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Abstract

Aims Acute viral myocarditis (AVMC) is the aetiology of heart failure (HF) with few specific treatments. The improvement of
left ventricular ejection fraction (LVEF) is a critical predictor for the prognosis of AVMC. LCZ696 is a drug used in HF to improve
LVEF, with a few research on AVMC. In this research, we evaluated the effects and mechanism of LCZ696 in improving LVEF in
AVMC.
Methods Eighty 4-week-old male BALB/c mice were randomly divided into four groups of 20: Sham; Sham + LCZ696 (60 mg/
kg/d); AVMC; AVMC + LCZ696. The above experiments were repeated by CVB3-infected HL-1 and Mdivi-1 to down-regulated
dynamin-related protein 1(Drp1). Adeno-associated virus 9 (AAV9) with enhanced green fluorescent proteins (GFP) was
injected to produce Drp1-overexpression mice and set up four groups: AVMC group, AVMC + AAV group, AVMC + LCZ696
group, and AVMC + LCZ696 + AAV group (n = 20 in each group). LVEF was evaluated by echocardiography at a similar heart
rate (HR) at d7, Drp1 (p-Drp1), inflammation and apoptosis by histology and Western blot (WB), and mitochondrial by electron
microscopy.
Results Cardiac function were injured in AVMC that LCZ696 reversed (LVEF, %: Sham: 68.99 ± 9.67; Sham + LCZ696:
71.96 ± 6.20; AVMC: 30.95 ± 6.40*; AVMC + LCZ696: 68.99 ± 9.67*#, *P < 0.05 vs. Sham, #P < 0.05 vs. AVMC).
LCZ696 attenuated p-Drp1 expression, inflammation, apoptosis, and mitochondrial fission (p-Drp1/Drp1: Sham: 1;
Sham + LCZ696: 1.37 ± 0.22; AVMC: 2.29 ± 0.36*; AVMC+LCZ696: 1.43 ± 0.08*#, *P < 0.05 vs. Sham, #P < 0.05 vs. AVMC).
Some of the above results were repeated in CVB3-infected HL-1 cells and Mdivi-1. AAV increased Drp1 expression and
mitochondrial fission, inflammatory, and apoptosis. Compared with the AVMC + AAV group, the LVEF increased from
24.44 ± 0.03% to 32.33 ± 0.05% in the AVMC + LCZ696 + AAV group(P < 0.05), p-Drp1/Drp1 decreased from 0.54 ± 0.12 to
0.42 ± 0.09*, and IL-6, c-IL-1β, and c-caspase-3/caspase-3 decreased from 1.07 ± 0.22 to 0.72 ± 0.08*, from 1.03 ± 0.14 to
0.79 ± 0.09*, and from 4.69 ± 0.29 to 0.92 ± 0.13*, respectively (*P < 0.05).
Conclusions LCZ696 has a protective effect on AVMC by improving LVEF and reducing inflammation and apoptosis, which
may be due to the inhibition of Drp1-mediated mitochondrial fission.
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Introduction

Acute viral myocarditis (AVMC) is an inflammatory disease
associated with substantial mortality and an aetiology for

HF.1 It generally takes less than one month from the onset
of symptoms to a definitive diagnosis of AVMC.2 According
to the latest ESC guidance, myocarditis is defined as a clinical
presentation with positive mandatory diagnostic tests
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(including electrocardiogram, laboratory tests, echocardiog-
raphy, and cardiac magnetic resonance) for more than one
condition in the absence of significant coronary, valvular, or
congenital heart disease or other causes.1 Endomyocardial
biopsy is the diagnostic gold standard of AVMC, with the
PCR testing for detecting viruses,1–3 Echocardiography is
partly standard evaluation of patients with a suspected acute
cardiac condition; the presence of increased wall thickness
and mild segmental hypokinesia may suggest AVMC.2 LVEF
is a sensitive indicator of AVMC progression and treatment
outcome and is a criterion for judging the prognosis of
AVMC.1 AVMC is associated with a poor prognosis when
complicated by LV dysfunction and HF, which means that
the improvement of LVEF is essential for treatment in
AVMC.4,5

LCZ696, a first-in-class angiotensin receptor-neprilysin in-
hibitor (ARNI), is composed of the molecular components of
ARB valsartan and the neprilysin inhibitor sacbitril.6 The study
reported that LCZ696 reduced mortality and HF events and
improved LVEF in HF with reduced ejection fraction (HFrEF).7

LCZ696 is recommended as a class IB drug to replace ACE-I
for HFrEF in 2021 ESC guidelines.1 It also shows beneficial ef-
fects in cardiomyopathy and other cardiovascular diseases,
improving cardiac function, reduced peri-infarction, and distal
myocardial remodelling as well as fibrosis in infarcted rats.8–10

The same effects were observed in adriamycin-induced
dilated cardiomyopathy (DCM), which also inhibited early
myocardial inflammation and apoptosis by alleviating
Drp1-mediated mitochondrial dysfunction.9 In rat with
pressure overloaded hearts and dogs with experimental
cardiorenal syndrome,11 LCZ696 protected ventricular
myocytes from mitochondrial dysfunction.12 Although the
role of LCZ696 in a subset of cardiovascular diseases has been
shown to be mitochondrial related, its effect and the
molecular mechanism in AVMC have not been reported.

Mitochondrial fission is an essential part of mitochondrial
dynamics, which has been implicated in cardiovascular
disease.13,14 As a key protein in mitochondrial fission, the
expression and phosphorylation of Drp1 are associated with
mitochondrial function and cellular function, including energy
metabolism, apoptosis, and inflammation, as demonstrated in
HF, DCM, and septic cardiomyopathy.15–17 Activating at serine
616(Ser616) and Ser637 are the two phosphorylation sites of
Drp1 that play completely opposite roles. P-Drp1 (Ser616)
translocates to the outer membrane and induces mitochon-
drial fission, whereas Ser637 reverses.18 Drp1 is associated
with AVMC with expression and phosphorylation affecting
AVMC inflammation and apoptosis in cardiomyocytes.19,20

However, it is uncertain whether LCZ696 can achieve
therapeutic effects on AVMC by regulating the expression
and phosphorylation of Drp1. Therefore, we hypothesized
that LCZ696 is effective against AVMC, evaluated the role
and specific mechanism, and explored the associations
between LCZ696 and Drp1.

Methods

Animal care

The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National In-
stitutes of Health (NIH Publication No. 85-23, revised
1985); all experiments were carried out by China Animal
Welfare Legislation and were approved by the Wenzhou
Medical University Committee on Ethics in the Care and
Use of Laboratory Animals. All experimental animals were
sacrificed with an overdose of pentobarbital (100 mg/kg,
one dose intraperitoneally).

AVMC and LCZ696

CVB3 (Nancy strain, USA) was maintained and expanded with
Hep2 cells. Viral titres were determined by 50% tissue
culture infectious dose (TCID50). Eighty BALB/c mice were
randomly divided into four groups of 20: Sham;
Sham + LCZ696; AVMC; AVMC + LCZ696. The AVMC mice
were injected intraperitoneally (i.p.) with 0.1 mL CVB3 (105

TCID50), whereas others were injected with 0.1 mL saline.
The day of virus inoculation was defined as Day 0 (d0).
LCZ696 (MCE, USA, 60 mg/kg/d) was administered from d1
to d7,8 the same volume of saline as control. The survival
rate in each group will be counted.

Cell culture and Mdivi-1

HL-1, a cardiac muscle cell line (Beijing Biotechnology Re-
search Institute, China), was kept at 37°C with 5%CO2. DMEM
medium was supplemented with 10% foetal bovine serum
(FBS; DMEM, FBS; Gibco, China). Upon reaching the appropri-
ate confluence, cells were passaged to six-well flat-bottom
culture plates and confocal petri dish (Corning, USA) at
8 × 105/well. Cells were divided into four groups: Sham;
Sham + Mdivi-1; CVB3; CVB3 + Mdivi-1 (n = 6 in each group).
Cells were treated with Mdivi-1 (50 μM/mL, MCE, USA) for
40 min before CVB3 addition (MOI = 100) and collected for
WB and Hoechst after 24 h.

Doppler echocardiography study and HR

Echocardiography and HR were obtained by Doppler echocar-
diography machine (40 MHz phased-array transducer, Vevo
1100, Canada). In blinded fashion, transthoracic echocardiog-
raphy was performed by an experienced technician the
groups on d7 by an M-mode transducer. Mice were treated
with isoflurane (1%) delivered by a vaporizer in a mixture of
21% oxygen and 79% nitrogen. After anaesthesia, the chest
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shaved, and physiological body temperature was maintained
at 37°C. The HR was collected through electrodes. At similar
HR levels, long-axis views of M-model were obtained at the
papillary muscle level and then the diastolic and systolic LV
internal diameters (LVIDd and LVIDs) were measured. The
LVEF is then calculated according to the formula in the article
by Zacchigna et al.21

MitoTracker Red CMXRos

In confocal culture dishes, cell cultures were removed after
24 h and stained with MitoTracker Red CMXRos (YEASEN,
40740ES50, China). The staining working solution was
obtained by diluting the storage solution with the cell
culture solution to 200 nM and pre-warmed at 37°C for
40 min. After staining, the above staining solution was
replaced with a fresh culture medium, and the confocal
dish was placed under a fluorescence microscope for
observation.

Hoechst staining

Typical morphological characteristics of apoptotic cells were
assessed by Hoechst staining (Beyotime Institute of Biotech-
nology, China). Cells were fixed with freshly prepared 4%
paraformaldehyde, incubated at 5 μg/mL of Hoechst for
15 min at 37°C in the dark, and identified by fluorescence
microscopy (Nikon, Tokyo, Japan). Cells were washed twice
(5 min each) with PBS before all manipulations. Normal cells
showed uniform blue chromatin and organized structures,
and the apoptotic cells showed bright blue chromatin that
was highly condensed or broken.

AAV

Recombinant Drp1-overexpressing AAV and negative control
AAV (Hanbio Biotech, Shanghai, China) that both contain
GFP were prepared and titrated to 1012 V.G/mL. AAV9 was
chosen to electively infect the heart. Eighty BALB/c mice
were randomly divided into AVMC; AVMC + AAV;
AVMC + LCZ696; and AVMC + LCZ696 + AAV (n = 20 in each
group). AAV9 (1011 V.G) was injected in the caudal lateral
vein at 2 weeks of age.

Histopathology and TUNEL assay

Heart was embedded in paraffin and OCT. Samples were sec-
tioned into 5-μm-thick slices and subjected to haematoxylin
and eosin (HE) staining or immunohistochemistry (IHC) as
previously.22 Rabbit anti-p-Drp1 antibody (1:200; CST,
#3455) and rabbit anti-Drp1 antibody (1:200; CST, #8570)

were used to stain in IHC for 1 h at 37°C; add
HRP-polymer conjugate and incubate for 10 min; then add
DAB colour solution. The in situ cell death assay kit POD
(Roche, Germany) for DNA chromatin morphological charac-
terization was used for quantitative detection. Our proce-
dure was performed according to the manufacturer’s guide-
lines. All steps were stored in a lightproof wet box, making
sure that the specimen surface was moist. For observation,
a microscope with a filter was used for observation and pho-
tography. All stained sections were observed using a fluores-
cence microscope (Olympus, Tokyo, Japan). Three fields
were randomly selected for observation and examined in a
blinded manner.

WB

Proteins were extracted from heart tissue and HL-1 cells;
the method of WB has been addressed previously.22 Our
antibodies include rabbit anti-Drp1 antibody (1:1000), rabbit
anti-p-Drp1 antibody (1:1000), rabbit anti-caspase-3 antibody
(1:1000; CST, #9662), rabbit anti-cleaved caspase-3 antibody
(c-caspase-3) (1:1000; CST, #9664), rabbit anti-cleaved IL-1β
antibody (c-IL-1β) (1:1000; CST, #52718), rabbit anti-IL-6 anti-
body (1:1000; Abcam, ab208113), rabbit anti-GAPHD
antibody (1:1000; CST, #5174), and HRP conjugated goat
anti-mouse/anti-rabbit secondary antibody (1:1000;
Biosharp, BL001A/BL003A).

Electron microscopy examination

The apical myocardium was harvested for ultrastructural
analysis to quantify mitochondrial fission, and the organiza-
tion was handled as well as the pictures were taken as in
our previous reports.23

Statistical methods

Statistical analysis was performed using SPSS 22 software
(Unicom, Mission Hills, CA). A P value of less than 0.05 is con-
sidered significant. The data are expressed in the form of
mean ± standard deviation. Measurement data need to be
tested for normality and homogeneity of variance on the
data. Shapiro–Wilk test and Kolmogorov–Smirnov test can
be used. Subsequent comparisons between multiple groups
used one-way ANOVA, and Dunnett’s multiple comparisons
were used for pairwise comparisons between groups. Count
data were compared using the chi-square test or Kruskal–
Wallis H test.
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Results

LCZ696 improves survival rates and cardiac
function

HR was controlled at similar levels in all mice before cardiac
echograms were obtained. The HR in the Sham and
Sham + LCZ696 groups were 556.22 ± 24.58 and
534.00 ± 19.62 beats per minute (bpm) (P > 0.05),
451.67 ± 31.01 and 444.33 ± 26.32 bpm in AVMC, and
AVMC + LCZ696 groups (P > 0.05). Like previous experiment,
the HR was slower in AVMC (P < 0.05). The LVIDd, LVIDs, and
LVEF in Sham, Sham + LCZ696, AVMC, and AVMC + LCZ696
groups were 2.52 ± 0.24, 2.61 ± 0.18, 3.66 ± 0.29*,
3.09 ± 0.12 mm*#, and 1.37 ± 0.16, 1.33 ± 0.19,
2.94 ± 0.15*, 2.22 ± 0.15 mm*#, and 77.95 ± 6.79,
81.49 ± 6.38, 39.87 ± 11.35*, 55.36 ± 6.51%*#, respectively
(* vs. Sham, P < 0.05; # vs. AMVC, P < 0.05) (Figure 1A).
The survival rate of the Sham, Sham + LCZ696, AVMC, and
AVMC + LCZ696 group was 100, 100, 56, and 85%, respec-
tively (Figure 1B).

Anti-inflammatory and anti-apoptotic effect of
LCZ696

HE revealed that numerous inflammatory cells infiltrate in
the myocardium with myocardial cell fragmentation and dis-
organization in the AVMC group, which LCZ696 alleviated.
No inflammatory cell was observed in the Sham and
Sham + LCZ696 groups (Figure 2A). The IHC showed the
high expression of inflammatory factor, IL-6, in the AVMC
group, which down-regulated by LCZ696, with few expres-
sions in the Sham and Sham + LCZ696 groups (Figure 2B).
C-IL-1β and IL-6 in the AVMC group were increased 1.94-
fold and 3.64-fold compared with the Sham group
(P < 0.05) and 1.36-fold and 1.86-fold compared with the
AVMC + LCZ696 group (P < 0.05). No difference was found
between the Sham and Sham + LCZ696 group (P > 0.05)
(Figure 2D).

More TUNEL-positive cells and higher c-caspase-3/cas-
pase-3 ratio were in the AVMC group, which alleviated by
LCZ696 (2.91 ± 0.75 vs. 1.64 ± 0.30, P < 0.05), whereas
few apoptosis cell in the Sham and Sham + LCZ696 groups
(Figure 2C and 2D). No difference of c-caspase-3/caspase-3
ratio was found between Sham and Sham + LCZ696 groups
(P > 0.05).

Role of LCZ696 in mitochondria and Drp1

More regular mitochondrial morphology was in the Sham and
Sham + LCZ696 groups, while it disordered in the AVMC
group with decreased length. After LCZ696 treatment, mito-

chondrial morphology was reversed (Figure 3A). The expres-
sion of p-Drp1 in the Sham group was similar to the
Sham + LCZ696 group (1 vs.1.19 ± 0.13, P > 0.05) and lower
than the AVMC group (2.29 ± 0.36, P < 0.05). And it was
higher in the AVMC group than the AVMC + LCZ696 group
(1.48 ± 0.10, P < 0.05) (Figure 3B), which the figure of IHC
in Figure 3C supported.

Mdivi-1 inhibit Drp1 expression, inflammatory,
and anti-apoptotic level in HL-1

Mitochondria in cells was observed by MitoTracker Red and
stained red (Figure 4A). Mdivi-1 decreased the expression
of Drp1 in Sham + Mdivi-1 (0.27 ± 0.25 vs. 1 in Sham group,
P < 0.05) and CVB3 + Mdivi-1 groups (0.26 ± 0.05 vs.
1.06 ± 0.14 in CVB3 group, P < 0.05). The ratio of p-Drp1/
Drp1 were 1, 1.08 ± 0.17, 1.93 ± 0.26, and 1.36 ± 0.19 in
the Sham, Sham+ LCZ696, AVMC, and AVMC + LCZ696
groups. As same as AVMC mice treated with LCZ696,
Mdivi-1 also reduced the p-Drp1/Drp1 in CVB3 injected HL-
1(Figure 4B). Increasing apoptosis cells were showed in the
CVB3 group, and it attenuated by Mdivi-1 (Figure 4C), which
the ratio of c-caspase-3/caspase-3 supported (7.67 ± 1.36
vs. 2.77 ± 0.95, P < 0.05) (Figure 4D). And the ratio in the
Sham and Sham + Mdivi-1 groups were similar (P > 0.05).
The c-IL-1β and IL-6 were higher in the CVB3 group than
the CVB3 + Mdivi-1 group and the Sham group (c-IL-
1β:1.43-fold and 1.64-fold; IL-6: 1.89-fold and 3.69-fold, re-
spectively, P < 0.05), which was no statistical significance be-
tween the Sham and Sham + Mdivi-1 group (P> 0.05) (Figure
4D)

Drp1 blocks the protection of cardiac function
and survival of LCZ696

The HR in the AVMC, AVMC + AAV, AVMC + LCZ696, and
AVMC + LCZ696 + AAV groups were 403.44 ± 18.15,
407.22 ± 18.46, 413.22 ± 21.27, and 415.33 ± 24.21 bpm
(P > 0.05) (Figure 5A). The LVIDd, LVIDs, and LVEF in the
AVMC, AVMC + AAV, AVMC + LCZ696, and
AVMC + LCZ696 + AAV groups were 3.70 ± 0.37,
4.20 ± 0.27*, 2.83 ± 0.25*#, 3.69 ± 0.26#&mm and
2.89 ± 0.26, 3.51 ± 0.21*, 2.01 ± 0.34*#, 2.89 ± 0.18 mm#&
and 44.52 ± 6.84%, 34.78 ± 4.67%*, 57.56 ± 10.87%*# and
44.29 ± 7.18%#& (* vs. AVMC, P < 0.05; # vs. AVMC + AAV,
P < 0.05; & vs. AVMC + LCZ696, P < 0.05) (Figure 5A). The
survival rate was 45% in the AVMC group, 35% in the
AVMC + AAV group, 65% in the AVMC + LCZ696 group, and
50% in the AVMC+LCZ696 + AAV group (Figure 5B).
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Drp1 overexpression increased myocardial
mitochondrial fission after LCZ696 treatment

The green fluorescent showed the successful injected of AAV
with GFP (Figure 5C), and Figure 6B showed the up-regulated
of Drp1 in the AVMC + AAV and AVMC + LCZ + AAV groups

(3.38-fold and 3.56-fold vs. AVMC group, P < 0.05). The p-
Drp1/Drp1 in AVMC, AVMC + AAV, AVMC + LCZ696, and
AVMC + LCZ696 + AAV was 1, 1.17 ± 0.19, 0.42 ± 0.09*#,
and 0.54 ± 0.12*#, respectively (* vs. AVMC, P < 0.05; # vs.
AVMC + AAV, P < 0.05) (Figure 6B), which the IHC supported
(Figure 6C). Smaller mitochondria were shown in AVMC, and

Figure 1 Effect of LCZ696 on cardiac function and survival rate (A) Typical M-mode echocardiograms of the long-axis midventricular view and HR,
LVIDd, LVIDs, and LVEF (n = 9 in each group). (B) The survival rate was measured every day until d7 (n = 20 in each group). Results were presented
as the mean ± SD. *P < 0.05 vs. Sham group; #P < 0.05 vs. AVMC group.
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Figure 3 Effect of LCZ696 on mitochondrial fission. (A) The morphology and structure of mitochondria in the myocardium of each group were detected
by transmission electron microscopy (magnification: 15 000× and 150 000×). (B) The absolute intensity ratio of p-Drp1/Drp1 and Drp1/GAPDH (n = 6 in
each group). (C) IHC of p-Drp1 in each group (magnification: 100×). Results were presented as the mean ± SD. *P < 0.05 vs. Sham group; #P < 0.05 vs.
AVMC group.

Figure 2 Effect of LCZ696 on anti-inflammation and anti-apoptosis. (A) Cardiac inflammation revealed by HE staining (magnification: 40× and 100×).
(B) IHC of IL-6 in each group (magnification: 200×). (C) TUNEL staining in myocardial tissue of each group (magnification: 200×). (D) The absolute in-
tensity ratio of pro-inflammatory cytokines and c-caspase-3/caspase-3 (n = 6 in each group). Results were presented as the mean ± SD. *P < 0.05 vs.
Sham group; #P < 0.05 vs. AVMC group.
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Figure 4 Effect of Mdivi-1 on mitochondrial fission, anti-inflammation, and anti-apoptosis. (A) Mitochondria were stained with MitoTracker Red (mag-
nification: 200×). (B) The absolute intensity ratio of p-Drp1/Drp1 and Drp1/GAPDH (n = 6 in each group). (C) Hoechst staining in CVB3 induced HL-1 of
each group. (D) The absolute intensity ratio of IL-6, c-IL-1β, and c-caspase-3/caspase-3 (n = 6 in each group). Results were presented as the mean ± SD.
*P < 0.05 vs. Sham group; #P < 0.05 vs. CVB3 group.

Figure 5 Effect of Drp1 overexpression on cardiac function and survival rate. (A) Typical M-mode echocardiograms of the long-axis midventricular
view, HR and LVIDd, LVIDs, and LVEF (n = 9 in each group). (B) The survival rate was measured every day until d7 (n = 20 in each group). (C) IF of
the GFP contained by AAV in the AVMC + AAV and AVMC + LCZ696 + AAV group (magnification: 200×). Results were presented as the mean ± SD.
*P < 0.05 vs. AVMC group; #P < 0.05 vs. AVMC + AAV group; &P < 0.05 vs. AVMC + LCZ696 group.
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it was more pronounced in AVMC + AAV. Mitochondrial
width was increased in the AVMC + LCZ696 and AVMC
+LCZ696 + AAV groups compared with the AVMC and
AVMC + AAV groups, respectively (Figure 6A).

Drp1 overexpression worsens inflammation and
apoptosis

Figure 7A showed the most inflammatory cells infiltration
areas in the AVMC + AAV group, followed by the
AVMC + AAV + LCZ696, AVMC, and AVMC + LCZ696 groups.
The expression of IL-6 in all groups was consistent with the in-
filtration of inflammatory cells (Figure 7B). Figure 7D shows
the expression of c-IL-1β and IL-6 higher in AVMC + AAV
group than that in other groups (c-IL-1β: 1, 2.54 ± 0.44*,
0.79 ± 0.09*#, 1.03 ± 0.14#&; IL-6:1, 2.72 ± 0.16*,
0.72 ± 0.08*#, 1.07 ± 0.22#& in AVMC, AVMC + AAV, AVMC
+LCZ696, AVMC + LCZ696 + AAV; * vs. AVMC, P < 0.05; #
vs. AVMC + AAV, P < 0.05; & vs. AVMC + LCZ696, P < 0.05)

TUNEL staining showed the greatest number of apoptotic
cells in AVMC + AAV group, followed by the AVMC,
AVMC + LCZ696 + AAV, and then AVMC + LCZ696 groups (Fig-
ure 7C). The c-caspase-3/caspase-3 ratio in the
AVMC + LCZ696 + AAV group (0.93 ± 0.13) was not significant
compared with that in the AVMC group (1, P > 0.05), which
was higher than in the AVMC + LCZ696 group (0.56 ± 0.18,

P < 0.05) but lower than in the AVMC + AAV group
(4.69 ± 0.29, P < 0.05) (Figure 7D).

Discussion

This is the first study to investigate the effects of LCZ696 in
AVMC and to explore its mechanism. In this study, we
confirmed that 7 days of LCZ696 treatment has a protective
effect in AVMC, and Drp1 may play an important role.

LCZ696 has been shown to have a higher therapeutic value
than enalapril in HFrEF. Suematsu et al. reported that LCZ696
offered a superior effect than valsartan in improving LVEF in
chronic kidney disease rat.24 Trivedi et al. found LCZ696 pro-
vided a significant and sustained improvement in LVEF in
myocardial ischaemia/reperfusion rat.25 They also identified
the involvement of LCZ696 in improving cardiac remodelling.
However, there is no study reported on the similar result of
LCZ696 in AVMC, which our present study indicated that
LCZ696 increased the survival and LVEF of AVMC mice. Our
previous study confirmed that normal mice have a higher
HR than AVMC mice,26 but we did not observe the effect of
LCZ696 in improving HR. Our research proved the
anti-inflammatory and anti-apoptotic of LCZ696 in AVMC,
which have found in different cardiovascular diseases. Re-
search in mice following pressure unloading demonstrated
blunted inflammatory infiltration in the heart, LCZ696 de-

Figure 6 Effect of Drp1 overexpression on mitochondria. (A) The morphology and structure of mitochondria in the myocardium of each group were
detected by transmission electron microscopy (magnification: 15 000× and 150 000×). (B) The absolute intensity ratio of p-Drp1/Drp1 (n = 6 in each
group). (C) IHC of p-Drp1 in each group (magnification: 100×). Results were presented as the mean ± SD. *P < 0.05 vs. AVMC group; #P < 0.05 vs.
AVMC + AAV group; &P < 0.05 vs. AVMC + LCZ696 group. &P < 0.05 vs. AVMC + LCZ696 group.

The protective effect of LCZ696 in coxsackievirus B3-induced acute viral myocarditis mice 373

ESC Heart Failure 2023; 10: 366–376
DOI: 10.1002/ehf2.14194



creased mRNA level of IL-1β and TNF-α and inhibited NLRP3
activity.27 Ge et al. and Xia et al. found that LCZ696 attenu-
ates inflammation, apoptosis, and oxidative stress in
DCM.9,28 In our study, apoptosis and inflammation levels
were reduced by LCZ696, demonstrated by a depressed c-cas-
pase-3/caspase 3 ratio, fewer dead cells, lower levels of
pro-inflammatory cytokines, and less infiltration of inflamma-
tory cells, which extend the cardioprotective effect of LCZ696
to CVB3-induced AVMC. However, its mechanism in AVMC re-
mains controversial.

New evidence suggests that mitochondrial fission is critical
in a variety of physiological and pathological processes, in-
cluding cell division, apoptosis, and necrosis.29,30 Drp1, a
key protein in the mitochondrial division, is considered a pos-
sible key site for the treatment of multiple diseases.31 Lin
et al. and Hui Shi et al. found that Drp1-mediated mitochon-
drial dysfunction was associated with the onset of inflamma-
tion as well as apoptosis in AVMC, which could be rescued af-
ter inhibiting Drp1 Ser616 phosphorylation.19,20 In line with
the above research, we found a remarkable increase in the
phosphorylation level of Drp1 Ser616, which led to increased
mitochondrial fission in AVMC compared with the Sham
group. Their findings were replicated in vitro experiments. In-
terestingly, Xia et al. suggested that the protective effect of
LCZ696 against DCM may be related to the regulation of

mitochondrial fission mediated by Drp1 phosphorylation.9

However, the mechanism of LCZ696 in AMVC has never been
reported. Therefore, in conjunction with the strong relation-
ship between mitochondrial division and multiple cardiovas-
cular diseases, we sought to explain our finding that LCZ696
can also regulate Drp1-mediated mitochondrial fission in
AVMC. Our results confirmed the suspicion that LCZ696
down-regulates mitochondrial fission by inhibiting Drp1
Ser616 phosphorylation but has no effect on Drp1 expres-
sion. Next, to verify that the improved cardiac function and
anti-inflammatory and anti-apoptotic effects of LCZ696 in
AVMC were achieved by regulating Drp1, we used AAV9 to
up-regulate the expression of Drp1. As a result, we found that
overexpression of Drp1 counteracted part of the protective
effect of LCZ696.

However, treatment of AVMC is still scarce because the
progress remains unclear. A critical question that intrigues
us is that the patient seems to be selected for developing
myocarditis. Up to 90% of individuals will be infected with
one or more cardiophilic viruses during their lifetime, but
few of them will develop clinical signs of AVMC.3 In animals,
evidence demonstrated the relation between AVMC to ge-
netic. Different strains of mice show completely different dis-
ease progression and prognosis after infection with viruses
injected. A.BY/SnJ and SWR/J exhibit persistent cardiac in-

Figure 7 Effect of Drp1 overexpression on inflammation and apoptosis. (A) Cardiac inflammation revealed by HE staining (magnification: 40× and
100×). (B) IHC of IL-6 (magnification: 200×). (C) TUNEL staining in myocardial tissue (magnification: 200×). (D) The ratio of IL-6, c-IL-1β, and c-cas-
pase-3/caspase-3. *P < 0.05 vs. AVMC group; #P < 0.05 vs. AVMC + AAV group; &P < 0.05 vs. AVMC + LCZ696 group.
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flammation accompanied by the prolonged presence of viral
RNA within the cardiomyocyte, whereas C57BL/6J and DBA/
1J show strong resistance to the virus.32 In human studies,
the occurrence of DCM and the progression of AVMC to
DCM have been shown to be associated with individual sus-
ceptibility; unfortunately, there is no clear evidence to con-
firm a genetic relationship with AVMC.3 Such results seem
to indicate that genetic background seems to be an impor-
tant direction for future research and treatment of AVMC.
However, because there is much evidence for the importance
of genetic susceptibility in AVMC, future studies could focus
on understanding the potential relationship between genetic
susceptibility and inflammation and immunity in AVMC.

In conclusion, we confirmed that LCZ696 ultimately en-
hanced cardiac function and resistance to inflammation and
apoptosis in AVMC mice by inhibiting phosphorylation of
the Drp1 Ser616 site.
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