an important role in the physiological function of joints, and its
metabolic changes have an important in�uence on the degradation of articular cartilage. Studies have
shown that remodeling of OA subchondral bone is a highly active process involving bone resorption and
formation. In early OA, the subchondral bone and the trabecular bone became thinner, showing excessive
bone resorption. Although the cortical endplate is hardened, there is severe loss of the cancellous bone
underneath, and the subchondral bone capsule is enlarged in the weight-bearing area of the joint. By
inhibiting remodeling of subchondral bone, articular cartilage degeneration can be signi�cantly delayed.
Therefore, subchondral bone remodeling is closely related to the degeneration of articular cartilage, and
plays an extremely important role in the initial stage of cartilage degeneration[7].

Accumulating evidence shows that transforming growth factor (TGFβ1) is closely related to the
pathological changes of OA[28, 29]. In normal joints, TGFβ1 is involved in the regulation of cartilage growth
and metabolism of subchondral bone, and plays a key role in maintaining joint homeostasis. However,
the effects and functions of TGFβ1 are changed in OA, in which the cytokine is involved in the induction
of chondrocyte phenotype differentiation, chondrocyte proliferation, and destruction of the extracellular
matrix synthesis[30]. Subchondral bone callus formation and abnormal bone reconstruction are
symptoms of the development of arthritis[31] and important mechanisms responsible for the progression
of OA[32]. Studies have shown abnormal elevation of TGFβ1 in OA human specimens and various animal
models [33, 34], which is consistent with the �ndings of this study. Furthermore, it has been reported that
the stimulatory factor TGFβ1 released from the chondrocytes of damaged joints stimulates the synthesis
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of protein matrix-degrading enzymes[35], leading to degradation of the extracellular matrix (ECM). In this
study, we analyzed the expression of TGFβ1 and the major cartilage-degrading enzymes MMP-3/13 and
IL-1β in the OA knee tibia plateau. Our results indicate that the high levels of TGFβ1 expression promote
the synthesis of matrix degrading-enzymes, leading to cartilage degradation. Matrix metalloproteinase
MMP3 is a mesenchymal lytic enzyme[36] that degrades the proteoglycans and glycoproteins in the ECM.
Studies have shown that MMP3 is highly expressed in OA cartilage, synovium, synovial �uid and
peripheral blood[37]. Similarly, we found that MMP3 is highly expressed in cartilage and subchondral
bone.

Matrix metalloproteinase MMP13, also known as collagenase[38], is the major type II collagen-degrading
enzyme and is prominently expressed in the cartilage matrix[39]. Studies have con�rmed high expression
[40] and enhanced activity[41, 42] of MMP13 in OA cartilage tissue samples. Furthermore, MMP13 is
reported to be highly expressed in early OA and at low levels in late OA.[43], although the pathogenesis of
OA is associated with increased MMP13 expression [44]. These reports are consistent with the results of
our study. Although studies of MMP13 expression in the subchondral bone are rare, our results show high
MMP13 expression in the subchondral bone.

Interleukin (IL)-1β is an in�ammatory mediator that acts as a catabolic agent in arthritis. In�ammation
plays a crucial role in the development of OA, and IL-1β, which is highly expressed in OA patients[45], plays
an important pro-in�ammatory role during in�ammatory reactions. It also increases the secretion of
major proteolytic enzymes in cartilage, including MMPs and A disintegrin and metalloproteinase with
thrombospondin motifs (ADAMT-5)[46]. In addition, IL-1β induces NO production, and the enhances
cyclooxygenase-2 (COX-2) activity, which ultimately leads to ECM degradation.

PTHrP was �rst discovered as a cancer-derived hormone, but it has since been shown to be an important
factor in the development and maturation of cartilage and bone as well as an important regulator of
endochondral bone formation and bone remodeling[47]. PTHrP is highly expressed in articular cartilage,
and is induced by the lipoprotein receptor-related protein 6 (LRP6) 6 to inhibit the sclerostin SOST, which
inhibits bone formation[48]. In this study, we show that the percentage of PTHrP-positive cells and
expression intensity in cartilage and subchondral bone are increased, further indicating that PTHrP
promotes bone formation. PTHrP is produced by chondrocytes to promote the proliferation of adjacent
chondrocytes, and can delay its differentiation into hypertrophic chondrocytes. When PTHrP cannot
stimulate these cells, hypertrophic chondrocytes secrete IHH, which promotes the proliferation and
differentiation of hypertrophic chondrocytes and accelerates the differentiation of adjacent chondrocytes
into osteoblasts[49]. Accumulating evidence suggests the importance of the Hh signaling pathway that
regulates the cartilage osteogenesis, especially the formation of IHH and SHH, in the formation of
vertebrate bones[50]. IHH is a very important factor in the development of cartilage damage and OA.
Previous studies have shown that IHH is highly expressed in articular cartilage in OA mouse models and
human OA patients and that high expression of IHH is related to the severity of OA[51]. Our results show
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high expression in both articular cartilage and subchondral bone, indicating that IHH upregulation is
associated with the pathogenesis of OA.

SHH is a very important factor for embryonic and organ development, and plays an important role in
bone formation in bone remodeling, regulating the osteogenic differentiation of bone marrow
mesenchymal stem cells. SHH has been shown to be present and highly expressed in various cancers
such as bladder cancer[52], lung cancer [53], and thyroid cancer [54]; however, there are few studies in
osteoarthritis. Our results showed that the expression of SHH protein in the cartilage and subchondral
bone of the cartilage wear and cartilage exfoliation groups was signi�cantly increased compared with
that in the intact cartilage group (P < 0.05). Therefore, SHH is implicated as a potential in�uencing factor
in the development of OA.

β-Catenin belongs to the intracellular glycoprotein family and is a key molecule in the classical Wnt
pathway. It is widely distributed in the cell membrane, cytoplasm and nucleus and exerts various
functions. Matrix metalloproteinases MMPs are highly expressed in articular cartilage of rats and rabbits
and are activated by the Wnt/β-catenin signaling pathway[55, 56]. Furthermore, β-catenin induces high
expression of MMP-9, MMP-13 and BMP-2 genes in chondrocytes, which in turn, leads to OA production
in mouse knee joints[57]. In accordance with previous reports, we show that high levels of β-catenin
expression in the subchondral bone in OA patients. Typically, TGF-β/Smad signals through two main
pathways; ALK5/Smad2/Smad3 and ALK1/SMAD1/SMAD5/SMAD. The TGFβ/ALK5/Smad2/Smad3
signal transduction pathway inhibits further differentiation of chondrocytes to maintain the normal
phenotype[14]. The TGFβ/ALK1/SMAD1/SMAD5/SMAD8 signal transduction pathway induces the
synthesis of MMP13, leading to cartilage matrix degradation, hypertrophy of chondrocytes and
vascularization and calci�cation of articular cartilage[58]. Davidson[59] reported that the ALK1/ALK5 ratio
was elevated in damaged articular cartilage in OA mice. Peter M[60] demonstrated that ALK 1
predominates and activates SMAD1/5/8 in OA in vitro, and the level of pSmad1 is increased in
chondrocytes. Similarly, in the present study, semi-quantitative immunohistochemical staining revealed a
high expression of phosphorylated Smad1 in the cartilage and subchondral bone of the cartilage-
destroyed group compared with that the intact cartilage group.

Bone remodeling is accomplished through tightly regulated coordination of bone formation and
resorption mediated by osteoblasts that deposit calci�ed bone matrix and osteoclasts that resorb bone[61,

62]. These processes do at speci�c anatomical sites and follow a well-de�ned sequence of events known
as the bone remodeling cycle[63]. Studies have shown that active TGFβ1 acts as a pro-migratory factor
involved in tissue damage and remodeling to induce MSC migration to normal and pathological tissues
for repair and remodeling[64]. It has also been reported that in the process of osteolysis mediated by
osteoclasts, one or multiple factors are released from the bone matrix, including transforming growth
factor TGFβ1, which in the active form, functions as a coupling factor to induce migration of bone
marrow MSCs to bone for the formation of new bone; however, excessive TGFβ1 activity leads to
abnormal remodeling of subchondral bone[65]. In the pre-experiment, TRAP staining in the ACLT mouse
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model revealed an obvious increase in osteoclasts, and immunohistochemistry showed that increased
levels pSmad2/3 (a downstream factor of TGFβ1), demonstrating that osteoclasts caused increased
bone resorption and activated TGFβ1. Furthermore, immunohistochemistry showed changes in the
number and location of nestin-positive (MSCs) and osterix-positive (osteogenesis precursor) cells,
indicating that active TGFβ1 aggregates MSCs and osteogenic precursor cells to cause bone formation
of the subchondral bone. These observations are is consistent with our �ndings in OA patients. In
addition, in the pre-experimental ACLT mouse model, the mechanism underlying the role of TGFβ1 in
cartilage degeneration was veri�ed. After injection of the appropriate concentration (1 mg/kg) of TGFβR1
inhibitor in the ACLT model, the thickness of calci�ed articular cartilage decreased, and the Mankin score
decreased signi�cantly. Flow cytometric analysis showed a signi�cant reduction in nestin-positive MSCs
and osterix-positive osteogenesis precursor cells. It is well known that subchondral bone undergoes bone
remodeling in the development of OA. Osteoclasts cause osteolysis, and chondrocytes release TGFβ1 to
induce proliferation and aggregation of nestin-positive MSCs and transcription factor osterix-positive
osteogenic precursor cells. Eventually, unconjugated bone remodeling occurs, and hyperplastic changes
in the subchondral bone structure lead to uneven stress and degeneration of the articular cartilage. This
is consistent with our �ndings showing that, compared with the intact cartilage group, the expression of
TGFβ1 as well as nestin-positive and osterix-positive cells in the subchondral bone damaged by the
cartilage area was increased. Moreover, the increased expression of PTHrP, IHH and SHH and the
abnormal proliferation of subchondral bone revealed by micro-CT imaging demonstrated abnormal
remodeling of subchondral bone. This study and previous studies show that high TGFβ1 activity is
associated with abnormal remodeling of subchondral bone. Therefore, controlling the activity of TGFβ1
in cartilage and subchondral bone may represent a new target for OA therapies.

Some limitations of this study should be noted. First, relatively few tibial plateau specimens representing
each cycle of OA in patients were available because knee replacement is performed late OA. Furthermore,
a longitudinal study of cartilage and subchondral bone is required. Therefore, our �ndings may not re�ect
the subchondral bone pathology during disease progression. However, the advancement of imaging
technology, such as micro-CT, may provide opportunities for non-invasive evaluation of patients that will
facilitate longitudinal studies to identify new targets for OA diagnosis and treatment.

Conclusions
The �ndings of the present study show that abnormal changes in cartilage and subchondral bone are
associated with high expression of TGF-β1. Furthermore, high levels of active TGF-β1 are involved in the
synthesis of cartilage-degrading enzymes and cartilage degradation in clinical OA samples. In middle and
late stage OA patients, the thickness, number and bone volume fraction of the trabecular bone in the
subchondral bone are increased, while the trabecular bone spacing is decreased, and the subchondral
bone exhibits abnormal proliferation. Moreover, high levels of active TGFβ1 are associated with migration
and aggregation of nestin-positive MSCs and osterix-positive osteogenic precursor cells. Therefore,
regulating the activity of TGFβ1 in cartilage and subchondral bone is a potential treatment for OA
treatment.
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protein BMD Bone density

IHH Indian Hedgehog ECM extracellular matrix

SHH Sonic Hedgehog MSCs Mesenchymal stem cells

RT-

PCR

Real time-

Polymerase Chain Reaction
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Tables

Table 1 Primer sequences

Gene Primer sequence (5'–3') Product (bp)

TGFβ1 F: CTGTACATTGACTTCCGCAAG 109

  R: TGTCCAGGCTCCAAATGTAG  

MMP3 F: TACCCACTCTATCACTCACTCA 276

  R: CAAATGCAATTCAGGTTCAAGC  

MMP13 F: CACTTTATGCTTCCTGATGACG 95

  R: TCTGGCGTTTTTGGATGTTTAG  

IL-1β F: GCCAGTGAAATGATGGCTTATT 85

  R: AGGAGCACTTCATCTGTTTAGG  

Actin F: CGTAAAGACCTCTATGCCAACA 201

  R: AGCCACCAATCCACACACAGAG  

1.Table 2-1 Comparison of subchondral bone microstructure in the cartilage exfoliation and control
groups by micro-computed tomography imaging

Parameter     Cartilage exfoliation group    Control group           P               

BV/TV            0.8066±0.06928        0.0647±0.02992         <0.001

Tb.Th             0.2675±0.06986        0.0499±0,01069         <0.001
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Tb.N              3.5831±0.93732        1.2938±0.5904           0.023

Tb.Sp             0.0529±0.00767        0.8248±0.34304           0.018

BMD             549.4933±70.79334     25.4986±12.19363        <0.001

Bold indicates statistically signi�cant difference.

 

2.Table 2-2 Comparison of subchondral bone microstructure in the cartilage wear and control groups

Parameter     Cartilage wear group     Control group           P                

BV/TV            0.7246±0.12835        0.0647±0.02992         <0.001

Tb.Th             0.1808±0.05915        0.0499±0.01069          0.020

Tb.N              2.8204±1.44650        1.2938±0.5904           0.014

Tb.Sp             0.0528±0.01088        0.8248±0.34304          0.018

BMD             445.2538±103.2219     25.4986±12.19363        <0.001

Bold indicates statistically signi�cant difference.

Appendix
Inclusion criteria

The inclusion criteria were based on the diagnostic criteria for knee osteoarthritis developed by the
International Osteoarthritis Research Association in 2014.

(1) The patient has a feeling of pain in the knee joint and has felt pain for most of the past month.

(2) In the medical examinations, X-ray imaging is characterized by narrowing and asymmetry of the joint
space, sclerosis of the articular cartilage, and the presence of osteophytes. A cystic change can occur
under the hardened articular cartilage.
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(3) Patients must undergo two joint �uid examinations to rule out in�ammatory arthritis. The laboratory
examination of the joint �uid must meet the OA standard: clear joint �uid, normal viscosity, and yellowish
color. In�ammatory indicators such as erythrocyte sedimentation rate (ESR) and C-reactive protein are in
the normal range.

(4) The activity of the knee joint can be basically maintained, and there is no manifestation of joint
rigidity.

(5) Patients aged over 40 years.

(6) Audible of palpable bone rubbing when the joint is active.

The KOA diagnosis requires that 1+2, 1+3+5+6, or 1+4+5+6 of the above criteria are met.

Exclusion criteria

Patients with OA who have a history of knee trauma, other forms of arthritis, metabolic bone disease,
bone tumors, or drugs that affect bone remodeling were excluded. Not enough subchondral bone was
included. The OA tibial plateau (the total thickness of the subchondral bone plate and subchondral
trabecular bone <5 mm) was excluded from the study

Figures

Figure 1

General view of the tibial plateau. OA1 and OA2 are the lateral and medial sides of the tibial plateau,
respectively.
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Figure 2

Histological analysis of cartilage integrity and subchondral bone changes. (A) HE staining; (B) Modi�ed
Safranin O-Fast green staining; and (C) Masson’s trichrome staining. OA1 is the control group (n = 10),
OA2 is the cartilage wear group (n = 10), and OA3 is the cartilage exfoliation group (n = 10). Scale bar =
625 μm. Analysis was performed using the histologic scoring system recommended by the Osteoarthritis
Research Society International (OARSI). Data represent the mean ± SD. ** Indicates statistical
signi�cance (P < 0.05).

Figure 3

Immunohistochemical (left) and quantitative (right) analyses of Nestin and Osterix (brown) expression (n
= 5 per group). Scale bar = 200 μm. (B) Expression levels of nestin and osterix proteins in the subchondral
bone of the tibial plateau. (C) Real-time PCR analysis of TGF-β1 mRNA. OA1, unbroken cartilage group;
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OA2, worn cartilage group; and OA3, stripped cartilage group. Data represent the mean ± SD. * Indicates
statistical signi�cance (P < 0.05) determined by multifactorial analysis of variance.

Figure 4

(A) Immunohistochemical (left) and quantitative (right) analyses of MMP-3, MMP-13, IL-1β, β-catenin and
pSmad1 (brown) expression. (B) Immunohistochemical (left) and quantitative(right) analyses of PTHrP,
Indian Hedgehog (IHH), Sonic Hedgehog (SHH) (n = 5 per group). Scale bar = 200 μm. (C–E) Real-time
PCR analysis of major protein-degrading enzyme gene expression (MMP3/13, Matrix
metalloproteinase3/13; IL-1β, Interleukin-1beta). OA1, unbroken cartilage group; OA2, worn cartilage
group; and OA3, stripped cartilage group. Data represent the mean ± SD. * Indicates statistical
signi�cance (P < 0.05) determined by multifactorial analysis of variance.
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Figure 5

(A) Immunohistochemical (left) and quantitative (right) analyses of nestin and osterix (brown) (n = 5 per
group). Scale bars = 50 μm and 200 μm, respectively. (B) Expression levels of nestin and osterix proteins
in the subchondral bone of the tibial plateau. OA1, unbroken cartilage group; OA2, worn cartilage group;
and OA3, stripped cartilage group. Data represent the mean ± SD. * Indicates statistical signi�cance (P <
0.05) determined by multifactorial analysis of variance.

Figure 6

Comparison of subchondral bone microstructure in the cartilage exfoliation , cartilage wear and normal
control groups. (A) bone volume fraction; (B) trabecular thickness; (C) trabecular bone number; and (D)
trabecular bone spacing. (E):Bone density. OA1, unbroken cartilage group; OA2, worn cartilage group; and
OA3, stripped cartilage group. Data represent the mean ± SD. Indicates statistical signi�cance (P < 0.05).


