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Abstract The insulin-like growth factor (IGF) system is
linked to CNS pathological states. The functions of IGFs
are modulated by a family of binding proteins termed
insulin-like growth factor binding proteins (IGFBPs). Here,
we demonstrate that IGFBP-6 may be associated with
neuronal apoptosis in the processes of intracerebral hem-
orrhage (ICH). We obtained a significant upregulation of
IGFBP-6 in neurons adjacent to the hematoma following
ICH with the results of Western blot, immunohistochem-
istry, and immunofluorescence. Increasing IGFBP-6 level
was found to be accompanied by the upregulation of Bax,
Bcl-2, and active caspase-3. Besides, IGFBP-6 co-localized
well with active caspase-3 in neurons, indicating its
potential role in neuronal apoptosis. Knocking down
IGFBP-6 by RNA-interference in PC12 cells reduced
active caspase-3 expression. Thus, IGFBP-6 may play a
role in promoting the brain secondary damage following
ICH.
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Introduction

Intracerebral hemorrhage (ICH) is a detrimental type of
stroke with no specific treatments. ICH is characterized by
bleeding when a blood vessel ruptures, subsequently causing
neuroinflammatory responses to blood components (Ham-
mond et al. 2014). Multiple resources have illustrated the
significant progress in understanding the pathophysiology of
ICH, but the current interventions have failed to improve
outcomes (Ke et al. 2015; Leclerc et al. 2015). Pathologic
changes of ICH include primary and secondary damage. The
primary damage is usually caused by mechanical damage;
the secondary damage contains lots of parallel pathways,
causing the disability or even the death ultimately (Aro-
nowski and Zhao 2011; Liu et al. 2016; Xi et al. 20006).
Among the process of the pathologic changes, neuronal
apoptosis is a crucial event including pro-apoptotic activa-
tion and anti-apoptotic modulation (Chen et al. 2015). Here,
we try to explore the mechanisms underlying ICH to improve
the outcomes of treatments toward neurological diseases.
The insulin-like growth factor (IGF) system is
polypeptides, comprising a family of the ligands IGF-1 and
IGF-2 (Haramoto et al. 2014). IGF-1 and IGF-2 play
essential role in the regulation of cell growth, differentia-
tion, proliferation, morphogenesis, growth, and apoptosis
(Annunziata et al. 2011; Chao and D’ Amore 2008; Kon-
ermann et al. 2013). IGF-1 plays an important role in
protection from apoptosis and regulation of development
and growth (Malandrakis et al. 2016). IGF-2 has been
showed to have prognostic relevance in several different
tumor identities (Kessler et al. 2016). The functions of
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IGFs are modulated by a family of binding proteins termed
insulin-like growth factor binding proteins (IGFBPs). They
exhibit different binding affinities and engage with IGFs
and act as carriers, functioning as modulators of IGF
activity, and transporting the IGFs out of the circulation to
target tissues (Haramoto et al. 2014; Le Roith et al. 2001).
IGFBPs have IGF-independent effects on cell functions
like apoptosis (Mohan and Baylink 2002), which gains our
attention.

The IGFBP family includes six high-affinity members
designated IGFBP-1 through IGFBP-6 with variable func-
tions and mechanisms of actions (Lund et al. 2014). Among
the binding proteins, IGFBP-6 regulates IGF activity and
may also have IGF-independent actions that bind preference
for IGF-2 under normal physiological conditions (Raykha
et al. 2013). It was therefore postulated that the major role of
IGFBP-6 was to inhibit IGF-II actions and that this may be
significant in the context of tumor inhibition (Bach 2005).
Additionally, IGFBP-6 was found to suppress alkaline
phosphatase (ALP) activity and the differentiation of both
murine and human osteoblasts (Strohbach et al. 2008).

As IGFBPs are related to cell apoptosis, the role of
IGFBPs in the pathophysiologic processes following ICH
has still not been investigated. In present study, we focus
on the effects exerted by IGFBP-6 in cells apoptosis in
ICH. We examined the expression and distribution of
IGFBP-6 in rat basal ganglia adjacent to the hematoma
after ICH. We showed that IGFBP-6 participates in the
pathogenesis of ICH, and inhibition of IGFBP-6 may be a
promising strategy to treat brain injury.

Materials and Methods
Animals and the ICH Model

All animal care and surgical procedures were performed
based on the Guide for the Care and Use of Laboratory
Animals promulgated by the National Research Council in
1996, and supported by the Chinese National Committee to
Use of Experimental Animals for Medical Purposes. Male
Sprague-Dawley rats (n = 50, 6-8 weeks) with an average
body weight of 250 g were used in this study. These rats
were kept in a temperature-controlled environment (21 °C)
on a 12 h light—dark cycle, with appropriate water and food
supplied. ICH model was conducted according to a previ-
ous report with minor modifications (Xu et al. 2015). The
rats were anesthetized with chloral hydrate, autologous
blood, or saline (sham group). 50 pL was injected into the
right basal ganglia stereotactically at a rate of 10 pL/min
through a 26-gage needle (coordinates: 0.2 mm anterior,
5.5 mm ventral, and 3.5 mm lateral to the bregma, and
concrete site of perihematoma was located at right
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caudatum) using a microinfusion pump. The needle was
kept still for 10 min after injection and then removed.

Behavioral Testing Procedures

Forelimb placing and corner turn tests were used to assess
neurological deficits induced by ICH.

Forelimb Placing Test

Forelimb placing test was performed as described (Kara-
biyikoglu et al. 2004). The rats were held by torsos,
allowing the forelimb to hang free. Testing of each fore-
limb was conducted by brushing the vibrissae on the corner
edge of a countertop. Intact rats placed the forelimb
quickly onto the countertop. Basing on the severity of
injury, placing of the forelimb contralateral to the injury
was impaired. During the experiments, every rat was tested
3 times for each forelimb. The percentage of trials in which
the rat placed its left forelimb was calculated.

Corner Turn Test

Corner turn test was performed as described (Li et al.
2013). Rats proceed into a corner, whose angle was 30°. In
order to exit the corner, the rats should turn to the left or the
right; only the turns involving full rearing along either wall
were involved (a total of eight per animal). Injured rats
would show a tendency to turn to the side of the injury. The
percentage of right turns was used as the corner turn score.
After each turn, the rats were not picked up immediately,
so that they would not develop an aversion for their pre-
potent turning response.

Cell Cultures and Stimulation

Rat pheochromocytoma (PC12) cells were obtained from the
American Type Culture Collection (Rockville, MD) and
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum
and 1% penicillin/streptomycin at 37 °C under 5% CO, and
95% oxygen in humidified air. The medium was changed
every 2 days. In order to explore apoptosis, PC12 cells were
seeded onto 60-mm dishes and incubated in a low concen-
tration of serum (1% horse serum) for 24 h prior to treatment
with hemin (100 pmol/L) for different time points.

Expression Plasmid and Transient Transfection

The Full-length IGFBP-6 and IGFBP-6-specific siRNAs
were chemically synthesized by Genechem (Shanghai,
China). Transfections were performed with the transfection
reagent Lipofectamine 2000(Invitrogen, Carlsbad, CA,
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USA) according to the manufacturer’s instructions. After
incubation for 6 h, the medium was changed into DMEM
containing 10% fetal bovine serum (Gibco-BRL,Grand
Island, NY, USA). Transfected cells were used for the sub-
sequent experiments 72 h after transfection.

Western Blotting

To obtain samples for Western blot, rats were sacrificed at 3,
6,12 h, 1, 2, 3, 5, and 7 days after operation. Brain tissues
surrounding the hematoma (extending 2 mm from the
boundary of hematoma) and the counterparts from the con-
tralateral side of the brain or the sham-operated group were
dissected and flash-frozen at —80 °C until use. In order to
prepare lysates, frozen samples were weighed and minced
with eye scissors in an ice bath. Then the tissues were
homogenized in lysis buffer (1% NP-40, 50 mmol/L Tris, 1%
SDS, 5 mmol/L EDTA, 1% sodium deoxycholate, 1% Tri-
ton-X100, 1 mmol/L PMSF, 10 pg/mL aprotinin, and 1 pg/
mL leupeptin, pH = 7.5) and centrifuged at 12,000 rpm at
4 °C for 20 min to collect the supernatant. After determina-
tion of its protein concentration with the Bradford assay (Bio-
Rad), the resulting supernatant (50 png of protein) was sub-
jected to SDS—polyacrylamide gel electrophoresis (PAGE).
The separated proteins were transferred to a polyvinylidene
difluoride filter (PVDF) membrane by a transfer apparatus at
300 mA for 90 min. The membrane was then blocked with
5% nonfat milk or 5% bovine serum albumin, and then
incubated with primary antibody against IGFBP-6 (rabbit,
1:200, Santa Cruz), Bax (rabbit, 1:500, Santa Cruz), Bcl-2
(mouse, 1:500, Santa Cruz), active caspase-3 (mouse, 1:500,
Cell Signaling), and B-actin (mouse, 1:1000, Santa Cruz). At
last, the membranes were incubated with secondary anti-
bodies for 2 h and visualized with an enhanced chemilumi-
nescence (ECL) kit (Pierce) or scanned with the Odyssey
Infrared Imaging System (LI-COR Bioscience).

Immunohistochemistry

Tissues were subsequently cut at 5 pm with a cryostat and
processed for immunohistochemistry analysis. Stereologi-
cal methods were employed in the immunohistochemical
evaluation. After the sections had been prepared, they were
kept in an oven at 37 °C for 60 min and rinsed twice with
0.01 M PBS for 5 min each. Then the sections were blocked
by confining liquid consisting of 10% normal donkey serum,
1% bovine serum albumin (BSA), 0.3% Triton X-100, and
0.15% Tween-20 for 2 h at room temperature, and incubated
with anti-IGFBP-6 antibody (rabbit, 1:100; Santa Cruz)
overnight at 4 °C, followed by incubation with the primary
and the secondary antibodies for 20-30 min at 37 °C and
color reaction with a liquid mixture [0.02% diaminoben-
zidine tetrahydrochloride (DAB), 3% H,0, and 0.1% PBS].

Finally, the sections were air-dried, dehydrated, and covered
with coverslips. Slides were examined at 20 x or
40 x magnifications on a Leica light microscope (Ger-
many). Cells with strong or moderate brown staining were
considered as positive; otherwise, cells with no staining
were regarded as negative. The mean assay of each group
was used as the valuable result.

Immunofluorescent Staining

The frozen cross sections (5 um) were prepared and
examined. All sections were first blocked with 10% normal
donkey serum blocking solution from the same species as
the secondary antibody, containing 3% (w/v) BSA, 0.1%
Triton X-100, and 0.05% Tween-20, for 2 h at room tem-
perature to avoid non-specific staining. Then the sections
were incubated with both primary antibodies for anti-
IGFBP-6 (1:100, Santa Cruz,) and different cell markers as
follows: NeuN (1:750, Chemicon), GFAP (1:200, Sigma),
Ibal (1:750, Santa Cruz), active caspase-3 (1:400, Cell
Signaling) at 4 °C overnight. A mixture of FITC-conju-
gated and TRITC-conjugated secondary antibodies was
used for 2 h at 4 °C. The stained sections were examined
with a Leica fluorescence microscope (Germany).

Quantitative Analysis

Cells double labeled for IGFBP-6 and cell phenotypic
markers used in the experiment were quantified in an
unbiased manner. At least of 200 phenotype-specific mar-
ker-positive cells were counted adjacent to the hematoma
in each section in order to identify the proportion of each
phenotype-specific  marker-positive  cells  expressing
IGFBP-6. Then double-labeled cells for IGFBP-6 and
NeuN were recorded. A total of three adjacent sections per
animal were sampled. So did GFAP, Ibal.

Statistical Analysis

All data were analyzed with Stata 7.0 statistical software. All
values are expressed as mean == SEM. Student’s ¢ test was
used for pairwise comparisons. One-way ANOVA, with
Tukey’s post hoc test, was used for multiple comparisons.
P < 0.05 was considered statistically significant. Each
experiment consisted of at least three replicates per condition.
Results

The Changes of Neurological Deficits Following ICH

According to previous reports (Ke et al. 2015), behavior
tests including forelimb placing and corner turn test were
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Fig. 1 Assessment and scores of behavioral tests at different time
points on rats suffering from ICH. Corner turn testing (a) and
forelimb placing scores (b) were displayed at various time points
following ICH. The ICH group exhibited distinctly functional deficits
compared with the sham-operated group over the first 3 days

performed to measure acute and chronic changes in sen-
sorimotor function and plasticity of sham group and ICH
group separately. As shown in Fig. 1, rat in ICH group was
obviously worse impaired compared with the sham-oper-
ated group over the first 3 days (¥*P < 0.05), whereas by
5 days and thereafter, all rats had recovered neurological
test scores.

Expression Changes of IGFBP-6 After ICH

To detect the IGFBP-6 expression after ICH, Western blot
was applied to investigate the temporal levels of IGFBP-6
in rat basal ganglia around the hematoma at different time
points. As shown in Fig. 2a, b, the expression of IGFBP-6
was relatively low in the sham group, progressively
increased from 3 h after ICH, reached the peak at day 2,
and then gradually decreased thereafter. By the way, we
also detected IGFBP-6 protein expression in the con-
tralateral brain, but failed to find any significant fluctua-
tions (data not shown).

Expression and Distribution of IGFBP-6
Immunoreactivity

To further explore the upregulation of IGFBP-6 after ICH,
immunohistochemistry staining was carried out on the
brain tissues at 2 days following ICH to detect the variation
and distribution of IGFBP-6. Obviously, ICH group
showed stronger staining of IGFBP-6 (Fig. 3e, f), com-
pared with the contralateral (Fig. 3c, d) and the sham group
(Fig. 3a, b). Additionally, no positive signal was observed
in the negative control (Fig. 3g). Quantitative analysis
showed that there was significant increase of IGFBP-6-
expressing cells after ICH around hematoma (P < 0.05)
(Fig. 3h).
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Fig. 2 Expression profiles of IGFBP-6 around the hematoma at each
time point after ICH by Western blot analysis. The number of samples
evaluated by immunohistochemical staining was 3 from each group.
The expression of IGFBP-6 was relatively low in the sham group,
however, upregulated gradually following ICH, peaked at day 2 and
declined thereafter (a). The bar graph indicated the density of IGFBP-
6 versus f-actin at each time point (b). Data are presented as
mean = SEM (n = 3, *P < 0.05)

Co-Localization of IGFBP-6 with Different Cellular
Markers by Double Immunofluorescent Staining

To further identify the cell types in the brain that express
IGFBP-6, double-labeling immunofluorescent staining was
employed with distinct cell-specific markers, such as NeuN,
GFAP, and Ibal, which represent neurons, astrocytes, and
microglia, respectively. In the sham-operated group, the
staining of IGFBP-6 was merely restricted to NeuN-positive
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cells. Following ICH, microscopy indicated that IGFBP-6
was specifically expressed in neurons (Fig. 4c, f), instead of
in astrocytes (Fig. 4h, 1) or microglia (Fig. 4n, r).

IGFBP-6 Relevant to Neuronal Apoptosis after ICH
As shown above, increased immunoreactivity of IGFBP-6

was observed in neurons. Previous studies have proved that
neuronal apoptosis was a significant event surrounding
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hematoma in ICH (Liu et al. 2016). Therefore, it was
speculated that IGFBP-6 was involved in neuronal apop-
tosis. To confirm our assumption, Western blot analysis
was carried out to examine the expression of active cas-
pase-3 (a marker of apoptosis). As expected, the expression
profiles of active caspase-3 changed after ICH, and peaked
at day 2 (Fig. 5a, b), which was relevant with the expres-
sion of IGFBP-6 in a time-dependent manner. Furthermore,
double immunofluorescent staining displayed that the
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Iba1 IGFBP-6
N

Fig. 4 Double immunofluorescence staining for IGFBP-6 and dif-
ferent phenotype-specific markers in brain caudate putamen sur-
rounding the hematoma. Sections labeled with IGFBP-6 (green b, h,
n, e, k, q) and different cell markers, including neuron marker (red a,
d, NeuN), astrocyte marker (red g, j, GFAP), and microglia marker
(red m, p, Ibal). The yellow color visualized in the merged images
represented co-localization of IGFBP-6 with different phenotype-

active caspase-3 not only located in neurons, but also co-
located with IGFBP-6 at day 2 after ICH around the
hematoma (Fig. 5Se). To further detect the association
between IGFBP-6 and neuronal apoptosis, we also exam-
ined the expression profiles of Bax and Bcl-2. As shown in
Fig. 5b, c, Bax were upregulated and the expression was
also parallel with that of IGFBP-6 and active caspase-3
after ICH. Meanwhile, the expression of Bcl-2 was
downregulated, which was opposite with those of IGFBP-
6, active caspase-3, and Bax. Taken these results together,
we suggested that IGFBP-6 may participate in the process
of neuronal apoptosis in a caspase-dependent way follow-
ing ICH.

IGFBP-6 Regulates Cellular Apoptosis In Vitro
To further test the role of IGFBP-6 playing in neuronal
apoptosis after ICH, hemin-induced apoptosis model was

built in PC12 cells (Shen et al. 2015). First, siRNA was
employed to knock down IGFBP-6 expression in PC12
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specific markers (¢, i, 0). Co-staining of IGFBP-6 with different
phenotype-specific markers in the sham-operated group is shown (f, 1,
r). No positive signals were found in the negative control (s, t).
Quantitative analysis of NeuN positive cells expressing IGFBP-6 (%)
in the sham group and 2 days after ICH (u). *P < 0.05, indicate
significant difference compared with sham-operated group. Error
bars represent SEM. Scale bars 50 pm (a—t)

cells. The control-siRNA, non-specific RNA, and si-
IGFBP-6 were transiently transfected into PC12 cells for
48 h, and the interference efficiency of IGFBP-6 siRNA
was examined using Western blot analysis. It turned out
that the expression of IGFBP-6 was inhibited obviously by
IGFBP-6 siRNA compared with control-siRNA or non-
specific RNA (Fig. 6a, b). In addition, the expression of
active caspase-3 and Bax was significantly downregulated
accompanied by the upregulation of Bcl-2 in PC12 cells
which transfected with siRNA targeting IGFBP6 compared
with non-specific siRNA cells with or without hemin
stimulation (Fig. 6¢c, d). To further confirm the results,
immunofluorescent staining of PC12 cells revealed that
silence of IGFBP-6 reduced the expression of active cas-
pase-3 and nuclear condensation of these cells after hemin
treatment (Fig. 6e). In addition, we also employed another
IGFBP-6 siRNA that was transfected in SH-SYS5Y cell to
further confirm our results. As shown in Fig.S1 A and B,
the expression of IGFBP-6 was effectively suppressed by
IGFBP-6 siRNA-2. Moreover, we also detected the
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Fig. 5 Correlations of IGFBP-6 A
with cell apoptosis following

Times after ICH
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ICH. The expression of active
caspase-3 and Bax increased,
peaked at day 2 following ICH
(a). The expression of Bcl-2
decreased after ICH and reached
valley at 2 days (c¢). The bar
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expression of IGFBP-6, active caspase-3, Bax, and Bcl-2 in
hemin-induced apoptosis model. As expected, the expres-
sion of active caspase-3 and Bax was significantly
decreased accompanied by the increase of Bcl-2 in SH-
SY5Y cells which transfected with IGFBP-6-siRNA-2
compared with non-specific siRNA cells with or without
hemin stimulation (Fig. S1C, D). Immunofluorescent
staining of SH-SYSY cells was also performed. The results
were similar with that in PC12 cells (Fig. S1E). overall, our
findings demonstrated that IGFBP-6 might exert its pro-
apoptotic activity in neurons via regulating the caspase-3/
Bax/Bcl-2 pathway, and thus participated in ICH.

Discussion
Intracerebral hemorrhage (ICH) is a perplexing condition

with high mortality and no treatment beyond supportive
care. A major portion of the injurious process is taken place

Times after ICH

active caspase3

Merge

active caspase3

during the hours following the development of hematoma
(Behrouz 2016). Development of treatment goals for crit-
ical care, and new sequences of care and specialty practice
can only improve outcome after intracerebral hemorrhage
(Xu et al. 2015). It is important to gain a better under-
standing of the molecular and cellular mechanisms under-
lying ICH. Based on the volume of bleeding and the
predilection site in clinical scenarios, an ICH rat model was
established to further explore the exact role of IGFBP-6 in
ICH. Our data show that IGFBP-6 protein levels were
rapidly upregulated and reach the peak at 2 day in the
perihematomal region after ICH. Importantly, double-label
immunofluorescence suggested that IGFBP-6 was widely
distributed in neurons after ICH, rather than in astrocytes or
oligodendrocytes. It reminded us that the upregulation of
IGFBP-6 might be associated with neuronal apoptosis after
ICH. As expected, we found that the expression patterns of
Bax, Bcl-2, and active caspase-3 consistent with that of
IGFBP-6 in vivo and in vitro. Furthermore, silencing of
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Fig. 6 Modulations of IGFBP- A
6 on cell apoptosis in vitro.

Western blot showed siRNA

silenced IGFBP-6 in PC12 cells o
(a); the bar chart indicated the
density of IGFBP-6 versus [3-
actin (b). The knockdown of
IGFBP-6 induced decreasing
levels of active caspase-3 and
Bax and had upregulation of
Bcl-2 expression (c). The bar
graph indicated the relative
density of IGFBP-6, active
caspase-3, Bax, and Bcl-2
versus B-actin (d). Data are c
presented as mean £+ SEM.
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IGFBP-6 by siRNA in PC12 cells can suppress hemin-
induced expression of Bax, Bcl-2, and active caspase-3.
These results suggest that IGFBP-6 might play a vital role
in modulating the progression of neuronal apoptosis in this
model.

CNS pathological states are associated with the IGF
system (Lioutas et al. 2015; Madathil and Saatman 2015).
The insulin superfamily of peptides is phylogenetically
ancient and has emerged as crucial in the growth and
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development of the CNS (Fernandez and Torres-Aleman
2012). IGFBPs are important in the modulation of IGF-1
activity, binding to IGF-1 with consequent implications for
its localization and bioavailability (Clemmons et al. 1995;
Dyer et al. 2016). There are six high-affinity IGFBPs, with
IGFBP-2 and IGFBP-4 the most abundantly expressed in
the CNS (Fernandez and Torres-Aleman 2012; Konermann
et al. 2013). IGFBP expression is highest in the developing
brain, with expression patterns maintained in the adult
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brain. They serve as an important point of biological
modification of IGF-1 signaling in the CNS (Fernandez and
Torres-Aleman 2012).

Numerous observations suggest that, in several neu-
rodegenerative diseases or related, IGF family affected
neurons display an early impairment in the brain (Annun-
ziata et al. 2011). However, the exact role of IGFBP-6 in
these processes remains poorly understood. As reported,
IGFBP-6 had its involvement in hypoxic-ischemic injury in
rat brain (Beilharz et al. 1998). Consequently, on the basis
of previous studies on IGFBP-6, we wonder whether
IGFBP-6 can induce neuronal/cellular activities through
some other ways, such as promoting neuronal apoptosis
after ICH. Little can be done to alleviate the initial damage.
It becomes clear that neuronal apoptosis is the predominant
process of ICH-mediated brain injury. Accumulating evi-
dence suggests apoptotic mechanisms in delayed tissue loss
after brain injury, such as regulation of pro-apoptotic
proteins which mediate caspase-dependent or caspase-in-
dependent cell death. Our data suggest that pro-apoptotic
proteins include Bax, Bcl-2 and active caspase-3 that are
upregulated in rat ICH models. Moreover, increase of
active caspase-3 level after hematoma indicates that neu-
ronal apoptosis occurred. Double immunofluorescence
staining in the rat cerebral cortex showed that active cas-
pase-3 co-localized well with IGFBP-6 in neurons. Mean-
while, experimental data suggest that IGFBP-6 represents
one of the pro-apoptotic aspects in ICH. Therefore, our
results indicated that upregulation of IGFBP-6 might be
positively associated with neuronal apoptosis following
ICH.

In present study, we demonstrate the association of
IGFBP-6 in neuronal apoptosis with ICH. Inhibition of
IGFBP-6 and concomitant activation of pro-apoptosis sig-
naling therefore can be an attractive therapeutic strategy for
the treatment towards ICH. However, it is imperative that
further investigation should be carried out to provide more
convincing data for IGFBP-6 related with neuronal apop-
tosis after brain trauma.
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