
Vol.:(0123456789)1 3

Neurochemical Research (2020) 45:3045–3058 
https://doi.org/10.1007/s11064-020-03152-6

ORIGINAL PAPER

CTRP3 Activates the AMPK/SIRT1‑PGC‑1α Pathway to Protect 
Mitochondrial Biogenesis and Functions in Cerebral Ischemic Stroke

Jianfei Gao1 · Tingting Qian2 · Wei Wang3 

Received: 20 August 2020 / Revised: 9 October 2020 / Accepted: 14 October 2020 / Published online: 23 October 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
C1q/tumor necrosis factor-related protein-3 (CTRP3) had shown its angiogenesis and enhancement of mitochondrial bio-
genesis properties in the treatment of myocardial infarction, but its potential roles in cerebral ischemic stroke had not been 
fully understood. This study aimed to clarify the underlying mechanism of how CTRP3 regulated mitochondrial functions 
in hippocampal neuronal cells (HPPNCs) after oxygen-glucose deprivation (OGD)/reoxygenation (R) treatment. Results 
showed that impeded CTRP3 expression and weakened viability were detected in OGD/R treated HPPNCs. CTRP3 showed 
its ability to enhance the viability and inhibited apoptosis of HPPNCs after OGD/R treatment and it could also promote the 
mitochondrial biogenesis and physiological functions. Silencing of PGC-1α partially abolished the protective function of 
CTRP3 on mitochondria and CTRP3 mediated the expression of PGC-1α via the AMPK/SIRT1-PGC-1α pathway. These 
findings provided information that CTRP3 prevented mitochondria from OGD/R injury through activating the AMPK/
SIRT1-PGC-1α pathway. Our study suggested that CTRP3 might have the potential to become an emerging protective agent 
applied in the reperfusion treatment of ischemic stroke.
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Abbreviations
CTRP3  C1q/tumour necrosis factor-related protein-3
OGD/R  Oxygen-glucose deprivation/reoxygenation
HPPNCs  Hippocampal neuronal cells
PGC-1α  Peroxisome proliferator-activated receptor γ 

coactivator-1α
ATP  Adenosine triphosphate
ROS  Reactive oxygen species
SOD  Superoxide dismutase
rtPA  Recombinant tissue plasminogen activator
NRF  Nuclear respiratory factors
TFAM  Gene encoding transcription factor A

SIRT1  Sirtuin 1
AMPK  AMP-activated protein kinase
CTRP3  C1q/tumor necrosis factor-related protein 3

Introduction

Ischemic stroke has become the most common cerebral vas-
cular disease and the second most dangerous killer world-
wide in this decade following myocardial infarction with 
rapidly increasing incidence [1]. To treat acute ischemic 
stroke, reperfusion therapy such as surgical thrombectomy 
is the most popular approach to solve the occlusion of cer-
ebral blood vessel and rescue the nerve tissue ischemia 
and infarction [2]. Besides, the application of thrombolytic 
agent recombinant tissue plasminogen activator (rtPA) can 
dissolve the blood clot which also restores blood flow to 
the brain [3]. However, at this moment, only a fraction of 
patients can benefit from the reperfusion therapy and the 
current therapeutic methods only focused on the reperfu-
sion but not targeted brain tissues. Besides, lots of studies 
using animals or oxygen-glucose deprivation/reperfusion 
(OGD/R) models of acute ischemic stroke introduce neuro-
protectant uric acid which can decrease the acute ischemic 
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brain injury and reduce the rate of complications in pre-
clinical models [4]. Some in vitro studies tried to block the 
inflammation process thus saving the neurons to limit the 
ischemic damage and functional impairments [5] or acti-
vation of molecular pathways to enhance angiogenesis in 
the brain for functional neuronal repairment [6]. Therefore, 
there is an urgent requirement for a more complete under-
standing of the underlying mechanisms associated with 
ischemic stroke at the molecular level and the discovery 
and development of molecular approaches involved in the 
treatment of cerebral ischemic stroke.

Mitochondria are a type of special cellular organelle 
exerts energy production function. Their numbers are par-
ticularly prominent in most of the human cells including 
neurons and gliocytes which need energy for their normal 
functioning. Mitochondria play crucial roles in adenosine 
triphosphate (ATP) synthesis and mediation of calcium 
homeostasis and its function can be affected by reactive 
oxygen species (ROS) and ischemia which contributes to 
the generation of ROS. In ischemic stroke, the occlusion 
of blood vessels and insufficient oxygen supply to neurons 
will trigger tissue necrosis, disrupt the mitochondria, release 
of pro-apoptotic proteins and also impair the phosphoryla-
tion process involved in the mitochondrial functions thus 
disturbing ATP supply and breaking the metabolism and 
homeostasis [7]. Under ischemic conditions, mitochondria 
will also produce ROS to directly damage the lipids, proteins 
and DNA in the cells. Likewise, ROS can trigger a variety 
of molecular signaling pathways involved in apoptosis [8]. 
After reperfusion, the overproduction of ROS after ischemic 
stroke will overstress the anti-oxidant capacity of mitochon-
dria and triggers the DNA damage of the mitochondria, dis-
ruption of calcium balance, neuronal inflammation and even 
apoptosis of neurons [9]. Thus the protection of mitochon-
drial function is a vital determinant of neuronal survival in 
the treatment of cerebral ischemic stroke.

Peroxisome proliferator-activated receptor γ 
coactivator-1α (PGC-1α) is the key mediator of mito-
chondrial biogenesis and energy metabolism. A study has 
reported that overexpression of PGC-1α increases the num-
ber of mitochondria in mice [10]. PGC-1α acts as a mas-
ter transcription factor for mitochondrial biogenesis which 
can activate the downstream transcription factors called 
the nuclear respiratory factors (NRF) 1 and 2 to strengthen 
the transcription of mitochondrial genes, then the activated 
NRF-1 and NRF-2 induce the gene encoding transcription 
factor A (TFAM) expression to accelerate the transcription, 
translation and replication machinery of mitochondrial 
genes. And these transcriptional factors are in turn activated 
directly or indirectly by PGC-1α which can be influenced by 
extrinsic factors such as oxygen level and energy depriva-
tion [11]. Moreover, sirtuin 1 (SIRT1) is a NAD-dependent 
deacetylase that functionally interacts with PGC-1α through 

post-transcriptional modification to control the mitochon-
drial biogenesis. Evidence has shown that mutilated expres-
sion of SIRT1 downregulates PGC-1α level and abates 
mitochondrial biogenesis function [12]. Furthermore, the 
activated AMP-activated protein kinase (AMPK) can also 
trigger the phosphorylation of PGC-1α which is involved 
in mitochondrial function. Research has suggested that the 
AMPK/SIRT1-PGC-1α pathway is activated by adiponectin 
to stimulate the mitochondrial gene expression [13]. Besides 
that, the activation of AMPK/SIRT1/PGC1α by swimming 
can suppress neuronal apoptosis and inflammation in aging 
hippocampus [14] and in the rats model of neonatal hypoxic-
ischemic encephalopathy, AMPK/Sirt1/PGC-1α pathway 
can be activated by ghrelin to suppress neuronal apoptosis 
by attenuating oxidative stress [15]. However, less is known 
about how the AMPK/SIRT1-PGC-1α pathway is working 
in hippocampal neurons during cerebral ischemia.

C1q/tumor necrosis factor-related protein (CTRP) 3 is an 
adipokine that belongs to the CTRP family which expresses 
in a variety of cells such as adipocytes, myocytes and neu-
rons. It takes part in the regulation of cell proliferation, 
apoptosis, inflammatory process and internal metabolism 
[16] and it shows its antiapoptotic, proangiogenic, and car-
dioprotective abilities in vivo [17]. For instance, research 
has reported that CTRP3 attenuates cardiac impairment and 
induces angiogenesis in the mice with myocardial infarc-
tion [18] and protects the brain from the injury caused by 
intracerebral hemorrhage in mice [19]. A study has proposed 
that CTRP3 plays a neuroprotective role against anesthesia-
induced cognitive dysfunction via regulation of the AMPK/
SIRT1 and PI3K/AKT signaling pathways [20]. In addi-
tion, in the hippocampus of mice model with depression 
induced by chronic unpredictable mild stress (CUMS) and 
lipopolysaccharide (LPS)-treated microglial cells, CTRP3 
exerts anti-apoptotic and anti-inflammatory effects through 
regulating p38 and JNK signaling pathways [21]. Another 
study has shown that CTRP3 promotes mitochondrial bio-
genesis in cardiomyocytes of mice through activation of the 
AMPK/PGC-1α pathway [22]. Currently, the role of CTRP3 
in cerebral ischemic stroke has not been studied. Therefore, 
this research aims to investigate the molecular mechanism of 
how CTRP3 plays a role in the hippocampal neurons in cer-
ebral ischemic stroke and build up the connection between 
CTRP3 and AMPK/SIRT1-PGC-1α pathway.

Material and Methods

Hippocampal Neuronal Cell Culture and OGD/R 
Model

The HPPNCs were purchased from Bluefbio (China) and 
maintained in our lab. Briefly, the cells were cultivated in 
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DMEM (Procell, China) containing 10% fetal bovine serum 
(Procell, China) with 1% penicillin and streptomycin (Pro-
cell, China) and kept in a humidified incubator (QQ-80A-II, 
Beyotime, China) supplemented with 5%  CO2 at 37 °C.

The cerebral ischemic stroke cell model was built up by 
the OGD/R treatment of HPPNCs cells. The culture medium 
was replaced by a sugar-free medium and the cells were cul-
tivated under an oxygen-deficient environment (3%  O2, 92% 
 N2, 5%  CO2) for different periods (0, 1, 2, 4, 6 h) and then 
the cells were transferred back to the normoxic environment 
(95% air, 5%  CO2) with a complete DMEM medium for 24 h 
reperfusion. The cells maintained in the complete medium 
under the normoxic condition were used as control.

Cells Transfection

To overexpress CTRP3 in the HPPNCs, a lentiviral vector 
carrying CTRP3 cDNA (Lenti-CTRP3) or control (Lenti-
NC) was constructed and provided by Genepharma (China) 
was selected. The cells were cultured with 10 µl viral vector 
containing 1 ×  109 genomic copies of the CTRP3 gene or 
Lenti-NC according to the manufacturer’s suggestions. 48 h 
after incubation, the transfected cells were harvested.

To knock down the intrinsic PGC-1α expression in the 
HPPNCs, siRNA targeted PGC-1α was designed and syn-
thesized by GenePharma (China). The cells were transfected 
with 50 nmol/L siR-PGC-1α or si-NC through Entranster-
R4000 (Engreen Biosystem, China) as the recommended 
instructions. The siRNA sequences used were: siR-PGC-1α 
sense: CCA AGA CUC UAG ACA ACU ATT; siR-PGC-1α 
anti-sense: UAG UUG UCU AGA GUC UUG GTT. si-NC 
sense: UUC UCC GAA CGU GUC ACG UTT; and si-NC anti-
sense: ACG UGA CAC GUU CGG AGA ATT. The transfection 
efficiency was verified 48 h after transfection following the 
isolation of total RNA.

QRT‑PCR

The RNAeasy Animal RNA Isolation kit (Beyotime, China) 
was used to extract the total RNA. cDNA was converted 
from mRNA through the application of the BeyoRT cDNA 
Synthesis kit (Beyotime, China). QRT-PCR was executed 
on QuantStudio 7 Flex (Thermo Fisher, USA) using the 
BeyoFast SYBR Green qPCR Mix kit (Beyotime, China). 
The primers were listed in Table 1. Quantification of RNA 
levels was normalized with β-actin by 2−ΔΔCT cycle threshold 
method [22].

Western Blot

The total proteins were extracted by the Cell lysis buffer 
for Western and IP (Beyotime, China) from the HPPNCs 
48 h after transfection. After separation by 10% SDS-PAGE, 

the samples were transferred onto the PVDF membrane 
(Beyotime, China). 5% non-fat milk (Beyotime, China) 
was applied for membrane blocking and the membrane was 
incubated with primary mouse antibodies against CTRP3 
(1:5000), BCL-2 (1:500), Bax (1:500), NRF-1 (1:1000), 
NRF-2 (1:1000), TFAM (1:1000), PGC-1α (1:1000), 
p-PGC-1α (1:1000) and β-actin (1:500) (Beyotime, China) 
for 12 h at 4 °C. The membrane was rinsed and the horse-
radish peroxidase-conjugated anti-mouse IgG secondary 
antibody (1:1000; Beyotime, China) was added and incu-
bated for 1 h. After washing, the bands were stained by the 
chemiluminescence kit (Beyotime, China) and visualized. 
The relative protein expression levels were calculated using 
Image J 1.53b (NIH, USA).

CCK‑8 Assay

The HPPNCs were seeded into 96-well plates with a density 
of 2 × 103 cells per well and incubated for different periods 
(0, 12, 24, 48, 72 h) at 37 °C with 5%  CO2. The cell viability 
was assessed using the CCK-8 assay kit (Beyotime, China) 
according to the manufacturer’s protocol. The OD values 
were obtained through using the Varioskan LUX microplate 
reader (Thermo Fisher, USA) under a wavelength of 450 nm 
with a background control as the blank. The cell survival 
ratio was expressed as the percentage of the control.

Apoptotic analysis by flow cytometry

The HPPNCs were collected 48 h after transfection and 
rinsed three times with PBS (Beyotime, China) followed 
by fixation with 75% ethanol (Beyotime, China) at 4 °C for 
12 h. After resuspension in PBS containing RNase A (Beyo-
time, China), the cells were incubated with propidium iodide 
(Beyotime, China) for 1 h. Propidium iodide was a fluores-
cent dye and it was able to pass through the membrane of 
dead cells to intercalate with cellular DNA and emit red fluo-
rescence which could be detected by flow cytometer [23]. 

Table 1  Primers used for qRT-PCR

Primers Primer sequences

CTRP3 Forward: 5′-TTG CTC CTC GTA GCT TCT -3′
Reverse: 5′-CGT ATG TCT CTT GGG GTT ACG-3′

NFR-1 Forward: 5′-TGT CAC CAT GGC CCT TAA CAG TGA -3′
Reverse: 5′-TGA ACT CCA TCT GGG CCA TTA GCA -3′

NFR-2 Forward: 5′-GGG GAA CAG AAC AGG AAA CA-3′
Reverse: 5′-CCG TAA TGC ACG GCT AAG TT-3′

TFAM Forward: 5′-AAA TGG CTG AAG TTG GGC GAA GTG -3′
Reverse: 5′-AGC TTC TTG TGC CCA ATC CCA ATG -3′

β-actin Forward: 5′-TCG TGC GTG ACA TTA AAG AG-3′
Reverse: 5′-ATT GCC GAT AGT GAT GAC CT-3′
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The apoptotic analysis was performed using the CytoFLEX 
Flow Cytometer (Beckman Coulter, USA).

Evaluation of Mitochondrial DNA

The genome DNA of mitochondria was isolated and purified 
through using the TIANamp Genomic DNA Kit (Tiangen, 
China). After DNA quantification using a Varioskan LUX 
microplate reader (Thermo Fisher, USA), the mitochondrial 
DNA copy number was determined by the quantitative PCR 
systems (ProFlex PCR, Thermo Fisher, USA) through the 
relative number of  tRNALeu to genome β-2-microglobulin 
which was introduced by Venegas et al. [24]. The primers 
used were:  tRNALeu forward: CAC CCA AGA ACA GGG 
TTT GT; reverse: TGG CCA TGG GTA TGT TGT TA. β-2-
microglobulin forward: TGC TGT CTC CAT GTT TGA TGT 
ATC T; reverse: TCT CTG CTC CCC ACC TCT AAGT. The 
procedure was strictly according to Venegas’s methods. 
In order to calculate the mitochondrial DNA content, the 
difference in mean CT values between the  tRNALeu and 
β-2-microglobulin termed ΔCT were calculated as ΔCT 
= (β-actin  CT) − (CytBCT) and mitochondrial DNA copy 
number = 2 × 2

ΔC
T. 2 × 2

ΔC
T = mitochondrial DNA content. 

And the relative mitochondrial DNA content = mitochon-
drial  DNAsample/mitochondrial  DNAcontrol.

Detection of Mitochondrial Membrane Potential

The mitochondria were extracted from the HPPNCs and 
purified using the Cell Mitochondria Isolation Kit (Beyo-
time, China). Then the detection of mitochondrial membrane 
potential was achieved using the Mitochondrial Membrane 
Potential Assay Kit with JC-1 (Beyotime, China). Briefly, 
0.1 ml of 100 µg mitochondria was added into 0.9 ml JC-1 
staining solution. The higher membrane potential would 
cause JC-1 aggregation in the matrix of mitochondria and 
produced red fluorescence whereas JC-1 would behave as 
a monomer in the matrix and showed green fluorescence 
when the membrane potential was low. The fluorescent sig-
nal was detected using the Varioskan LUX microplate reader 
(Thermo Fisher, USA) under the wavelengths of 485 nm 
excitation and 590 nm emission and normalized with inter-
nal control according to the supplier’s protocol.

Evaluation of ATP Level

The ATP level of HPPNCs was measured using the ATP 
Assay Kit (Beyotime, China) after the cells were lysed 
using the lysis buffer in this reagent kit. The standard curve 
was made following the provider’s instructions and the 
ATP level was positively proportional to the firefly lucif-
erase which was measured by GloMax 20/20 Luminom-
eter (Promega, USA). The ATP level = [(absorbancesample 

−  absorbancecontrol)/(absorbancestandard −  absorbanceblank)] × 
the concentration of standard × dilution factor/the protein 
concentration of the sample.

Detection of ROS and  H2O2 Levels

The generation of ROS was a major contributor to neu-
ronal damage following ischemia. It consisted of highly 
reactive charged oxygen free radicals, hydroxyl radical and 
non-radical oxidants [25]. The total ROS level of HPPNCs 
was estimated using the Reactive Oxygen Species Assay 
Kit (Beyotime, China). DCFH-DA could pass through the 
plasma membrane and be hydrolyzed to DCFH which could 
not pass through the plasma membrane. The ROS inside the 
cell could oxidize DCFH to produce DCF and show fluores-
cence. In details, the samples were incubated with DCFH-
DA probe in a humidified incubator (QP-160II, Biobase, 
China) at 37 °C for 20 min. ROS could oxidize DCFH to 
DCF which exerts fluorescent activities. The fluorescence 
intensity was detected through Varioskan LUX micro-
plate reader (Thermo Fisher, USA) and it was monitored at 
488 nm excitation and 525 nm emission. The results were 
normalized with the internal reference Rosup provided in the 
kit. Because SOD could catalyze and increase the production 
of  H2O2 and  O2. The mitochondrial  H2O2 level was meas-
ured by the MitoPY1 fluorescent probe (Tocris, UK) and 
the detailed procedures had been described by Dickinson 
et al. [26]. The reaction of MitoPY1 with  H2O2 triggered 
a fluorescence increase by its conversion to MitoPY1ox, 
which possessed one major absorption band at 510 nm and 
enhanced emission. Therefore, the MitoPY1 fluorescence 
intensity was detected at 510 nm excitation and 528 nm 
emission using Varioskan LUX microplate reader (Thermo 
Fisher, USA).

Examination of SOD Activity

The antioxidant enzyme superoxide dismutase (SOD) cata-
lyzed the dismutation of reactive charged oxygen free radi-
cals into  H2O2. The SOD activity was checked using the 
Total Superoxide Dismutase Assay Kit with WST-8 (Bey-
otime, China) according to the provider’s instructions. In 
general, WST-8 could react with negatively charged oxygen 
free radicals  (O2

−) which was catalyzed by xanthine oxidase 
to produce formazan. Because SOD catalyzed the dispro-
portionation of  O2

− to inhibit the production of formazan, 
the activity of SOD should be negatively proportional to 
the formazan. Briefly, the HPPNCs were washed with iced 
PBS and incubated with SOD solution for cell lysis. After 
centrifugation at 37 °C under 12,000×g for 5 min, the super-
natant was collected. Subsequently, 151 µl supernatant, 8 µl 
WST-8, 1 µl enzyme was mixed well and sent for absorbent 
detection. The absorbance was detected using the Varioskan 



3049Neurochemical Research (2020) 45:3045–3058 

1 3

LUX microplate reader (Thermo Fisher, USA) under the 
wavelength of 450 nm. The results were normalized with 
the internal standard provided in the kits.

Immunofluorescent Assay

To evaluate the expression of mitochondrial morphology, 
the harvested HPPNCs were fixed in 4% formaldehyde (Bey-
otime, China) for 15 min, followed by PBS rinsing three 
times. After that, PBS, 5% FBS (Beyotime, China) and 0.3% 
Triton X-100 (Beyotime, China) were applied for cell block-
ing for 1 h and the cells were stained with rabbit anti-Tom 
20 (1:200) antibody (1:500, CST, USA) for 12 h. Next, after 
washing the samples three times with PBS, the secondary 
goat anti-rabbit IgG antibody conjugated to Alexa Fluor 
488 (1:500, Beyotime, China) was added to the samples and 
incubated for 2 h. At last, the cells were observed under the 
fluorescence inverted microscope (Olympus CKX53, Japan) 
and the mitochondria with fragmented patterns were termed 
as the mitochondrial fission.

Immunoprecipitation

The immunoprecipitation assay was performed using the 
Immunoprecipitation Kit (Sangon, China). In details, the 
HPPNCs were harvested and lysed by the lysis buffer, after 
centrifugation at 10,000×g for 5 min, then the supernatant 
was collected and incubated with Protein A/G Plus Agarose 
and the reagents for 1 h at 4 °C. After another centrifuga-
tion step of 6000×g for 5 min, the supernatant was collected 
and 5 µg/mL anti-PGC-1α or anti-acetyl lysine antibody 
(GeneTex, USA) was added and incubated for 12 h. Then 
the samples were incubated and rotated with Protein A/G 
beads for 2 h at 4 °C. After washing 3 times with PBS and 

resuspension, the proteins were analyzed through western 
blot assay which had been described above.

Statistical Analysis

All experiments were independently conducted in trip-
licate and repeated three times. Data were expressed as 
mean ± SD. Statistical analyses were conducted using SPSS 
25.0 (SPSS Inc, USA) and Graphpad Prism 8.3.0 (Graphpad 
LLC, USA). Student’s t-test or one-way analysis of variance 
(ANOVA) was used to determine the statistical differences 
between groups under different conditions. P < 0.05 was 
considered to indicate a statistically significant difference.

Results

The Decreased CTRP3 Expression in OGD/R Treated 
HPPNCs

At first, we established the OGD/R model in vitro. CCK-8 
assay was performed to evaluate the viability of HPPNCs 
to choose the optimum time of OGD treatment and the 
results indicated that the cell viability was decreased with 
an increase of OGD/R treatment time. The cell viability after 
4 h OGD treatment was 58% whereas the viability after 6 h 
OGD was 45% (Fig. 1a). Therefore 4 h was chosen as the 
optimum OGD/R treatment time. Then the expression of 
CTRP3 in HPPNCs cells was examined by qRT-PCR and 
western blot. The outcomes indicated that OGD/R treated 
cells expressed less CTRP3 at both mRNA and protein levels 
(Fig. 1b, c).

Fig. 1  The decreased CTRP3 expression in OGD/R treated HPPNCs cells. a The cell viability was detected by CCK-8 assay. b The mRNA 
expression of CTRP3 was determined by qRT-PCR. c The protein expression of CTRRP3 was checked by western blot. *P < 0.05, **P < 0.01
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CTRP3 Increased the Viability and Inhibited 
the Apoptosis of OGD/R Cells

To investigate the effect of CTRP3 on HPPNCs undergone 
ischemic stroke, we overexpressed CTRP3 using lentiviral 
expression vectors in OGD/R treated and untreated HPP-
NCs. QRT-PCR and western blot were performed to check 
the transfection efficiency. The results indicated that the 
CTRP3 mRNA and protein expressions in OGD/R + Lenti-
CTRP3 and Lenti-CTRP3 groups were significantly ele-
vated compared with OGD/R and control groups, respec-
tively (Fig. 2a, b). Subsequently, the result of CCK-8 assay 
showed that OGD/R treatment significantly decreased the 
cell viability of HPPNCs compared with the untreated 
HPPNCs and overexpression of CTRP3 could enhance the 
viability of HPPNCs after OGD/R treatment (Fig. 2c) and 
it also suppressed the apoptosis of OGD/R cells which was 
suggested by the results of flow cytometry (Fig. 2d). After 
that, the outcomes of western blot also verified the results of 
flow cytometry which demonstrated that OGD/R treatment 
downregulated the expression of Bcl-2 but upregulated the 
expression of Bax. Then the Bcl-2 expression was increased 
but the Bax expression was decreased by overexpression of 
CTRP3 in the OGD/R + Lenti-CTRP3 group compared with 
the OGD/R and OGD/R + Lenti NC groups (Fig. 2e). These 
results proved that CTRP3 could enhance the viability and 
protect the HPPNCs from apoptosis after OGD/R treatment.

CTRP3 Promoted the Mitochondrial Biogenesis 
and Physiological Functions

A previous study found that CTRP3 had shown the 
enhancement of mitochondrial biogenesis properties in 
the treatment of myocardial infarction [22]. Firstly, we 
explored the expression levels of genes and proteins 
involved in the biogenesis of mitochondria in OGD/R 
treated and untreated HPPNCs. The results indicated that 
OGD/R treatment could decrease the expression of NRF-
1, NRF-2 and TFAM at both mRNA (Fig. 3a) and protein 
levels (Fig. 3b) compared with the control group and its 
effects in the OGD/R treated HPPNCs could be counter-
acted by CTRP3. In addition to this, CTRP3 rescued the 
expression of mitochondrial DNA which was downregu-
lated by OGD/R treatment in HPPNCs (Fig. 3c). Besides, 
CTRP3 overexpression could also overcome the influences 
caused by OGD/R treatment to increase the mitochondrial 
membrane potential (Fig. 3d) and ATP (Fig. 3e) level in 
OGD/R treated HPPNCs. Moreover, it was also indicated 
by the immunofluorescent assay that the mitochondrial 
morphology was tubular and tightly connected in the con-
trol, Lenti-NC, Lenti-CTRP3 groups whereas the mito-
chondrial fission was observed and their elongated net-
work changed to small and globular structures scattered 

in the neurons in OGD/R, OGD/R + Lenti NC groups, and 
Lenti-CTRP3 partly redeemed the mitochondrial fragmen-
tation caused by OGD/R (Fig. 3f). Moreover, the addi-
tion of CTRP3 could diminish the ROS and  H2O2 levels 
(Fig. 3g, h) and upregulate the SOD activity (Fig. 3i) to 
neutralize the effects caused by OGD/R treatment in HPP-
NCs. These results proved that CTRP3 had the protective 
roles in mitochondrial biogenesis and the physiological 
functions of HPPNCs.

Inhibition of PGC‑1α Counteracted 
the Protective Effects of CTRP3

Since PGC-1α was a key factor in mitochondrial bio-
genesis, we examined the effect of CTRP3 on PGC-1α 
expression. The western blot analysis showed that the 
expression of PGC-1α was decreased in OGD/R treated 
HPPNCs compared with the untreated cells, and overex-
pression of CTRP3 enhanced PGC-1α expression in the 
OGD/R treated HPPNCs (Fig. 4a) which revealed that 
PGC-1α expression was mediated by the regulatory effect 
of CTRP3 on mitochondrial biogenesis in HPPNCs. Fur-
thermore, si-PGC-1α and CTRP3 were co-transfected into 
HPPNCs and the cells underwent OGD/R treatment. The 
results of western blot indicated that OGD/R treatment 
downregulated PGC-1α expression and this impact would 
be partially reversed by CTRP3 transfection. And the addi-
tion of siR-PGC-1α suppressed the expression of PGC-1α 
in siR-PGC-1α group (Fig. 4b). Subsequently, mitochon-
drial biogenesis-related genes (NRF-1, NRF-2, TFAM) 
expressions were examined using qRT-PCR and western 
blot. And the results showed that in the OGD/R + Lenti-
CTRP3 + si-PGC-1α group, si-PGC-1α transfection 
repealed CTRP3-induced the upregulated expressions of 
NRF-1, NRF-2 and TFAM at both mRNA (Fig. 4c) and 
protein levels (Fig. 4d) compared with the OGD/R + Lenti-
CTRP3 + si-NC group. Afterward, the transfection of siR-
PGC-1α could also impede the mitochondrial DNA level in 
the OGD/R + Lenti-CTRP3 + siR-PGC-1α group (Fig. 4e). 
Furthermore, knockdown of PGC-1α diminished the mito-
chondrial membrane potential (Fig. 4f) and ATP (Fig. 4g) 
level inducted by CTRP3. The ROS and  H2O2 levels were 
increased in the OGD/R + Lenti-CTRP3 + si-PGC-1α 
group compared with the OGD/R + Lenti-CTRP3 group 
(Fig.  4h, i). At the same time, in the OGD/R + Lenti-
CTRP3 + si-PGC-1α group, the SOD activity mediation 
by CTRP3 was suppressed by si-PGC-1α compared with 
the OGD/R + Lenti-CTRP3 group (Fig. 4j). These results 
proposed that knockdown of PGC-1α hampered the mito-
chondrial biogenesis and it negatively affected the protec-
tive function of CTRP3 in HPPNCs.
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Fig. 2  CTRP3 increased the 
viability and inhibited the apop-
tosis of OGD/R cells. a The 
mRNA expression of CTRP3 
was determined by qRT-PCR. 
b The protein expression of 
CTRP3 was checked by western 
blot. c The cell viability was 
detected by CCK-8 assay. d Cell 
apoptosis was evaluated by flow 
cytometry. e The expressions of 
Bax and BCL-2 were examined 
by western blot. *P < 0.05, 
**P < 0.01
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Fig. 3  CTRP3 promoted the mitochondrial biogenesis. a The mRNA 
expressions of mitochondrial genes were verified by qRT-PCR. b The 
protein expressions of mitochondrial genes were tested by western 
blot. c The evaluation of mitochondrial DNA level by a reagent kit. d 
The test of mitochondrial membrane potential by a reagent kit. e The 

determination of the ATP level by a reagent kit. f The mitochondrial 
morphology and fission were checked by immunofluorescent assay. 
Scale bars: 50  µm. g The ROS level was tested by a reagent kit. h 
The  H2O2 level was tested by MitoPY1 fluorescent probe. i The SOD 
activity was determined by a reagent kit. *P < 0.05, **P < 0.01
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CTRP3 regulated PGC‑1α expression via the control 
of AMPK and Sirt1

To further investigate the molecular mechanism, we detected 

AMPK and Sirt1 expressions which were the upstream 
transcription factors of PGC-1α. As shown by the results 
Fig. 5a, the OGD/R treatment resulted in the downregula-
tion of p-AMPK and Sirt1 compared with the control group, 

Fig. 4  Inhibition of PGC-1α counteracted the protective effects of 
CTRP3. a The protein expression of PGC-1α was checked by western 
blot. b The protein expression of PGC-1α was checked by western 
blot. c The mRNA expressions of mitochondrial genes were verified 
by qRT-PCR. d The protein expressions of mitochondrial genes were 
tested by western blot. e The evaluation of mitochondrial DNA level 

by a reagent kit. f The test of mitochondrial membrane potential by 
a reagent kit. g The determination of the ATP level by a reagent kit. 
h The ROS level was tested by a reagent kit. i The  H2O2 level was 
tested by MitoPY1 fluorescent probe. j The SOD activity was deter-
mined by a reagent kit. *P < 0.05, **P < 0.01
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and CTRP3 overexpression improved p-AMPK and Sirt1 
expressions in the OGD/R treated HPPNCs. To further ver-
ify whether AMPK and Sirt1 expressions were controlled by 
the effect of CTRP3 on PGC-1α, the 10 µM AMPK inhibi-
tor AraA which was a competitive inhibitor blocked the 
phosphorylation of AMPK and also inhibited its expression 
and 10 µM Sirt1 inhibitor EX-527 which could close the 
 NAD+ binding site of SIRT1 and reduce SIRT1 expression 
were added into OGD/R treated HPPNCs transfected with 
Lenti-CTRP3, respectively. The results of western blot sub-
sequently demonstrated that the addition of AraA hampered 
AMPK, p-AMPK and PGC-1α expressions, meanwhile 
decreased the expression of Sirt1. EX-527 diminished the 
expression levels of Sirt1 and PGC-1α which were increased 
by overexpression of CTRP3 (Fig. 5b). And the expression 

level of phosphorylated PGC-1α was attenuated by AraA but 
EX-527 had no effect on p-PGC-1α expression. (Fig. 5b). 
These outcomes proved that knockdown of AMPK abated 
the expressions of p-PGC-1α. Subsequently, the results of 
immunoprecipitation revealed that the EX-527 significantly 
inhibited the deacetylation of PGC-1α induced by CTRP3 
(Fig.  5c). Afterward, the upregulated levels of NRF-1, 
NRF-2 and TFAM induced by CTRP3 overexpression were 
reduced by the addition of AraA and EX-527 (Fig. 5d). Last 
but not least, the addition of AraA and EX-527 weakened 
the effect of CTRP3 on mitochondrial functions in OGD/R 
treated HPPNCs (Fig. 5e–i). These results above interpreted 
that CTRP3 mediated the expression of PGC-1α through the 
regulation of AMPK and Sirt1 in OGD/R treated HPPNCs.

Fig. 5  CTRP3 regulated PGC-1α expression via the control of 
AMPK and Sirt1.  a  The protein expressions of AMPK, p-AMPK 
and Sirt1 were tested by western blot. b The protein expressions of 
AMPK, p-AMPK, Sirt1, PGC-1α and p-PGC-1α were checked by 
western blot. c The deacetylation of PGC-1α was evaluated by immu-
noprecipitation. d The protein expressions of mitochondrial genes 

were tested by western blot. e The test of mitochondrial membrane 
potential by a reagent kit. f The determination of the ATP level by a 
reagent kit. g The ROS level was tested by a reagent kit. h The  H2O2 
level was tested by MitoPY1 fluorescent probe. i The SOD activity 
was determined by a reagent kit. *P < 0.05, **P < 0.01
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Discussion

Cerebral ischemic stroke had high morbidity and the recov-
ery of blood and oxygen supply timely to the ischemic brain 
tissue was crucial for patients’ survival. Although reper-
fusion therapy was the most common approach applied 
clinically in the treatment of cerebral ischemic stroke, the 
damages caused by reperfusion such as calcium overload, 
oxidative stress, inflammatory responses and neuronal 
apoptosis could not be ignored [27]. OGD/R treatment 
was a classic and widely used method that could mimic 
the ischemia/reperfusion (I/R) injury in vitro [28]. In our 
study, after OGD/R treatment, the hippocampal neuronal 
cells showed lower viability compared with normal neurons 
and a study designed by Wang et al. showed that OGD/R 
treatment could trigger neuronal autophagic cell death [29]. 
Bax was a pro-apoptotic protein whereas BCL-2 was an anti-
apoptotic protein, both of them were related to the intrinsic 
mitochondrial apoptotic program, regulated the permeability 
of the mitochondrial membrane, the opening of the channels 
and release of cytochrome c to control apoptosis [28]. Here, 
we found that OGD/R triggered mitochondrial fission which 
was consistent with Zhou et al.’s report [30]. OGD/R also 
upregulated the expression level of Bax but downregulated 
the expression level of BCL-2. CTRP3 was an adipokine that 
owned crucial roles in metabolic regulatory properties. The 
other studies raised that the CTRP3 level could be reduced 
by depression [21] and myocardial dysfunction [31]. We 
found in this study that CTRP3 expression was diminished 
in the OGD/R treated hippocampal neuron cells HPPNCs 
compared with untreated cells. In addition, CTRP3 showed 
its neuroprotective effects to overcome cognitive dysfunction 
[20] and prevented mesenchymal stem cells from hypoxia-
induced apoptosis through the phosphoinositide 3-kinase 
(PI3K)/Akt pathway [32].

Mitochondria played vital roles in maintaining cellu-
lar energy production and homeostasis, cerebral ischemia 
led to the deterioration of the hippocampal neuronal 
mitochondria [33]. The extensive ROS during cerebral 
ischemic stroke would trigger mitochondrial fission and 
dysfunction, which subsequently contributed to charac-
teristic pathological changes in the hippocampal neurons 
and brain [34]. In this study, we proposed that overexpres-
sion of CTRP3 enhanced the viability with downregulated 
apoptosis of HPPNCs, ameliorated mitochondrial fission 
and improved the mitochondrial biogenesis and func-
tions in OGD/R treated HPPNCs which were consistent 
with the results of the study conducted by Zhang et al., 
which suggested that CTRP3 could promote mitochondrial 

biogenesis in cardiomyocytes [22]. These ideas pointed 
out that CTRP3 might have potential beneficial roles for 
the regulation of mitochondria in ischemic stroke.

PGC-1α served as a transcriptional co-activator for 
the mediation of mitochondrial biogenesis. A study had 
proved that silencing of endogenous PGC-1α would 
impede the expressions of mitochondrial-related genes 
NRF-1 and NRF-2 thus reducing the expressions of 
downstream nuclear-encoded mitochondrial genes such as 
cytochrome c (cyt c) and TFAM in human neuroblastoma 
cells [35]. In our study, we also verified that knockdown 
PGC-1α decreased the expressions of NRF-1, NRF-2 and 
TFAM at both mRNA and protein levels which was con-
sistent with Koh et al.’s findings [36]. The expression level 
of PGC-1α could be strengthened by CTRP3 in vascular 
smooth muscle cells to ameliorate the energy production 
function of mitochondria [37]. Our research conducted 
on hippocampal neuronal cells firstly presented that the 
CTRP3 could improve the expression of PGC-1α and 
knockdown of PGC-1α partially neutralized the beneficial 
effects brought by CTRP3. Besides, AMPK was an enzyme 
centrally controlled of intracellular energy balance and 
mitochondrial homeostasis. Its main role was to phospho-
rylate the downstream target molecules to enhance ATP 
production and decrease ATP consumption [38]. Research 
paper had proposed that AMPK phosphorylated PGC-1α 
to overcome ischemic tolerance in cardiac myocytes [39]. 
The AMPK-PGC-1α also protected the astrocyte glu-
tathione system against oxidative and metabolic injury 
after retinal ischemia/reperfusion [40]. In addition, Zhang 
et al. pointed out that AMPK could be phosphorylated by 
CTRP3 to ameliorate mitochondrial dysfunction in cardio-
myocytes [22] which was consistent with the results of this 
present study which conducted on hippocampal neuronal 
cells. Besides this, the activated AMPK would upregulate 
the expression of SIRT1 which was a histone deacetylase 
[41]. Deacetylation of PGC-1α by SIRT1 could promote 
the transcription of mitochondrial genes and enhance mito-
chondrial functioning [42]. Here, we found that SIRT1 
deacetylated PGC-1α to enhance mitochondrial biogenesis 
in hippocampal neuron cells.

Taken together, we presented in this research for the first 
time with compelling evidence that CTRP3 was a novel 
activator of AMPK, AMPK could directly phosphoryl-
ate PGC-1α or enhance SIRT1 expression thus promot-
ing PGC-1α deacetylation (Fig. 6). In conclusion, our data 
provided a neuronal preventative method against cerebral 
ischemia and reperfusion and indicated a rational direction 
for further in vivo research.
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