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Abstract. C1q/TNF-related protein-3 (CTRP3) is a novel
adipokine that serves an important role in oxidative stress,
anti-apoptosis, anti-inflammation and immune regulation. The
aim of the present study was to investigate the protective role
of CTRP3 against intracerebral hemorrhage (ICH)-induced
brain injury. A model of autologous arterial blood-induced ICH
was constructed in rats. Intracerebral infusion of a lentivirus
carrying the CTRP3 gene was used to induce CTRP3 overex-
pression in the brain. The effects and mechanisms of CTRP3
overexpression on brain injury were investigated by detecting
brain edema, blood-brain barrier (BBB) integrity, neurological
function and inflammatory-associated factors 3 days after ICH.
The present results demonstrated that CTRP3 overexpression
ameliorated ICH-induced neurological dysfunction, decreased
brain edema, maintained BBB integrity and attenuated
inflammation. The protective effect of CTRP3 overexpression
was associated with increased activation of silent informa-
tion regulator 1 (SIRT1). In conclusion, the present study
demonstrated that CTRP3 overexpression protected against
ICH-induced brain injury in rats, potentially via activating the
SIRT]1 signaling pathway.

Introduction

Intracerebral hemorrhage (ICH) is the most devastating
subtype of stroke and exhibits a poor functional prognosis
and high mortality rate worldwide (1-3). Clinically, patients
with ICH, except those with severe symptoms and surgical
indications (Bleeding volume >30 ml; Glasgow Coma index
score =5), are usually administered conservative medical
treatments (4). Secondary brain injury (SBI) following ICH
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serves an important role in the deterioration of neurological
function (5,6). The mechanisms underlying ICH-induced
SBI are complex and involve many factors, such as destruc-
tion of the blood-brain barrier (BBB), release of thrombin,
toxicity from erythrocyte lysis and its products, inflamma-
tory reactions, immune-mediated damage and excessive
production of reactive oxygen species that are involved in
complement system (7). The inflammatory response induced
by ICH serves a key role in the continuous development
of SBI. For example, blood components leaking into the
brain lead to activation of immune cells, such as microglia.
This leads to the destruction of the BBB and infiltration of
peripheral blood leukocytes into the brain tissue, resulting
in the production of a large number of inflammatory factors
that induce brain edema, ultimately leading to dysfunction
and death of both neurons and glia (8-11). Therefore, inter-
ventions that regulate ICH-induced inflammatory responses
are important for the treatment of ICH-induced brain injury.
Silent information regulator 1 (SIRT1), an NAD*-dependent
protein deacetylase, is involved in a variety of disease
processes, such as inflammation, cell death and metabolism,
by regulating targets via deacetylation (12). Evidence has
shown that SIRT1 exerts a neuroprotective effect following
ICH (13). SIRTI1 protects against ICH-induced brain
damage via inhibiting neuroinflammation by deacetylating
NF-xB/p65 (14).

Clq/TNF-related proteins (CTRPs) are a newly
discovered and highly conserved family of adiponectin
paralogs, which comprises =15 members (CTRP1-15) (15).
CTRPs are widely distributed and are involved in regu-
lating many physiological or pathological processes, such
as substance metabolism, vasodilation and inflammatory
reactions. CTRP3 is a member of this family that is
expressed by adipocytes, adipose stromal cells and other
types of cell and exhibits homology with the genomic
structure of adiponectin (16,17). Furthermore, CTRP3
serves an important role in inflammation, metabolism,
anti-apoptosis, angiogenesis and cardioprotection (18).
To the best of our knowledge, however, at present, there
is a lack of research regarding the effects of CTRP3 on
ICH. Thus, the aim of the present study was to investigate
the protective effects and mechanisms of CTRP3 in a rat
model of ICH.
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Materials and methods

Animals. Adult male Sprague-Dawley (SD) rats (n=104;
weight, 240+20 g; age, 12.5+0.1 weeks) were purchased
from the Experimental Animal Center of Southwest Medical
University (Luzhou, China). All animal studies were approved
by the Biomedical Ethics Committee of Southwest Medical
University (approval no. 20210223-135). All experimental
procedures were in accordance with guidelines for the care
and use of laboratory animals of the National Institutes of
Health (19). Rats were placed in standard cages and exposed
to a 12/12-h light/dark cycle at a constant room temperature
of 24-26°C and 60% indoor relative humidity and were
provided food and water ad libitum. For euthanasia, rats were
anesthetized by an intraperitoneal injection of 3% pentobar-
bital sodium (30 mg/kg body weight). Once fully anesthetized,
rats were sacrificed by cervical dislocation and death was
confirmed by cessation of breathing and faded eye color.

Experimental design. To investigate the effects of CTRP3 in
an ICH model established via autologous blood injection, rats
were randomly distributed into four groups: i) Sham surgery
(Sham, n=33); ii) ICH (n=31; 3 died); iii) ICH + null-vector
control (Lenti.Null, n=33; 5 died) and iv) ICH + lenti-
viral CTRP3-overexpression (Lenti.CTRP3, n=34; 5 died).
Behavioral tests, measurement of brain water content, evalu-
ation of BBB permeability, western blotting and ELISA were
performed 3 days following ICH.

To determine whether the SIRT1 signaling pathway
was involved in CTRP3-induced neuroprotection, rats
were randomized to the following groups: ICH + Lenti.
Null (n=8; 1 died), ICH + Lenti.CTRP3 (n=22; 2 died),
ICH + Lenti.CTRP3 + EX527 (SIRT1 inhibitor, n=22; 2 died)
and ICH + vehicle (n=21; 1 died). Lenti-CTRP3 was injected
intraventricularly 14 days before ICH. EX527 was injected
intraventricularly 30 min before ICH. Modified Garcia test,
BBB integrity/permeability, brain edema and IL-1p,
and TNF-a levels were assessed 3 days after ICH.

ICH rat model. A rat model of striatal ICH was established
by injecting autologous blood into the rat right striatum, as
previously described (20). SD rats were anesthetized by intra-
peritoneal injection of pentobarbital sodium (66 mg/kg) (21).
Then, rats were horizontally fixed on the platform of a stereo-
taxic frame (David Kopf Instruments) in the prone position.
Autologous blood (50 ul), which was drawn from the femoral
artery, was injected into the striatum (0.2 mm anterior,
3.0 mm laterally to the right of bregma and 5.8 mm deep
from the surface of the skull) via a microsyringe pump. Sham
rats were injected with an equal volume of saline. After
the operation, each rat was placed into a separate cage and
body temperature maintained at 37.0+0.5°C before follow-up
experiments were conducted.

Injection of lentiviral CTRP3 gene and administration of
EX527. Lentivirus harboring CTRP3 and empty vector were
constructed by Shanghai GeneChem Co., Ltd. with green fluo-
rescent protein. Rats were administered 5 ul CTRP3 lentivirus
(1x10° titer units/ml, diluted 10X with Enhanced Infection
Solution). Enhanced Infection Solution (cat. no. REVG002A;

Shanghai GeneChem Co., Ltd.) was used to improve the
efficiency of virus infection. The lentivirus CTRP3 gene was
injected into the right ventricle (0.9 mm lateral to the sagittal
suture, 1.9 mm posterior to the coronal suture and 3.5 mm
deep into the cortex) 14 days before ICH, as previously
reported (20). The Lenti.Null rats were subjected to the same
procedure. Then, EX527,a SIRT1 inhibitor (Selleck Chemicals)
or vehicle was also injected intraventricularly 1 h before
induction of ICH. The dose of EX527 (10 ug/5ul dissolved
in 10% DMSO) was selected as previously described (22). The
needle was withdrawn after 15 min injection. Each rat was
then placed back into an individual cage and provided food
and water ad libitum.

Behavioral tests. Neurological function was evaluated by the
Garcia, beam walking and wire hanging test, as previously
described (20). The Garcia test consists of six tests, including
autonomous activity, limb activity symmetry, table-edge
forepaw extension, grab cage and sensory touch response tests.
Each test yields a score of 0-3; the minimum overall score
was 0 and the maximum overall score was 18. Lower scores
are indicative of more serious neuronal damage. In the beam
walking test (23), a square wood bar (590 x 25 mm) was placed
100 mm from the ground. Each rat was allowed to walk on
the balance beam. The rats were assessed to determine if they
could use their limbs symmetrically to reach the platform at
the end of the beam and given a score of 0-5 as follows: 0, fell
from the beam; 1, sat on the beam but did not walk; 2, jumped
onto the beam but did not move forward; 3, jumped onto the
beam and walked with contralateral hind limbs of lesion slip-
ping down the beam >50% of the time; 4, jumped onto the
beam and walked with contralateral hind limbs slipping down
the beam <50% of the time and 5, jumped onto the beam and
walked without falling. Each rat's performance was calculated
as the mean score of three trials. In the wire hanging test (24),
the rats were placed in the center of a 600 x 2 mm wire 50 cm
from the ground with a sponge pad underneath. Each rat was
observed four times for 30 sec each. The rats were scored based
on the time they were suspended from the wire and the position
of the limbs as follows: 0, fell <30 sec; 1, did not fall off <30 sec,
grasped firmly with both front paws; 2, did not fall <30 sec,
attempted to climb the wire; 3, did not fall <30 sec, held wire
with both front paws and one or both hind paws; 4, did not
fall <30 sec, clutched wire with all four limbs, wrapped tail
around the wire and 5, did not fall <30 sec, climbed to the end
of the wire. Rats were scored in a blinded manner.

Brain water content. Brain water content was measured
as described previously (25). The brain water content in
each group was measured by the dry-wet weight method to
evaluate brain edema following ICH. Brain water content
was calculated as follows: (Wet weight - dry weight)/wet
weight x 100%.

BBB permeability. Evans blue (EB) is a commonly used
dye indicator in the laboratory. EB content in brain tissue
is directly proportional to the degree of BBB damage.
Therefore, EB is often used as a tracer to evaluate BBB integ-
rity (26). At 3 days post-ICH, rats were intravenously injected
with 2% EB. Then, 3 h later, extravasated EB in the brain was
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Figure 1. Effect of CTRP3 treatment on neurological function3 days after ICH. All animals following ICH showed significant neurological deficit based on per-
formance on (A) modified Garcia, (B) wire hanging and (C) beam balance tests. Rats treated with Lenti-CTRP3 2 weeks before ICH showed less neurological
deficit in all three tests. Data are presented as the mean £ SEM. n=9/group. "P<0.05, “"P<0.01 vs. Sham; “P<0.05, ""P<0.01 vs. Lenti.Null. CTRP3, Clg/tumor
necrosis factor-related protein-3; Lenti.CTRP3, lentivirus overexpressing CTRP3; ICH, intracerebral hemorrhage; Lenti.Null, lentivirus harboring empty

vector.

evaluated by spectrophotometry (Thermo Fisher Scientific,
Inc.) at 620 nm.

Western blotting. Total protein from the perihematoma
area of the rat striatum was extracted using ice-cold RIPA
lysis buffer (Beyotime Institute of Biotechnology) supple-
mented with proteinase and phosphatase inhibitors. Protein
concentration was determined by BCA assay. Then, a total
of 50 ug protein/lane was separated by 10% SDS-PAGE and
transferred onto PVDF membranes. The membranes were
blocked for 1.5 h at room temperature in 5% non-fat-milk TBST
(0.1% Tween-20) buffer and incubated overnight at 4°C with a
primary rabbit anti-rat CTRP3 (1:500; ab36870, Abcam,), SIRT1
(1:500; cat. no. BS64501, Bioworld Technology, Inc.), TNF-a
(1:500; cat. no. BS6000, Bioworld Technology, Inc.), IL-1$
(1:500; cat. no. BS6067, Bioworld Technology, Inc.) and B-actin
(1:3,000; cat. no. AP0060, Bioworld Technology, Inc.) antibody.
The membrane was incubated with secondary anti-rabbit
antibody (1:4,000; horseradish peroxidase-conjugated Goat
Anti-Rabbit IgG, cat. no. D110058, Sangon Biotech Co. Ltd.)
for 1.5 h at room temperature. Images were captured using
MicroChemi (Bio-Rad Laboratories, Inc.) and analyzed using
Imagel version 1.8.0 (National Institutes of Health) software.

ELISA. At 3 days following ICH, rats were deeply anesthetized
and the perihematomal brain tissue homogenate was harvested.
The tissue was homogenized with the BioVision fraction-
ation kit (K256-100), centrifuged (1500 g, 4°C, 30 min) and
serum collected from the supernatant. The levels of TNF-a and
IL-1B in peripheral blood were determined with ELISA kits
(cat. nos. EK0526 and EK0394, respectively; Boster Biological
Technology), according to the manufacturer's instructions.

Statistical analysis. All data are presented as the mean + SEM.
One-way ANOVA followed by Tukey's post hoc test was used
to compare results among all groups. SPSS 19.0 (IBM Corp.)
software was used to perform all statistical analysis. P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

CTRP3 protects the brain from SBI in ICH rats. Modified
Garcia, wire hang and beam balance test were used to investi-
gate the effect of CTRP3 on ICH-induced neurological deficit.
Inthe three tests, CTRP3 overexpression mitigated neurological
deficit at 3 days after the induction of ICH (Fig. 1A-C). Brain
edema volume was assessed by measuring brain water content.
The brain water content of the ipsilateral side, particularly in
the striatum, was significantly lower in the Lenti. CTRP3 group
than in the Lenti.Null group (Fig. 2A). BBB permeability
was assessed via EB extravasation in ICH rats. Significant
accumulation of EB was seen in the ipsilateral hemispheres of
ICH rats compared with that in sham rats (Fig. 2B). Treatment
with CTRP3 significantly decreased extravasation in the
ipsilateral hemisphere compared with the Lenti.Null group at
3 days after ICH (Fig. 2B). These results suggested that CTRP3
provided neuroprotection and attenuated SBI following ICH.

CTRP3 suppresses inflammatory responses in ICH rats. To
investigate the function of CTRP3 in inflammatory responses
in ICH rats, levels of inflammatory-associated cytokines
were assessed in perihematomal brain tissue at 3 days after
ICH via western blotting. Expression levels of proinflamma-
tory cytokines TNF-a and IL-1f3 were significantly higher in
the ICH group than in the sham group (Fig. 3). In addition,
the Lenti.CTRP3 group exhibited significantly decreased
expression levels of these factors compared with those in the
Lenti.Null group (Fig. 3). ELISA revealed that the activity
of TNF-a and IL-1p (Fig. 4A and B) was also decreased in
the Lenti.CTRP3 group compared with the Lenti.Null group.
Taken together, these findings suggested that CTRP3 protected
against inflammation following ICH.

CTRP3 activates the SIRTI signaling pathway in ICH rats.
To investigate the effect of CTRP3 in an ICH model, CTRP3
was successfully overexpressed in rats (Fig. 5SA). To determine
the mechanisms responsible for CTRP3-mediated neuropro-
tection at the molecular level, SIRT1 protein expression was
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Figure 2. Effect of CTRP3 treatment on brain edema and BBB damage 3 days after ICH. (A) Brain water content and (B) quantification of Evans blue dye
extravasation in ipsi and contra hemispheres 3 days following ICH in rats treated with Lenti-CTRP3. Data are presented as the mean + SEM. n=8/group.
"P<0.05,"P<0.01 vs. Sham; “P<0.05 vs. Lenti.Null. CTRP3, Clg/tumor necrosis factor-related protein-3; Lenti.CTRP3, lentivirus overexpressing CTRP3;
ICH, intracerebral hemorrhage; ipsi, ipsilateral; contra, contralateral; Lenti.Null, lentivirus harboring empty vector.
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Figure 3. Expression of TNF-a and IL-1f in the striatum 3 days after ICH. (A) Western blot analysis of TNF-o and IL-1p. Quantified ratios of (B) TNF-a
and (C) IL-1p to B-actin. Data are presented as mean + SEM. n=7/group. “P< 0.01 vs. Sham; #P<0.01 vs. Lenti.Null. CTRP3, Clg/tumor necrosis factor-related
protein-3; Lenti-CTRP3, lentivirus overexpressing CTRP3; ICH, intracerebral hemorrhage; Lenti.Null, lentivirus harboring empty vector.
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Figure 4. Effect of CTRP3 on expression of TNF-a and IL-1f in peripheral blood 3 days after ICH. (A) TNF-a and (B) IL-18 were examined via ELISA
assay. Data are presented as the mean + SEM. n=6/group. “P<0.01 vs. Sham; “P<0.01 vs. Lenti.Null. CTRP3, Clqg/tumor necrosis factor-related protein-3;
Lenti-CTRP3, lentivirus overexpressing CTRP3; ICH, intracerebral hemorrhage; Lenti.Null, lentivirus harboring empty vector.

measured in perihematomal brain tissue 3 days after ICH. Neuroprotective effects of CTRP3 are blocked by
Compared with the sham group, SIRT1 was increased in  SIRTI inhibition. Activation of SIRT1 occurred following
the ICH group and CTRP3 overexpression induced a further =~ CTRP3 overexpression (Fig. 6A-C) and inhibition of SIRT1
increase in expression of SIRT1 compared with that in Lenti.  with EX527 abolished CTRP3-induced SIRT1 upregula-
Null group at 3 days post-ICH (Fig. 5B and C). tion (Fig. 6A-C). Next, the effect of the SIRTI signal
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Figure 5. Effect of CTRP3 on expression of SIRT1 in the striatum 3 days following ICH. (A) Western blot analysis of the effect of Lenti-CTRP3 on CTRP3 and
SIRT1 expression. Ratio of (B) CTRP3 and (C) SIRT1 protein expression. n=5/group.”P<0.01 vs. Sham; #/P<0.01 vs. Lenti.Null. CTRP3, Clq/tumor necrosis
factor-related protein-3; Lenti-CTRP3, lentivirus overexpressing CTRP3; ICH, intracerebral hemorrhage; Lenti.Null, lentivirus harboring empty vector.
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Figure 6. Neuroprotective effect of CTRP3 is blocked by SIRT1 inhibition. (A) Representative western blot bands of CTRP3 and SIRT1 in striatum of rats
3 days after ICH. Representative ratio of (B) CTRP3 and (C) SIRT1 to p-actin. (D) TNF-a and (E) IL-1p were assessed using ELISA assay. (F) Modified
Garcia test was used to assess the effect of EX527 on neurological function improvement induced by Lenti.CTRP3. (G) Evans blue dye extravasation and
(H) brain water content were assessed to determine the effect of EX527 on ICH-induced BBB damage and brain edema decreased by Lenti.CTRP3 in Ipsi.
Data are presented as the mean = SEM. n=5/group. "P<0.05, “P<0.01 vs. ICH + Vehicle; “P<0.05, "P<0.01 vs. ICH + Lenti. CTRP3.CTRP3, Clg/tumor necrosis
factor-related protein-3; Lenti-CTRP3, lentivirus overexpressing CTRP3; ICH, intracerebral hemorrhage; Lenti.Null, lentivirus harboring empty vector;

ipsi, ipsilateral; SIRT1, silent information regulator 1; BBB, blood-brain barrier.

pathway in CTRP3-mediated suppression of ICH-induced
inflammatory response was investigated. SIRT1-induced
suppression of inflammatory responses was abrogated
by EX527 treatment, which manifested as increased
expression levels of TNF-a and IL-1p (Fig. 6D and E).
Furthermore, EX527 blocked the neuroprotective effects
of Lenti.CTRP3 (Fig. 6F-H). These results indicated
that SIRT1 inhibition abolished the protective effects of
CTRP3 in vivo.

Discussion

SBI is characterized as hematomal expansion caused by
neuroinflammation that contributes to exacerbating functional
outcomes following ICH (27,28). The present study focused on
CTRP3 as an approach to mitigate ICH-induced brain injury
and dysfunction. The present results suggested that CTRP3
significantly alleviated neurobehavioral deficit, ICH-induced
brain edema and breakdown of the BBB. Moreover, exogenous
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CTRP3 overexpression activated the SIRT1 signaling pathway,
suggesting that the SIRT1 signaling pathway represents a
potential mechanism by which CTRP3 protects against ICH.
Furthermore, CTRP3 suppressed ICH-induced inflammatory
responses in vivo. Collectively, the present findings provided a
novel approach for the treatment of ICH-induced SBI.

Inflammation is one of the key processes underlying
ICH-induced brain injury (29,30). A previous study
suggested that the mechanisms underlying brain edema
formation are dependent on disruption of BBB integrity (31).
Inflammation leads to increased vascular permeability and,
ultimately, BBB damage (32-34). In the present study, CTRP3
overexpression resulted in maintenance of BBB integrity
following ICH. ICH activates NF-kB, thus promoting
release of inflammatory cytokines and ultimately leading
to neurological dysfunction (34,35). TNF-a and IL-1§ are
the most studied cytokines in ICH (36-38). Previous studies
have shown that these two factors are increased significantly
following ICH and are associated with brain edema (39,40).
The present study investigated whether CTRP3 inhibits
ICH-induced neuroinflammation and found that CTRP3
decreased TNF-a and I1-1p levels. However, the pathway by
which CTRP3 exerts its anti-inflammatory effects remains
unclear. SIRT1 suppresses expression of NF-xB, which
is the upstream regulator of TNF-a and IL-1p (41). In the
present study, a SIRT1-specific inhibitor partially abolished
CTRP3-mediated downregulation of TNF-a and IL-1f in
ICH rats, implying a key role of SIRT1 as an anti-inflamma-
tory effector of CTRP3.

SIRT1 is a member of the class III group of histone
deacetylases and is activated in response to various types
of cellular stressor, such as inflammation, cell death and
metabolism. Accumulating evidence has indicated the role
of SIRT1 in neurobehavioral deficit; activation of SIRT1
exhibits neuroprotective effects on cerebral ischemia or
hemorrhagic stroke (42,43). Zhou et al (43) reported that
SIRT1 protein levels are slightly increased following ICH.
EX527 is a SIRT1 specific inhibitor; it significantly inhibits
SIRT1 activity in vitro but has no effect on SIRT1 mRNA
and protein expression. In vivo, EX527 not only inhibits
the activity of SIRTI, but also downregulates expression
of SIRT1 protein (44).Consistent with the aforementioned
studies, here SIRT1 protein levels were increased following
ICH in rats. Moreover, activating SIRT1 by CTRP3 in vivo
attenuated ICH-induced brain dysfunction and inhibition of
SIRT1 abolished the protective effect provided by CTRP3
in ICH rats. These findings indicated that CTRP3-mediated
amelioration of neurobehavioral deficit may be at least partly
mediated by SIRT1.

As a novel adipokine, little is known about
CTRP3-associated signaling pathways. The present study
demonstrated that SIRT1 inhibition partially abolished
CTRP3-mediated neuroprotection in ICH rats, implying that
CTRP3 may suppress ICH-induced SBI via activating SIRT1.
These findings reveal the complexity of signaling pathways
regulated by CTRP3. Further studies are needed to advance
understanding of the precise mechanisms by which CTRP3
exerts its biological effects.

In conclusion, the present study demonstrated that CTRP3
prevented the aggravation of brain edema and neuronal

damage following ICH in vivo. CTRP3 inhibited inflammation
via the SIRT1 pathway and may have protected the BBB, as
well as neurons and glia, against SBI following ICH. Thus, the
present findings suggested that CTRP3 may be an effective
therapeutic candidate for the treatment of SBI following ICH.
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