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Original Article

Introduction

Osteoarthritis (OA) is one of the most common articular 
inflammatory diseases, characterized by the destruction and 
degradation of articular cartilage, which often causes joint 
morphological changes, chronic joint pain, and disability.1 
Kashin-Beck disease (KBD) is a kind of endemic and 
chronic osteoarthropathy that leads to OA in its advanced 
stage. In contrast to OA, the main pathological manifesta-
tions of KBD include chondrocytes necrosis in deep zone, 
degenerative changes of hyaline cartilage, and degradation 
of cartilage matrix.2,3 Due to the avascular properties of the 
cartilage, articular cartilage has a poor ability to regenerate 
and repair tissue after injury or degenerative disease, and 
the healing is always limited, which results in joint dysfunc-
tion.4,5 All these impair the work productivity and quality of 

life of the patients, imposing a serious burden on families 
and society.6-8

It is known that articular cartilage is a layer of connec-
tive tissue covering the articulating bone ends. Its main 

1087706 CarXXX10.1177/19476035221087706CARTILAGEDeng et al.
research-article20222022

1School of Public Health, Health Science Center, Xi’an Jiaotong 
University, Xi’an, P.r. China
2School of Public Health, Shanghai Medical College of Fudan University, 
Shanghai, P.r. China
3Department of integrative Medical Biology, Umeå University, Umeå, Sweden

*Huan Deng, Xiang Xiao, and Mumba Mulutula Chilufya are co-first 
authors

Corresponding Author:
Jing Han, School of Public Health, Health Science Center, Xi’an Jiaotong 
University, No. 76 West Yanta road, Xi’an, Shaanxi 710061, P.r. China. 
email: bbbishop@126.com

Altered Expression of the Hedgehog 
Pathway Proteins BMP2, BMP4, SHH, and 
IHH Involved in Knee Cartilage Damage of 
Patients With Osteoarthritis and Kashin-
Beck Disease

Huan Deng1,*, Xiang Xiao1,*, Mumba Mulutula Chilufya1,* , Lichun Qiao1 ,  
Yizhen Lv1, Ziwei Guo1, Jian Lei2, Jiaxin Liu1, Yan Zhao1, Jiaheng Zhang1,  
Wenyue Wang1, Jing Han1 , and Chengjuan Qu3

Abstract
Objective. to investigate the expression of Hedgehog (HH) signaling pathway proteins in knee articular cartilage from 
Kashin-Beck disease (KBD) and osteoarthritis (Oa) patients. Methods. Knee articular cartilage samples were collected 
from normal (N), Oa, and KBD adults (aged 38-60 years) and divided into 3 groups with 6 subjects in each group. the 
localization of the HH pathway proteins bone morphogenetic protein 2 (BMP2), bone morphogenetic protein 4 (BMP4), 
Sonic hedgehog (SHH), and indian hedgehog (iHH) was observed with the microscope after immunohistochemical (iHC) 
staining. Positive staining cell rates of each proteins were compared. Results. the strongest stainings of all proteins were 
observed in the middle zones of all 3 groups. the positive staining rates of BMP4 and iHH were significantly lower in the 
Oa and KBD groups than those in the N group in all 3 zones. the positive staining rates of BMP2 and SHH tend to be 
lower in the Oa and KBD groups than those in the N group in the deep zone, while higher in the Oa and KBD groups 
than those in the N group in superficial and middle zones. Conclusions. altered expression of the HH pathway proteins 
BMP2, BMP4, SHH, and iHH was found in Oa and KBD articular cartilage. there seemed to be a compensatory effect 
between SHH and iHH in cartilage damage. Further studies on the pathogenesis of Oa and KBD may be carried out from 
these aspects in the future.
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function is to conduct and distribute loads, maintain and 
withstand mechanical stress, and absorb stress generated by 
joint loading.9,10 Chondrocytes are the only living cells 
located in the cartilage; they produce an extracellular matrix 
and maintain the functional balance between extracellular 
matrix degradation and repair.11 It has recently been con-
firmed that the Hedgehog (HH) signaling pathway plays an 
important role in the development of chondrogenesis and 
OA.12-14 The growth and development of chondrocytes 
require the HH signaling pathways,15 which also function as 
morphogens and differentiation guiding factors.

The protein components of the HH pathway include 
bone morphogenetic protein 2 (BMP2), bone morphoge-
netic protein 4 (BMP4), Sonic hedgehog (SHH), Indian 
hedgehog (IHH), and so on. IHH increases cell proliferation 
and cartilage formation by converting mechanical strain to 
proliferative signals.16 A previous study found that IHH 
expression correlated with OA progress, induced chondro-
cyte hypertrophy, and increased type X collagen (COL10) 
and matrix metalloproteinase (MMP) expression.17 SHH 
signaling is required for the initiation of vertebral chondro-
genesis. The cells of mice lacking SHH failed to produce 
vertebrae. SHH can cooperate with BMP signaling to pro-
mote cartilage formation.18 Bone morphogenetic proteins 
(BMPs) belong to the family of cytokines associated with 
bone development and are produced in mesenchymal cells, 
osteoblasts, and chondrocytes. BMPs can induce cartilage 
growth at different sites in the body and stimulate ectomes-
enchymal cells to differentiate into cartilage cells.19 HH 
proteins interact with BMPs coordinating chondrocyte pro-
liferation and differentiation.20 Both BMPs and HH proteins 
are required to maintain normal proliferation. BMP signal-
ing delays the process of hypertrophic differentiation itself. 
They may also play an important role in cartilage damage 
and disease.21

The HH pathway plays an important role in the perfor-
mance of physiological functions in cartilage tissue. 
Cartilage damage may be associated with abnormal or 
impaired expression of the HH signaling pathway proteins. 

Previous studies have not focused on the expression and 
potential pathogenesis of the HH pathway in KBD cartilage 
damage. This study focused on the relationship between 
key proteins in the HH signaling pathway and cartilage 
damage in KBD and OA to provide new clues for the explo-
ration of their pathogenesis.

Materials and Methods

Cartilage Sample Collection

This study was permitted by the Human Ethics Committee 
of Xi’an Jiaotong University (No. 2017-196); all proce-
dures performed in this study involving human participants 
were following the 1964 Helsinki Declaration and its later 
amendments or comparable ethical standards. All the carti-
lage sample donors provided signed informed consent for 
the study participation and publication of their individual 
clinical details and images before the study started. In all, 
18 knee articular cartilage samples were collected. Six KBD 
samples were obtained from KBD patients living in Linyou, 
a KBD-endemic area of Shaanxi province. Six OA samples 
were obtained from OA patients living in Xi’an, a non-
KBD-endemic area of Shaanxi province. Six normal (N) 
samples were collected from donors in non-KBD endemic 
regions, who suffered from traffic accidents and had under-
gone knee replacement surgery. Detailed characteristics of 
subjects are shown in Table 1. KBD was diagnosed based 
on KBD clinical diagnosis criteria (WST 207-2010) in 
China.22 OA was diagnosed based on the OA Index of 
Western Ontario and McMaster Universities.23

The cartilage tissues were collected within 8 hours after 
surgery and fixed in 4% paraformaldehyde. The same 
weight of knee cartilage tissue was taken from the same part 
with a scalpel. (Sampling site: full-thickness cartilage 
blocks with an area of about 4 mm × 4 mm were cut from 
the loading area in front of the medial and lateral sides of 
the tibial plateau and the loading area in front of the medial.) 
After fixing in 4% (w/v) paraformaldehyde for 2 to 3 days 

Table 1. Characteristics of experiment Subjects.

N Oa KBD

Sample age Sex Sample age Sex Sample age Sex

N1 45 F Oa1 54 F KBD1 50 F
N2 38 F Oa2 48 F KBD2 44 F
N3 48 M Oa3 45 M KBD3 50 M
N4 45 M Oa4 60 F KBD4 58 F
N5 55 M Oa5 60 M KBD5 57 M
N6 54 M Oa6 58 M KBD6 55 M
Mean 47.50 — Mean 54.17 — Mean 52.33 —

χGender
2 = 0 560. , Fage = 2.485, both P values >0.05.

N = normal adult; Oa = osteoarthritis; KBD = Kashin-Beck disease; F = female; M = male.
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and decalcifying the samples in 10% (w/v) ethylenediami-
netetraacetic acid (EDTA) for 4 weeks, the samples were 
embedded in paraffin. Slices about 5 μm were cut from each 
cartilage tissue wax.

immunohistochemical (iHC) Staining

The IHC staining of N, OA, and KBD samples was per-
formed at the same time. All slices were first laid out in a 
water bath with the water temperature of about 40 °C and 
then pasted on a glass slide. The slices were then placed in 
a baking machine at 60 °C for 3 hours, and they were then 
deparaffinized and rehydrated in a series of gradually 
decreasing concentrations of ethanol. The activity of endog-
enous peroxidase was quenched by using 0.3% (w/v) hydro-
gen peroxide (H2O2) for 10 minutes at room temperature, 
followed by incubation with 10 M urea for 20 min and then 
with 2 mg/mL hyaluronidase (Sigma Aldrich, St. Louis, 
MO, USA) for 20 min. The nonspecific binding was blocked 
with 10% (v/v) normal goat serum for 15 minutes. Tissue 
sections were incubated with primary antibodies: BMP2 
(catalog no.18933-1-AP; Proteintech Group, USA), BMP4 
(catalog no.12492-1-AP; Proteintech Group), SHH (catalog 
no. ab53281; Abcam, UK), and IHH (catalog no. ab52919; 
Abcam, UK) in 1% bovine serum albumin (1:50 dilution in 
phosphate-buffered saline [PBS]) at 4 °C overnight. For the 
negative controls, the primary antibodies were replaced 
with PBS containing rabbit IgG. After washing with PBS, 
the sections were incubated with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG (1:500) at 37 °C for 
30 minutes. After extensive washing, the sections were 
visualized using a diaminobenzidine (DAB) kit (ZLI-9017; 
ZSGB-BIO, China) according to the manufacturer’s proto-
cols and counterstained with hematoxylin. The negative 
controls (negative control rabbit IgG) showed no nonspe-
cific staining.

image Capture and Analysis

Representative regions were selected and photographed 
using an Olympus BX51 fluorescence microscope 
(Olympus, Tokyo, Japan) equipped with digital image 
acquisition. When viewed at 100x magnification, all images 
have a resolution of 1,200 × 1,600. Images were stored in 
TIFF format. Each cartilage section was manually divided 
into 3 parts: superficial, middle, and deep zones. The dis-
crepancy of cellular morphology, density, and arrangement, 
as well as aggregate rate, was used to distinguish the super-
ficial, middle, and deep zones. The long axis of superficial 
zone chondrocytes is parallel to the cartilage surface, and 
cells are small and relatively flat. Middle zone chondro-
cytes are larger, showing a round cell outline, and are ran-
domly distributed in the cartilage matrix. Deep zone 
chondrocytes are arranged in a columnar manner 

perpendicular to the surface, and the cell size gradually 
increases. Six randomly selected areas in superficial, mid-
dle, and deep zones were captured from each sample, 
respectively.

The number of positively stained chondrocytes were 
counted using Image J cell counting software (NIH, USA). 
All the chondrocytes and the positively stained cells in the 
whole cartilage depth were counted in each image:

Positivestaining cell rate

     Positively

stained cell number

T
=

ootal cell number
×100%

Statistical Analysis

The SPSS 22.0 software (SPSS Inc, USA) was used for data 
entry and analysis. As the data from all groups did not pass 
the normality test and homogeneity of variance test, the 
data were calculated as median (P25, P75). Kruskal-Wallis 
rank-sum test was used for comparisons. P < 0.05 was con-
sidered to indicate a statistically significant difference.

Results

The IHC staining showed that BMP2, BMP4, SHH, and 
IHH were positively stained in brownish-yellow color, and 
they were mainly localized in the chondrocytes. And the 
strongest BMP2, BMP4, SHH, and IHH stainings were 
observed in the middle zone of all 3 groups.

For BMP2, the strongest staining was shown in the mid-
dle zone of the OA and N groups, followed by the deep zone 
and then the superficial zone. But in the KBD group, the 
strongest staining was shown in the middle zone, followed 
by the superficial zone and then the deep zone. The positive 
staining rate of BMP2 in the deep zone was significantly 
lower in the KBD group than those in the OA and N groups 
(Fig. 1; Table 2).

For BMP4, the strongest staining was observed in the 
middle zone of all 3 groups. However, the staining was 
much weaker in the superficial zone of the OA group com-
pared with those of the N and KBD groups. The positive 
staining rate of BMP4 in the superficial zone of the KBD 
group was significantly higher than that in the OA group, 
but lower than that in the N group. In addition, the positive 
staining rate of BMP4 in the superficial zone was signifi-
cantly lower in the OA group than that in the N group. In the 
deep zone, a significantly lower rate of BMP4-positive 
staining was observed in the OA group compared to the N 
group (Fig. 2; Table 2).

A relatively similar SHH staining was observed in the 
superficial and middle zones of the cartilage in all 3 groups. 
The positive staining rate of SHH in the superficial zone of 
the OA group was significantly lower than that in the KBD 
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Table 2. Positive Staining Cell rates of BMP2, BMP4, SHH, and iHH and their Comparisons in 3 Different Zones of Normal (N), 
Oa, and KBD Cartilage (%).

enzyme Zone

group (positive staining  
cell rates, %)

P values for multiple comparisons
between groups after adjustment

N Oa KBD N-Oa N-KBD Oa-KBD

BMP2 Superficial 9.39 (0.00, 56.70) 12.36 (6.93, 32.45) 22.26 (6.72, 40.40) - - -
Middle 80.15 (60.84, 92.64) 85.41 (73.06, 96.37) 82.12 (71.48, 93.08) - - -
Deep 36.56 (15.62, 63.73) 22.14 (14.03, 45.00) 8.00 (3.24, 13.82) 0.151 <0.01** <0.01**

BMP4 Superficial 56.78 (35.79, 93.79) 2.44 (0.00, 21.62) 12.47 (1.53, 87.44) <0.01** 0.013* 0.01*
Middle 82.63 (27.12, 89.85) 50.46 (7.00, 89.02) 79.45 (67.83, 85.25) - - -
Deep 20.22 (14.08, 32.13) 2.04 (0.00, 33.45) 7.39 (0.00, 32.88) 0.016* 0.054 0.485

SHH Superficial 61.85 (48.03, 70.43) 70.08 (58.81, 79.88) 83.10 (62.31, 89.33) 0.209 <0.01** 0.015*
Middle 58.80 (37.49, 77.35) 85.24 (76.23, 89.50) 89.56 (74.67, 94.12) <0.01** <0.01** 0.217
Deep 54.46 (30.97, 73.48) 29.02 (16.07, 39.74) 21.29 (11.15, 48.71) <0.01** <0.01** 0.378

iHH Superficial 19.35 (7.18, 68.67) 3.91 (1.57, 16.18) 4.81 (1.49, 8.44) <0.01** <0.01** 0.462
Middle 65.17 (18.08, 80.82) 20.67 (8.73, 49.38) 25.13 (9.69, 37.38) <0.01** <0.01** 0.740
Deep 6.34 (3.98, 24.63) 2.95 (0.00, 6.88) 2.53 (1.88, 5.41) <0.01** <0.01** 0.739

the results are presented as P50 (P25, P75). BMP2 = bone morphogenetic protein 2; BMP4 = bone morphogenetic protein 4; SHH = Sonic 
hedgehog; iHH = indian hedgehog; Oa = osteoarthritis; KBD = Kashin-Beck disease.
- indicates that multiple comparisons are not required when the rank-sum test of multiple independent samples is not statistically significant.
*P < 0.05; ** P < 0.01.

Figure 1. representative iHC staining of BMP2 in superficial, middle, and deep zones of articular cartilage in normal adults, Oa and 
KBD patients. Scale bar 20 μm. iHC = immunohistochemistry; BMP2 = bone morphogenetic protein 2; Oa = osteoarthritis; KBD = 
Kashin-Beck disease.
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group, but higher than that in the N group. The positive 
staining rate of SHH in the middle zone of the N group was 
significantly lower than those in the OA and KBD groups. 
Slightly stronger SHH staining could be seen in the deep 
zone of the N group when compared with the OA and KBD 
groups (Fig. 3; Table 2).

The strongest IHH staining was observed in the middle 
zones of all 3 groups, but the weakest IHH staining was vis-
ible in the deep zones of all 3 groups. The positive staining 
rates of IHH in all 3 zones were significantly lower in the OA 
and KBD groups than that in the N group (Fig. 4; Table 2).

Discussion

Currently, the clinical treatment of OA and KBD patients is 
limited to analgesics, anti-inflammatory treatment, and 
other similar methods that are used to improve joint motor 
function. However, joint replacement surgery is still inevi-
table because the root of the problem degeneration of the 
patient’s articular cartilage remains to be solved. Activation 
of the HH pathway is closely related to the progression of 

osteoarthropathy.24,25 This study compared the expression 
levels of the HH pathway proteins BMP2, BMP4, IHH, and 
SHH in knee articular cartilage tissues from adult OA, KBD 
patients, and normal people. We hope that it can fill in some 
of the research gaps in this field, further clarifying the 
pathogenesis of KBD and OA.

The HH pathway plays key regulatory roles in chondro-
genic differentiation. These 4 proteins of the HH pathway 
were selected for detection in this study because they inter-
act with each other. Transfection of the IHH gene into bone 
marrow–derived stromal cells (BMSCs) has been found to 
promote chondrogenic differentiation and inhibit cartilage 
aging and osteogenesis. SHH can elevate the expression of 
cartilage markers Sox9 and collagen II,26 and establish an 
NKX3.2/SOX9 autoregulatory loop maintained by BMP 
signaling to induce somatic chondrogenesis.27,28 The differ-
entiation from BMSCs to chondrocytes was promoted via 
activation of the SHH-related pathway.29 In addition, SHH 
is also necessary for BMP2 activation in vertebrate 
limbs.30,31 Meanwhile, BMP signaling is necessary for the 
growth and differentiation of cartilage.32,33 Moreover, BMP 

Figure 2. representative iHC staining of BMP4 in superficial, middle, and deep zones of articular cartilage in normal adults and Oa 
and KBD patients. Scale bar, 20 μm. iHC = immunohistochemistry; BMP4 = bone morphogenetic protein 4; Oa = osteoarthritis; 
KBD = Kashin-Beck disease.
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Figure 3. representative iHC staining of SHH in superficial, middle, and deep zones of articular cartilage in normal adults and Oa 
and KBD patients. Scale bar, 20 μm. iHC = immunohistochemistry; SHH = Sonic hedgehog; Oa = osteoarthritis; KBD = Kashin-
Beck disease.

signal transduction modulates IHH expression levels and 
works in parallel with IHH to regulate chondrocyte prolif-
eration and hypertrophic differentiation.21 In our results, 
expression of BMP2, BMP4, SHH, and IHH in the deep 
zone was lower in the OA and KBD groups than that in the 
N group. Expression of BMP4 and IHH was significantly 
lower in the OA and KBD groups than that in the N group 
in the middle zone. The expression of BMP2 in the deep 
zone and BMP4 in superficial and deep zones was also 
lower in the OA and KBD groups than that in the N group. 
The deeper the KBD cartilage tissue zones, the more seri-
ous and typical the pathological changes.34 All the above 
indicate that normal body physiology process was adversely 
affected when OA and KBD occur. The expression of BMP 
2/4 was hindered. Furthermore, as we have already men-
tioned before, BMP signal transduction modulates IHH and 
SHH levels, and this may be why their levels were similarly 
significantly lower in the KBD and OA groups than that in 
the N group.

Besides, an interesting observation in the results also 
caught our attention. SHH staining appeared to be changed 

in an opposite direction as IHH on the whole. In the surface 
and middle zones, the positive staining rate of SHH in the 
OA and KBD groups was higher than that in the N group, 
while for IHH, the positive staining rates in OA and KBD 
groups were lower than that in the N group. We suspect that 
there is possibly a compensatory effect of SHH and IHH. In 
cartilage and joint cavity effusion from OA patients, IHH 
expression was significantly enhanced.17 The enhanced lev-
els of IHH were positively correlated with the expression of 
genes MMP-13 and COL10 related to chondrocyte hyper-
trophy, which makes the cartilage calcify and gradually lose 
normal function.17 Previous studies on SHH have mainly 
focused on its role in embryonic development,31 with few 
studies on its mechanism in cartilage damage of OA and 
KBD. However, both SHH and IHH belong to the verte-
brate HH family, and a large part of sequence identity 
between SHH and IHH was observed at the gene and pro-
tein level.35 This might make SHH and IHH have similar 
functions. In this study, IHH showed the opposite results 
from previous studies. Meanwhile, the changes of SHH and 
IHH on the whole were opposite, to a certain extent. This 
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phenomenon may be caused by the reciprocal compensa-
tory mechanism between the expressions of SHH and IHH 
after cartilage injury, which may be further confirmed in 
future studies.

There are some limitations of this study that need to be 
acknowledged. First, as the existing cases of KBD are rare 
and funding for it from various institutions is very low, the 
sample size is difficult to enlarge in this study, and the 
experimental results may be biased. Therefore, it is neces-
sary to carry out experiments with a larger sample size to 
verify the accuracy of these experimental conclusions. 
Second, IHC staining consists of several steps, and many 
factors may have influenced the IHC process, resulting in 
image noise and some slight tissue overlapping, and ulti-
mately likely affecting the results. Maybe more repetition 
of the experiment can reduce the error of the results. In con-
clusion, this study found abnormal expression of the HH 
pathway proteins BMP2, BMP4, SHH, and IHH in OA and 
KBD cartilage. And there is possibly a compensatory effect 
of SHH and IHH. These findings can provide a new theo-
retical and experimental basis for future study in the 

pathogenesis of OA and KBD; it can also provide targeted 
therapeutic solutions for the prevention and treatment of 
diseases.
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