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Abstract

Parkin-related mitophagy is vital for endothelial cell viability and the development of atherosclerosis, although the upstream
regulatory factor underlying Parkin-mediated mitophagy in endothelial apoptosis and atherosclerosis progression remains un-
known. In the present study, we demonstrated that nuclear receptor subfamily 4 group A member 1 (NR4A1) is actually
expressed in aortic endothelial cells (AECs) under oxidized low-density lipoprotein (ox-LDL) treatment in vitro or isolated from
high-fat treated mice in vivo. Higher NR4A1 levels were associated with AEC apoptosis, mitochondrial dysfunction, and energy
disorder. At the molecular level, ox-LDL stimulation increased NR4A1 expression, which evoked Parkin-mediated mitophagy.
Excessive mitophagy overtly consumed mitochondrial mass, leading to an energy shortage and mitochondrial dysfunction.
However, loss of NR4A1 protected AECs against ox-LDL induced apoptosis by inhibiting excessive mitophagy. Furthermore,
we also identified that NR4A1 regulated Parkin activation via post-transcriptional modification by Ca2*/calmodulin-dependent
protein kinase II (CaMKII). Activated CaMKII via NR4A1 induced the phosphorylated activation of Parkin. In summary, our
data support the role of NR4A1/CaMKII/Parkin/mitophagy in AEC apoptosis and atherosclerosis formation and provide new

insights into treating atherosclerosis with respect to endothelial viability, mitophagy, and NR4A1.
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Introduction

The incidence of atherosclerosis (AS) has declined signifi-
cantly worldwide over the past half-century (Hamilton et al.
2017). Nevertheless, AS remains a leading health issue world-
wide. The development and progression of AS are thought to
be a multistep process and endothelial cell injury is the requi-
site for the development of AS (Camare et al. 2017; Wang
et al. 2016). Damage to endothelial cells allows lipid deposi-
tion in the intima (Okamoto and Suzuki 2017). Unfortunately,
the molecular mechanisms underlying endothelial cell dam-
age in response to high-fat injury are poorly understood.
Mitochondria, which are organelles that are present in all
cells of the human body except erythrocytes, play a pivotal
role in energy production (Caja and Enriquez 2017; Vendrov
etal. 2017). In addition to this vital function, mitochondria are
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involved in other complex processes, such as cellular energy
metabolism, oxidative stress regulation, calcium signaling
modification, cellular proliferation, and cellular death (espe-
cially mitochondria-dependent caspase 9 apoptosis) (Chen
et al. 2017; Wang et al. 2017a; Zhou et al. 2014, 2015a).
Notably, previous studies have indicated that endothelial via-
bility under high-fat stimulation is related to mitochondrial
apoptosis (Chattopadhyay et al. 2017; Zhang et al. 2016;
Zhou et al. 2017a). Excessive oxidative stress, increased in-
flammatory response, and cellular calcium overload are up-
stream activators of mitochondrial apoptosis (Chen et al.
2016a; Zhao et al. 2017; Zhu et al. 2017), which can be ac-
companied by the collapse of the vascular endothelial barrier
(Zhou et al. 2017c¢). Interestingly, a recent study has further
demonstrated that mitochondrial apoptosis can be derived
from mitophagy (mitochondrial autophagy) (Zhou et al.
2017¢). Excessive mitophagy extensively consumes mito-
chondrial mass, leading to an energy undersupply (Jin et al.
2018; Zhou et al. 2018b). Meanwhile, excessive mitophagy
was shown to be associated with the activation of pro-
apoptotic pathways (Bravo-San Pedro et al. 2017). However,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12192-018-0886-1&domain=pdf
mailto:peili@bjmu.edu.cn

750

P. Lietal.

whether mitophagy has a role in endothelial viability in the
context of high-fat stimulation is unclear.

Previous studies have illustrated that mitophagy is primar-
ily activated through the Parkin pathway in cardiac endothelial
cells (Zhou et al. 2017d). Activated Parkin may label mito-
chondria via LC3II and overtly deliver mitochondria to lyso-
somes, leading to mitochondrial mass loss and energy disor-
der. However, the upstream signaling regulating Parkin-
associated mitophagy in endothelial cells under high-fat injury
are yet unknown.

NR4A1, the subfamily of NR4A orphan receptors, is of
importance in cellular proliferation, cancer migration, chronic
metabolic disease, immune inflammatory reaction, and cell
death (Pawlak et al. 2015; Ranhotra 2015). Functional studies
have indicated that NR4AT1 is actually rich in the fatty or
diabetic liver (Min et al. 2014). NR4A1 primarily exerts pro-
apoptotic effects that contribute to liver cell death via induc-
tion of mitochondrial damage. Based on this finding, we
questioned whether NR4AT1 is involved in the endothelial
damage that occurs under high-fat attack via mitochondrial
homeostasis.

Several researchers have also found that NR4A1 overex-
pression is involved in the cellular calcium imbalance and
adverse cardiac remodeling in cardiomyocytes (Abdou et al.
2013; Medzikovic et al. 2015). Interestingly, the elevation of
cellular calcium is the upstream activator for Parkin-related
mitophagy via Ca**/calmodulin-dependent protein kinase II
(CaMKII) pathways (Sato et al. 2006). Thus, we aimed to
determine whether NR4A 1 has the ability to increase the vul-
nerability of endothelial cells in response to high-fat injury via
a modification of mitophagy by regulating calcium signaling.
Our results indicated that NR4 A1 is upregulated in endothelial
cells in the context of high-fat injury and that higher levels of
NR4AL triggered apoptosis in endothelial cells via excessive
Parkin-related mitophagy. Further, NR4A1 promoted a cellu-
lar calcium overload that signaled CaMKII; the latter activated
Parkin through post-phosphorylation modification. Therefore,
we discovered that NR4A1/Ca®*/CaMKII/Parkin/mitophagy
pathways are involved in the pathogenesis of endothelial ap-
optosis induced by high-fat injury.

Material and methods
Animal study

The animal study was conducted in accordance with the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The animal study was approved by the Ethics
Committee of Beijing Chaoyang Hospital Affiliated to Capital
Medical University. Wild type (WT) and ApoE”"” mice at
8 weeks old were purchased from the Jackson Laboratory.
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These mice were treated with a low-fat diet and/or high-fat
diet for approximately 3 months (Kalyanaraman 2017).
Accordingly, the animals used in our study were divided into
two groups: low-fat diet (LDF) group and high-fat diet (HFD)
group. The diets were purchased from Research Diets (New
Brunswick, NJ, USA) according to previous study (Han et al.
2017).

Endothelial cell culture and high-fat treatment
in vitro

Aortic endothelial cells (AECs) were purchased from the
American Type Culture Collection (ATCC) Company
(Rockville, MD, USA). The L-DME medium supplemented
with the 10% fetal bovine serum was used to culture the AECs
at 37 °C with 5% CO,. To induce high-fat injury in vitro,
AECs were cultured with 100 uM oxidized low-density lipo-
protein (ox-LDL, Selleck Chemicals, Houston, TX, USA) for
approximately 12 h (Das et al. 2017). To induce the
mitophagy, FCCP (5 um, Selleck Chemicals, Houston, TX,
USA) was applied for about 2 h with AECs and to inhibit the
activity of CaMKII, the KN93 (10 um, Selleck Chemicals,
Houston, TX, USA) was used for about 45 min (Kozlov
et al. 2017; Lee and Back 2017).

Immunocytochemistry and immunofluorescence

Samples were permeabilized by 0.1% Triton X-100 at 4 °C for
30 min. Subsequently, samples were washed three times with
PBS. Primary antibodies were then added to the samples over-
night at 4 °C (Tallman et al. 2017). The following primary
antibodies were purchased either from Abcam or Cell
Signaling Technology: Tomm20 (Abcam, No. ab78547),
LAMP1 (Abcam, No. ab24170), F-actin (Abcam, No.
ab205), and cyt-c (Abcam, No. ab133504). After washing
three times with PBS, the samples were incubated with sec-
ondary antibody for 1 h at room temperature. The samples
were then observed using an Olympus BX 50 microscope
(Xiao et al. 2017).

Immunoblotting

Western blots were used to analyze protein changes. Samples
were washed three times with PBS. Samples were then lysed
in RIPA buffer to extract proteins and were then centrifuged
for 10 min at 4 °C (Xu et al. 2017). The supernatant was then
collected and subjected to immunoblotting analysis (Zhou
etal. 2015b). The primary antibodies used for immunoblotting
were as follows: pro-caspase 3 (1:1000, Cell Signaling
Technology, No. 9662), cleaved caspase 3 (1:1000, Cell
Signaling Technology, No. 9664), Bad (1:2000, Abcam, No.
ab90435), Bax (1:2000, Cell Signaling Technology, No.
5023), Bel2 (1:1000, Cell Signaling Technology, No. 3498),
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caspase 9 (1:1000, Abcam, No. ab32539), LC3II (1:1000,
Cell Signaling Technology, No. 3868), p62 (1:1000, Abcam,
No. ab56416), Beclinl (1:1000, Cell Signaling Technology,
No. 3495), Atg5 (1:1000, Cell Signaling Technology, No.
12994), p-Parkin (1:1000, Abcam, No. ab73015), Parkin
(1:1000, Abcam, No. ab15954), CaMKII (1:1000, Cell
Signaling Technology, No. 3362), p-CaMKII (1:1000, Cell
Signaling Technology, No. 12716), NR4A1 (1:1000, Cell
Signaling Technology, No. 3960), PARP (1:1000, Cell
Signaling Technology, No. 9532), complex III subunit core
(ClII-core2, 1:1000, Invitrogen, No. 459220), complex II
(CII-30, 1:1000, Abcam, No. ab110410), complex IV subunit
II (CIV-IL, 1:1000, Abcam, No. ab110268), and complex I
subunit NDUFBS8 (CI-20, 1:1000, Abcam, No. ab110242)
(Zhou et al. 2017f).

JC-1 staining for mitochondrial potential and ATP
measurement

JC-1 staining was used to observe mitochondrial changes.
Samples were washed three times with cold-PBS and then
10 mg/ml of JC-1 were added into the medium for approxi-
mately 10 min at 37 °C in the dark (Hu et al. 2017b; Zhou
et al. 2015a). Subsequently, cold-PBS was used to wash the
samples three times at room temperature. The mitochondrial
potential was observed under a fluorescence microscope (32).
Additionally, ATP production was measured to determine mi-
tochondrial function. The ATP measurements were performed
using an ATP Bioluminescence Assay Kit. First, samples were
washed with cold-PBS and cells were then lysed followed by
centrifugation at 10,000xg for 2 min at 4 °C. The obtained
supernatant was treated with the Iuciferase reagent provided in
the ATP Bioluminescence Assay Kit. The ATP concentration
was measured using a microplate luminometer (Gao et al.
2017).

Mitochondrial ROS detection and mPTP opening
assay

The MitoSOX red mitochondrial superoxide indicator
(Molecular Probes, USA) was used to detect mitochondrial
reactive oxygen species (ROS) (Griffiths et al. 2017). As for
the mPTP opening assay, tetramethylrhodamine ethyl ester
fluorescence was used to observe opening of the mPTP ac-
cording to previous studies. The fluorescence intensity of
tetramethylrhodamine ethyl ester that was reduced by half of
the initial fluorescence intensity was recorded (Liu et al.
2017b).

MTT assay, TUNEL detection, and caspase 9 activity

Cell viability was assessed through MTT assay and TUNEL
assay. For viability assays, 96-well plates were used, and 10*

cells were cultured per well. After washing three times at room
temperature with cold-PBS, 50 pL of MTT were added to the
samples. Then, the cells were incubated at 37 °C in the dark
for approximately 2 h (Lin et al. 2017). Subsequently, 200 uL
of DMSO were added to each well to solubilize the MTT.
Then, the fluorescence intensity was recorded using a micro-
plate luminometer. TUNEL staining was conducted using an
In Situ Cell Death Detection Kit (Roche, Mannheim,
Germany) (Wang et al. 2017b). Samples were washed three
times with cold-PBS. Samples were then incubated with
TUNEL staining for approximately 30 min at room tempera-
ture. Subsequently, cellular nuclei were labeled with DAPIL.
Samples were then observed using an Olympus BX 50 micro-
scope. Caspase 9 activity was measured using a commercial
kit (Beyotime) as previously described (Hambright et al.
2017).

The small RNA interference assay and trypan blue
staining

The siRNA against NR4A1 was used to knockdown its ex-
pression. The siRNA was purchased from Yangzhou Ruibo
Biotech Co., Ltd. The primers for NR4A1 were as follows:
the sense strand siRNA 5'-GAGCTACTCTCAGC
AATUAGU-3" and antisense strand siRNA 3'-TGCC
ATGAGTCATCGATGAUTAU-5" were used (Sigala et al.
2017). The siRNA transfection was performed using
Lipofectamine 2000 transfection reagent according to the
manufacturer’s protocol (Iggena et al. 2017).

As for the trypan blue staining, 0.4% trypan blue was in-
cubated with cells for 2 min at room temperature.
Subsequently, the number of trypan blue-positive cells were
counted and observed using an Olympus BX 50 microscope
(Zhai et al. 2017).

Statistical analysis

The data in the present study were presented as the mean £
standard deviation (SD) of at least three independent experi-
ments and were analyzed by one-way analysis of variance
(ANOVA). The limit of statistical significance between the
treated and control groups was P < 0.05.

Results

AS is developed in HFD mice with increased
endothelial cell apoptosis

First, ApoEH ) mice with HFD were used to establish the AS
model. Through H&E staining of the aortic sinus, we found
that HFD-treated ApoE "~ mice developed more serious ath-
erosclerotic lesions when compared to LED-treated ApoE
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mice (Fig. 1a—c). This result indicated that in ApoEf/ ~ mice,
AS developed because of HFD treatment. Subsequently, the
aortic arch was isolated and tissue proteins were obtained to
analyze the plaque composition. As shown in Fig. 1d—g, the
aortic arch in HFD-treated ApoE ™ mice contained less CD31
but expressed more x-SMA and vimentin when compared to
that in LFD-treated ApoE '~ mice. These data indicated that
atherosclerotic lesions in HFD-treated mice contained more
smooth muscle and fibrous tissue. However, the density of
endothelial cells was reduced in HFD-treated mice during
the plaque formation when compared to that in LFD-treated
mice. Subsequently, we isolated CD317" endothelial cells from
HFD- and LFD-treated mice by flow cytometry. Western blot
analysis for apoptotic proteins demonstrated that pro-
apoptotic proteins were elevated in endothelial cells from
HFD mice compared to proteins in LFD-treated mice
(Fig. 1h-1). These results were similar to previous findings
that high-fat damage caused endothelial apoptosis in a
caspase-3 dependent manner (Chen et al. 2016b; Xue et al.

2017). In contrast, anti-apoptotic protein expression was re-
duced in HFD-treated mice when compared to that in LFD-
treated mice, suggesting that HFD treatment increased endo-
thelial cell apoptosis during the development of AS.

NR4A1 was activated by high-fat damage promoting
endothelial cell apoptosis

To investigate the mechanism by which HFD induced endo-
thelial cell apoptosis, we focused on NR4A1 expression.
In vivo, we isolated CD31" endothelial cells from the disso-
ciated mouse aortic arch by flow cytometry. Through western
blots analysis, we found that the expression of NR4A1 was
significantly increased in endothelial cells isolated from HFD-
treated mice (Fig. 2a, b). Further, aortic endothelial cells
(ACEs) and oxidized low-density lipoprotein (ox-LDL) were
used as an in vitro model to study the high-fat damage to
endothelial cells in the setting of AS. TUNEL staining and
MTT assays confirmed that ox-LDL significantly increased
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Fig. 1 The atherosclerosis is developed in HFD mice. In the current
study, ApoE " mice were treated with low-fat diet (LFD) and/or high-
fat diet (HFD). a, b After 12 weeks, H&E staining was performed on
aortic sinus and the results demonstrated a significant increase in aortic
lesion size, shown by representative images (a) and by quantification (b).
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¢ The quantification of lipid content by Oil-red-O-staining on aortic sinus.
d—g The proteins in aortic arch were isolated and analyzed the expression
of CD31, x-SMA, and vimentin via western blotting. h—1 The changes of
pro-apoptotic proteins in aortic arch. *P < 0.05. n = 10/group
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endothelial apoptosis (Fig. 2c—e). Following western blot
analysis for NR4A1, we reconfirmed that NR4A1 is increased
in response to high-fat injury, and these data were in accor-
dance with the results obtained in animals (Fig. 2f, g).

To verify whether NR4A1 is involved in endothelial
apoptosis, siRNA against NR4A1 expression was used.
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Blockade of NR4A1 via siRNA significantly reduced the
high-fat-induced NR4A1 upregulation (Fig. 2f, g).
Moreover, deletion of NR4A1 attenuated cellular apopto-
sis, which was determined using a trypan staining assay
(Fig. 2h, 1). Additionally, caspase 3 expression and its sub-
strate PARP activation that was induced by high-fat dam-
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Fig. 2 NR4A1 was activated by high-fat damage promoting endothelial
cell apoptosis. a, b The NR4A1 expression in mouse aortic arch with
HFD treatment or LFD treatment. ¢ The ox-LDL was used in vitro to
mimic the high-fat damage and MTT assay was performed to evaluate the
cellular viability. d, e TUNEL assay demonstrated that ox-LDL treatment
significantly increased the number of apoptotic cells. f, g NR4A1
expression in vitro under ox-LDL treatment. Meanwhile, the siRNA
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against the NR4A1 was used and the western blotting was carried out
to analyze the knockdown efficiency. h, i Trypan blue staining for the
apoptotic cells. Knockdown of NR4A1 under ox-LDL treatment
obviously reduced the number of trypan blue-positive cells. j—1 The
western blotting was conducted to measure the alterations of apoptotic
cells with NR4A1 silencing under ox-LDL treatment. *P < 0.05 vs. Ctrl
group; #P < 0.05 vs. ox-LDL + si-Ctr] group
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age were also blocked after NR4A1 inhibition (Fig. 2j-1).
In summary, these data indicated both that NR4A1 was
activated by high-fat damage and that higher NR4A1 ex-
pression promoted endothelial cell apoptosis.

High-fat induced endothelial death via mediating
mitochondrial dysfunction

To demonstrate whether mitochondrial damage was responsi-
ble for the harmful effect of NR4A1 on high-fat-induced en-
dothelial cell death, we assessed mitochondrial function. The
mitochondrial membrane potential (MMP) allows mitochon-
dria to generate ATP, which fuels a cell’s biological function.
However, ox-LDL treatment significantly reduced the MMP
whereas inhibition of NR4A1 reversed the MMP (Fig. 3a, b),
as revealed by more red fluorescence and less green
fluorescence.

The reduction in MMP may have been derived from the
opening of the mitochondrial permeability transition pore
(mPTP). As shown in Fig. 2¢, compared to the control group,
ox-LDL induced more mPTP opening that was repressed by
NR4A1 deficiency. In response to the mPTP opening and
MMP reduction, mitochondria initiate classical mitochondrial
apoptotic pathways. Mitochondrial apoptosis is defined as ex-
cessive ROS production and leakage of pro-apoptotic factors
from mitochondria into cytoplasm. Through the analysis of
mitochondrial ROS, we confirmed that ox-LDL overproduced
more mROS, and this effect was inhibited by NR4A1 (Fig. 3d,
e). Furthermore, immunofluorescence assays for the pro-
apoptotic factor cyt-c demonstrated that ox-LDL promoted
cyt-c liberation from mitochondria into cytoplasm and even
diffusion into the nucleus (Fig. 3f). This tendency was re-
versed by NR4A1 deletion. Similarly, western blot results
were also in accordance with the results of the immunofluo-
rescence assay (Fig. 3g, h). Moreover, we also observed that
ox-LDL upregulated mitochondrial pro-apoptotic proteins
and downregulated anti-apoptotic factors, indicating the acti-
vation of mitochondrial apoptosis. In contrast, NR4A1 dele-
tion corrected the imbalance between pro-apoptotic proteins
and anti-apoptotic factors (Fig. 3g—k).

NR4A1 activated Parkin-related mitophagy

Previous studies have suggested that Parkin-mediated
mitophagy induces endothelial damage in response to cardiac
ischemia reperfusion injury (Zhou et al. 2017d). In our study,
we wanted to know whether Parkin-related mitophagy
accounted for the mitochondrial damage that was induced by
high-fat damage. In vitro, we found that ox-LDL treatment
enhanced Parkin phosphorylation (Fig. 4a, b), which is an
indicator of Parkin activity. Moreover, the mitophagy markers,
including Atg5, mitochondrial LC3II (mito-LC31I), and
Beclinl, were also increased in ox-LDL-treated cell
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(Fig. 4a—c). These data indicated that high-fat damage elevat-
ed mitophagy activity. Interestingly, loss of NR4A1 in vitro
suppressed Parkin phosphorylation and repressed the upregu-
lation of Atg5, mito-LC3II, and Beclinl (Fig. 4a—e), suggest-
ing that higher NR4A1 promotes mitophagy activation.
Moreover, to gain more evidence for mitophagy activation,
we co-stained mitochondria and lysosomes at the same time.
Compared to the control group, ox-LDL enhanced the fusion
of mitochondria and lysosomes (Fig. 4f, g). In contrast, loss of
NR4AT1 reversed the interaction between mitochondria and
lysosomes, indicating mitophagy inhibition. Altogether, these
data indicated that high-fat damage elevated mitophagy activ-
ity via NR4AI.

Parkin-related mitophagy induced mitochondrial
energy disorder

To explain the role of mitophagy in mitochondrial damage, we
assessed ATP production, which is a key feature of mitochon-
drial function. As shown in Fig. Sa—c, ox-LDL treatment re-
pressed ATP production, the state 3 and state 4 respiratory
rate. However, loss of NR4A1 reversed the mitochondrial
respiratory function. Interestingly, application of FCCP, an
inducer of mitophagy, disrupted ATP production and mito-
chondrial respiratory function despite deletion of NR4A1
(Fig. 5a—). These data confirmed that NR4A1 damaged mi-
tochondrial oxidative phosphorylation under high-fat injury
via mitophagy.

Furthermore, mitochondrial energy metabolism is func-
tionally dependent on the activity of the mitochondrial elec-
tron respiratory complex (ETC). However, ox-LDL reduced
the expression of the ETC, and this tendency was reversed by
NR4A1 inhibition (Fig. 5d-h). Interestingly, reactivation of
mitophagy via FCCP reduced the ETC expression despite
deletion of NR4A. Thus, these data collectively indicate that
NR4AL1 upregulation is associated with mitophagy activation
that consumes mitochondria, leading to ETC downregulation,
ATP undersupply, and cellular death.

NR4A1 activated Parkin via CaMKIl pathways

Finally, we wanted to know how NR4A1 modulated Parkin-
related mitophagy activity under high-fat injury conditions.
CaMKII is considered the upstream initiator of Parkin activa-
tion. Accordingly, we first explored whether NR4A1 activated
Parkin via CaMKII. As shown in Fig. 6a, b, compared to the
control group, ox-LDL treatment increased the CaMKII activ-
ity as evidenced by more phosphorylated CaMKII. However,
NR4A1 deletion reduced the ox-LDL-induced CaMKII acti-
vation. In contrast, loss of NR4A1 reduced the level of p-
CaMKII. These data reveal that NR4A1 is the upstream acti-
vator of CaMKIL
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Fig. 3 NR4A1 promoted the mitochondrial dysfunction under high-fat
damage. a, b The JCI staining for the mitochondrial potential. ¢ The
opening rate of mPTP with NR4A1 knockdown or not. d, e The flow
cytometry was used to analyze the mROS production. f The leakage of

To determine whether CaMKII is involved in activating
Parkin-mediated mitophagy, the inhibitor of CaMKII, KN-
93, was used. After inhibition of CaMKII with KN-93 under
ox-LDL treatment conditions, CaMKII activity was blocked,

mitochondrial cyt-c into cytoplasm and nuclear via immunofluorescence
assay. g—k Western blotting assay was carried out to analyze the changes
of mitochondrial apoptotic proteins. *P < 0.05 vs. Ctrl group; #P < 0.05
vs. 0x-LDL + si-Ctrl group

and Parkin expression was also inhibited (Fig. 6a—c), which is
similar to the results obtained in the NR4A1 knockdown
group. These data indicate that CaMKII is involved in
Parkin regulation.
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Fig. 4 NR4Al enhanced the Parkin-related mitophagy. a—e The
mitophagy activity was detected via western blotting. f, g The
immunofluorescence assay of mitophagy via co-staining of

To gain additional evidence for the role of CaMKII in
mitophagy, mitochondria and lysosome co-staining was
performed. Inhibition of CaMKII under ox-LDL treatment
conditions inhibited the fusion of mitochondria and lyso-
somes (Fig. 6d, e), which is similar to the results observed
in the NR4A1 knockdown group. This finding confirmed
that CaMKII activation accounted for the NR4A1-
triggered mitophagy in response to high-fat injury. At last,
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to determine whether CaMKII is also involved in endothe-
lial apoptosis, caspase 9 activity was measured. Compared
to the control group, ox-LDL treatment elevated caspase 9
activity (Fig. 6f), which was inhibited by NR4A1 knock-
down or CaMKII inhibition. Altogether, our data indicate
that mitophagy is signaled by NR4A1 via CaMKII, which
contributes to endothelial apoptosis following high-fat
damage.
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Discussion

Cumulative evidence has identified endothelial damage as an
early characteristic of AS because endothelial cell dysfunction
and injury occur before the onset of structural alterations to the
vessel wall (Chatterjee et al. 2014). The consequence of en-
dothelial damage in response to high-fat injury is accumula-
tion of lipid in the intima, leading to proliferation of smooth
muscle cells and activation of fibroblasts (Foteinos et al.
2005). Therefore, strategies to protect endothelial cells from
high-fat damage are vital to retard the formation of atheroscle-
rotic plaques and development of AS. Herein, through exper-
iments in animals and cultured cells, we demonstrated that
NR4AL1 is the pathogenic agent of endothelial apoptosis in
response to high-fat exposure. Upregulated NR4A1 activated
CaMKII pathways, which triggered Parkin phosphorylation
and mitophagy activation. Excessive Parkin-mediated
mitophagy overtly consumed mitochondrial mass, leading to
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mitophagy activation. d—h The alteration of mitochondrial respiratory
complex via western blotting assay. *P < 0.05 vs. Ctrl group; #P <0.05
vs. 0x-LDL + si-Ctrl group; @P <0.05 vs. ox-LDL + si-NR4A1 group

ETC downregulation, ATP undersupply, and endothelial mi-
tochondrial apoptosis. To the best of our knowledge, this is the
first study to explain the role of NR4A1 in endothelial damage
via regulation of mitophagy.

NR4AL1 is a member of the Nur nuclear receptor family of
intracellular transcription factors. NR4A1 has the ability to
regulate the cell cycle, inflammation, proliferation, tumorigen-
esis, and apoptosis (McMorrow and Murphy 2011; Zhao and
Bruemmer 2010). Several researchers have reported that
NR4AL inhibition can activate the glycolytic pathways and
thus promote cellular survival in acute promyelocytic leuke-
mia cells (Corrocher et al. 2017; Yu et al. 2017). Additionally,
NR4AL1 has been found to modulate mitochondrial apoptosis
via p38 and Bcl2 (Liu et al. 2017a). Furthermore, NR4A1 can
affect calcium homeostasis in cardiomyocytes and can also
affect adverse cardiac remodeling (Medzikovic et al. 2015).
In the current study, we illustrated that NR4AT1 is a novel
negative regulator of endothelial cell viability in response to
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Fig. 6 NR4A1 regulated the Parkin activity via CaMKII pathway. a—¢
Western blotting assay about the CaMKII and Parkin. KN93, the inhibitor
of CaMKII was used as the negative control group which reduced the
expression of CaMKII and Parkin. d, e The mitophagy activity with

high-fat damage (Xu et al. 2017). Loss of NR4A1 enhances
the resistance of endothelial cells to ox-LDL-mediated mito-
chondrial apoptosis. This finding provides insights into the
role of NR4Al in the cardiovascular system. Meanwhile,
our data also indicate that NR4A1 is a potential target for
protecting endothelial cell function during the development
of AS.

We found that NR4A 1 evoked endothelial cell apoptosis by
increasing mitophagy activity. Upregulated NR4A1 enhanced
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CaMKII activity, and the latter facilitated phosphorylated ac-
tivation of Parkin, which thereby delivered mitochondria to
lysosomes. These data established the upstream regulatory
signaling for Parkin-mediated mitophagy in the context of
high-fat damage (Das et al. 2017; Liu et al. 2017b). Notably,
previous studies have also confirmed the promotive effects of
NR4A1 on autophagy and/or mitophagy. In response to an
inflammatory response, NR4A1 can be ubiquitinated and
can promote mitophagy activation via tumor necrosis factor
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receptor-associated factor 2 (TRAF2) (Hu et al. 2017a).
NR4A1 has also been shown to signal autophagy via
IGFBP-3, contributing to airway inflammation and fibrosis
(Yin et al. 2017). In fatty liver disease, NR4A1 is also activat-
ed and contributes to mitochondrial dysfunction via modula-
tion of mitophagy and mitochondrial fission. These findings
all suggest that NR4A1 may be the upstream activator of
mitophagy.

Although several researchers have argued that mitophagy
can block mitochondrial apoptosis and promote cellular sur-
vival via timely removal of bad or unhealthy mitochondria
(Zhou et al. 2017b, 2018a), our data demonstrate that exces-
sive mitophagy is harmful for cell viability. Excessive
mitophagy consumed mitochondrial mass, leading to mito-
chondrial respiratory complex downregulation and energy
disorder. Notably, a previous study has also identified that
Parkin-mediated mitophagy is involved in cardiac microvas-
cular endothelial cell apoptosis during ischemia reperfusion
injury (Zhou et al. 2017d). In liver cancer, activation of
mitophagy has been reported to impair cancer mobility and
migration by preventing mitochondrial ATP production (Shi
et al. 2018). Together, these studies indicate that excessive
mitophagy may be fatal to cellular homeostasis (Lee et al.
2017; Oanh et al. 2017). Accordingly, strategies to correct
moderate mitophagy to prevent mitochondrial loss could be
vital for cell viability. However, more evidence is needed both
in vivo and in clinical practice to support our conclusions.

In the present study, we illustrated the important role of
NR4A1 in endothelial cell apoptosis under high-fat injury
conditions in vivo and in vitro. NR4A1 amplified apoptotic
signaling to endothelial cells by targeting the mitochondria. In
this process, mitophagy was the indispensable element in mi-
tochondrial damage and contributed to cellular apoptosis.
NR4AI increased mitophagy to augment mitochondrial apo-
ptosis and energy disorder, which evoked more cellular dam-
age. These findings suggest that inhibition of NR4A1 and
suppression of mitophagy activity might be a practical and
efficient adjuvant for AS treatment.
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