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Abstract
Mitochondrial fission and mitophagy are considered key processes involved in the pathogenesis of cardiac microvascular 
ischemia reperfusion (IR) injury although the upstream regulatory mechanism for fission and mitophagy still remains 
unclear. Herein, we reported that NR4A1 was significantly upregulated following cardiac microvascular IR injury, and 
its level was positively correlated with microvascular collapse, endothelial cellular apoptosis and mitochondrial damage. 
However, NR4A1-knockout mice exhibited resistance against the acute microvascular injury and mitochondrial dysfunc-
tion compared with the wild-type mice. Functional studies illustrated that IR injury increased NR4A1 expression, which 
activated serine/threonine kinase casein kinase2 α (CK2α). CK2α promoted phosphorylation of mitochondrial fission factor 
(Mff) and FUN14 domain-containing 1 (FUNDC1). Phosphorylated activation of Mff enhanced the cytoplasmic transloca-
tion of Drp1 to the mitochondria, leading to fatal mitochondrial fission. Excessive fission disrupted mitochondrial function 
and structure, ultimately triggering mitochondrial apoptosis. In addition, phosphorylated inactivation of FUNDC1 failed to 
launch the protective mitophagy process, resulting in the accumulation of damaged mitochondria and endothelial apoptosis. 
By facilitating Mff-mediated mitochondrial fission and FUNDC1-required mitophagy, NR4A1 disturbed mitochondrial 
homeostasis, enhanced endothelial apoptosis and provoked microvascular dysfunction. In summary, our data illustrated that 
NR4A1 serves as a novel culprit factor in cardiac microvascular IR injury that operates through synchronous elevation of fis-
sion and suppression of mitophagy. Novel therapeutic strategies targeting the balance among NR4A1, fission and mitophagy 
might provide survival advantage to microvasculature following IR stress.
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Introduction

In patients with acute myocardial infarction, although a 
timely reperfusion strategy could open up the occluded coro-
nary arteries, it unfortunately provokes ischemia reperfusion 
(IR) injury to the heart [18]. Notably, endothelial dysfunc-
tion has been acknowledged to play an unfavorable role in 
the development of cardiac IR injury [24, 31]. At the cellular 
and molecular levels, defects in vasodilatation interrupt the 
blood flow to myocardium. Besides, endothelial hyperper-
meability and junctional loss derived from endothelial death 
propagate excessive leukocyte adhesion and micro-thrombus 
formation [16]. Per our clinical observations, microvascular 
IR injury occurs in approximately 10–50% of patients dur-
ing and after reperfusion [6, 7]. Considering the essential 
role of microcirculation in the exchange of matter, oxygen 
and energy between blood and cardiomyocytes, reperfusion 
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injury to the microvascular bed post-ischemia can impose 
additional myocardial damage and increase the 30-day mor-
tality rate in patients with reperfusion injury [12]. There-
fore, understanding the cellular and molecular mechanisms 
of microvascular IR injury may pave the road to new treat-
ment modalities, which are pertinent for the management of 
cardiac IR injury in clinical practice.

We have conducted a number of studies focusing on 
the role of mitochondrial homeostasis in microvascular IR 
injury. Our data confirmed that both mitophagy [53, 61, 62] 
and mitochondrial fission [51, 60] are vital for the main-
tenance of microvascular integrity and micro-endothelial 
viability [21]. Excessive mitochondrial fission provokes 
superfluous mitochondrial fragmentation, leading to 
energy disorder and apoptotic events [19, 54]. In contrast, 
mitophagy could sweep injured mitochondrial debris and 
thus render the IR-damaged microvasculature less sensi-
tive [47]. However, the upstream regulatory mechanism for 
mitophagy and mitochondrial fission remains unclear. Our 
recent work using chronic high fat-induced hepatic injury 
demonstrated that nuclear receptor subfamily 4 group A 
member 1 (NR4A1) possesses the ability to regulate fis-
sion and mitophagy in a synchronized fashion [50]. NR4A1 
promotes dynamic-related protein 1 (Drp1) activation and 
limits BCL2 interacting protein 3 (Bnip3) transcription, 
leading to excessive Drp1-associated fission and defective 
Bnip3-required mitophagy. Through modulation of fission 
and mitophagy, NR4A1 aggravates hepatic apoptosis and 
liver dysfunction during the development of hepatic steatosis 
and chronic metabolic injury. Notably, careful scrutiny from 
other laboratories has also confirmed a role for NR4A1 in 
heart failure [25] and oxidative stress-induced cardiac death 
[49]. Based on these findings, we speculated that NR4A1 
may be involved in microvascular IR injury via the regula-
tion of mitochondrial fission and mitophagy.

Mitochondrial fission and fragmentation are commonly 
observed in cells with cardiac IR injury. During mitochon-
drial fission, Drp1 is a critical executor that can assemble 
into a ring structure along the mitochondrial tubules, lead-
ing to the division of mitochondrial cells into daughter 
mitochondria [56]. Remarkably, Drp1 recruitment to the 
mitochondria requires its corresponding receptors, which 
are located on the mitochondrial outer membrane. Our pre-
vious studies have demonstrated that mitochondrial fission 
factor (Mff), the Drp1 receptor, is increased in response to 
IR injury [19, 51]. This study was designed to determine 
the role of NR4A1 in Mff-related mitochondrial fission. 
Given the essential role of mitophagy as a housekeeper of 
mitochondrial homeostasis apart from mitochondrial fis-
sion, cells utilize mitophagy to remove defective or divided 
mitochondria, in an effort to maintain mitochondrial quan-
tity and quality [10, 13]. Mitophagy is regulated by several 
receptors, including Parkin [60], FUN14 domain-containing 

1 (FUNDC1) [61] and Bnip3 [19]. However, the precise role 
of FUNDC1-mediated mitophagy in microvascular IR injury 
is not completely understood.

Mff is activated via post-transcriptional phosphoryla-
tion [41], whereas phosphorylated FUNDC1 is the inactive 
form [48]. This information illustrates that phosphorylation 
modification is the regulatory mechanism for both Mff and 
FUNDC1. Interestingly, NR4A1 has been associated with 
the activation of casein kinase2 α (CK2α) [43], a messenger-
independent protein serine/threonine kinase [27]. To date, 
more than 300 substrates of CK2α have been identified, 
including FUNDC1 [28]. Thus, it is plausible to speculate 
that NR4A1 governs the regulation of Mff and FUNDC1 
phosphorylation through CK2α. In this study using loss- and 
gain-of-function for NR4A1 both in vivo and in vitro, we 
reported that elevated NR4A1 was likely a culprit factor 
for the development of cardiac microvasculature IR injury 
through CK2α-mediated suppression of FUNDC1-mediated 
mitophagy and stimulation of Mff-mediated mitochondrial 
fission.

Materials and methods

Cardiac ischemia reperfusion injury (IR injury) 
model in vivo

All animal procedures were performed in accordance with 
the Guide for the Care and Use of Laboratory Animals estab-
lished by the US National Institutes of Health (NIH Publi-
cation no. 85-23, revised 1996) and were approved by the 
Institutional Animal Care and Use Committees at the PLA 
General Hospital and the University of Wyoming. NR4A1 
knockout (NR4A1-KO) mice were generated according to 
our previous study [50]. Then, adult wild-type (WT) and 
NR4A1-KO mice (12 week-old, male) underwent cardiac IR 
injury. The model was performed in vivo via an 8.0 surgi-
cal suture ligation of the left anterior descending coronary 
artery for approximately 45 min to induce ischemia damage. 
Then, the slipknot was loosened for approximately 0–24 h 
to induce the reperfusion injury. After the cardiac IR injury, 
blood was collected, and CK-MB, troponin T and LDH were 
analyzed via ELISA according to our previous study [51].

Gelatin‑ink staining and echocardiography

Gelatin-ink staining was used to evaluate the structural 
patency of microvasculature according to our previous 
study [51]. First, immediately following the completion of 
IR injury, gelatin-ink (3% gelatin and ink) was injected into 
the heart via the jugular vein at 30 °C. Then, hearts were 
cut and maintained at 4 °C for 1 h. Finally, after 4% para-
formaldehyde fixation, cryosectioning was carried out and 
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samples were observed under a microscopy. Echocardiog-
raphy was performed in mice after reperfusion according 
to our previous study [51]. An echocardiogram (14.0 MHz, 
Sequoia C512; Acuson, Germany) was used to detect both 
two-dimensional and M-mode images.

Hypoxia reoxygenation injury (HR injury) model 
in vitro

Cardiac microvascular endothelial cells (CMECs) were iso-
lated from WT and NR4A1 knockout (NR4A1-KO) mice 
according to our previous study [51, 56], and CD31 staining 
and Dil-acetylated low-density lipoprotein intake assay was 
conducted to identify the endothelial cells. Subsequently, 
these CMECs were used to induce hypoxia reoxygenation 
injury model in vitro. Hypoxia preconditioning was per-
formed in a tri-gas incubator with an  N2 concentration of 
95% and a  CO2 concentration of 5% for 45 min. Then, the 
cells were grown under normal culture conditions for 6 h to 
induce the reoxygenation injury.

Western blot

Samples were lysed in ice-cold RIPA buffer supplemented 
with a protease cocktail. Then, the samples were centrifuged 
at 14,000 rpm for 20 min at 4 °C. Equal amounts of pro-
tein were separated via SDS-PAGE and then transferred to 
PVDF membranes (Millipore, Billerica, MA, USA). Next, 
5% bovine serum albumin was used to block the samples for 
1 h at room temperature [34]. Then, the membranes were 
incubated overnight at 4 °C with the following primary anti-
bodies: Bcl2 (1:1000, Cell Signaling Technology, #3498), 
Bax (1:1000, Cell Signaling Technology, #2772), caspase9 
(1:1000, Cell Signaling Technology, #9504), procaspase3 
(1:1000, Abcam, #ab13847), cleaved caspase3 (1:1000, 
Abcam, #ab49822), c-IAP (1:1000, Cell Signaling Technol-
ogy, #4952), survivin (1:1000, Cell Signaling Technology, 
#2808), Drp1 (1:1000, Abcam, #ab56788), Fis1 (1:1000, 
Abcam, #ab71498), Mid49 (1:1000, Bioss, bs-12633R), 
Mid51 (1:1000, Bioss, bs-12634R), Opa1 (1:1000, Abcam, 
#ab42364), Mfn1 (1:1000, Abcam, #ab57602), Mff (1:1000, 
Cell Signaling Technology, #86668), p-Mff (1:1000, Cell 
Signaling Technology, #49281), LC3I/II (1:1000, Cell 
Signaling Technology, #12741), LC3II (1:1000, Cell Sign-
aling Technology, #3868), Tom20 (1:1000, Cell Signaling 
Technology, #42406), Cyt-c (1:1000; Abcam; #ab90529), 
p-eNOS (Ser1117) (1:1000, Abcam, #ab184154), ET-1 
(1:1000, Abcam, #ab2786), IL-8 (1:1000, Abcam, #ab7747), 
MMP9 (1:1000, Abcam, #ab38898), MIP1α (1:1000, 
Abcam, #ab71152), Tim23 (1:1000, Santa Cruz Biotech-
nology, #sc-13298), p62 (1:1000, Cell Signaling Tech-
nology, #5114), NR4A1 (1:1000, Abcam, #ab109180), 
CK2α (1:1000, Cell Signaling Technology, #2656). The 

anti-p-FUNDC1 (ser13) (1:500) and anti-FUNDC1 (1:1000) 
poly-clonal antibodies were produced by immunizing rab-
bits with synthesized and purified phosphorylated and non-
phosphorylated peptides from FUNDC1 (Abgent, SuZhou, 
China) according to our previous study [53]. Then, the mem-
branes were incubated with secondary antibodies at room 
temperature for 1 h. Band intensities were quantified using 
Image-Pro Plus 6.0 software [20].

MTT, caspase3/9 activities and TUNEL assays

The MTT assay was used to detect cellular viability. In brief, 
MTT solution (5 mg/ml in approximately 20 μl) was added 
to the medium for 4 h. Then, the supernatant was discarded, 
and 100 μl of DMSO was supplied to the culture for 30 min. 
Then, the optical density value of 490 nm (OD) was meas-
ured [36]. The caspase3/9 activities and TUNEL assays 
were conducted to detect cellular apoptosis according to our 
previous study [53]. The level of caspase3/9 activities was 
expressed as a percentage of the control group. The TUNEL-
positive cells were imaged and quantitated percentage-wise 
[57].

Immunofluorescence and immunohistochemistry

Tissues and cells were fixed with 4% paraformaldehyde 
for 15 min and permeabilized with 0.5% Triton X-100 for 
10 min. Then, 5% normal goat serum was used to block the 
samples for 1 h at room temperature. Then, the samples were 
incubated with primary antibodies overnight at 4 °C. After 
extensive washing, the samples were observed under an 
Axio Observer Z1 microscope [5]. The primary antibodies 
used in the present study were as follows: p-eNOS (Ser1117) 
(1:1000, Abcam, #ab184154), NR4A1 (1:500, Abcam, 
#ab109180), Drp1 (1:1000, Abcam, #ab56788), VCAM1 
(1:1000, Abcam, #ab134047), VE-cadherin (1:1000, 
Abcam, #ab205336), Gr1 (1:1000, Abcam, #ab25377), 
troponin T (1:1000, Abcam, #ab8295), ICAM1 (1:1000, 
Abcam, #ab119871), Tom20, (mitochondrial antibody, 
1:500, Abcam, #ab186734) and Lamp1 (lysosome antibody, 
1:500, Abcam, #ab24170). The mitochondrial and lysosome 
antibodies were used to mark mitochondria and lysosomes, 
respectively [40].

EM analysis of microvasculature

The heart microvascular ultrastructure was evaluated using 
electron photomicrographs (EM). Heart samples were fixed 
in 5% glutaraldehyde and 4% paraformaldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4) with 0.05%  CaCl2 for 
24 h. After washing in 0.1 M sodium cacodylate buffer, 
tissues were post-fixed in 1%  OsO4 and 0.1 M cacodylate 
buffer overnight, dehydrated and embedded in Embed-812 
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resin [17]. The sections were stained with 2% uranyl ace-
tate followed by 0.4% lead citrate and viewed with a Philips 
400 electron microscope (electron microscopy sciences) 
[42].

Transwell assay

The transwell assay was used to evaluate the migration 
of endothelial cells. First, endothelial cells were cultured 
under HR injury; then, these cells were digested and added 

Fig. 1  NR4A1 was upregulated in response to cardiac IR injury and 
contributed to the microvascular damage. a, b After IR injury, pro-
teins were isolated and western blotting was carried out to analyze 
the levels of NR4A1 before and after reperfusion. #P < 0.05 vs. 0-h 
reperfusion. c, d Level of NR4A1 was verified using Western blots 
in NR4A1 knockout  (NR4A1KO) mice. e, f Immunohistochemistry 
assay of NR4A1 in WT and  NR4A1KO mice. The enlarged box in 
each panel denotes amplified cardiac microvessels. g After IR injury, 
heart tissues were isolated and the electron microscopy was used to 

evaluate the ultra-structural changes in microvascular under IR injury. 
Red arrows indicate the swollen endothelial nuclear and the yellow 
arrows represent damaged microvascular wall. h, i After IR injury, 
the gelatin-ink was injected into the hearts and the microvascular per-
fusion defect was detected via gelatin-ink staining. j Hematoxylin and 
eosin staining for red blood cell morphology in different groups. k, 
l TUNEL assay was used to tag the apoptotic endothelial cells and 
the cellular apoptotic rate was counted. #P  <  0.05 vs. sham group; 
*P < 0.05 vs. WT + IR groupRETRACTED A
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to a 24-well transwell plate for 24 h under normal culture 
conditions [58]. Subsequently, extra liquids in the upper 
and lower chambers were discarded. After wiping the cells 
in the upper chamber, cells in the lower chamber were 
fixed via pre-chilled formalin and stained with 1% crys-
tal violet for 10 min. Finally, photos were taken under 
a microscope, and the observation results were recorded 
[52].

Detection of CMEC permeability 
and transendothelial electrical resistance (TER)

A FITC-dextran clearance assay was performed to monitor 
changes in CMEC permeability per our previous report [56]. 
After HR treatment, CMECs were incubated with FITC-
dextran (final concentration: 1 mg/ml), and were allowed to 
permeate through the cell monolayer. Two hours later, the 
FITC content remaining in the plate was measured using a 
fluorescent plate reader (Bio-Rad, USA) to detect the extent 
of permeability. TER is a measure of ionic conductance 
of endothelial cells and is used to assess junctional func-
tion. TER decreases when endothelial cells retract or lose 
adhesion. Using an in vitro Vascular Permeability Assay 
Kit (ECM640, Millipore, USA), CMECs were seeded onto 
collagen-coated inserts at a density of 100,000 cells/insert. 
After reaching confluence, an electrical endothelial resist-
ance system (Millipore, USA) was used to measure TER per 
our previous description [48].

Mitochondrial membrane potential (ΔΨm), mPTP 
opening and ATP production

Mitochondrial transmembrane potential was observed using 
a JC-1 Kit (Beyotime, China). Images were captured using 
a fluorescence microscope (OLYMPUS DX51; Olympus, 
Tokyo, Japan) and quantified with Image-Pro Plus 6.0 
(Media Cybernetics, Rockville, MD, USA) to obtain the 
mean densities of the regions of interest, which were normal-
ized to those in the control group. The mPTP opening was 
visualized as a rapid dissipation of tetramethylrhodamine 
ethyl ester fluorescence. The arbitrary mPTP opening time 
was determined as the time when the tetramethylrhodamine 
ethyl ester fluorescence intensity decreased by half between 
the initial and residual fluorescence intensities according to 
a previous study [61]. Cellular ATP levels were measured 
using a firefly luciferase-based ATP assay kit (Beyotime) 
based on a fluorescence technique (Genmed Scientifics Inc.) 
according to the protocol [14].

Oxygen consumption rate (OCR) and ROS detection

The cellular oxygen consumption rate (OCR) was evaluated 
using an XFe96 extracellular flux analyzer (Agilent Tech-
nologies) as we previously reported [50, 59]. Intracellular 
ROS and superoxide were measured using 2′,7′-dichloroflu-
orescein-diacetate (10 μM, DCFH-DA, Beyotime Institute of 
Biotechnology, Jiangsu, China). The positive and negative 
control groups for ROS staining were set via administra-
tion of rotenone (Sigma, cat.no.83-79-4) and mitoquinone 
(MitoQ, MedKoo Biosciences, Inc., cat.no.317102), respec-
tively. MitoQ (2 μM) was added in medium for 30 min prior 
to HR treatment. Rotenone (1 μM) was applied into CMEC 
for 30 min. Then, fluorescence microscopy (Olympus) and 
flow cytometry was used to examine the ROS concentration 
[63].

siRNA transfection

Transient knockdown assays were performed using Dhar-
rmaFECT 1 (Dharmacon, Lafayette, CO, USA), according 
to the manufacturer’s manual. The siRNA against FUNDC1 
was purchased from Santa Cruz Biotechnology as our pre-
vious study reported [61]. Cells were harvested 96 h after 
transfection and used for further analysis.

Mff mutant vector construction and CK2α 
overexpression

Plasmid transfection was performed using Turbofect 
(Thermo Scientific, MA, USA) or Attractence transfection 
reagent (QIAGEN, Valencia, CA, USA). The serine at site 
146 of the constitutively active form of Mff (c.a.Mff) was 
replaced with aspartic acid (mimicking the phosphoryla-
tion at site146). For lentiviral packaging, the PCR-ampli-
fied mutant Mff fragments were cloned into pCMV vectors. 
Then, the above vectors were triple-transfected into 293T 
cells using Lipofectamine 2000 [3]. After transfection for 
48 h, the supernatant fraction containing lentiviral particles 
was collected. Following amplification, the supernatant was 
acquired and filtered and then applied to infect CMECs as 
we previously described [19].

For overexpression of CK2α, the pDC316-mCMV-CK2α 
plasmid, purchased from Vigene Bioscience, was transfected 
with the framework plasmid (1:1) into 293T cells. After 
transfection for 48 h, the viral supernatant was collected and 
identified by PCR. Following amplification, the supernatant 
was acquired again and filtered through a 0.45-μm filter to 
obtain the Ad-CK2α which was used to transfect CMECs to 
overexpress CK2α.
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Statistical analysis

Data are expressed as the mean ± SEM. For comparisons 
among more groups, one-way ANOVA was used, and sta-
tistical significance was considered at p < 0.05.

Results

NR4A1 is upregulated after cardiac IR injury 
and contributes to microvascular damage

First, qPCR and western blots were used to quantify NR4A1 
alterations in the context of IR injury. Compared with that in 
the non-infarcted zone, NR4A1 was significantly increased 
in the infarct area both at transcription (Supplemental 
Fig. 1A) and proteins expression levels (Fig. 1a, b) in a time-
dependent manner. In addition, NR4A1 expression was the 
highest after 6 h of reperfusion. Therefore, reperfusion for 
6 h was used in the subsequent experiments. Similar results 
were obtained in cardiac microvascular endothelial cells 
(CMECs) with hypoxia reoxygenation (HR) injury in vitro. 
Those cells, characterized by CD31 staining and Dil-acety-
lated LDL intake assay (Supplemental Fig. 1B), expressed 
higher NR4A1 levels in response to the HR injury (Supple-
mental Fig. C, D), reconfirming that IR injury upregulated 
NR4A1 expression in cardiac endothelial system.

Next, to explore the detailed role of NR4A1 in cardiac 
microvascular IR injury, NR4A1-KO mice were used. West-
ern blots (Fig. 1c, d) and immunohistochemistry (Fig. 1e, 
f) of NR4A1 demonstrated that NR4A1 was significantly 
increased in cardiac vessels, and these changes were rescued 
in NR4A1-KO mice. Following deletion of NR4A1, cardiac 
injury markers such as CK-MB, Troponin T and LDH were 
significantly reduced (Supplemental Fig. 2A–C). Moreover, 
loss of NR4A1 also sustained cardiac function in the context 
of IR injury (Supplemental Fig. 2D–F).

To observe microvascular structural changes with NR4A1 
ablation, electron microscopy (EM) was used. Irregular 
endothelial swelling and luminal stenosis were identified in 
cardiac microvessels following IR injury in WT mice but 

not in NR4A1-KO mice (Fig. 1g). Furthermore, to observe 
microvascular reperfusion defects, we used gelatin-ink to 
fill the vessels. IR injury seriously reduced the density of 
gelatin-ink, indicative of microvascular blockage (Fig. 1h, 
i). However, NR4A1-KO helps to keep the vessels open. 
These data illustrated that NR4A1 activation may account 
for the microvascular defect. As the consequence of micro-
vascular blockade, red blood cells went through morpho-
logical changes to transform from “parachute” or “arrow” to 
“swollen” or “massed” shapes as evidenced by H&E staining 
(Fig. 1j). This may be resulted from the stoppage of turbu-
lent blood flow or a secondary effect due to capillary block-
age by other cells, such as leukocytes. However, red blood 
cells in NR4A1-KO mice exhibited regular shapes. Finally, 
the TUNEL assay was carried out to measure endothelial 
damage in response to IR injury. The number of TUNEL-
positive endothelial cells was increased after IR injury but 
decreased in NR4A1-KO mice (Fig. 1k, l). This notion was 
further supported by the observation in vitro that loss of 
NR4A1 reversed endothelial viability and reduced CMEC 
apoptosis, as assessed by MTT assay (Supplemental Fig. 3A) 
and caspase-3 activity (Supplemental Fig. 3B), respectively.

Loss of NR4A1 reduces the microvascular 
hyperpermeability

The microvascular hyperpermeability is detectable early in 
the course of IR progression and is vital for the IR-mediated 
myocardial inflammation response and micro-thrombus for-
mation, which participates in vascular clotting and lumen 
loss. As shown in Fig. 2a, b, IR injury induced the down-
regulation of VE-cadherin, a junctional protein that sustains 
microvascular permeability, and this effect was reversed by 
NR4A1 deletion. Furthermore, through immunohistochem-
istry analysis of plasma albumin, we demonstrated that IR 
injury induced more plasma albumin leakage from the vessel 
into myocardial tissue, and that NR4A1 deletion weakened 
the diffusion of the plasma albumin into the outer surface of 
the vessel wall (Fig. 2c, d). The increase of endothelial per-
meability was followed by more Gr-1+ neutrophils migration 
into the myocardial tissue; the effect of which was inhibited 
by NR4A1 deletion (Fig. 2e, f). This information indicated 
that IR evoked the microvascular hyperpermeability via 
upregulating NR4A1.

Furthermore, accumulated Gr-1+ neutrophils in myocar-
dial tissue were closely accompanied with elevated inflam-
matory response in reperfused hearts using western blot 
and qPCR assay. Levels of interleukin 6 (IL-6), monocyte 
chemotactic protein 1 (MCP1), and tumor necrosis factor 
α (TNFα) transcription (Fig. 2g–i) were increased after IR 
injury. Besides, protein expression of interleukin 8 (IL-
8), matrix metalloproteinase 9 (MMP9), and macrophage 
inflammatory protein 1α (MIP1α) were also elevated in 

Fig. 2  NR4A1 regulated microvascular permeability and inflamma-
tion response under IR injury. a, b The endothelial barrier integrity 
was assessed via co-staining of vascular endothelial cadherin (VE-
cadherin) and CD31. Discontinuous expression of VE-cadherin could 
be observed in the IR injury group indicative of the broken endothe-
lial barrier. However, loss of NR4A1 could reverse the continuous 
linear of VE-cadherin fluorescence. c, d The leakage of plasma albu-
min out of the surface of the vessel wall into interstitial spaces sug-
gested the increased microvascular permeability after IR injury. e, f 
Representative images of the accumulation of  Gr1+ cell in myocar-
dial tissue. g, i The transcriptional alteration of inflammation factors 
IL-6, TNFα, MCP1. j–m The protein expression of IL-8, MMP9 and 
MIP1α. #P < 0.05 vs. sham group; *P < 0.05 vs. WT + IR group

◂
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myocardial tissues in response to IR injury (Fig. 2j–m). 
However, NR4A1 deletion prevented IR-induced rises in the 
protein expression and transcription of inflammation factors.

NR4A1 regulates the microvascular vasodilation 
and barrier function

The function of microcirculation is to regulate blood 
flow via vasodilatation [16]. However, we found that IR 
injury overtly reduced the p-eNOS content, as determined 

Fig. 3  NR4A1 negatively controlled endothelial barrier function and 
microvascular vasodilation. a, b Immunohistochemistry of phos-
phoendothelial nitric oxide synthase (p-eNOS) expression. c, e The 
expression of p-eNOS and ET-1 in reperfusion hearts with NR4A1 
deletion or not. f, g The change of intercellular adhesion molecule-1 

(ICAM1) expression in response to IR with or without NR4A1. h, i 
Vascular cell adhesion molecule-1 (VCAM1) content was measured 
via immunohistochemistry. j, k Endothelial migration was evalu-
ated via transwell assay. #P < 0.05 vs. sham group or control group; 
*P < 0.05 vs. WT + IR group or WT-cell + HR groupRETRACTED A
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by immunofluorescence (Fig.  3a, b) and western blots 
(Fig. 3c, d). In contrast, ET-1, a vasoconstrictor, was largely 
increased, as evidenced using Western blot analysis (Fig. 3d, 
e) and qPCR (Supplemental Fig. 4A). Notably, once NR4A1 
was deleted in the heart, p-eNOS was increased, whereas 
ET-1 was decreased.

Apart from vasodilatation, damage to microvessel integ-
rity and barrier function is considered the key step in micro-
circulatory dysfunction. However, IR injury upregulated 
the levels of intercellular adhesion molecule-1 (ICAM1) 
(Fig. 3f, g) and vascular cell adhesion molecule-1 (VCAM1) 
(Fig. 3h, i) on the microvascular surface, favoring a sig-
nificant increase for the risk of potential micro-thrombus 
formation. However, NR4A1 deficiency considerably abated 
such changes. Subsequently, endothelial barrier function 
and integrity were examined in CMECs isolated from WT 
mice and NR4A1-KO mice via FITC-dextran clearance and 
transendothelial electrical resistance (TER) assay. FITC-
dextran was applied on top of the inserts and allowed to 
permeate through cell monolayers. The decreased endothe-
lial barrier function resulted in the retention of more FITC-
dextran. Thus, FITC content remaining in the plate indicates 
the extent of CMEC barrier dysfunction. Regarding TER 
assay, TER value increases when endothelial cells adhere 
and spread out and decreases when endothelial cells retract 
or lose adhesion, reflecting endothelial barrier integrity. HR 
injury increased the remained FITC content (Supplemental 
Fig. 4B) and reduced the TER value in vitro (Supplemen-
tal Fig. 4C), indicative of the damage to CMEC integrity 
and barrier function; this effect of which was inhibited by 
NR4A1 deletion.

In addition to CMEC integrity, endothelial migration is 
vital for revascularization in the infarcted heart. A transwell 
assay showed that HR repressed the migratory responses 
of CMECs, and these changes were improved in NR4A1-
deleted cells (Fig. 3j, k).

NR4A1 enhances mitochondrial fission 
through induction of Mff post‑transcription 
phosphorylation

Mitochondrial dysfunction is definitively involved in the 
pathogenesis of cardiac IR injury [30]. Notably, mitochon-
drial fission is the regulatory factor underlying mitochon-
drial homeostasis. Thus, we observed the morphological 
changes of mitochondrion under HR treatment. In control 
cells, the mitochondria were funicular, and their average 
length was 8.4 ± 0.7 mm (Fig. 4a–c). However, HR forced 
the mitochondria to divide into several fragments, and their 
average length was reduced to 2.6 ± 0.5 mm. However, 
NR4A1-deleted cells showed predominantly elongated 
forms of mitochondria despite treatment with HR. Given 
that Drp1 translocation onto the surface of mitochondria is 

the prerequisite for mitochondrial fission, immunofluores-
cence was used to observe the co-location of Drp1 and mito-
chondria. As shown in Fig. 4b, compared to control group, 
HR injury caused more fragmented mitochondria labeled 
by Drp1. However, loss of NR4A1 sustained mitochondrial 
network and blocked the Drp1 translocation to mitochondria.

Subsequently, western blots were used to detect the 
molecular mechanism underlying HR-related mitochondrial 
fission. As shown in Fig. 4d–k, HR promoted Drp1 migra-
tion to mitochondria and therefore reduced the levels of 
cytoplasmic Drp1. Drp1 translocation to the mitochondria is 
required for its corresponding receptor Mff, whose activity is 
regulated via phosphorylation [51]. Interestingly, we demon-
strated that Mff phosphorylation was significantly increased 
in response to HR treatment. In contrast, NR4A1 deletion 
suppressed Mff phosphorylated activation and therefore alle-
viated the contents of mitochondrial Drp1. Notably, we also 
detected proteins related to mitochondrial fusion, a process 
opposite to mitochondrial fission. Fusion-related proteins, 
such as Opa1 and Mfn1, were reduced after HR treatment, 
but this reduction was ameliorated in NR4A1-deleted cells.

To discern whether Mff is indispensable for NR4A1-acti-
vated mitochondrial fission, we transfected the Mff mutant 
into NR4A1-deleted cells. The Mff mutant is the constitu-
tively active form of Mff (c.a.Mff) whose serine at site 146 
was replaced with aspartic acid (mimicking the phosphoryla-
tion at site 146). After transfection with c.a.Mff, the phos-
phorylation of Mff was re-increased in NR4A1-deleted cells 
(Fig. 4l, m). Interestingly, regaining of p-Mff in NR4A1-
deleted cells, the cell viability was significantly reduced via 
MTT assay (Fig. 4n). Subsequently, mitochondrial length 
was evaluated again. Compared to NR4A1-deleted cells, Mff 
mutant transfection re-induced mitochondrial division into 
several debris fragments, whose average length was approxi-
mately 2.1 ± 0.5 mm (Fig. 4o, p). Therefore, this result con-
firmed our hypothesis that NR4A1 governs mitochondrial 
fission via Mff in the IR injury setting.

Excessive mitochondrial fission promotes CMEC 
apoptosis

To explore the consequences of mitochondrial fission, 
we focused on apoptosis, especially mitochondrial apop-
tosis. First, the mitochondrial electrochemical gradi-
ent (ΔΨm), which was measured using JC-1, showed 
that HR injury impaired the ΔΨm (Fig. 5a, b). However, 
NR4A1 deletion reversed the stability of ΔΨm. Moreo-
ver, HR drove CMECs to produce excessive ROS as 
demonstrated via DCFH-DA staining (Fig. 5c, d). How-
ever, NR4A1 deficiency reduced ROS levels under 
HR stimulation. Additionally, the mPTP opening rate 
was also increased after HR injury but was decreased 
to normal levels with NR4A1 deficiency (Fig.  5e, f). 
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Because of the ΔΨm dissipation, ROS eruption and long-last-
ing mPTP opening, the pro-apoptotic factor cyt-c was inevi-
tably released from the mitochondria into the cytoplasm, 
as shown via western blot (Fig. 5g–m). However, NR4A1 
deletion limited cyt-c leakage. Released cyt-c triggers 
apoptosome formation (a complex comprising Apaf-1 cyt-
c, dATP and procaspase-9) and caspase-9 activation that 
in turn activates pro-caspase-3 to form the death effector 
cleaved caspase-3 [44, 57]. Through western blots analysis, 
we found that caspase-3, caspase-9 and Bax (Fig. 5g–m), 
were increased in HR-treated cells but reduced in cells 
with NR4A1 silencing (Fig. 5g–m). In contrast, anti-apop-
totic protein, such as Bcl2, was reduced after HR attack 
but returned to normal levels after NR4A1 deficiency 
(Fig. 5g–m). Notably, these protective effects of NR4A1 
deficiency were nullified by c.a.Mff transfection.

Apart from the amplification of apoptotic signaling, HR 
reduced cellular ATP production (Fig. 5n) and impaired the 
endothelial oxygen consumption rate (OCR) (Fig. 5o–q), 
which was improved in NR4A1-deleted cells in a Mff-
dependent manner.

NR4A1 represses FUNDC1‑required mitophagy 
via FUNDC1

Apart from mitochondrial fission, mitophagy is another 
catabolic process involving the degradation of unnecessary 
or dysfunctional mitochondria by lysosomes [17, 37]. In 
the current study, HR injury significantly reduced LC3II/
LC3I ratio (Fig. 6a–g), indicative of mitophagic flux stop. 
However, NR4A1 deficiency reversed the LC3II/LC3I 
rate. Furthermore, we isolated mitochondria and observed 
changes in mitochondrial LC3II. HR stimulation reduced 
mitochondrial LC3II, which was reversed by NR4A1 dele-
tion (Fig. 6a–g). In addition, Tom20 (mitochondrial outer 
membrane marker) and Tim23 (inner membrane marker) 
were correspondingly increased in response to HR stress 

and decreased in NR4A1-deleted cells (Fig. 6a–g). Addition-
ally, p62 degradation was inhibited by HR treatment but was 
enhanced in NR4A1-deleted cells (Fig. 6a–g). These data 
indicated that HR inhibited mitophagy activity, which was 
reversed by NR4A1 deletion.

FUNDC1 is a mitophagy receptor, the dephosphoryla-
tion of which allows enhanced recruitment of LC3II to the 
mitochondria [61]. Interestingly, HR increased FUNDC1 
phosphorylation (Fig. 6a–g), indicative of FUNDC1 inacti-
vation, which is in accordance with the impaired mitophagy 
activity. In contrast, NR4A1 deletion reduced the contents 
of phosphorylated FUNDC1 (Fig.  6a–g), suggestive of 
FUNDC1 activation. Interestingly, silencing of FUNDC1 
via siRNA repressed mitophagy activity in NR4A1-deleted 
cells (Fig. 6a–g), suggesting that FUNDC1 is necessary for 
NR4A1 deletion-mediated mitophagy activation. Subse-
quently, mitochondria and lysosome co-staining was carried 
out to directly observe mitochondria and lysosome fusion. 
Meanwhile, to quantify mitophagy, the average mitophagy 
number (overlap of mitochondria and lysosome) was 
recorded. Compared to that in the control group, HR pro-
duced more round or fragmented mitochondria, which were 
not contained by lysosomes (Fig. 6h, i). In contrast, loss of 
NR4A1 promoted the fusion of lysosomes and mitochon-
drial debris, and thus, sustained the mitochondrial network 
(Fig. 6h, i). When FUNDC1 was knocked down, the benefi-
cial effects of NR4A1 on mitophagy activation disappeared.

FUNDC1‑required mitophagy interrupted 
mitochondrial fission and favored CMEC survival 
under HR

To verify the role of FUNDC1-required mitophagy in 
mitochondrial homeostasis and cellular fate under HR 
treatment, we first examined the alterations of Mff-
induced mitochondrial fission. Similar to the above data, 
HR forced excessive mitochondrial fission as evidenced 
by augmented expression of mito-Drp1 and phosphoryl-
ated Mff (Fig.  7a–f). However, mitochondrial fission 
index (mito-Drp1 and p-Mff) was mostly suppressed by 
NR4A1 deletion, but upregulated via silencing FUNDC1 
in NR4A1-deleted cells (Fig.  7a–f), indicating that 
FUNDC1-required mitophagy could antagonize mito-
chondrial fission. Besides, augmented mitochondrial 
fusion parameters (Mfn1 and Opa1) induced by NR4A1 
deletion were obviously re-inhibited by FUNDC1 knock-
down in NR4A1-deleted cells (Fig.  7a–f). Moreover, 
remarkable increase in mitochondrial fission elicited 
through FUNDC1 knockdown, further resulted in the 
collapse of mitochondrial potential (Fig. 7g, h) and ROS 
overproduction (Fig. 7i, j). More severely, mitochondrial 
apoptosis, characterized by cyt-c leakage from mito-
chondria into cytoplasm/nuclear, was blocked by NR4A1 

Fig. 4  NR4A1 activated harmful mitochondrial fission via Mff in 
response to microvascular IR injury. a, c Mitochondria of CMECs 
are labeled with anti-Tom20 antibody to determine the number of 
cells with mitochondria fragmentation. The boxed area under each 
micrograph is enlarged to determine mitochondria fragmentation. b 
Immunofluorescence assay of mitochondrial fission was detected 
via co-staining of Drp1 and mitochondria. Drp1 is prone to inter-
act with fragmented mitochondria. d–k Western blots was used to 
analyze the regulatory factor related to mitochondrial fission. l, m 
NR4A1 promoted the Mff phosphorylation. The Mff mutant is the 
constitutively active form of Mff (c.a.Mff) whose serine at site 146 
was replaced with aspartic acid (mimicking the phosphorylation at 
site 146). After transfection with c.a.Mff, the phosphorylation of Mff 
was increased despite deletion of NR4A1. n MTT assay was used 
to observe the endothelial viability after c.a.Mff transfection. o, p 
Regaining of phosphorylated Mff re-evoked mitochondrial fission in 
NR4A1-deleted cells. #P < 0.05 vs. control group; *P < 0.05 vs. WT-
cell + HR group; @P < 0.05 vs.  NR4A1KO-cell + HR group
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under HR treatment but was strongly re-activated via 
FUNDC1 silencing in NR4A1-deleted cells (Fig. 7k, l). 
The caspase-9 activity also suggested that FUNDC1 defi-
ciency was closely associated with increased caspase-9 
protein activity albeit deletion of NR4A1 (Fig.  7m). 
Therefore, these data indicate that FUNDC1-related 
mitophagy is required for the mitochondrial homeostasis 
partly via counteracting mitochondrial fission and block-
ing mitochondrial apoptosis. In addition to mitochon-
drial function, we also examined the endothelial barrier 
function and migration capacity. As shown in Fig. 7n, o, 
HR-induced damage to endothelial barrier function was 
reversed via NR4A1 deletion; and this protective effect of 
NR4A1 deletion was nullified by FUNDC1 knockdown. 
With regards to endothelial migration, reduced number 
of migrated cells induced by HR was overtly elevated 
by NR4A1 deletion (Fig.  7p–q). However, FUNDC1 
knockdown reduced endothelial migration despite abla-
tion of NR4A1. Accordingly, this evidence suggested that 
FUNDC1-required mitophagy serves as the endogenous 
defender of mitochondrial homeostasis and endothelial 
function.

NR4A1 modulates Mff and FUNDC1 via CK2α

Based on the above findings that Mff and FUNDC1 could 
be phosphorylated by NR4A1 in the HR injury setting, pos-
sible roles of NR4A1 in CK2α activation [43] was investi-
gated. The latter is a messenger-independent protein serine/
threonine kinase [27] that has the ability to induce several 
substrates or proteins phosphorylation. Accordingly, we 
speculated whether NR4A1 regulates Mff and FUNDC1 
phosphorylation via CK2α. First, we demonstrated that 
CK2α was increased in response to IR treatment in vitro 
(Fig. 8a, b). However, loss of NR4A1 abated CK2α expres-
sion, suggesting CK2α was the downstream effector of 
NR4A1 in the context of HR injury. To elucidate whether 
CK2α was involved in Mff and FUNDC1 post-transcriptional 

modification, we re-introduced CK2α into NR4A1-deleted 
cells via adenovirus-based overexpression technology. The 
overexpression efficiency was confirmed using Western 
blot analysis (Fig. 8a, b). With the overexpression of CK2α, 
the phosphorylation levels of Mff and FUNDC1 were re-
elevated in NR4A1-deleted cells (Fig. 8a–d). Collectively, 
the above data confirmed that Mff and FUNDC1 phospho-
rylation were both regulated by NR4A1/CK2α cascade in 
microvascular IR injury.

Finally, to explain whether CK2α is also involved in the 
fatal signal of NR4A1 under HR condition, TUNEL assay 
was used. The results displayed that NR4A1 deletion could 
reduce HR-mediated endothelial apoptosis (Fig. 8e, f), and 
this effect was dependent on CK2α, as CK2α overexpression 
in NR4A1-deleted cells increased the number of TUNEL-
positive cells. Overall, these data concluded that CK2α was 
signaled by NR4A1 and contributed to Mff and FUNDC1 
phosphorylation, eventually resulting in fission activation, 
mitophagy inhibition and endothelial apoptosis.

Discussion

Ample evidence has depicted a role for NR4A1 in the patho-
physiological processes of diabetes and non-alcoholic fatty 
liver disease [45, 50]. However, little is known with regards 
to the role of NR4A1 in acute cardiac microvascular IR 
injury. In this study, we reported that (1) IR injury signifi-
cantly upregulated NR4A1 in microcirculature; (2) upregu-
lated NR4A1 contributed to microvascular perfusion defects, 
luminal stenosis, endothelial barrier damage, inflamma-
tory cell permeation, and micro-endothelial apoptosis; (3) 
NR4A1 elicited mitochondrial apoptosis via upregulating 
harmful mitochondrial fission and downregulating pro-
survival mitophagy by CK2α; (4) mechanistically, NR4A1 
promoted the phosphorylation of Mff, which provoked mito-
chondrial fission; and (5) NR4A1 induced the inactivation of 
FUNDC1 phosphorylation, suppressing mitophagy activity. 
In summary, our observations described, for the first time, 
the comprehensive role of NR4A1 in cardiac microvascular 
IR injury involving CK2α activation, Mff-required mito-
chondrial fission, FUNDC1-related mitophagy and endothe-
lial cell apoptosis.

Nuclear receptors represent a family of transcription fac-
tors [64] responsible for the regulation of many intracel-
lular pathways, such as cancer, metabolic and proliferative 
diseases [1, 9, 35]. Nuclear receptors are termed orphans 
because their endogenous ligands have not yet been identi-
fied. The levels of the orphan receptor NR4A1 was found to 
be progressively increased during the development of dia-
betes [50]. Higher NR4A1 levels stimulate glucose produc-
tion and elevate blood glucose [8]. Conversely, expression 

Fig. 5  Mff-required mitochondrial fission was required for NR4A1-
mediated mitochondrial damage. a, b Mitochondrial potential was 
observed via JC-1 staining. Red inflorescence means the healthy 
mitochondria, whereas green inflorescence indicates the collapsed 
mitochondrial potential. c, d Cellular ROS was detected via DCFH-
DA. Rotenone (1  μM) was added into the medium and used as the 
positive control group. Mitoquinone (MitoQ, 2  μM) was applied 
30 min before HR injury and used as the negative control group. e, 
f The mPTP opening time was recorded and the mPTP opening rate 
was normalized to control group. g–m Western blots was used to 
analyze the mitochondrial apoptotic proteins with or without NR4A1 
deletion. n ATP production was detected via ELISA assay. o–q The 
oxygen consumption rate (OCR) assay was used to observe cellular 
respiratory function with Mff inhibition or activation. #P < 0.05 vs. 
control group; *P  <  0.05 vs. WT-cell + HR group; @ P  <  0.05 vs. 
 NR4A1KO-cell + HR group
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of an inhibitory mutant NR4A1 antagonizes gluconeogenic 
gene expression and lowers blood glucose levels in db/db 
mice [8]. Our recent study suggested that NR4A1 is associ-
ated with the progression of high fat-induced hepatic stea-
tosis and injury via ablation of Bnip3-required mitophagy 
[50]. In this study, we found that NR4A1 is also associated 
with microvascular IR injury, which helps us to understand 
the injury mechanism underneath cardiac microvascular 

reperfusion insult. Therefore, our data indicate that the 
approach of inactivation of NR4A1 could be considered 
a further focal point to attenuate microvascular IR injury 
and increase patients’ benefits from reperfusion strategies 
including PCI and CABG.

Mitochondrial fission and mitophagy are vital for control 
of mitochondrial quantity and quality [4, 11, 38]. Fission is 
originally initiated to boost ATP production and meet the 

Fig. 6  NR4A1 governed FUNDC1-required mitophagy. a–g West-
ern blots were used to analyze the mitophagy parameters. FUNDC1 
siRNA was used to silence the FUNDC1 expression. h, i Mitophagy 
activity was observed via co-staining mitochondria and lysosome at 
the same time. In response to HR injury, fragmented mitochondria 

cannot be contained by lysosome, indicative of mitophagy arrest. 
However, loss of NR4A1 promoted the fusion between mitochon-
dria and lysosome in a FUNDC1-dependent manner. #P  <  0.05 vs. 
control group; *P  <  0.05 vs. WT-cell + HR group; @P  <  0.05 vs. 
 NR4A1KO-cell + HR group
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cellular energy demand through production of sister mito-
chondria [2, 15, 32]. However, excessive fission produces 
most non-functional and undesirable mitochondrial frag-
mentations. Based on our earlier findings, excessive fission 
is inclined to activate cellular apoptosis [51]. In the current 
study, we further demonstrated that excessive fission was 
correlated to the ROS overproduction, mPTP opening, ΔΨm 
collapse, caspase-9 related mitochondrial apoptosis activa-
tion, CMECs death and cardiac microvascular dysfunction. 
Therefore, our experiments provided sufficient evidence to 
identify the cardinal role of mitochondrial fission in mito-
chondrial damage and microcirculatory reperfusion injury, 
denoting the paradigm of mitochondrial fission activation 
and consequences under IR injury. Despite damage to mito-
chondrial homeostasis, cells employ mitophagy to remove 
defective mitochondria via mitophagy to limit the forma-
tion of mitochondrial debris [26, 33]. Unfortunately, in the 
context of IR injury, the protective mitophagy process was 
dampened, whereas harmful mitochondrial fission process 
was overtly activated. These findings were similar to those 
reported in previous studies that fission aggravates cardiac 
IR injury, whereas mitophagy provides a survival advantage 
to reperfused hearts [55, 61].

The key finding of the current study is that we iden-
tified the upstream regulatory mechanism responsi-
ble for fission and mitophagy. NR4A1 promoted fission 
and inhibited mitophagy via phosphorylating Mff and 
FUNDC1, respectively. Mff is the receptor of cytoplasmic 
Drp1, and phosphorylated Mff enhances the recruitment 
of cytoplasmic Drp1 to the mitochondria [39]. Sufficient 
mitochondria-located Drp1 forms ring structure surround-
ing mitochondria and then contracts, ultimately trigging 
mitochondrial fission [29]. For mitophagy, FUNDC1 is 
the receptor of LC3II [61]. The combination of LC3II 
and FUNDC1 promotes the fusion of mitochondria and 
lysosomes. However, phosphorylated FUNDC1 generates 
steric hindrance for LC3II binding [48], thus effectively 
inhibiting mitophagy. NR4A1 modified FUNDC1 phospho-
rylation at Ser13, leading to defective mitophagy, which 
failed to sweep unhealthy mitochondria. These findings 
first uncover that fission and mitophagy can be triggered 
by common upstream signals, which selectively close the 
protective mitophagy process and open the fatal fission 
process. Therefore, these results suggest a role for NR4A1 
as a potential therapeutic target to regulate fission and 
mitophagy synchronously.

Functional assays illustrated that CK2α was required 
for NR4A1-mediated Mff and FUNDC1 phosphorylation 
modifications. CK2α, a constitutive Ser/Thr kinase, was 
found to be the upstream phosphorylated signaling mol-
ecule for more than 300 substrates [28]. Notably, ample 
evidence has demonstrated the role of CK2α in cellular 
apoptosis, especially in mitochondrial apoptosis [22, 23]. 

However, our present study enriched the harmful effects 
of CK2α on mitochondrial damage by showing that it pro-
motes fission and limits mitophagy. Meanwhile, our data 
also noted for the first time that CK2α is actually involved 
in the pathogenesis of murine microvascular IR injury. 
Recent work from our laboratory demonstrated that CK2α 
expression was progressively increased in reperfused heart 
and promoted cardiomyocyte death via disrupting mito-
chondrial homeostasis [62]. Whether CK2α is also espe-
cially upregulated in microvascular after IR injury and 
accounts for endothelial reperfusion damage requires more 
evidence.

Collectively, our current study reported that cardiac 
microvascular IR injury is associated with upregulated 
NR4A1 expression, which leads to activated CK2α. CK2α 
then phosphorylates Mff and FUNDC1, leading to mito-
chondrial fission activation and mitophagy suppression. 
Excessive fission produced malignant mitochondria frag-
mentations, which could not be removed by mitophagy, 
ultimately mediating cellular death and inducing microvas-
cular collapse. These findings identified that the NR4A1/
CK2α pathways are vital for maintaining mitochondrial 
homeostasis via Mff-related fission and FUNDC1-required 
mitophagy, which opens a new window for the treatment 
of cardiac microvascular IR injury.

A number of limitations are noted for the present study. 
First and foremost, cardiomyocyte damage may be allevi-
ated in response to NR4A1 deletion based on previous 
findings in vivo and in vitro [46, 49], in addition to the 
improved endothelial injury following cardiac IR. Thus, 
the reduction in microvascular perfusion may be resulted 
from improved cardiomyocyte survival which attenuates 
myocardial edema to relieve microvascular compres-
sion. In our study, microvascular endothelial apoptosis 
and barrier dysfunction were significantly reversed by 
NR4A1 deletion in vivo, along with the fact that NR4A1 
deficiency was associated with mitophagy activation and 
mitochondrial fission inhibition in  vitro. Endothelial 
protection seems to be predominant in NR4A1 deletion-
offered microvascular benefit. However, we cannot rule 
out the possible contribution of cardiomyocyte survival in 
NR4A1 deficiency-offered benefits to reperfused micro-
circulation. Thereby, endothelial-specific NR4A1 dele-
tion will be useful in defining the precise contributions 
of endothelial cell NR4A1 to cardiac microvascular IR 
injury.
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Fig. 7  FUNDC1-required mitophagy interrupted mitochondrial fis-
sion and sustained mitochondrial homeostasis. a–f Mitochondrial 
fission parameters were measured via western blots with FUNDC1 
silencing or not. g, h JC-1 staining was used to observe the mito-
chondrial potential. The ratio of red to green fluorescence was 
applied to quantify the mitochondrial potential. i, j The cellular ROS 
was measured via flow cytometry. k, l The cyt-c leakage from mito-
chondrial into cytoplasm/nuclear was observed via immunofluores-
cence assay. m Caspase-9 activity was detected with FUNDC1 dele-
tion or not. n, o Endothelial barrier and permeability was detected 
via fluorescein isothiocyanate (FITC)-dextran clearance assay and 
Transendothelial electrical resistance (TER). p, q Transwell assay 
was carried out to analyze the endothelial migration. #P  <  0.05 vs. 
control group; *P  <  0.05 vs. WT-cell + HR group; @P  <  0.05 vs. 
 NR4A1KO-cell + HR group

◂

Fig. 8  NR4A1 regulated Mff and FUNDC1 phosphorylation via 
CK2α. a–d Western blots was used to ensure the activation of CK2α 
under NR4A1 deletion or not. Subsequently, adenovirus-based over-
expression technology was applied to increased CK2α in NR4A1-
deleted cells to perform the gain-of function assay about CK2α. Then, 

the protein expression of p-Mff and p-FUNDC1 were detected. e, f 
TUNEL assay was used to label the apoptotic endothelial cells under 
CK2α overexpression or not. #P < 0.05 vs. control group; *P < 0.05 
vs. WT-cell + HR group; @ P < 0.05 vs.  NR4A1KO-cell + HR group
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