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Andrographolide attenuates viral myocarditis
through interactions with the IL-10/STAT3 and
P13K/AKT/NF-kf signaling pathways
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Abstract. As a cardiac disease caused by the inflammation
of the heart muscle, viral myocarditis (VMC) causes dilated
cardiomyopathy, congestive heart failure and even death. With
anti-inflammatory activities, andrographolide has been used
in the treatment of various human diseases. In the present
study, therapeutic effects of andrographolide on VMC were
investigated using a VMC mouse model. Measurement of
physiological indexes and echocardiographic examination
was performed to explore the effects of andrographolide
on cardiac function in mice with VMC. Levels of TNF-a.,
hs-CRP and cTnl in serum were measured by enzyme-linked
immunosorbent assay (ELISA). Effects of andrographolide on
the expression of L-10, STAT3, NF-«xf p65 and NF-«f3 p50
were investigated by western blot analysis. Results indicated
that andrographolide treatment reduced serum levels of
TNF-a, hs-CRP and cTnl, increased the expression levels
of IL-10 and STAT3 and reduced the expression levels of
NF-kf3 p65 and NF-kf3 p50 and the phosphorylation levels
of phosphoinositide 3-kinase (P13K) and AKT in the heart
tissues of mice with VMC. In addition, andrographolide
also increased the expression level of Ikfa in heart tissue.
Therefore, it was concluded that andrographolide may inhibit
the progression of VMC by interacting with the IL-10/STAT3
and NF-kf} signaling pathways.
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Introduction

Myocarditis refers to the inflammatory condition of the heart
caused by various factors (1). Clinical manifestations of
myocarditis range from mild dyspnea to heart failure or even
sudden death (2). Although infection with parasites, fungi and
bacteria, drug-induced hypersensitivity and autoimmune disor-
ders all induce myocarditis, viruses, including enteroviruses,
influenza viruses, adenoviruses, parvoviruses, cytomegalovi-
ruses, human immunodeficiency virus and herpes viruses, are
the most common causes of myocarditis (3). High incidence of
viral myocarditis (VMC) is observed in young individuals, and
it has been reported that VMC is responsible for 12% sudden
deaths in patients who were younger than 40 years (4,5).
Besides damages of cardiac tissues directly caused by viruses,
reactive inflammatory responses caused by viral reaction also
significantly promote cardiac injury (6). Although, short-term
outcomes of treatment of VMC are usually satisfactory,
patients recovered from VMC may develop heart failure and
recurrent dilated cardiomyopathy years later (2). Therefore,
it would be of great clinical value to identify novel drugs to
improve the treatment outcomes of VMC.

As a labdane diterpenoid isolated from
Andrographispaniculata, andrographolide has been widely
used in treatment of various human diseases including different
types of cancers (7), obesity (8), oxidative damage (9), and so on.
Andrographolide is also a safe and effective drug for treatment
of various inflammatory diseases (10). A recent study reported
that andrographolide improved cardiac malfunctions in mice
by reducing cell apoptosis and inhibiting phosphorylation of
IxB (11). In another study, andrographolide was proved to effec-
tively improve infections of different viruses (12). In view of the
pathogenesis of VMC and the functionality of andrographolide,
it will be reasonable to hypothesize that andrographolide may
also has certain therapeutic effects on VMC.

In this this, mice VMC model was established by
Coxsackie B3m virus infection, which is a main cause of
VMC in human (13). Andrographolide was used to treat
mice VMC model and its effects on cardiac function was
detected. In addition, interactions between andrographolide
and IL-10/STAT3 pathway and phosphoinositide 3-kinase
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(P13K)/AKT/NF-kf3 pathway were also investigated. The
report is as follow:

Materials and methods

Establishment of mice VMC model and treatments.
Thirty-mice (4-6 weeks old) were purchased from BALB/c
Mice Guangdong Medical Laboratory Animal Center
(Guangzhou, China). Mice were randomly divided into three
groups including control group, model group and androgra-
pholide group (n=10). One week before model construction,
mice in Andrographolide group were intraperitoneally
injected with 100 pl PBS containing Andrographolide at a
dose of 1 mg/kg, while mice in control group and model group
were only injected with 100 1 PBS. Mice were subjected to
intraperitoneal injection of 0.2 ml PBS solution containing
1x10° PFU Coxsackie B3 m virus (CVB3m, Nancy) to induce
VMC. This study has been approved by the ethics committee
of Jining No. 1 People's Hospital.

Measurement of physiological indexes. One week after model
construction, physiological indexes including heart weight/body
weight (HW/BW), heart rate (HR), mean arterial pressure
(MAP), high left ventricular diastolic end pressure (LVDEP)
and ventricular contractility assessment (dP/dt) were measured
using conventional methods. All indexes were measured
3 times, and the data were expressed as mean + SD.

Echocardiographic examination. Echocardiographic exami-
nation was performed at 1 week after model construction.
After anesthesia with isoflurane, M-model imaging was
performed through two-dimensional echocardiography (Sonos
5500; Philips Medical Systems, Inc., Bothell, WA, USA) using
a 12-MHz probe to measure left ventricular systolic dimen-
sion (LVDs), left ventricular diastolic dimension (LVDd),
anterior wall thickness (AWT) and posterior wall thick-
ness (PWT). All indexes were measured 3 times, and the data
were expressed as mean + SD.

Enzyme-linked immunosorbent assay (ELISA). Blood (about
1 ml) was collected by cutting the tail at 1 week after model
construction. Blood samples were centrifuged (10,000 rpm)
at room temperature for 10 min to separate serum. Levels of
TNF-a, hsCRP and cTnl were measured by ELISA using kits
provided by R&D Systems, Inc., (Minneapolis, MN, USA).
Briefly, standard solutions were made through serial dilution
of TNF-a, hsCRP and c¢Tnl stock solutions with diluent buffer
in the kits to generate standard curves. Biotin-labeled human
TNF-a, hsCRP and cTnl antibodies were used at a dilution of
1:800. Avidin-peroxidase complex was sued at a dilution of
1:500. OD values at 480 nm were measured using a microplate
reader. ELSTA was performed 3 times, and the data were
expressed as mean + SD.

Western blot analysis. Mice were sacrificed 1 week after
model construction, and the whole heart was collected. Heart
was cut into pieces and ground in liquid nitrogen. Total
protein was extracted from heart tissues using conventional
method, and BCA method was used to quantify protein
concentration. After that, 40 ug of protein was subjected to

2139

10% SDS-PAGE gel electrophoresis, followed by transmem-
brane to PVDF membrane. After blocking with 5% skimmed
milk, membranes were incubated with rabbit anti-NF-xB
p65 antibody (1:1,000, ab16502), rabbit anti-NF-kB p50 anti-
body (1:1,000, ab32360), rabbit anti-IL-10 antibody (1:1,000,
ab9969), rabbit anti-STAT3 antibody (1:1,000, ab76315), rabbit
anti-p-PI3K antibody (1:2,000,ab182651), rabbit anti-PI3K anti-
body (1:2,000, ab5451), rabbit anti-p-AKT antibody (1:2,000,
ab18206), rabbit anti-AKT antibody (1:2,000, ab126811),
rabbit anti-Ixfa antibody (1:1,000, ab76429), and rabbit
anti-GAPDH antibody (1:1,000, ab8245; all purchased from
Abcam, Cambridge, UK) overnight at 4°C. After washing with
TBST 3 times, 15 min for each time, anti-rabbit IgG-HRP
secondary antibody (1:1,000, MBS435036; https://www.
mybiosource.com) was used to incubated with membranes
at room temperature for 2 h. After washing with TBST, ECL
detection reagent (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was used to detect the signals. Band intensity within
a frame covers all bands was measured using ImagelJ software
(National Institutes of Health, Bethesda, MD, USA). Intensity
of target band was normalized to that of endogenous control.
We added this information. Each experiment was performed
3 times, and the data were expressed as mean + SD.

Statistical analysis. Statistical analyses were performed
using SPSS v.19.0 (SPSS, Inc., Chicago, IL, USA). All data
were expressed as mean * standard deviation (mean + SD).
Comparisons of data among multiple groups were performed
using one-way analysis of variance, followed by LSD test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Comparison of physiological indexes among groups.
Physiological indexes were measured 1 week after model
construction. As shown in Table I, HR and MAP signifi-
cantly decreased, and HW/BW, LVDEP and Min dP/dt
significantly increased in model group compared with control
group (P<0.05), indicating the impaired cardiac function
caused by VMC. Compared with model group, HR and MAP
significantly decreased and HW/BW, LVDEP and Min dP/dt
significantly decreased in andrographolide group (P<0.05).
Those data suggest that andrographolide treatment can inhibit
the reduction in cardiac function caused by VMC.

Comparison of echocardiographic examination results among
groups. As shown in Table II, echocardiographic examination
results showed that LVDd, LVDs, PWT diastole and AWT
diastole were significantly increased in model group than in
control group (P<0.05). Compared with model group, LVDd,
LVDs, PWT diastole and AWT diastole significantly reduced
in andrographolide group. Those data suggest that androgra-
pholide treatment can significantly reduce the adverse effects
of VMC on cardiac function.

Comparison of serum levels of TNF-a, hs-CRP and cTnl
between groups. TNF-a, hs-CRP and cTnl are closely related
to the development of VMC. As shown in Fig. 1, serum levels
of TNF-a, hs-CRP and cTnl significantly increased in model
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Table I. Comparison of physiological parameters between groups.

Items Control Model Andrographolide
HR (bpm) 391.2+5.1 334.1£3.9 377.4+9.6°
MAP (mmHg) 98.4+7.7 71.3+4.8* 87.5+4.6
HW/BW (g/kg) 24+0.1 3.9+0.1* 2.7£0.1°
LVDEP (mmHg) 4.4+0.7 6.3+0 .4 5.0£0.5°
Min dP/dt (mmHg/s) -7998.6+£345.2 -4675.8£312.5° -6671.7£341.9°

1P<0.05 compared with the control group; "P<0.05 compared with the model group. HR, heart rate; MAP, mean arterial pressure; HW/BW,
heart weight/body weight; LVDEP, left ventricular diastolic end pressure; dP/dt, ventricular contractility assessment.

Table II. Comparison of echocardiographic examination
results between groups.

Items Control ~ Model  Andrographolide
LVDd (mm) 70+0.1 7.4+0.1* 7.0+0.1°
LVDs (mm) 3.5+0.1 4.7+0.2* 3.9+0.2°
PWT diastole (mm) 1.6+0.2 2.8+0.3* 1.9+0.1°
AWT diastole (mm) 1.5+0.1 2.9+0.2* 1.8£0.2°

"P<0.05 compared with the control group; °P<0.05 compared with the
model group. LVDd, left ventricular diastolic dimension; LVDs, left
ventricular systolic dimension; PWT, posterior wall thickness; AWT,
anterior wall thickness.

group than in control group (P<0.05), indicating the progres-
sion of VMC in mice of model group. Compared with model
group, serum levels of TNF-a, hs-CRP and cTnl were signifi-
cantly reduced in andrographolide group (P<0.05). Those data
suggest that andrographolide treatment can inhibit the devel-
opment of VMC by reducing serum levels of TNF-a, hs-CRP
and cTnl.

Effects of andrographolide on IL-10/STAT3 pathway.
IL-10/STAT3 pathway mediates the anti-inflammatory signal
transduction in various pathological processes. As shown in
Fig. 2, expression levels of IL-10 protein and STAT3 protein in
heart tissues were significantly reduced in model group than
in control group (P<0.05), indicating that the inhibition of
IL-10/STATS3 pathway is involved in the development of VMC.
Compared with model group, expression levels of IL-10 protein
and STATS3 protein in heart tissue significantly increased
in andrographolide group (P<0.05). Those data suggest that
andrographolide treatment can inhibit the development of
VMC by activating IL-10/STAT3 anti-inflammatory pathway.

Effects of andrographolide on NF-kf; pathway. NF-k[3 pathway
plays pivotal roles in development of various human diseases,
and PI3K/Akt signaling pathway is involved in the activation
of NF-xf pathway by regulating the degradation of Ixfa. As
shown in Fig. 3A-D, no significantly differences in levels of
total PI3K and Akt in heart tissue were found between groups,
while phosphorylation of PI3K and Akt significantly increased

in model group compared with control group (P<0.05),
indicating the activation of PI3K/Akt signaling pathway.
Compared with model group, phosphorylation of PI3K and
Akt significantly decreased in andrographolide group. In
contrast, level of Ixkfa significantly decreased in model group
compared with control group (P<0.05). Compared with model
group, level of Ixpa significantly increased in andrographolide
group. In addition, as shown in Fig. 3E-G, levels of NF-x[3 p65
and NF-xf p50 significantly increased in model group than in
control group (P<0.05), indicating the involvement of NF-«kf3
pathway in progression of VMC. Compared with model group,
levels of NF-kf3 p65 and NF-xf} pS0 significantly decreased
in andrographolide group (P<0.05). Those data suggest that
andrographolide treatment may inhibit the development of
VMC by inhibiting PI3K/Akt/NF-xf} pathway.

Discussion

Andrographolide is the main active ingredient of Andrographis
paniculata, which is traditional herbal medicine that has been
widely used in Scandinavia and Asia to treat sore throat, upper
respiratory tract infections and flu (10,14). Recently, effects of
andrographolide on virus infection have also been reported.
Wintachai ef al (15), reported that andrographolide could
significantly alleviate chikungunya virus infection by inhib-
iting or stimulating a variety of targets. In the present study
of cervical carcinoma, Ekalaksananan et al (16), found that
andrographolide and its derivatives inhibited HPV16 pseudo-
virus infection by inhibiting the expression of viral oncogene.
In another study, andrographolide was proved to inhibit the
activity of hepatitis C virus by increasing the expression
level of haeme oxygenase-1 through interactions with p38
MAPK/Nrf2 pathway in hepatoma cells of human (17). As a
cardiac disease caused by virus infection, VMC significantly
affects cardiac function. Even worse, cardiac function may be
impaired after the recovery from VMC (18). Consistent with
previous studies, cardiac function was significantly reduced
in mice VMC model compared with control mice. However,
VMC mice pretreated with andrographolide showed signifi-
cantly better cardiac function compared with VMC mice
without andrographolide treatment. Those data suggest that
andrographolide can improve impaired cardiac function after
VMC. Cardiac TNF-a, hs-CRP and cTnl play pivotal roles
in development of VMC, and detection of levels of TNF-a,
hs-CRP and cTnl have been proved to be an effective and
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Figure 1. Comparison of serum levels of TNF-a., hs-CRP and cTnl between groups. (A) Serum levels of TNF-a in three groups, (B) serum levels of hs-CRP in
three groups and (C) serum levels of ¢Tnl in three groups. ‘P<0.05 as indicated.
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Figure 2. Expression of IL-10 and STAT3 in three groups. (A) Representative western blot results, (B) relative expression level of IL-10 protein in three groups
and (C) relative expression level of STAT3 protein in three groups. ‘P<0.05 as indicated.
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Figure 3. Effects of andrographolide treatment on PI3K/Akt/NF-kf§ pathway. (A) Representative western blot results, (B) relative level of p-PI3K in three
groups, (C) relative level of p-AKT in three groups, (D) relative level of Ikfa in three groups, (E) representative western blot results, (F) relative expression
level of NF-«f3 p65 in three groups and (G) relative expression level of NF-kf p50 in three groups. "P<0.05 as indicated.
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accurate method to predict VMC (19). In our study, serum
levels of TNF-a, hs-CRP and cTnl were significantly increased
in mice VMC model, while andrographolide pretreatment
significantly inhibited the increase in serum levels of TNF-a,
hs-CRP and cTnl in mice with VMC. Those data suggest that
andrographolide treatment can promote VMC by reducing
serum levels of TNF-a, hs-CRP and cTnl.

To investigate the molecular mechanism of the therapeutic
effects of andrographolide on VMC, the possible involve-
ment of IL-10/STAT3 pathway was investigated. Cardiac
injury caused by reactive inflammatory responses after viral
reaction has stronger promotion effects on development of
VMC compared with the cell damages directly caused by
virus (6). As an anti-inflammatory factor, IL-10 inhibits
various human diseases by mediating anti-inflammatory
response (20). Animal studies have showed that increased
levels of IL-10 protected heart cells from damages caused
by acute myocarditis (21). IL-10 achieves it biological func-
tions by interacting with its downstream STAT3, which is a
transcription factor and regulates the expression of various
targets (20). In our study, expression levels of IL-10 and
STAT3 were significantly lower in mice with VMC than in
control mice, indicating the involvement of IL-10/STAT?3
in development of VMC. Compared with model group,
andrographolide pretreatment significantly inhibited the
decrease in expression levels of IL-10 and STAT3. Those
data suggest that andrographolide may improve VMC by
activating IL-10/STAT3 pathway.

NF-«xf} pathway is involved in the pathogenesis of VMC
through the regulation of immune responses (22), and the
excessive inflammation caused by NF-kf} pathway in VMC is
the main cause chronic heart failure and cardiac hypertrophy.
Previous studies have shown that drug that targets NF-kf3
pathway can be used to treat VMC (23). It's well accepted that
activation of NF-xf} can be mediated by PI3K/Akt signaling
pathway via the regulation of Ixfa degradation (24,25). In
our study, phosphorylation levels of PI3K and Akt increased,
while level of IxPa decreased by VMC. In addition, expres-
sion levels of NF-xf§ p65 and NF-kf3 p50 also increased in
VMC. Those results suggest that PI3K/Akt/NF-kff pathway is
activated in the progression of VMC. Compared with model
group, andrographolide pretreatment significantly inhibited
the phosphorylation of PI3K and Akt, decreased the level of
IxPa in heart tissue and downregulated the expression levels
of NF-xff p65 and NF-kp p50. Those results suggest that
andrographolide treatment may improve VMC by inhibiting
PI3K/Akt/NF-kf} pathway.

In conclusion, andrographolide may improve VMC by
inhibiting the increase in serum levels of TNF-a, hs-CRP and
cTnl caused by VMC, activating IL-10/STAT3 anti-inflam-
matory pathway and inactivating PI3K/Akt/NF-«xf pathway.
Further clinical studies are needed to confirm our conclusions.
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