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Background: Angiotensin (Ang) II and elevated blood
pressure are considered to be the main risk factors for
atrial fibrillation. However, the proteome profiles and key
mediators/signaling pathways involved in the development
of Ang II-induced atrial fibrillation remain unclear.

Methods: Male wild-type C57BL/6 mice (10-week old)
were infused with Ang II (2000 ng/kg per min) for 1, 2, or
3 weeks, respectively. Time series proteome profiling of
atrial tissues was performed using isobaric tags for relative
and absolute quantitation and liquid chromatography
coupled with tandem mass spectrometry.

Results: We identified a total of 1566 differentially
expressed proteins (DEPs) in the atrial tissues at weeks 1, 2,
and 3 after Ang II infusion. These DEPs were predominantly
involved in mitochondrial oxidation-reduction and
tricarboxylic acid cycle in Ang II-infused atria. Moreover,
coexpression network analysis revealed that citrate synthase,
a rate-limiting enzyme in the tricarboxylic acid cycle, was
localized at the center of the mitochondrial oxidation-
reduction process, and its expression was significantly
downreguated in Ang II-infused atria at different time
points. Cardiomyocyte-specific overexpresion of citrate
synthase markedly reduced atrial fibrillation susceptibility
and atrial remodeling in mice. These beneficial effects were
associated with increased ATP production and mitochondrial
oxidative phosphorylation system complexes I–V expression
and inhibition of oxidative stress.

Conclusion: The current study defines the dynamic
changes of the DEPs involved in Ang II-induced atrial
fibrillation, and identifies that citrate synthase plays a
protective role in regulating atrial fibrillation development,
and increased citrate synthase expression may represent a
potential therapeutic option for atrial fibrillation treatment.

Keywords: angiotensin II, atrial fibrillation, mitochondrial
function, proteomics, time series protein expression
profiling

Abbreviations: Ang II, angiotensin II; complex I, NADH-
dehydrogenase; complex II, succinate dehydrogenase;
complex III, cytochrome c reductase; complex IV,
cytochrome c oxidase; complex V, ATP synthase; DEP,
differentially expressed protein; OXPHOS, oxidative
phosphorylation system; RAAS, renin–angiotensin–
aldosterone system; TCA, tricarboxylic acid cycle
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INTRODUCTION
A
trial fibrillation is the most common type of arrhyth-
mia and the main cause of stroke, heart failure, and
mortality [1]. Although the pathophysiological mech-

anisms of atrial fibrillation are not fully understood, atrial
dilation, fibrosis, and ion channel alterations are the hall-
marks of atrial structural and electrophysiological remodel-
ing, which play critical roles in the development of atrial
fibrillation [2,3]. Atrial remodeling can be caused by cardiac
remodeling, systemic conditions, or atrial fibrillation itself.
Complex signaling systems are involved in the induction of
atrial fibrosis, inflammation, and oxidative stress, including
those connected to angiotensin (Ang) II, platelet-derived
growth factor, connective tissue growth factor, and trans-
forming growth factor-b [3]. Notably, the available treatment
strategies that directly target the pathophysiological pro-
cesses underlying atrial fibrillation have limited efficacy
and may cause adverse effects. Thus, it is essential to under-
stand theprecisemechanismsof atrial fibrillation and identify
new drug targets for atrial fibrillation therapy.

Experimental and clinical studies have demonstrated a
significant role for the renin–Ang–aldosterone system
(RAAS) in the development of atrial fibrillation [2]. Ang II
is the major effector hormone of the RAAS, which has a
crucial role in the regulation of blood pressure, inflamma-
tion, oxidative stress, fibrosis, and electrical disturbances
through multiple signaling pathways, which contribute to
the inducibility of atrial fibrillation [2,4–7]. In contrast,
inhibition of the RAAS with Ang-converting enzyme
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inhibitors or Ang type 1 receptor antagonists and MitoQ10
significantly attenuates development of hypertension, car-
diac hypertrophy and atrial fibrillation [6,8]. Moreover,
human studies have revealed that genetic changes are also
linked to atrial fibrillation susceptibility [4]. Recently, we
examined gene expression profiles in an Ang II-induced
atrial fibrillation mouse model using time series microarray
analysis. These data suggest that many genes and signaling
pathways are associated with the development of Ang II-
induced atrial fibrillation [7]. Time series proteome profiling
is a powerful method for defining the interactions of
multiple proteins and their roles as part of a biological
system because it allows for the quantitative and dynamic
events of protein coexpression networks to be tracked [5].
An isobaric tags for relative and absolute quantitation
(iTRAQ)-based quantitative proteomic analysis can give
insight into the different metabolic processes of cardiovas-
cular diseases. However, whether these methods are used
to identify the dynamic changes of protein expression
profiles and key signaling pathways involved in atrial
fibrillation development remain unclear.

In this study, we performed time series iTRAQ-based
proteomic analysis in a murine model of atrial fibrillation
induced by high dose of Ang II infusion, which results in
serum Ang II levels similar to those measured in atrial
fibrillation patients [7,9–12]. Our results showed that a total
of 1566 differentially expressed proteins (DEPs) were iden-
tified in the atria at different time points. Importantly, citrate
synthase is localized at the center of the mitochondrial
oxidation-reduction process, and overexpression of citrate
synthase significantly reduced atrial remodeling and atrial
fibrillation susceptibility, which were associated with
increased expression of mitochondrial complexes and
ATP production and decreased superoxide generation.
Thus, these results demonstrate that citrate synthase exerts
a protective role in regulating atrial fibrillation development.

METHODS

Animals and treatment
Ten-week-oldmaleC57BL/6Jmicewerepurchased fromSPF
Biotechnology Co., Ltd. (Beijing, China). The mice were
anesthetized with 40mg/kg ketamine and 10mg/kg xylazine
and then infused continuously with the same volume of
saline (0.9%NaCl) orAng II at a dosageof 2000ng/kgpermin
(Sigma-Aldrich, St. Louis, Missouri, USA) via a subcutane-
ously implanted minipump (Alzet, Durect, Cupertino, Cal-
ifornia, USA) for 1, 2, or 3 weeks as described [7]. All animals
were anesthetized with 1.5% isoflurane, and atrial volume
was measured by M-mode echocardiography at each time
point using a 30-MHz probe (Visual-Sonics, Toronto,
Ontario, Canada) according to previous protocols [7]. This
study was performed in accordance with the Animal Care
and Use Committee of Beijing Chao-Yang Hospital of Capital
Medical University and conformed to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Injection of recombinant adeno-associated
virus type 9 vector
Recombinant adeno-associated virus type 9 vector (rAAV9)
expressing green fluorescent protein alone (rAAV9-GFP) or
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citrate synthase (rAAV9-CS) were generated by Hanbio
(Shanghai, China) according to the manufacturer’s protocol
[7,12]. Male WT mice were injected with rAAV9-GFP or
rAAV9-CS via tail-vein (100 ml; 1.6� 1012) for 2 weeks, and
then infused with saline or Ang II (2000 ng/kg per min;
Sigma-Aldrich) for additional 3 weeks.

Induction of atrial fibrillation
At each time point of Ang II infusion, the mice (n¼ 12) were
anesthetized with 2.5% tribromoethanol (0.02 ml/g; Sigma-
Aldrich), and intracardiac pacing was performed by insert-
ing an eight-electrode catheter (1.1 F, octapolar EP catheter,
Scisense, London, Ontario, Canada). The left atrial arrhyth-
mia (including atrial fibrillation) was induced by applying
5-s bursts through the catheter electrodes using the auto-
mated stimulator. The cycle length in the first 5-s burst was
40ms and it was decrease in each successive burst with a 2-
ms decrement down to a cycle length of 20ms, as previ-
ously described [7].

Histological examinations
The left atrial tissue from each animal (n¼ 6) was fixed in 4%
paraformaldehyde for 24h, embedded in paraffin and lon-
gitudinally sectioned at 5 mm. Hematoxylin and eosin and
Masson’s trichrome staining of the sections were performed
as previously described [7,11]. For dihydroethidium (DHE)
staining, the frozen atrial samples were cut into 5-mm-thick
sections and incubated with 10 mmol/l DHE in a light-pro-
tected humidified chamber at 37 8C for 30min [7]. Images
were captured using a Nikon microscope (Nikon, Tokyo,
Japan).

Quantitative real-time PCR analysis
Total RNA was purified from the left atrial tissue from each
animal (n¼ 5) using TRIzol method (Invitrogen, Carlsbad,
California, USA). Total RNA was converted to cDNA by
using the RT Enzyme mix (Accurate Biotechnology Co.,
Ltd., Hunan, China) on a PCR Thermocycler (S1000 Thermal
Cycler, Bio-Rad, Hercules, California, USA). The mRNA
levels of IL-1b and IL-6 in the atrial tissues were detected
by quantitative real-time PCR on Applied Biosystems 7500
Fast (ABI, Carlsbad, California, USA) as described [11].
GAPDH was used as the internal control.

Protein preparations
The mice were euthanized by intraperitoneal injection of an
overdose of 150 mg/kg pentobarbital sodium administered
at week 1, 2, or 3 after Ang II infusion as described [13]. Five
left atrial samples from each group were randomly selected
for proteomics analysis. Each sample (50–60mg) was
homogenized in a lysis buffer containing 50mmol/l Tris–
HCl (pH 8.0), 8mol/l urea, 2mmol/l EDTA, and 1% prote-
ase inhibitor cocktail (Thermo Fisher Scientific, Waltham,
Massachusetts, USA), and then ultra-sonicated to isolate
total protein. The samples were digested with trypsin
(protein : trypsin, 1 : 50; Promega, Southampton, UK) at
37 8C for 16–20 h. Labeled with different tandem mass
tags/iTRAQ kit reagents (Thermo Fisher Scientific, Carls-
bad, California, USA) according to the manufacturer’s pro-
tocol.
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Liquid chromatography coupled with tandem
mass spectrometry analysis
The tryptic peptides were dissolved in solvent A containing
0.1% formic acid, and loaded directly onto a home-made
reversed-phase analytical column (length, 15 cm; internal
diameter, 75 mm). The dried peptides were subjected to an
NSI source followed by tandem mass spectrometry (MS)/
MS in Q Exactive Plus (Thermo Fisher Scientific, Carlsbad,
California, USA) coupled online to the ultra performance
liquid chromatography (UPLC). The separated peptides
were analyzed with a data-dependent acquisition mode
on a Q Exactive Orbitrap MS (Thermo Fisher Scientific,
Carlsbad, California, USA). The MS/MS data were processed
using the Maxquant search engine (version 1.5.2.8, Munich,
Bavaria, Germany). Proteins were identified by searching
mass spectrometry and MS/MS data against the decoy
version of the complete proteome for the UniProt mouse
database. For identification, peptides were filtered based on
a q value less than 0.01. The false discovery rate (FDR) was
adjusted to less than 1%, and the minimum score for
peptides was set as more than 40.

Bioinformatics analysis
The DEPs of the atrial tissues from saline-infused control
mice and Ang II-infused mice were analyzed and com-
pared. Limma R used a moderated F-statistic to filter the
multigroup DEPs. The P values were corrected by the
empirical Bayes method. The Benjamini–Hochberg proce-
dure was used for multiple test correction (FDR was used to
adjust the P values for multiple comparisons). The thresh-
old set for upregulated and downregulated genes was fold
change more than 1.2, P value less than 0.05, and FDR less
than 0.05. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via
the PRIDE [14] partner repository with the dataset identifier
PXD022238. Analysis of the heatmap visualizations of DEPs
was performed using the Matrix2png program. Gene ontol-
ogy enrichment, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, and protein–protein coex-
pression network analyses were used to enrich the dataset
for proteins associated with atrial fibrillation, as previously
described [7,15,16].

Measurement of ATP contents
ATP production measured using an ATP assay kit (ab83355;
Abcam, Cambridge, Massachusetts, USA) following manu-
facturer’s instructions. In brief, heart tissues (10 mg) were
washed with cold PBS, resuspended in 100 ml of ATP assay
buffer, and then centrifuged at 4 8C at 13 000� g to remove
any insoluble material. The supernatants were then incu-
bated with the ATP probe for 30min at room temperature.
Absorbance was detected at 570 nm using an automatic
microplate reader (Infinite, M1000 PRO; Tecan Trading AG,
Männedorf, Zürich, Switzerland).

Immunoblot analysis
Briefly, total protein samples were extracted from left atrial
tissues with lysis buffer containing protease/phosphatase
inhibitors (Thermo Fisher Scientific, Carlsbad, California,
USA). Proteins (40–50 mg) were fractionated by 10%
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sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and transferred onto a polyvinylidene fluoride mem-
brane (Millipore, Billerica, Massachusetts, USA). The blots
were incubated with primary antibodies against (Table S1,
http://links.lww.com/HJH/B830). All blots were developed
using the ECL Plus chemiluminescent system (Proteinsim-
ple, San Jose, California, USA). Protein levels were quanti-
fied by measuring band intensity with ImageJ (NIH,
Bethesda, Maryland, USA) and were normalized relative
to glyceraldehyde-3-phosphate dehydrogenase protein lev-
els as previously described [7,11].

Statistical analysis
Results are expressed as the mean� SEM. Statistical analysis
was performed using SPSS17.0. The normality test
(Shapiro–Wilk) was performed to determine whether the
data were normally distributed. If each group satisfies the
normality, the Student t test was then used to determine the
significant difference between two groups. The Mann–
Whitney test was used for the results that were not normally
distributed. The Kruskal–Wallis test was used for the com-
paration of atrial fibrillation inducibility. �P values less than
0.05 were considered statistically significant.

RESULTS

Angiotensin II infusion promotes atrial
fibrillation susceptibility and atrial remodeling
in mice
To determine the protein expression profiles during the
development of atrial fibrillation, we first established a
murine model of atrial fibrillation in WT mice, and found
that there was no significant difference in the pause rate and
body weight between saline and Ang II infused groups.
However, the SBP, and the incidence and duration of atrial
fibrillation were increased in a time-dependent manner after
Ang II infusion compared with saline-infused control mice
(Fig. 1a and Table S2, http://links.lww.com/HJH/B831).
Echocardiographic assessment indicated that Ang II infusion
progressively increased atrial volume compared with saline
infusion (Fig. 1b). Histological analysis revealed that atrial
fibrotic area (Fig. 1c), infiltration of proinflammatory cells
(Fig. 1d), and production of reactive oxygen species (ROS)
levels (Fig. 1f) as well as the expression of IL-1b and IL-6
mRNA levels (Fig. 1e)were all time-dependently increased in
Ang II-infused mice. However, these parameters of atrial
fibrillation were similar in the saline-infused controls at
weeks 1, 2, and 3 as we described previously [7,11].

Time series analysis of differentially expressed
proteins
To identify the DEPs in the atrium of Ang II-induced atrial
fibrillation mice, we performed proteomic analysis using an
iTRAQ-based strategy. Given that our data were collected at
different time points (weeks 1, 2, and 3) after Ang II
infusion, we performed time series analysis, and identified
1566 proteins that were differentially expressed in Ang II-
infused atria (Fig. 2a and Table S3, http://links.lww.com/
HJH/B832). Of them, 957, 958, and 899 proteins were
significantly upregulated, whereas 609, 608, and 667
www.jhypertension.com 767
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Proteome profiling of the atrium in angiotensin II-infused mice
proteins were markedly downregulated at weeks 1, 2, and 3
after Ang II infusion, respectively (Fig. 2b).

Time series analysis of key gene ontology
terms and Kyoto Encyclopedia of Genes and
Genomes pathways
To further examine thebiologically significant proteins in the
atrium of Ang II-induced atrial fibrillation, we performed
gene ontology enrichment analysis, and found that the DEPs
were localized mainly in the cellular components of mito-
chondria after Ang II treatment (Fig. 2c). Moreover, the DEPs
werepredominantly involved inmolecular functions, suchas
Journal of Hypertension
oxidoreductase activity, and biological processes, such as
oxidation-reduction, metabolism, cell–cell adhesion, and
the tricarboxylic acid cycle (TCA) (Fig. 2d and e). Moreover,
KEGG pathway enrichment revealed that 67 pathways were
significantly altered in the atrium after Ang II infusion,
including oxidative phosphorylation, carbon metabolism,
citrate cycle (TCA) (Fig. 2f).

Protein expression profiles
To gain an integrated understanding of the global temporal
patterns of changes in protein expression during Ang II-
induced atrial fibrillation, we examined protein expression
www.jhypertension.com 769



FIGURE 3 The clustering analysis of differentially expressed proteins in angiotensin II-infused left atrium. Male wild-type mice were infused with angiotensin II (2000 ng/kg
per min) for 1, 2, and 3 weeks, respectively. Ten expression profiles (nos. 44, 45, 4, 2, 47, 5, 35, 39, 12, and 3) of the differentially expressed proteins showed statistically
significant difference (colored boxes).

Teng et al.
clusters at different time points. The 1566 DEPs identified in
the Ang II-infused atrium were classified into 50 clusters
(Fig. 3). Among them, 10 clusters (nos. 44, 45, 4, 2, 47, 5, 35,
39, 12, and 3) containing 1394 proteins were significant
across the three time points examined (Fig. 4).

Analysis of gene coexpression networks
Given that mitochondrial oxidation-reduction process was
the key geneontology term andpathway (Fig. 2c–f),we then
defined which proteins may play a central role in mitochon-
drial function. Analysis of the protein coexpression networks
revealed that among the 122 DEPs involved in mitochondrial
oxidation-reduction process, citrate synthase was located at
the center of the network, and directly modulated 38 neigh-
boring proteins (Fig. 5a), which had a relatively higher
degree and betweenness centrality compared with than
the other proteins (Table S4, http://links.lww.com/HJH/
B833). The proteomic analysis also indicated that citrate
synthase protein level was significantly downregulated at
all-time points after Ang II infusion (Fig. 5b). The decrease of
citrate synthase expression was then validated by immuno-
blot analysis in Ang II-infused atrium (Fig. 5c).

Overexpression of citrate synthase by rAAV9
injection attenuates angiotensin II-Induced
atrial fibrillation susceptibility, atrial dilation,
inflammation and fibrosis
To determine whether citrate synthase contribute to Ang II-
induced atrial fibrillation and atrial remodeling in vivo, male
WT mice were administered with rAAV9-GFP (control) or
770 www.jhypertension.com
rAAV9-CS by tail vein injections. After 2 weeks of Ang II
infusion, injection of rAAV9-CS resulted in an increase of
citrate synthase protein level by approximately 2.2-fold in
the atria of mice compared with rAAV9-GFP injection
(Fig. 7a). Moreover, Ang II infusion progressively increased
SBP in both rAAV9-CS-injected and rAAV9-GFP-injected
mice, but no significant difference was observed between
the two groups (Table S5, http://links.lww.com/HJH/
B834). However, Ang II infusion resulted in a significant
increase in the inducibility and duration of atrial fibrillation
in rAAV9-GFP-injected mice, which was markedly attenu-
ated in rAAV9-CS-injected mice (Fig. 6a). Accordingly, Ang
II-induced increase of atrial volume (Fig. 6b), infiltration of
inflammatory cells and fibrotic area (Fig. 6c) in the atria of
rAAV9-GFP-injected mice was remarkably reduced in
rAAV9-CS-injected mice (Fig. 6b and c). In addition, we
examined the protein levels of TGF-b1 (a critical regulator
of atrial fibrosis) and nuclear factor kappa-B (NF-kB) (a key
regulator of inflammation), and found that Ang II-induced
upregulation of TGF-b and NF-kB protein levels was also
markedly reduced in rAAV9-CS-injected mice compared
with rAAV9-GFP control (Fig. 6d).

Overexpression of citrate synthase reverses
angiotensin II-Induced decrease of
mitochondrial complex expression and ATP
level production and increase of superoxide
production
Mitochondria are the main producers of ATP in cardiomyo-
cytes. The inner mitochondrial membrane protein complexes
Volume 40 � Number 4 � April 2022
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(complexes I–V) play a critical role in production of ATP.
Therefore, we examined the expression of complexes I–V,
including NDUFB8, SDHB, UQCRC2, MTCO2 and ATP5A,
and ATP level in the atria, and found that Ang II infusion
induced decrease in the protein levels of complexes I–V and
ATP production in rAAV9-GFP-injected mice was significantly
reversed in rAAV9-CS-injected mice (Fig. 7a–c). Moreover,
Ang II-induced upregulation of superoxide level (as indicated
by DHE staining) was also reduced rAAV9-CS-injected mice
(Fig. 7d). Thus, these results suggest that increased expression
of citrate synthase upregulates complexes I–V expression and
ATP production and reduces ROS level in the atria after Ang
II infusion.

DISCUSSION
In this study, using time series iTRAQ-based proteomic
analysis, we identified 1566 proteins that were differentially
expressed in the atrium of Ang II-induced atrial fibrillation
in mice. These DEPs were enriched mainly in the mito-
chondrial oxidation-reduction process, and citrate synthase
as a core regulator of this process that was markedly
downregulated in Ang II-infused atria. Overexpression of
Journal of Hypertension
citrate synthase markedly reduced Ang II-induced atrial
fibrillation susceptibility and atrial remodeling accompa-
nied with increasing mitochondrial oxidative phosphory-
lation system (OXPHOS) complexes I–V expression and
ATP production and reduction of ROS level (Fig. 7e).
Together, citrate synthase plays a critical role in the devel-
opment of atrial fibrillation in Ang II-infused mice, and
increased citrate synthase level may represent a potential
therapeutic option for hypertensive atrial fibrillation treat-
ment.

Atrial fibrillation and its complications are a main cause
of morbidity and mortality in the general population. Mul-
tiple clinical and molecular factors, including mechanical
stretching, neurohormonal activation, inflammation, nitric
oxide signaling, and oxidative stress, reported to play
important roles in the regulation of downstream genes
and cardiac sodium channels, leading to atrial remodeling
[3]. For example, IL-6 secretion is a critical mediator in
triggering atrial fibrosis [17]. NLRP3 inflammasome activity
is also increased in atrial myocytes of atrial fibrillation
patients and causes electroanatomic remodeling [18].
Increased nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity and ROS production is implicated
www.jhypertension.com 771



(a)

(b) (c)

FIGURE 5 Analysis of the protein coexpression network. (a) 122 Proteins selected from 10 significant profiles (nos. 44, 45, 4, 2, 47, 5, 35, 39, 12, and 3) were further
analyzed by protein coexpression network with k-core algorithm. Cycle node indicates the proteins, and edge between two nodes indicates the interaction between
proteins. (b) The protein expression of citrate synthase in the atrial tissues after angiotensin II infusion and saline control at weeks 1, 2, and 3 (n¼5 per group) from the
proteomics data. (c) The protein level of citrate synthase was verified by immunoblotting analysis in angiotensin II-infused atrial tissues at weeks 1, 2, and 3 (n¼4 per
group). Data are expressed as mean� SEM, and n represents the number of samples. �P<0.05, ��P<0.005, ����P<0.0001 versus saline control.
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in human atrial fibrillation [19]. Recently, our microarray
results discovered that chronic Ang II infusion induces
mainly the activation of inflammatory chemokines, extra-
cellular matrix-receptor interactions, and ubiquitin-protea-
some system in the atrial tissue [7]. Indeed, the expression
levels of several components of these signaling pathways,
including CXCL1, CXCR2, and UCHL1, and the immuno-
proteasome catalytic subunits LMP10/PSMB10 and LMP7/
PSMB8, are significantly upregulated in Ang II-infused atria
and patients with atrial fibrillation, and play a critical role in
the development of hypertensive atrial fibrillation in mice
[7,11,12,20,21]. These previous data were further confirmed
by time series analysis of proteome profiles in the same
mouse model, and highlight that these genes are important
regulators of atrial fibrillation development.

Increasing experimental and clinical data demonstrate
the mitochondrial energetic deficit contributes to atrial
fibrillation development and progression [22–24]. Mito-
chondria play a critical role in maintaining cardiac ener-
getics (ATP production) for normal electrical and
mechanical function. The inner mitochondrial membrane
contains five OXPHOS complexes, including NADH-
772 www.jhypertension.com
dehydrogenase (complex I), succinate dehydrogenase
(complex II), cytochrome c reductase (complex III), cyto-
chrome c oxidase (complex IV), and ATP synthase (com-
plex V), which are necessary for ATP synthesis [25]. A
previous study showed that atrial fibrillation is closely
related to selective reduction of complex activity and
increased oxidative stress in atrial fibrillation atrial tissue
[24]. Here, our proteomic analysis further confirmed that
alterations of mitochondria related proteins (122 DEPs)
were the most significant event in Ang II-infused atria
(Fig. 2). Among them, citrate synthase was a central regu-
lator of mitochondria-related signaling pathways, and sig-
nificantly reduced in the atrial tissue after Ang II infusion
(Fig. 5). Therefore, we focused on the effect of citrate
synthase on Ang II-induced atrial fibrillation. Citrate syn-
thase is the first rate-limiting enzyme in the TCA cycle,
which plays a decisive role in regulating ATP production in
mitochondrial respiration. The expression and enzymatic
activity of citrate synthase are changed in cancers, infarcted
heart, and gastrocnemius muscle. Low citrate synthase
activity is associated with cancer cell growth and migra-
tion, mitochondrial function postmyocardial infarction,
Volume 40 � Number 4 � April 2022
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glucoseintolerance and lipotoxicity [26–28]. However, the
role of citrate synthase in regulating atrial fibrillation
development remains unknown. Here, we provided the
first evidence supporting that overexpression of citrate
synthase in cardiac myocytes significantly ameliorated
Ang II-induced atrial fibrillation susceptibility accompa-
nied with increasing mitochondrial complexes I–V expres-
sion and ATP production and reducing ROS level (Fig. 6a
and Fig. 7a–d). Thus, we identified citrate synthase as a
novel contributor to atrial fibrillation development.
774 www.jhypertension.com
In conclusion, this study identifies 1566 proteins that
were differentially expressed in the atrium of Ang II-
induced atrial fibrillation. Citrate synthase was localized
in the center of mitochondrial oxidation-reduction process,
and exerted a protective role in the development of hyper-
tensive atrial fibrillation in mice. Further studies are needed
to elucidate molecular mechanisms for Ang II to down-
regulate citrate synthase expression in the atria, to verify the
effect of citrate synthase on atrial fibrillation in transgenic or
knockout mouse model.
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Perspectives
Here, we provide novel evidence for the link between
mitochondrial dysfunction and atrial fibrillation develop-
ment in a mouse model of Ang II-induced hypertension.
Our results demonstrate that cardiomyocyte-specific over-
expression of citrate synthase significantly increases mito-
chondrial OXPHOS complex activity and ATP production
leading to attenuation of atrial remodeling and atrial fibril-
lation susceptibility. Therefore, restoration of OXPHOS
complex activity and ATP synthesis is thus worth testing
in preventing atrial fibrillation development via delivery of
rAAV9-CS. These findings also promote us to better under-
stand the role of citrate synthase during the development of
atrial fibrillation, and also highlights citrate synthase as a
new therapeutic target for treatment of hypertensive atrial
fibrillation in the future.
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