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Abstract
The key pathophysiological process leading to heart failure is cardiac remodeling, a term referring to cardiac hypertrophy,
fibrosis, and apoptosis. We explored circadian rhythm disruption and calcium dyshomeostasis in cardiac remodeling and
investigated the cardioprotective effect of choline. The experiments were conducted using a model of cardiac remodeling by
abdominal aorta coarctation (AAC) in Sprague–Dawley rats. In vitro cardiomyocyte remodeling was induced by exposing
neonatal rat cardiomyocytes to angiotensin II. The circadian rhythms of the transcript levels of the seven major components
of the mammalian clock (Bmal1, Clock, Rev-erbα, Per1/2, and Cry1/2) were altered in AAC rat hearts during a normal 24 h
light/dark cycle. AAC also upregulated the levels of proteins that mediate store-operated Ca2+ entry/receptor-operated Ca2+

entry (stromal interaction molecule 1 [STIM1], Orai1, and transient receptor potential canonical 6 [TRPC6]) in rat hearts.
Moreover, choline ameliorated circadian rhythm disruption, reduced the upregulated protein levels of STIM1, Orai1, and
TRPC6, and alleviated cardiac dysfunction and remodeling (evidenced by attenuated cardiac hypertrophy, fibrosis, and
apoptosis) in AAC rats. In vitro analyses showed that choline ameliorated calcium overload, downregulated STIM1, Orai1,
and TRPC6, and inhibited thapsigargin-induced store-operated Ca2+ entry and 1-oleoyl-2-acetyl-sn-glycerol-induced
receptor-operated Ca2+ entry in angiotensin II-treated cardiomyocytes. In conclusion, choline attenuated AAC-induced
cardiac remodeling and cardiac dysfunction, which was related to amelioration of circadian rhythm disruption
and attenuation of calcium-handling protein defects. Modulation of vagal activity by choline targeting the circadian
rhythm and calcium homeostasis may have therapeutic potential for cardiac remodeling and heart failure.

Introduction

Heart failure is commonly the consequence of sustained
abnormal neurohormonal and mechanical stress and is a
major cause of mortality in patients with cardiovascular dis-
ease worldwide. The key pathophysiological process leading
to heart failure is cardiac remodeling, a term referring to
cardiac hypertrophy, fibrosis, and apoptosis [1, 2]. The
impaired cardiovascular functions and the elevated morbidity
and mortality in heart failure are closely related to autonomic
imbalance characterized by suppressed vagal (para-
sympathetic) activity and increased sympathetic activity.

Moreover, the magnitude of sympathovagal imbalance is
associated with the outcome [3, 4]. Therefore, activation of
the vagal nervous system may have beneficial implications for
the treatment of cardiovascular diseases and many studies
have focused on the importance of elevating vagal activity
[5, 6]. Studies of vagal stimulation in human heart failure
were encouraging, reporting beneficial effects on functional
capacity and life quality [7]. Choline, a precursor for bio-
synthesis of the vagal nerve neurotransmitter acetylcholine
(ACh), has a remarkable protective effect against a variety of
cardiovascular diseases [8, 9]. It ameliorates cardiac damage
in spontaneously hypertensive rats by correcting abnormal
DNA methylation and regulating 2-oxoglutarate/ten-eleven
translocation methylcytosine dioxygenase enzymes [8]. In
addition, it attenuates ischemia/reperfusion-induced vascular
dysfunction by inhibiting Ca2+/calmodulin-dependent protein
kinase II [9]. However, the molecular mechanisms underlying
the cardioprotective effects of choline during cardiac remo-
deling are not fully understood.
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Circadian rhythms play important roles in cardiovascular
physiology and behavior; disruption of these rhythms may
lead to cardiovascular disease. The circadian rhythms gener-
ated by the molecular clocks in the suprachiasmatic nucleus
and peripheral tissues are maintained by autoregulatory tran-
scriptional and translational feedback loops involving multi-
ple clock genes, such as brain and muscle Arnt-like protein-1
(Bmal1), circadian locomotor output cycles protein kaput
(Clock), cryptochrome 1 and 2 (Cry1 and Cry2) and period
1–3 (Per1–Per3), and their proteins, which are required for
the generation of circadian rhythms [10]. In addition to the
master clock which resides in the suprachiasmatic nucleus,
each peripheral tissue or organ including the heart and vas-
culature also possesses an intrinsic circadian rhythm termed
the peripheral clock. The central clock orchestrates the phase
of each peripheral clock through the autonomic nervous
system or humoral factors. The peripheral clock plays an
important role in maintaining tissue or organ homeostasis
[11]. The heart possesses a fully functional internal clock.
However, few studies have investigated changes in the cir-
cadian clock of the heart in the context of AAC and heart
failure. How the circadian oscillator in hearts coordinates and
regulates heart physiology in response to the vagal nervous
system remains unclear.

Stromal interaction molecule 1 (STIM1) and calcium-
release activated calcium channels (Orai1) play important
roles in hypertrophy-related contractile dysfunction [12].
STIM1 and Orai1 channels are the major components of
store-operated Ca2+ channels (SOCC), leading to store-
operated Ca2+ entry (SOCE) [13, 14]. SOCE is a mechan-
ism by which Orai1 in the sarcolemma senses depletion of
intracellular calcium and opens to allow an influx of
extracellular calcium; this process is enhanced during
pathological cardiac remodeling [15]. STIM1 functions as a
sarcoplasmic reticulum Ca2+ sensor and plays an important
role in detecting Ca2+ depletion and activating Orai1
channels. Depletion of STIM1 prevented cardiac hyper-
trophy in rats [16], while overexpression of STIM1 in adult
rat cardiomyocytes resulted in aberrant Ca2+ handling and
cardiomyopathy [17]. Receptor-operated Ca2+ channels
(ROCC) are activated by ligand binding to membrane
receptors. The transient receptor potential canonical (TRPC)
channels, such as TRPC6, are the major components of
ROCC responsible for receptor-operated Ca2+ entry
(ROCE) [14]. Ca2+ signaling plays an essential role in a
wide range of cellular functions, which underscores the
importance of understanding the mechanisms involved in
regulating Ca2+ homeostasis in cardiomyocytes under both
physiological and pathophysiological conditions. The
effects of choline on circadian rhythms and SOCC/ROCC-
mediated calcium influx in pathological cardiac remodeling
have not been characterized. In this study, experiments were
conducted using a classic model of cardiac remodeling by

abdominal aorta coarctation (AAC) in Sprague–Dawley
rats. Angiotensin II (Ang II) is a primary effector peptide of
the renin-angiotensin system (RAS) and directly promotes
cardiac cell death, hypertrophy, and remodeling. In vitro
cardiomyocyte remodeling was induced by exposing neo-
natal rat cardiomyocytes to Ang II. We investigated whether
choline may ameliorate AAC or Ang II-induced cardio-
myocyte remodeling by alleviating circadian rhythm dis-
ruption and calcium dyshomeostasis.

Materials and methods

Animals and manipulations

Adult male Sprague–Dawley rats (8 weeks old) were pur-
chased from the Experimental Animal Centre of Xi’an Jiaotong
University. This study was conducted in strict accordance with
the Guidelines for the Care and Use of Laboratory Animals
(National Institutes of Health publication, eighth edition, 2011).
All experimental procedures were approved by the Ethics
Committee of Xi’an Jiaotong University. Rats were anesthe-
tized with sodium pentobarbital (45mg/kg, intraperitoneally),
and cardiac remodeling was induced by coarctation of the
abdominal aorta, as described previously [18]. The diameter of
the lumen of the aorta after coarctation was equivalent to that of
a 22-gauge needle (0.7mm). In sham animals, sham operations
were performed without coarctation of the aorta. Seven days
after aortic coarctation, the rats were randomly divided into
four experimental groups; namely, the sham, sham + choline,
AAC, and AAC+ choline groups. The rats were administered
choline (Sigma, St. Louis, MO, USA) at 7mg/kg per day or
vehicle by intraperitoneal injection once per day for 12 weeks
(Fig. 1a). Rats were housed in an environment-controlled room,
in which a strict 12 h light/12 h dark cycle was enforced (lights
on at 7 AM; zeitgeber time [ZT] 0). On the day of the
experiment, rats were euthanized at 6 h intervals from 7 AM to
7 AM the following day. To ensure the reproducibility of the
gene expression cycles, one animal per group was euthanized
at each time point on three separate days. All rats were anes-
thetized with sodium pentobarbital (45mg/kg, intraper-
itoneally). The right carotid artery was exposed and cannulated
with a catheter that was connected to the pressure transducer
for recording blood pressure. At the end of the study, the rats
were euthanized with sodium pentobarbital (100mg/kg,
intraperitoneally).

Echocardiography

For transthoracic echocardiography, rats were anesthetized
with 1.5–2% inhalational isoflurane, placed on a heating pad
and imaged using the Vevo 2100 High Resolution Imaging
System (Visual Sonics Inc., Toronto, ON, Canada).
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Echocardiographic parameters included the left ventricle
ejection fraction (EF), left ventricle fractional shortening (FS),
left ventricle internal dimension in diastole (LVID, d) and
systole (LVID, s), left ventricle end-diastolic volume (LVvol;

d), left ventricle end-systolic volume (LVvol; s), thickness of
the left ventricle posterior wall in diastole (LVPW, d) and
systole (LVPW, s), and thickness of the interventricular sep-
tum in diastole (IVS, d) and systole (IVS, s).

Fig. 1 Effect of choline on cardiac function in an abdominal aortic
coarctation (AAC) rat model. a Experimental protocol. b Repre-
sentative echocardiographic images of rat hearts. c EF ejection frac-
tion, FS fractional shortening. d LVID, d, left ventricle internal
dimension in diastole; LVID, s, left ventricle internal dimension in
systole. e LVvol; d, left ventricle end-diastolic volume; LVvol; s, left

ventricle end-systolic volume. f LVPW, d, thickness of left ventricle
posterior wall in diastole; LVPW, s, thickness of left ventricle pos-
terior wall in systole. g IVS, d, thickness of the interventricular septum
in diastole; IVS, s, thickness of the interventricular septum in systole.
Data are means ± SEM (n= 8 rats per group). *P < 0.05, **P < 0.01,
***P < 0.001.
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Histological analysis of heart tissues

Rat heart tissues were fixed in 4% paraformaldehyde,
dehydrated, embedded in paraffin and cut into 4 μm-thick
sections. Sections were dewaxed with xylene, rehydrated
with decreasing grades of ethanol, and rinsed with distilled
water. Next, the heart sections were stained with hema-
toxylin and eosin and Masson’s trichrome. The cardio-
myocyte cross-sectional diameter, cardiomyocyte area, and
cardiac fibrosis area were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).
Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labelling (TUNEL) staining was performed using a
TUNEL Apoptosis Assay Kit (Wanleibio, Shenyang,
China) according to the manufacturer’s instructions. Briefly,
the heart sections were rinsed with 50 μl TUNEL reaction
mixture for 90 min at 37 °C in the dark. The sections were
developed with 3,3′-diaminobenzidine and counterstained
with hematoxylin, and then mounted in neutral balsam
mounting medium. Images were captured using a light
microscope (Eclipse Ci-L, Nikon Instruments Inc., Tokyo,
Japan).

Immunohistochemistry

Standard immunohistochemical staining protocols were
performed as described previously [19]. Heart tissue sec-
tions of 4 μm thickness were blocked with 10% goat serum
for 30 min, and incubated with a primary antibody against
atrial natriuretic peptide (ANP, 1:200; Abcam, Cambridge,
UK), brain natriuretic peptide (BNP, 1:300; WanleiBio), or
β-myosin heavy chain (β-MHC, 1:200; Proteintech, Wuhan,
China) overnight at 4 °C. The sections were washed with
phosphate-buffered saline (PBS, three times for 5 min each)
and incubated at 37 °C in horseradish peroxidase-
conjugated goat anti-rabbit IgG for 50 min. After washing,
sections were stained with 3, 3′-diaminobenzidine and
counterstained with hematoxylin. Finally, the slides were
dehydrated, cleared, and mounted for light microscopy
(Eclipse Ci-L, Nikon Instruments Inc., Tokyo, Japan).

Measurement of heart rate variability

Heart rate (HR) analysis and power spectrum analysis of
HR variability were made on an electrocardiogram pro-
cessor analyzing system. The root mean square successive
difference (RMSSD) in heart period series is a time domain
measure of HR variability. We used frequency bands of low
frequency (LF) (0.04–0.15 Hz) and high frequency (HF)
(0.15–0.40 Hz) according to a previous study [18]. The ratio
of LF and HF power (LF/HF) was also calculated. The LF
spectral component is a marker of sympathetic modulation,

the HF component is a marker of vagal modulation, and the
LF/HF ratio is a marker of sympathovagal balance.

Determination of serum levels of ACh

After rats were anesthetized, blood samples were obtained
via the abdominal aortic method. Blood samples were
centrifuged at 3000 rpm for 10 min at 4 °C and serum was
aliquoted and stored at –80 °C until assay. Serum levels of
ACh were measured with commercial colorimetric kit
(Jiancheng Biochemical Co., Ltd., Nanjing, China)
according to the manufacturer’s instructions. The absor-
bance at 550 nm was read on a Stat Fax 2100 spectro-
photometer (Awareness Technology, Palm City, FL, USA).

Enzyme linked immunosorbent assay (ELISA)

The serum level of catecholamine (CA), cardiac angiotensin
converting enzyme (ACE) activity, and cardiac cyclic ade-
nosine monophosphate (cAMP) concentration were eval-
uated by specific ELISAs using commercial kits (Jianglai
biotech, Shanghai, China) in accordance with the manu-
facturer’s instructions.

RNA extraction and real-time quantitative PCR

Total RNA was isolated from heart tissues using a Total RNA
Kit (Omega Biotek, Norcross, GA, USA) according to the
manufacturer’s instructions. Equal amounts of RNA were
reverse transcribed to cDNA using PrimeScript™ RT Master
Mix (TaKaRa, Tokyo, Japan). Gene expression was analyzed
using a Real-Time PCR system (Exicycler 96, Bioneer,
Daejeon, Korea) with SYBR Premix Ex Taq (TaKaRa) and
gene-specific primers. The primers were as follows: Clock,
forward 5′-GCAGTGGATTTGGCTTCA-3′, and reverse 5′-
AGTTCTCGCCGTCTTTCA-3′; Bmal1, forward 5′-GTGCC
ACCAACCCATACA-3′, and reverse 5′-TCTTCCCTCGG
TCACATC-3′; Rev-erbα, forward 5′-TTAACGGCATGGT
GCTACT-3′, and reverse 5′-TTGCGATTGATACGGAC
A-3′; Per1, forward 5′-GCGGAGTTCTCACAGTTCA-3′,
and reverse 5′-CCACTGGTAGACGGGTTGT-3′; Per2, for-
ward 5′-CTACCCAGCTACCCGTTTC-3′, and reverse 5′-
GCAGGAGTTATTTCAGAGGC-3′; Cry1, forward 5′-CCG
ACGACCATGATGAGA-3′, and reverse 5′-CTTGCGAGC
AGGGAGTTT-3′; Cry2, forward 5′-AGGACTACGGCTC
CACGAC-3′, and reverse 5′-GGTTGATGCCCACTGAC
G-3′; β-actin, forward 5′-GGAGATTACTGCCCTGGCTCC
TAGC-3′, and reverse 5′-GGCCGGACTCATCGTACTCCT
GCTT-3′. The PCR reactions were initiated with denaturation
at 94 °C for 5 min, followed by amplification for 40 cycles of
94 °C for 10 s, 60 °C for 20 s, and 72 °C for 30 s. All samples
were analyzed in triplicate. Relative gene expression levels
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were determined using the 2−ΔΔCt method, with normalization
to the internal control, β-actin.

Primary cardiomyocyte isolation and culture

Primary neonatal rat ventricular cardiomyocytes (NRVCs)
were prepared as described previously [20]. Briefly, cardiac
ventricles from 1-day-old neonatal Sprague–Dawley rats
were separated and cut into small pieces, and then digested
with 0.1% collagenase until the tissues were completely
digested. Next, cells were combined, centrifuged, and
resuspended in low-glucose Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. The cardio-
myocytes were separated from fibroblasts based on their
differential adhesion. After incubation for 1 h, the non-
adhered cells were cultured in low-glucose Dulbecco’s
modified Eagle’s medium containing 10% fetal
bovine serum and antibiotics (0.1 mg/ml streptomycin and
100 U/ml penicillin) in a humidified atmosphere containing
5% CO2 at 37 °C. The culture medium was changed every
24 h. Cardiomyocyte purity was characterized by positive
staining with α-actinin antibody (1:200; Thermo Fisher
Scientific, Rockford, IL, USA). Where indicated, the serum-
starved cells were incubated for 24 h in serum-free
Dulbecco’s modified Eagle’s medium containing 10−7 M
Ang II (Sigma) and/or 0.5 mM choline (Sigma). The con-
centrations of Ang II [21, 22] and choline [18] were selected
according to previous reports.

Fluorescence imaging of intracellular Ca2+

Measurement of the intracellular Ca2+ level was performed
as described previously [14, 23]. Briefly, cultured NRVCs
plated on 15 mm glass-bottom cell culture dishes were
loaded with 5 μM Ca2+ sensitive dye Fluo-4 acetoxymethyl
ester (Thermo Fisher Scientific) at 37 °C for 30 min. Next,
cells were washed three times with Tyrode solution (mM:
140 NaCl, 4.7 KCl, 10 glucose, 1.2 MgCl2, 1.8 CaCl2, and
10 4-(2-hydroxyethyl)−1-piperazineethanesulfonic acid
[pH 7.4]). Cells were monitored using a confocal laser
scanning microscope (Nikon C2, Nikon, Tokyo, Japan).
Fluorescence values with excitation at 488 nm and emission
at 516 nm were measured consecutively. Fluo-4 images
were analyzed using NIS Elements software version 3.20.02
(Nikon). F is the real-time fluorescence intensity and F0 is
the steady-state condition fluorescence value; intracellular
Ca2+ changes are reported as the ratio F/F0. To study
SOCE, cells were incubated with Ca2+-free Tyrode solution
and maintained for 15 min before use to allow passive
depletion of intracellular Ca2+ stores and de-esterification of
Fluo-4 acetoxymethyl ester. In Ca2+-free solution, CaCl2
was replaced by equimolar MgCl2, and 0.1 mM ethylene
glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid

was added to chelate residual Ca2+. Cells were incubated in
Ca2+-containing Tyrode solution supplemented with 1 μM
thapsigargin (TG). Extracellular application of the
membrane-permeable diacylglycerol analogue, 1-oleoyl-2-
acetyl-sn-glycerol (OAG, 100 μM; Sigma), can directly
activate ROCC and induce ROCE.

Protein preparation and Western blotting

Rat heart tissues and NRVCs were lysed in radio-
immunoprecipitation assay buffer (Beyotime Institute of
Biotechnology, Shanghai, China) containing protease inhi-
bitor cocktail. Cell lysate was centrifuged at 13,000 rpm for
10 min at 4 °C, and the supernatants were used as samples.
Equal amounts of protein (30 μg) were separated in sodium
dodecyl sulfate-polyacrylamide gels and transferred to
polyvinylidene fluoride membranes (Immobilon P; Milli-
pore, Billerica, MA, USA). After blocking with 5% skim
milk in Tris-buffered saline supplemented with 0.1% Tween
20 for 1 h at room temperature, the membranes were incu-
bated at 4 °C overnight with a primary antibody against β1-
adrenergic receptor (β1-AR, diluted 1:1000; Abcam), α-
MHC (diluted 1:2000; Proteintech), β-MHC (diluted 1:600;
Proteintech), STIM1 (diluted 1:1000; Proteintech), Orai1
(diluted 1:1000; Abclonal, Cambridge, MA, USA), TRPC6
(diluted 1:1000; Proteintech), or GAPDH (diluted 1:5000;
Affinity Biosciences). GAPDH was used as the internal
loading control. The membranes were incubated with the
appropriate horseradish peroxidase-conjugated secondary
antibodies (Affinity Biosciences) at 1:5000 dilution for 40
min at room temperature. Bands were visualized with ECL-
Plus reagent (Millipore), and the band density was quanti-
fied using Gel-Pro Analyzer (Media Cybernetics, Bethesda,
MD, USA).

Statistical analysis

Data are expressed as means ± SEM. Differences among
multiple groups were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey multiple-
comparison post hoc test. All statistical analyses were per-
formed using Prism software (version 7.0; GraphPad Inc, La
Jolla, CA, USA). In all analyses, P < 0.05 was taken to
indicate statistical significance.

Results

Choline ameliorated AAC-induced cardiac
dysfunction in rats

Echocardiographic data revealed that the EF (AAC: 48.77 ±
2.14% vs. sham: 68.91 ± 1.97%; P < 0.001) and FS (AAC:
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25.94 ± 1.37% vs. sham: 40.08 ± 1.65%; P < 0.001) were
decreased in the AAC group compared with sham group,
whereas the LVID, d (AAC: 8.95 ± 0.17 mm vs. sham:
7.43 ± 0.19 mm; P < 0.001), LVID, s (AAC: 6.63 ± 0.17
mm vs. sham: 4.46 ± 0.20 mm; P < 0.001), LVvol; d (AAC:
443.40 ± 18.83 μl vs. sham: 293.50 ± 16.10 μl; P < 0.001),
LVvol; s (AAC: 227.00 ± 13.06 μl vs. sham: 92.65 ± 8.81 μl;
P < 0.001), LVPW, d (AAC: 2.22 ± 0.07 mm vs. sham:
1.92 ± 0.06mm; P < 0.01), LVPW, s (AAC: 3.20 ± 0.10 mm
vs. sham: 2.73 ± 0.06mm; P < 0.01), IVS, d (AAC: 2.28 ±
0.08 mm vs. sham: 1.83 ± 0.04 mm; P < 0.001) and IVS, s
(AAC: 3.23 ± 0.11mm vs. sham: 2.80 ± 0.05 mm; P <
0.001) were increased in the AAC group (Fig. 1 b–g).
Choline significantly increased the EF from 48.77 ± 2.14%
to 62.80 ± 1.91% (P < 0.001), increased FS from 25.94 ±
1.37% to 35.25 ± 1.48% (P < 0.01), reduced LVID, d from
8.95 ± 0.17mm to 7.46 ± 0.19 mm (P < 0.001), reduced
LVID, s from 6.63 ± 0.17mm to 4.82 ± 0.14mm (P <
0.001), reduced LVvol; d from 443.40 ± 18.83 μl to
296.40 ± 16.74 μl (P < 0.001), reduced LVvol; s from
227.00 ± 13.06 μl to 109.70 ± 7.37 μl (P < 0.001), reduced
LVPW, s from 3.20 ± 0.10 mm to 2.77 ± 0.08 mm (P <
0.01), reduced IVS, d from 2.28 ± 0.08mm to 2.08 ±
0.03 mm (P < 0.05), and reduced IVS, s from 3.23 ±
0.11 mm to 2.84 ± 0.05 mm (P < 0.01) in the AAC group.
Choline ameliorated the pathological changes and improved
the cardiac function of AAC rats. No significant differences
were observed between the sham group and choline-treated
sham group.

Choline attenuated cardiac hypertrophy, fibrosis,
and apoptosis in AAC rats

Pathological cardiac remodeling—characterized by cardiac
hypertrophy, fibrosis, and apoptosis—progressively leads to
heart failure. As shown in Fig. 2a, the heart size of AAC
rats was larger than that of sham rats and was markedly
reduced by choline. The area occupied by cardiomyocytes
(AAC: 650.30 ± 5.06 μm2 vs. sham: 363.90 ± 6.48 μm2; P <
0.001) and cardiomyocyte cross-sectional diameter (AAC:
41.91 ± 0.36 μm vs. sham: 29.84 ± 0.38 μm; P < 0.001) were
greater in the AAC group than in the sham group. More-
over, choline administration reduced the area occupied by
cardiomyocytes from 650.30 ± 5.06 μm2 to 457.40 ±
3.35 μm2 (P < 0.001) and reduced cardiomyocyte cross-
sectional diameter from 41.91 ± 0.36 μm to 34.15 ± 0.50 μm
(P < 0.001) in the AAC group (Fig. 2a–c). In the AAC
group, area of fibrosis was 3.76-fold that of sham group,
and in the choline-treated AAC group, area of fibrosis was
1.31-fold that of sham group (Fig. 2d). Consistently, the
ratios of heart weight to body weight (HW/BW; AAC:
3.24 ± 0.14 mg/g vs. sham: 2.65 ± 0.07 mg/g; P < 0.001)
and left ventricular weight to body weight (LVW/BW;

AAC: 2.64 ± 0.10 mg/g vs. sham: 2.10 ± 0.06 mg/g; P <
0.001) were markedly increased in AAC rats, with sub-
stantial reductions seen following choline administration
(HW/BW: AAC+ Choline, 2.69 ± 0.05 mg/g vs. AAC,
3.24 ± 0.14 mg/g, P < 0.01; LVW/BW: AAC+Choline,
2.35 ± 0.06 mg/g vs. AAC, 2.64 ± 0.10 mg/g, P < 0.05)
(Fig. 2e, f), indicating that choline attenuated cardiac
hypertrophy in AAC rats. Mean arterial pressure was higher
in the AAC group than in the sham group (AAC: 128.90 ±
3.13 mmHg vs. sham: 98.31 ± 1.74 mmHg; P < 0.001), and
a decrease in the mean arterial pressure was observed in the
choline-treated AAC group (AAC+Choline, 107.20 ±
2.44 mmHg vs. AAC, 128.90 ± 3.13 mmHg, P < 0.001)
(Fig. 2g).

Compared with the sham group, AAC-treated rats showed
increased cardiac ANP, BNP, and β-MHC (markers of cardiac
hypertrophy) expression, and choline ameliorated these
alterations. Cardiac levels of ANP, BNP, and β-MHC in the
AAC group were 2.58-, 4.33-, 3.88-fold higher than the sham
group, respectively. In the AAC, rats were administrated
choline, showing 1.26-, 2.30-, and 1.78-fold higher levels
than in the sham group, respectively (Fig. 3a–d). There was
no significant difference in ANP, BNP, or β-MHC expression
between the sham and choline-treated sham groups. Western
blotting revealed that α-MHC expression was decreased,
while that of β-MHC was increased in the hearts of AAC rats.
The expression of α-MHC was significantly enhanced by
choline, while β-MHC expression was inhibited. The Western
blotting results also showed that AAC decreased α-MHC/β-
MHC in the heart compared with the sham group. Compared
with the AAC group, the expression of α-MHC/β-MHC was
increased in the choline-treated AAC group (Fig. 3e, f).
Quantification of cardiac apoptosis by TUNEL assay indi-
cated that apoptotic cells in the AAC rat hearts were 14.44-
fold (P < 0.001) higher than the sham group, whereas choline
reduced TUNEL-positive cells by 92.43% (P < 0.001) in the
AAC group (Fig. 3g, h).

Choline not only normalized the diurnal variations
of autonomic nervous functions, but also improved
autonomic nervous balance in AAC rats

Diurnal variations in autonomic nervous activity underlie the
pathogenesis of cardiovascular diseases [11]. We explored
the effect of choline on circadian variation in the activity of
the autonomic nervous system. Nocturnal patterns, in which
the values of HR in the dark phase (ZT12-ZT24) were
higher than those in the light phase (ZT0-ZT12), were
observed (Fig. 4a). Both RMSSD and HF power in the light
phase were higher than those in the dark phase (Fig. 4b, c).
The LF and LF/HF ratio showed the opposite tendency to
that of the HF (Fig. 4d, e). Coarctation of the abdominal
aorta disrupted the circadian rhythms of HR, RMSSD, HF,
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LF, and LF/HF; choline improved the diurnal variations in
the levels of these markers. Moreover, when the overall 24 h
levels were averaged, a significant increase was observed in

HR (AAC: 365.3 ± 3.41 b.p.m vs. sham: 346.9 ± 3.13 b.p.m;
P < 0.01) and a significant decrease in RMSSD (AAC:
1.63 ± 0.05ms vs. sham: 2.60 ± 0.24ms; P < 0.01) in AAC
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rats. In the frequency domain, HF power was lower (AAC:
12.13 ± 0.60% vs. sham: 16.13 ± 0.86%; P < 0.01), whereas
the LF (AAC: 87.87 ± 0.60% vs. sham: 83.87 ± 0.86%; P <
0.01) and the LF/HF ratio (AAC: 7.51 ± 0.43 vs. sham:
5.41 ± 0.36; P < 0.001) were higher in the AAC group than
in the sham group. Augmentation of HF (AAC+Choline:
15.73 ± 0.68% vs. AAC: 12.13 ± 0.60%; P < 0.01) and
RMSSD (AAC+Choline: 2.53 ± 0.20 ms vs. AAC: 1.63 ±
0.05 ms; P < 0.05) and inhibition of HR (AAC+Choline:
347.9 ± 3.98 b.p.m vs. AAC: 365.3 ± 3.41 b.p.m; P < 0.01),
LF (AAC+Choline: 84.27 ± 0.68% vs. AAC: 87.87 ±
0.60%; P < 0.01), and LF/HF (AAC+Choline: 5.46 ± 0.25
vs. AAC: 7.51 ± 0.43; P < 0.001) were observed after cho-
line administration in the AAC group (Fig. 4a–e). Next, we
explored the effect of choline on the serum ACh level. The
serum level of ACh was significantly decreased in the
AAC group compared with the sham group (AAC: 22.82 ±
0.59 μg/ml vs. sham: 27.43 ± 0.77 μg/ml; P < 0.01). Choline
administration markedly increased the serum ACh level in
the choline-treated AAC group (AAC+Choline: 27.59 ±
1.12 μg/ml vs. AAC: 22.82 ± 0.59 μg/ml; P < 0.01) (Fig. 4f).
The serum level of CA and cardiac ACE activity were sig-
nificantly increased in the AAC group compared with the
sham group (CA: AAC, 215.76 ± 8.00 ng/ml vs. sham,
118.41 ± 13.41 ng/ml, P < 0.001; ACE: AAC, 0.36 ±
0.03 ng/mg vs. sham, 0.18 ± 0.01 ng/mg, P < 0.001)
(Fig. 4g, h). Choline administration markedly reduced the
CA level and cardiac ACE activity in the choline-treated
AAC group (CA: AAC+Choline, 168.24 ± 3.97 ng/ml vs.
AAC, 215.76 ± 8.00 ng/ml, P < 0.05; ACE: AAC+Choline,
0.23 ± 0.01 ng/mg vs. AAC, 0.36 ± 0.03 ng/mg, P < 0.001).
Cardiac β1-AR protein levels and cardiac levels of cAMP
(AAC: 0.22 ± 0.01 nmol/g vs. sham: 0.35 ± 0.01 nmol/g;
P < 0.001) were significantly decreased in the AAC group,
compared with the sham group. Choline administration
significantly increased β1-AR protein expression and cardiac
cAMP levels (AAC+Choline: 0.34 ± 0.03 nmol/g vs.
AAC: 0.22 ± 0.01 nmol/g; P < 0.001) with respect to the
AAC group (Fig. 4i, j). Therefore, AAC rats showed an
altered circadian rhythm of autonomic nervous functions,
significant decreases in cardiac vagal tone, and increases in

sympathetic tone. Choline not only normalized the diurnal
variations of autonomic nervous functions, but also
improved autonomic nervous balance in AAC rats.

Effect of choline on the expression of circadian clock
genes following AAC

In an AAC rat model, diurnal variation in HR, RMSSD, HF,
and LF is abnormal, indicating that the circadian rhythm of
autonomic nervous functions is altered in AAC rats. Many
neurohumoral factors such as ACh, adrenaline, noradrena-
line, and glucocorticoids, as well as renin-angiotensin
activity and sympathetic activity, are affected in the AAC
model [24–26]. As many of the potential zeitgebers are
altered in the AAC model, and given that the morphology,
function, and contractile performance of the heart are all
altered in the AAC model, we explored whether the clock of
the heart is also affected within this environment. We
determined whether AAC led to significant changes in the
circadian oscillations of clock genes in the rat heart and the
effect of choline on the expression of heart clock compo-
nents. We investigated the mRNA levels of seven key
components of the clock mechanism (Bmal1, Clock, Rev-
erbα, Per1/2, and Cry1/2) during the 24 h light/dark cycle
(Fig. 5a). Figure 5 shows the circadian oscillations in the
mRNA levels of Bmal1, Clock, and Rev-erbα. The mRNA
levels of Bmal1 and Clock had a circadian pattern of
expression in the hearts of sham rats. The trough expression
of Bmal1 and Clock was at ZT12 (Fig. 5b, c). Expression of
Rev-erbα underwent a striking circadian rhythm in the heart,
with peak expression at ZT6 and trough expression at ZT18
(Fig. 5d). Oscillations in these three circadian clock genes
were significantly attenuated in hearts from the AAC group
vs. the sham group. Furthermore, choline improved the
rhythms and significantly increased bmal1 expression at
ZT0, 6, 18, and 24; increased Clock expression at ZT0, 6,
and 18; and increased Rev-erbα expression at ZT0, 6, and
24 in AAC hearts (Fig. 5b–d). There were no significant
differences in the levels of Bmal1, Clock, and Rev-erbα
expression between sham and choline-treated sham hearts at
the same time points.

The transcripts encoding Per1 and Per2 showed circa-
dian patterns of expression in sham hearts. Per1 and Per2
had peak expression at ZT12 and trough expression at ZT0
in sham hearts (Fig. 6a, b). The transcripts encoding Cry1
and Cry2 showed circadian rhythmicity of expression in
hearts from sham rats. Moreover, this rhythmicity was
comparable between the two Cry isoforms, with peaks at
ZT18 and troughs at ZT6 (Fig. 6c, d). AAC not only altered
the rhythms, but also increased the expression levels of
Per1/2 and Cry1/2 in the heart. Furthermore, choline
improved the rhythms and markedly decreased Per1

Fig. 2 Choline attenuates cardiac remodeling in abdominal aortic
coarctation (AAC) rats. a Representative images of cardiac mor-
phology, cardiomyocyte hypertrophy, and collagen deposition. Scale
bars = 5 mm (top), 50 μm (middle) and 50 μm (bottom). b, c Area and
cross-sectional diameter of cardiomyocytes in the left ventricle; n= 8
rats per group. d Area of cardiac fibrosis stained by Masson’s tri-
chrome; n= 6 rats per group. e, f Ratio of heart weight/body weight
(HW/BW) and left ventricular weight (LVW)/BW; n= 8 rats per
group. gMean arterial pressure; n= 8 rats per group. Data are means ±
SEM. *P < 0.05, **P < 0.01, ***P < 0.001. H&E, hematoxylin
and eosin.
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expression at ZT12; decreased Per2 expression at ZT6, 12,
and 18; decreased Cry1 expression at ZT0, 6, 12 and 24;
and decreased Cry2 expression at ZT12 in AAC hearts

(Fig. 6a–d). There were no significant differences in the
levels of Per1/2 and Cry1/2 expression between sham and
choline-treated sham hearts at the same time points.

Fig. 3 Choline attenuates
cardiac hypertrophy and
apoptosis in abdominal aortic
coarctation (AAC) rats. a–d
Immunohistochemical analysis
of atrial natriuretic peptide
(ANP), brain natriuretic peptide
(BNP), and β-myosin heavy
chain (β-MHC) expression in
heart tissues. Scale bar= 50 μm.
Representative images (e) and
summarized data (f) of Western
blotting analysis of α-MHC and
β-MHC in heart tissues.
g Representative images of
terminal deoxynucleotidyl
transferase-mediated dUTP
nick-end labeling (TUNEL)
staining. h Quantification of
TUNEL signal. Scale bar=
50 μm. Red arrows indicate
TUNEL-positive cells. Data are
means ± SEM (n= 6 rats per
group). ***P < 0.001.
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Choline downregulated the protein levels of STIM1,
Orai1, and TRPC6 and attenuated calcium overload
in hypertrophied cardiomyocytes

In cardiac remodeling, an increase in cytosolic calcium can
be caused by excessive calcium entry into the cytosol,
which includes STIM1/Orai1-mediated SOCE and TRPC6-
mediated ROCE (Fig. 7a). We examined the protein levels
of STIM1 and Orai1, which are believed to form the SOCC
responsible for SOCE, as well as the level of TRPC6, which
contributes to forming ROCC. Western blotting experi-
ments showed that the protein levels of STIM1, Orai1, and
TRPC6 in rat heart tissues were 1.99-fold (P < 0.01), 2.18-
fold (P < 0.001), and 1.55-fold (P < 0.001) higher, respec-
tively, in the AAC group relative to the sham group;
whereas choline reduced protein levels of STIM1, Orai1,
and TRPC6 by 43.72% (P < 0.01), 40.83% (P < 0.01), and
19.35% (P < 0.05), respectively, in the AAC group (Fig. 7b,
c). Therefore, AAC markedly upregulated the levels of the
proteins that participate in the formation of SOCC (e.g.,
STIM1 and Orai1) and ROCC (e.g., TRPC6), and choline
decreased the protein levels of STIM1, Orai1, and TRPC6
in AAC rats.

Given the protective role of choline in vivo in the classic
AAC model, we next tested the effect of choline in blocking
cellular remodeling in response to neurohormonal stress.
Ang II is a primary effector peptide of the RAS and directly
promotes cardiac cell death, hypertrophy, and remodeling.
Therefore, we investigated whether choline could amelio-
rate Ang II-induced cardiomyocyte remodeling by alle-
viating calcium dyshomeostasis. Ang II-induced
cardiomyocyte hypertrophy was demonstrated by increased
expression of hypertrophic markers (ANP and β-MHC) and
these increases were prevented by choline (data not shown).
Ca2+ fluorescence intensity measured by Fluo-4 staining in
the Ang II-treated group was 1.67-fold (P < 0.001) higher
than the control group (Fig. 7d, e). In contrast, choline
attenuated the Ca2+ fluorescence intensity by 40.12% (P <
0.001) relative to the Ang II group. Choline had no sig-
nificant effect on the intracellular Ca2+ level of control cells.

Figure 7f shows representative Fluo-4 images acquired
before and during SOCE. The SOCE-induced increase in
[Ca2+]i (change in Fluo-4 fluorescence ratio F/F0) in Ang II-
treated NRVCs was significantly attenuated by choline
(Ang II+Choline: 2.42 ± 0.15 vs. Ang II: 3.62 ± 0.22; P <
0.001) (Fig. 7g). Extracellular application of the membrane-
permeable diacylglycerol analogue, OAG, directly activates
ROCC and induces ROCE. OAG-induced ROCE in Ang II-
treated NRVCs was significantly higher compared with
control NRVCs (Ang II: 2.53 ± 0.14 vs. control: 1.91 ±
0.09; P < 0.001) (Fig. 7h, i). Choline had no significant
effect on ROCE in control cells, but led to suppression of
ROCE in Ang II-treated NRVCs (Ang II+Choline: 1.88 ±
0.09 vs. Ang II: 2.53 ± 0.14; P < 0.001). The protein levels
of STIM1, Orai1, and TRPC6 in Ang II-induced hyper-
trophic cardiomyocytes were 2.68-fold (P < 0.001), 2.00-
fold (P < 0.001), and 1.50-fold (P < 0.001) higher than the
controls, respectively; choline decreased the protein levels
of STIM1, Orai1, and TRPC6 by 47.76% (P < 0.01),
40.50% (P < 0.01), and 16.00% (P < 0.05), respectively, in
Ang II-treated cells (Fig. 7j, k).

Discussion

Circadian rhythm disruption and calcium dyshomeostasis
contribute to the development of cardiac remodeling and
heart failure. We evaluated the effect of choline on cardiac
remodeling, circadian rhythm disruption, and SOCC/
ROCC-mediated calcium dyshomeostasis in AAC rats. The
findings can be summarized as follows. (1) AAC altered the
circadian rhythms of the transcript levels of the seven major
components of the mammalian clock (Bmal1, Clock, Rev-
erbα, Per1/2, and Cry1/2) in the rat heart. AAC also
upregulated the protein levels of SOCC/ROCC (STIM1,
Orai1, and TRPC6) in the rat heart. (2) Choline ameliorated
circadian rhythm disruption, reduced the upregulated pro-
tein levels of STIM1, Orai1, and TRPC6, and alleviated
cardiac dysfunction and remodeling (evidenced by atte-
nuated cardiac hypertrophy, fibrosis, and apoptosis) in AAC
rats. (3) In vitro, choline ameliorated calcium overload,
downregulated STIM1, Orai1, and TRPC6, and inhibited
TG-induced SOCE and OAG-induced ROCE in Ang II-
treated cardiomyocytes (Fig. 8). Collectively, these data
show that amelioration of circadian rhythm disruption and
attenuation of intracellular calcium dyshomeostasis may be
important mechanisms underlying the cardioprotective
effect of choline. To the best of our knowledge, this is the
first report on the protective effect of choline on AAC-
induced circadian rhythm disruption and defects in Ca2+-
handling proteins (SOCC/ROCC).

Cardiac remodeling is characterized by overactivity of
the sympathetic nervous system and the RAS and

Fig. 4 Choline not only normalized the diurnal variations of
autonomic nervous functions, but also improved autonomic ner-
vous balance in abdominal aortic coarctation (AAC) rats. Circa-
dian rhythm of heart rate (a), root mean square successive difference
(RMSSD) (b), high frequency (HF) (c), low frequency (LF) (d), and
absolute values of the LF/HF ratio (e) (n= 3 rats per group per time
point). To provide a 24 h overall mean level, the data over a 24 h
period in each group were averaged and plotted (n= 15). f Serum level
of acetylcholine (ACh). n= 8 rats per group. g Serum level of cate-
cholamine (CA). n= 8 rats per group. h Cardiac angiotensin con-
verting enzyme (ACE) activity. n= 8 rats per group. i Cardiac β1-
adrenergic receptor (β1-AR) level. n= 6 rats per group. j Cardiac
cyclic adenosine monophosphate (cAMP) level. n= 8 rats per group.
Data are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5 Effect of choline on the circadian expression of genes reg-
ulating clock machinery in the heart of abdominal aortic coarc-
tation (AAC) rats. a Improvement by choline of the circadian clock
rhythms suggests that the autonomic nervous system, or a neurohu-
moral factor under its direct or indirect control, acts as a zeitgeber in

the heart. Relative expression levels of Bmal1 (b), Clock (c), and Rev-
erbα (d) in the heart at zeitgeber time (ZT) 0, 6, 12, 18, and 24. Data
are means ± SEM (n= 3 rats per group per time point). *P < 0.05,
**P < 0.01, ***P < 0.001.
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Fig. 6 Effect of choline on the circadian expression of clock genes
in hearts of abdominal aortic coarctation (AAC) rats. Relative
expression levels of Per1 (a), Per2 (b), Cry1 (c), and Cry2 (d) in

hearts at zeitgeber time (ZT) 0, 6, 12, 18, and 24. Data are means ±
SEM (n= 3 rats per group per time point). *P < 0.05, **P < 0.01,
***P < 0.001.
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suppressed activity of the vagal (parasympathetic) nervous
system. In the present study, we observed that choline
significantly reduced AAC-induced increases in blood

pressure, ACE activity, and serum levels of CA, and
upregulated the AAC-induced decreases in β1-AR protein
expression and cardiac cAMP levels. These results suggest
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that choline has an indirect effect due to the modulation of
blood pressure and neuroendocrine signaling. These results
are consistent with those of our previous study, in which
improving vagal activity by pyridostigmine, a cholinester-
ase inhibitor, inhibited cardiac remodeling induced by
pressure overload via suppressing RAS activation [26]. As a
precursor for biosynthesis of the vagal nerve neuro-
transmitter ACh, choline has a marked protective effect
against cardiac remodeling, possibly by augmenting vagal
activity and suppressing chronic overactivity of the RAS
and the sympathetic nervous system.

In addition, a previous study has demonstrated the
additional beneficial effects obtained from the combination
of pharmacological restoration of vagal activity by done-
pezil and inhibition of RAS by losartan for the treatment of
heart failure, indicating that improved vagal activity exerts a
direct cardioprotective effect. An acetylcholinesterase inhi-
bitor, donepezil, is effective in further ameliorating cardiac
dysfunction and improving long-term survival when admi-
nistered in combination with a specific Ang II receptor
blocker, losartan in rats with heart failure. Compared with
the losartan alone group, the combination of donepezil and
losartan group showed a significantly lower HR, lower
plasma CA levels, and lower cardiac Ang II concentrations
[27]. Therefore, choline improved vagal activity and may
exert a direct effect, with potential pharmacological syner-
gism when combined with an ACE inhibitor/Ang II receptor
blocker.

Heart rate reduction is a possible treatment mechanism
involved in the direct effect of choline. In the present study,
vagal activation by choline markedly reduced the HR. A
prolonged cardiac cycle is beneficial in enhancing and
maintaining cardiac function, by reducing myocardial
oxygen consumption, elevating coronary flow, and elevat-
ing ventricular filling volume [28]. Therefore, the brady-
cardic effect seen in the choline-treated AAC group may be
one of the important factors for ameliorating cardiac dys-
function. In addition to the above-mentioned mechanisms,
the attenuation of defects in Ca2+-handling proteins may be
another important mechanism for choline-induced cardiac
protection. Our in vitro study showed that choline amelio-
rated calcium overload, downregulated STIM1, Orai1, and
TRPC6, and inhibited TG-induced SOCE and OAG-
induced ROCE in Ang II-treated cardiomyocytes, suggest-
ing that choline could regulate calcium homeostasis of
cardiomyocytes directly and has a direct protective effect on
cardiomyocytes. Thus, attenuation of enhanced expression
of SOCC/ROCC and improvement of calcium homeostasis
by choline may partly account for the suppression of cardiac
remodeling and cardiac dysfunction. The beneficial effects
of choline may include its direct effect and indirect effect
due to the modulation of blood pressure and neuroendocrine
signaling. The combination of choline and an ACEI/a β-
blocker as a therapy for cardiac remodeling and heart failure
should be examined in a further study.

The circadian rhythm plays an important role in cardio-
vascular physiology; disruption of the rhythm can result in
the development and progression of cardiovascular dis-
eases. Multiple cardiovascular variables in humans exhibit
time-of-day variation, including blood pressure, HR, and
activity of the autonomic nervous system [29, 30]. More-
over, the occurrence of adverse cardiovascular events,
including myocardial infarction, stroke, and sudden cardiac
death have daily patterns, striking most frequently in the
morning [30]. Furthermore, chronic disruptions of the cir-
cadian clock, as with night-shift work, significantly increase
the risk of cardiovascular disease. A recent study of shift
workers indicated that circadian misalignment increased 24
h blood pressure and the levels of inflammatory markers
such as tumor necrosis factor-α, C-reactive protein, and
interleukin-6 [31]. In this study, the efferent cardiac vagal
activity (estimated from RMSSD and HF power) in the light
phase was significantly higher than that in the dark phase.
This suggests that vagal nervous activity is predominant in
the light phase in rats. Interestingly, coarctation of the
abdominal aorta in rats disrupted the circadian rhythms of
HR, RMSSD, HF, LF, and LF/HF; choline improved the
diurnal variations in the levels of these markers. Commonly
reported measures of vagally mediated HRV include the
RMSSD—a time-domain measure—and the HF component
of HRV. Moreover, the ratio of LF to HF (LF/HF) has been

Fig. 7 Choline downregulates the protein levels of stromal inter-
action molecule 1 (STIM1), Orai1, and transient receptor potential
canonical 6 (TRPC6) and attenuates calcium overload in hyper-
trophied cardiomyocytes. a In cardiac remodeling, an increase in
cytosolic calcium can be caused by excessive calcium entry into the
cytosol, which includes STIM1/Orai1-mediated store-operated Ca2+

entry (SOCE) and TRPC6-mediated receptor-operated Ca2+ entry
(ROCE). Representative images (b) and summarized data (c) of
Western blotting analysis of STIM1, Orai1, and TRPC6 in the hearts
of sham and abdominal aortic coarctation (AAC) rats treated
with choline or saline. Data are means ± SEM (n= 5 rats per group).
*P < 0.05, **P < 0.01, ***P < 0.001. d, e Choline alleviated angio-
tensin II (Ang II)-induced intracellular Ca2+ overload in neonatal rat
ventricular myocytes (NRVMs). Scale bar= 50 μm. Data are means ±
SEM (n= 300 cells from six independent experiments). ***P < 0.001.
f, g Intracellular [Ca2+]i changes during SOCE in NRVMs. Repre-
sentative Fluo-4 images and summarized Fluo-4 signal intensity data
acquired before and during SOCE. Scale bar= 100 μm. Data are
means ± SEM (n= 216–233 cells from four independent experiments).
***P < 0.001. h, i Intracellular [Ca2+]i changes during ROCE in
NRVMs. Representative images and summarized data showing 1-
oleoyl-2-acetyl-sn-glycerol (OAG, an analog of diacylglycerol)-
induced rise in [Ca2+]cyt. Scale bar= 100 μm. Data are means ± SEM
(n= 161–231 cells from four independent experiments). ***P < 0.001.
j, k Representative images and summarized data of Western blotting
analysis of STIM1, Orai1, and TRPC6 in NRVMs. Data are means ±
SEM (n= 5 independent experiments). *P < 0.05, **P < 0.01, ***P <
0.001.
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widely used to reflect the sympathovagal balance (in which
an increased LF/HF ratio indicates sympathetic dominance,
whereas reduction in this ratio reflects parasympathetic
dominance) [32]. However, it should be noted that the
physiological interpretation of LH/HF has to be considered
with caution, as it is unclear and likely underestimates the
complex interactions between the sympathetic and para-
sympathetic regulation of HR [33].

The central clock orchestrates the phase of each periph-
eral clock through the autonomic nervous system or
humoral factors [11]. Light is the classical zeitgeber of the
central clock, while neurohumoral factors appear to be the
zeitgebers for peripheral clocks [11, 34]. In the AAC rat
model, the circadian pattern of HR, RMSSD, HF and LF are
abnormal, indicating that the circadian rhythm of autonomic
nervous functions is altered in AAC rats. Many neurohu-
moral factors such as ACh, adrenaline, noradrenaline, and
glucocorticoids, as well as renin-angiotensin activity and
sympathetic activity, are affected in the AAC model

[24–26]. Few studies have explored the circadian clock of
the heart in the context of AAC and heart failure. Given that
many of the potential zeitgebers are altered in the AAC
model, we investigated whether AAC would change the
circadian clock of the heart and the implications of circadian
oscillators in response to vagal nervous system activation in
the heart. The results showed that oscillations in circadian
clock genes (including Bmal1, Clock, and Rev-erbα) in the
heart were significantly attenuated in the AAC group vs. the
sham group. AAC not only altered rhythms, but also
increased the expression levels of Per1/2 and Cry1/2 in the
heart. These changes in the circadian clock of the heart are
probably due to changes in circulating zeitgebers during
cardiac remodeling. The peripheral heart clock has therefore
lost normal synchronization with its environment. Further-
more, choline improved the rhythms of these circadian
clock genes and increased the expression of Bmal1, Clock,
and Rev-erbα in the AAC heart. Choline also improved the
circadian rhythm and markedly decreased the expression of

Fig. 8 Illustration of the proposed mechanism underlying the
cardioprotective effect of choline. (1) Abdominal aortic coarctation
(AAC) altered the circadian rhythms of the transcript levels of the
seven major components of the mammalian clock (Bmal1, Clock, Rev-
erbα, Per1/2, and Cry1/2) in the rat heart. AAC also upregulated the
protein levels of store-operated Ca2+ channels (SOCC)/receptor-
operated Ca2+ channels (ROCC) (stromal interaction molecule 1
[STIM1], Orai1, and transient receptor potential canonical 6 [TRPC6])
in the rat heart. (2) Choline improved autonomic nervous balance,
ameliorated circadian rhythm disruption, reduced the upregulated
protein levels of STIM1, Orai1, and TRPC6, and alleviated cardiac

dysfunction and remodeling (evidenced by attenuated cardiac hyper-
trophy, fibrosis, and apoptosis) in AAC rats. (3) In vitro, choline
ameliorated calcium overload, downregulated STIM1, Orai1, and
TRPC6, and inhibited thapsigargin (TG)-induced store-operated Ca2+

entry (SOCE) and 1-oleoyl-2-acetyl-sn-glycerol (OAG)-induced
receptor-operated Ca2+ entry (ROCE) in angiotensin II (Ang II)-trea-
ted cardiomyocytes. Collectively, amelioration of circadian rhythm
disruption and attenuation of intracellular calcium dyshomeostasis
may be important mechanisms underlying the cardioprotective effect
of choline.
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Per1/2 and Cry1/2 in the AAC heart. To the best of our
knowledge, this is the first report of the protective effect of
choline on AAC-induced circadian rhythm disruption.
Bmal1 and Per2 expression reportedly show a circadian
pattern with opposing phases in bone. Isoproterenol-
mediated chronic activation of β-adrenergic receptor sig-
naling increased Per2 expression and decreased Bmal1
expression in bone, indicating that the sympathetic nervous
system regulates bone remodeling and mediates clock genes
in part via β-adrenergic receptor in osteoblasts [35]. These
changes in the circadian clock of the heart are probably due
to changes in circulating zeitgebers such as neurohumoral
zeitgebers [34], supporting a link between the vagal nervous
system and changes in the circadian clock in heart diseases.
Further studies should address the causal role of the circa-
dian clock in the pathophysiology of cardiovascular dis-
eases using genetically modified mouse models, such as the
circadian clock mutant mouse. Disruptions of the molecular
clock in animals cause cardiovascular diseases, under-
scoring the importance of circadian rhythms. Knockout of
Bmal1 in mice results in dilated cardiomyopathy [36] and
cardiomyocyte-specific knockout of Bmal1 eliminates much
of the rhythmic transcriptome, decreases cardiac function,
and eventually results in heart failure in mice [37]. Dis-
rupting the key circadian regulator Clock in mice leads to
age-dependent cardiac hypertrophy and fibrosis [38]. These
findings suggest an essential role for the circadian clock in
cardiomyocyte homeostasis. Our results showed that cho-
line improved the expression and rhythms of these circadian
clock genes, suggesting choline-mediated improvement of
vagal activity to a novel therapeutic target for cardiovas-
cular disorders.

In heart failure, an increase in cytosolic calcium can be
caused by reduced calcium efflux from the cytosol or
excessive calcium influx into the cytosol. Excessive calcium
influx is caused by defects in the voltage-gated L-type
calcium channel, plasmalemmal Na+/Ca2+ exchangers, and
SOCE [39]. STIM1 and Orai1, the key mediators of SOCE,
are present in cardiac myocytes and their abundance and
SOCE activity increases in cardiac disease models [15, 40].
This increase has been linked to maladaptive cardiac
hypertrophy [15, 16]. Hypertrophied myocytes upregulated
STIM1 expression, which correlated with aberrant Ca2+-
handling, and STIM1–Orai-mediated Ca2+ influx con-
tributes to both the induction of pathological hypertrophy
and the electromechanical derangements of the hyper-
trophied heart [12]. TRPC channels are expressed at very
low levels in normal cardiac myocytes, but their expression
is increased in pathological hypertrophy and heart failure
[41]. TRPC6 is the major component of ROCC responsible
for ROCE [14]. TRPC6-formed ROCCs can be opened by
the membrane-permeable diacylglycerol analogue, OAG, or
by other signaling messengers involved in the G-protein

signaling pathway. Cardiac overexpression of TRPC6 in
transgenic mice resulted in pathological cardiac remodeling
[42]. TRPC6 blockade shows therapeutic and prophylactic
potential for pathological cardiac hypertrophy and remo-
deling [43]. Consistent with previous reports, our results
showed that the protein levels of SOCC (STIM1/Orai1) and
ROCC (TRPC6) were increased in hearts from AAC rats
and Ang II-treated cardiomyocytes. Calcium dyshomeos-
tasis, especially pathological increases in intracellular Ca2+

(Ca2+ overload), is a pivotal event during the progression of
cardiac hypertrophy and heart failure [44]. A recent study
also showed elevated cytosolic Ca2+ in the AAC model
[45]. Based on these results, upregulated protein expression
of SOCC and ROCC may contribute, at least in part, to
calcium dyshomestasis in the AAC model. Furthermore, the
functional data are consistent with the results of Western
blotting; i.e., that the amplitudes of TG-induced SOCE and
OAG-induced ROCE are greater in Ang II-induced hyper-
trophic cardiomyocytes than in control cells. Intriguingly,
choline decreased the protein levels of STIM1, Orai1, and
TRPC6 in the hypertrophied myocardium of rats and in Ang
II-treated cells. Choline also attenuated Ang II-induced
myocyte hypertrophy and calcium overload, possibly by
decreasing TG-induced SOCE and OAG-induced ROCE,
suggesting that modulation of SOCC and ROCC is impor-
tant for the cardioprotective effect of choline.

Autonomic imbalance characterized by vagal (para-
sympathetic) withdrawal and sympathetic predominance is
associated with the development of hypertrophy and heart
failure. As the ACh precursor, choline exerts a marked
protective effect on the injured heart by correcting abnormal
DNA methylation [8] and regulating metabolic remodeling
and the mitochondrial unfolded-protein response [18].
However, the effect of choline on circadian rhythms and
calcium homeostasis in pathological cardiac remodeling
have not been characterized. Our results demonstrated that
choline not only normalized the diurnal variations of auto-
nomic nervous functions but also improved the vagal-
activity parameters of AAC rats, suggesting that neuronal
cholinergic mechanisms contributed in part to the protective
effect of choline on cardiac remodeling in vivo. In addition,
choline ameliorated the alterations in the circadian oscilla-
tions of clock genes and reduced the upregulated protein
levels of STIM1, Orai1, and TRPC6 in the heart of AAC
rats. Therefore, the cardioprotective effects of choline may
be correlated with the amelioration of circadian rhythm
disruption and attenuation of intracellular calcium dysho-
meostasis in a pathological setting.

In conclusion, choline attenuated AAC-induced cardiac
remodeling and cardiac dysfunction, which was related to
amelioration of circadian rhythm disruption and attenuation
of the enhanced expression of SOCC/ROCC. AAC-induced
alterations of the circadian clock in the heart may disrupt the
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synchronicity between the stimulus and responsiveness of
the system, thus contributing to tissue remodeling and,
ultimately, development of heart failure. Improvement by
choline of the circadian clock rhythms suggests that the
autonomic nervous system, or a neurohumoral factor under
its direct or indirect control, acts as a zeitgeber in the heart.
These results indicate that there is novel potential for tar-
geting the circadian mechanism to attenuate cardiac remo-
deling and heart failure. Modulation of vagal activity by
choline targeting the circadian rhythm and calcium home-
ostasis shows therapeutic potential for heart diseases.
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