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Abstract

Arterial media calcification is related to mitochondrial dysfunction. Protective mitophagy delays the progression of vascular
calcification. We previously reported that lactate accelerates osteoblastic phenotype transition of VSMC through BNIP3-
mediated mitophagy suppression. In this study, we investigated the specific links between lactate, mitochondrial homeostasis,
and vascular calcification. Ex vivo, alizarin S red and von Kossa staining in addition to measurement of calcium content,
RUNX2, and BMP-2 protein levels revealed that lactate accelerated arterial media calcification. We demonstrated that lactate
induced mitochondrial fission and apoptosis in aortas, whereas mitophagy was suppressed. In VSMCs, lactate increased
NR4A1 expression, leading to activation of DNA-PKcs and p53. Lactate induced Drpl migration to the mitochondria and
enhanced mitochondrial fission through NR4A1. Western blot analysis of LC3-II and p62 and mRFP-GFP-LC3 adenovi-
rus detection showed that NR4A1 knockdown was involved in enhanced autophagy flux. Furthermore, NR4A1 inhibited
BNIP3-related mitophagy, which was confirmed by TOMM?20 and BNIP3 protein levels, and LC3-II co-localization with
TOMM20. The excessive fission and deficient mitophagy damaged mitochondrial structure and impaired respiratory function,
determined by mPTP opening rate, mitochondrial membrane potential, mitochondrial morphology under TEM, ATP produc-
tion, and OCR, which was reversed by NR4A1 silencing. Mechanistically, lactate enhanced fission but halted mitophagy via
activation of the NR4A1/DNA-PKcs/p53 pathway, evoking apoptosis, finally accelerating osteoblastic phenotype transition
of VSMC and calcium deposition. This study suggests that the NR4A1/DNA-PKcs/p53 pathway is involved in the mecha-
nism by which lactate accelerates vascular calcification, partly through excessive Drp-mediated mitochondrial fission and
BNIP3-related mitophagy deficiency.
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Introduction

The global incidence of diabetes mellitus (DM) is still
growing steadily. Diabetic cardiovascular complications
are the leading cause of high morbidity and mortality in
diabetics [1, 2]. Vascular calcification, a common vascular
complication in patients with diabetes, has brought diffi-
culties to patients with coronary artery disease and chronic
kidney disease [3, 4]. Inflammation, oxidative stress, and
apoptosis, caused by phosphate deposits or advanced gly-
cation end-products, play an important role in calcium
deposition and osteoblastic phenotype transition of vas-
cular smooth muscle cells (VSMCs), the main cell type of
vascular media [5-8]. Damaged mitochondria are the main
sources of reactive oxygen species (ROS) generation, and
oxidative stress itself together with cytochrome-c (cyt-c)
leakage initiates apoptosis [9, 10]. Therefore, the removal
of damaged mitochondria is required to prevent vascular
calcification.

The roles of mitophagy and mitochondrial fission in
regulating mitochondrial homeostasis have been exten-
sively studied [11]. Previous studies showed that exces-
sive mitochondrial fission induces ROS overproduction
under stress conditions [12]. Uncontrolled mitochondrial
fission produces large amounts of mitochondrial debris
that damage the mitochondrial genome and disrupt nor-
mal mitochondrial respiration and ATP production [13]. In
addition, abnormal fission promotes mitochondrial perme-
ability transition pore (mPTP) opening and cyt-c leakage,
eventually inducing mitochondrial-dependent apoptosis
[14, 15]. Dynamin-related protein 1 (Drpl), a key mol-
ecule involved in mitochondrial fission, exacerbates car-
diovascular calcification in an oxidative stress-dependent
manner [16]. Mitophagy effectively removes damaged
mitochondria and avoids excessive ROS generation [17].
Interestingly, we found that mitochondrial biogenesis also
depends on mitophagy, so that the quantity and quality
of mitochondria are relatively balanced, finally alleviat-
ing VSMC calcification [18]. Therefore, mitophagy and
mitochondrial fission are both implicated in the process
of vascular calcification.

It has recently been shown that mitochondrial fission
and mitophagy are regulated by p53, which assists in the
transfer of Drpl from the cytoplasm to the mitochondria
to promote the onset of fission [19, 20]. At the same time,
phosphorylated p53 effectively inhibits the expression
of mitophagy receptor BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3) [21]. p53 is phos-
phorylated by DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) [22], an important enzyme partici-
pating in the repair of DNA double-strand breaks [23].
Under normal circumstances, DNA-PKcs binds to Ku&80,
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thus providing a mechanism for internal repair of cells.
However, in response to irreversible injury, DNA-PKcs
interacts with and phosphorylates p53 at Serl5 to activate
pS53-dependent apoptosis [24, 25]. NR4A1 is a nuclear
receptor and is involved in atherosclerosis, although there
is controversy about its effects on atherosclerosis [26,
27]. High levels of NR4A1 block the binding of DNA-
PKcs to Ku80 and enhance binding of DNA-PKcs to p53
[28]. Besides, NR4A1 is highly expressed in VSMC and
is a sensor of oxidative stress [29]. Furthermore, NR4A1
serves as a damaging factor in cardiac microvascular
ischemia reperfusion injury through elevation of fission
and suppression of mitophagy [30]. Whether this signaling
pathway (NR4A1/DNA-PKcs/p53) could affect vascular
calcification at the VSMC level by regulating mitochon-
drial fission and mitophagy remains unknown.

Atherosclerotic disease is closely related to metabolic
reprogramming [31, 32], and lactate, by-product of anaero-
bic glycolysis, has been reported to be associated with car-
diovascular disease. Clinical studies have demonstrated that
patients with diabetes are usually accompanied by elevated
levels of blood lactate [33], which also correlate with carotid
atherosclerosis and hypertension [34, 35]. Vascular calcifica-
tion is highly similar to atherosclerosis, and VSMC synthetic
transformation is a common feature [36]. Furthermore, lac-
tate is reported to promote the synthetic phenotype transition
in VSMC [37]. These reports suggest that lactate may be
linked with vascular calcification. We previously demon-
strated that lactate accelerates VSMC calcification through
suppression of BNIP3-mediated mitophagy [38],however,
whether lactate regulates mitochondrial fission while reg-
ulating mitophagy, and the potential involvement of the
NR4Al-mediated pathway remain to be clarified.

In the present study, we focused on three issues: (1)
whether lactate promotes vascular calcification in calci-
fied aorta models; (2) whether mitochondrial fission and
mitophagy participate in the process by which lactate accel-
erates vascular calcification; and (3) whether lactate disrupts
mitochondrial homeostasis via the NR4A1/DNA-PKca/p53
pathway in VSMCs.

Materials and methods
Calcification model

All experiments in vivo were approved by the Animal Care
and Research Committee of Southeast University, and all
animal procedures were performed in accordance with the
Guidelines of Animal Experiments from the Committee of
Medical Ethics, the National Health Department of China
(1998).
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Briefly, 6-week old male Wistar rats (160-180 g, Exper-
imental Animal Center in Shanghai, China) were divided
into 4 groups. The first group was the control group, age-
matched rats were only given a standard rat chow diet (60%
carbohydrates, 22% protein, 10% fat, 8% fiber and other
ingredients) for 9 weeks (n = 6); The second group was
the vitamin D3 + nicotine (VDN) group, rats were fed with
a standard chow diet for 9 weeks and were administered
with vitamin D3 (300 000 U/kg, intramuscularly, Sigma-
Aldrich, St. Louis, MO, USA) and nicotine (25 mg/kg, 5 ml/
kg, PO, Sigma-Aldrich) to induce arterial media calcifica-
tion (n = 12). Nicotine administration was repeated after
12 h on the same day. The remaining two groups (DM and
DM + VDN) of rats are all DM background. Six-week old
rats were fed a high fat diet (HFD, 50% carbohydrates, 30%
fat (20% lard and 10% soybean oil), 11% protein, 2.5% cho-
lesterol, 6.5% fiber and other ingredients) (Animal Center,
Health Science Center, Southeast University) for 8 weeks,
followed by a single dose of streptozotocin (STZ, 25 mg/kg,
intraperitoneally, Sigma-Aldrich) (n = 18). Animals were
considered to be diabetic when the blood glucose levels were
over 16.7 mM. All of the diabetic rats were maintained on a
standard chow for 1 week after the start of the STZ adminis-
tration. Two-thirds of the diabetic rats were then treated with
VDN. All the rats were then allowed to recover for 2 weeks.

Organ culture of aorta

Thoracic aortas were dissected from Wistar rats and cultured
ex vivo according to previous protocols [39]. Half of the
VDN or DM + VDN thoracic aortas were incubated in a 1:1
mixture of Dulbecco’s Modified Eagle’s Medium (DMEM)
and Ham’s F12 medium with 15% fetal bovine serum (FBS)
and lactate (10 mM) for 2 weeks. The remaining groups
were cultured with complete medium (DMEM + F12 + 15%
FBS) for 2 weeks. The medium was renewed twice a week.
Please see the figure blow.

Group treatment protocols ex vivo Open bars represent
a standard chow diet, gray bars represent a high fat diet,
dark blue bars represent a lactate treatment, and green bars
represent a complete medium treatment. The vertical dashed
lines represent the injection of STZ. The vertical solid lines
represent the vitamin D3 and nicotine treatment.

Cell culture

Primary VSMCs were isolated from 6-week-old Sprague
Dawley rat thoracic aortas (60-80 g, Experimental Animal
Center in Shanghai, China) according to previous protocols.
VSMCs between passages 4 and 7 were incubated in a 1:1
mixture of DMEM and Ham’s F12 medium with 10% FBS
and antibiotics at 37 °C with 5% CO,. VSMC calcifica-
tion was induced with -glycerophosphate ($-GP, Sigma-
Aldrich) according to previous protocols [5].

Measurement of the calcium content and ALP
activity

Calcium content of calcified thoracic aortas or VSMCs was
measured using the Calcium Assay kit (Nanjing Jiancheng
Bioengineering Institute, Jiangsu, China) and normalized to
the total protein content with a Bicinchoninic Acid (BCA)
Protein Assay kit (KeyGEN Biotechnology, Jiangsu, China).

For ALP activity measurement, the calcified VSMCs
were solubilized with RIPA lysis buffer (Beyotime Biotech-
nology). After centrifugation, the supernatants were exam-
ined with the ALP activity kit (Nanjing Jiancheng Bioengi-
neering Institute) and normalized to the total protein content.

Alizarin red S staining

The calcified VSMCs were fixed in 4% paraformaldehyde for
30 min at room temperature, washed twice with phosphate
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buffer saline (PBS), and then stained with 2% Alizarin red
S (pH 8.4) (ScienCell Research Laboratories, Shanghai,
China) for another 30 min at 37 °C. Excess reagent was
removed by washing with PBS. The calcium nodules were
observed under a microscope.

Aortic segments were fixed in 4% paraformaldehyde and
embedded in paraffin. Aortic samples were cut into 6 pm
in thickness. Sections were deparaffinized, stained with 2%
alizarin red for 5 min and washed with PBS. And then the
sections were soaked in anhydrous acetone solution for 30 s,
mixed solution of anhydrous acetone and xylene (volume
ratio = 1:1) for 15 s and anhydrous xylene for 1 min. The
calcium phosphate salts were visualized as a red staining.

von Kossa staining

Paraffin sections from aortas were dewaxed and hydrated.
The slices were immersed in 1% silver nitrate for 30 min
under an intense sunbeam, and were then washed 3 times
with deionized water. Subsequently, 5% sodium thiosulfate
(Sigma-Aldrich) was added for 5 min to remove un-reacted
reagent. The calcium phosphate salts were visualized as a
black staining.

Mitochondrial function analysis

mPTP opening was measured based on a mPTP colori-
metric detection kit (Genmed Scientifics Inc., Shanghai,
China) according to the relative fluorescence units (RFUs)
of mitochondrial volume changes, which were determined
by a spectrophotometer (MULTISKAN GO, Thermo Fisher
Scientific, USA).

Mitochondrial membrane potential was evaluated via
JC-1 staining (KeyGEN Biotechnology) by flow cytometry
(BD Biosciences, USA). Briefly, after treatment, VSMCs
were washed twice with PBS and then stained with JC-1
probes for 20 min at 37 °C. VSMCs with healthy mitochon-
dria were distributed in Q2. While VSMCs with mitochon-
drial membrane potential decline were distributed in Q3.

The adenosine triphosphate (ATP) levels in the VSMCs
were detected using an ATP assay kit (Beyotime Biotech-
nology) according to the protocol. Briefly, 20 pl of sample
or standard were added to the test well or tube and mixed
quickly with a micropipette at least 2 s. Luminescence was
measured using a microplate reader (Bio-Rad, Shanghai,
China).

For oxygen consumption rate (OCR) determination,
VSMCs were seeded into Seahorse 24-well plates at 8000
cells/well and were then treated as previously reported
[40]. OCR was measured by a Seahorse XFe24 analyzer
(Seahorse Bioscience, Boston, MA, USA). A Mito-stress
kit (Seahorse Bioscience), oligomycin, carbonylcyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) and rotenone
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were added according to the manufacturer’s instructions. All
results were normalized to the cell number. Basal respira-
tion = (last rate measurement before first injection)—(mini-
mum rate measurement after antimycin injection). Maxi-
mal respiration = (maximum rate measurement after FCCP
injection) — (minimum rate measurement after antimycin
injection).

Transfection

To silence NR4A 1, DNA-PKcs and p53, each of three small
interfering RNAs (siRNAs) were designed (Shanghai Gene-
chem Co., Ltd.). The siRNAs were transfected into cells with
Lipofectamine 2000 (Invitrogen Life Science, Grand Island,
NY) for 24 h according to the manufacturer’s protocol. The
transfection efficiency was examined by western blotting.

To detect the autophagic flux, VSMCs were transfected
with mRFP-GFP-LC3 adenovirus (Shanghai Hanbio Bio-
technology Co., Ltd.) for 4 h (MOI = 5). After transfec-
tion, the medium was renewed with complete medium for
12 h and then given interventions. At 48 h after transfection,
autophagosomes (yellow dots) and autolysosomes (red dots)
were detected under a confocal microscope (FV10i, Olym-
pus, Japan).

Mitochondria morphology observation

The VSMCs were washed twice with PBS, and then cul-
tured with red mito-tracker (Genmed Scientifics Inc.) for
20 min. Excess reagent was removed by washing with PBS.
The mitochondria morphology was observed under a confo-
cal microscope.

Mitochondrial isolation

Mitochondrial and cytosolic fractions were obtained using
a mitochondrial isolation kit (Beyotime Biotechnology).
Briefly, after the VSMCs were incubated in ice-cold mito-
chondrial lysis buffer for 15 min, the cell suspension was
homogenized for 20 strokes. Next, the homogenate was cen-
trifuged at 1000xg for 10 min at 4 °C to remove the nuclei
and unbroken cells. The supernatant was then collected and
centrifuged again at 11,000xg for 10 min at 4 °C to obtain
the mitochondrial fraction. For western blotting analysis, the
mitochondrial fractions were stored in mitochondrial lysis
buffer containing PMSF.

Western blotting analysis

The aortas or VSMCs were lysed according to the manu-
facturer’s instructions, and the protein concentration was
measured using the BCA Protein Assay kit. Antibod-
ies against microtubule-associated protein 1 light chain 3
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(LC3) (CST4108) (1:2000), SQSTM1 (p62) (CST23214)
(1:500), alpha-SM-actin (a-SMA) (CST19245) (1:1000),
Cleaved-Caspase3 (CST9661) (1:1000), Bcl-2 (CST3498)
(1:1000), and Bax (CST14796) (1:1000) were obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-runt-
related transcription factor 2 (RUNX2) (ab76956) (1:1000),
anti-bone morphogenetic protein 2 (BMP-2) (ab214821)
(1:1000), anti-Drpl (ab184247) (1:1000), anti-mitochon-
drial fission factor (Mff) (ab81127) (1:1000), anti-BNIP3
(ab109362) (1:1500), anti-NR4A1 (ab109180) (1:1000),
anti-DNA-PKcs (ab70250) (1:2000), anti-p53 (Serl5)
(ab1431) (1:1000), and anti-translocase of outer mito-
chondrial membrane 20 (TOMM20) (ab186734) (1:500)
antibodies were purchased from Abcam (Cambridge, MA,
USA). Anti-translocase of outer mitochondrial membrane 40
(TOMMA40) (66,658—1-1g) (1:500), anti-voltage-dependent
anion channel 1 (VDACI1) (55,259-1-AP) (1:1000), and
anti-optic atrophy 1 (OPA1) (27,733-1-AP) (1:1000) were
obtained from Proteintech (Wuhan, China). Anti-p-actin
(1:3000) and all secondary antibodies (1:5000) were pro-
vided by Biosharp (Anhui, China). Subsequently, 20-40 pg
of protein was loaded onto a SDS-PAGE gel and then trans-
ferred onto nitrocellulose membranes. The membranes were
blocked with 5% bovine serum albumin (BSA) for 1.5 h. The
membranes were incubated with different primary antibod-
ies overnight at 4 °C and then visualized using anti-rabbit
or anti-mouse IgG conjugated with horseradish peroxidase
for 1 h at room temperature. The blots were detected using
electrochemiluminescence (ECL), and the results were quan-
tified with the Image-Pro Plus 6.0 software.

Immunofluorescence staining

The VSMCs were fixed with 4% paraformaldehyde for
30 min, permeabilized with 0.1% Triton X-100 for 20 min,
and then blocked with 5% BSA for 0.5 h at room tempera-
ture. The cells were incubated with anti-LC3 (1:500) and
anti-TOMM20 (1:250) antibodies at 4 °C overnight, fol-
lowed by the appropriate secondary antibodies for 0.5 h
in the dark. The images were visualized using a confocal
microscope, and the results were quantified with the Image-
J software.

Immunohistochemistry

Briefly, after dewaxing and hydration of sections, tissue
slides were treated with 3% H,O, for 10 min, then were incu-
bated with the primary antibodies against a-SMA (1:500),
RUNX2 (1:500), Mff (1:200), and BNIP3 (1:150) overnight
at 4 °C, followed by incubation with the secondary anti-
body conjugated to horseradish peroxidase. The antibodies
were detected as a brown color. The tissue sections were
scored according to the degree of staining (0-3 divided into

negative staining, light yellow, light brown, dark brown)
and positive range under light microscope (1—4 points were
0-25%, 26-50%, 51-75%, 76—100%), then the final score
can be carried out the sum.

Transmission electron microscopy (TEM)

The VSMCs were fixed in 2.5% glutaraldehyde (electron
microscopy grade) at 4 °C for 2 h, dehydrated in an eth-
anol series, and embedded in Epon resin. Representative
areas were chosen for ultrathin sections and viewed with
a Hitachi TEM system at an accelerating voltage of 80 kV.
Digital images were obtained by an AMT imaging system
(Advanced Microscopy Techniques Co., Danvers, MA,
USA). For mitochondrial morphology and structural changes
observations. At least 5—7 cells per condition were imaged.

Statistical analysis

All of the experiments were independently repeated at least
three times. All data are presented as the mean + standard
deviation (SD). Statistical analyses were performed using
Statistical Package for Social Science (SPSS) 22.0 (SPSS,
Chicago, IL, USA). Two-tailed Student’s t-tests and one- or
two-way ANOVA with post hoc comparisons by Tukey’s
multiple comparisons test were used to compare the results.
Values of P < 0.05 were considered significant.

Results

Lactate accelerated vascular calcification
and caused apoptosis ex vivo

We first investigated the effects of lactate on vascular cal-
cification in Wistar rats. As described in the methods sec-
tion, we divided the aortas into six groups (con, VDN,
VDN + lactate, DM, DM + VDN, and DM + VDN + lac-
tate). Since the blood lactate levels of diabetic rats were
about 5 mM, while the blood lactate levels of diabetic
calcification rats were about 7 mM in our study (data not
shown), so we chose a lactate concentration of 10 mM for
ex vivo culture. As shown in Fig. la, alizarin S red and
von Kossa staining revealed a degree of calcification in the
VDN group in both the diabetic and non-diabetic models,
while lactate significantly expanded and enhanced the area
and degree of the vascular media calcification. Determina-
tion in the calcium content in the thoracic aorta was consist-
ent with the results observed in Fig. 1a, and lactate further
elevated calcium content based on VDN modeling (Fig. 1b).
The phenotypic transition of VSMC in the vascular media
is important for calcification. We analyzed the expression
of RUNX2 and BMP-2, which are key nodes in VSMC
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Fig.1 Lactate accelerated vascular calcification ex vivo. a Cal-
cium nodules were stained with alizarin S red (red staining) or von
Kossa staining (black staining). Scale bar, 100 pm b calcium content
of thoracic aortas was detected. ¢ Immunohistochemical analysis of
thoracic aorta a-SMA and RUNX2. Scale bar, 50 pm d Western blot
analysis of NR4A1, osteoblastic phenotype transition-related mol-

osteoblastic differentiation pathway [41], in thoracic aortas
by immunohistochemistry and western blotting. As shown in
Fig. Ic, d, lactate caused the VSMC contraction phenotype
to be lost and differentiation of an osteoblastic phenotype.
Since apoptosis is inducible for the osteoblastic pheno-
type transition of VSMC and calcium nodule formation.
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ecules (a-SMA, RUNX2, BMP-2), and apoptosis-related molecules
(Cleaved-Caspase3, Bax, Bcl-2). *P < 0.05 compared with the con
group. *P < 0.05 compared with the VDN group. ¥P < 0.05 com-
pared with the DM group. ®P < 0.05 compared with the DM + VDN
group. Data are presented as the mean + standard deviation of three
experiments (Color figure online)

Furthermore, we previously reported that lactate treatment
leads to VSMC apoptosis [38]. Therefore, we evaluated
apoptosis-related protein levels in the thoracic aortas. The
expression Cleaved-Caspase3 and Bax was markedly ele-
vated in the VDN + lactate groups compared with that in
the VDN groups, whereas the expression of anti-apoptotic
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Bcl-2 was reduced, which demonstrated a pro-apoptotic role
of lactate (Fig. 1d). These results confirmed the pro-calcifi-

cation effects of lactate ex vivo, and further linked lactate,
apoptosis and vascular calcification.
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Fig.2 Lactate regulated mitochondrial homeostasis ex vivo. a Immu-
nohistochemical analysis of thoracic aorta Mff and BNIP3. Scale
bar, 50 pm b Western blot analysis of mitophagy-related molecules
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and TOMM40), and mitochondrial fission proteins (mito-Drpl,
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overall autophagy levels and BNIP3 expression increased
significantly, whereas the mitochondrial membrane protein
levels decreased, suggesting an intracellular self-regulation.
As expected, subsequent lactate intervention reversed these
results (Fig. 2).

Previously, it has been reported that Drpl, which is a
key molecule involved in mitochondrial fission, accelerates
vascular calcification by activating oxidative stress [16],we
also found that the protein levels of the Drp1 receptor, Mff,
were increased in the calcified thoracic aortas, and the levels
of OPAI, a key molecule involved in mitochondrial fusion,
were distinctly suppressed against both the diabetic and
non-diabetic background. Compared with the non-calcified
group, mito-Drpl expression was significantly elevated
in the calcified group, and cyto-Drpl protein levels were
reduced, suggesting Drpl migration. Lactate exacerbated the
migration of cyto-Drpl on the basis of calcification (Fig. 2).
Overall, these results indicated that lactate regulates both
mitochondrial fission and mitophagy to disturb mitochon-
drial homeostasis.

Lactate accelerated calcification in VSMCs
through NR4A1 activation

To demonstrate the role of NR4A1 in vascular calcifica-
tion, we measured NR4A1 protein levels in calcified tho-
racic aortas. Compared with non-calcified tissues, the
VDN groups had higher NR4A1 protein levels that were
exacerbated in the VDN + lactate groups (Fig. 1d). To fur-
ther confirm the pro-calcification role of NR4A1 in vitro,
we silenced NR4A1 in VSMCs by transfection with three
siRNA sequences (si-NR4A1-1-3), and the transfection effi-
ciencies were determined by western blotting. We selected
si-NR4A1-3 sequence against NR4A1 (approximately 80%
silencing efficiency) for the subsequent experiments (Sup-
plementary Fig. 1A).

VSMCs were divided into the following groups: con-
trol, p-GP, p-GP + lactate (10 mM), B-GP + lactate
(10 mM) + si-NR4A1, B-GP + lactate (10 mM) + scram-
bled siRNA, and B-GP + lactate (10 mM) + cytosporone B
(CsnB) (10 pg/ml) (NR4A1 inducer). The concentration of
lactate used here was borrowed from previous report [37].
Compared with the lactate untreated groups, NR4A1 expres-
sion was significantly upregulated in the calcified + lac-
tate VSMC models after 24 h of lactate treatment. Lac-
tate increased RUNX2 and BMP-2 protein expression and
decreased a-SMA levels in calcified VSMCs compared with
the levels detected in the p-GP alone group. These effects
were reversed by siRNA-mediated NR4A1 knockdown. In
contrast, CsnB-induced NR4A1 overexpression enhanced
the osteoblastic phenotype transition of VSMC (Fig. 3a).
In addition, lactate treatment increased ALP activity and
the calcium deposition content after 7 days through NR4A1
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activation (Fig. 3b, c). Calcified nodule formation was
also significant after 21 days in the f-GP + lactate group
(Fig. 3d), and persistent CsnB intervention significantly
increased the number of calcium nodules. All these results
revealed that NR4A1 plays an important role in lactate-
accelerated VSMC calcification.

Lactate activated Drp1-related mitochondrial fission
through NR4A1 upregulation

Since excessive mitochondrial fission is implicated in mito-
chondrial dysfunction, and Drpl is involved in vascular
calcification [16], we then investigated the relationship
between lactate, NR4A1, and Drpl-mediated fission. We
first observed the morphological changes of mitochondria
under lactate treatment. The mitochondrial length was exam-
ined to quantify mitochondrial fission. In normal control
VSMC s, the mitochondria were cable-like, thin strips. In
calcified cells, some of the mitochondria were divided into
several fragments, and this damage to the mitochondrial
structure was exacerbated by the addition of lactate. How-
ever, mitochondria in the NR4A1-knockout cells showed
a predominantly elongated form despite lactate treatment.
CsnB-induced activation of NR4A1 aggravated the damag-
ing effects of lactate on mitochondrial fission in the calcified
environment (Fig. 4a).

Migration of cyto-Drpl to the mitochondria is essential
for mitochondrial fission [42]. As shown in Fig. 4b, c, lac-
tate increased mito-Drpl and Mff expression but reduced
cyto-Drpl and OPAL1 content in the calcified VSMCs com-
pared with the non-lactate groups. These tendencies were
reversed by NR4A1 block. Notably, CsnB-induced NR4A1
overexpression exacerbated the inducible effects of lactate
on Drpl migration. Altogether, these results indicated that
lactate activates Drpl-related mitochondrial fission through
NR4AL.

NR4A1 suppressed the autophagic flux
and BNIP3-mediated mitophagy

Mitophagy is another important mechanism responsible
for maintaining mitochondrial homeostasis. We first evalu-
ated the role of NR4Al in lactate-inhibited autophagic
flux. After lactate treatment for 24 h, the LC3-II protein
level was decreased and p62 was increased compared with
the levels detected in the B-GP group. The trend of LC3-II
and p62 expression was reversed after NR4A1 knockdown;
however, CsnB pre-treatment enhanced the trend (Fig. Sa).
To further determine alterations in the autophagic flux,
the VSMCs were transfected with the mRFP-GFP-
LC3 adenovirus for confocal detection. The autophagy
inducer rapamycin (Rapa) (10 pM, Sigma-Aldrich) was
used as a positive control, and chloroquine (CQ) (10 pM,
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Fig.3 Lactate accelerated osteoblastic phenotype transition of
VSMC and calcium deposition through NR4A1l. Normal or calci-
fied VSMCs were divided into six groups: con, B-GP, B-GP + lac-
tate (10 mM), B-GP + lactate (10 mM) + si-NR4A1, B-GP + lactate
(10 mM) + scrambled siRNA, and B-GP + lactate (10 mM) + CsnB
(10 pg/ml). Each group was incubated for 24 h. a Western blot analy-
sis of NR4A1 and osteoblastic phenotype transition-related molecules
(-SMA, RUNX2, BMP-2). b, ¢ ALP activity and calcium deposition

Sigma-Aldrich) was used to block fusion of the autophago-
some and lysosome. As shown in Fig. 5b, Rapa treatment
increased the numbers of both GFP (green) and mRFP
(red) labeled cells and a large number of red (autolys-
osomes) cells were observed. There was no significant
difference in the autolysosome numbers between the CQ
group and the f-GP + lactate group, indicating that lactate
blocked the subsequent processes in a large number of

B-GP+lactate (10 mM)
+CsnB

5 e
> 7

were detected after 7 days intervention. d After 21 days treatment,
calcium nodule formation was visualized by alizarin red S staining.
At least 3—-5 images per condition were imaged. Scale bar, 50 pm.
*P < 0.05 compared with the con group. *P < 0.05 compared with
the p-GP group. P < 0.05 compared with the scrambled siRNA
group. ®P < 0.05 compared with the p-GP + lactate group. Data are
presented as the mean =+ standard deviation of three experiments

autophagosomes. Then, we found that red/yellow (autol-
ysosome/autophagosome) dots ratio was markedly
decreased in the VSMCs cultured with calcium medium
and lactate compared with the calcified VSMCs. How-
ever, after NR4A1 deletion, the autolysosome/autophago-
some ratio was increased, suggesting that a part of the
autophagosomes were degraded by lysosomes. As
expected, CsnB inhibited the combination of lysosomes
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Fig.4 Lactate aggravated Drpl-mediated mitochondrial fission
through NR4A1. a VSMCs were stained with mito-tracker red to
evaluate the mitochondrial fragmentation. The length of mitochondria
was measured. At least 8—10 cells per condition were imaged. Scale
bar, 5 pm. b, ¢ Change of Drpl cellular distribution. Mff and OPA1

and autophagosomes. We could conclude that NR4A1 was
involved in the process of lactate blocking autophagic flux.

Next, we investigated the effects of NR4A1 regulation
on mitophagy. The lower levels of TOMM?20 and TOMM40
(translocases of the outer mitochondrial membrane) and
elevated BNIP3 protein levels induced by p-GP were
reversed by incubation with lactate, indicating attenuated
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B-GP+lactate (10 mM)

protein levels were determined by western blotting. *P < 0.05 com-
pared with the con group. *P < 0.05 compared with the p-GP group.
&P < 0.05 compared with the scrambled siRNA group. ®P < 0.05
compared with the f-GP + lactate group. Data are presented as the
mean + standard deviation of three experiments

mitochondrial clearance. NR4A1 knockdown promoted
mitochondrial clearance, whereas NR4A1 overexpres-
sion had the opposite effect (Fig. 5a). In addition, NR4A1
knockdown promoted autophagosome (LC3-II green) and
mitochondria (TOMM?20 red) fusion compared with that
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Fig.5 Lactate blocked autophagic flux and suppressed BNIP3-
related mitophagy via NR4A1 up-regulation. a After 24 h treatment,
LC3-1I, p62, TOMM20, and BNIP3 protein levels were evaluated
by western blotting. b VSMCs were pre-treated with Rapa (10 pM)
for 4 h or CQ (10 puM) for 12 h. Then VSMCs were transfected with
mRFP-GFP-LC3 adenovirus for 4 h for fluorescent analysis. The yel-
low puncta indicate autophagosome, and the free red puncta indicate
autolysosome. Scale bar, 10 pm. At least 8-10 cells per condition

were imaged. Quantification represents the ratio of autolysosome/
autophagosome in each group. ¢ Immunofluorescent images dou-
ble labelled by LC3-II (green) and TOMMZ20 (red). At least 8-10
cells per condition were imaged. Scale bar, 5 pm. *P < 0.05 com-
pared with the con group. *P < 0.05 compared with the p-GP group.
&P < 0.05 compared with the scrambled siRNA group. ®P < 0.05
compared with the B-GP + lactate group. Data are presented as the
mean + standard deviation of three experiments (Color figure online)
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Fig.5 (continued)

observed in the scrambled siRNA group, thereby restoring
mitochondrial networks and suggesting mitophagy activa-
tion (Fig. 5¢). Thus, it was demonstrated that NR4A1 par-
ticipates in lactate-inhibited autophagic flux and BNIP3-
mediated mitophagy.

NR4A1 deletion preserved mitochondrial structure
and respiratory function in VSMCs

When cells are subjected to stress and injury, the mito-
chondria enlarge and the mPTPs open, releasing large
amounts of cyt-c, which leads to a decline in the mem-
brane potential decline and stimulation of the mito-
chondrial apoptotic pathway [43]. In our study, calcified
VSMCs exhibited an increased rate of mPTP opening,
and the effect was enhanced by lactate treatment,however,
NR4A1 knockdown decreased the rate of mPTP open-
ing, whereas CsnB pre-treatment promoted mPTP open-
ing (Fig. 6a). TEM analysis was used to provide direct
evidence of mitochondria swelling. As shown in Fig. 6b,
when the cells were in the process of osteogenic differen-
tiation, the mitochondria enlarged and its internal struc-
ture was significantly damaged. Lactate stimulation caused
mitochondrial enlargement to such a degree that the inter-
nal ridge structure was almost completely destroyed. In
the NR4A1 knockout group, the degree of mitochondrial
swelling was significantly reduced, whereas NR4A1 over-
expression exacerbated the destruction of the inner and
outer mitochondrial membranes, leading to discharge of
large amount of the contents. Further quantitative analysis
showed that NR4A1 regulation had a significant effect on
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the number of damaged mitochondria, and that NR4A1
knockout could partially offset the destruction caused
by lactate. JC-1 staining showed a larger percentage of
mitochondria distributed in Q3 after lactate exposure
than those in the control or B-GP groups; NR4A1 sup-
pression reduced this percentage, suggesting an alleviated
decline in the mitochondrial membrane potential (Fig. 6c¢).
Western blotting analysis of Cleaved-Caspase3, Bax, and
Bcl-2 expression revealed a pro-apoptotic role for NR4A1
(Fig. 6d). These results suggested that NR4A1 knockout
has a protective effect on the integrity of the mitochondrial
structure and cell apoptosis in the presence of lactate.

Mitochondria are the factories of cellular energy. The
ATP is actually derived from the proton chemical gradient
that forms the mitochondrial inner membrane potential.
Since the decline in the mitochondrial membrane potential
was related to NR4A1, as expected, NR4A1 overexpres-
sion further reduced ATP generation based on the role of
lactate (Fig. 6e). We then measured OCR to evaluate mito-
chondrial respiratory function. The OCR was decreased
after lactate treatment compared with that of the calcified
VSMCs, and NR4A1 knockout restored the OCR. Moreo-
ver, CsnB treatment further lowered the OCR. Compared
with the B-GP + lactate group, the basal and maximum
respiration rates were both improved after NR4A1 silenc-
ing, both of which were decreased by pre-treatment with
CsnB (Fig. 6f). We concluded that mitochondrial respira-
tory function is further affected by the destruction of mito-
chondrial structure.
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Fig.6 NR4A1l knockdown could preserve mitochondrial structure
and respiratory function. a The RFU of mPTP opening was evaluated
by spectrophotometry at 505 nm. b Mitochondrial morphology and
structural changes under TEM. At least 5-7 cells per condition were
imaged. Scale bar, 0.2 pm. ¢ The mitochondrial membrane potential
was measured via JC-1 staining with flow cytometry. d Western blot
analysis of apoptosis-related molecules (Cleaved-Caspase3, Bax, Bcl-

The NR4A1/DNA-PKcs/p53 pathway participated
in Drp1 and BNIP3 regulation

Finally, to explore the involvement of the NR4A1-related
signaling pathway in mitochondrial fission and mitophagy
regulation, DNA-PKcs was first silenced. After transfecting

2). e Cellular ATP production determination. f The OCR assay was
used to observe the mitochondrial respiratory function. *P < 0.05
compared with the con group. *P < 0.05 compared with the p-GP
group. “P < 0.05 compared with the scrambled siRNA group.
@p < 0.05 compared with the p-GP + lactate group. Data are pre-
sented as the mean + standard deviation of three experiments

VSMCs with three siRNA sequences designed to medi-
ate DNA-PKcs knockdown, we selected si-DNA-PKcs-2
sequence against DNA-PKcs (approximately 80% silencing
efficiency) (Supplementary Fig. 1B). As shown in Fig. 7a,
lactate intervention increased the protein levels of DNA-
PKcs and p53(Serl5) compared with that in the non-lactate
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Fig.6 (continued)

groups; however, the expression of DNA-PKcs and p53
phosphorylation was significantly reduced after NR4A1
knockdown, suggesting that the DNA-PKcs and p53 are
downstream molecules of NR4A1. In addition, DNA-PKcs
blocking ablated p53 phosphorylation. These findings dem-
onstrated the involvement of the NR4A1/DNA-PKcs/p53
axis in lactate-treated calcified VSMCs.

Next, we performed siRNA-mediated silencing of p53 and
used western blot analysis to confirm that, of the three can-
didate siRNAs, the highest silencing efficiency was approxi-
mately 80% (Supplementary Fig. 1C). A marked decrease
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in the protein levels of Mff and an increased expression of
BNIP3 were detected in si-p53 transfected groups com-
pared with those in the scrambled siRNA groups (Fig. 7b).
To further verify the changes in mitochondrial fission and
BNIP3-mediated mitophagy, mitochondria were stained with
mito-tracker red. The average length of mitochondria in p53
knockdown group was greater than that in the transfection
control group (Fig. 7¢). The co-localization of autophago-
somes (LC3-II green) and mitochondria (TOMM?20 red) was
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also increased after p53 inhibition (Fig. 7d). These results
confirmed our hypothesis that the NR4A1/DNA-PKcs/p53
pathway regulates both Drp1-mediated mitochondrial fission
and BNIP3-related mitophagy.

Discussion

In this study, we explored the characteristics and potential
novel mechanisms of mitochondrial homeostasis in vascu-
lar calcification, which is correlated with lactate. We found
that: (1) lactate accelerated vascular calcification ex vivo,
accompanied by excessive mitochondrial fission, sup-
pressed mitophagy, and enhanced apoptosis, (2) NR4A1 was
involved in lactate-induced VSMC calcification and contrib-
uted to DNA-PKcs and p53 activation, (3) lactate evoked
Drpl-related mitochondrial fission but blunted BNIP3-medi-
ated mitophagy, partly through NR4A1, eventually lead-
ing to mitochondrial membrane potential decline, VSMC
apoptosis, and respiratory dysfunction, and (4) p53 phos-
phorylation regulated Drpl and BNIP3, and the NR4A1/
DNA-PKcs/p53 axis was involved in impaired mitochondrial
homeostasis connected to lactate and vascular calcification.
This study further clarifies the specific mechanism by which
lactate accelerates vascular calcification, providing a link
between the NR4A1/DNA-PKcs/p53 signaling pathway,
mitochondrial fission, and mitophagy (Fig. 8).

With the increase in the number of patients with diabe-
tes and chronic renal function, vascular tissue calcification
has become hindrance to the treatment of cardiovascular
diseases, especially for vascular intervention (3). Vascu-
lar calcification is advanced atherosclerosis, both of which
depend on similar pathological conditions and processes,
such as inflammatory stimuli [44], insulin resistance [45],
oxidative stress [46], apoptosis [47], and VSMC phenotype
transformation [48]. This also explains why vascular cal-
cification and atherosclerosis are significantly associated
with inflammatory factors and oxidative stress products. As
a by-product of glucose metabolism, lactate has become a
recent focus of cardiovascular research. Elevated blood lac-
tate levels suggest a decrease in the flux of tricarboxylic acid
cycle, an increase in glucose anaerobic glycolysis, and this
metabolic shift is one of the mechanisms of atherosclerotic
disease [31]. Our early results show that oxidative stress and
apoptosis induced by lactate are important mechanisms of
VSMC bone transformation and calcium deposition [38],
and the specific mechanism research is the focus of this
study.

In rats, vascular calcification can be alleviated by
attenuating mitochondrial oxidative stress [49] and endo-
plasmic reticulum stress-mediated apoptosis [50]. Studies
have confirmed that the activation of oxidative stress and
apoptosis in vivo is related to the imbalance of mitochon-
drial fission and mitophagy [16, 51, 52]. Similar to the
results at the VSMC level, we confirmed the pro-calcifi-
cation role of lactate ex vivo. At the same time, we found
that mitochondrial over-fission, decreased mitophagy, and
increased apoptosis were present in the thoracic aortas
following VDN + lactate treatment, which was consistent
to the previous studies. Although we did not directly regu-
late the blood lactate levels in rats, the results of ex vivo
experiments could also indicate to some extent that high
blood lactate levels will accelerate vascular calcification
in vivo. The endothelium and VSMCs of the tunica media
are the basis for atherosclerosis and calcification. Espe-
cially under pathological conditions, the VSMCs of the
medial membrane migrate into the intimal hyperplasia
and produce connective tissue, which is an important pro-
cess in the pathology of arteriosclerosis [53]. Vascular
endothelium proliferation, migration, apoptosis, and tube
formation are also regulated by mitochondrial fission and
mitophagy [54, 55]. Therefore, we speculated that lactate
acts on the endothelium as well.

Moderate mitochondrial fission helps the communication
of each separate mitochondria; however, pathologic fission
impairs the mitochondrial genome, causing the injury of
mitochondrial DNA that participates in oxidative phos-
phorylation and mitochondrial structure [56]. Mitophagy
is partially dependent on Drpl-mediated mitochondrial fis-
sion [57, 58]. It is generally believed that three signals for
mitophagy are initiated: (1) reduced ATP production acti-
vates AMP-activated protein kinase (AMPK) to negatively
regulate mTOR complex 1 (mTORC1) [59], (2) the ROS/
BNIP3 pathway [60], and (3) mPTP opening and mitochon-
drial swelling [61]. Theoretically, the disruption of mito-
chondrial structure and oxidative phosphorylation caused
by excessive mitochondrial fission can activate these three
signaling pathways. In this study, mitochondrial fission was
increased in calcified VSMC compared with that in normal
VSMC, whereas compensatory increases in mitophagy may
be dependent on Drpl-mediated fission. Lactate further pro-
moted mitochondrial fission on the basis of the calcification
environment, which caused the mPTP to open, elongated
mitochondria to expand, the membrane potential to decrease,
insufficient ATP production, dysfunctional respiration, and
mitochondrial apoptosis; however, the mitophagy induced
by BNIP3 was inhibited, blocking the cellular self-repair
mechanism, eventually accelerating VSMC osteoblastic phe-
notype transition. Autophagy is a continuous process, and it
is not yet possible to accurately determine the target of inter-
fering factors. In this study, lactate reduced autophagosome
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«Fig.7 NR4A1 activated p53-mediated mitochondrial fission and
mitophagy through DNA-PKcs up-regulation. a DNA-PKcs and p53
expression was decreased after NR4A1 block. P53 was regulated by
DNA-PKcs. b, ¢ P53 knockdown alleviated mitochondrial fission,
detected by Mff protein levels and mitochondria average length. At
least 8-10 cells per condition were imaged. Scale bar, 5 pm. b, d
P53 silencing promoted BNIP3-mediated mitophagy, evaluated by
BNIP3 protein levels and LC3-II (green) and TOMM?20 (red) co-
localization. At least 8—10 cells per condition were imaged. Scale bar,
5 pm. *P < 0.05 compared with the con group. P < 0.05 compared
with the B-GP group. “P < 0.05 compared with the scrambled siRNA
group. ®P < 0.05 compared with the B-GP + lactate group. Data are
presented as the mean =+ standard deviation of three experiments
(Color figure online)

production, and more importantly, blocked autolysosome
formation through NR4A1. It has been reported that lactate
degrades lysosomes via the ATP6V02/ hypoxia-inducible
factor-2a0 (HIF-2a) pathway [62], however, lysosomal deg-
radation was not observed at the VSMC level by lyso-tracker
green staining (data not shown), further indicating that
NR4AT1 was involved in autophagic flux block.

The DNA-PKcs/p53 signaling pathway is a cellular self-
repairing signal to cope with chronic and irreversible dam-
age [63]. However, this repair signal can be disturbed by
NR4A1 [28], a transcription factor that regulates the expres-
sion of multiple genes. NR4A1 has been reported to be
involved in atherosclerosis, especially macrophage inflam-
matory responses [64], and endothelial dysfunction [26].
Zhou, H. et al. demonstrate that mitochondrial fission and
BNIP3-mediated mitophagy are both regulated by NR4A1/
DNA-PKcs/p53 axis during nonalcoholic fatty liver dis-
ease (NAFLD) [22]. We demonstrated that NR4AT1 plays a
damaging role in vascular calcification, and as we expected,
lactate initiated NR4Al-related signaling pathway, which
promoted Drpl-related mitochondrial fission and BNIP3-
mediated mitophagy deficiency. Vascular calcification and

Fig.8 Summary of the hypoth-
esis of the study. Schematic of
this study that lactate exacer-
bates Drpl-mediated mitochon-
drial fission via the NR4A1/
DNA-PKcs/p53 pathway,
causing mitochondrial dysfunc-
tion. In addition, lactate inhibits
BNIP3-mediated protective
mitophagy, eventually leading
to increased apoptosis and
accelerated vascular calcifica- Drp1 migration

tion JL

Mitochondrial
fission

DNA-PKes

y

Abnormal mitochondrial
homeostasis

NAFLD are both oxidative stress and apoptosis implicated,
thus, we hypothesized that this signaling pathway initi-
ates oxidative stress and apoptosis under metabolic stress.
Moreover, NR4A1 activates gluconeogenesis and increases
blood glucose levels. Glucose metabolism is the main break-
through in VSMC energy acquisition. Approximately 30%
of the ATP supply in VSMCs is derived from aerobic gly-
colysis, and almost 90% of the glycolysis flux contributes to
lactate production [65], so there may be a positive cycle of
NR4A1 and lactate production.

Our study also has some limitations. The direct effects of
lactate on vascular calcification are missing in vivo, and the
absence of validation of the experimental signaling path-
way in vivo is incomplete in the explanation of the role of
NR4AlI-mediated signaling pathways in vascular calcifica-
tion. In addition, verification of endothelial cell levels may
be better coordinated with VSMC:s to elucidate the specific
mechanisms of vascular calcification. Future research will
clarify these two issues.

Conclusions

Based on previous experiments, this study not only veri-
fied the acceleration of vascular calcification in the pres-
ence of lactate ex vivo, but further clarified the role and
mechanism of mitochondrial homeostasis regulation in
vascular calcification. Lactate exacerbated Drpl-mediated
mitochondrial fission via the NR4A1/DNA-PKcs/p53 path-
way, causing mitochondria swelling, decreased membrane
potential, and disruption of respiratory function. In addition,
lactate inhibited BNIP3-mediated mitophagy and compensa-
tory self-clearing, eventually leading to increased apoptosis

—| | BNIP3 expression

Protective
mitophagy

—>| Apoptosis |—>| VSMC calcification |
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and accelerated vascular calcification. This study provides
evidence of a new mechanism in vascular calcification and
highlights the important roles of lactate and mitochondrial
homeostasis in clinical vascular diseases.
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