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Background: Depression is associated with the increased risk of mortality and
morbidity and is an independent risk factor for many cardiovascular diseases.
Depression may promote cardiac arrhythmias, but little is known about the
mechanisms. Pinocembrin  mitigated depressive-like behaviors and exhibited
cardioprotective effects in several models; however, whether pinocembrin benefits
ventricular arrhythmias in depression models has not been elucidated. Thus, this study
was to evaluate the effects of pinocembrin on ventricular fibrillation susceptibility in rat
models of depression.

Methods: Male Sprague-Dawley rats were randomly assigned into control, control +
pinocembrin, MDD (major depressive disorder), and MDP (MDD + pinocembrin) groups,
respectively. Depressive-like behaviors, ventricular electrophysiological parameters,
electrocardiogram parameters, heart rate variability, ventricular histology, serum
norepinephrine, tumor necrosis factor-a, and interleukin-1p were detected. Protein
levels in left ventricle were measured by Western blot assays.

Results: Compared with the MDD group, pinocembrin significantly mitigated
depressive-like behaviors, prolonged ventricular effective refractory period, action
potential duration, QT, and corrected QT (QTc) interval, improved heart rate
variability, decreased Tpeak-Tend interval, ventricular fibrillation inducibility rate,
ventricular fibrosis, ventricular positive nerve densities, and protein expression of
tyrosine  hydroxylase and growth associated protein-43, reduced serum
norepinephrine, tumor necrosis factor-«, interleukin-1p concentrations, and the
expression levels of p-IkBa and p-p65, and increased the protein expression of Cx43,
Cav1.2, and Kv.4.2 in the MDP group.

Conclusion: Pinocembrin attenuates ventricular electrical remodeling, autonomic
remodeling, and ion-channel remodeling, lowers ventricular fibrosis, and suppresses
depression-induced inflammatory responses, providing new insights in pinocembrin
and ventricular arrhythmias in depressed patients.

Keywords: depression, ventricular fibrillation, ventricular fibrosis, pinocembrin, autonomic remodeling, ventricular
electrical remodeling
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INTRODUCTION

Sudden cardiac death (SCD), defined as unexpected deaths within
a short period after the onset of symptoms, is an enormous public
health problem mainly caused by malignant ventricular
arrhythmias (VAs) (Al-Khatib et al, 2016; Chatterjee &
Albert, 2019). Major depressive disorder (MDD), also simply
described as depression, is a serious mental illness with a high
lifetime incidence (~15%) and is projected to be the second most
prevalent disease and the leading cause of disability by 2030
(Vavakova et al, 2015; Fabbri, 2016; Hasin et al., 2018).
Cardiovascular diseases and depression often coexist and
facilitate each other, contributing to a cycle of poor physical
and mental health (Lippi et al., 2009; Whooley & Wong, 2013).
Previous study indicated that VAs vulnerability was increased in a
rat model of depression (Grippo et al., 2004; Liu et al., 2017).
Moreover, a clinical study also demonstrated the significant role
of depression in developing SCD (Luukinen et al, 2003);
however, the underlying mechanisms remain unknown.

Pinocembrin (5,7-dihydroxyflavanone), the most abundant
flavonoid in propolis, possesses a variety of pharmacological
actions, including the anti-inflammatory, antioxidant, and
antiapoptotic effects (Shen et al., 2019). Pinocembrin could
attenuate cognitive deficits and inhibit neuronal degeneration
in mice models of Alzheimer’s disease (Liu et al., 2014) and
improve spatial learning and memory in mice models of diabetes
(Pei & Sun, 2018). In addition, pinocembrin decreased cerebral
infarct size, improved behavior deficits, and ameliorated neuronal
impairment in rats with global cerebral ischemia/reperfusion (I/
R) (Shietal, 2011; Tao et al., 2018). A recent study indicated that
pinocembrin improved cardiac function, reduced VAs, and
decreased myocardial infarct size in a rat model of
myocardial I/R (Lungkaphin et al., 2015). Pinocembrin could
also regulate the ion channels (e.g. Na™-K* ATPase, Ca®*-Mg**
ATPase, and Kir2.1), as well as the gap junction [e.g., Connexin
(Cx) 43 Cx43] in myocardial tissues (Zhang et al., 2018).
Moreover, our latest study demonstrated that pinocembrin
could attenuate dysfunction and cardiac
arrhythmias in myocardial infarction (MI) rats, confirming
the cardioprotection of pinocembrin (Ye et al., 2019b). The
aforementioned studies demonstrate the neuroprotective and
cardioprotective effects of pinocembrin; however, little is known
whether pinocembrin attenuates behavior deficits and VF
susceptibility in models of depression.

Stressful life events are proposed to be linked to depression
and are used to predict the severity of depression (Hammen et al.,
1992; Sapolsky, 1996). Chronic unpredictable mild stress
(CUMS) is applied to induce mood disorders (e.g., anhedonia
and reduced activity levels). Although it remains controversial
whether the CUMS model has a high predictive value in
depression, this model has been widely used in experimental
studies related to depression and considered as the most effective
and reliable method to establish a rodent model of depression
(Antoniuk et al,, 2019). In this study, CUMS was conducted to
evaluate the effects of pinocembrin on VF susceptibility and the
potential mechanisms in rat models of depression.

autonomic
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MATERIALS AND METHODS

Animals
Ninety-six male Sprague-Dawley (200 + 20g) rats were

randomized into four groups (n = 24 per group): i) CTL
group: CTL + saline; ii) CTP group: CTL + pinocembrin
(purity > 98%, Sigma-Aldrich); iii) MDD group: 4-week
CUMS + saline; and iv) MDP group: 4-week CUMS +
pinocembrin. Rats received injection of pinocembrin
(5mg/kg) or saline through the tail vein once a day for
2 weeks (from week 3 to week 4). The dose was chosen
according to the previous work (Tao et al.,, 2018; Ye et al,
2019b) and the duration of dosing was based on the results of
preliminary study. Meanwhile, the time axis of procedures in
the animals was shown in Figure 1.

Rats were raised in standard conditions (12 h light/dark cycle)
and were allowed free access to food and water ad libitum unless
otherwise noted. Animal experiments were performed by
following the Guide for the Care and Use of Laboratory
Animals of US National Institutes of Health after obtaining
support from the Animal Ethics Committee of Renmin
Hospital of Wuhan University, China. Besides, the ARRIVE
Guidelines was implemented in the present study involving
rats (Kilkenny et al., 2012).

Specific Experimental Procedures
Chronic Unpredictable Mild Stress

CUMS was carried out to establish rat models of depression as
described previously (Liang et al., 2015; Liu et al., 2017). In brief,
rats were exposed to one of the following chronic stresses daily for
a total of 28 days: 24-h food deprivation, 24-h water deprivation,
tail clipping for 1min, 24-h lighting, 45° cage tilt for 24h,
immobilization for 1h, forced cold swim at 4°C for 10 min,
forced hot swim at 40°C for 10 min, or 24-h cage soiling.
Behavioral tests, including the open field test (OFT) and the
forced swimming test (FST), were performed to assess
depression-like symptoms before and after the 4-week CUMS
procedure. Data of behavioral measurements at baseline were
displayed in Table 1.

Open Field Test
The OFT was conducted to observe the locomotor activity. In
brief, the individual rat was placed into the center of an open field

TABLE 1 | Data of behavioral measurements at baseline in the present study.
Parameters CTL CTP MDD MDP

OFT parameters
Traveling distance (m) 31.15 £ 3.84 29.81 + 3.41 30.25 +3.45 30.39 + 4.06
Traveling speed (cm/s) 9.62 + 1.38  9.82 + 1.48 9.56 + 1.40 9.78 + 1.42
Rearing 24.96 + 524 2513 +4.74 2454 +4.85 23.88 +4.52

FST parameters
Immobility time (s)

1479 +4.34 1642 +4.74 1588 +4.91 16.17 £ 5.02

Abbreviation: OFT, open field test; FST, forced swimming test.
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arena (100 X 100 x 40 cm®) and was then free to move around for
5 min in each trial, with a video-tracking system (Ethovision 3.0,
Noldus) detecting the images and measuring the traveling
distance and speed in rats. In addition, the vertical movement
(rearing) was also calculated.

Forced Swimming Test

The FST was performed to detect the immobility. Briefly, the
individual rat was placed in the cylinder (height 50 cm, diameter
20 cm; 40 £ 1.5 cm water at 24 + 0.5°C) for 6 min in each trial. The
rat was allowed to adapt to the new environment in the first 2 min
and was then free to move around for 4 min to measure the
immobility time.

Ventricular Electrophysiological

Parameters

Rats were anesthetized using sodium pentobarbital
[(intraperitoneal injection (i.p.) at a dose of 40 mg/kg; Sigma)]
and were heparinized using heparin sodium (400 U; i.p.; Sigma).
Hearts were immediately harvested and were perfused according
to the Langendorff technique (AD Instruments, Dunedin, New
Zealand) as described previously (Liu et al., 2017; Ye et al., 2019a;
Ye et al, 2019b). The left ventricular monophasic action
potentials (MAPs) were measured via Ag-AgCl electrodes
according to previous studies (Shi et al, 2014; Liang et al,
2015; Liu et al., 2017).

Effective Refractory Period

The ventricular effective refractory period (ERP) was detected in
left ventricle (LV) at the following four epicardial sites: the left
anterior base (LAB), left posterior base (LPB), left anterior apex
(LAA), and left posterior apex (LPA). A programmed S1S2
stimuli protocol was performed with eight consecutive stimuli
(S1) at cycle length (CL) of 250 ms followed by a premature
stimulus (S2), with ERP determined as the longest S2 interval that
was unable to catch the ventricle (Shi et al., 2014; Liang et al.,
2015).

Action Potential Duration

The ventricular action potential duration (APD) was detected in
LV at aforementioned four epicardial sites. An S1S1 stimulation
procedure was conducted with 10 stimuli [pacing cycle length
(PCL): 250 ms]. The APD was assessed at 90% repolarization
(APDyy) and 50% repolarization (APDsg) (Liang et al., 2015; Liu
et al., 2017).

Pinocembrin Attenuates Ventricular Arrhythmias in Major Depressive Disorder

Ventricular Fibrillation Inducibility

The ventricular fibrillation (VF) inducibility was conducted by a
50 Hz burst pacing lasting for 2 s and repeated no more than 10
times. VF was defined according to the Lambeth Conventions (II)
(Curtis et al., 2013) and VF occurring and maintained for at least
2 s was considered the effective VF signal in the present study.

Electrocardiogram Parameters and Heart

Rate Variability

Electrocardiogram Parameters

Electrocardiogram (ECG; lead II) was recorded for 15 min under
the state of anesthesia. Labchart 8 software was used to analyze
the QT interval, corrected QT interval (QTc), Tpeak-Tend
interval, and QRS duration. QT interval was corrected
followed by the Bazett's formula: QT/RRY2. Tpeak-Tend
interval was detected from the peak to the end of the T wave.

Heart Rate Variability

ECG was collected and the RR variability was measured on the
segment of 250-300 cycles (Ye et al., 2019a; Ye et al,, 2019b).
Heart rate variability (HRV) was analyzed in the time domain
using LabChart 8.0 software. The time-domain HRV parameters
were described in Table 2.

Histological Examination
LV tissues were dissected and fixed in 4% paraformaldehyde for

24 h, embedded in paraffin, and sectioned into 5 um intervals.

Immunohistochemistry

The serial LV sections were incubated with antibodies against
tyrosine hydroxylase (TH, 1:500, Cell Signaling Technology,
United States) and growth associated protein-43 (GAP43, 1:
500, Abcam) for immunohistochemical staining. Image-Pro
Plus 6.0 software was applied to analyze the slides (Wang
et al., 2019).

Masson Staining

The serial LV sections were stained with Masson trichrome
method. Image-Pro-Plus 6.0 software was applied to calculate
the degree of fibrosis (Liu et al., 2017).

Enzyme-Linked Immunosorbent Assay
Blood was extracted from the inferior vena cava for ELISA as

described in the previous work (Ye et al, 2019b). Serum
norepinephrine (NE), TNF-a, and IL-1p were detected. The

TABLE 2 | The time-domain HRV parameters in the current study.

Parameters Description

Mean HR (bpm) Mean heart rate

Mean RR (ms) Mean value of all normal RR intervals

SDNN (ms) Standard deviation of normal RR intervals (a measure of overall
variability)

RMSSD (ms)

Square root of the mean squared differences of successive RR

Autonomic References

Parasympathetic activity

Parasympathetic activity

intervals, a measure of beat-to-beat variability

Abbreviation: HRV, heart rate variability; bpm, beat per minute.
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procedure of ELISA was conducted in accordance with the
manufacturers’ specification.

Western Blot Analysis
LV tissues were obtained and proteins were extracted. Western

blot was performed as described in the previous work (Liu et al.,
2017). Antibodies included: TH (1:2,000, Cell Signaling
Technology, United States), GAP43 (1:1,000; Abcam), Cx43 (1:
1,000; Abcam), Cavl.2 (1:500; Abcam), Kv4.2 (1:500; Abcam),
IxBa (1:2,000, Cell Signaling Technology, United States), p-IxBa
(1:1,000, Cell Signaling Technology, USA), and p-p65 (1:1,000,
Cell Signaling Technology, United States). GAPDH (1:1,0000;
Abcam) was identified as the internal control.

Statistical Analysis
Continuous variables were presented as mean + SEM and

proportions were expressed as percentages. Student’s t-test or
the Pearson chi test was applied for comparison between two
groups, and ANOVA followed by post hoc test was used among
multiple groups. All tests were 2-tailed, and p < 0.05 was
considered to be statistically significant.

RESULTS

Pinocembrin Improved Depressive-Like

Behaviors

After 4-week CUMS, the OFT and FST were conducted to assess
the depressive symptoms in rats. In the OFT, Figure 2A showed
the representative images of movement locus. Figures 2B-D
indicated a significant decrease in the traveling distance, speed,
and score of rearing in the MDD group compared with the CTL
group. In the FST, a dramatical increase was found in the
immobility time in the MDD group compared with the CTL
group (50.96 + 2.26 vs. 15.58 + 0.99 s, p < 0.01; Figure 2E). The
aforementioned variables were significantly mitigated in the
MDP group compared with the MDD group (Figures 2B-E).

Pinocembrin Attenuates Ventricular Arrhythmias in Major Depressive Disorder

In addition, there were no significant changes in the behavioral
tests between the CTL group and CTP group.

Pinocembrin Ameliorated Ventricular

Electrical Remodeling

Figure 3A displayed the representative recordings of the
ventricular electrogram and Figure 4A showed the ventricular
APD in the four groups. A significant decrease was found in the
mean ERP, APDyy, and APDs, at four epicardial sites in MDD
rats compared with the CTL rats, whereas those were significantly
prolonged after pinocembrin administration in MDP rats
(Figures 3B, 4B,C). Figure 5A showed the representative
sample of burst pacing protocol. Although the average VF
duration showed no significant difference between the MDD
group and MDP group (67.63 + 28.25 vs. 30.22 + 14.07 s, p > 0.05;
Figure 5C), the VF incidence was 1/10 in the CTP group, 7/10 in
the MDD group, and 3/10 in the MDP group (Figure 5B).
However, no significant differences were observed in
ventricular electrophysiological parameters between the CTL
group and CTP group.

Pinocembrin Altered Electrocardiogram
Parameters and Improved Heart Rate
Variability

As Figures 6A-C showed, the QT and QTc interval were
significantly decreased, whereas the Tpeak-Tend interval was
increased in the MDD group compared with the CTL group.
Figure 6D showed no significant difference in the QRS duration
within the four groups. In the time-domain HRV variables,
compared with the CTL group, the mean heart rate (HR) was
significantly increased whereas other variables, including the
mean of all normal RR intervals (mean RR), standard
deviation of normal RR intervals (SDNN), and square root of
the mean squared differences of successive RR intervals
(RMSSD), were significantly reduced in the MDD group
(Figures 6E-H). The aforementioned alterations were
significantly ameliorated after pinocembrin treatment. In

Open field test

Forced swimming test

Ventricular electrophysiological parameters
Electrocardiogram parameters

Ventricular histology

ELISA
Western blot
A4
0 1 week 2 weeks 3 weeks 4 weeks
[ | l ] I
14 d saline
CcTL « ’
14 d pinocembrin
cTP « »
14 d saline
MDD <€ | >
28 d CUMS
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< ] 3
MDP < >
28 d CUMS

FIGURE 1 | Time axis of procedures used in the present study. CUMS, chronic unpredictable mild stress.
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addition, the parameters mentioned above showed no significant
differences between the CTL group and CTP group.

Pinocembrin Attenuated Ventricular

Autonomic Neural Remodeling

Figures 7A,C showed the typical sample of TH and GAP43
staining in LV tissues, respectively. Compared with the CTL group, a
significant increase was found in both TH and GAP43 positive nerve
densities in the MDD group, whereas pinocembrin significantly
decreased the positive nerve densities of TH and GAP43 (Figures
7B,D). In addition, the expression of TH and GAP43 in LV tissues
was significantly higher in MDD rats than in CTL rats and was then
significantly reduced in MDP rats (Figures 7E-G). The staining and
expression levels of TH and GAP43 showed no significant
differences between the CTL group and CTP group.

Pinocembrin Reduced Ventricular Fibrosis
and NE, TNF-q, and IL-1$, and Increased

Cx43 Expression

Figure 8A displayed the representative image of Masson staining. The
MDD rats showed a significant increase in the ventricular fibrosis
compared with the CTL rats, which was then significantly decreased
after pinocembrin treatment (Figure 8B). The Cx43 expression was
dramatically reduced in MDD rats compared with the CTL rats
(0.09 + 0.01 vs. 0.50 + 0.03, p < 0.01; Figures 8C,D), which was
significantly increased after pinocembrin administration in MDP rats.
Furthermore, serum NE, TNF-q, and IL-1p were significantly higher
in MDD rats than in CTL rats, whereas those were significantly
lowered after administration of pinocembrin in MDP rats (Figures
8E-G). No significant differences were found in the abovementioned
variables between the CTL group and the CTP group.
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Pinocembrin Upregulated the Expression of
lon Channels and Reduced the Expression

Levels of p-p65 and p-lkBa

As Figures 9A-C showed, compared with the CTL group, the
expression of Cavl.2 and Kv4.2 was significantly decreased in the
MDD group, whereas it was significantly increased after
pinocembrin treatment in the MDP group. A significant
reduction in the IkBa expression and increase in the
expression of p-p65 and p-IxBa were observed in MDD rats
compared with the CTL rats, whereas pinocembrin significantly
increased the IxBa expression and reduced the expression levels of
p-p65 and p-IkBa in MDP rats (Figures 9D-G). In addition, those
showed no significant differences between the CTL group and
CTP group.

DISCUSSION

In this study, we demonstrated that VF incidence was significantly
increased in MDD rats. Cardiac autonomic remodeling, ventricular

electrical remodeling, ion-channel remodeling, ventricular fibrosis,
and enhanced inflammatory responses may serve as the potential
indicators, and pinocembrin administration could attenuate the
aforementioned parameters, thus decreasing the susceptibility to VF
in MDD rats.

Although the transmural dispersion of ventricular ERP and
APD was absent, ERP and APD were measured in LV at four
epicardial sites. A previous study demonstrated that the
ventricular ERP and APD were significantly abbreviated in a
canine model of MI, along with the increased risk of VF, whereas
prolongation of the ventricular ERP and APD was associated with
the decreased susceptibility to VAs (Xiong et al., 2018). The
present study showed similar results. Ventricular ERP and APD
were significantly abbreviated in the MDD group compared with
the CTL group, followed by an increased VF inducibility rate.
However, pinocembrin significantly prolonged ERP and APD,
with VF inducibility rate decreased in the MDP group, illustrating
that pinocembrin ameliorated ventricular electrical remodeling.

QT interval, QTc interval, and Tpeak-Tend interval are
markers to predict cardiac arrhythmias, which mainly
represent the abnormal repolarization. QTc is a correction of

Frontiers in Pharmacology | www.frontiersin.org

November 2020 | Volume 11 | Article 547966


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Ye et al.

Pinocembrin Attenuates Ventricular Arrhythmias in Major Depressive Disorder

0.10 0.254

m
-

2]
=3
S

2004

'y
k=3
S

-

a

S

@
S
S

HR (Bpm)
n
8

mean RR (ms)
-
o
8

o
=]

100

FIGURE 6 | Electrocardiogram parameters and HRV. (A-D) QT interval, corrected QT interval, Tpeak-Tend interval and QRS interval, respectively. n = 7 per group.
(E-H) Statistical analysis of HR, mean RR, SDNN, and RMSSD, respectively. n =7 per group. *o < 0.01 vs. CTL; #p < 0.01 vs. MDD; ##p < 0.05 vs. MDD. HRV, heart rate
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the QT interval, which standardizes the influence of heart rate on
QT interval. Although many studies indicate that prolonged QT
and QTc interval are associated with VAs, malignant VAs can
occur with a shortened QT interval (Dhutia et al., 2016). Actually,
VAs may occur at either extreme of the QT interval, evidenced by
the long- and short-QT syndromes (LQTS and SQTS). Prolonged
Tpeak-Tend often refers to the increased dispersion of
repolarization, which is associated with an elevated arrhythmic
risk due to the development of the unidirectional block and the
subsequent reentry (Opthof et al., 2007). Compared with the CTL
group, shortened QT and QTc¢ and prolonged Tpeak-Tend were
found in the MDD group in the present study; however, those
were significantly alleviated after treatment with pinocembrin,
demonstrating the beneficial effects of pinocembrin on
modulating the cardiac repolarization.

Cardiac autonomic nervous system (CANS) plays a vital role in
the genesis and maintenance of VAs. An imbalance in the CANS,
mostly characterized by an augmented sympathetic activity and/or
an attenuated parasympathetic activity, may contribute to VAs and
even the sudden cardiac death (SCD). Ablation of cardiac
sympathetic neurons was found to prolong ERP and APD and
decrease VF susceptibility in a canine model of MI (Xiong et al.,
2018). Vagus nerve stimulation was also observed to improve
ventricular remodeling in MI dogs (Wang et al, 2014). Heart
rate variability (HRV), a noninvasive measure of the RR
internals, is a useful method to assess the autonomic activity,
particularly the parasympathetic system. The time-domain HRV
parameters mostly include the SDNN and RMSSD, which often
reflect the parasympathetic activity. The increased HR and reduced
mean RR also reflect the attenuated parasympathetic activity (Ye
etal., 2019a). In this study, the increased HR and reduced mean RR,
SDNN, and RMSSD were found in MDD rats, along with the higher
NE concentration, indicating that depression led to the augmented

sympathetic activity and attenuated parasympathetic activity. The
findings also showed that pinocembrin stimulation significantly
improved HRV and reduced NE concentration. In addition, the
positive nerve densities of TH and GAP43 in LV tissues were
increased in MDD rats, along with the increased expression levels of
TH and GAP43, confirming the augmented sympathetic control in
LV in the MDD group; however, pinocembrin depressed the
sympathetic activity. CANS dysfunction was also found in
depressed patients compared with the control individuals,
evidenced by the higher levels of circulating catecholamines and
the decreased HRV, which increased the risk of adverse
cardiovascular events, including death (Carney et al.,, 2001). The
results demonstrated that pinocembrin benefited VAs at least in
part by regulating the CANS.

The increased ventricular fibrosis and decreased Cx43
expression were detected in MDD rats; however, pinocembrin
significantly ameliorated the alterations in MDP rats. Cardiac
fibrosis, an important form of cardiac structural remodeling,
provides an abnormal substrate of re-entrant arrhythmias,
with electrical interferences and heterocellular electrical
coupling clarified as the direct mechanisms (Weber et al,
2013). Cardiac fibrosis can promote cardiac hypertrophy and
inflammatory responses, which then leads to the increased risk of
arrhythmias by promoting cardiac electrical instability (Nguyen
et al, 2017). Moreover, tachyarrhythmias may in turn induce
myocardial fibrosis, providing a positive feedback to facilitate
arrhythmias (He et al, 2011). Gap junctions mediate the ionic
current transfer between cardiomyocytes. Alterations of the
quantity and spatial distribution of gap junctions are
associated with arrhythmogenesis. Cx43 is the most abundant
isoform of gap junction proteins in adult hearts. Reduced Cx43
increased the risk of developing ischemia-induced VAs in mice
(Lerner et al., 2000). Furthermore, the susceptibility to SCD is
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FIGURE 7 | Ventricular autonomic neural remodeling. (A,B) Typical staining examples and quantitative analysis of TH in LV, respectively (original magnification:
x400). (C,D) Typical staining examples and quantitative analysis of GAP43 in LV, respectively (original magnification: x400). n = 7 per group. (E=G) Immunoblotting and
expression ratio of TH and GAP43, respectively. n = 7 per group. *p < 0.01 vs. CTL; #p < 0.01 vs. MDD. TH, tyrosine hydroxylase; GAP43, growth associated protein-43;
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significantly increased in Cx43 knockout mice, without
deterioration of heart structure and contractile function
(Gutstein et al., 2001).

L-type Ca*" channels (ICa-L), located in sarcolemma and
activated by membrane depolarization, initiate the excitation-
contraction coupling and modulate APD shape in the heart.
Cavl.2 is the classical ICa-L which is encoded by CACNA1C
or al. Decreased ICa-L shortens APD, thus modulating the
cardiac electrical remodeling (Nattel, 2002). Voltage-gated K*
(Kv) channels, in particular the transient outward potassium
current (Ito), play an important role in shaping APD and forming
the normal cardiac rhythms. Dysregulation of Ito is closely
associated with cardiac arrhythmias, including the QT prolongation,
early repolarization syndrome, and Brugada syndrome (Johnson et al,

2018). Decreased Ito density was observed in patients with cardiac
hypertrophy and heart failure, which was proposed to affect Ca**
currents and lead to AP collapse (Nattel et al., 2007). The expression of
Cav.1.2 and Kv.4.2 was reduced in MDD rats in the present study,
which was significantly increased after pinocembrin treatment in MDP
rats. The results indicated that CUMS contributed to the
downregulated ion channels; however, those were upregulated by
pinocembrin, thus exhibiting the protective effects on cardiac
arrhythmias.

Higher serum TNF-« and IL-1p were observed in MDD rats,
showing the activated inflammatory responses in this model. In this
study, pinocembrin reduced inflammatory cytokines, illustrating
that pinocembrin inhibited MDD-induced inflammatory
responses. Clinical studies have demonstrated that inflammatory
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FIGURE 8 | Ventricular myocardial fibrosis, Cx43 expression, and ELISA. (A,B) Representative images of Masson staining in LV and quantification of the fibrotic
area (original magnification: x200), respectively. n = 7 per group. (C,D) Immunoblotting and expression ratio of Cx43, respectively. n = 7 per group. (E-G) Serum NE,
TNF-a, and IL-1B concentrations, respectively. n = 7 per group. *o < 0.01 vs. CTL; #p < 0.01 vs. MDD. LV, left ventricle.

cytokines were significantly higher in depressed patients than in
healthy controls (Whooley and Wong, 2013). A recent study also
demonstrated that inflammatory process played an important role
in the development of MDD, and inhibiting inflammatory
responses could be a potential treatment for improving MDD
(Wang et al, 2020). Moreover, previous work indicated that
inflammatory conditions could accelerate the occurrence of
cardiac arrhythmias (e.g., VAs) in patients (Birnie et al., 2016).
The mechanisms by which inflammatory responses contribute to
cardiac arrhythmias mainly include the cardiac -electrical

remodeling and structural remodeling followed by the
inflammatory signals. Inflammatory cytokines (e.g. TNF-a and
IL-1) may alter the expression of ion channels (e.g. Ca®* and
K") (Cutler et al, 2011), thus resulting in APs fluctuations and
intracellular Ca2" mishandling. TNF-« can also reduce Cx43
expression (Celes et al., 2007). In addition, inflammation was
closely associated with cardiac fibrosis (Shi et al., 2012), thereby
providing an abnormal substrate for arrhythmias as mentioned
previously. The abovementioned routes can promote the
occurrence of cardiac arrhythmias. Nuclear factor-kappa B (NF-
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FIGURE 9 | Western blot. (A=C) Immunoblotting and expression ratio of Cav1.2 and Kv4.2, respectively. n = 7 per group. (D-G) Immunoblotting and expression
ratio of IkBa, p-lkBa, and p-p65, respectively. n = 7 per group. *o < 0.01 vs. CTL; #p < 0.01 vs. MDD.
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xB), an important transcription factor, plays a vital role in
regulating inflammatory responses. NF-xB is inactive when
binding to inhibitor-xB (IxB) proteins under basic condition,
whereas it becomes active after dissociating from IxB under
stimuli condition. The activated NF-xB translocates into the
nucleus and modulates target genes, such as TNF-« and IL-1p.
Previous work indicated that pinocembrin could suppress
inflammatory responses by inhibiting the NF-«B signaling
pathway (Pei & Sun, 2018). In agreement with our latest
study (Ye et al, 2019b), the present results also showed the
increased expression of p-p65 and p-IxBa in MDD rats, which
was reduced in MDP rats, along with the decreased TNF-« and
IL-1g, demonstrating that pinocembrin could suppress
inflammatory responses via inhibition of the NF-xB pathway
and then decrease the occurrence of cardiac arrhythmias.

CONCLUSION

The current study in a rat model of depression indicated that
pinocembrin improved autonomic remodeling, ventricular
electrical remodeling, ventricular fibrosis, ion-channel
remodeling, and inflammatory responses, thereby
decreasing VF susceptibility. The results demonstrate that
pinocembrin could be a promising strategy for VAs in
depressed patients.

LIMITATIONS

First, CUMS is an effective method to induce a rat model of
depression according to the previous work (Antoniuk et al,
2019); however, the onset process and physiological changes may
differ in human and animal models. Other methods are also

expected to create animal models of depression to further prove
our present results. Second, although it seems controversial
whether the ventricular ERP, APD, and subsequently the
cardiac QTc are reduced or prolonged in animals model of
depression the previous work has indicated that depression
promotes the occurrence of VAs. In the present study, both
the ventricular ERP and APD were reduced in MDD rats, along
with the increased VF inducibility rate. In fact, the ratio of ERP to
APD (e.g. ERP/APDy,) is more appropriate to predict the risk of
cardiac arrhythmias, and the reduced ERP/APDy, is more likely
to promote cardiac arrhythmias. The index of ERP/APDy,
should be calculated and the larger sample size in each group
should also be employed with the strictly controlled
experimental environment in the subsequent study to further
confirm the results of the current study. Third, although no
major safety concerns were observed after pinocembrin injection
in adults in a clinical study (Cao et al., 2015), the VF inducibility
was found (1/10) in the CTP group in the present study. Further
studies are still needed to prove the effects and safety of
pinocembrin on VAs prior to routine clinical use. Fourth, it
remains unknown whether the observed electrophysiological
effects of pinocembrin are purely as a consequence of the
reduction in depressive characteristics, or whether there are
any direct effects on the heart. Previous studies have
indicated that pinocembrin reduces VAs in a rat model of
myocardial I/R by enhancing Na*-K* ATPase and Ca**-Mg**
ATPase activity and upregulating Cx43 and Kir2.1 protein
expression (Lungkaphin et al, 2015; Zhang et al, 2018). In
addition, in our latest study, pinocembrin could ameliorate
autonomic remodeling, decreased atrial fibrosis, and reduced
inflammatory cytokines, thereby decreasing the occurrence of
atrial arrhythmias in rats model of MI (Ye et al., 2019b). The
abovementioned studies provide the theoretical feasibility for
pinocembrin to ameliorate cardiac arrhythmias at the level of the
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heart. In the present study, pinocembrin attenuates ventricular
electrical remodeling, autonomic remodeling, and jon-channel
remodeling (Cavl.2 and Kv4.2), lowers ventricular fibrosis,
increases the expression of Cx43, and suppresses the
inflammatory responses, which helps to decrease VAs in rats
at the level of the heart. Taken together, pinocembrin prevents
the susceptibility to VF in CUMS-induced rats not only by
ameliorating depression but also by directly acting on the
heart. However, further studies are still needed to illustrate
the entire mechanisms of VF in depression. Finally, the
exposure level and ADME characteristics of pinocembrin in
the current study are unknown, which complicates reasoning
with effects found in humans. And the matters should be
investigated in the subsequent study to provide more evidence
on the development of pinocembrin injection.
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