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INTRODUCTION 
 

Cardiovascular disease (CVD) is the main cause of 

death with a mortality rate higher than that of tumors 

and other diseases. CVD morbidity and mortality rate 

have been increasing yearly [1]. Acute myocardial 

infarction (AMI) is the most fatal among ischemic heart 

diseases [2, 3]. Currently, CVD is treated through blood 

reperfusion as early as possible. Therefore, recovering 

coronary blood supply early is the basic treatment for 

acute myocardial infarction [4, 5]. However, 

reperfusion is a double-edged sword [6]. Reperfusion 

causes additional cardiomyocyte damage while 

preserving the original ischemic cardiomyocytes. The 

main manifestations of reinjury include myocardial 

function, morphology and alteration in metabolism and 

other aspects that can induce cardiomyocyte death in 

severe cases [7]. The pathogenesis of myocardial 

ischemia/reperfusion injury is a complex process 

involving multiple factors comprised of many molecular 

and cellular mechanisms. The exact mechanism has not 

yet been fully elucidated [8]. Studies have shown that 

the main factors for pathogenesis of myocardial 

ischaemia/reperfusion injury include the accumulation 

of oxygen free radicals, calcium ion overload, 

mitochondrial dysfunction, inflammation, endothelial 

cell damage, apoptosis and autophagy and other 

mechanisms [9, 10]. Based on the research of these 

mechanisms, most of the current drug treatments have 

been developed for pathogenesis. These include 

scavenging free radicals and antioxidant therapy, 

reducing calcium ion overload, inhibiting 

cardiomyocyte apoptosis, ischemic preconditioning, etc. 

[11]. However, even though a large number of 
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ABSTRACT 
 

Background: Myocardial ischemia/reperfusion (I/R) injury is common during the treatment of cardiovascular 
diseases. Neuronal PAS Domain Protein 2 (NPAS2) is one of the core genes that control the rhythm of the 
biological clock. NPAS2 also regulates the biological rhythm.  
Results: The rat I/R model showed that the expression of NPAS2 decreased with the increase of reperfusion 
time. Overexpressing NPAS2 adenovirus (ad-NPAS2) was injected into IR rat which demonstrated that ad-
NPAS2 ameliorated rats I/R injury. A hypoxia/reoxygenation (H/R) model in rat cardiomyocytes showed that 
ad-NPAS2 inhibited cardiomyocyte apoptosis. Co-Immunoprecipitation results showed that there is an 
interaction between NPAS2 and Cry2. Knockdown of Cry2 aggravated the cardiomyocyte apoptosis induced by 
H/R. Additionally, NPAS2 directly act on the promoter region of CX3CL1. Knockdown of CX3CL1 reverse the 
protective effect of ad-NPAS2 on rat myocardial ischemia-reperfusion injury and H/R-induced cardiomyocyte 
apoptosis. CX3CL1 also regulates autophagy through the downstream AKT/mTOR pathway.  
Conclusions: research demonstrated that overexpression of NPAS2 interacts with Cry2 and promotes the 
transcriptional activity of CX3CL1. Moreover, overexpression of NPAS2 regulates the downstream AKT/mTOR 
pathway to inhibit autophagy in order to improve rat cardiac I/R injury. 
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experiments with definite curative effects have been 

published in the journals, no positive results have been 

obtained in relation to clinical applications [12, 13]. 

There is no effective method to avoid or reduce 

myocardial ischemia reperfusion injury. 

 

Myocardial ischemia/reperfusion injury stimulate the 

body's endogenous protective mechanisms to repair 

myocardial damage, such as activating autophagy, anti-

inflammatory, and apoptosis inhibitory signals [14]. 

Autophagy is a cellular process that participates in the 

degradation of damaged or redundant proteins and 

organelles. Autophagy plays a role in regulating cell 

homeostasis and maintaining body energy [15]. 

Autophagy is a protective intracellular process. 

Recently, studies have shown that when moderate 

autophagy plays enhances cell viability and inhibits cell 

apoptosis. However, when autophagy is over-activated 

or maintained at a high level, it causes self-digestion 

and the degradation of the basic components in the cell 

which ultimately leads to impaired tissue and organ 

function [16]. Autophagy also plays an important role in 

the process of myocardial ischemia and reperfusion. In 

the myocardial ischemia stage, autophagy is activated 

due to the energy crisis of myocardial cells and 

oxidative stress. This helps to maintain the structure and 

function of myocardial cells and protect the 

physiological functions of the heart. In the reperfusion 

stage, autophagy is over-activated, it causes autophagic 

death of cardiomyocytes and tissue damage [14]. 

Moreover, autophagy affects the level of cardiomyocyte 

apoptosis through the Beclin1/Bcl-2 pathway, and 

aggravate cardiomyocyte damage [17]. Therefore, 

autophagy has become a major area for studying the 

mechanism of drugs that protect myocardial I/R injury. 

 

The circadian clock is internal in the organism and is 

synchronized with the circadian time. This ensures that 

the body can adjust its activities and physiological 

responses to adapt to changes in the surrounding 

environment at different times of the day. The molecular 

composition of the circadian clock is very complex. A 

series of core circadian genes form a negative feedback 

loop through transcription and translation which causes 

circadian rhythm changes. There are 10 cloned core 

biological rhythm genes including NPAS2 in the 

chromosomes [18]. Theodore et al. found that, the 

circadian clock gene oscillation (that is, the difference 

from peak to trough) in the I/R area rapidly weakened 

compared with the non-ischemic area [19]. A report in 

Circ Res. showed that the heart was ischemic during the 

transition from sleep to waking (ZT12). The infarct area 

increased by 3.5 times compared with the infarct area (in 

the ischaemic heart) during the transition from waking to 

sleep (ZT0). After 1 month of reperfusion, the ischemic 

events of ZT12 compared to ZT0 resulted in greater 

infarct volume, fibrosis, poor remodeling, and greater 

inhibition of contractile function [20]. NPAS2 is an 

important member of the biorhythm gene family. It is 

widely distributed in human tissues and cells, and it 

mainly functions as a transcription factor in the cell [21]. 

The study also found that, the expression of the circadian 

clock gene NAPS2 in the I/R area was down-regulated 

compared with the non-ischemic area [19]. Whether 

NPAS2 regulates autophagy to contribute to its function 

in cardiomyocytes ischemia/reperfusion, little is known 

about it. Hence, the purpose of this research was to 

clarify the effect of NPAS2 in modulating autophagy 

caused by ischemia/reperfusion and its potential 

mechanisms. 

 

RESULTS 
 

NPAS2 was downregulated in of myocardial 

ischaemia/reperfusion injury rats 

 

The changes in the morphology of myocardial tissues 

were detected using HE and Masson staining. The 

results showed that fibrosis of myocardial tissues was 

intensified gradually in 30 min ischaemia heart as a 

consequence of 60 min and 180 min reperfusion (Figure 

1A, 1B). Moreover, M-mode echocardiographic 

analyses, TTC and Tunel staining indicated that, 

myocardial infarction size and apoptotic myocytes were 

increased. Additionally, Left ventricular ejection 

fraction (LVEF) was decreased after ischaemia 

followed by 60 min and 180 min reperfusion (Figure 

1C–1H). qRT-PCR and Western blot results 

demonstrated that NPAS2 mRNA and protein 

expression were suppressed after 30 min ischaemia and 

further decreased after 60 min and 180 min reperfusion 

(Figure 1I, 1J). Western blot tests the protein of LC3B 

and p62 which indicated that I/R enhanced 

cardiomyocyte autophagy n (Figure 1J). In summary, 

the data revealed the connotation between the level of 

NPAS2, autophagy and ischaemia/reperfusion injury. 

 

Overexpression of NPAS2 ameliorated rats 

ischaemia/reperfusion injury in vivo and 

hypoxia/reoxygenation injury in vitro 
 

Rats were intratracheally administered with 

overexpressing NPAS2 adenovirus (ad-NPAS2) and 

knockdown NPAS2 adenovirus (shNPAS2) for two 

consecutive days once a day to further elucidate the 

mechanism of NPAS2. ad-NPAS2 and shNPAS2 

induced myocardial ischaemia for 30 minutes and 

reperfusion for 180 minutes. The histomorphology of 

the cardiac muscle and M-mode echocardiographic 

analyses indicated that ad-NPAS2 regulated I/R induced 

myocardial damage while shNPAS2 exacerbated 

myocardial damage (Figure 2A–2H). The qRT-PCR and 
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Figure 1. NPAS2 was downregulated in myocardial ischaemia/reperfusion injury rats. (A, B) Typical images of H&E and Masson 
staining of myocardial tissue segments. (C, D) Typical images of TTC of myocardial tissue segments. The infarct size was measured and 
calculated as a percentage of the total area. (E, F) Typical images of Tunel of myocardial tissue segments. The relative percentages of 
apoptotic cells were calculated. (G, H) Typical echocardiographic images of M-mode and LVEF. (I) The mRNA level of NPAS2 in rat myocardial 
tissue was determined by qRT-PCR. (J) The protein level of NPAS2 (90kDa), LC3B (14 and 16kDa) and p62 (62kDa) in rat myocardial tissue was 
determined using Western Blot. Data are expressed as mean ± SEM (n = 6). 
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Figure 2. Overexpression of NPAS2 ameliorated rats ischaemia/reperfusion injury in vivo. (A, B) Typical images of H&E and 
Masson staining of myocardial tissue segments. (C, D) Typical images of TTC of myocardial tissue segments. The infarct size was measured 
and calculated as a percentage of the total area. (E, F) Typical images of Tunnel of myocardial tissue segments. The relative percentages of 
apoptotic cells were calculated. (G, H) Typical echocardiographic images of M-mode and LVEF. (I) The mRNA level of NPAS2 in rat myocardial 
tissue was determined by qRT-PCR. Data are expressed as mean ± SEM (n = 6). 
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Western blot assay proved the transfection efficiency of 

ad-NPAS2 and shNPAS2 in myocardial tissue (Figures 

2I, 3A). Figure 3B revealed that the level of cleaved-

caspase3 rose after ad-NPAS2 reversed its expression 

while shNPAS2 exacerbated its expression. 

Additionally, Western blot results of LC3B and p62, 

and immunofluorescence assay of LC3B (green) 

indicated that ad-NPAS2 suppressed I/R induced 

cardiomyocyte autophagy while shNPAS2 aggregated 

cardiomyocyte autophagy (Figure 3C, 3D). 

 

The ad-NPAS2 and shNPAS2 was transfected into a 

hypoxia/reoxygenation model on rat cardiomyocytes 

H9c2 for 48 h. The rat cardiomyocytes H9c were 

exposed to hypoxia 6 h and reoxygenation for 18 h. 

Moreover, in vivo I/R studies, flow cytometry and 

Western blot result of cleaved-caspase3 showed that ad-

NPAS2 inhibited cardiomyocyte apoptosis while 

shNPAS2 exacerbated cardiomyocyte apoptosis (Figure 

4A–4C). Western blot assay verified the transfection 

efficiency of ad-NPAS2 and shNPAS2 in H9c2 cells 

(Figure 4D). Western blot results of LC3B and p62 

indicated H/R induced autophagy in H9c2 cells. LC3-II/I 

level was suppressed and p62 level rose after 

transfection with ad-NPAS2 (Figure 4E). Furthermore, 

mRFP-GFP-LC3 revealed the increase of autolysosomes 

(RFP) and autophagosomes (RFP) in H9c2 cells after 

H/R, and suppressed with ad-NPAS2 (Figure 4F). 

Results of Transmission electron microscopy (TEM) of 

autophagic vacuoles in H9c2 cells were consisted with 

mRFP-GFP-LC3 results (Figure 4G). 

 

Cry2 interacted with NPAS2 in cardiomyocyte 

 

Cryptochrome circadian regulator 2 (Cry2) is a core 

circadian gene [22]. Bioinformatics analysis predicted 

Cry2 and NPAS2 have a potential interaction 

relationship (Figure 5A, 5B). Western blot assay showed 

that overexpression of NPAS2 enhanced the level of 

Cry2, while inhibition of NPAS2 suppressed the level of 

Cry2 both in vivo and in vitro (Figure 5C). Co-

immunoprecipitation (co-IP) results indicated NPAS2 

and Cry2 formed a protein complex in myocardial tissue 

and H9c2 cells. It was immunoprecipitation with anti-

NPAS2 or anti-Cry2 antibodies which were detected 

using anti-Cry2 or anti-NPAS2 (Figure 5D). Moreover, 

Cry2 knockdown adenovirus was transfected into H9c2 

cells. Flow cytometry and Western blot result of 

cleaved-caspase3 showed that the silence of Cry2 

reversed the anti-apoptosis effect of NPAS2 (Figure 5E–

5G). Western blot results and immunofluorescence 

staining of NPAS2 (green) and Cry2 (red) further 

confirmed the interaction between NPAS2 and Cry2 and 

their co-localization in H9c2 cells (Figure 5H, 5I). 

 

 
 

Figure 3. Overexpression of NPAS2 inhibited autophagy in ischaemia/reperfusion injury rats. (A) The protein level of NPAS2 in rat 
myocardial tissue was determined using Western Blot. (B) The protein level of Cleaved-Caspase-3 (17kDa) and Caspase-3 17kDa) in rat 
myocardial tissue was determined by Western Blot. (C) The protein level of LC3B and p62 in rat myocardial tissue was determined using 
Western Blot. (D) Representative photomicrographs of LC3B (green) immunofluorescence in rat myocardial tissue. DAPI was used to 
counterstain nuclei. 
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NPAS2 transcriptionally promoted CX3CL1 

expression in cardiomyocyte 

 

Yi et al. found that CX3CL1 is the direct transcriptional 

targets of NPAS2 in breast cancer cells via using the 

genome-wide ChIP-on-chip analysis [23]. Western blot 

results revealed that ad-NPAS2 promoted CX3CL1 

expression. shNPAS2 inhibited CX3CL1 expression 

both in vivo (Figure 6A) and in vitro (Figure 6B). 

Luciferase assay confirmed that CX3CL1 was the 

transcriptional target of NPAS2 (Figure 6C). ChIP assay 

confirmed that NPAS2 binds directly to the CX3CL1 

 

 
 

Figure 4. Overexpression of NPAS2 ameliorated hypoxia/reoxygenation injury in vitro. (A, B) Flow cytometry detected the 
changes of apoptosis in H9c2 cells and quantified. (C) The protein level of Cleaved-Caspase-3 (17kDa) and Caspase-3 (17kDa)in H9c2 cells was 
determined by Western Blot. (D) The protein level of NPAS2 in H9c2 cells was determined by Western Blot. (E) The protein level of LC3B (14 
and 16kDa) and p62 (62kDa) in H9c2 cells was determined by Western Blot. (F) Typical images of immunofluorescence staining of mRFP-GFP-
LC3 in H9c2 cells. Typical profiles of autophagosomes (RFP+GFP+dots) and autolysosomes (RFP+GFP-dots). (G) Autophagic vacuoles 
(autophagosomes) determined by transmission electron microscopy (TEM). Representative TEM images are shown, and typical 
autophagosomes are marked with black arrows. Data are expressed as mean ± SEM (n = 3). 
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Figure 5. Cry2 interacted with NPAS2 in cardiomyocyte. (A, B) String database (https://string-db.org/) and BioGRID Database 
(biogrid.org) were used to predict Cry2 and NPAS2 interaction. (C) The protein level of Cry2 (67kDa) in rat myocardial tissue and H9c2 cells 
was determined using Western Blot. (D) Co-IP assay was performed with anti-NPAS2 or anti-Crry2 antibody was carried out using extracts 
prepared from rat myocardial tissue and H9c2 cells. The presence of Cry2 or NPAS2 in these IPs was determined using Western Blot. (E, F) 
Flow cytometry detected the changes of apoptosis in H9c2 cells and quantified. (G) The protein level of Cleaved-Caspase-3 (17kDa) and 
Caspase-3 (17kDa) in H9c2 cells was determined using Western Blot. (H) The protein level of NPAS2 (90kDa) in H9c2 cells was determined 
using Western Blot. (I) Representative photomicrographs of NPAS2 (green) and Cry2 (Red) immunofluorescence in H9c2 cells. DAPI was used 
to counterstain nuclei. Data are expressed as mean ± SEM (n = 3). 

https://string-db.org/
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Figure 6. NPAS2 transcriptionally promoted CX3CL1 expression in vivo. (A) The protein level of CX3CL1 (100kDa) in rat myocardial 
tissue was determined by Western Blot. (B) The protein level of CX3CL1 (100kDa) in H9c2 cells was determined by Western Blot. (C) H9c2 
cells were transfected with CX3CL1 promoter and the luciferase activity was determined after 24 hours. (D) Amplification of the CX3CL1 
promoter sequence was performed BY ChIP assay in H9c2 cells. (E, F) Typical images of H&E and Masson staining of myocardial tissue 
segments. (G, H) Typical images of TTC of myocardial tissue segments. The infarct size was measured and calculated as a percentage of the 
total area. (I, J) Typical images of Tunnel of myocardial tissue segments. The relative percentages of apoptotic cells were calculated. (K, L) 
Typical echocardiographic images of M-mode and LVEF. (M) The protein level of CX3CL1 (100kDa), LC3B (14 and 16kDa), p62 (62kDa), 
Cleaved-Caspase-3 (17kDa), Caspase-3 (17kDa), p-AKT (60kDa), t-AKT (60kDa), p-mTOR (289kDa) and t-mTOR (289kDa) in rat myocardial 
tissue was determined by Western Blot. Data are expressed as mean ± SEM (n = 6). 
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promoter region in H9c2 cells. Knockdown 

CX3CL1adenovirus (shCX3CL1) was administered 

intratracheally into rats followed by ad-NPAS2 to 

further explore the mechanism of CX3CL1. The 

histomorphology of the cardiac muscle and M-mode 

echocardiographic analyses showed that, inhibition of 

CX3CL1 reversed the therapeutic effect of ad-NPAS2 

against I/R induced myocardial injury in rats (Figure 

6E–6L). A study reported that CX3CL1 enhanced the 

phosphorylation of AKT in acute myelocytic leukemia 

cells [24]. AKT/mTOR pathway is involved in 

regulating of autophagy [25, 26]. The AKT/mTOR 

pathway was evaluated using western blot. The data 

showed that I/R suppressed the phosphorylation of AKT 

and mTOR. The data also showed that overexpression 

of NPAS2 promoted the phosphorylation of AKT and 

mTOR. However, the effect of ad-NPAS2 was 

suppressed by shCX3CL1 (Figure 6M). Moreover, 

shCX3CL1 suppressed autophagy in myocardial tissue. 

 

shCX3CL1 was transfected into H9c2 cells for 48 h. 

Flow cytometry and Western blot result of cleaved-

caspase3 showed that shCX3CL1 promoted 

cardiomyocyte apoptosis which was inhibited by ad-

NPAS2 (Figure 7A–7C). Western blot verified that the 

level of CX3CL1 rose due to overexpression of NPAS2 

and was suppressed by silence of CX3CL1 in H9c2 

cells (Figure 7D). Figure 7E, 7F revealed that NPAS2 

promoted the phosphorylation of AKT and mTOR 

while was suppressed by shCX3CL1. Western blot 

results of LC3B and p62 indicated shCX3CL1 inhibited 

autophagy via AKT/mTOR pathway in H9c2 cells. 

mRFP-GFP-LC3 and TEM results in H9c2 cells were 

consisted with Western blot results (Figure 7G, 7H). 

 

DISCUSSION 
 

The study was designed to determine the mechanism of 

NPAS2 in myocardial ischaemia/reperfusion injury. The 

abnormality of the circadian gene, NPAS2, is closely 

related to various diseases. Studies showed that NPAS2 

is closely related to many diseases. Englund et al. found 

that the SNP rs11541353 of NPAS2 is closely related to 

hypertension which is one of the risk factors of 

metabolic syndrome [27]. People with the minor allele 

of SNP rs11541353 of NPAS2 have a low risk of 

hypertension. NPAS2 was closely associated with fetal 

liver metabolism and non-alcoholic fatty liver disease. 

Changes in fetal liver metabolism in NPAS2 knockout 

mice were mainly concentrated in lipid metabolism 

compared with wild-type mice. The possible underlying 

mechanism was related to the increase of PGC1α after 

NPAS2 knockout [28]. In addition, NPAS2 plays an 

important regulatory role in acquiring specific types of 

memory [29]. Gene variants of NPAS2 are related to 

winter depression [30, 31], reproduction and seasonal 

changes [32], and chronic fatigue syndrome [33]. Zhu et 

al. found that the non-synonymous mutation SNP 

rs2305160 (Ala394Thr) of NPAS2 is associated with 

the risk of non-Hodgkin’s lymphoma [34]. Hoffman et 

al. found that decreased expression of NPAS2 regulates 

the expression of multiple genes related to cell cycle 

and apoptosis [35]. This is related to the function of the 

NPAS2 transcription factor, and interference with 

NPAS2 can cause cells to react abnormally damaging 

DNA while damaging DNA repair capabilities. 

Therefore, NPAS2 play a role in inhibiting the 

occurrence and development of cells by regulating the 

expression of genes related to DNA damage. In this 

study, the results revealed that the enhanced level of 

NPAS2 during I/R contributed to cardiomyocyte 

apoptosis. These results confirmed the findings of a 

great deal of the previous work. However, several 

researches have reported that NPAS2 is an oncogene. 

Yuan et al. found that the expression of NPAS2 in liver 

cancer tissues was significantly down-regulated [36]. 

Clinicopathological analysis showed that the expression 

of NPAS2 in liver cancer correlated with tumor size, 

TNM stage and distant metastasis. In addition, the 5-

year survival rate of patients in the high expression 

group of NPAS2 was significantly lower than that in the 

low expression group. In this research, rats were 

injected with NPAS2 overexpression adenovirus which 

lead to the increased expression of NPAS2 in whole 

body of rats. The effect of such long-term use on the 

carcinogenicity of rats is unknown. Hence, cardiac 

specific NPAS2-Tg rat or cardiac specific adeno-

associated virus (AAV) should be used for further 

studies to observe the specific effect of NPAS2 on heart 

tissue. 

 

CX3CL1 is also known as fractalkine. CX3CL1 is the 

only known cell-membrane binding chemokine. It act 

both as chemokines and adhesion molecules 

concurrently. Membrane-bound CX3CL1 is mainly 

expressed on the surface of endothelium and epithelial 

cells. Membrane-bound CX3CL1 mainly mediate 

adhesion and plays a role in capturing neutrophils with 

positive expression of CX3CR1 in the bloodstream. The 

free state CX3CL1 mainly act as chemokines, 

chemokines to monocytes, natural killer cells, dendritic 

cells and T cells, etc. [37]. CX3CL1 is expressed in 

different cells where it plays different roles. CX3CL1 

expression in lymphocyte induces adhesion. CX3CL1 

mediates chemotaxis in mesenchymal cells. CX3CL1 

also participate in the process of tumor immune cells 

infiltration and invasion [38]. CX3CL1 exerts its anti-

inflammatory effects by reducing neurotoxicity and 

suppressing the overexpression of inflammatory factors 

(IL-1β, IL-6, TNF-α). Co-culture of neuron-microglia 

cells CX3CL1 reduce the production of pro-

inflammatory cytokines induced by lipopolysaccharide 
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and reduce the apoptosis of inflammation-related 

neurons [39]. In clinical studies, serum levels of 

CX3CL1 is associated with cardiovascular diseases 

such as carotid artery stenosis [40], unstable angina 

pectoris [41], and systolic heart failure [42]. The 

research results clearly indicated that the level of 

CX3CL1 was significantly decreased by I/R injury. The 

data also showed that NPAS2 transcriptionally 

upregulates CX3CL1 expression and inhibition of 

CX3CL1 reversed the treatment of ad-NPAS2 both 

 

 
 

Figure 7. NPAS2 transcriptionally promoted CX3CL1 expression in vitro. (A, B) Flow cytometry detected the changes of apoptosis in 
H9c2 cells and quantified. (C) The protein level of Cleaved-Caspase-3 (17kDa) and Caspase-3 (17kDa) in H9c2 cells was determined by 
Western Blot. (D) The protein level of CX3CL1 (100kDa) in H9c2 cells was determined by Western Blot. (E) The protein level of LC3B (14 and 
16kDa) and p62 (62kDa) in H9c2 cells was determined by Western Blot. (F) The protein level of p-AKT (60kDa), t-AKT (60kDa), p-mTOR 
(289kDa) and t-mTOR (289kDa) in H9c2 cells was determined by Western Blot. (G) Typical images of immunofluorescence staining of mRFP-
GFP-LC3 in H9c2 cells. Typical profiles of autophagosomes (RFP+GFP+dots) and autolysosomes (RFP+GFP-dots). (H) Autophagic vacuoles 
(autophagosomes) determined by transmission electron microscopy (TEM). Representative TEM images are shown, and typical 
autophagosomes are marked with black arrows. Data are expressed as mean ± SEM (n = 3). 
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in vitro and in vivo. More exploration on the mechanism 

of CX3CL1 in vascular endothelium and its effect on 

I/R in future experiments should be done. This is based 

on the fact that membrane-bound CX3CL1 is mainly 

expressed on the surface of endothelial and epithelial 

cells. Moreover, in this article, promoter activity of 

CX3CL1 was measured with a luciferase assay. Serial 

deletion and site-directed mutagenesis analyses were 

used to confirm the directly binding site in the CX3CL1 

promoter region. 

 

In this paper, NPAS2 was identified to regulate 

autophagy in a CX3CL1/AKT-dependent manner. High 

levels of NPAS2 inhibited autophagy and suppressed 

cardiomyocytes apoptosis. Researchers have found an 

association between AKT/mTOR mediated autophagy 

and myocardial ischemia/reperfusion injury [43–45]. 

However, studies also showed that Beclin1-mediated 

autophagy is involved in myocardial ischemia/ 

reperfusion injury. Zhu et al. found that, inhibition of 

Beclin1 expression in cardiomyocytes resulted in 

decreased autophagy and apoptosis of cardiomyocytes 

induced by I/R [46]. The mechanism is that ROS 

induced Beclin1 upregulation leading to defect in 

autophagosome maturation and increasing cell death 

[47]. It is unknown whether NPAS2 regulated the 

activation of autophagy via Beclin1. More research on 

this topic needs to be undertaken before the association 

between NPAS2 and Beclin1 is clearly understood in 

myocardial I/R injury. 

 

CONCLUSIONS 
 

The findings clearly indicate that overexpression of 

NPAS2 interacts with Cry2 and promotes the 

transcriptional activity of CX3CL1 NPAS2 also 

regulates the downstream AKT/mTOR pathway to 

inhibit autophagy to ameliorated rat cardiac I/R injury 
in vitro and in vivo. These results propose an 

opportunity that NPAS2 could be a potential target in 

acute myocardial infarction. 

 

MATERIALS AND METHODS 
 

Animals and ethics statement 
 

Male Sprague-Dawley rats (180–230 g) were purchased 

from Shanghai Sippr Bk Laboratory Animals 

(Shanghai, China). All rats were given free access to 

food and water under controlled conditions (12/12 h 

light/dark cycle with humidity of 60% ± 5% and a 

temperature of 22° C ± 3° C). All animals were treated 

in accordance with the Guidelines for Care and Use of 

Laboratory Animals. All experiments were approved 

and performed according to the guidelines of the Ethics 

Committee of Shanghai East Hospital, Shanghai, China. 

All surgical procedures were performed under 

anesthesia, and every effort was made to minimize 

suffering. Rats were anesthetized by intraperitoneal 

injection of sodium pentobarbital (30 mg/kg). 

 

Myocardial I/R model 

 

Rats were anaesthetized with 1–2% isoflurane. 

Myocardial ischaemia was induced by temporarily 

exteriorizing the heart via a left thoracic incision while 

placing a silk suture (6–0) slipknot around the left 

anterior descending coronary artery. After 30 min 

myocardial infarction, the slipknot was released, and the 

myocardium was reperfused. A subset of animals was 

treated with either MnTMPyP (5 mg/kg ip, 30 min 

before surgery) or sodium chloride (saline). Sham-

operated control rats (sham) underwent the same 

surgical procedures except that the suture placed under 

the left anterior descending was not tied. Anaesthesia 

was maintained with isoflurane inhalation and rat were 

sacrificed by cutting the carotid artery after 60min or 

180min reperfusion. Each group contained 6 different 

rats/group. 

 

Cell lines and cell culture 

 

The rat cardiomyoblast cell line H9c2 was purchased 

from the American Type Culture Collection (ATCC, 

Manassas, VA, USA) and cultured in DMEM 

supplemented with 10% FBS. H9c2 cells was 

transfected with the ad-NPAS2, shNPAS2, shCry2 or 

shCX3CL1 adenovirus for 48 h before exposure to 

hypoxia (93% N2, 2% O2, and 5% CO2) for 6 h and 

reoxygenation for 18 h. The H9c2 cells were then 

harvested for biological analyses. 

 

Statistical analysis 
 

All data were expressed as the mean ± standard error of 

the mean (SEM). Significant differences in mean were 

evaluated using One-Way ANOVA accompanied by 

LSD post hoc tests for mean separation. The 

significance level was set at P < 0.05. 

 

Detailed information on materials and methods is 

shown in the Supplementary Methods. 

 

Ethics approval and consent to participate 

 

The animal study has been examined and certified by 

the Ethics Committee of Shanghai East Hospitals. 
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The datasets generated for this study are available on 

request to the corresponding authors. 
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SUPPLEMENTARY MATERIALS 

 

 

 

Supplementary Methods 
 

Measurement of infarct volume 

 

Measurement of infarct volumes was performed as 

previously described.44 In brief, the heart was 

harvested and rinsed with normal saline. The excised 

left ventricle was frozen at −20° C for 30 min and then 

sectioned from apex to base into ~2-mm slices. The 

slices were incubated in a solution of 1% TTC in PBS 

(pH 7.4) at 37° C for 15 min in darkness and then fixed 

in 10% formaldehyde. The slices were photographed the 

next day using a digital camera. The infarcted (non-

TTC-stained) area was isolated from the rest of the 

cardiac tissue, which was stained red by TTC. The 

infarct size was expressed as a percentage of the mass 

of the left ventricle. 

 

Immunohistochemistry 

 

To measure apoptosis, we fixed and labeled 

cardiomyocytes or myocardial tissues using TUNEL 

using a commercially available kit (In Situ Cell Death 

Detection Kit; Roche Diagnostics, Basel, Switzerland) 

to label the apoptotic cell nuclei. To identify myocardial 

tissue damage, we stained myocardial tissues with 

H&E. Sections were examined with an Axiophot light 

microscope (Zeiss, Oberkochen, Germany) and 

photographed with a digital camera. 

 

Cell transfection 
 

Cells were transfected with appropriate amount of 

vector by using Lipofectamine 2000 (Invitrogen, MA, 

U.S.) and then cultured for 48 hours on the basis of 

manufacturer’s protocol. 

 

Vector construction 

 

The full-length cDNA of NPAS2 was synthesised by 

GeneChem (Shanghai, China) and then cloned into the 

vector. Two shRNAs against NPAS2, Cy2 and 

CX3CL1, were also synthesized by GeneChem 

(Shanghai, China). The expression efficiency was 

examined using qPCR in cells transfected with vector or 

shRNA. 

 

Flow cytometry assay 

 

Logarithmically growing podocytes were seeded into 

culture flasks. The cells were dual stained with Annexin 

V-FITC and propidium iodide (PI) for 30 min at room 

temperature. The stained cells were immediately 

analyzed by flow cytometry (Becton Dickinson, 

Franklin Lakes, NJ, United States). Apoptotic cells were 

defined as Annexin V-FITC positive and PI negative. 

 

RNA isolation and quantitative real-time PCR 

 

RNA was isolated using the TRIzol reagent (Invitrogen) 

according to the manufacturer’s instructions in 

podocytes and mouse kidney samples and reverse 

transcribed using a miScript Reverse Transcription kit 

(Qiagen). QRT-PCR was performed using the SYBR 

Premium Ex Taq II kit (Takara, Dalian, China) in an 

ABI PRISM 7500 Sequence Detection System (Applied 

Biosystems). All reactions were performed in triplicate 

and the mean value was used to calculate expression 

levels after normalization to β-actin as an internal 

standard. 

 

Protein extraction and western blot analysis 
 

Podocytes were lysed using RIPA buffer, and protein 

concentration was determined using the BCA protein 

assay kit. Approximately 30 μg of protein from each 

sample was separated using a 10% SDS-polyacrylamide 

gel and transferred to PVDF membranes. Membranes 

were blocked with 5% skim milk in TBST and 

incubated with primary antibodies overnight at 4° C. 

Membranes were then incubated with the corresponding 

secondary antibodies for 1 h at room temperature and 

washed in TBST. 

 

Autophagic flux analysis 
 

Cells transfected with mRFP-GFP-LC3 were fixed with 

4% paraformaldehyde and stained with 10 mM Hoechst 

33342. Cell images were obtained using the Operetta 

High Content Imaging System (Perkin-Elmer) and 

analyzed using Harmony Analysis Software (Perkin-

Elmer). Cells were analyzed using green (GFP) or red 

(mRFP) fluorescence. Autophagosomes were stained 

yellow puncta and autolysosomes stained red puncta in 

merged images. Autophagic flux was determined by the 

increased percentage of red puncta in merged images. 

 

Transmission electron microscopy 
 

Cells were fixed with 2.5% glutaraldehyde in phosphate 

buffer and stored at 4° C until embedding. Cells were 

post-fixed with 1% osmium tetroxide followed by an 

increasing gradient dehydration step using ethanol and 

acetone. Cells were then embedded in Araldite, and 

ultrathin sections were obtained (50–60 nm), placed on 

uncoated copper grids, and stained with 3% lead 
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citrate–uranyl acetate. Images were examined with a 

CM-120 electron microscope (Philips). 

 

Immunoprecipitation 
 

For immunoprecipitation studies, 5 μg of anti-NPAS2 

or anti-Cry2 or Rabbit IgG-AC (Proteintech 10746-1-

AP: Santa Cruz, Dallas, TX, United States, ab37415) 

was added to cell lysates and incubated overnight at 4° 

C, under constant rotation. Immune complexes were 

precipitated and washed in lysis buffer. 

Immunoprecipitated samples were subject to western 

blotting analysis by using anti-acetylation antibody 

(Santa Cruz, Dallas, TX, United States, ab51997) and 

anti-Flag or anti-p65 antibody. 

 

CX3CL1 luciferase reporter assay 
 

CX3CL1 luciferase reporter assay was performed as 

described in kits. Briefly, H9c2 cells were transfected 

with CX3CL1 transcription response element (TRE) 

containing construct by using lipofectamine 3000. 

Luciferase activities were measured using the Duan-Glo 

Luciferase Assay System, and the constitutively 

expressed Renilla luciferase was used as an internal 

control. 

 


