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Objective: The disruption of mitochondrial redox homeostasis in endothelial cells (ECs) can cause chronic
inflammation, a substantial contributor to the development of atherosclerosis. Chronic sympathetic hyperactivity
can enhance oxidative stress to induce endothelial dysfunction. We determined if renal denervation (RDN), the
strategy reducing sympathetic tone, can protect ECs by ameliorating mitochondrial reactive oxygen species
(ROS)-induced inflammation to reduce atherosclerosis.

Methods and results: ApoE deficient (ApoE /") mice were conducted RDN or sham operation before 20-week high-
fat diet feeding. Atherosclerosis, EC phenotype and mitochondrial morphology were determined. In vitro, human
arterial ECs were treated with norepinephrine to determine the mechanisms for RDN-inhibited endothelial
inflammation. RDN reduced atherosclerosis, EC mitochondrial oxidative stress and inflammation. Mechanisti-
cally, the chronic sympathetic hyperactivity increased circulating norepinephrine and mitochondrial monoamine
oxidase A (MAO-A) activity. MAO-A activation-impaired mitochondrial homeostasis resulted in ROS accumu-
lation and NF-kB activation, thereby enhancing expression of atherogenic and proinflammatory molecules in ECs.
It also suppressed mitochondrial function regulator PGC-1a, with involvement of NF-kB and oxidative stress.
Inactivation of MAO-A by RDN disrupted the positive-feedback regulation between mitochondrial dysfunction
and inflammation, thereby inhibiting EC atheroprone phenotypic alterations and atherosclerosis.

Conclusions: The interplay between MAO-A-induced mitochondrial oxidative stress and inflammation in ECs is a
key driver in atherogenesis, and it can be reduced by RDN.

development of atherosclerosis [2].

Mitochondria is the primary source of reactive oxygen species (ROS)
in living cells and a major target of ROS-induced damage [3]. Although
mitochondrial dysfunction is a shared pathogenic mechanism for mul-

1. Introduction

Atherosclerosis is a major pathology for coronary artery disease
(CAD), the leading cause of death worldwide [1]. Multiple comorbid-
ities, such as hypertension, diabetes mellitus, obesity and aging, have
been identified as the risk factors of atherosclerosis. Vascular endothe-
lial dysfunction, characterized by maladaptive alterations in endothelial
functional phenotypes, is considered as the initial step in the

tiple diseases, the role of mitochondria, particularly in endothelial cells
(ECs), in the development of atherosclerosis has not been fully investi-
gated. The disruption of mitochondrial redox homeostasis is a pivotal
factor in triggering inflammation and stimulating signaling cascades of
the innate immune, resulting in endothelial activation and dysfunction
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Abbreviations

CAD coronary artery disease
CAT catalase

ECs endothelial cells

GPx4 glutathione peroxidase 4
H202 hydrogen peroxide;

HFD high-fat diet;

1L, interleukin

IxkBa inhibitor of nuclear factor kappa-Ba
MAO-A/B monoamine oxidase A or B
MDA malondialdehyde

NE norepinephrine;

NF-«kB  nuclear factor kappa-B;

Nrf2 nuclear factor E2-related factor 2

PGC-la  peroxisome-proliferator-activated receptor-y coactivator-
la

RDN renal denervation

ROS reactive oxygen species

SM22a  smooth muscle 22 alpha

SNS sympathetic nervous system

SOD superoxide dismutase

Tfam mitochondrial transcription factor A

TNF-a, tumor necrosis factor alpha

[4]. Strategies reducing or neutralizing mitochondrial ROS levels may
have broad beneficial effects by attenuating inflammatory response,
promoting endothelial repair and suppressing atherosclerosis.

Recently, a number of studies have suggested that endothelial
dysfunction is often associated with hyperactivity of sympathetic ner-
vous system (SNS) [5-7]. The previous report revealed that arteries are
innervated and that neurotransmitters may affect inflammatory leuko-
cyte adhesion to ECs, suggesting SNS is also a factor involved in
atherogenesis [8]. However, sympathetic hyperactivity, oxidative stress
and inflammation are closely related in unclear manners [9-11].

Monoamine oxidase-A (MAO-A) is a mitochondrial enzyme respon-
sible for metabolism of norepinephrine, the sympathetic neurotrans-
mitter, and generates hydrogen peroxide (H2O2) as the by-product of
this enzymatic reaction [12]. Interestingly, activation of MAO-A is
associated with increased sympathetic drive and elevated norepineph-
rine spillover. In this process, the excessive HyO, generation leads to
mitochondrial oxidative damage, thereby causing vascular injury in the
pathology of atherosclerosis [13]. p53 is one of the main effectors of the
MAO-A/H505 axis, and acts as a repressor of
peroxisome-proliferator-activated receptor-y coactivator-la (PGC-1a)
[14], an essential node connecting metabolic regulation, redox control,
and inflammatory pathways. These observations, together with the fact
that MAO-A is enriched in endothelium, suggest that the persistent
activation of MAO-A/H,05 axis in the context of chronic sympathetic
hyperactivity can drive mitochondrial ROS-induced inflammatory
response in ECs.

Renal denervation (RDN) can effectively reduce systemic sympa-
thetic activity by ablating the sympathetic nerves running through the
adventitia of renal artery. It has been used as a novel therapy for resis-
tant hypertension in clinical [15]. In addition, RDN has shown the po-
tential therapeutic effects on insulin resistance, oxidative stress and
inflammation [16-18], which are the risk factors of endothelial
dysfunction. Our previous study indicated that RDN improves endo-
thelial function in the context of diabetes [19]. Here we set out to
determine if RDN can reduce atherosclerosis by improving endothelial
function, particularly by the mechanisms associated with the vicious
circuit of MAO-A-induced-mitochondrial ROS release and inflammation
in ECs.

2. Materials and methods
2.1. Human serum samples

Experiments with human serum samples were approved by the
Institute Research Ethics Committee of the First Affiliated Hospital of the
University of Science and Technology of China, and were performed in
accordance with the principle of the Helsinki Declaration II. After
obtaining informed consent, the blood samples were collected from the
non-CAD controls (14 males, 6 females, 50-68 years of age) and CAD
patients (12 males, 8 females, 51-65 years of age). The detailed

inclusion/exclusion criteria and clinical characteristics of non-CAD
controls and CAD patients were described in Tables S1 and S2 in the
Supplementary Materials.

2.2. Animals

Male ApoE deficient (ApoE’/ ) mice (8-week-old) were housed at the
Animal Center of Nankai University (Tianjin, China) with free access to
food and drinking water. After one week of acclimatization, mice were
randomly divided into two groups (20 mice/group): the RDN group
(RDN) and the sham surgery group (Sham). Mice in RDN group received
bilateral RDN surgically and chemically, while mice in Sham group were
performed abdominal surgery without RDN. After operations, all mice
were fed a pro-atherogenic high-fat diet (HFD) which contains 21% fat
and 0.5% cholesterol for 20 weeks. At the end of experiment, mice were
anesthetized and euthanized in a CO5 chamber, followed by collection of
blood, renal, renal artery and aorta samples. All of the studies were
approved by the Animal Care and Use Committee of Nankai University,
and followed the NIH guidelines on the care and use of animals.

2.3. Cell culture and transfection

Human aortic ECs (HAECs, Lonza, USA) were cultured in the Endo-
thelial Basal Medium 2 (EBM-2, Lonza, USA) containing 2% fetal bovine
serum (FBS), 50 pg/mL penicillin/streptomycin, and growth factors.
Cells at 70-80% confluence were transfected with MAO-A siRNA (Santa
Cruz, USA) using Lipofectamine RNAiMAX or PGC-1a CRISPR expres-
sion vector (Santa Cruz, USA) using Lipofectamine 2000. After 24 h
transfection, cells were switched to EBM-2 medium containing FBS, and
received indicated treatment. Human monocytic cell line, THP-1 cells,
was purchased from ATCC (Manassas, USA) and cultured in RPMI 1640
medium containing 10% FBS and 50 pg/mL penicillin/streptomycin.

2.4. Renal denervation

After the general anesthesia with isoflurane, mice were placed as a
lying position on a platform and opened the abdomen. Renal arteries and
veins were identified and all the visible nerves along vessels were sev-
ered, then the surface of renal arteries were painted with phenol solution
(10% in ethanol) for 5 min using a small brush. The same procedure was
applied to another side. In the Sham group, mice were conducted the
same procedure except nerves were not severed while renal arteries
treated with 0.9% saline instead of phenol solution. The successful RDN
was confirmed by determination of renal artery morphology by hema-
toxylin and eosin (H&E) staining and norepinephrine content in kidney
or serum at the end of experiment.

2.5. Determination of atherosclerotic lesions and plaque histology

After collection, mouse entire aorta and 6-pm frozen cross sections of
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aortic root were prepared and used to determine en face lesions and sinus
lesions by Oil red O staining. All the images were obtained with a mi-
croscope and used to analyze lesion area (intima) and Oil red O positive
area quantitatively by technicians who were blind to the treatment,
based on the guidelines for experimental atherosclerosis studies
described in the American Heart Association statement [20]. The cross
sections of aortic root were also used to determine area of necrotic cores,
thickness of fibrosis cap and collagen content by H&E staining and
Masson trichrome (Solarbio, China) staining. ROS levels in plaques was
determined by dihydroethidium (DHE, Sigma, USA) staining. Apoptotic
cells were determined by TUNEL (Vazyme Biotech, China) staining. All
images were captured with a Leica DM5000B microscope (Wetzlar,
Germany), and conducted quantitative analysis with Image J software.

2.6. Immunohistochemical and immunofluorescent staining

Renal arteries were fixed in 4% paraformaldehyde, embedded in
paraffin and prepared 4-pm sections, followed by immunohistochemical
staining. Briefly, sections were incubated with anti-tyrosine hydroxylase
antibody (Proteintech, 25859-1-AP, 1:200), then with biotinylated goat
anti-rabbit IgG. In a blinded manner, the stain intensity (degree of
tyrosine hydroxylase staining) was scored as 0, negative; 1, weak; 2,
mild; 3, moderate; or 4, strong.

Frozen aortic root cross sections were conducted immunofluorescent
staining with primary antibody against CD68 (Santa Cruz, sc-17832,
1:200), SM22a (Proteintech, 10493-1-AP, 1:200), CD31 (Santa Cruz,
sc-376764, 1:200), monocyte chemoattractant protein-1 (MCP-1, Pro-
teintech, 66272-1-Ig, 1:200), endothelin-1 (ET-1, Abcam, ab2786,
1:200), vascular cell adhesion molecule-1 (VCAM-1, Proteintech,
66294-1-Ig, 1:200), intercellular adhesion molecule-1 (ICAM-1, Pro-
teintech, 60299-1-Ig, 1:200), TNF-o (Abclonal, A11534, 1:200), IL-1p
(Abclonal, A19635,1:200), IL-6 (Abclonal, A14687, 1:200), NF-xB
(Santa Cruz, sc-8008, 1:200), or 8-OHdG (Santa Cruz, sc-66036, 1:200),
followed by incubation with FITC or rhodamine-conjugated secondary
antibody.

HAECs were fixed in 4% paraformaldehyde, permeabilized by 0.5%
Triton, blocked with 5% BSA and incubated with primary antibody
against NF-kB (Santa Cruz, sc-8008, 1:200), 8-OHdG (Santa Cruz, sc-
66036, 1:200), or PGC-1a (Proteintech, 66369-1-Ig, 1:200), followed
by incubation with FITC or rhodamine-conjugated secondary antibody.

2.7. Western blot, quantitative real-time PCR, and biochemical and
ELISA assay

Total proteins were extracted from mouse tissues or HAECs using the
protein lysis buffer containing protease inhibitor (PMSF plus cocktail).
An equal amount of total proteins from each sample was used to
determine protein expression by Western blot as described [21]. All the
Western blot images were scanned and the band density was
semi-quantitatively analyzed.

Total RNA extracted from mouse tissues was used to synthesize cDNA
using a reverse transcription kit (Invitrogen, USA), followed by quanti-
tative real-time PCR (qPCR) with a SYBR green PCR master mix and the
primers with sequences listed in Table S3 in the Supplementary Mate-
rials. Expression of mRNA for each gene was normalized by GAPDH
mRNA in the corresponding sample.

Mouse serum triglyceride (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), apolipoprotein Al (Apo-AlI) and Apo-B levels were determined
using Mindray Biochemical Analyzer BS-190 (Mindray, Shenzhen,
China). Mouse serum free fatty acid (FFA) levels were measured by an
enzymatic method (Biolabo, France). The oxidative stress markers
including malondialdehyde (MDA) content, superoxide dismutase
(SOD) activity, glutathione (GSH) content and total antioxidant capacity
(T-AOC) in mouse serum were detected with the corresponding test kits
(Solarbio, China).
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Levels of norepinephrine (Abnova, China) and MAO-A (Abbexa, UK)
in human serum samples, mouse serum cytokines (R&D, USA) and MAO-
A levels/activity (Mbbiology, China) were measured by ELISA kits. After
transfection and treatment, conditioned medium from HAECs were
collected for determination of cytokines (Thermo Scientific, USA) by
ELISA kits.

2.8. Transmission electron microscopy

Mouse thoracic aortic tissues were collected after sacrifice, fixed in
2.5% glutaraldehyde and postfixed in 1% osmium teroxide for 2 h.
Samples were dehydrated in gradient ethanol solutions by a routine
procedure. The ultrathin slices were prepared and viewed with an
electron microscope (Hitachi, Japan).

2.9. Measurement of cellular and mitochondrial ROS production

The intracellular ROS production was measured using the dichloro-
fluorescin diacetate (DCFDA, Solarbio, China) method as described [22].
Briefly, after treatment, cells in 35 mm confocal culture dishes were
incubated with DCFDA for 30 min at 37 °C, followed by immediate
observation under a confocal microscope (ZEISS, LSM710, Germany) at
the excitation/emission wavelength of 480/530 nm.

Production of mitochondrial superoxide in intact cells was measured
using MitoSox red fluorescence dye (Invitrogen, USA). After treatment,
cells were stained with 1.5 mmol/L MitoSox red and 10 ng/mL Hoechst
blue dye (Solarbio, China) for 15 min at 37 °C, followed by washing
twice with PBS. The MitoSox fluorescence was measured in random
fields with a confocal microscopy (ZEISS, LSM710, Germany). All ob-
tained fluorescence images were analyzed using ImagelJ.

2.10. JC-1 staining

Mitochondrial membrane potential was measured using JC-1 dye
staining (Solarbio, China). The dye can be accumulated by cell mito-
chondrion in a mitochondrial membrane potential-dependent manner,
and indicated by a fluorescent emission shift from green (Ex/Em: 515/
529 nm) to red (Ex/Em: 585/590 nm). The ratio of red fluorescence
intensity to green one indicates the state of mitochondrial depolariza-
tion, and the decreased ratio refers to mitochondrial dysfunction. Cells
were incubated with JC-1 working solution (5 pg/mL) for 30 min at
37 °C and washed twice with JC-1 bulffer, followed by observation with a
confocal microscopy (ZEISS, LSM710, Germany). All obtained fluores-
cence images were analyzed using ImageJ.

2.11. Cell viability assay

Cell toxicity indicated as the percentage of cell viability was deter-
mined using the standard CCK-8 assay (Solarbio, China). HEACs were
seeded in 96-well (1 x 10* cells/well) plates overnight and treated with
norepinephrine for 48 h. After treatment, 10 pL. CCK-8 solution was
added to each well and incubated for 2 h. The absorbance of each well
was measured at 450 nm using a microplate reader. Cell viability was
normalized to the control group.

2.12. Determination of mitochondrial morphology

Cells were incubated in media containing 20 nmol/L MitoTracker
Red CMXRos (Invitrogen, USA) for 30 min at 37 °C, washed with pre-
warmed PBS. Cells were then observed under a confocal microscope to
determine the red fluorescence from MitoTracker Red CMXRos using a
540-552 nm excitation and 590-660 nm emission filter set, and then
confocal microscopic images were analyzed with ImageJ software with
MiNA program [23].
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2.13. Determination of adhesion of monocytes to HAECs

After treatment, HAECs seed in 35 mm confocal culture dishes were
added CFSE-labeled THP-1 cells (1 x 10°/dish) and co-cultured for 30
min at 37 °C. The none adherent cells were washed away with pre-
warmed PBS for 3 times. Cells adhering to HAECs were observed, pho-
tographed and counted using ImageJ.

2.14. Statistical analysis

The statistical results for all figures and tables were presented as
mean + SD. GraphPad Prism software (version 7.0, CA) was used for
one-way or two-way ANOVA with post hoc Tukey’s test or unpaired t-
test (two-tailed) whenever appropriate, or to calculate Pearson corre-
lation coefficient and the P-value (two tailed). The differences were
considered significant at P < 0.05.

3. Results

3.1. Norepinephrine and MAO-A are increased associated with
atherosclerosis, but reduced by RDN in HFD-fed ApoE~"~ mice

The sympathetic hyperactivity is characterized by increased circu-
lating norepinephrine levels [24]. MAO-A is responsible for norepi-
nephrine metabolism and HyO, generation [12]. It remains unclear if
increased norepinephrine or MAO-A is associated with the development
of atherosclerosis, particularly in CAD patients. Serum samples collected
from CAD patients and non-CAD subjects were determined levels of
norepinephrine and MAO-A, followed by the correlation analysis. As
shown in Fig. 1A and B, compared with non-CAD controls, serum
norepinephrine and MAO-A levels were significantly increased in CAD
patients. In addition, a strong positive correlation between serum
norepinephrine and MAO-A was observed (Fig. 1C), suggesting norepi-
nephrine and MAO-A might be involved in the development of athero-
sclerosis. Indeed, in the proatherogenic ApoE™/" mice, HFD feeding
accelerates the development of atherosclerosis, which was associated
with increased norepinephrine and MAO-A levels in mouse serum
(Table S4 in the Supplementary Materials).

To test the direct role of inactivation of sympathetic activity on
atherosclerosis, the proatherogenic ApoE " mice were subjected to RDN
operation, followed by HFD feeding for 20 weeks. At the end of exper-
iment, the effect of RDN on structure of renal artery peripheral nerves
and norepinephrine production were determined. Compared with the
normal nerve architecture in Sham group, the results of H&E staining
demonstrate that RDN caused nerve nucleus pyknosis in the renal artery
tissue (Fig. 1D). Tyrosine hydroxylase (TH) is one of the indicators of the
sympathetic nerve activity and viability. The TH immunohistochemical
staining of the renal artery nerves shows RDN significantly reduced TH
expression in the tissue (Fig. 1E and F). Thus, RDN clearly ablates the
peripheral sympathetic nerves. Correspondingly, RDN substantially
reduced norepinephrine levels in circulation and kidney while had slight
effect on epinephrine levels (Fig. 1G-J).

The positive correlation between norepinephrine and MAO-A levels
in human blood samples, increased norepinephrine levels in HFD-fed
ApoE ™" mice which were decreased by RDN (Fig. 1C, G, I; Table S4)
indicate RDN may reduce MAO-A expression in HFD-fed ApoE ™/~ mice.
Indeed, compared to Sham group, RDN reduced MAO-A expression in
mouse aorta and heart (Fig. 1K; S1B) with little effect on MAO-B
expression in mouse aorta (Fig. 1K) and MAO-A expression in mouse
liver (Fig. S1A). Correspondingly, RDN decreased MAO-A activity in
mouse serum (Fig. 1L). Taken together, the results above suggest the
correlation between norepinephrine or MAO-A and the development of
atherosclerosis. RDN can decrease norepinephrine and MAO-A levels in
proatherogenic mice, which may not only reduce sympathetic hyper-
activity, but also play an important role in anti-atherosclerosis.

Redox Biology 47 (2021) 102156
3.2. RDN reduces atherosclerosis in HFD-fed ApoE~/" mice

The previous studies have demonstrated the controversy effects of
RDN on atherosclerosis [25-27]. To further determine the effect of RDN
on atherosclerosis and the involved mechanisms, after sham or RDN
operation, ApoE /" mice were subjected to HFD feeding for 20 weeks, a
duration can induce lesions substantially. The Oil red O staining on
aortas demonstrates that RDN substantially reduced en face aortic le-
sions and sinus lesions in aortic root (Fig. 2A, C).

Necrotic cores formed in the advanced atherosclerotic plaques are
initially resulted from accumulated apoptotic macrophage/foam cells,
and increases risk of vulnerable plaque rupture and acute athero-
thrombotic vascular events [28]. Necrotic core area in RDN group was
markedly reduced (Fig. 2B), which is consistent with the anti-apoptotic
effect of RDN (Fig. S1C). While RDN had little effect on size of fibrous
caps or collagen content of atherosclerotic plaques (Fig. 2B, D). Corre-
spondingly, RDN significantly reduced accumulated macrophage/foam
cells with little effect on SM22a positive area in lesions (Fig. 2E and F).
Taken together, these data suggest that RDN can retard the development
of atherosclerosis with reduction of macrophage/foam cell content in
plaques.

3.3. RDN improves atheroprone endothelial phenotypes and
inflammatory response in HFD-fed ApoE~"" mice

RDN reduced atherosclerosis in HFD-fed ApoE ™/ “mice with no effect
on serum lipid profiles, levels of apolipoproteins and free fatty acids
(Figs. S2A-G), suggesting RDN is not able to ameliorate hyperlipidemia.
Atherosclerosis is also considered as a disease with chronic inflamma-
tion of the arterial wall initiated by inflammatory activation of the
endothelium [29]. Inflammation-activated ECs can recruit circulating
monocytes via production of inflammatory cytokines and chemokines,
thereby increasing macrophage/foam cell content in plaques. Thus, in-
hibition of atherosclerosis by RDN might be associated with decreased
endothelium inflammation.

To test it, aortic root cross sections were initially conducted co-
immunofluorescent staining with anti-CD31 (the marker for ECs) and
anti-proinflammatory factor antibodies. Expression of the proin-
flammatory factors in the endothelium of sinus lesions, such as MCP-1,
ET-1, ICAM-1 and VCAM-1, were reduced by RDN (Fig. 3A-D). RDN also
reduced expression of inflammatory factors, such as TNF-a, IL-1f and IL-
6, in aortic sinus plaques (Fig. 3E-G). Consistently, levels of cytokines,
IL-6, IL-1B, TNF-a and CXCL-10, in mouse serum were reduced by RDN
(Fig. 3H).

Transcription factor NF-xB, the “master switch” in inflammatory
processes, can activate expression of a series of proatherogenic and
proinflammatory molecules in ECs. RDN reduced nucleus NF-kB (Fig. 3I)
and phosphorylated NF-kB protein (p—NF—«B, the active form of NF-kB)
(Fig. S2H) levels in aortic tissue. Meanwhile, expression of inhibitor of
nuclear factor kappa-Ba (IkBa) was increased by RDN (Fig. 3J). Taken
together, RDN inactivates NF-kB by reducing its expression and nuclear
translocation, consequently, it inhibits expression of NF-kB-mediated
proinflammatory molecules in aortic ECs.

3.4. RDN reduces vascular oxidative stress to improve mitochondrial
functions in HFD-fed ApoE~"" mice

MAO-A-generated Hy02 can induce mitochondrial ROS/oxidative
stress and mitochondria damage, thereby playing an important role in
cardiovascular diseases [30]. Consistent with reduced serum MAO-A
activity (Fig. 1L), RDN reduced MAO-A expression in mouse aortas
and heart (Fig. 1K; S1B), suggesting RDN may protect ECs against
oxidative stress-induced mitochondrial dysfunction.

The ultrastructure of aortic endothelial mitochondria was deter-
mined by transmission electron microscopy. In Sham group, mitochon-
drial enlargement, swelling, hypodense matrix, and vacuolar
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prepared for the following assays. A: Lesions in en face aortas were determined by Oil Red O staining and quantified by a computer assisted image analysis protocol
(n = 6). B: H&E staining followed by quantitative analysis of sinus lesions (upper), necrotic core area and fibrous cap area (bottom) in aortic root cross sections. nc:
necrotic cores marked by black dashed lines; fc: fibrous cap marked by blue dashed lines; lesion areas were expressed as pum? (n = 6). C: Aortic root sections were
conducted Oil Red O staining for determination of the percentage of sinus lesions in whole cross-section (n = 6). D: Collagen content in arterial wall was determined
by Masson trichrome staining with quantitative analysis (n = 6). E, F: Expression of CD68 (a marker for macrophage) and SM22a (a marker for contractile smooth
muscle cell) in aortic root cross-sections were determined by immunofluorescent staining followed by quantification of the fluorescence-positive area in total plaque
area (n = 6). Data are presented as mean + SD. *P < 0.05; **P < 0.01; ns: not significant. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

degeneration of mitochondrial cristae were observed. In contrast, clear
ultrastructure of endothelial mitochondria, dense mitochondrial cristae
and matrix with normal density were determined in RDN group
(Fig. 4A).

Compared with Sham group, decreased ROS levels in RDN group
were determined by DHE staining (Fig. 4B). MAO-A/H20; axis-induced
DNA oxidative damage can be determined by 80HdG staining. Similar to
DHE, aortic endothelial 80OHAG levels were decreased by RDN (Fig. 4C).
Correspondingly, levels of oxidative stress indicators in mouse serum,
such as SOD, MDA and T-AOC, were markedly decreased, while GSH
levels increased significantly by RDN (Fig. 4D-G).

p53 is a main effector of MAO-A/H50, axis, and acts as a repressor of
PGC-1a, a key regulator of mitochondrial biogenesis and antioxidant
system in ECs. Thus, a reciprocal expression of p53 and PGC-1a have
been reported [14]. Consistently, expression of p53 protein or mRNA in

mouse aortas was decreased while PGC-1a expression increased by RDN
(Fig. 4H and I). Nuclear factor E2-related factor 2 (Nrf2) is the tran-
scription factor activating expression of several antioxidant molecules
[31]. Mitochondrial transcription factor A (Tfam) regulates mitochon-
drial transcription initiation, DNA packaging, and genome copy number,
indicating its critical role in mitochondrial biogenesis [32]. Expression
of Nrf2 and Tfam at protein or mRNA levels were significantly increased
by RDN (Fig. 4H and I). Correspondingly, expression of antioxidant
proteins (SOD2, CAT and GPx4) in aortas were significantly increased by
RDN (Fig. 4J). Therefore, these results indicate that RDN can ameliorate
mitochondrial oxidative stress by regulating p53/PGC-1a pathway.
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Fig. 3. RDN improves atheroprone endothelial phenotypes and inflammatory response in HFD-fed ApoE ™~ mice.

Aortic root cross-sections were conducted co-immunofluorescent staining with anti-CD31 (green) and MCP-1 (red in A), ET-1 (red in B), ICAM-1 (red in C), or VCAM-
1 (red in D) antibodies (n = 6). The MFI of the indicated molecules in vascular endothelium were quantitatively analyzed. E-G: Expression of TNF-a, IL-1p and IL-6 in
aortic root cross-section were determined by immunofluorescent staining with quantification of MFI (n = 6). H: Serum IL-6, IL-1p, TNF-a, CXCL-10 and IL-10 levels
were determined by the corresponding ELISA assay kits (n = 6). I: Aortic root cross-sections were conducted immunofluorescent staining with anti-NF-xB p65
antibody with quantitative analysis of MFI in the nucleus (n = 6). J: IxkBa protein expression in mouse thoracic aorta was determined by Western blot (n = 5). Data are
presented as mean =+ SD. *P < 0.05; **P < 0.01; ***P < 0.001. ns: not significant. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. RDN reduces vascular oxidative stress and improves mitochondrial functions in HFD-fed ApoE /" mice

A: The ultrastructure of mitochondria in aortic ECs of HFD-fed ApoE " mice was observed using a transmission electron microscope (TEM, the original magnification
is 40,000). Arrows indicate mitochondria; N, nucleus; IEL, internal elastic laminae. B: Aortic root cross-sections were subjected to dihydroethidium staining for
determination of the redox state with quantitative analysis of DHE MFI (n = 6). C: Arterial tissue sections were conducted co-immunostaining with 80OHdG (red) and
anti-CD31 antibody (green) to determine endothelial DNA oxidative stress with quantitative analysis of 80HdG MFI (n = 6). D-G: Serum glutathione (GSH) (D),
malondialdehyde (MDA) (E), superoxide dismutase (SOD) (F) and total antioxidant capacity (T-AOC) (G) levels were determined by the corresponding assay kits (n
= 6). H, I: Expression of p-p53, p53, PGC-1a, Tfam and Nrf2 mRNA (H) or protein (I) in thoracic aorta were determined by qRT-PCR or Western blot (n = 5). J:
Expression of CAT, SOD2 and GPx4 in thoracic aorta were determined by Western blot. Data are presented as mean =+ SD. *P < 0.05; **P < 0.01; ***P < 0.001. ns:
not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.5. Norepinephrine-activated MAO-A triggers mitochondrial injury and
oxidative stress in HAECs

Sympathetic activity is mainly mediated by norepinephrine. Inter-
estingly, cardiovascular risk factors can lead to constantly increased
sympathetic tone and circulating norepinephrine [33]. To further
determine the interaction between RDN and endothelial function, the
effect of norepinephrine on viability of HAECs was initially determined
by CCK8 assay. Norepinephrine at low concentrations had little effect on
cell viability but significantly reduced it at 100 pmol/L (Fig. S3A),

indicating the cytotoxicity of norepinephrine to ECs. Indeed, DCFDA
staining shows that norepinephrine increased intracellular ROS levels in
HAECs in both concentration and time-dependent manners (Figs. S3B
and S3C). Associated with increased ROS production, norepinephrine
profoundly changed mitochondrial morphology. The MitoTracker Red
staining and analysis on the images with the Mitochondrial Network
Analysis (MiNA) toolset demonstrate that mitochondrial footprint and
mean branch lengths were significantly reduced by norepinephrine
(Fig. 5A).

Although norepinephrine is the substrate for MAO-A activity,
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Fig. 5. Norepinephrine-activated MAO-A triggers mitochondrial injury and oxidative stress in HAECs.

A: HAECs were treated with vehicle or norepinephrine (NE, 10 pmol/L) for 24 h, then stained with MitoTracker. After captured, the images were analyzed with MiNA
toolset. B: HAECs were treated with norepinephrine at the indicated concentrations for 24 h, followed by determination of MAO-A expression by Western blot. C:
HAECs were transfected with control siRNA (si-Ctrl) or MAO-A siRNA (si-MAO-A) for 24 h, then treated with NE (10 pmol/L) for 24 h, followed by determination of
MAO-A protein expression by Western blot. D: HAECs were initially transfected with control siRNA (si-Control or si-Ctrl) or MAO-A siRNA (si-MAO-A), then treated
with norepinephrine at 10 pmol/L for 24 h. Cellular oxidative stress was determined by DCFDA staining with quantitative analysis of MFI (n = 6). E-I: HAECs were
transfected with control siRNA or MAO-A siRNA, followed by treatment with norepinephrine (10 pmol/L) for 24 h. Cells were then conducted the following assays.
DNA oxidative stress by 8-OHdG staining with MFI quantification (E, n = 5). Mitochondrial membrane potential by JC-1 staining with calculation of the ratio of red
MFI (aggregated JC-1) to green MFI (monomer JC-1). The ratio in si-Ctrl-transfected alone was defined as 1 (F, n = 5). Mitochondrial superoxide levels by MitoSOX
Red fluorescent staining with MFI quantification (G, n = 5). Expression of CAT, SOD2 and GPx4 (H), p-p53, p53 and PGC-1a (I), Tfam and Nrf2 (J) in HAECs were
determined by Western blot. Data are presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001 vs. si-Ctrl without NE treatment or as indicated, #P < 0.05 vs. si-
Ctrl with NE treatment. ns: not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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norepinephrine induced MAO-A expression in HAECs in a
concentration-dependent manner (Fig. 5B). Interestingly, when MAO-A
expression was selectively inhibited by siRNA (Fig. 5C), norepinephrine-
induced ROS production and DNA oxidative damage were substantially
attenuated (Fig. 5D and E). MAO-A siRNA also significantly improved
norepinephrine-impaired mitochondrial functions. Norepinephrine-
reduced mitochondrial membrane potential or increased mitochon-
drial ROS levels were reversed by MAO-A siRNA (Fig. 5F and G).

Cytosolic p53 negatively regulates PGC-1a expression. Associated
with increased cytosolic p53 levels in HAECs by norepinephrine, PGC-1a
expression was decreased. However, MAO-A siRNA abolished the effect
of norepinephrine on p53 and PGC-la expression (Fig. 5I).
Norepinephrine-inhibited expression of mitochondrial biogenesis pro-
teins, Tfam and Nrf2, were also restored by MAO-A siRNA (Fig. 5J).
Similarly, expression of antioxidant proteins, CAT, GPx4 and SOD2,
were down-regulated by norepinephrine which were attenuated by
MAO-A siRNA (Fig. 5H). Taken together, the data above suggest the
important role of MAO-A in norepinephrine-induced EC mitochondrial
injury and oxidative stress, which is tightly linked to modulation of p53/
PGC-1a pathway.

3.6. MAO-A-induced mitochondrial ROS production facilitates expression
of NF-«kB and atheroprone molecules in HAECs

Activation of mitochondrial ROS production can initiate inflamma-
tory response by activating NF-kB pathway. In HAECs, norepinephrine
increased expression of phosphorylated NF-kB while reduced IkBa
expression in HAECs (Figs. S3E and S3F; 6A). Consequently, NF-kB nu-
clear translocation was enhanced by norepinephrine (Fig. 6B; S3D).
However, reduced IkBa and increased p-NF-«xB or enhanced NF-xB
nuclear translocation by norepinephrine were blunted by MAO-A in-
hibitor, clorgyline (clorg), mitochondrial-targeted anti-oxidant Mito-
TEMPO or MAO-A siRNA (Fig. 6A-C; S3D-F).

Both VCAM-1 and ET1 in HAECs were induced by norepinephrine,
and the induction was blocked by clorgyline or MitoTEMPO (Fig. 6A).
Levels of NF-kB-targeted pro-inflammatory molecules in HAEC condi-
tioned medium, such as MCP-1, IL-6, IL-1B, CXCL-10 and TNF-a, were
significantly increased by norepinephrine, and the increases were sub-
stantially blocked by clorgyline or MitoTEMPO (Fig. 6C-G). The accu-
mulated macrophage-derived foam cells within artery wall are mainly
determined by adhesion of monocytes to endothelium and infiltration.
Norepinephrine substantially increased the number of THP-1 cells, a
human monocytic cell line, adhering to HAECs, which were blunted by
clorgyline and MitoTEMPO (Fig. 6H). These results demonstrate that
MAO-A-induced mitochondrial ROS mediates norepinephrine-induced
EC proinflammatory and proatherogenic phenotypes by activating
expression of NF-kB and its target genes.

3.7. Norepinephrine instigates a positive feedback regulation between
PGC-1a and NF-xB

Norepinephrine reduced expression of PGC-la and mitochondrial
biogenetic proteins in MAO-A-dependent manner (Fig. 5H and I).
Reciprocally, overexpression of PGC-1a in HAECs (Fig. S4A) not only
significantly increased expression of mitochondrial biogenetic proteins,
Tfam and Nrf2, and antioxidant molecules, CAT, GPx4 and SOD2, but
also blocked the inhibitory effect of norepinephrine on these molecules
(Fig. 6I and J). It also inhibited norepinephrine-induced mitochondrial
ROS accumulation and mitochondrial DNA oxidation (Fig. 6K; S4B).

PGC-1a and NF-xB mediate each other during inflammation in a vi-
cious circle where the oxidative stress plays a critical role. Transfection
of HAECs with PGC-la expression vector potently attenuated
norepinephrine-reduced IkBa and increased NF-kB phosphorylation and
nuclear translocation (Fig. 6L; S4E). Associated with NF-xB expression,
levels of MCP-1 and IL-6 in HAEC conditioned medium were increased
by norepinephrine, and the increases were blocked by PGC-la-
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overexpression (Fig. 6M). The adhesion of THP-1 cells to HAECs induced
by norepinephrine was also blocked by activation of PGC-1a expression
(Fig. S4D). Taken together, the data above suggest that activation of
PGC-1a expression can ameliorate norepinephrine-induced mitochon-
drial oxidative damage by inactivating NF-«B.

4. Discussion

In the current study, we found that RDN ameliorates the sympathetic
hyperactivity-induced vicious cycle of EC mitochondrial dysfunction
and inflammation, thereby preserving the atheroprotective phenotypes
of ECs to inhibit the development of atherosclerosis. Under sympathetic
hyperactivity, MAO-A was shown to be a critical regulator of EC func-
tional phenotypes. Persistent MAO-A activation-associated disruption of
mitochondrial homeostasis leads to ROS accumulation and NF-kB acti-
vation, which activate expression of atherogenic and proinflammatory
molecules in ECs. Importantly, the MAO-A/H50, axis also suppresses
the mitochondrial function regulator, PGC-1a, which is mutually regu-
lated by NF-xB during the inflammation in a vicious cycle with essential
involvement of oxidative stress. Thus, blockade of MAO-A activation by
RDN should be a potential treatment strategy for atherosclerosis.

Sustained sympathetic activation, as indicated by elevated urinary
norepinephrine and its metabolite concentrations, efferent muscle
sympathetic nerve activity, and increased rates of spillover of norepi-
nephrine to plasma, results in hypertension, diabetes and obesity [34],
the risk factors for atherosclerosis. In this study, we found serum
norepinephrine levels in CAD patients (Fig. 1A) or HFD-fed ApoE "
mice (Table S4) were higher than non-CAD controls or normal chow-fed
mice, indicating the positive correlation between the development of
atherosclerosis and sympathetic hyperactivity. Indeed, a few studies
have demonstrated the contradictory effect of RDN on atherosclerosis in
animal models with unclear mechanisms [25-27]. The previous pub-
lished study showed that renal denervation (RDN) can attenuate the
development of atherosclerosis in ApoE deficient mice in a blood pres-
sure lowering independent manner [26]. However, another study re-
ported the opposite results that RDN can accelerate the development of
atherosclerosis in angiotensin II-induced hypertensive mice [27].
Recently, Chen et al. reported that RDN plays an anti-inflammatory role
in atherosclerosis by inhibiting splenic inflammatory cell production
[25]. Therefore, based on the contradictory conclusions of the previous
studies and the pathogenesis of atherosclerosis, we designed this study
to explore the relationship between sympathetic nervous system and
atherosclerosis. More importantly, we elucidated the mechanisms based
on the function of RDN on endothelial phenotype, particularly in the EC
mitochondrial oxidative stress and inflammation. Furthermore, we
found that RDN suppressed levels of inflammatory factors, chemokines,
and adhesion molecules released by ECs (Fig. 3; 6A-G), thereby inhib-
iting the adhesion of inflammatory cells to the endothelium (Fig. 6H),
which may result in decreased accumulation of macrophage/foam cells
in lesion areas (Fig. 2E).

Mitochondrial dysfunction is a strong trigger of endothelial
dysfunction in both animal models and humans [36]. Mitochondria play
important roles in EC inflammation by regulating ROS production and
NF-xB signaling pathway. In this context, the mitochondrial ROS
(mtROS)-induced inflammation acts as a feedback system, creating a
stressful environment where the exacerbation of inflammation chroni-
cally provokes tissue damage [36,37]. In this study, the results of elec-
tron microscopy revealed that RDN maintained normal EC
mitochondrial morphologies by maintaining mitochondrial membrane
integrity and increasing inner mitochondrial cristae (Fig. 4A). In addi-
tion, RDN suppressed superoxide generation, DNA oxidative damage
and activation of NF-xB pathway, revealing positive antioxidant and
anti-inflammatory effects to preserve mitochondrial functions
(Fig. 4B-J).

Monoamine oxidase-A is an enzyme located on the outer membranes

of the mitochondria. It 1is responsible for degradation of
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Fig. 6. MAO-A-induced mitochondrial ROS production facilitates NF-kB activation and production of proinflammatory cytokines in HAECs.

A-H: HAECs were treated with norepinephrine (NE, 10 pmol/L), NE plus clorgyline (clorg, 10 pmol/L), or NE plus MitoTempo (500 pmol/L) for 24 h. Cells and
conditioned medium were collected for the following assays. Expression of IkB, ET-1 and VCAM-1 (A) by Western blot (n = 3); NF-xB p65 by immunofluorescent
staining with quantification of MFI in the nucleus (B, n = 5). Levels of MCP-1, IL6, TNF-a, IL-1$, and CXCL10 (C-G) in conditioned medium by ELISA assay kits (n =
5). Adhesion of calcein-AM-labeled THP-1 monocytes to HAECs (H, n = 5). I-M: HAECs were transfected with empty or PGC-1a expression vector for 24 h, followed
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neurotransmitters and biogenic amines, including norepinephrine [14,
38,39]. During this process, it generates more HyO, with respect to
mitochondrial respiratory chain [40], which is one of the major sources
of ROS within mitochondria [14,41]. Under high levels of sympathetic
tone, such as in cardiac failure and ischemia-reperfusion, circulating
norepinephrine levels are elevated, leading to upregulation of MAO-A
activity due to increased substrate availability [42]. In this study, we
found that it is similar to norepinephrine, serum MAO-A levels were also
significantly elevated in CAD patients (Fig. 1B) and ApoE /" mice with
atherosclerosis at advanced stage (Table S4). Reciprocally, associated
with inhibition of atherosclerosis, RDN reduced MAO-A expression in
tissue and serum MAO-A levels/activity in ApoE /" mice (Fig. 1G, I, K, L;
S1B). In vitro, treatment of HAECs with norepinephrine activated
MAO-A expressions, which in turn promoted mitochondrial dysfunction
and inflammatory responses that are associated with generation of
mtROS (Fig. 5). However, all the impairment to mitochondria caused by
norepinephrine were substantially attenuated by MAO-A inhibitors,
clorgyline or siRNA (Fig. 5), suggesting the sympathetic
hyperactivity-induced mitochondrial dysfunction is mediated through
MAO-A activity.

PGC-1a plays a key role in EC regulation by exerting various effects
on mitochondrial function, redox imbalance and inflammation [43-45].
PGC-1a activates several transcription factors, including Nrf2 and Tfam,
to enhance expression of the molecules associated with mitochondrial
biogenesis and anti-oxidative stress (SOD2, CAT and GPx) in ECs [46].
Moreover, PGC-1a and NF-kB are mutually regulated during inflam-
mation and in the vicious cycle in which oxidative stress plays a vital
role [47,48]. In this study, we found that in addition to suppressing
endothelial inflammation, RDN also promoted expression of the mole-
cules associated with mitochondrial biogenesis and antioxidant func-
tions (Fig. 4), in line with PGC-la effects. Furthermore, we found
associated with inhibition of MAO-A expression, RDN activated PGC-1a
expression in aortas (Figs. 1K and 4I). In vitro, norepinephrine-caused EC
dysfunction/inflammation is mediated through activation of MAO-A
(Fig. 5D-H), which were potently attenuated by activation of PGC-1a
expression (Fig. 6; S4). These findings suggest the importance of PGC-1a
in RDN-protected endothelial mitochondrial integrity, biogenesis and
functions in the context of sympathetic hyperactivity.

A limitation of this study is that we only focused on the modulation
of EC phenotypes by RDN during atherosclerosis progression. However,
activation of sympathetic signaling is also able to modulate macrophage
phenotypes and smooth muscle proliferation and migration [49,50].
Considering its roles in various pathologic conditions, sympathetic hy-
peractivity may promote different aspects of atherogenesis in advanced
stages, including atheroma formation, progression, and rupture. The
specific roles of RDN and MAO-A activity in various cell types during
advanced atherosclerosis merits further investigation.

In conclusion, we elucidated the mechanisms underlying RDN-
repaired endothelial dysfunctions during atherogenesis, which lays the
foundation for the application of RDN in hypertensive patients compli-
cated by atherosclerosis. Moreover, the finding that increased norepi-
nephrine spillover regulates EC phenotypes via MAO-A mediated
mitochondrial-inflammation circuit may provide very fruitful thera-
peutic targets for atherosclerosis treatment.
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