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Background: Circadian rhythms have a considerable impact on the daily physiology

of the heart, and their disruption causes pathology. Several studies have revealed

that circadian disruption impaired cardiac remodeling after myocardial infarction (MI);

however, the underlying brain-heart mechanisms remain unknown. We aim to discuss

whether circadian disruption facilitates cardiac remodeling after MI by activating

sympathetic nervous system.

Methods: Rats were randomly divided into three groups: Sham group (Sham), MI group

(MI), and MI+ circadian disruption group (MI+Dis); rats were treated with pseudorabies

virus (PRV) injections for trans-synaptic retrograde tracing; rats were randomly divided

into two groups: MI+ circadian disruption + Empty Vector+ clozapine N-oxide (CNO)

(Empty Vector), and MI+ circadian disruption + hM4D(Gi)+ CNO [hM4D(Gi)].

Results: Circadian disruption significantly facilitated cardiac remodeling after MI

with lower systolic function, larger left ventricular volume, and aggravated cardiac

fibrosis. Cardiac sympathetic remodeling makers and serum norepinephrine levels were

also significantly increased by circadian disruption. PRV virus-labeled neurons were

identified in the superior cervical ganglion (SCG), paraventricular nucleus (PVN), and

suprachiasmatic nucleus (SCN) regions. Ganglionic blockade via designer receptors

exclusively activated by designer drugs (DREADD) technique suppressed the activity

of sympathetic nervous system and significantly alleviated the disruption-related

cardiac dysfunction.

Conclusion: Circadian disruption adversely affected cardiac remodeling after MI

possibly by activating sympathetic nervous system, and suppressing sympathetic activity

can attenuate this disruption-related cardiac dysfunction.

Keywords: sympathetic nervous system, autonomic nervous system, cardiac dysfunction, circadian disruption,

sympathetic ganglionic blockade
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FIGURE 2 | Cardiac fibrosis and sympathetic remodeling were aggravated by circadian disruption after MI. Representative images of staining for Masson (blue) and

α-SMA (red) in all groups are shown in (A), and quantitative analysis is shown in (B,C). Real-time PCR results of TGF-β1 are shown in (D). TH and SYN staining are

used to assess sympathetic nerve sprouting and synaptic density in the heart (E–G). (H,I) Serum NE levels. α-SMA, alpha smooth muscle actin; TGF-β1, transforming

growth factor beta 1; NE, norepinephrine; TH, tyrosine hydroxylase; SYN, synaptophysin; p* < 0.05.

NE level at two time points: 7 and 30 days after MI. MI rats with
disruption had a significant increase in serum NE levels both at 7
and 30 days after MI (p∗ < 0.05, Figures 2H,I).

Circadian Disruption Facilitates Cardiac
Remodeling at the Transcriptional Level
We used RNA sequencing to determine the most significant
changes induced by circadian disruption at the myocardial
transcriptional level. The results of principal component
analysis (PCA) and expression level heat-map identified
that the cardiac transcriptome of rats with MI only was
different from that in rats with MI plus circadian disruption
(Supplementary Figures 1A,B). It was found that disruption
could dramatically change the genes of “Environmental
Information Processing” and its “Signal transduction”
(Supplementary Figure 1C). And then, we analyzed the
results of GO functional enrichment and the top 8 GO terms

were displayed (Q-value < 0.05, Supplementary Figure 1D).
Disruption could significantly change the extracellular matrix,
cardiac muscle contraction, lipid metabolism, and inflammation
of the heart (Supplementary Figure 1D). Importantly,
environmental circadian disruption significantly altered the
cardiac genes belonging to cardiac clock genes (Arntl, Npas2,
Ciart, Dbp), cardiac nervous system (Robo2, Brinp2, Psd,
Bmp5, Ntrk3, and Gdf10), cardiac muscle contraction (Actn3
and Atp2a1), extracellular matrix (Ltbp2, Thbs4, Wisp2, Nov,
Comp), inflammation (Mif, Defb1, Spp1, Hamp) and lipid
metabolism (Angptl4, Mrap, Angptl8, C1qtnf3) (p∗ < 0.05, p∗∗

< 0.01, Supplementary Figures 1E–J).

The Heart Receives Multi-Synaptic Neural
Input From the SCN
To demonstrate the presence of neural connections between
circadian master pacemaker SCN and the heart, we injected a
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FIGURE 3 | Circadian disruption activated the “SCN-PVN-SCG-Heart” sympathetic axis. Retrograde tracer virus is injected into the ventricular myocardium in the

apex region (A), and labeled neurons were identified in the heart (B), SCG (C), PVN (D), and SCN (E) regions. (F–K) Expression levels of c-fos at the SCN, PVN, and

SCG sites. EGFP, enhanced green fluorescent protein; SCN, suprachiasmatic nucleus; PVN, paraventricular nucleus of hypothalamus; SCG, superior cervical

ganglion; p* < 0.05.

trans-synaptic retrograde tracer virus PRV into the ventricular
myocardium in the apex region (Figure 3A). Cardiac injection
of PRV resulted in the appearance of PRV-labeled neurons in
the myocardium (Figure 3B). Moreover, labeled neurons were
also found in the SCG, PVN, and SCN region after cardiac
injection of PRV (Figures 3C–E). These findings supported
the presence of an anatomic connection between circadian
master pacemaker SCN and the heart, that is, the “SCN-PVN-
SCG-Heart” sympathetic axis. Furthermore, we found circadian
disruption could induce a significant increase in expression levels
of c-Fos at all three regions (p∗ < 0.05, Figures 3F–H) and
quantitative evaluations were shown (p∗ < 0.05, Figures 3I–K),
indicating that circadian disruption was able to activate this
sympathetic axis.

Ganglionic Blockade by DREADD
Experimental protocol and rationale of DREADD were outlined
(Figures 4A,B). DREADD technology is widely used in
neuroscience and it is an important tool for the modulation of

neural functions. Neurons expressing hM4D(Gi) in the SCG can
be activated by the synthetic ligand CNO exposure, and thus
leading to dissociation of Gβγ G-protein subunits and opening
of G-protein sensitive inwardly rectifying potassium channels
(GIRKs) (Figure 4B) (23). Double immunofluorescence staining
for virus-EGFP (green) and TH (red) verified that hM4D(Gi)
was successfully expressed in the sympathetic neurons located
in the SCG (Figure 4C). Expression levels of c-Fos at the SCN,
PVN, SCG were significantly decreased in the hM4D(Gi) group
(p∗ < 0.05, Figures 4D–I).

Effects of Ganglionic Blockade on Cardiac
Dysfunction in a Circadian Disruption
Model
No significant difference between weight, heart rate, systolic
blood pressure (SBP) and diastolic blood pressure (DBP) of
two groups was observed at different time points (p > 0.05,
Figures 5A–D). Representative images of echocardiography in
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FIGURE 4 | Sympathetic ganglionic blockade by DREADD. (A) Experimental protocol of DREADD. (B) Rationale of DREADD. (C) virus-EGFP (green) and TH (red).

(D–I) Expression levels of c-Fos at the SCN, PVN, and SCG. CNO, Clozapine N-oxide; GIRKs, G-protein sensitive inwardly rectifying potassium channels; p* < 0.05.

two groups were displayed (Figure 5E). MI rats with ganglionic
blockade showed higher EF, higher FS, and smaller LVID than
rats with control virus (p∗ < 0.05, Figures 5F–I). Ganglionic
blockade also improved cardiac fibrosis, which was evaluated
by Masson staining (p∗ < 0.05, Figures 5J,K). Moreover,
ganglionic blockade was able to significantly decrease the LF
and the LF/HF ratio and markedly enhance the HF, indicating
that cardiac sympathetic activity was suppressed (p∗ < 0.05,
Figures 5L–N). Rats with ganglionic blockade had a higher

Ventricular Fibrillation (VF)-Threshold compared with the
Empty Vector group, suggesting that the instability of ventricular
electrophysiology was reduced by ganglionic blockade (p∗ < 0.05,
Figure 5O).

We used RNA sequencing to determine the most
significant changes induced by cardiac sympathetic ganglionic
blockade at the myocardial transcriptional level. The
results of PCA and heat-map expression identified the
differences of cardiac transcriptomes between two groups
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FIGURE 5 | Effects of ganglionic blockade on cardiac dysfunction in a circadian disruption model. (A–D) Difference between weight, heart rate, systolic blood

pressure (SBP) and diastolic blood pressure (DBP) of two groups. (E) Representative images of echocardiography. (F–I) Differences of EF, FS, LVIDs, and LVIDd. (J,K)

Masson staining. (L–N) HRV: LF, HF and LF/HF. (O) VF-Threshold. HRV, Heart rate variability; LF, low frequency; HF, the high frequency, the LF/HF ratio, and

ventricular fibrillation, VF; p* < 0.05.

(Supplementary Figures 2A,B), and gene number of each
sample was showed (Supplementary Figure 2C). Compared
with the Empty Vector group, 76 genes were up-regulated
while 52 genes were down-regulated in the hM4D(Gi) group
(Supplementary Figure 2D). Among this genes, ganglionic
blockade can significantly improve the disorder of cardiac clock
genes (Per2, Per3, Arntl, Cry2, Npas2, Ciart, Dbp), inhibit
cardiac nervous system remodeling (Robo2, Syngap1, Neo1,
NGF, Ntrk3), and attenuate cardiac remodeling (Myh6, Tpm2,
Cox5b, Ctgf, Eln, Fbn1) (p∗ < 0.05, p∗∗ < 0.01, p∗∗∗ < 0.001,
Supplementary Figures 2E–G).

DISCUSSION

In this study, we found that circadian disruption adversely
affected cardiac repair afterMI possibly by activating sympathetic

nervous system. To provide a direct anatomic evidence, we
used a neuro-tracing technique to determine the existence of
a sympathetic axis between circadian master pacemaker SCN
and the heart. And results showed that circadian disruption was
capable of activating this sympathetic axis, while suppressing
the axis could attenuate the circadian disruption-related cardiac
dysfunction. Thus, sympathetic nervous system is essential
for transmitting circadian information from central clock to
the heart. Modulating sympathetic activity may become a
novel potential neuromodulation strategy to treat the circadian
disruption-related cardiac dysfunction (Figure 6).

Growing evidence has shown that circadian disruption affects
cardiovascular physiology with an increase in heart rate and
heart rate variability, suggesting an important role of circadian
disruption in cardiovascular health (24). Disruption induced by
altering light-dark cycle can significantly affect cardiac local clock
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FIGURE 6 | Sympathetic nervous system is the key link between circadian

disruption and cardiac remodeling. Circadian disruption aggravates cardiac

remodeling after MI possibly by activating sympathetic nervous system.

Circadian information may be carried to the heart by the

“SCN-PVN-SCG-Heart” sympathetic axis mechanism. Cardiac remodeling at

the transcriptional level is aggravated by circadian disruption, and the changes

mainly include cardiac local clock, cardiac nervous system, cardiac muscle

contraction, extracellular matrix, lipid metabolism, and inflammation.

rhythm and contributed to progression of cardiac dysfunction
(25). A preclinical study showed that disruption was able to
aggravate the cardiac structure and function after MI and
adversely affect long-term outcome (8). Consistently, in this
study, we also found that circadian disruption was an indeed
negative factor for cardiac remodeling after MI. For a more
comprehensive understanding of disruption effects on the heart,
we further used the RNA-Seq to determine the significant changes
in the transcriptome of the heart, and found that disruption had
profound influences on cardiac local nervous system and clock
genes, as well as lipid metabolism and inflammation.

Many cardiac local mechanisms of disruption are uncovered,
but there should be an upstream mechanism by which the
heart receives center circadian information. The SCN is the
master pacemaker of circadian rhythm, and one of its most
important arms in synchronizing the circadian clock is the
sympathetic nervous system (11). Evidence has shown that
light can cause disorder of the SCN and induce an increase
of arterial blood pressure, heart rate, and renal sympathetic
nerve activity, indicating that a light-disturbed output of the
SCN affects the sympathetic control of peripheral organ function
(11). It has also been demonstrated that the SCN controls
the circadian rhythm of cardiac function via sympathetic

nervous system (26, 27). Moreover, heart is richly innervated
by sympathetic nervous system and our previous studies have
identified the adverse role of sympathetic activation in the
progression of cardiac dysfunction (12–14). These findings
suggest a sympathetic connection between circadian disruption
and cardiac dysfunction. In this study, we identified the crucial
role of sympathetic activation in circadian disruption-related
cardiac remodeling, and retrograde tracer results revealed a
“SCN-PVN-SCG-Heart” sympathetic axis possibly by which the
heart received environmental circadian information.

Cardiac sympathetic ganglion is a key component of
sympathetic nervous system and the direct recording of ganglion
nerve activity reveals that its sympathetic tone exhibits circadian
rhythmicity (28–32). It is known that cardiac autonomic
nervous system is divided into the extrinsic and intrinsic
nervous system, and extrinsic cardiac sympathetic system
includes preganglionic and postganglionic neurons as well as
their axons (33). Preganglionic neurons are located within the
brain and postganglionic neurons outside the brain includes
the SCG (C1–3), stellate ganglia (C7-T2) and thoracic ganglia
(T2-7), which can mediate the pathophysiology of cardiac
performance and thus being known as cardiac sympathetic
ganglions (34). Our previous studies have demonstrated the
key role of cardiac sympathetic ganglion in the initiation
and maintenance of cardiovascular diseases, and found that
suppressing the activation of cardiac sympathetic ganglion was
capable of reducing the incidence of adverse cardiac events
(14, 35–37). And in this study, we found that suppressing
cardiac sympathetic ganglion was capable of improving
circadian disruption-related cardiac remodeling, resetting
cardiac sympathovagal balance, and reducing the instability
of ventricular electrophysiology; and sympathetic ganglionic
blockade can also significantly improve the disorders of
cardiac local clocks at the transcriptional level. All these
results suggested that suppressing cardiac sympathetic
ganglion, a key target of cardiac sympathetic outflow, can
attenuate the adverse effects of circadian disruption on
cardiac remodeling.

Circadian disruption is capable of affecting lipid metabolism.
Lipidomics results have verified the circadian regulation of
lipid metabolism (38), and feeding-related nuclei in the
hypothalamus have been identified to receive input from the
circadian master pacemaker SCN (39) and hence provide a
direct mechanism for circadian regulation of lipid metabolism.
Furthermore, circadian disruption was able to increase food
intake and weight gain in mice and could significantly
increase the serum levels of triglyceride, cholesterol, leptin,
and glucose (40). Several studies have shown that mice
with deletion of Bmal1 exhibit lipid metabolism disorders,
with increased body fat content and hyperlipidemia (41).
Similar conclusions were shown in this study, and we found
lipid metabolism related genes, including Angptl4, Mrap,
Angptl8, and C1qtnf3, were significantly changed by disruption,
suggesting that disruption induced lipid metabolism disorders
in the myocardium. Furthermore, our results also revealed
that disruption was capable of increasing weight gain and
inducing hypertriglyceridemia.
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Study Limitations
As a preliminary study to investigate the neural connection
between circadian disruption and cardiac remodeling, we only
demonstrated the key role of the “SCN-PVN-SCG-Heart”
sympathetic mechanism in chronic MI model. More information
about its actions in other cardiovascular disease models, like
I/R injury, hypertension, and arrhythmia, may provide a better
understanding of this brain-heart sympathetic axis. Moreover,
we sequenced the cardiac transcriptome for a comprehensive
understanding of the effects of circadian disruption on the
ischemic heart, which may well provide a starting framework
to further investigate more exact mechanisms of circadian
disruption-related cardiac dysfunction.

Clinical Implication
Sympathetic nervous system is essential for transmitting
circadian information from central clock SCN to the periphery,
and sympathetic neuromodulation strategy may become a novel
strategy for cardiac circadian disruption.
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