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Abstract 

Background: Kashin–Beck disease (KBD) is a chronic, deforming, endemic osteochondropathy that begins in 
patients as young as 2–3 years of age. The pathogenesis of KBD remains unclear, although selenium (Se) deficiency 
and T-2 toxin food contamination are both linked to the disease. In the present study, we evaluated transforming 
growth factor-β receptor (TGF-βR I and II) levels in clinical samples of KBD and in pre-clinical disease models.

Methods: Human specimens were obtained from the hand phalanges of eight donors with KBD and eight control 
donors. Animal models of the disease were established using Sprague–Dawley rats, which were fed an Se-deficient 
diet for 4 weeks and later administered the T-2 toxin. Cartilage cellularity and morphology were examined by hema-
toxylin and eosin staining. Expression and localization of TGF-βRI and II were evaluated using immunohistochemical 
staining and western blotting.

Results: In the KBD samples, chondral necrosis was detected based on cartilage cell disappearance and alkalinity loss 
in the matrix ground substance. In the necrotic areas, TGF-βRI and II staining were strong. Positive percentages of TGF-
βRI and II staining were higher in the cartilage samples of KBD donors than in those of control donors. TGF-βRI and II 
staining was also increased in cartilage samples from rats administered T-2 toxin or fed on Se-deficient plus T-2 toxin 
diets.

Conclusion: TGF-βRI and II may be involved in the pathophysiology of KBD. This study provides new insights into the 
pathways that contribute to KBD development.
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Background
Kashin–Beck disease (KBD) is a deforming endemic oste-
ochondropathy. The disease can begin in patients aged 2 
or 3 years and presents with osteoarthropathy between 

the ages of 5 and 13 years [1]. In 2016, 22,567,600 people 
were diagnosed with this disease, among whom 574,925 
were diagnosed in China [2]. Symptomatically, KBD 
is associated with shortened, enlarged fingers, morn-
ing stiffness, arthritic pain, and enlarged joints that are 
deformed and have inadequate motions at the extremities 
[3, 4]. The pathology of KBD involves all hyaline cartilage 
from the endochondral bone, including the articular car-
tilage and growth plates. In the cartilage tissue of patients 
with KBD, degenerative changes are evidenced by chon-
dronecrosis at various foci of the deep zone [5]. It differs 
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from osteoarthritis (OA), which involves focal, progres-
sive hyaline articular cartilage loss from the superficial to 
deep zones.

KBD is an environmental disease and is rarely diag-
nosed in areas where it is non-endemic [4, 6]. Its etiol-
ogy has not been clearly established; however, low levels 
of selenium (Se) contribute to its development. In KBD-
endemic areas, Se levels in serum and food are signifi-
cantly lower than in non-KBD-endemic areas [7–10]. Se 
supplementation reduces the incidence of KDB in healthy 
children and improves clinical symptoms in children with 
the disease [11]. Exposure to the mycotoxin T-2 toxin 
is also a risk factor [10, 12, 13]. In our previous studies, 
KBD rat models were established by administering T-2 
toxin to rats fed a diet low in Se [14]. This model effec-
tively initiated chondrocyte apoptosis within the articular 
cartilage deep zone, comparable to KBD [15]. We used 
the KBD rat model in the present study.

KBD can affect the skeleton, which arises via endo-
chondral bone formation [16]. During endochondral 
bone formation, progressive changes occur in the cellu-
lar features and expression patterns of chondrocytes. In 
contrast, KBD lesions are accompanied by upregulated 
chondrocyte differentiation-associated genes, which 
regulate chondrocyte hypertrophy during endochondral 
bone formation [17]. Among the pathological features of 
KBD, abnormal endochondral ossification occurs, involv-
ing terminal differentiation of chondrocytes and de-dif-
ferentiation of KBD chondrocytes. Transforming growth 
factor (TGF)-β signaling stabilizes the phenotype of pre-
hypertrophic chondrocytes and regulates various cellular 
processes via its type I and II receptors (TGF-βRI and 
TGF-βRII), which are highly expressed in mineralizing 
and hypertrophic zones [18]—the target zones of KBD. 
We hypothesized that TGF-βRI and II are overexpressed 
in the cartilage of patients with KBD. In the present 
study, we evaluated TGF-βRI and II expression in KBD 
donors and KBD rat models.

Methods
Tissue specimens from patients
Approval for this study was obtained from the Human 
and Ethical Committee for Medical Research at Xi’an 
Jiaotong University (#0075). All child donor samples 
were collected with the consent of the patients’ guard-
ians. Cartilage specimens were collected from the hand 
phalanges of eight KBD donors aged 3–12 years and eight 
control donors aged 3.5–7 years. Control donors were 
from non-KBD-endemic areas, while the KBD donors 
were from disease-prone areas. All the donors had died 
from acute diarrhea, pneumonia, or fatal road traffic 
accidents. The diagnosis of KBD was based on national 
guidelines for KDB diagnosis in China (diagnostic code: 

S/T 207–2010). Diagnoses were performed using right 
hand radiographic imaging after the cartilage samples 
were stained using hematoxylin and eosin (H&E). Carti-
lage sections from the control donors were histologically 
confirmed using H&E staining. The donor characteristics 
are shown in Table 1.

Experimental animal samples
Male Sprague–Dawley rats were obtained from the 
Experimental Animal Center of Xi’an Jiaotong Uni-
versity. Mimicry of human adolescents, who are KDB-
susceptible, was established in 1-month-old animals 
weighing 60–80 g. As previous study [19], rats were ran-
domized into two groups and fed either an Se-deficient 
diet (Se content: 1.118 ng/g) or a normal diet (Se con-
tent: 101.5 ng/g) for 4 weeks. The blood Se levels and 
serum glutathione peroxidase (GSH-Px) activity levels 
were then determined to confirm the Se status in these 
low-Se and normal diet rats. The two groups were then 
each subdivided into four sub-groups, which were fed 
either a normal diet (n = 6), an Se-deficient diet (n = 6), 
a normal diet supplemented with T-2 toxin at 200 ng/g 
body weight/day (n = 6), or an Se-deficient diet sup-
plemented with T-2 toxin at 200 ng/g body weight/day 
(n = 6). These diets were continued for 4 weeks (Fig. 1). 
Rat cadavers were obtained after euthanasia by intra-
peritoneal injection with an overdose of barbiturate 
(200 mg/kg). The knee joints were processed for histo-
pathological evaluation, and the rats’ costal cartilage 
was processed for western blot evaluation. The rats’ 
corpses were collected and processed by the Experi-
mental Animal Center of Xi’an Jiaotong University in 
accordance with standard principles of animal experi-
mental ethics.

The T-2 toxin was a gift from Prof. Peng Shuangqin and 
Yang Jinsheng of the Institute of Pharmacology and Toxi-
cology, Academy of Military Medical Sciences. Animal 
care was undertaken according to the guidelines of the 
National Institutes of Health publication 85–23 “Guide 
for Care and Use of Laboratory Animals” (National 
Research Council, 1996).

Histology
For 48 h, specimens (human hand phalanges, rat knee) 
were fixed in neutral buffered formalin (10%); they were 

Table 1 Donors Characteristics

χgender
2 = 0.000,  Pgender = 1.000; t = 0.373;  Page = 0.714

Number Male/Female Age (Mean ± SD)

Control Donors 8 4/4 5.6 ± 3.1

KBD Donors 8 4/4 5.2 ± 1.3
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then decalcified for 3–4 days using immunocal (Decal; 
Congers, NY, USA) at room temperature. After dehy-
dration, the samples were embedded in paraffin. Next, 
5-μm-thick sections were cut in the sagittal plane. Gen-
eral tissue structures and cell morphologies were evalu-
ated by H&E staining.

For TGF-βR I and II immunohistochemical stain-
ing, sample sections were incubated with primary 
antibodies (Santa Cruz, Dallas, TX, USA) overnight 
at 4 °C; they were then visualized using alkaline phos-
phatase-labeled secondary antibodies. Hematoxylin 
was used to stain the nuclei. Sections were examined 
by light microscopy and imaged using a digital camera 
(Canon Corporation, Japan). In each image, positively 
and negatively stained cells in the three articular carti-
lage zones were labeled and enumerated using ImageJ 
software (NIH, USA). Six random fields in each zone 
were selected and enumerated at 400× magnification. 
Images were independently analyzed by two observ-
ers who were blinded to the study objectives and out-
comes. The positive rate of the cells was then calculated 
using the following equation:

Western blot
Rat costal cartilage samples were homogenized and 
extracted using RIPA lysis buffer (Beyotime, Nanjing, 
China), after which protein levels were determined using 
a BCA™ protein assay kit (Pierce, Bonn, Germany).

The total protein (30 μg/lane) of each sample was sepa-
rated using PVDF membranes, which were then incu-
bated with primary antibodies to TGFβRI/II (Santa Cruz, 
Dallas, TX, USA), and GAPDH (Bioss, Beijing, China) at 

The percentage of postive cells =
positive stained cells

positive stained cells + negative stained cells
× 100%

37 °C for 30 min and then at 4 °C overnight. Protein levels 
were standardized against those of GAPDH.

Statistical analysis
Data are expressed as mean ± standard deviation and 
were tested for normality and variance. Means were com-
pared using either Student’s t-test or one-way ANOVA 
followed by Bonferroni’s post hoc. SPSS 18.0 (SPSS Inc., 
Chicago, IL, USA) was used for statistical analyses. The 
significance level was set at p-values ≤0.05.

Results
Histochemical analysis
Figure  2 shows H&E stained images of cartilage from 
donors with and without KBD. Necrotic fields were 
characteristically observed at the zones of the maturing 
cartilage and extended to the transition region between 
the hypertrophic and proliferative zones of growth plate 
cartilage, or to the middle and deep zones of the artic-
ular cartilages. This was not observed in control car-
tilage (Fig.  2). In donors with KBD, chondral necrosis 
was established based on cartilage cell disappearance, 
whereby only red outlines of chondrocytes remained, 
accompanied by alkalinity loss in the matrix ground sub-
stance, which exhibited a lighter blue color upon H&E 
staining.

Histomorphological analysis of TGF‑βRI and TGF‑βRII 
in the cartilage of patients with KBD
An antibody recognizing TGF-βRI/II was used to immu-
nolocalize these proteins in the phalange cartilage of 
donors with KBD. Both TGFβRI and TGFβRII were 
localized in the membrane and adjacent cytoplasm. Posi-
tive staining of chondrocytes for TGFβRI/II was weak in 
the cartilage depth from control donors (Fig. 3a, b). How-
ever, TGF-βRI/II expression was detected throughout the 

Fig. 1 Schematic representation of Experimental animal
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KBD cartilage samples, with strong staining in the super-
ficial and middle articular cartilages (Fig. 3a) and in the 
resting and proliferation zones of the growth plate carti-
lage (Fig. 3b).

Histomorphological analysis of TGF‑βRI and TGF‑βRII 
in the cartilage of the KBD rat model
To provide more insight into the correlation between 
TGF-βRI/II and KBD, we detected TGF-βRI/II locali-
zation and expression in the knee articular and growth 
plate cartilage of KBD rats. In humans, both TGFβRI and 
TGFβRII were localized in the membranes and adjacent 
cytoplasms (Fig. 4a, b). Positive staining of chondrocytes 
for TGFβRI/II was weak in the cartilage of rats fed nor-
mal or Se-deficient diets (Fig. 4a, b). Strong TGF-βRI/II 
staining was detected in the cartilage of rats treated with 
T-2 toxin alone or with T-2 toxin and Se-deficient feed, 
particularly in the middle and deep zones of articular 
cartilage and in the proliferation zones of growth plate 
cartilage (Fig. 4a, b).

Western blotting of TGF‑βRI and TGF‑βRII in cartilage 
from KBD rat models
We used western blot analysis to quantify TGF-βRI and 
II protein expression levels in the KBD rat model (Fig. 5). 
TGF-βRI and II protein levels were markedly higher 
in rats fed a T-2 toxin diet and in those fed a T-2 toxin-
supplemented, Se-deficient diet (Fig.  5a) than in those 

fed a normal diet or an Se-deficient diet. TGF-βRI pro-
tein expression increased 3-fold in rats fed T-2 toxin diets 
and 5-fold in rats fed T-2 toxin and Se-deficient diets 
(Fig.  5b). TGF-βRII protein levels were approximately 
6-fold higher in rats treated with a T-2 toxin plus Se-defi-
cient diet than in those fed a normal diet (Fig. 5b).

Discussion
The pathology of KBD involves all hyaline cartilages from 
endochondral bone, including the articular cartilage and 
growth plates. As shown in Fig. 2, degenerative changes 
were observed in KBD cartilages. They were character-
ized by chondronecrosis in multiple foci of cartilage 
deep zones [5]. In this way, KBD differs from OA, which 
involves focal and progressive hyaline articular cartilage 
loss from the superficial to the deep zones. Pathological 
changes in the deep zone of cartilage involve extracellu-
lar matrix (ECM) destruction and resorption. The ECM 
is mainly composed of proteoglycan aggrecan, type X 
collagen, and other matrix molecules [20]. Excess type X 
collagen cleavage in KBD is associated with upregulated 
collagenase synthesis and activities, especially matrix 
metalloproteinase (MMP)-13 [21, 22].

Apart from the cranial vault bones, parts of the jaw, 
and the medial part of the clavicle, KBD can occur at 
any point in the skeleton. Its etiology is correlated with 
endochondral bone formation [16], during which there 
is progressive change in the cellular characteristics 

Fig. 2 (A) A 15-year-old, female patient with KBD, manifested as enlarged phalangeal joints and shortened fingers. (B) H&E staining of articular 
cartilage and growth plate cartilage from the phalanges. “Red ghost” outlines of the chondrocytes can be seen in the deep zone (black arrow). No 
chondrocytes are present in the deep zone of cartilage (+)
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and expression patterns of chondrocytes. In the pre-
sent study, markedly increased expression of TGF-βRI 
and TGF-βRII was observed in KBD samples (Fig. 3), as 
well as in pre-clinical models of the disease (Figs. 4 and 
5). Cartilage erosion in maturing and hypertrophic car-
tilage zones is a fundamental pathological feature of 
KBD. As shown in Fig. 4, strong staining of TGF-βRI and 
TGF-βRII was observed in maturing and hypertrophic 
cartilage zones in pre-clinical models of this disease. 
On the other hand, the percentage of positive stain-
ing for TGF-βRI and TGF-βRII was significantly higher 
in the superficial and middle articular cartilages, as well 
as in the resting and proliferation zones of growth plate 
cartilage in human samples (Fig.  3). Guo et  al. demon-
strated that hand lesions are associated with upregulated 

chondrocyte differentiation-associated genes, which are 
regulate chondrocyte hypertrophy during endochondral 
bone formation [17]. These genes TGF-β, whose signal-
ing may therefore be involved in the pathophysiology of 
KBD.

TGF-β signaling regulates cell differentiation, chemo-
taxis, proliferation, and ECM production through TGF-
βRI and TGF-βRII. TGF-β signaling is induced when 
ligands bind to the cell surface receptors TGF-βRI/II, 
which are highly expressed in the mineralizing and hyper-
trophic zones [18]. TGF-βRII is the only TGF-β receptor 
that binds all TGF-β isoforms and elicits functional sign-
aling. TGF-β isolation from culture media is essential for 
stem cell differentiation into hypertrophic chondrocytes 
[23, 24]. In primary mouse limb bud mesenchymal cell 

Fig. 3 Immunostaining of TGFβRI and TGFβRII in control and KBD cartilage (positive staining is brown, indicated with an arrow). (A) Staining of 
TGFβRI and TGFβRII in articular cartilage. (B) Staining of TGFβRI and TGFβRII in growth plate cartilage (n = 6; *p < 0.05)
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cultures, TGF-β inhibits the expression of the terminal 
differentiation marker type X collagen [25]. In addition, 
mice with homozygous disruption of Smad3 exhibited 
elevated hypertrophic chondrocyte counts [26]. There-
fore, TGF-βRI and TGF-βRII overexpression in KBD 
may prevent hypertrophy of chondrocytes. In an in vivo 
study [27], MMP13, which is an indicator of collagen 
expression, was correlated with elevated TGF-β1 expres-
sion through the SMAD-independent TGF-β pathway 

in OA-affected cartilage. Therefore, over-activation of 
TGF-β signaling may lead to cartilage matrix destruction 
and abnormal terminal differentiation of chondrocytes.

A low-Se diet and exposure to T-2 toxin are etiological 
factors associated with KBD. In the present study, TGF-
βRI and TGF-βRII expression were sharply increased 
in the low-Se diet plus T-2 toxin group (Figs.  4 and 5). 
Recent reports [27, 28] have shown that TGF-β signaling 
mediates T-2 toxin-induced decreases in type II collagen 

Fig. 4 Representative immunostaining showing TGFβRI and TGFβRII expression in the knee joints of rats assessed using immunohistochemistry 
(positive staining is red, indicated with an arrow). (A) TGFβRI staining in articular and growth plate cartilage. (B) TGFβRII staining in articular and 
growth plate cartilage
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in cultured rat chondrocytes, and that Se attenuates 
MMP-2 overexpression by regulating the TGF-β1/Smad 
signaling pathway. Type II collagen is under-expressed 
in individuals with KBD, whereas the opposite is true for 
MMPs. Thus, low-Se plus T-2 toxin may lead to cartilage 
degeneration through overexpression of the TGF-βR sig-
nal, contributing to the development of KBD.

The present study had some important limitations. 
A relatively small number of patients were included in 
the study groups. KBD often occurs in children aged 
3–13 years and damages cartilage; therefore, it is difficult 
to obtain fresh samples to extract protein and RNA. We 
found a relationship between TGF-βRI and II and KBD; 
however, the underlying mechanism(s) that cause the 
presence and buildup of these molecules remain unclear.

In conclusion, the TGF-βR signal is over-activated in 
KBD cartilage. The present study provided new insights 
into the pathways that contribute to KBD develop-
ment. In the future, we will continue to focus on this 
aspect. Since the TGF-βR signal is over-activated in KBD 

cartilage, we will block the TGF-βR signal in  vivo and 
in vitro to detect changes in cartilage matrix destruction 
and abnormal terminal differentiation of chondrocytes. 
In this way, we will determine the role of the TGF-βR 
signaling pathway in patients with KBD. Finally, we 
aimed to identify potential therapeutic targets for KBD.
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