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Developmental dysplasia of the hip (DDH) is one of the major causes of child disability and early osteoarthritis. Genetic factors play
an important role, but which still remain unclear. Pregnancy-associated plasma protein-A2 (PAPP-A2), a special hydrolase of
insulin-like growth factor binding protein-5 (IGFBP-5), has been confirmed to be associated with DDH by previous studies. The
aim of this study was firstly, to investigate the expression of PAPP-A2 and insulin-like growth factor (IGF) pathway-related
proteins in normal rat’s hip joints; secondly, to compare the variations of those proteins between DDH model rats and normal
ones. The DDH model was established by swaddling the rat’s hind legs in hip adduction and extension position. The hip joints
were collected for expression study of fetal rats, normal newborn rats, and DDH model rats. Positive expression of PAPP-A2
and IGF pathway-related proteins was observed in all the hip joints of growing-stage rats. Ultimately, IGF1 was downregulated;
insulin-like growth factor 1 receptor (IGF1R) showed an opposite trend in DDH rats when compared with normal group. The
PAPP-A2 and IGF pathway-associated proteins may also be involved in the development of the rat’s hip joint, which bring the
foundation for further revealing the pathogenic mechanism of DDH.

1. Introduction

Developmental dysplasia of the hip (DDH) is an important
cause of childhood disability, which can predispose a child
to early onset degenerative changes and painful arthritis
[1]. DDH is characterized by a rough joint surface, cystic
degeneration, and deformation of the femoral head in the
severe stage [2]. It affects approximately 1 to 5 per 1,000
newborns, among which about eighty percent are females.
Yet, the etiology of DDH is complex and still unclear.
Factors contributing to DDH include breech presentation,
female sex, firstborn status, and oligohydramnios [3]. In
the meantime, DDH has a considerable genetic etiology.
Gene association mapping studies have hitherto identified
several susceptible genes of DDH [4]. For example,
mutations of cartilage formation-related proteins are associ-
ated with DDH [2].

Insulin-like growth factors (IGFs) play an important role
in regulating cellular growth and development. IGFs are

essential to the proliferation, differentiation, and apoptosis
of osteoblasts. Meanwhile, they also regulate bone mineral
density and skeletal growth [5, 6]. Insulin-like growth
factor-binding protein (IGFBP) proteolysis directly modu-
lates the initial step in IGF receptor signaling [7]. In the
IGFBP family, IGFBP-5 is the most abundant IGFBP stored
in the bone, which can act as a growth factor to enhance bone
formation [8]. Pregnancy-associated plasma protein-A2
(PAPP-A2) is an IGFBP protease leading to the increased
bioavailability of IGF1 by specifically cleaving IGFBP-5 and
dissociating IGF1 from IGFBP-containing complexes [9].

PAPP-A2, a novel metalloproteinase, is a homologue of
pregnancy-associated plasma protein A (PAPP-A) and a
widely applied serum marker of pathological pregnancies
during the first trimester, which shares 45% of its sequence
with PAPP-A; however, it has a different physiological
function in the growth regulatory system [10].

Variations of PAPP-A2 are related to human-complicated
pregnancy, syndrome of progressive growth failure, reductions
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of cranial cartilage in zebrafish embryos, postnatal growth
retardation in mice, and birthing in cattle [11–15]. In
preeclamptic patients, maternal serum concentration of
PAPP-A2 is increased which results from placental hypoxic
exposure in utero [16]. Growth failure is commonly observed
in patients with PAPP-A2 deficiency, which is characterized
by thin and long bones, small chin, delayed dental eruption,
and low bone mineral density (BMD) at the lumbar spine
[12]. Treatment with recombinant human insulin-like growth
factor-1 (rhIGF-1) is effective in promoting short-term growth
in PAPP-A2 deficient patients and is also able to improve
whole body BMD, bone mineral content (BMC), and lumbar
spine BMD towards the normal range and results in an accept-
able annual BMD increase [17, 18]. In zebrafish [14] papp-a2
knockdown embryos, Alcian blue staining revealed a severe
decrease or absence of Meckel’s cartilage and cranial cartilages.
Furthermore, Christians et al. [19] found that Papp-a2 was
responsible for the effect of a quantitative trait locus (QTL)
affecting adult mice; postnatal growth retardation is obtained
in Papp-a2 knockout mouse demonstrates. Compared with
the wild-type, Papp-a2 knockout mice gain lower body weight;
deletion of Papp-a2 fails to the lengthening of some bones and
affects pelvic girdle shape [14, 20]. Similar functional variation
exists in cattle; Wickramasinghe and colleagues [15] identified
and validated three single nucleotide polymorphism (SNP)
which were associated with daughter calving ease, a measure
of the intensity of dystocia, located in PAPPA2 gene. Our pre-
vious case-control study with SNP analysis indicated a signifi-
cant association between PAPPA2 and DDH in the Han
Chinese population [21].

Hence, we assume that due to the structural variation or
decreased expression of the PAPPA2 gene, the functional
PAPP-A2 protein is reduced, which in turn reduces the deg-
radation of IGFBP-5, and decreases the bioavailability of
IGF1. PAPP-A2 may play a role in cartilage formation and
cause the corresponding pathological changes of DDH
through IGF signaling pathway. The main goals of our study
are to confirm the expression of PAPP-A2, IGFBP-5,
insulin-like growth factor 1 receptor (IGF1R), and IGF1 in
the rat hip during different developmental stages and to
examine the different expressions in the hips of normal rats
and DDH model rats.

2. Materials and Methods

2.1. Animals. Wistar rats, 4-week-old, weighing 250-300 g,
were obtained from the Animal Experimental Center,
Shengjing Hospital of China Medical University. All the ani-
mals were housed in an environment with a temperature of
22 ± 1°C, relative humidity of 50 ± 1%, and a light/dark cycle
of 12/12 hr. All animal studies (including the mouse euthana-
sia procedure) were in accordance with the regulations and
guidelines of Shengjing Hospital of ChinaMedical University
Ethics Committee and conducted according to the AAALAC
and the IACUC guidelines (protocol 2012PS13K).

3. Rats and Sample Collection

Sample collection was divided into two steps (Table 1):

Step 1. Five 21-day pregnant Wistar rats were sacrificed by
intraperitoneal injection using 5% chloral hydrate (4ml/kg).
Consequently, their uterus were exposed, and their fetal rat
hip joints were collected; sex selection was not performed
among all these fetuses (1 day before birth, P21, n = 100).

Additional 71 newborn Wistar rats without sex selection
were sacrificed 7 days (B7, n = 35) and 14 days (B14, n = 36)
after birth, respectively. The rat’s hip joints were collected in
a similar way.

Step 2. A total of 113 newborn Wistar rats without sex
selection were divided into control group (n = 60) and
experimental group (n = 53). The control group was not
exposed to any condition, while the experimental group
was treated according to our previously reported method
[22]. The DDH model was induced by modifying the swad-
dling position with fixation of the hind limbs in extension
and adduction in newborn Wistar rats for 10 days. Half of
the control group and the experimental group were sacri-
ficed 7 days after birth (B7), while the rest were sacrificed
7 days later (B14). For the experimental group, the disloca-
tion of the rat hip joint was confirmed by anatomical obser-
vation. All the hip joints were collected.

One-third of the samples (collected from Steps 1 and 2)
were quickly rinsed in 0.01M PBS and then immediately
fixed in 4% paraformaldehyde phosphate buffer for 2 days.
Samples were subsequently decalcified in 10% ethylenedi-
aminetetraacetic acid (EDTA) for 15 to 20 days, dehydrated,
and embedded in paraffin. Two-thirds of the samples were
placed in a centrifuge tube frozen at -80°C for protein detec-
tion and RNA isolation.

3.1. Paraffin Sections and Immunohistochemistry. A total of
41 rats were used for immunohistochemistry in Step 1, and
a total of 38 rats were used for immunohistochemistry in
Step 2 (Table 1). Additionally, 20 slices for each acetabulum
were analyzed among each individual rat. The paraffin hip
specimens were sectioned (4μm thickness), deparaffinized
in xylene, and rehydrated using descending grades of etha-
nol. Samples were then washed in PBS for 15min, treated
with 0.01M citrate buffer (with pH6.0), and then heated
for 10min on a microwave oven at 98°C. Consequently, sec-
tions were washed in PBS for 15min, and then incubated
with peroxidase blockers for 30min at room temperature.
After washing in PBS for an additional 15min, samples were
incubated with normal nonimmunized animal serum at
room temperature for 30min and then incubated with one
of the following antibodies: polyclonal rabbit anti-rat
PAPP-A2 antibody (1 : 40 dilution, Lifespan, USA), poly-
clonal rabbit anti-human IGFBP-5 (1 : 200 dilution, Abcam,
UK), polyclonal rabbit anti-rat IGF1R (1 : 50 dilution, Sig-
ma-Aldrich, Germany), and monoclonal antibody rabbit
anti-human IGF1 (1 : 100 dilution, Lifespan, USA) at 4°C
overnight; PBS was used as a negative control. Biotinylated
secondary antibodies were applied to samples for 20min
followed by streptavidin-HRP incubation (40min) at room
temperature. Sections were visualized with DAB (Maixin
Biotechnology Development Co. Ltd., China) under the light
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microscope (Nikon E800, Japan). Samples were counter-
stained using haematoxylin (Maixin Biotechnology Develop-
ment Co. Ltd., China) diluted 1 : 5 in sterile water, and the
cell cytoplasm was brownish yellow when the results were
positive. The sections were observed by 40 times and 400
times visual field, to determine the main distribution of pos-
itive cells and the general trend of change. The expressions
of PAPP-A2, IGFBP-5, IGF1R, and IGF1 in the germinal cell
layer, proliferative cell layer, and hypertrophic cell layer of
the epiphyseal cartilage located both in acetabulum and fem-
oral head were observed and analyzed by NIS-Elements
Basic Research (ver. 2.1, Nikon, Japan).

3.2. Protein Extraction and Western Blot. A total of 50mg of
rat acetabular tissue were homogenized in 500μl of RIPA
lysis buffer (P0013B, Biyuntian Biotechnology Co. Ltd.,
China) and PMSF (ST506, Biyuntian Biotechnology Co.
Ltd., China). Samples were then incubated on ice for
30min and then centrifuged at 12,000 rpm at 4°C for
15min. The supernatant was then collected, and the protein
levels were determined using the modified Lowry method.
Proteins were mixed with SDS ×6 loading buffer (TransGen
Biotech Co. Ltd., China) boiled for 5min and run through a
4% stacking and 10% separating polyacrylamide gel
(P0012A, Biyuntian Biotechnology Co. Ltd., China). The
gel was equilibrated in a transfer buffer and transferred onto
a PVDF membranes, which were activated by methanol.
Membranes were blocked for an hour and a half at room
temperature in 5% skimmed milk powder (BD, USA) and
then incubated in a solution containing the primary anti-
body against PAPP-A2 (1 : 200 dilution), IGFBP-5 (1 : 1000
dilution), IGF1R (1 : 500 dilution), and IGF1 (1 : 1000 dilu-
tion) diluted with the titer of the corresponding antibody
using 1% BSA antibody buffer at 4°C overnight. Conse-
quently, the membranes were washed 3 times with TBST
(0.24% Tris, 0.8% sodium chloride, and 0.1% Tween 20)
and incubated in a solution containing the secondary anti-
body which was diluted with the corresponding antibody
titer using 1% BSA antibody buffer for 2 hours. The mem-
branes were repeatedly washed 3 times with TBST. Finally,
the membranes were covered with ECL fluid (NCI5079,
Thermo Fisher Scientific, USA) for 2min and observed in
an automatic electrophoresis gel imaging analyzer (4/1246,
SYOR, USA).

3.3. RNA Isolation and Real-Time PCR. Rat acetabular sam-
ples were taken out of the -80°C refrigerator and homoge-
nized with pestles after they were frozen in liquid nitrogen.
Each tissue homogenate (100mg) was added to 1ml TRIzol

reagent (Invitrogen, USA) at room temperature and then
centrifuged with high-speed centrifuge (Eppendorf, Ger-
many) at 12,000 rpm at 4°C for 15min. Samples were then
mixed with 0.2ml chloroform per 1ml TRIzol for 45 sec,
incubated at room temperature for 10min, and centrifuged
at 12,000 rpm at 4°C for 15min. Consequently, the superna-
tant was removed, and 0.4ml isopropanol was added to the
aqueous phase. Samples were incubated at room tempera-
ture for 10min and then centrifuged at 12,000 rpm at 4°C
for 15min. The RNA precipitate was washed twice with
70% and 100% ethanol, air dried, and resuspended in 30μl
molecular grade water. Quantification and analysis of iso-
lated RNA were performed using the NanoVue spectropho-
tometer (GE Healthcare Bio-Sciences AB, Germany). cDNA
was reverse transcribed from RNA by PrimeScript™ RT
Reagent Kit (RR047A, Takara Bio, Japan), and real-time
PCR was performed to measure the levels of Pappa2 mRNA,
Igfbp5 mRNA, Igf1 mRNA, and Igf1R mRNA. Gapdh was
used as loading control. Primer sequences are shown in
Table 2. PCR was carried out using the LightCycler detection
system (D-68298, Roche Molecular Biochemical, Germany)
with samples tested in duplicate on 96-well plates. Ampli-
cons were generated in a two-step PCR (95°C for 30 sec for
predegeneration, 95°C for 5 sec, and 60°C for 30 sec for 40
cycles) followed by melting curve analysis to exclude con-
tamination of nonspecific products. Each sample was ampli-
fied for 40 cycles, and the cycle at which the signal rose
above a fixed threshold (Ct) was determined, and relative
quantity (RQ) was calculated with Ct mean.

3.4. Statistical Analysis. All data were expressed as mean ±
standard deviation. SPSS statistical software (17.0, IBM,
USA) was used to analyze the experimental data by single
factor analysis of variance; LSD was used for posthoc test
and independent sample t test. P < 0 05 was considered
statistically significant.

4. Results

4.1. Expression and Localization of PAPP-A2 and IGF
Pathway-Associated Proteins in the Normal Rat Hip Joints
at Different Developmental Stages. Quantitative RT-PCR
analysis was used to verify the expression levels of Pappa2,
Igfbp5, Igf1R, and Igf1 on different-aged rat hip joints. Gapdh
was used as a standardizing sample, since its mRNA levels
did not change between different time phases.Pappa2, Igf1,
and Igf1R transcript levels showed the same trends. At B7,
no significant changes in Pappa2 and Igf1 were observed,

Table 1: Animal distribution of each group.

Step 1 Step 2
P21 B7 B14 CB7∗ EB7∗ CB14∗ EB14∗

PCR 40 11 12 10 8 10 9

Western blot 43 12 12 10 9 10 9

Immunohistochemistry 17 12 12 10 9 10 9

Note: ∗ CB7 means B7 in control group; EB7 means B7 in experimental group; CB14 means B14 in control group; EB14 means B14 in experimental group.
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while Igf1R expression (P = 0 049) was significantly reduced
compared with other time phases (Figure 1).

Immunohistochemistry was used to investigate the locali-
zation of PAPP-A2, IGFBP-5, IGF1R, and IGF1 in the germi-
nal cell layer, proliferative cell layer, and hypertrophic cell
layer of the epiphyseal cartilage of acetabulum and femoral
head. Positive expressions of these proteins were found in
the hip joints at P21, B7, and B14; proteins were distributed
in the epiphyseal cartilage of acetabulum and femoral head
(Figure 2(a)). No significant difference was noted between

different time phases, but the PAPP-A2 and IGF1 had the low-
est expression, while IGFBP-5 had the highest expression at
B7. Furthermore, no significant difference of IGF1R expres-
sion was found during different time phases (Figure 2(b)).

Moreover, Western blot data suggested a similar expres-
sion of PAPP-A2, IGF1, and IGF1R protein in the rat’s hip
joints. Significant reductions in PAPP-A2 (P = 0 048), IGF1
(P = 0 049), and IGF1R (P = 0 040) were found at B7 com-
pared with those in P21 and B14, whereas no changes were
observed in the expression of IGFBP-5 (Figure 3).

Table 2: Primer sequences used in qRT-PCR.

Gene Forward primer (5′ → 3′) Reverse primer (5′ → 3′)
Pappa2 CAAGACCTGCTTTGACCCTGA GCACTGAGCTGGCAAAGTAGATG

Igfbp5 CTACGGCGAGCAAACCAAGATA GGCCTTCAGCTCGGAAATG

Igf1R CGGGATCTCATCAGTTTCACAGTC TCCTTGTTCGGAGGCAGGTC

Igf1 GCACTCTGCTTGCTCACCTTT TCCGAATGCTGGAGCCATA

Gapdh GCTGGTCATCAACGGGAAA CGCCAGTAGACTCCACGACAT
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Figure 1: mRNA expression levels of Pappa2 and Igf pathway-associated gene in rat hip joints during different growth stages. mRNA
expression levels of Pappa2, Igfbp5, Igf1R (P = 0 049), and Igf1. P21 (n = 40), one day before birth; B7 (n = 11), seven days after birth; and
B14 (n = 12), fourteen days after birth. ∗P < 0 05.
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4.2. Establishment of a DDH Rat Model. Rats were swaddled
for the first ten days after birth to build a DDH model. The
DDH model was induced by modifying the swaddling
position with fixation of the hind limbs in extension and
adduction in newborn Wistar rats for 10 days. The antero-
posterior pelvic region and acetabular tissue of the DDH
model’s hip were then examined using radiography
(Figure 4).

4.3. Expression and Localization of PAPP-A2 and IGF
Pathway-Associated Proteins in the Control Group and
Experimental Group. RT-PCR was used to detect the expres-
sion of these genes. Seven days after birth, Pappa2, Igf1, and
Igf1R were downregulated, and Igfbp5 was upregulated in the
experimental group. Nevertheless, at 14 days after birth,
Pappa2 and Igf1 were downregulated, while Igfbp5 and Igf1R
were upregulated compared to the control group. However,
these results were nonsignificant at both B7 and B14
(Figures 5(a) and 5(b)).

Immunohistochemistry was used to further investigate
the localization of PAPP-A2, IGFBP-5, IGF1R, and IGF1
in the germinal cell layer, proliferative cell layer, and hyper-
trophic cell layer in the epiphyseal cartilage of acetabulum
and femoral head of the control group and the experimental
group. Positive expressions of these proteins were observed
at B7 and B14; proteins were distributed in the acetabular
cartilage and femoral head cartilage (Figure 6(a)). Compared
to the control group, no significant difference was found in
the experimental group (Figures 6(b) and 6(c)).

The effect of swaddling was further examined by West-
ern blot (Figure 7(a)), at B7, lower PAPP-A2, IGF1R, and
IGF1 expression and higher IGFBP-5 expression were

detected in the experimental group compared to the control
group; however, no significant difference was noted between
the groups. Nevertheless, at B14, the expression of IGF1 was
significantly downregulated in the rat hip joint of the exper-
imental group compared with the control group hip, but the
expression of IGF1R indicated an opposite trend
(Figures 7(b) and 7(c)). There was no animal who died
before the end of the swaddling.

5. Discussion

In the present study, we investigated the expression of
PAPP-A2, IGFBP-5, IGF1R, and IGF1 in the hip joints of
normal rats and DDH model rats. Additionally, three dif-
ferent time phases (P21, B7, and B14) were chosen to
examine those variations within the growth and develop-
ment in normal rats.

IGF1 is a principal growth-promoting signal for skel-
etal development. IGF1R acts as a receptor for IGF1 to
promote the proliferation and differentiation of chondro-
cytes in growth plate by inhibiting the PTHrP pathway
[23]. Previous study showed a rational mechanism in
osteoblast-specific PAPP-A2 deletion mouse where local
IGFBP-5 level increase led to a reduction of IGF avail-
ability [24]. Moreover, during chondrocytes development,
IGF1 was upregulated while IGFBP-5 was downregulated
[25]. In our study, PAPP-A2 and the IGF signaling
pathway-related proteins were both expressed in the fem-
oral head and acetabular cartilage of the hip joints. In
addition, PAPP-A2, IGF1, and IGF1R showed the similar
trends at different time phases. Accordingly, we can
assume that PAPP-A2, IGFBP-5, and IGF signaling
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Figure 2: Immunohistochemistry results of PAPP-A2, IGFBP-5, IGF1R, and IGF1 in rat hip joints during different growth stage. P21 (n = 17),
B7 (n = 12), and B14 (n = 12) represent day 1 before birth, day 7, and day 14 after birth, respectively. (a) (1, 2, and 3 original magnifications ×400;
①, ②, and ③ original magnification ×40). The black arrow indicates positive cells. A: acetabulum; F: femoral head. (b) PAPP-A2, IGFBP-5,
IGF1R, and IGF1 in normal hip joints with time varying.
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pathway-related proteins are positively expressed in normal
rat hip joints. During developmental stage, the expression
levels of these proteins remained constant and did not
change with time after birth. In normal rats, the Western blot
data showed a different trend in IGFBP-5, but RT-PCR

results implied that there might be other signaling pathways
involved in the development of the femoral head and acetab-
ular cartilage. Since we only chose three different time phases
for the observation of the cartilaginous development, it was
devoid of reliability to make a strong conclusion.
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Figure 3: Protein expression of PAPP-A2, IGFBP-5, IGF1R, and IGF1 in rat hip joints during different growth stages measured by Western
blot. P21 (n = 43), B7 (n = 12), and B14 (n = 12) represent day 1 before birth, day 7, and day 14 after birth, respectively. ∗P < 0 05.
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Pappa2 knockout mouse pelvic girdles obviously reflect
variation in the shape of the ischium, the length of the pubis,
and to a lesser extent, the width of the end of the ilium.
There is also substantial variation in sexual dimorphism
[20]. Mee [26] suggested that PAPPA2 might regulate the
maternal pelvic size. Clinical studies showed that the struc-
tural abnormalities might exist in the pelvis of patients with
DDH; additionally, abnormalities of the acetabulum are not
only caused by local dysplasia around the hip but also

ascribed to the morphologic development of the entire pelvis
[27]. In our previous study [21], we performed a
genome-wide scan with Affymetrix 10K SNP arrays on four
generations of Chinese family, which included 19 healthy
members and five patients with DDH. The results indicated
that SNP locus rs726252, which was linked to the family, is
in PAPPA2 gene, further suggests an association of PAPP
A2 with sporadic DDH susceptibility in the Chinese Han
population. Dauber and colleagues [28] found two different

(a) (b)

DDH Model Normal

(c)

Figure 4: Anteroposterior pelvic radiographs and acetabular tissue of DDH model hip and normal hip. (a) Dislocation in both right and left
hip of DDH model. (b) Anteroposterior pelvic radiographs of normal hip. (c) A dysplastic true acetabulum of DDH model hip (left) and
normal acetabulum of normal hip (right).
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Figure 5: mRNA expression levels of Pappa2 and Igf pathway-associated gene in the control group and experimental group. (a) The
expression of Pappa2, Igfbp5, Igf1R, and Igf1 at B7 (control n = 10 and experimental n = 8). (b) The expression of Pappa2, Igfbp5, Igf1R,
and Igf1 at B14 (control n = 10 and experimental n = 9).
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homozygous mutations in PAPPA2 associated with a novel
syndrome of growth failure, which was characterized by pro-
gressive growth failure, moderate microcephaly, and thin
long bones, indicating that PAPP-A2 was a key regulator
of human growth and IGF1 bioavailability by modulating
the proportion of IGF1 that was free or bound to its IGFBP.
IGF1, IGFBP-5, and IGF1R were essential for the regulation

of cartilage development in the IGF signaling pathway, and
their balance can affect the development of cartilage [29–
31]. At the same time, IGF signaling pathway can also pro-
mote human fibroblasts to synthesize type I collagen and
to maintain stable collagen content in connective tissues
[32]. IGF is closely related to the development of cartilage
and collagen synthesis of fibroblasts, and these two aspects
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Figure 6: Localization of PAPP-A2 and IGF pathway-associated proteins in the control group and experimental group. (a) (1, 2, 3, and
4 original magnification ×400; ①, ②, ③, and ④ original magnification ×40). The black arrow indicates positive cells. A: acetabulum;
F: femoral head. B7 and B14 represent day 7 and day 14 after birth, respectively. (b) Results of PAPP-A2, IGFBP-5, IGF1R, and
IGF1 at B7 (control n = 10 and experimental n = 9). (c) Results of PAPP-A2, IGFBP-5, IGF1R, and IGF1 at B14 (control n = 10,
experimental n = 9).
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are precise pathological factors that occur in DDH. We
hypothesized that abnormal expression level of PAPPA2
may promote pelvic morphologic development associated
with DDH. We established a DDH rat model and found that
IGF1 was downregulated, IGF1R showed an opposite trend,
while other proteins remained unchanged in 14-day-old
model. The expression changes of IGF1 and IGF1R were
observed in the DDH model caused by the straight-leg
swaddling; the PAPP-A2 and IGF pathway-associated pro-
teins may also be involved in the development of the rat
hip joint. However, this study could not confirm whether
the abnormal expressions of these proteins were primary
or secondary changes in the hip joints caused by environ-
mental factors (abnormal biological forces). At the same
time, there was no analysis on the severity of DDH model
pathology, and therefore, the correlation between the

severity of DDH and IGF pathway-associated proteins
could not be clearly defined.

6. Conclusion

We confirmed that PAPP-A2 and IGF pathway-associated
proteins were positively expressed in the rat hips at the
developmental stage, indicating that they were involved in
the hip development. At the same time, these key proteins
were lowly expressed in the hip of the DDH model, indicat-
ing that the abnormalities of IGF pathway-associated pro-
teins may be related to the development of DDH.
However, no changes in PAPP-A2 mRNA or protein levels
were observed in animals with DDH caused by environmen-
tal factors. Therefore, we are unable to establish a relation
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Figure 7: Western blot analyses of PAPP-A2 and IGF pathway-associated proteins in the control group and experimental group. (a)
Electrophoretic bands of PAPP-A2 and IGF pathway-associated proteins. B7 and B14, control group 7 and 14 days after birth; B7’ and
B14’, experimental group 7 and 14 days after birth, respectively. (b) Statistical analysis of PAPP-A2, IGFBP-5, IGF1R, and IGF1 protein
expression at B7 (control n = 10, experimental n = 9). (c) Statistical analysis of PAPP-A2, IGFBP-5, IGF1R (P = 0 030), and IGF1
(P = 0 017) protein expression at B14 (control n = 10, experimental n = 9). ∗P < 0 05.
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between PAPP-A2 and DDH model. Further studies are
necessary to reveal the mechanisms at the cellular level.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare no potential conflicts of interest with
respect to the authorship and/or publication of this article.

Acknowledgments

The authors thank Weizheng Zhou for the English language
editing of this paper. The authors also thank Haijun Qian for
his support with figure making. This study was supported by
a grant from the National Natural Science Foundation of
China (Nos. 81371918 and 81772296).

References

[1] M. Alsaleem, K. K. Set, and L. Saadeh, “Developmental dyspla-
sia of hip: a review,” La Clinica Pediatrica, vol. 54, no. 10,
pp. 921–928, 2014.

[2] W. J. Feng, H. Wang, C. Shen, J. F. Zhu, and X. D. Chen,
“Severe cartilage degeneration in patients with developmental
dysplasia of the hip,” IUBMB Life, vol. 69, no. 3, pp. 179–
187, 2017.

[3] S. K. Storer and D. L. Skaggs, “Developmental dysplasia of the
hip,” American Family Physician, vol. 74, no. 8, pp. 1310–1316,
2006.

[4] L. Li, X. Wang, Q. Zhao et al., “CX3CR1 polymorphisms asso-
ciated with an increased risk of developmental dysplasia of the
hip in human,” Journal of Orthopaedic Research, vol. 35, no. 2,
pp. 377–380, 2017.

[5] K. E. Govoni, D. J. Baylink, and S. Mohan, “The
multi-functional role of insulin-like growth factor binding
proteins in bone,” Pediatric Nephrology, vol. 20, no. 3,
pp. 261–268, 2005.

[6] S. Mohan, C. Richman, R. Guo et al., “Insulin-like growth fac-
tor regulates peak bone mineral density in mice by both
growth hormone-dependent and -independent mechanisms,”
Endocrinology, vol. 144, no. 3, pp. 929–936, 2003.

[7] R. Clay Bunn and J. L. Fowlkes, “Insulin-like growth factor
binding protein proteolysis,” Trends in Endocrinology and
Metabolism, vol. 14, no. 4, pp. 176–181, 2003.

[8] N. Miyakoshi, C. Richman, Y. Kasukawa, T. A. Linkhart, D. J.
Baylink, and S. Mohan, “Evidence that IGF-binding protein-5
functions as a growth factor,” The Journal of Clinical Investiga-
tion, vol. 107, no. 1, pp. 73–81, 2001.

[9] X. Yan, R. C. Baxter, and S. M. Firth, “Involvement of
pregnancy-associated plasma protein-A2 in insulin-like
growth factor (IGF) binding protein-5 proteolysis during preg-
nancy: a potential mechanism for increasing IGF bioavailabil-
ity,” The Journal of Clinical Endocrinology and Metabolism,
vol. 95, no. 3, pp. 1412–1420, 2010.

[10] M. T. Overgaard, H. B. Boldt, L. S. Laursen, L. Sottrup-Jensen,
C. A. Conover, and C. Oxvig, “Pregnancy-associated plasma
protein-A2 (PAPP-A2), a novel insulin-like growth factor-

binding protein-5 proteinase,” The Journal of Biological Chemis-
try, vol. 276, no. 24, pp. 21849–21853, 2001.

[11] E. J. Crosley, U. Durland, K. Seethram, S. MacRae, A. Gruslin,
and J. K. Christians, “First-trimester levels of pregnancy asso-
ciated plasma protein A2 (PAPP-A2) in the maternal circula-
tion are elevated in pregnancies that subsequently develop
preeclampsia,” Reproductive Sciences, vol. 21, no. 6, pp. 754–
760, 2014.

[12] C. Cabrera-Salcedo, T. Mizuno, L. Tyzinski et al., “Pharmaco-
kinetics of IGF-1 in PAPP-A2-deficient patients, growth
response, and effects on glucose and bone density,” The Jour-
nal of Clinical Endocrinology and Metabolism, vol. 102,
no. 12, pp. 4568–4577, 2017.

[13] K. Kjaer-Sorensen, D. H. Engholm, M. R. Jepsen et al.,
“Papp-a2 modulates development of cranial cartilage and
angiogenesis in zebrafish embryos,” Journal of Cell Science,
vol. 127, no. 23, pp. 5027–5037, 2014.

[14] C. A. Conover, H. B. Boldt, L. K. Bale et al., “Pregnancy-asso-
ciated plasma protein-A2 (PAPP-A2): tissue expression and
biological consequences of gene knockout in mice,” Endocri-
nology, vol. 152, no. 7, pp. 2837–2844, 2011.

[15] S. Wickramasinghe, G. Rincon, and J. F. Medrano, “Variants
in the pregnancy-associated plasma protein-A2 gene on Bos
taurus autosome 16 are associated with daughter calving ease
and productive life in Holstein cattle,” Journal of Dairy Science,
vol. 94, no. 3, pp. 1552–1558, 2011.

[16] K. Macintire, L. Tuohey, L. Ye et al., “PAPPA2 is increased in
severe early onset pre-eclampsia and upregulated with hyp-
oxia,” Reproduction, Fertility, and Development, vol. 26,
no. 2, pp. 351–357, 2014.

[17] F. G. Hawkins-Carranza, M. T. Muñoz-Calvo, G. Á. Martos-
Moreno et al., “rhIGF-1 treatment increases bone mineral den-
sity and trabecular bone structure in children with PAPP-A2
deficiency,” Hormone Research in Pædiatrics, vol. 89, no. 3,
pp. 200–204, 2018.

[18] M. T. Muñoz-Calvo, V. Barrios, J. Pozo et al., “Treatment with
recombinant human insulin-like growth factor-1 improves
growth in patients with PAPP-A2 deficiency,” The Journal of
Clinical Endocrinology and Metabolism, vol. 101, no. 11,
pp. 3879–3883, 2016.

[19] J. K. Christians, A. Hoeflich, and P. D. Keightley, “PAPPA2, an
enzyme that cleaves an insulin-like growth-factor-binding
protein, is a candidate gene for a quantitative trait locus affect-
ing body size in mice,” Genetics, vol. 173, no. 3, pp. 1547–1553,
2006.

[20] J. K. Christians, D. R. de Zwaan, and S. H. Y. Fung, “Pregnancy
associated plasma protein A2 (PAPP-A2) affects bone size and
shape and contributes to natural variation in postnatal growth
in mice,” PLoS One, vol. 8, no. 2, article e56260, 2013.

[21] J. Jia, L. Li, Q. Zhao et al., “Association of a single nucleotide
polymorphism in pregnancy-associated plasma protein-A2
with developmental dysplasia of the hip: a case-control study,”
Osteoarthritis and Cartilage, vol. 20, no. 1, pp. 60–63, 2012.

[22] E.Wang, T. Liu, J. Li et al., “Does swaddling influence develop-
mental dysplasia of the hip?: an experimental study of the tra-
ditional straight-leg swaddling model in neonatal rats,” The
Journal of Bone and Joint Surgery, vol. 94, no. 12, pp. 1071–
1077, 2012.

[23] Y. Wang, Z. Cheng, H. Z. ElAlieh et al., “IGF-1R signaling in
chondrocytes modulates growth plate development by inter-
acting with the PTHrP/Ihh pathway,” Journal of Bone and
Mineral Research, vol. 26, no. 7, pp. 1437–1446, 2011.

10 International Journal of Endocrinology



[24] S. Yakar, H. W. Courtland, and D. Clemmons, “IGF-1 and
bone: new discoveries from mouse models,” Journal of Bone
and Mineral Research, vol. 25, no. 12, pp. 2543–2552, 2010.

[25] R. C. Olney and E. B. Mougey, “Expression of the components
of the insulin-like growth factor axis across the growth-plate,”
Molecular and Cellular Endocrinology, vol. 156, no. 1-2,
pp. 63–71, 1999.

[26] J. F. Mee, “Prevalence and risk factors for dystocia in dairy cat-
tle: a review,” Veterinary Journal, vol. 176, no. 1, pp. 93–101,
2008.

[27] M. Fujii, Y. Nakashima, T. Sato, M. Akiyama, and Y. Iwamoto,
“Pelvic deformity influences acetabular version and coverage
in hip dysplasia,” Clinical Orthopaedics and Related Research,
vol. 469, no. 6, pp. 1735–1742, 2011.

[28] A. Dauber, M. T. Munoz-Calvo, V. Barrios et al., “Mutations in
pregnancy-associated plasma protein A2 cause short stature
due to low IGF-I availability,” EMBO Molecular Medicine,
vol. 8, no. 4, pp. 363–374, 2016.

[29] K. McQueeney and C. N. Dealy, “Roles of insulin-like growth
factor-I (IGF-I) and IGF-I binding protein-2 (IGFBP2) and
-5 (IGFBP5) in developing chick limbs,” Growth Hormone &
IGF Research, vol. 11, no. 6, pp. 346–363, 2001.

[30] D. Kiepe, S. Ciarmatori, A. Haarmann, and B. Tönshoff, “Dif-
ferential expression of IGF system components in proliferating
vs. differentiating growth plate chondrocytes: the functional
role of IGFBP-5,” American Journal of Physiology. Endocrinol-
ogy and Metabolism, vol. 290, no. 2, pp. E363–E371, 2006.

[31] E. A. Parker, A. Hegde, M. Buckley, K. M. Barnes, J. Baron, and
O. Nilsson, “Spatial and temporal regulation of GH-IGF-related
gene expression in growth plate cartilage,” The Journal of Endo-
crinology, vol. 194, no. 1, pp. 31–40, 2007.

[32] I. Saygun, S. Karacay, M. Serdar, A. U. Ural, M. Sencimen, and
B. Kurtis, “Effects of laser irradiation on the release of basic
fibroblast growth factor (bFGF), insulin like growth factor-1
(IGF-1), and receptor of IGF-1 (IGFBP3) from gingival fibro-
blasts,” Lasers in Medical Science, vol. 23, no. 2, pp. 211–215,
2008.

11International Journal of Endocrinology


	Expression of PAPP-A2 and IGF Pathway-Related Proteins in the Hip Joint of Normal Rat and Those with Developmental Dysplasia of the Hip
	1. Introduction
	2. Materials and Methods
	2.1. Animals

	3. Rats and Sample Collection
	3.1. Paraffin Sections and Immunohistochemistry
	3.2. Protein Extraction and Western Blot
	3.3. RNA Isolation and Real-Time PCR
	3.4. Statistical Analysis

	4. Results
	4.1. Expression and Localization of PAPP-A2 and IGF Pathway-Associated Proteins in the Normal Rat Hip Joints at Different Developmental Stages
	4.2. Establishment of a DDH Rat Model
	4.3. Expression and Localization of PAPP-A2 and IGF Pathway-Associated Proteins in the Control Group and Experimental Group

	5. Discussion
	6. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

