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together, our findings suggest that the change of IGFBP6 
protein expression plays a key role in neuronal apoptosis 
after SCI.
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Introduction

Traumatic spinal cord injury (SCI) is one of the fore-
most reason for neurological disability in the world, with 
an annual prevalence of 15–52.5 cases per million [1–3]. 
SCI is caused by direct or indirect trauma and includes 
two main pathological stages: primary injury and second-
ary injury [4–6]. The primary injury initiated a cascade 
of biochemical and cellular processes [7], including elec-
trolyte imbalance, edema, excitotoxicity, and endoplasmic 
reticulum (ER) stress, leading to the secondary injury and 
resulting in neuronal apoptosis [8–10]. The apoptosis of 
neurons may mediate a series of subsequent neurological 
dysfunction following spinal cord injury [11, 12]. However, 
the signaling regulatory mechanisms that lead to neuronal 
apoptosis after SCI are still unknown and need further 
exploration.

IGFBP6, a member of the insulin-like growth factor-
binding proteins family that contains six high affinity 
IGFBPs, modulates insulin-like growth factor (IGF) activ-
ity and also showed an independent effect of IGF [13]. 
IGFBP6 is characteristic of a 50-fold binding preference 
for IGF-II over IGF-I [14]. It can inhibit IGF-II availabil-
ity in vitro and in vivo by preventing IGF from binding to 
cell surface receptors [15]. Studies suggest that IGFBP6 
is a tumor suppressor that inhibits the growth of a number 
of IGF-II-dependent tumors. IGFBP6 increased apoptosis 

Abstract  IGFBP6, a member of the insulin-like growth 
factor-binding proteins family that contains six high affin-
ity IGFBPs, modulates insulin-like growth factor (IGF) 
activity and also showed an independent effect of IGF, such 
as growth inhibition and apoptosis. However, the role of 
IGFBP6 in spinal cord injury (SCI) remains largely elu-
sive. In this study, we have performed an acute SCI model 
in adult rats and investigated the dynamic changes of 
IGFBP6 expression in the spinal cord. Our results showed 
that IGFBP6 was upregulated significantly after SCI, which 
was paralleled with the levels of apoptotic proteins p53 and 
active caspase-3. Immunofluorescent labeling showed that 
IGFBP6 was co-localizated with active caspase-3 and p53 
in neurons. To further investigate the function of IGFBP6, 
an apoptosis model was established in primary neuronal 
cells. When IGFBP6 was knocked down by specific short 
interfering RNA (siRNA), the protein levels of active cas-
pase-3 and Bax as well as the number of apoptotic primary 
neurons were significantly decreased in our study. Taken 

Song Wang and Zhiming Cui are contributed equally to this 
work.

 *	 Zhiming Cui 
	 cuizhiming2012@hotmail.com

1	 Department of Spine Surgery, The Second Affiliated Hospital 
of Nantong University, Nantong University, Nantong 226001, 
Jiangsu Province, People’s Republic of China

2	 Department of Pathogen Biology, Medical College, 
Jiangsu Province Key Laboratory for Inflammation 
and Molecular Drug Target, Nantong University, 19 
Qi‑Xiu Road, Nantong 226001, Jiangsu Province, 
People’s Republic of China

3	 Department of Gastroenterology, Affiliated Hospital 
of Nantong University, 20 Xisi Road, Nantong 226001, 
Jiangsu Province, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11064-016-2092-9&domain=pdf


456	 Neurochem Res (2017) 42:455–467

1 3

of non-small-cell lung cancer cells [16]. Constitutive up-
regulation of IGFBP6 inhibited neuroblastoma xenograft 
growth in  vivo, attributing to increased apoptosis [17]. 
Although IGFBP6’s major action appears to be inhibiting 
IGF-II activity, a number of studies suggest that it may also 
have IGF-independent actions, such as growth inhibition 
and apoptosis [15]. As a tumour suppressor in nasopharyn-
geal cancer, nuclear localization of IGFBP6 is dependent 
on a C-terminal domain NLS via importin-α and may play 
a role in rhabdomyosarcoma (RMS) cells cell survival [18]. 
Previous studies have demonstrated the important role of 
IGFBP6 in cell apoptosis, However, whether IGFBP6 could 
affect the apoptosis of neurons after SCI or not remains 
ambiguous.

In this study, we investigated temporal-spatial patterns of 
IGFBP6 at protein level and its colocalization with active 
caspase-3 and p53 using an acute SCI model on adult rats. 
In vitro, we studied the role of IGFBP6 in neuronal apop-
tosis by using the IGFBP6-specific siRNA. Our experi-
ments were conducted to gain an insight into the functions 
of IGFBP6 and its potential role in neuronal apoptosis after 
SCI.

Materials and Methods

Animals, Surgery and Locomotor Function

Male adult Sprague-Dawley (SD) rats weighing from 250 
to 300 g were used in this study. Dorsal laminectomies were 
carried out under anesthetsia with Ketamine (90  mg/kg)/
xylazine (10 mg/kg) at the level of the ninth thoracic ver-
tebra (T9) and surgery was performed under aseptic condi-
tions. Ketoprofen (5 mg/kg) was administered to minimize 
postsurgical discomfort and pain. Trauma injuries (n = 54) 
were performed by the NYU impactor [19]. The exposed 
spinal cord of rat was contused by dropping a rod 2.0 mm 
in diameter and 10  g in weight from a height of 75  mm. 
The overlying muscles and skin were, respectively, closed 
in layers after injury with 4–0 silk sutures and staples, and 
the rats were placed on a 30 °C heating pad to recover. To 
prevent urinary tract infection, post-operative treatments 
included saline (2.0  cc, s.c.) for rehydration and Bay-
tril (0.3  cc, 22.7  mg/ml, s.c., twice daily). Bladders were 
manually expressed twice daily until reflex bladder empty-
ing returned. With free access to food and water, rats were 
housed under a 12 h (h) light/dark cycle in apathogen-free 
area. The spontaneous recovery of locomotor function after 
SCI was examined using the Basso, Beattie and Bresnahan 
(BBB) rating scale [20]. Animals were sacrificed at 6, 12 h, 
1, 3, 5, 7 and 14 days after injury. Sham-operated animals 
(n = 12) served as sham controls. They were deeply anes-
thetized with chloral hydrate described above and surgery 

was performed under aseptic conditions. Dorsal laminecto-
mies were carried out at T9, while contusion injuries were 
not performed. Surgical interventions and post-operative 
rats care were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals (National 
Research Council, 1996, USA) and were approved by the 
Chinese National Committee to the Use of Experimental 
Animals for Medical Purposes, Jiangsu Branch. All efforts 
were made to minimize suffering and the number of rats.

Western Blot Analysis

The sham or injured spinal cords were excised to obtain 
samples for Western blot analysis. The portion of the spi-
nal cord extending 5  mm rostral and 5  mm caudal to the 
injury epicenter was dissected out and immediately fro-
zen at −80 °C until use. Frozen spinal cord samples were 
minced with eye scissors on ice to prepare lysates. The 
samples were homogenized in a lysis buffer (1% sodium 
dodecyl sulfate (SDS), 1% Triton X-100, 50  mmol/L 
Tris, 1% NP-40, pH 7.5, 5  mmol/L EDTA, 1% sodium 
deoxycholate, 1  μg/ml leupeptin, 10  μg/ml aprotinin, and 
1  mmol/LPMSF), centrifuged at 12,000×g and 4 °C for 
20  min to collect the supernatant and stored at −80 °C 
until use. Cell cultures for Western blot were lysed with 
sodium lauryl sulfate loading buffer and stored at −80 °C 
until use. After determining the protein concentration with 
the Bradford assay (Bio-Rad), protein samples were sub-
jected to SDS–polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidine diflouride fil-
ter (PVDF) membrane (Millipore, Bedford, MA, USA). 
The membranes were blocked with 5% skim milk for 2 h 
at room temperature and then incubated overnight at 4 °C 
with antibodies for active caspase-3 and Bax (1:200; Cell 
Signaling, MA, USA), IGFBP6 (1:500), p53 (1:800; Santa 
Cruz, CA, USA), LaminB, Tubulin (1:200;Cell Signaling). 
Immunoreactive bands were detected by incubation with 
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG 
(1:2000; Southern-Biotech, Alabama, USA) for 2  h and 
then visualized using an enhanced chemiluminescence sys-
tem (ECL, Pierce Company, Woburn, MA, USA). For each 
experiment, the gels were run in triplicate. The western blot 
bands intensity were measured by Image J.

Reverse Transcription‑Polymerase Chain Reaction 
(RT‑PCR)

Total RNA was isolated from the frozen specimens at dif-
ferent survival times using Trizol Reagent (Life Technolo-
gies, Rockville, MD, USA). Complementary DNA (cDNA) 
was synthesized from total RNA with Revert- Aid™ 
First Strand cDNA Synthesis Kit (Fermentas Life Sci-
ences) according to the manufacturer’s protocol. A specific 
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cDNA fragment was amplified by Tag DNA polymerase 
(Life Technologies) using specific primers for IGFBP6 
(sense 5′-ATCCGCCCAAGGACGACGAG-3′, antisense 
5′-TGCCTGGATTCCTCTGTTGGTC-3′) and GAPDH 
(sense 5′-ACCACAGTCCATGCCATCAC-3′, antisense 
5′-TCCACCACCCTGTTGCTGTA-3′). Each reaction 
(25 μl) contained 2 μl of cDNA, 2.5 μl of 10 × PCR buffer, 
2 mM MgCl2, 0.2 mM dNTPs, 1 μl of each primer(10 μM), 
and 2.5 U of Taq DNA polymerase. Amplification proto-
col was: initial denaturation 3 min (94 °C); repeated cycles 
of denaturation 30  s (94 °C), annealing 45  s (58 °C for 
IGFBP6 and 57 °C for GAPDH), extension 45  s (72 °C); 
and final extension 7  min (72 °C). Number of cycles was 
selected from the exponential range for each primer pair: 
25 (GAPDH) and 28 (IGFBP6). PCR products were elec-
trophoresed through 2% agarose gel containing ethidium 
bromide (0.5 μg/ml). Gels were visualized under UV light, 
photographed and optical densities of the bands were ana-
lyzed with molecular dynamics densitometer (Scion).

Immunohistochemistry

At the designated time points, the normal and injured 
rats were terminally anesthetized and perfused through 
the ascending aorta with physiological saline followed by 
4% paraformaldehyde. After perfusion, for immunohisto-
chemistry staining, the sham and injured spinal cords were 
removed and post-fixed in the same fixative for 12  h and 
then replaced with 20% sucrose for 1  day, followed with 
30% sucrose for 2–3 days. After treatment with sucrose 
solutions, the tissues were embedded in O. C. T. com-
pound. Then, 7-μm frozen cross-sections at two spinal cord 
levels (2 mm rostral and caudal to the epicenter of injury) 
were prepared and examined. All of the sections were 
blocked with using 10% donkey serum with 0.3% Triton-
X100 and 1% bovine serum albumin (BSA) for 2 h at room 
temperature (RT). After blocking, the membranes were 
incubated overnight at 4 °C with an anti-IGFBP6 antibody 
(1:200; Santa Cruz, CA, USA), Phosphate Buffered Saline 
(PBS, 0.1 M) instead of primary antibody for negative con-
trol, followed by incubation by incubation in biotinylated 
secondary antibody (Vector Laboratories, Burlingame, 
CA), followed by incubating with a biotinylated secondary 
antibody. Staining was visualized using DAB. The stained 
sections were examined using a Leica light microscope 
(Germany). The results of immunohistochemistry were 
measured by Image J.

Double Immunofluorescent Staining

After air-dried for 1 h at RT, sections were blocked with 
10% normal serum blocking solution-species the same as 
the secondary antibody, containing 3% (w/v) BSA and 

0.1% Triton-X100 and 0.05% Tween-20 2 h at RT to avoid 
unspecific staining. Then, the sections were incubated 
with the primary antibodies for IGFBP6 (1:100; Santa 
Cruz, CA, USA), p53, active caspase-3 (1:100; Cell Sign-
aling, MA, USA) or different phenotype-specific mark-
ers as follows: NeuN (anti-rabbit or anti-mouse, neuron 
marker, 1:600; Chemicon), CD11b (anti-rabbit or anti-
mouse, microglia marker, 1:200; Sigma) and GFAP (anti-
rabbit or anti-mouse, astrocytes marker, 1:200; Sigma).
PBS (0.1 M) was used as negative control instead of pri-
mary antibody. Sections were incubated with the primary 
antibodies or PBS (0.1 M) overnight at 4 °C, followed by 
a mixture of the FITC- and TRITC-conjugated second-
ary antibodies for 2 h at 4 °C. The stained sections were 
examined with Leica fluorescence microscope (Leica, 
DM 5000B, Leica CTR 5000, Germany). Cells were fixed 
at 4 °C for 20  min with ice-cold PBS (0.1  M) that con-
tained 4% formaldehyde, permeabilized with 0.1% Tri-
ton X-100 for 10 min, and then blocked by 1% BSA for 
2 h. After washing in PBS, the cells were incubated for 
1  h with rabbit primary antibodies anti-IGFBP6 (1:100; 
Santa Cruz, CA, USA), anti-p53 (1:100; Cell Signaling, 
MA, USA) and goat polyclonal antibody anti-active cas-
pase-3 (1:100; Cell Signaling, MA, USA) antibody. Then 
the cells were washed with PBS five times and incubated 
with FITC- and TRITC-conjugated secondary antibod-
ies for 30  min at 4 °C. Following covered with DAPI 
(0.1 mg/ml in PBS; blue, Sigma, MO, USA) for 30 min 
at 30 °C, the cells were washed with PBS (0.1  M) and 
reversed on glass slides with glycerol and PBS (1:1), then 
examined under a Leica fluorescence microscope (Leica, 
DM 5000B, Leica CTR 5000, Germany).

Rat Primary Neurons

Primary neuronal cultures were prepared from the spinal 
cord of 1-day-old Sprague-Dawley rat pups, and the tis-
sues were gently minced by forceps and then dissociated 
by incubating at 37 °C for 30 min, with occasional mixing, 
in 10 ml of phosphate-buffered saline. After centrifugation 
at 1200  rpm for 5 min, the tissues were removed in 5 ml 
DMEM containing 10% FBS and gently aspirated several 
times to inactivate the trypsin. The procedures were car-
ried out similarly to those previously described. After the 
medium had been decanted, the cells were resuspended 
in a Neurobasal medium (Gibco) supplemented with B27 
(Gibco) containing 0.5 mM glutamine. Cells were plated at 
a density of 4 × 104 cells/ml on poly-L-lysine-coated 6-well 
culture plates. In order to study apoptosis, cells were incu-
bated in a low concentration of serum (1% horse serum) for 
24 h prior to treatment with 300 nmol/L H2O2 for different 
times.
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Nuclear and Cytoplasmic Extraction

Cell pellets from a culture were incubated in a hypotonic 
buffer (10  mM HEPES pH 7.2, 10  mM KCl, 1.5  mM 
MgCl2, 0.1  mM EGTA, 20  mM NaF, 100  μM Na3VO4, 
and protease inhibitor mixture) for 30  min at 4 °C on a 
rocking platform. Cells were homogenized (Dounce, 30 
strokes), and their nuclei were pelleted by centrifugation 
(10  min × 14,000×g, 4 °C). The supernatant was saved as 
the cytosolic fraction, and nuclear pellets were incubated 
in nuclear lysis buffer (10 mM Tris–HCl pH 7.5, 150 mM 
NaCl, 5  mM EDTA, and 1% Triton X-100) for 1  h at 
4 °C on a rocking platform. The nuclear fraction was col-
lected by centrifugation (10  min × 14,000×g, 4 °C). Prior 
to immunoblotting, cells were washed twice with ice-
cold PBS (0.1 M), resuspensed in 2 × lysis buffer (50 mM 
Tris–HCl, 120  mM NaCl, 0.5% Nonidet P-40, 100  mM 
NaF, 200  μM Na3VO4, and protease inhibitor mixture), 
and incubated for 20  min at 4 °C while rocking. Lysates 
were cleared by centrifugation (10  min × 12,000×g, 4 °C) 
and 50 μg total proteins was resolved by SDS-PAGE and 
transferred on to a poly (vinylidene difluoride) membrane 
filter (Immbilon; Millipore). The membranes were firstly 
blocked and then incubated with the primary antibody 
described above for 2 h at room temperature. After washing 
three times, filters were incubated with horseradish peroxi-
daseconjugated human anti-mouse or anti-rabbit antibodies 
(Pierce) for 1  h at room temperature. Immuno-complexes 
were detected with an enhanced chemiluminescence system 
(NEN Life Science Products, Boston, MA, USA).

Annexin‑V/PI Analysis of Primary Neurons Apoptosis

After the indicated treatment, primary neurons were 
washed by PBS for twice and centrifuged at 1000 rpm for 
5 min to collect cells. Then 100 μl 1 × Annexin V Binding 
Buffer was used to resuspend the cells and add Annexin 
V-fluorescein isothiocyanate (AV) and PI in the dark. 
Finally, the solution was incubated for 20  min and added 
another 400  μl 1 × Annexin V Binding Buffer before test. 
The apoptosis assay was performed by Annexin-V-FLUOS 
staining kit (Roche Diagnostics, Basel, Switzerland) obey-
ing the manufacturer’s instructions.

siRNA and Transfection

Small interfering RNA for IGFBP6 was obtained 
from Santa Cruz Biotechnology. The sequences 
for the three siRNAs are as follows: IGFBP6-
siRNA#1: 5′-CCGCUGUUGAUGCUGUUAATT-
3 ′ , 5 ′ - U U A A C A G C A U C A A C A G C G G T T - 3 ′ .
IGFBP6-siRNA#2:5′-GGAAGAGACUACCAAGGAGTT-
3 ′ , 5 ′ - C U C C U U G G U A G U C U C U U C C T T - 3 ′ .

IGFBP6-siRNA#3:5′-GCUCUAUGUGCCAAACUGUTT-
3′,5′-ACAGUUUGGCACAUAGAGCTT-3′.Transfections 
with siRNA were performed using lipofectamine 2000 
(Invitrogen) in accordance with the manufacturer’s proto-
col. For transient transfection, the IGFBP6 siRNA vector 
and the non-specific vector were carried out using lipo-
fectamine 2000 and plus reagent in OptiMEM (Invitrogen). 
Transfected cells were used for the subsequent experiments 
36  h after transfection. The siRNA transfection efficiency 
was 76%.

Quantitative and Statistical Analysis

The numbers of IGFBP6-positive cells in the spi-
nal cord 2  mm rostral to the epicenter were counted in a 
500 × 500 μm measuring frame. For each animal, a meas-
ure was taken in a section through the dorsal horn, the lat-
eral funiculus and the ventral horn. To avoid counting the 
same cell in more than one section, we counted every fifth 
section (50  μm apart). The cell counts were then used to 
determine the total number of IGFBP6-positive cells per 
square millimeter. Cells double labeled for IGFBP6 and 
the other phenotypic-specific markers used in the experi-
ment were also quantified in each section. All data were 
analyzed with Stata7.0 statistical software. All values were 
expressed as the mean ± SEM. One-way ANOVA followed 
by the Tukey’s post hoc multiple comparison tests and un-
paired t-test for double comparison were used for statistical 
analysis. P-values less than 0.05 were considered statisti-
cally significant.

Results

Behavioral Changes After Traumatic Spinal Cord 
Injury

To observe behavioral changes following spinal cord 
injury, spontaneous recovery of locomotor function for 
rats were tested by using the BBB rating scale [20]. After 
SCI, all animals lacked hind-limb locomotion. Spontane-
ous improvement in function occurred from 12 h after SCI 
(Fig. 1).

The Expression Profiles of IGFBP6 Following Spinal 
Cord Injury

RT-PCR analysis was performed to show the expression of 
IGFBP6 at mRNA level after SCI. IGFBP6 mRNA had a 
progressive increase which peaked after 5 day of injury and 
then gradually decreased (Fig.  2a).Western blot was per-
formed to investigate IGFBP6 expression after spinal cord 
contusion injury. IGFBP6 protein level was low in sham 
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group, significantly increased beginning 12 h after injury, 
and reaching a peak at 5 days (P < 0.05). Then, IGFBP6 
expression gradually decreased in the next 7 days (Fig. 2b). 
These results suggested that IGFBP6 protein might be up-
regulated by injury. Moreover, IGFBP6 mRNA level was 
consistent with changes in its protein expression, indicating 
that IGFBP6 may be regulated at a transcriptional level.

IGFBP6 Expression and Distribution in Rat Spinal 
Cord

To identify the distribution of IGFBP6 after SCI, Immuno-
histochemistry with anti-IGFBP6 polyclonal antibody was 
performed on transverse cryosections of the spinal cord. 
IGFBP6 was widely expressed both in the gray and white 
matter (Fig.  3a, b), regardless of whether the spinal cord 
were injured or sham. Notably, IGFBP6 was expressed in 
the cytoplasm and nuclear, and immunostaining of IGFBP6 
was mainly increased in neurons after SCI (Fig. 3c–f). In 
addition, we can found that there are an significant dif-
ference of the number of IGFBP6-positive cells between 
sham-operated spinal cords and day 5 in dorsal top rather 
than in ventral bottom after injury(P < 0.05), which was 
consistent with our western blot results (Fig. 3g).

The Colocalization of IGFBP6 with Different 
Phenotype‑Specific Markers by Double 
Immunofluorescent Staining

To further address the expression of IGFBP6 in the 
spinal cord, we performed double immunofluores-
cent microscopy studies intransverse cryosections of 
spinal cord tissues within 2  mm distance from the 

lesion site by colabeling with NeuN(neuronal marker), 
GFAP(astrocytic marker) and CD11b(microglial marker). 
As shown in Fig.  4, IGFBP6 expression was increased 
more significantly in neurons at 5 day (Fig. 4a–f, P < 0.05) 
after SCI compared with the sham spinal cord rather than 
astrocytes (Fig. 4g–i) and microglia (Fig. 4m–r).

Fig. 1   Time course and degree of functional recovery in rats after 
SCI. Rats (n = 3) were killed at each time points (6, 12 h, 1, 3, 5, 7, 
and 14 days post-injury). The data are reported as mean ± values of 
open-field locomotion BBB scores

Fig. 2   The expression changes of IGFBP6 in adult rat spinal cord 
following contusion injury. a RT-PCR was performed to show the 
mRNA level of IGFBP6 in the spinal cord tissues at different survival 
times after SCI. IGFBP6 mRNA level was low in the sham-operated 
spinal cord, peaked at 5 days, and then gradually reduced thereafter. b 
Western blotting was performed to assess the protein level of IGFBP6 
in the spinal cord tissues at different survival times after SCI. The 
IGFBP6 protein had a progressive increase which peaked after 5 day 
of injury and declined back to baseline level thereafter. The bar chart 
below demonstrates the ratio of IGFBP6 relative to GAPDH expres-
sion for each time point. The data are means ± SEM (n = 3, *P < 0.05, 
significantly different from the sham group)
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Fig. 3   The distribution 
changes of IGFBP6 in adult rat 
spinal cord. The distribution of 
IGFBP6 in adult rat spinal cord, 
2 mm rostral to injury epicenter, 
was examined by immunohisto-
chemistry. Low-power views of 
cross-sections immunostained 
with antibody specific for 
IGFBP6 in sham spinal cord 
(a) and day 5 after injury (b). 
Higher-power views in the 
gray matter (c and d) and white 
matter (e and f) of the sham and 
injured spinal cord. Scale bars 
200 μm (a and b) and 20 μm 
(c–f). g Quantitative analysis 
of IGFBP6-positive cells/
mm2 between sham and day 
5 after SCI. Asterisk indicates 
significant difference at P < 0.05 
compared with sham spinal 
cord. Error bars represent SEM
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Fig. 4   Double immunofluo-
rescence staining for IGFBP6 
and different phenotype-specific 
markers in the spinal cord. In 
the adult rat spinal cord 2 mm 
to epicenter at day 5 after SCI, 
horizontal sections were labeled 
with IGFBP6 (red) and different 
phenotype-specific markers 
(green), such as NeuN, GFAP 
and CD11b. The colocaliza-
tion of IGFBP6 with different 
phenotype-specific markers 
(yellow) is shown in (c, f, i, 
l, o and r). Scale bars 20 μm 
(a–r). Quantitative analysis of 
different phenotype-specific 
markers positive cells express-
ing IGFBP6 (%) in sham spinal 
cord and at 5 day after SCI. 
Changes of IGFBP6 expression 
after SCI were increased in 
neurons (n = 3 in sham group, 
n = 3 in injured group; asterisk 
indicates significant difference 
at P < 0.05 compared with sham 
spinal cord) (s). Error bars 
represent SEM. (Color figure 
online)
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Detection of Neuronal Apoptosis and Relative IGFBP6 
Changes in the Adult Rat Spinal Cord After SCI

To verify the relationship between IGFBP6 and apoptotic 
cells, western blot analyses were performed to examine 
the expression of several apoptosis-related proteins, such 
as active caspase-3, p53 in the process of SCI. Active 
caspase-3 expression was significantly increased at 12  h, 
reaching a peak at 5 day (P < 0.05) after SCI, then gradu-
ally reducing to basal levels at 2 weeks. The similar results 
were found in the expression of p53 and active caspase-3, 
which were positively correlated with the protein level of 
IGFBP6 (Fig.  5a, b). All these data above indicated that 
the changes of IGFBP6 expression might be associated 
with neuronal apoptosis. To confirm the distribution and 
colocalization of IGFBP6, p53 and active caspase-3 in the 
injured spinal cords at 5 day post-injury, we next performed 
double-labeling immunofluorescent staining of IGFBP6 
with p53 and active caspase-3 in injured and sham spinal 
cords, respectively (Fig.  5c–n). We found that the colo-
calization of IGFBP6 with p53 and active caspase-3 was 
observed at 5  day after SCI (Fig.  5h, n), while there was 
hardly any expression of active caspase-3 and p53 detected 
by immunofluorescent staining in sham groups (Fig. 5d, j).

IGFBP6 Expression in H2O2‑Induced Primary Neurons 
Apoptosis

To further determine whether IGFBP6 was associated with 
neuronal apoptosis, H2O2 was applied to induce primary 
neuronal cells apoptosis in  vitro, and protein expressions 
were evaluated by western blot. After H2O2 treatment, a 
significant increase was found in the expression of IGFBP6 
as well as Bax and active caspase-3, which all reached a 
peak at 9 h (Fig. 6a, b, P < 0.05). All of these suggested that 
IGFBP6 play a role in neuronal apoptosis. In addition to the 
increased expression of IGFBP6, there is also an important 
regulation at the level of IGFBP6 subcellular localization. 
Western blot showed that IGFBP6 significantly decreased 
in the cytoplasm fraction and increased in the nuclear frac-
tion after H2O2 treatment (Fig. 6c). These findings suggest 
that nuclear localization of IGFBP6 may play a key role in 
the process of H2O2-induced neuronal apoptosis.

Correlation of IGFBP6 and Neuronal Apoptosis 
in Vitro

To further determine the function of IGFBP6 in the pro-
cess of H2O2-induced neuronal apoptosis, in our study, we 
used siRNA to knock IGFBP6 down in primary neurons. 
IGFBP6-siRNA and non-specific siRNA were tested 36 h 
post-transfection. The efficiency of the IGFBP6-siRNA 
was tested by Western blot analysis. Western blot analysis 

showed IGFBP6-siRNA#2 markedly reduced the level of 
IGFBP6 expression compared with IGFBP6-siRNA#1, but 
the difference between IGFBP6-siRNA#2 and IGFBP6-
siRNA#3 were not significant (Fig. 7a, b).

To judge the relationship between IGFBP6 neuronal 
apoptosis, we examine the protein expression of Bax and 
active caspase-3 with H2O2 stimulus after IGFBP6 silenc-
ing. After treating IGFBP6-knockdown primary neurons 
with H2O2 for 9 h, Bax and active caspase-3 was reduced 
remarkably (Fig. 7c, d, P < 0.05). In order to further under-
stand the relationship between IGFBP6 and apoptosis, we 
use Annexin-V/PI to analyze apoptosis in H2O2-treated pri-
mary neurons after IGFBP6 silencing. We found that apop-
tosis cells were obviously declined in IGFBP6-siRNA#2 
cells compared with control group (Fig.  7e, f, P < 0.05). 
Taken together, we speculated that IGFBP6 might promote 
neuronal apoptosis after SCI.

Discussion

In the present study, we revealed the expression profiles 
of IGFBP6 in adult rat after spinal cord injury. Western 
blot analysis showed that IGFBP6 was up-regulated after 
injury, and its expression was increased significantly in 
neurons rather than in astrocytes and microglia. Moreover, 
the expression of p53 and active caspase-3 were parallel 
with that of IGFBP6, which intimated the potential role of 
IGFBP6 in regulating neuronal apoptosis. Finally, siRNA 
experiment showed that IGFBP6 played an important role 
in apoptosis in  vitro. These data suggested that IGFBP6 
might be associated with neuronal apoptosis after SCI.

Traumatic SCI is a devastating neurologic disorder 
which could not be improved prognosis by present therapy. 
After SCI the secondary pathogenesis caused by neuronal 
cell apoptosis is the most critical period of the disease 
[21–23]. Following Traumatic SCI Many stress-response 
signaling pathways are rapidly activated in neurons, such 
as p53, NF-kB and mTOR signaling pathways [24, 25], 
the activation of these signaling pathways was a double-
edged sword in regulateing neuronal survival and apopto-
sis [26–28]. The multi-domain Bcl-2 family member Bax, 
one of the p53 specific target gene, has been recognized as 
a major mediator of apoptosis [29–31]. When Bax translo-
cates into the mitochondria, cytochrome C will be released 
and then form an apoptotic complex with Apaf-1, ATP, and 
pro-caspase-9 [32, 33]. Subsequently, a series of molecu-
lar cascade of events associated with apoptosis is activated, 
and finally activate caspase-3 and trigger the cellular apop-
tosis [22].

IGFBP6 is a member of the insulin-like growth fac-
tor-binding proteins family which is characteristic of a 
50-fold binding preference for IGF-II over IGF-I [14]. 
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IGFBP6 can prevent IGF from binding to cell surface 
receptors, leading to inhibit IGF-II availability in  vitro 
and in vivo. In addition to its ability to bind and sequester 

IGF-II, recent in  vitro studies suggest that IGFBP6 
also has IGF-independent actions [34], such as growth 
inhibition and apoptosis [15]. In endothelial cells the 

Fig. 5   Association of IGFBP6 
with apoptosis after SCI. 
Western blot detection of 
p53 and active caspase-3 in 
the injured rat spinal cords 
at indicated time points (a). 
Semiquantitative analysis (rela-
tive density) of the intensity of 
the proteins to GAPDH at the 
indicated time points (b). The 
data are means ± SEM (n = 3; 
*, #P < 0.05, significantly dif-
ferent from the sham groups). 
Double immunofluorescence 
staining is for IGFBP6 with p53 
and active caspase-3 in sham 
and injured spinal cord (c–n). 
Sections labeled with IGFBP6 
(c, f, i, l), p53 (d and g) and 
active caspase-3 (j and m); the 
colocalization of IGFBP6 with 
p53 and active caspase-3 is 
shown in the Merged photo-
graphs (e, h, k, n). Scale bars 
20 μm (c-n)
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expression of IGFBP-6 was upregulated by hypoxia via 
HIF-1α signal pathway. When overexpressed, IGFBP-6 
can inhibit angiogenesis in rhabdomyosarcoma xeno-
grafts and zebrafish embryos, suggesting that IGFBP-6 
contributes to limit hypoxia-induced angiogenesis [35].
IGFBP6 increased apoptosis of non-small-cell lung can-
cer cells [16]. In lung cancer cells, the expression levels 
of IGFBP-6 were increased by the tumour suppressor 
p53 and SEMA3B, which may mediate its pro-apoptotic 
effect [36, 37]. Nuclear localization of IGFBP6 may play 
a role in RMS cell survival and as a tumour suppressor 

in nasopharyngeal cancer [18]. IGFBP6 inhibited vita-
min D-mediated osteoblast differentiation by interacting 
with the vitamin D receptor in the nucleus and inhibit-
ing its transcriptional activity [15]. In our study, western 
blot and immunohistochemical analysis of injured tis-
sue sections showed more staining for IGFBP6 than the 
control, however, the specific role of IGFBP6 in SCI is 
still unknown. Immunofluorescent showed that IGFBP6 
was mainly co-localized with p53 and caspase-3 in neu-
rons, suggesting that the function of IGFBP6 might be 
related to apoptosis. To further investigate the function 
of IGFBP6, an apoptosis model was established in pri-
mary neuronal cells. Western blot analysis showed that 
knockdown of IGFBP6 apparently decreased the level 
of Bax and active caspase-3, demonstrating its prob-
able proapoptotic role in neuronal apoptosis. Moreover, 
it has been reported that nuclear localization of IGFBP6 
can regulate transcriptional activity of some specific tar-
get genes. Sequence analysis revealed that IGFBP6 also 
possesses candidate phosphorylation sites for CK2 and a 
DNA repair protein DNA-PK involved in apoptosis [38]. 
When IGFBP6 was knocked down by specific siRNA, 
the protein levels of Bax and active caspase-3 as well as 
the number of apoptotic primary neuronal cells were sig-
nificantly decreased in our study, suggesting that IGFBP6 
may be relevant to neuronal apoptosis via the caspase-
3-dependent, Bax-related apoptotic pathway. Taken 
together, it is significant to speculate whether IGFBP6 
plays a key role in neuronal apoptosis following trauma 
spinal cord injury.

In conclusion, we reported the expression changes of 
IGFBP6 after acute spinal cord injury in adult rat. The 
present study suggested IGFBP6 might participate in reg-
ulating the biological and physiological function of neu-
rons after SCI. We propose that IGFBP6 might play an 
important part in neuronal apoptosis after SCI based on 
these findings. However, underlying mechanism remains 
to be elucidated about how IGFBP6 regulates neuronal 
apoptosis after trauma SCI.
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Fig. 6   Detection of IGFBP6 expression in H2O2-treated primary 
neuronal cells. Western blot analysis of IGFBP6, Bax and active cas-
pase-3 expression in H2O2-treated primary neuronal cells at the indi-
cated time points (a). Semiquantitative analysis (relative density) of 
the intensity of the proteins to GAPDH at the indicated time points 
(b). Nuclear and cytosolicproteins were immunoblotted for IGFBP6. 
The levels of LaminB and tubulin in the nuclear and cytosolic frac-
tions, respectively, were also immunoblotted to confirm the purity of 
the subcellular fractions (c). The data are means ± SEM (n = 3; *, #, ˆ 
P < 0.05, significantly different from the control groups). Each band 
shown was representative of three experiments with similar results
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Fig. 7   IGFBP6 regulates the expression of active caspase-3 and 
neuronal apoptosis. Western blot analysis showing that IGFBP6-
siRNA#2 treatment markedly decreases IGFBP6 levels at 36 h after 
siRNA transfection primary neurons (a). Bar chart showing the 
ratio of IGFBP6 to GAPDH (b). Western blot analysis showing that 
IGFBP6-siRNA#2 treatment markedly decreases Bax and active 
caspase-3 levels at 36  h after siRNA transfection in primary neu-
rons (c). Bar chart showing the ratio of Bax and active caspase-3 to 

GAPDH (d). Primary neurons were respectively transfected by noth-
ing (normal control), control-siRNA, and IGFBP6-siRNA#2 for 36 h, 
then treated with H2O2 for 9  h, next subjected to flow cytometrical 
analysis, cells were transfected by IGFBP6-siRNA#2 shown great 
role in reducing neuronal apoptosis (e). Bar chart showing the ratio 
of the apoptosis of primary neurons (n = 9; *significant difference at 
P < 0.05 compared with control group; error bars SEM) (f)
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