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Abstract. Residual acetabular dysplasia (RAD) is a common 
complication after the successful management of devel‑
opmental dysplasia of the hip (DDH). RAD remodeling is 
important for predicting the outcome of the affected hip, and 
optimal treatment can be chosen accordingly. Regenerating 
islet‑derived protein 3‑β (Reg3β), a multifaceted cytokine, is 
a prognostic marker for inflammation and cardiac disease. 
Nevertheless, the roles of Reg3β in RAD remain unclear. 
Consequently, the aim of the present study was to assess 
the role of Reg3β in RAD and explore its related functions 
in chondrocytes in vitro. First, remodeling of the affected 
hip after fixation removal was observed in a neonatal rat 
DDH model, which simulated the process of RAD. Reg3β 
expression in RAD was upregulated at weeks 1, 2 and 4, as 
determined by western blot analysis. The serum concentration 
of Reg3β was greater than that of normal rats at 2 weeks and 
returned to normal levels at 4 weeks. Subsequently, it was 
found that Reg3β promoted cell proliferation and extracellular 
matrix (ECM) metabolism via the Jak2/Stat3/Socs3 signaling 
pathway through gene knockdown and addition of recombi‑
nant Reg3β protein. These findings suggest that Reg3β is a 

novel potent prognostic biomarker for the remodeling of RAD 
via regulation of chondrocyte proliferation and metabolism of 
the ECM.

Introduction

Early ultrasound screening can lead to favorable manage‑
ment of developmental dysplasia of the hip (DDH), one of 
the most common deformities in children  (1‑3). However, 
several complications, such as residual acetabular dysplasia 
(RAD) and avascular necrosis of the femoral head, are still 
challenging for pediatric orthopedists, and the underlying 
mechanism remains unclear (4‑6).

To date, imaging morphological methods, such as the 
acetabulum index, center‑edge angle Reimers index and 
center‑head distance discrepancy, are commonly used for 
the identification of RAD (7,8). However, these parameters 
only indicate the existing condition of the affected hip and 
do not reveal the current state of cartilage at the molecular 
level. Although several risk factors affect the development 
of the affected hip and are used to predict the outcome of 
RAD (9,10), the optimal time for secondary surgery remains 
a challenge  (11). Given this situation, several studies have 
focused on the application of magnetic resonance imaging 
(MRI) due to its advantages in cartilage imaging  (12‑16). 
Articular coverage is presumed to have greater sensitivity in 
identifying the condition of cartilage (17‑21), yet the molecular 
function of the affected cartilage, which can be impacted prior 
to the presence of morphological changes, remains unclear. 
Accordingly, the identification of biomarkers to reflect the 
biological function of chondrocytes and to predict the outcome 
of RAD is urgently needed.

In addition to the MRI results of clinical patients, the 
pathological findings of animal experimental studies have 
shown that remodeling changes are associated with the 
thickness of the acetabular roof  (11,22‑24). Moreover, the 
remodeling potential is closely related to the risk of residual 
hip dysplasia. This evidence contributed to the hypothesis that 
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the pathogenesis of DDH may be caused by delayed endo‑
chondral ossification of the acetabular roof (11). However, this 
hypothesis is limited. Cartilage is composed of corresponding 
chondrocytes, which form a complex and precise network to 
balance the internal environment for cartilage developmental 
remodeling, such as proliferation or apoptosis, along with 
anabolism and catabolism. Abnormal remodeling can occur if 
this balance is disrupted at any point (25).

A high‑throughput microarray study revealed that 
regenerating islet‑derived protein 3‑β (Reg3β) was signifi‑
cantly upregulated in a DDH rat model (26). Recent studies 
have shown the potential of growth factors, cytokines and 
chemokines for tissue repair and regeneration of the liver and 
neurons (27‑29). Moreover, this molecule was also shown to 
promote the repair of the infarcted myocardium in rats and 
improve the prognosis of patients with myocardial infarc‑
tion (30), indicating broad potential for clinical application. 
However, it is unclear whether Reg3β is expressed in articular 
cartilage and affects the remodeling potential and prognosis 
of patients with RAD. Thus, in the present study, nearly a year 
was needed to complete the experiment (from January 2022 
to February 2023), including establishing a RAD rat model 
with fixation removal from a 7‑day‑fixation neonatal rat DDH 
experimental model, and the expression of Reg3β in the 
acetabular roof and serum was determined by western blot 
(WB) analysis and enzyme‑linked immunosorbent assays 
(ELISAs), respectively, while its function in chondrocytes 
in vitro and the underlying mechanism involved were also 
investigated.

Materials and methods

Animals and the DDH model. All animal experiments were 
performed according to the National Research Council's 
Guide for the Care and Use of Laboratory Animals. The 
study protocol was approved by the Ethics Committee of 
Jiaxing Women and Children's Hospital Affiliated with 
Wenzhou Medical University (approval no.  2023‑016; 
Jiaxing, China) and the Ethics Committee of Soochow 
University (approval no.  SUDA20211130A16; Suzhou, 
China). Newborn Sprague‑Dawley rats, purchased from 
Zhaoyan (Suzhou) New Drug Research Center Co., Ltd., 
were randomly divided into CON (control) and DDH groups. 
Each group was evenly distributed by sex. DDH models were 
generated by fixing the hind limbs via hip adduction and 
extension as well as knee extension with a medical adhesive 
tape (3M) to simulate the swaddling position of humans. The 
tape was released for motion recovery 1 h per day. The RAD 
model was established by fixation removal as a preplanning 
time. The housing conditions, including room temperature 
maintained at 26˚C along with a relative humidity of 45‑65% 
and a 12‑h light/dark cycle, met the requirements of SPF 
grade. Both the DDH model rats and control normal rats 
were fed freely by their mothers together in the same cage. 
Animal health and behavior were monitored every day. The 
specific criterion used to determine when the animals should 
be euthanized was the corresponding age of human develop‑
mental stage: i) Toddler (2 weeks) and ii) child (4 weeks). 
These selected time points are valuable for predicting the 
outcome of acetabular remodeling. A total of 150 newborn 

rats were used in the present study, including 100 for the 
evaluation of the dislocation ratio, 12 for gross morphology 
and Reg3β expression on different fixation days at 2 weeks 
by WB analysis, and 38 for Reg3β expression by WB 
analysis and ELISA from 1 week to 4 weeks after removal. 
However, during the WB analysis and ELISA procedures, 1 
rat each from the CON and DDH groups at 1 week and one 
rat in the DDH group at 4 weeks succumbed unintentionally, 
with no obvious signs of infection. Moreover, a total of 10, 
2‑week‑old rats were sacrificed for primary cellular culture 
and subsequent experiments. Finally, all the rats used in the 
experiments were euthanized with pentobarbital sodium to 
minimize suffering and distress at a dose of 200 mg/kg, and 
the hip was dissected in such a manner that the acetabulum 
and femoral head were completely isolated for evaluation 
and subsequent experiments. 

Primary chondrocyte culture. The primary cell study 
protocol was approved by the Ethics Committee of Soochow 
University (approval no. SUDA20211130A16; Suzhou, 
China). The 2‑week‑old rats were sacrificed by overdose 
anesthesia, and the cartilage from the acetabular roof was 
dissected after disinfection with 75% ethanol under a clean 
bench, followed by washing with PBS solution three times. 
The cartilage was cut into 1‑mm3 pieces with scissors and 
digested with 0.25% trypsin‑EDTA for 30 min and 0.2% 
collagenase II (Worthington Biochemical Corporation) 
for 3 h at 37˚C in a 5% CO2 incubator. The digestion was 
terminated with fresh DMEM (BasalMedia) supplemented 
with 12% fetal bovine serum (FBS) (Dongling) and 1% 
penicillin‑streptomycin (Beyotime). The tissues were passed 
through a 100‑µm molecular filter, and the resulting cell 
suspension was centrifuged at 300 g for 5 min at room temper‑
ature. The resulting pellet was subsequently resuspended in 
culture medium and seeded into a 25‑cm2 vented cap flask 
with a final cell density of 5x106 cells/ml at 37˚C with 5% 
CO2 overnight. The medium was replaced with fresh DMEM 
every 2 days. The cells were then identified via Alcian blue 
staining and Col2a1 immunostaining.  Following fixation 
with 4% paraformaldehyde for 30 min and permeabilization 
with 0.2% Triton X‑100 for 15 min at room temperature, 
the samples were either stained with 1% Alcian blue 8GX 
(cat. no. 801642‑25, Macklin) for 2 h at room temperature 
for Alcian blue staining or processed for Col2a1 immunos‑
taining by blocking with 1% bovine serum albumin (BSA) 
for 30 min, followed by incubation with a primary antibody 
against Col2a1 (1:250, cat.  no.  28459‑1‑AP, Proteintech) 
overnight at  4˚C, incubation with a secondary antibody 
conjugated to Cy3 (1:500, cat. no. abs20024, Absin) for 1 h at 
room temperature, and nuclear counterstaining with DAPI 
(cat. no. abs47047616, Absin). Passage 3 chondrocytes were 
used for subsequent studies.

WB analysis. Total protein from cartilage or chondrocytes was 
extracted with RIPA lysis buffer (Beyotime)supplemented 
with phenylmethanesulfonyl fluoride and a phosphatase 
cocktail. After being shaken for 5 min, the samples were 
incubated on ice for 30 min, followed by centrifugation at 
13,500 g and 4˚C for 20 min. The supernatant accompanied 
by the discarded precipitate was removed for concentration 
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measurement by OneDrop1000plus Spectrophotometer 
(Service Card). RIPA buffer was used to balance the concen‑
trations of all the samples. Finally, the samples were mixed 
with SDS 6X loading buffer and boiled at 95˚C for 5 min. The 
samples (10 ug loaded per lane) were separated via 12.5% 
SDS polyacrylamide gel electrophoresis and transferred to 
polyvinylidene fluoride membranes. The membranes were 
blocked with 5% BSA (cat. no. B2064, Sigma‑Aldrich) for 
2  h at room temperature, followed by incubation with a 
primary antibody at 4˚C overnight. The membranes were 
subsequently incubated with a secondary antibody conju‑
gated to horseradish peroxidase (HRP) for 1  h at room 
temperature. Finally, the target bands were visualized by an 
Enhanced Chemiluminescence Detection Kit (cat. no. 32209, 
Thermo Fisher Scientific) and detected via AI600 imaging 
(GE Healthcare) and analyzed via ImageJ analysis software 
(version1.46r, National Institutes of Health). The primary and 
secondary antibodies used are listed in Table I.

ELISA. The serum concentration of Reg3β was determined 
with a commercially available ELISA kit cat. no. MB‑7526A, 
Meibiao Biotechnology Co., Ltd) according to the manu‑
facturer's instructions. The absorbance at  450  nm was 
determined with a microplate reader (Infinite M200; Tecan 
Group, Ltd.).

Cell Counting Kit‑8 (CCK‑8) assay. Following the manufac‑
turer's instructions, the CCK‑8 assay was used to evaluate the 
cell proliferation rates. The 96‑well plates were seeded with 
cells at a density of 1x104 cells/well for the Reg3β knockdown 
experiment and at a density of 2x103 cells/well for the addi‑
tion of recombinant Reg3β protein. For the gene knockdown 
experiments, CCK‑8 was added after virus transfection for 
48 h at 37˚C; for the activation of recombinant Reg3β, CCK‑8 
was added after the chondrocytes were incubated for 24 h 
at 37˚C. CCK‑8 reagent (10 µl; cat. no. U10014A, UUBIO) was 
added to the culture for 2 h at 37˚C. An auto‑microplate reader 

Table I. List of primary and secondary antibodies.

A, Primary antibodies				  

Antibody	 Source	C ompany 	C atalogue no.	C oncentration

Reg3β	 Mouse	R &D Systems, Inc. 	A F1996	 1:500
Aggrecan	 Rabbit	 Abbkine Scientific Co., Ltd.	 ABP54013	 1:1,000
Col2a1	R abbit	 Proteintech Group, Inc.	 28459‑1‑AP	 1:1,000
Adamts‑5	 Rabbit	 Abcam 	 ab41037	 1:1,000
Mmp13	 Rabbit	 Affinity Biosciences	 AF5355	 1:1,000
Cleaved caspase‑3	R abbit	 Proteintech Group, Inc.	 25128‑1‑AP‑	 1:1,000
Caspase‑3	 Rabbit	 Affinity Biosciences	 AF6311	 1:1,000
Caspase‑9	R abbit	 Proteintech Group, Inc.	 10380‑1‑AP	 1:1,000
Bax	R abbit	 Proteintech Group, Inc.	 50599‑2‑Ig	 1:1,000
Bcl‑2	 Rabbit	 Proteintech Group, Inc.	 60178‑1‑Ig	 1:1,000
Jak2	 Rabbit	 Affinity Biosciences	 AF6022	 1:1,000
pJak2	 Rabbit	 Affinity Biosciences	 AF3024	 1:1,000
Stat3	 Mouse	 Affinity Biosciences	 BF0354	 1:1,000
pStat3	 Rabbit	 Affinity Biosciences	 AF3293	 1:1,000
Socs3	R abbit	 Proteintech Group, Inc.	 14025‑1‑AP	 1:1,000
Extl3	 Rabbit	 Abmart Pharmaceutical	 JQ007883	 1:1,000
		  Technology (Shanghai) 
		C  o., Ltd.
GAPDH	 Mouse	A bcam 	 ab8245	 1:5,000
a‑Tubulin	R abbit	 Proteintech Group, Inc.	 11224‑1‑AP	 1:2,500

B, Secondary antibodies				  

Antibody	 Source	C ompany 	C atalogue no.	C oncentration

Anti‑Mouse IgG (HRP)	 Goat	 Abcam	 ab6789	 1:10,000
Anti‑Rabbit IgG (HRP)	 Goat	 Abcam 	 ab7090	 1:10,000

Reg3b, regenerating islet‑derived protein 3‑b; Col2a1, collagen type II alpha 1 chain; Adamts‑5, ADAM metallopeptidase with thrombospondin 
type 1 motif 5; Mmp13, matrix metallopeptidase 13; Socs3, suppressor of cytokine signaling 3; Extl3, exostosin like glycosyltransferase 3; 
HRP, horseradish peroxidase.
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(Infinite M200; Tecan Group, Ltd.) was used to measure the 
optical density at 450 nm.

Viral transfection and drug treatment in  vitro. A third-
generation lentiviral vector containing Reg3β short hairpin 
RNA was designed using a vector from IGEBio Biotech. 
293T cells (IGEBio Biotech, China) were used for lentivirus 
packaging. When the 293T cells reached 80% confluence, the 
medium was changed to serum‑free Opti‑MEM (BasalMedia) 
containing a mixture of helper and shuttle plasmids. A total of 
5 µg of lentiviral plasmid was used for transfection, following 
the protocol for Lipofectamine 2000 (cat.  no.  11668‑019, 
Thermo Fisher Scientific). The ratio of lentivirus, packaging, 
and envelope plasmids was 4:3:2. After 48 h of co‑culture 
at 37˚C in a 5% CO2 incubator, the viral‑containing super‑
natant was harvested and concentrated for transfection into 
primary chondrocytes and subsequent experimental use. 
The viral titer was determined using the 50% tissue culture 
infective dose (TCID50) method. The optimal multiplicity 
of infection (MOI) was identified by determining the vector 
concentration (MOI=5). After 24 h of transduction at 37˚C 
in a 5% CO2 incubator, the viral supernatant was replaced 

with complete culture medium containing puromycin (1:100, 
cat.  no. A1113803, Thermo Fisher Scientific). Subsequent 
experiments were conducted 48  h post‑transduction. The 
chondrocytes were randomly divided into the negative control 
(NC) group and the S1, S2 and S3 groups. The sequences of all 
the shRNA sequences, including those of the negative control, 
were as follows: S1 forward, 5'‑TTG​CCC​TAC​GTC​TGC​AAA​
TTT‑3' and reverse, 5'‑AAA​TTT​GCA​GAC​GTA​GGG​CAA‑3'; 
S2 forward, 5'‑CTG​GAA​ACA​GCT​ACC​AAT​ATA‑3' and 
reverse, 5'‑TAT​ATT​GGT​AGC​TGT​TTC​CAG‑3'; S3 forward, 
5'‑TGG​AGT​AAC​AAT​GAC​ATA​ATG‑3' and reverse, 5'‑CAT​
TAT​GTC​ATT​GTT​ACT​CCA‑3'; and NC forward, 5'‑CCT​
AAG​GTT​AAG​TCG​CCC​T‑3' and reverse, 5'‑CGA​GGG​
CGA​CTT​AAC​CTT​AGG‑3'. The most effective series was 
determined via WB analysis. The optimal concentration of 
recombinant Reg3b protein (cat.no.8288‑RG, RD SYSTEMS) 
was determined via CCK‑8 assays.

Colony forming assay. After 24 h, the transfected chondro‑
cytes were digested and replated in 6‑well plates at a density 
of 2x102 cells/well for 1 week. Subsequently, the chondrocytes 
were fixed with 4% paraformaldehyde for 30 min at room 

Figure 1. Morphology of a hip with residual dysplasia and the expression of Reg3β. (A) Success of the DDH model after 2 days of fixation (scale bar, 1 mm) 
and percentage of failed reduction of the affected hip after removal of fixation (n=20 in each group). (B) Dislocated hip was reduced at 2 weeks with F3D and 
F5D fixation. By contrast, the affected hip was unreducible along with the thickness of the acetabular roof after F7D, which is consistent with the morphology 
of RAD (scale bar, 1 cm). In addition, Reg3β in the acetabular roof was expressed at a higher level in the 7‑day fixation group than in the 3‑day and 5‑day 
fixation groups and was expressed at lower levels in the 3‑day and 5‑day fixation groups than in the control group (n=3 in each group). (C) Reg3β expression 
was greater in the 7‑day fixation group than in the normal group at weeks 1, 2 and 4, and Reg3β expression was transiently upregulated in the serum at week 
2 but returned to the normal level at week 4. Student's t‑tests were used to compare the two groups between each time point. *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001. Reg3β, regenerating islet‑derived protein 3‑β; DDH, developmental dysplasia of the hip; F3D, 3‑day fixation; F5D, 5‑day fixation; F7D, 7‑day 
fixation; RAD, residual acetabular dysplasia; CON, control.
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temperature and stained with Alcian blue for 2 h at room 
temperature. The colony formation efficiency was used 
to determine the proliferation of the test cells, and clones 
were counted manually (>50 cells, ranging in size from 
0.3 to 1.0 mm).

Statistical analysis. The data are presented as the mean ± SD), 
and GraphPad Prism 8.0 software (GraphPad; Dotmatics) 
was used for statistical analysis. At least three technical and 
biological replicates were used for experiments. To compare 
3 or more groups, a one‑way analysis of variance followed 
by Dunnett's post hoc test was employed. For comparisons 

between two groups, an unpaired t‑test was used. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Gross morphology of residual dysplasia of the hip, and the 
expression of Reg3β is increased after removal of fixation. 
After 2 days of fixation, the hip samples from the sacrificed 
rats were dislocated, with an apparent shadow acetabulum and 
increased labrum thickness (Fig. 1A). Moreover, the longer 
the fixation continued, the greater the failure of reduction of 
the dislocated hip. After 7 days of fixation, the dislocated hip 

Figure 2. Western blot analysis of Reg3β expression, proliferation and apoptosis after Reg3β knockdown. (A) Clear cell death was observed with the S1 
sequence, which exhibited the most effective knockdown compared with the other two sequences. One‑way analysis of variance was used to compare these 
groups followed by Dunnett's post hoc test. Scale bar, 100 µm. (B) CCK‑8 assay revealed that the proliferation of chondrocytes was inhibited after 72 h. 
(C) A colony formation assay with Alcian blue staining revealed that few cells remained after 1 week of S1 infection. (D) Cleaved caspase‑3 and caspase‑3, 
along with Bax, were increased after Reg3β knockdown at 72 h, whereas the level of Bcl‑2 was significantly decreased, and the level of caspase‑9 remained 
essentially unchanged. Student's t‑tests were conducted to assess the statistical difference between the two groups in Fig. 2B‑D. **P<0.01 and ***P<0.001. Reg3β, 
regenerating islet‑derived protein 3‑β; CCK‑8, Cell Counting Kit‑8; NC, negative control; OD, optical density.

https://www.spandidos-publications.com/10.3892/mmr.2025.13653
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seldom showed a reduction compared with that after 3 days of 
fixation and 5 days of fixation (Fig. 1B). At 2 weeks, Reg3β was 
highly expressed in the acetabular roof after 7 days of fixation, 
whereas expression of Reg3β was barely detected after fixation 
for 3 or 5 days (Fig. 1B). Thus, 7 days of fixation was selected 
for further RAD experiments. With the removal of fixation, the 
expression of Reg3β in the acetabular roof of the RAD group 
was increased in the 1, 2 and 4‑week observation periods, and 
the serum concentration of Reg3β transiently increased at week 
2 and later returned to a normal level at week 4 (Fig. 1C).

Reg3β knockdown increases apoptosis and inhibits prolif‑
eration in primary chondrocytes. Previous results (Fig. 1) 
revealed high Reg3β expression in acetabular cartilage after 
fixation removal. The next objective was to explore the role of 

Reg3β in chondrocytes. A lentiviral vector containing three 
Reg3β shRNA sequences was constructed for the transfection 
of primary chondrocytes (Fig. 2A). The chondrocytes showed 
obvious cell death with the addition of the S1 sequence, which 
was identified as the most effective knockdown sequence 
via WB analysis (Fig. 2A). The S1 sequence was used for 
subsequent experiments. First, it was investigated whether 
Reg3β influences the proliferative capability of chondrocytes. 
CCK‑8 cell proliferation was evidently inhibited after 72 h 
of transfection (Fig.  2B). Moreover, the colony formation 
assay results revealed that few colonies formed after 1 week 
of transfection (Fig.  2C). To confirm the effect of Reg3β 
knockdown on chondrocyte apoptosis, the expression levels 
of typical apoptotic proteins were measured via WB analyses. 
The results revealed that the expression of caspase‑3 and 

Figure 3. Anabolic and catabolic changes after Reg3β knockdown. Aggrecan, Mmp13 and Adamts‑5 were downregulated, whereas Col2a1 exhibited no 
obvious change. Student's t‑tests were performed to evaluate the statistical difference between the two groups. **P<0.01. Reg3β, regenerating islet‑derived 
protein 3‑β; NC, negative control; ns, not significant; Mmp13, matrix metallopeptidase 13; Col2a1, collagen type II alpha 1 chain; Adamts‑5, ADAM metal‑
lopeptidase with thrombospondin type 1 motif 5.

Figure 4. Jak2/Stat3/Socs3 signaling pathway is inhibited after Reg3β knockdown. Jak2/Stat3 and the corresponding phosphorylated proteins, as well as Extl3 
and Socs3, were downregulated. Student's t‑tests were performed to evaluate the statistical difference between the two groups. *P<0.05, **P<0.01, ***P<0.001 
and ****P<0.0001. Reg3β, regenerating islet‑derived protein 3‑β; Extl3, exostosin like glycosyltransferase 3; Socs3, suppressor of cytokine signaling 3; 
NC, negative control.
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cleaved caspase‑3 was upregulated, whereas the expression of 
caspase‑9 was not evidently altered. By contrast, Bcl‑2 expres‑
sion was significantly downregulated, whereas Bax expression 
was significantly upregulated (Fig. 2D).

Reg3β knockdown decreases the synthesis and degradation of 
the extracellular matrix (ECM). After confirming the effects 
of Reg3β on the proliferation and apoptosis of chondrocytes 
in vitro, it was further investigated whether Reg3β affects 
the synthesis and metabolism of the ECM, which is another 
important component of articular cartilage  (31). Anabolic 
and catabolic metabolism was assessed via WB analyses. 
The expression of Aggrecan, ADAM metallopeptidase with 
thrombospondin type 1 motif 5 (Adamts‑5) and matrix metal‑
lopeptidase 13 (Mmp13) was significantly decreased, whereas 
the expression of collagen type II alpha 1 chain (Col2a1) 
remained unchanged (Fig. 3).

Reg3β knockdown inhibits the Jak2/Stat3/Socs3 axis signaling 
pathway. Both Jak2 and Stat3 were inhibited after Reg3β 

knockdown. The corresponding phosphorylated proteins 
were also significantly downregulated. Moreover, suppressor 
of cytokine signaling 3 (Socs3) expression was markedly 
downregulated. In addition, exostosin like glycosyltransferase 
3 (Extl3), which is a receptor of Reg3β (32), was downregu‑
lated (Fig. 4).

Recombinant Reg3β promotes chondrocyte proliferation and 
ECM metabolism. Subsequently, the promotion of cellular 
proliferation was verified. A recombinant Reg3β protein was 
produced to assess its natural bioactivity. CCK‑8 assays were 
performed to determine the optimal concentration for further 
experiments. The results showed that recombinant Reg3β 
promoted chondrocyte cell proliferation, and 10‑160  nM 
recombinant Reg3β had a similar effect (Fig. 5A). However, 
a relatively higher dose of 320 nM had the opposite effect, 
inducing apparent cell death. Thus, a concentration of 10 nM 
was selected for the subsequent experiments. To confirm the 
optimal time for further experiments, the expression of recom‑
binant Reg3β was evaluated; expression peaked at 48 h after 

Figure 5. Recombinant Reg3β protein promotes the activity of chondrocytes and the metabolism of the extracellular matrix. (A) The optimum concentration 
of recombinant Reg3β protein for subsequent experiments was determined. (B) Changes in Reg3β expression over time after the addition of recombinant 
Reg3β protein. (C) Aggrecan and corresponding degradative enzymes, such as Adamts‑5 and Mmp13, were upregulated significantly after stimulation with 
the recombinant Reg3β protein, whereas Col2a1 expression did not change following transient downregulation at 24 h. (D) Stat3 and Socs3 were activated 
after Reg3β protein stimulation. ANOVA with Dunnett's post hoc test were performed. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Reg3β, regenerating 
islet‑derived protein 3‑β; CCK‑8, Cell Counting Kit‑8; OD, optical density; CON, control; rReg3β, recombinant Reg3β; Mmp13, matrix metallopeptidase 13; 
Col2a1, collagen type II alpha 1 chain; Adamts‑5, ADAM metallopeptidase with thrombospondin type 1 motif 5; Socs3, suppressor of cytokine signaling 3.

https://www.spandidos-publications.com/10.3892/mmr.2025.13653
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the addition of recombinant Reg3β, which was consistent with 
the results of the CCK‑8 assay (Fig. 5B). Further experiments 
confirmed that recombinant Reg3β can increase the expression 
of Aggrecan, Mmp‑13 and Adamts‑5, whereas Col2a1 exhib‑
ited no obvious changes following a transient downregulation 
at 24 h. Notably, the expression of Adamts‑5 and Mmp13 was 
upregulated at 72 h (Fig. 5C). By contrast, Stat3 was activated 
by phosphorylation at 24 h, while Socs3 was upregulated after 
24 h (Fig. 5D).

Discussion

The present study demonstrated that Reg3β expression in 
cartilage and serum is upregulated after fixation removal in 
a DDH rat model. Further experiments revealed that Reg3β 
may have a positive effect on chondrocyte proliferation and 
metabolism of the ECM, indicating its ability to remodel the 
acetabulum in RAD.

RAD is a common complication after closed or open 
reduction of the affected hip. A previous study confirmed 
that the affected hip may be remodeled after fixation 
removal in experimental models, which is similar to the 
results of closed or open reduction treatment in patients with 
clinical DDH (33). The results of hip remodeling are closely 
related to the fixation time. The shorter the fixation time of 
the model is, the greater the possibility of reduction being 
achieved (23,34,35). Thus, in the present study, the authors 
created a series of neonatal rat DDH models with different 
fixation times to identify which model would be optimal 
for simulating the pathological process of RAD. Compared 
with those in previous studies, including animal models and 
clinical imaging, the hip, especially the acetabular roof, in 
the neonatal rat model showed similar changes after removal 
of the fixator (23,24). By contrast, when the fixation time 
reached 7 days, almost no complete reduction was observed. 
Therefore, 7 days of fixation were selected as the RAD model 
for subsequent experiments. Notably, Reg3β expression in 
acetabular cartilage in the RAD group was significantly 
upregulated at  1,  2  and  4  weeks after fixation removal. 
Nevertheless, the serum concentration of Reg3β transiently 
increased in the RAD group at  2  weeks, after which it 
returned to the normal level, strongly indicating a close rela‑
tionship between Reg3β and the early remodeling potential 
of RAD. However, at 2 weeks, Reg3β expression was greater 
in the 7‑day fixation group than in the 3‑day and 5‑day fixa‑
tion groups, which exhibited decreased Reg3β expression 
than did the normal cartilage group, whereas, conversely the 
3‑day fixation and 5‑day fixation groups exhibited excellent 
remodeling. This appeared to be paradoxical and beyond the 
authors' initial hypothesis, in that it should be at least similar to 
the normal state. It was presumed that the expression pattern 
of Reg3β could be dynamically altered in response to the 
mechanical internal environment. With short‑term fixation, 
the hip underwent reduction and remodeling, which allevi‑
ated the abnormal mechanical stress. On the other hand, the 
abnormal mechanical stress in the 7‑day fixation group was 
still persistent due to incomplete reduction and remodeling, 
which resulted in increased expression of Reg3β. Previous 
studies have shown that the potential remodeling ability of 
the acetabulum varies and is observed in individuals ranging 

from 2‑11 years of age (36‑38). Moreover, 2‑week‑old rats 
may be equivalent to 4‑year‑old children. Some evidence 
suggests that secondary surgery is acceptable if the RAD 
persists at 4‑5 years of age (39‑42). Thus, Reg3b may be a 
potential biomarker for predicting the development and 
remodeling of the affected hip in patients with RAD.

Previous studies have revealed that Reg3b promotes cell 
proliferation and differentiation and has anti‑inflammatory 
or antiapoptotic effects on cytokines, growth factors and 
chemokines  (32,43‑45). To explore the function of Reg3b, 
an Reg3b‑knockdown vector was created for transfecting 
primary chondrocytes in vitro. As a result, the proliferation 
of chondrocytes was inhibited, accompanied by an increase 
in the number of apoptotic cells. Furthermore, caspase‑3 and 
cleaved‑caspase‑3, key apoptotic proteins, were both signifi‑
cantly upregulated, indicating that the apoptotic signaling 
pathway, which is based on the caspase family, was acti‑
vated (46). Moreover, the expression of Bax increased as the 
corresponding expression of Bcl‑2 decreased, which indicated 
that the induction of chondrocyte apoptosis could occur via the 
mitochondrial signaling pathway. By contrast, when recombi‑
nant Reg3β protein was added to the culture, cell proliferation 
was increased. Overall, these results confirm that Reg3β plays 
an important positive role in the proliferation of chondrocytes.

Articular cartilage is composed of chondrocytes and the 
ECM, which is secreted by chondrocytes. Since Reg3β has a 
positive effect on chondrocyte proliferation, it was investigated 
whether Reg3β affects the metabolism of the ECM. The major 
components of the ECM are collagens and proteoglycans, 
which are produced by chondrocytes to acquire a phenotype 
and form a complex network to support the mechanical 
characteristics of articular cartilage during skeletal develop‑
ment, especially during endochondral ossification (47,48). By 
contrast, several types of degradative enzymes such as Mmps, 
Adamts‑4/5 are secreted from chondrocytes or the synovium 
to maintain the internal environment of the articular cartilage. 
The dynamic balance of chondrocyte proliferation and apop‑
tosis, as well as the synthesis and degradation of the ECM, 
promotes the development and remodeling of cartilage under 
beneficial and harmful mechanical stimuli, such as the process 
of RAD (23,24,49). In the present study, the findings revealed 
that Reg3β primarily regulated the anabolism and catabolism 
of Aggrecan rather than Col2a1. However, this finding appears 
paradoxical due to the simultaneous changes in the expression 
of Aggrecan and corresponding degradative enzymes after 
Reg3β intervention. Nevertheless, it is presumed that there 
may be a more complex regulatory mechanism involved in 
balancing the ECM.

Previous studies have confirmed that not only Stat3 but 
also Socs3, which is involved in the negative feedback to 
Stat3, are implicated in postnatal bone growth (50‑52). Thus, 
the expression of relevant proteins in the signaling pathway 
was examined. After Reg3b was knocked down, the expres‑
sion of Jak2/Stat3 was inhibited, and Socs3 was also inhibited. 
In addition, Extl3, presumed to be a receptor of Reg3β, was 
significantly inhibited. Conversely, after the addition of 
recombinant Reg3β protein, the phosphorylation of Stat3 and 
Socs3 was activated. Thus, these findings indicated that Reg3β 
affects chondrocyte phenotypes via the Jak2/Stat3/Socs3 
signaling pathway. However, this molecule is a negative 
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feedback regulator of the Jak2/Stat3 signaling pathway, and 
strategies to precisely regulate these phenotypes and maintain 
a dynamic remodeling balance are still required.

However, the present study has several limitations. First, 
our findings are derived from animal models, and it remains 
to be determined whether similar changes in Reg3b expres‑
sion occur in children with residual acetabular dysplasia. This 
necessitates further validation in clinical settings. Moreover, 
the precise mechanisms through which Reg3b modulates 
chondrocyte proliferation and extracellular matrix synthesis 
via the Jak2/Stat3 signaling pathway are not fully understood 
and warrant additional investigation.

In conclusion, the findings of the present study confirmed that 
the affected hip of the RAD model can be remodeled after fixation 
removal. The present study revealed the upregulated expression of 
Reg3β in the acetabulum of the RAD model in the early stage, 
indicating that Reg3β could be a potent biomarker for predicting 
hip remodeling. The preliminary remodeling mechanism may be 
related to Reg3β‑mediated promotion of chondrocyte prolifera‑
tion and the activation of ECM metabolism.
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