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1 | INTRODUCTION

Myocarditis, an inflammatory disease of the myocardium, is pri-
marily caused by a viral infection.” Many viruses are responsible for
causing viral myocarditis (VMC). Among these, coxsackievirus B3
(CVB3) is one of the most common pathogens.? Mechanistically,
previous studies have shown that CVB3-induced myocarditis is
associated with the direct damage of cardiomyocytes during viral
replication.® In addition, accumulating evidence has demonstrated
that the excessive inflammation caused by immune cells, such as
macrophages, plays an important role in the progression of heart
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Berberine (BBR), an isoquinoline alkaloid isolated from Rhizoma coptidis, is re-
ported to possess antiviral activity. Our previous study has shown that BBR
alleviates coxsackievirus B3 (CVB3) replication in HelLa cells. However, the anti-
CVB3 activity of BBR is still unclear in vivo. In this study, we explored the effect of
BBR on CVB3-induced viral myocarditis in mice. These results demonstrated
the beneficial effect of BBR on alleviating CVB3-induced myocarditis in vivo,
which sheds new light on the utility of BBR as a therapeutic strategy against
CVB3-induced viral myocarditis.

anti-CVB3 activity, berberine, coxsackievirus B3, viral myocarditis

injury in CVB3-induced VMC.* Nevertheless, at present, the pa-
thogenesis of CVB3-induced VMC remains incompletely under-
stood. Even though symptomatic treatments have been widely
utilized to relieve CVB3-induced myocarditis, effective strategies
that can treat CVB3-induced VMC are currently unavailable.
Berberine (BBR) is an isoquinoline alkaloid that is extracted from
Rhizoma coptidis (also named “Huang Lian” in Chinese).” It is reported that
BBR has multi-pharmacological effects, such as antidiarrheal, anti-
bacterial, anti-inflammatory, anti-fibrotic, and antioxidative
effects.® In recent years, a growing body of studies has revealed the

antiviral activity of BBR against a variety of viruses, such as chikungunya
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virus (CHKYV), Semliki Forest virus, Sindbis virus, enterovirus 71, herpes
simplex virus (HSV), and human immunodeficiency virus (HIV).” In addi-
tion, our previous study has uncovered the anti-CVB3 activity of BBR in
vitro.? But the effects of BBR on alleviating CVB3-induced myocarditis
remain unknown in vivo.

To explore the antiviral effects of BBR in vivo, a mouse model with
intraperitoneal infection of CVB3 was utilized. Our findings suggest that
BBR increased the survival rate and heart function, whereas reducing
heart injury and myocardial viral titer in CVB3-induced myocarditis
mice. Meanwhile, BBR treatment inhibited macrophage infiltration and
pro-inflammatory cytokines/chemokines production in CVB3-induced
myocarditis in mice. Collectively, the present study evaluates the anti-
viral activity of BBR in vivo model of CVB3-induced myocarditis,
providing a new hint of BBR as a therapeutic agent against
CVB3-induced VMC.

2 | MATERIALS AND METHODS
2.1 | Virus strain, animals, and pharmacological
compound

CVB3 (Nancy strain) was purchased from the Wuhan Institute of
Virology, Chinese Academy of Sciences (Wuhan, China). The
BBR (molecular weight 371.82, purity > 97%, Melone Pharma-
ceutical Co., Ltd.; Figure 1A)
sulfoxide (DMSO).

The 6-week-old male BALB/c mice (16-18g) were purchased
from the Animal Center of Third Military Medical University

(Chongging, China). Use and care of the animals were in accordance

was dissolved in dimethyl

with protocols approved by the Animal Use and Care Committee of
the Third Military Medical University.
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FIGURE 1 The BBR protects mice from CVB3-induced viral myocarditis. A, The chemical structure of BBR. B, Experimental protocol.
One day before CVB3 infection, the mice were intragastrically administered with BBR for 7 days. On the 7th day, all experiments were
measured. C, The survival rates of mouse after CVB3 infection or/and BBR treatment (n = 24). D, The measurement of mouse heart weight
to body weight ratio after CVB3 infection or/and BBR treatment (n = 6). E, The representative photographs of the whole hearts. Data show
mean + SEM of mice. BBR, berberine; CVB3, coxsackievirus B3. ***p <.001, n.s., no significant
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2.2 | Mouse models of CVB3 infection

The 6-week-old male BALB/c mice were randomly assigned to four
groups containing CVB3, CVB3+BBR (50mg/kg), CVB3+BBR
(100 mg/kg), phosphate-buffered saline (PBS), and each group con-
sisted of 12 mice. On Day 1, the mice were intraperitoneally injected
with 100 ul of 3 x 107 plaque-forming units (PFU/ml) of CVB3 diluted
in PBS. Treatments were started the day before CVB3 infection. BBR
(50 mg/kg/day), BBR (100 mg/kg/day) or PBS (0.5% DMSO) was
treated daily by oral gavage. After 7 days, the mice were killed,
following which, the hearts and spleens were harvested for sub-
sequent analyses. For clarification, the experimental protocol is

shown in Figure 1B.

23 |
lesion

Determination of myocardial edema and

To determine the presence of heart edema, whole hearts from the
mice infected with CVB3 or/and treated with BBR for 7 days were
removed and weighed. Mouse heart edema was evaluated by calcu-
lating the heart weight (after blood flushing) to body weight ratio
(HW/BW). The heart tissues were fixed in 4% neutral buffered for-
malin and were then embedded in paraffin and cut into 3 um sections.
The heart tissue sections were visualized by hematoxylin and eosin
(H&E) staining. The percent area of cellular infiltration and myocardial
necrosis was graded in a blinded manner by 2 observers on ob-
servation of five microscopic views from each heart section, and
scored as follows: O, no lesion; 1+, lesions involving < 25%; 2+, lesions
involving 25% to 50%; 3+, lesions involving 50% to 75%; 4+, lesions
involving >75%. To further measure the severity of myocardial da-
mage, the serum contents including serum lactate dehydrogenase
(LDH), aspartate aminotransferase (AST), creatine kinase (CK), and
creatine kinase-MB fraction (CK-MB) were determined using an
automatic biochemistry analyzer Hitachi 7170S (Hitachi).

2.4 | Cardiac echocardiography analysis

The mice infected with CVB3 or underwent BBR treatment for
7 days were subjected to transthoracic echocardiographic mea-
surement for the evaluation of mouse heart function. Cardiac
echocardiography including the contents of ejection fraction (EF) and
fractional shortening (FS) was performed using a Vevo 2100 high-
resolution ultrasound system (Visualsonics) equipped with a 30-MHz,

100-frame-per-second micro visualization scan head.
2.5 | Immunohistochemistry and
immunofluorescence staining

To direct observe virus particles in the mouse heart tissues, the heart
paraffin sections were stained by immunohistochemistry (IHC) assay

MEDICAL VIROLOGY —

using a rabbit anti-CVB3 polyclonal antibody (1:100; Millipore; Cat
No: 2234140) as the primary antibody. Nonimmune goat serum was
used as negative control. After incubation with the indicated anti-
body, the tissue sections were visualized by 3,3-diaminobenzidine
(Zhongshan) and observed under a light microscope (Olympus BX63).

Immunofluorescence (IF) staining was performed to identify the
infiltrated macrophages in mouse myocardium by incubating the
tissues with mouse anti-CDé68 (1:200; Santa Cruz; Cat No: sc-52998)
monoclonal antibody, followed by hybridization with Dylight 649
goat anti-mouse 1gG (1:1000; Invitrogen). The nuclei of the cells were
stained with 4,6-diamidino-2-phenylindole (1:1000; Beyotime). Ima-
ges were acquired and analyzed using a Leica TCS SP5 laser confocal

microscope.

2.6 | Flow cytometry analysis

The splenocytes from the CVB3- or/and BBR-treated mice on 7 days
postinfection were isolated and suspended in PBS containing 10%
fetal bovine serum (FBS). The red blood cells were lysed in red cell
lysis buffer (Tiangen) for 5 min, and the remaining cells were collected
and resuspended in 1% FBS/PBS at a density of 1 x 10° cells/ml. The
cells were stained with cell surface marker antibodies including APC
anti-mouse CD3 (Cat No: 561826), FITC anti-mouse CD4 (Cat No:
561831), and PE anti-mouse CD8 (Cat No: 561095) antibodies (BD
Biosciences). After the cells had been stained at 4°C for 1h, the
samples were washed in 1% FBS/PBS and measured by flow cyto-
metry on a FACSCalibur cell sorter (Beckman). The data were ana-
lyzed using CellQuest software.

2.7 | Measurements of cytokines and chemokines
by enzyme-linked immunosorbent assay (ELISA)

The cytokines and chemokines including tumor necrosis factor-a
(TNF-o), interleukin-18 (IL-1p), IL-6, C-C motif chemokine ligand 2
(CCL2), CCL5, and C-X-C motif chemokine ligand 10 (CXCL10) in the
serum samples were detected by using the corresponding ELISA kits

(Westang) according to the manufacturer's instructions.

2.8 | Real-time PCR

The real-time PCR assays for analyzing the gene expression of CVB3
capsid vpl was applied following the manufacturer's instructions
(Takara). Relative gene expression was determined by the com-
parative C(t) (224%) method with GAPDH as the endogenous control.
The primers used were as follows:

vp1l forward primer: 5-AAACTCAGGTGCCAAGCGGT-3’

vpl reverse primer: 5'-TTGGTGTGTTAGGATCTGTGC-3'
GAPDH forward primer: 5-CATCAAGAAGGTGGTGAAGCAG-3’
GAPDH reverse primer: 5-CGTCAAAGGTGGAGGAGTGG-3’



3584
—‘—Wl LEY-

MEDICAL VIROLOGY

DAl ET AL

(A)

20X

Objective lens

40 X

Histological scores

Control

AST (IUIL)
g

CVB3+BBR 50mg/kg

(E)

B2

4000
3000+
2000 .

LDH (lU/L)

10004

e

————————
B B2

T &

T
&

s

77

(F)

CK (lUlL)

£ ESS
o

V /7

g
re

CK-MB (lU/L)
g

CVB3+BBR 100mg/kg

FIGURE 2 BBR protects mice heart lesion from CVB3-induced myocarditis mice. A, Heart histological examination by H&E staining.
Upper images, scale bars = 50 um, magnification x200 and lower images, scale bars = 20 um, magnification x400. B, The heart lesion degree
evaluated by blind scoring methods from H&E staining (n = 8). C, The myocardial zymogram containing AST, (D) CK-MB, (E) LDH, and

(F) CK in mice serum were determined by an automatic biochemistry analyzer (n = 6). Data show mean values + SEM of mice. AST, aspartate
aminotransferase; BBR, berberine; CK, creatine kinase; CK-MB, creatine kinase-MB fraction; CVB3, coxsackievirus B3; H&E, hematoxylin
and eosin; LDH, lactate dehydrogenase. **p <.01, ***p <.001

29 |

Mice were killed at Day 7 postinfection. Hearts were collected under
aseptic conditions and homogenized in 1 ml of PBS. Heart homo-
genates were subjected to three freeze-thaw cycles. The virus titers

Measurement of virus titer

were determined by a 50% tissue culture infective dose (TCIDs0)
assay.” Briefly, HeLa cells were seeded into 96-well plates until they

reached 70% confluence. A series of diluted supernatants were in-
oculated with Hela cells at 37°C, 5% CO, for 72 h. The virus titers
were calculated by the Reed-Muench method.
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2.10 | Statistical analysis

Survival data were analyzed by the Kaplan-Meier method and com-
pared with a log-rank test. The data are presented as the mean +
SEM. Statistical analysis was performed by a one-way analysis of
variance followed by Tukey's post hoc test using GraphPad Prism 7.

A value of p less than .05 was accepted as statistically significant.

3 | RESULTS

3.1 | BBR improves survival in
CVB3-infected mice

To analyze the probable protective efficacy of BBR against CVB3
infection in mouse model, the mice that suffered from CVB3 infec-
tion were daily administrated with BBR by gavage. After BBR
treatment for 7 days, the mice infected with CVB3 alone showed a
45.83% survival rate, whereas the mice treated with CVB3+BBR
showed a 62.50% (BBR 50mg/kg) and 79.17% (BBR 100 mg/kg)
survival rate (Figure 1C). Even though the survival rate of
CVB3+BBR (50 mg/kg)-treated mice was not statistically different
from the CVB3-infected mice, the survival rate of the CVB3+BBR

(A)

Control

CvVB3

CVB3+BBR
50mg/kg

CVB3+BBR
100mg/kg
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(100 mg/kg)-treated mice was significantly higher than that of the
CVB3-infected mice (Figure 1C), suggesting that BBR may be used as

a protective reagent against CVB3 infection in vivo.

3.2 |
lesion

BBR protects mice from CVB3-induced heart

To further evaluate the protective effect of BBR on CVB3-infected
mice, the hearts of CVB3-infected mice treated with or without BBR
were harvested. The evaluation of heart edema as determined by the
HW/BW ratio revealed that BBR treatment significantly reduced
heart edema in CVB3-infected mice (Figure 1D,E). The analysis of
heart lesion by H&E staining demonstrated that the mice infected
with CVB3 suffering from BBR treatment displayed less myocardial
necrosis than the CVB3-infected mice (Figures 2A,B). Given myo-
cardial lesion might lead to increased levels of CK-MB, AST, CK, and

LDH in serum, we further analyzed the contents of myocardial en-

zymes in the serum of the mice. Lower contents of CK-MB, AST, CK,
and LDH were observed in the mice treated with CVB3+BBR than
the mice that suffered from CVB3 infection (Figure 2C-F). Therefore,
these results demonstrated that BBR protects mice from CVB3-
induced heart damage.
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FIGURE 3 BBR protects heart function from CVB3-induced myocarditis mice. A, Echocardiogram experiments. B-C, The results of ejection
fraction and fractional shortening are shown. Data show mean + SEM of mice. BBR, berberine; CVB3, coxsackievirus B3. *p < .05,

**p <.01, ***p<.001
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FIGURE 4 BBR inhibits titer of CVB3 in vivo. A, The IHC staining for the CVB3 particles in mouse myocardium of the indicated groups.
B, The mRNA expression level of the virus vp1 gene in mouse myocardium upon CVB3 infection or BBR treatment (n = 3). C, The viral titer from
mouse hearts was determined by the Reed-Muench method (n = 3). Data show mean + SEM of mice. BBR, berberine; CVB3, coxsackievirus
B3; IHC, immunohistochemistry; mrna, messenger RNA. *p < .05, ***p <.001

3.3 | BBR protects heart function from CVB3-
induced myocarditis in vivo

To observe the role of BBR in protecting mice from CVB3-induced
heart dysfunction, the cardiac function indexes including EF and
FS were evaluated by cardiac echocardiography. The CVB3-infected
mice treated with BBR showed an increased EF and FS compared to
CVB3-infected mice (Figure 3A-C), suggesting that BBR protects the

mice from CVB3-induced heart dysfunction.

3.4 | BBR inhibits CVB3 titer in vivo

Numerous studies have suggested that CVB3 replication might di-
rectly lead to myocardium injury.'®** As BBR significantly impaired
CVB3-induced mouse mortality and heart injury (Figures 1 and 2), we
further evaluated whether the protective efficacy of BBR occurs
through the direct inhibition of CVB3 replication. Results revealed

that CVB3 particles (Figure 4A) as well as vp1 mRNA expression
level (Figure 4B) in the mouse myocardium were lower in the
CVB3+BBR-treated mice than that in the CVB3-infected mice.
The virus titer in the heart homogenates of the CVB3+BBR-treated
mice also showed a lower level than that observed in the
CVB3-infected mice (Figure 4C), confirming that BBR attenuates
CVB3-induced heart injury through the inhibition of virus replication.

3.5 | BBR diminishes CVB3-induced production of
pro-inflammtory mediators and macrophage
infiltration in vivo

Excessive inflammation plays a crucial role in the progression of
virus-induced myocardial injury.’® Therefore, in this study, we
firstly investigated the levels of pro-inflammatory cytokines and
chemokines in the serums of CVB3-infected mice. ELISA assay re-
vealed that the levels of TNF-a, IL-6, IL-1f8, CCL2, CCL5, and
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FIGURE 5 BBR diminishes CVB3-induced expression of cytokines and chemokines. The production levels of (A) CCL2, (B) CCL5,
(C) CXCL10, (D) TNF-a, (E) IL-6, and (F) IL-1B in mice serum were determined by ELISA (n = 4). Data show mean + SEM of mice. BBR, berberine;
CCL2, C-C motif chemokine ligand 2; CVB3, coxsackievirus B3; CXCL10, C-X-C motif chemokine ligand 10; IL-6, interleukin-6; TNF-a, tumor

necrosis factor-a. *p <.05, **p<.01, ***p<.001

CXCL10 were significantly decreased in the serum of the
CVB3+BBR-treated mice when compared to that of the CVB3-
infected mice (Figure 5A-F). Given macrophage over activation is
responsible for the production of the pro-inflammatory mediators
as well as the promotion of inflammation-induced heart lesion upon
CVB3 infection, we further analyzed the percentage of infiltrated
macrophages in the heart tissues of CVB3-infected mice followed
by BBR treatment. Results from IF staining showed that the per-
centage of infiltrated CD68* macrophages in the myocardium of
CVB3+BBR-treated mice were significantly lower than that of the
CVB3-infected mice (Figure 6A), indicating that BBR decreases
the infiltration of inflammation-related macrophages upon CVB3
infection.

In addition to the inhibition of inflammation response upon virus
infection, activation of T cell response has also been implied to re-
duce CVB3-induced tissue damage. Hence, we further analyzed the
percentages of CD4" and CD8" T cells in heart tissues upon CVB3
infection and BBR treatment. Flow cytometry analysis revealed that
the proportion of CD4"/CD3" T cells or CD8"/CD3" T cells in the
spleens of the CVB3+BBR-treated mice was comparable to that
observed in the CVB3-infected mice (Figure 6B-E), indicating that
BBR does not apparently alter T cell-mediated antiviral activity in
CVB3-induced myocarditis.

4 | DISCUSSION

Myocarditis is often defined as an inflammatory condition of the
heart. Although it can be caused by pathogens or noninfectious
agents, the virus is the major cause of myocarditis.’” A variety of
viruses are associated with myocarditis in humans, including en-
teroviruses, adenoviruses, influenza viruses, cytomegaloviruses,
parvoviruses, herpes viruses, and human immunodeficiency virus.
Moreover, it has been well-known that the CVB3 is the most pre-
valent pathogen in causing VMC.*** However, there is no specific
treatment to deal with CVB3-induced myocarditis in the clinic.

It has been reported that BBR has multi-pharmacological efficacy,
such as antiviral, antibacterial, and hypotensive efficacies.” In our
previous work, we have shown that BBR exerts an antiviral effect by
inhibiting the replication of CVB3 in HeLa cells.® Mechanistically, BBR-
mediated inhibition of CVB3 has been demonstrated to be depen-
dent on the suppression of the JNK and p38 MAPK signaling pathway.
However, it remains to be further investigated whether BBR is ef-
fective in impairing CVB3-induced VMC in vivo. Therefore, we further
investigated BBR's antiviral activity in vivo by using a CVB3-induced
myocarditis mouse model. Here, we provided evidence showing that
BBR reduces CVB3-induced mouse mortality and myocardial lesions
as well as relieves heart dysfunction by lowering virus titers. Similar to
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FIGURE 6 BBR attenuates the increased infiltration of immune cells in CVB3-infected mice. A, The infiltration of CD68" macrophages were
evaluated by immunofluorescence staining. B-E, The proportion of CD4" and CD8" T lymphocytes to total cells isolated from mouse spleens
was determined by flow cytometry (n = 3). BBR, berberine; CVB3, coxsackievirus B3

our study, other researchers have discovered that 2-(3,4-dichloro-
phenoxy)-5-nitrobenzonitrile reduces CVB3-induced myocarditis by
decreasing CVBS3 titers,'® further proving that the reduction of virus-
induced damage is vital for relieving the development of CVB3
myocarditis.

Apart from virus replication-induced tissue damage,lo'11

re-
search have also demonstrated that the excessive inflammatory
reaction-induced upon CVB3 infection can aggravate tissue
injury.’”  Specifically, the sustained production of pro-
inflammatory cytokines, chemokines, and recruitment of over-
active immune cells contribute to the pathological changes of the
CVB3-infected mouse myocardium.*® In this study, BBR treatment

has been proven to reduce the infiltration of pro-inflammatory

macrophages, and production of inflammatory cytokines and
chemokines following CVB3 infection in vivo, suggesting that BBR
relieves CVB3 myocarditis through the suppression of pro-
inflammtory mediator generation and macrophage infiltration
caused by CVB3 replication. Consistent with our findings, re-
searchers from other groups have also demonstrated a protective
efficacy of BBR against other virus-associated infection by redu-
cing the generation of pro-inflammatory cytokines.*?:?°

In summary, our studies demonstrated that BBR exhibits pro-
tective efficacy against CVB3-induced myocarditis in mice by inhibit-
ing CVB3 replication, production of pro-inflammatory mediators, and
macrophage infiltration, indicating the therapeutic potential of BBR on
attenuating CVB3 infection in vivo.
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