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Abstract: Andrographolide is the major compound found in the medicinal plant,
Andrographis paniculata (Burm.f.) Nees, which accounts for its medicinal properties.
Both the plant extract and compound have been reported to exhibit potential cardiovas-
cular activities. This review summarises related studies describing the biological activ-
ities and target mechanisms of 4. paniculata and andrographolide in vivo and in vitro.
The current evidence unambiguously indicated the protective effects provided by
A. paniculata and andrographolide administration against myocardial injury. The inter-
vention ameliorates the symptoms of myocardial injury by interfering with the inductive
phase of a) inflammatory response mediated by nuclear factor-kappa B (NF-kB), phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), mitogen-activated protein kinase
(MAPK) and signal transducer and activator of transcription 3 (STAT3) signalling
molecules; b) oxidative stress via activation of nuclear factor erythroid 2-related factor
(Nrf-2) and reduction of enzymes responsible for generating reactive oxygen and nitrogen
species; ¢) intrinsic and extrinsic mechanisms in apoptosis regulated by upstream insulin-
like growth factor-1 receptor (IGF-1R) and peroxisome proliferator-activated receptor-
alpha (PPAR-0); d) profibrotic growth factors thus reducing cardiac fibrosis, improving
endothelial function and fibrinolytic function. In conclusion, 4. paniculata and andro-
grapholide possess therapeutic potential in the management of myocardial injury, which
requires further validation in human clinical trials.

Keywords: Andrographis, myocardial infarction, inflammation, oxidative stress, apoptosis,
fibrosis

Introduction

Myocardial injury is the damage to myocardium affecting the heart function. It can
be detected by the elevation of cardiac troponin concentration exceeding the 99th
percentile of the reference population or the upper reference limit.' It can be
classified into acute and chronic conditions. Acute myocardial injury refers to
dynamic increase and/or decrease of troponin concentration, whereas chronic myo-
cardial injury is characterised by persistent elevated troponin concentration. Both
conditions can result from cardiovascular or non-cardiovascular factors in clinical
practice." Treatment strategies for type I myocardial infarction are well established,
but there is no clinical guidance or recommended therapy for patients with other
myocardial injury categories.>> These shortcomings prompt the search for alter-

native agents to manage myocardial injury.
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Andrographis paniculata (Burm.f.) Nees is a herbaceous
plant traditionally used to treat rheumatoid arthritis, diar-
rhoea, upper respiratory tract infection, laryngitis, fever, and
cancer in China, India, and Southeast Asia.* It is also gen-
erally known as “the king of bitters” due to its extremely
bitter taste. The local name in Malaysia is “hempedu bumi”,
loosely translated as “earthly bile”, reflecting its bitter taste.
Andrographolide (Figure 1) is a natural diterpenoid lactone
extracted from A. paniculata (Burm.f)) Nees. Scientific
research revealed that andrographolide is the phytoconstitu-
ent accounts for the medicinal properties of 4. paniculata
(Burm.f.) Nees. Both plant extract and its bioactive com-
pound are proven through pharmacological research to pos-

sess extensive biological effects, such as anti-neoplasm,””’

1213 anti-

16,17

anti-bacteria,>’ anti-malaria,'®!! hepatoprotection,

10,13-15

inflammation, anti-oxidant,'®

14,18

anti-apoptosis,
anti-fibrosis, and cardioprotection.'” Among these, the
latter three bioactivities are closely associated with the man-
agement of myocardial injury.

Increasing evidence demonstrated the potential beneficial
use of A. paniculata (Burm.f.) Nees in humans against respira-
tory tract infections,”®  diabetes,”! inflammatory bowel

sclerosis,23
6

diseases,” fatigue reduction in multiple

osteoarthritis,”* common cold,” and hypertriglyceridaemia.”

@)
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Figure | The chemical structure of andrographolide.

The doses of A. paniculata (Burm.f.) Nees used in these human
trials range from 300 to 1800 mg/day. Clinical trials indicated
that andrographolide is a promising therapy for multiple
sclerosis,”’ rheumatoid arthritis,”® as well as hand, foot, and
mouth diseases.”’ Much lower doses of andrographolide than
A. paniculata (Burm.f.) Nees have been tested, varying from 5
to 140 mg/day. In addition, an array of studies reported that
andrographolide and its original plant source, A. paniculata
(Burm.f.) Nees are generally non-toxic when taken orally.***'
For these reasons, studies on the pharmacological functions of
andrographolide are still in progress today.

With the presence of diverse pharmacological effects in
andrographolide and A. paniculata (Burm.f.) Nees, particu-
larly in reducing cardiac fibrosis and improving cardiac
function, it is imperative to review and consolidate current
evidence on their beneficial effects against myocardial injury.
The molecular mechanism underlying their protective effects
are also scrutinised. To date, the investigation on the effects
of A. paniculata (Burm.f)) Nees and andrographolide in
patients with myocardial injury is limited. This review pro-
vides an overview of the pharmacological properties that
could promote the development and application of androgra-
pholide and 4. paniculata (Burm.f.) Nees as prophylactic or
therapeutic agents for myocardial injury.

General Isolation of
Andrographolide from A. paniculata
(Burm.f.) Nees

Andrographolide has been extracted from A. paniculata
(Burm.f.) Nees by researchers using different types of sol-
vents, including dichloromethane, methanol, ethanol, and
toluene. A rapid isolation method was developed two dec-
ades ago using a mixture of dichloromethane and methanol at
1:1 ratio, methanol, or 95% alcohol as solvents. The extracts
were filtered and solvents were removed under vacuum.*
Pundarikakshudu et al employed five simple methods for
A. paniculata (Burm.f)) Nees isolation. The three isolation
methods used toluene as solvent for cold maceration, fol-
lowed by refluxing in a mixture of dichloromethane and
methanol (1:1), methanol, or ethanol. Another two isolation
methods were conducted with maceration in methanol or
mixture of dichloromethane and methanol (1:1). The extracts
obtained from these approaches were filtered and evaporated
to form solid crystalline mass.>® Recently, commercial
Andrographis products were used to obtain their methanolic
extracts. The product was soaked in methanol, sonicated at
room temperature for 60 minutes, filtered through filter
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paper, and evaporated under vacuum.** Analysis of thin-
layer or high-performance liquid chromatography detected
the presence of andrographolide in all these extracts.*>>* In
general, the extraction protocol was initiated with maceration
of leaf powder in solvent, followed by filtration through filter
paper. Next, the solution was evaporated under reduced
pressure to yield the green-colour powdered crude extract

containing andrographolide.

Literature Search

Literature search was performed using PubMed and Scopus
search engines. The keywords used are “(Andrographis pani-
culata OR andrographolide) AND (myocardial injury OR
myocardial infarction OR ischaemia OR endothelial dysfunc-
tion OR cardiomyocyte)”. The search identified 17 articles in
PubMed and 69 articles in Scopus databases from inception
until February 15, 2021. All articles were written in English.
We excluded duplicate articles (n=13) retrieved from two
search engines. The remaining search results were screened
by referring to the title, abstract, and full-text. We included
in vitro and in vivo studies demonstrating the effects and
mechanism of action of 4. paniculata (Burm.f.) Nees and
andrographolide on myocardial injuries. The screening of the
search results excluded 26 review articles and 32 irrelevant
articles not fulfilling the inclusion criteria. A total of 15 original
research articles were included in this review (Figure 2).

Nomenclature of the Plant Extract

The accurate nomenclature of plants is crucial in all scien-
tific studies reporting the pharmacological effects of plants
to avoid ambiguities and error.*> A total of seven studies in
this review examined the effects of 4. paniculata (Burm.f.)

17,3641

Nees against myocardial injuries in animals.

However, there was only one study performed the

Records identified through database

searching

PubMed: 17

Scopus: 69
Duplicate: 13

Records screened for relevance
Total: 73

Review: 26
Irrelevant: 32

Records included in this review
Total: 15

Figure 2 The framework for the selection of relevant studies.

verification of plant extract by one of the researchers in
their group and the specimen has been deposited in her-
barium with a voucher number.'” The correct nomencla-
ture of the plant taxonomically is “A paniculata (Burm.f.)
Nees”.

Acanthaceae Juss. and genus Andrographis Wall. ex

This plant is categorised under the family

Nees. Hence, the name of the plant has been written
correctly in this review.

Effects of Andrographolide on

Myocardial Injury in Animals

A. paniculata (Burm.f.) Nees plant extract or andrographolide
increased mean arterial pressure (MAP), heart rate, and
improved myocardial function in animals. Left ventricular
ejection fraction (LVEF), fractional shortening (LVFS), end-
systolic pressure (LVESP), early to late mitral flow (E/A ratio),
rate of intra-ventricular pressure rise and decline (+=dP/dt), and
cardiac output were increased, whereas left ventricular end-
diastolic pressure (LVEDP), internal dimension in systole
(LVDS), end systolic diameter (LVESd), end diastolic dia-
meter (LVEDd), posterior wall dimension (LVPWd), and

d!8364944 afier administration

infarction size were decrease
of A. paniculata (Burm.f.) Nees extract or andrographolide.
Histological assessment revealed that the pathological changes
of heart tissue were repaired after treatment of 4. paniculata
(Burm.f.) Nees or andrographolide (as seen by reduced inter-
stitial spaces, fibrosis, myocardial degeneration, distortion in
the cardiomyocyte arrangement, cell oedema, degree of necro-
sis, and neutrophil infiltration).!”>*#!4>4¢ Administration of
A. paniculata (Burm.f.) Nees or andrographolide also reversed
cardiac fibrosis [indicated by lowered fibrosis marker such as
alpha-smooth muscle actin (a-SMA)] and cardiac hypertrophy
[cross-sectional area of cardiomyocytes, heart weight normal-
ised with tibia length or body weight, atrial natriuretic peptide
(ANP), brain natriuretic peptide (BNP), and beta-myosin
heavy chain were reduced].'”'®**> Malignant arrhythmia
was absent, ischaemic electrocardiogram and damage to myo-
cardial ultrastructure were milder in mongrel dogs with myo-
cardial ischemia and reperfusion injury receiving A. paniculata
(Burm.f)) Nees extract.***” The changes in myocyte-specific
enzymes, such as creatine phosphokinase-MB (CK-MB) and
lactate dehydrogenase, were also noted with A. paniculata
(Burm.f.) Nees treatment.***' Survival rate was improved in
a rat model of autoimmune myocarditis induced by
Mycobacterium tuberculosis-supplemented porcine cardiac
myosin* and myocardial infarction induced by left coronary
artery ligation'® upon administration of andrographolide.
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In summary, A. paniculata (Burm.f.) Nees extract or
andrographolide has been consistently reported for its pro-
tection against myocardial injury using various types of
animal models (Table 1). Based on the accumulated stu-
dies, the reported effective doses for A. paniculata (Burm.
f.) Nees plant extract against myocardial injury ranged
from 100 to 2000 mg/kg with a treatment duration of 7—
31 days. For andrographolide, the effective dose ranged
from 10 to 100 mg/kg with a treatment duration of 1-12
weeks in animal models. A shorter duration may be suffi-
cient if a higher dose is administered, while a longer
treatment duration may be required if lower dose is sup-
plemented. However, their effects in reversing myocardial
injury in humans are yet to be investigated. The efficacy of
A. paniculata (Burm.f.) Nees or andrographolide need to
be further assessed in clinical trial before any conclusion
can be drawn.

Mechanism of Action Underlying
the Protective Effects of

A. paniculata (Burm.f.) Nees and
Andrographolide Against
Myocardial Injury

Researchers have uncovered the mechanism of action for
A. paniculata (Burm.f) Nees and andrographolide as
potential cardioprotective agents through preclinical stu-
dies (Tables 1 and 2). The bioactivities of A. paniculata
(Burm.f.) Nees and andrographolide include the suppres-
sion of inflammatory response, oxidative stress, apoptosis,
cardiac fibrosis, and endothelial dysfunction.

Regulation of Inflammatory Response

Inflammation is the hallmarks of myocardial injury.
Macrophages play an important role in inflammation.
They are involved in antigen presentation, phagocytosis,
and immunomodulation via the release of cytokines and
chemokines.*” Various clusters of differentiation are
expressed on the surface of macrophages. Cluster of dif-
ferentiation 3 (CD3) is a T-cell co-receptor that activates
both cytotoxic and helper T cells.*® Cluster of differentia-
tion 14 (CD14) forms a multi-receptor complex with Toll-
like receptor for the recognition of lipopolysaccharides
(LPS).*° Cluster of differentiation 45 (CD45) is
a hematopoietic cell marker that indicates the activation
of one or more inflammatory cell types.”' Cluster of dif-
ferentiation 68 (CD68) is a common histochemical/cyto-
marker of inflammation

chemical whereby  the

upregulation is a response of exposure to inflammatory
stimuli, such as oxidised low-density lipoprotein
(oxLDL).>? Cluster of differentiation 86 (CD86) provides
initial co-stimulatory signals for T-cell activation.’*>* The
increased expression of these cluster of differentiation
activates pro-inflammatory signalling pathways, thereby
inducing the secretion of inflammatory cytokines. On the
other hand, cluster of differentiation 206 (CD206) involves
in the resolution of inflammation. The ligation of CD206
produces anti-inflammatory response by inhibiting pro-
inflammatory agents and reactive oxygen species (ROS).”

The
response are tightly regulated by a series of signalling

initiation and progression of inflammatory

molecules, including nuclear factor-kappa B (NF-«xB),
phosphatidylinositol ~ 3-kinase  (PI3K)/protein  kinase
B (Akt), and mitogen-activated protein kinase (MAPK).
The link between diverse external cell stressors and
expression of inflammatory cytokines is mediated through
phosphorylation of inhibitor of NF-xB (IkBa) resulting in
its ubiquitination and dissociation from NF-kB. The
nuclear translocation of activated NF-«xB initiates the
expression of inflammatory mediators.’® The PI3K/Akt
pathway is triggered by the engagement of receptor tyro-
sine kinase or Toll-like receptor with their respective
ligands. PI3K is recruited and activated, facilitating the
conversion of phosphatidylinositol (3,4)-bisphosphate
(PIP,) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
and subsequent phosphorylation of Akt. Eventually, the
activated Akt
Similarly, increased MAPK activity and the crosstalk
between MAPK and NF-«B further enhances the transcrip-
tion and translation of inflammatory mediators.’® Since the
activation of NF-xB, PI3K/Akt, and MAPK is involved in
modulating an inflammatory response, the targeted thera-

promotes  inflammatory  response.’’

peutic strategies aiming at inhibition of these signalling
molecules could prevent excessive inflammation.

The anti-inflammatory response has been reported in
A. paniculata (Burm.f.) Nees extract, conferring protection
against pathological cardiac hypertrophy. Apart from caus-
ing NF-kB inhibition, oral administration of A. paniculata
(Burm.f.) Nees extract suppressed MAPK signalling path-
way to mitigate inflammation. The level of IL-6 was
decreased and its associated downstream signalling mole-
cules [signal transducer and activator of transcription 3
(STAT3), mitogen/extracellular signal-regulated kinase
kinase-5 (MEKSY), dual-specificity mitogen/extracellular
signal-regulated kinase kinase (MEKI1/2) and c-Jun
N-terminal kinase (JNK)] were inhibited."”
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Table 2 In vitro Studies on the Effects of Andrographolide on Cardiomyocytes

concentration of glucose

Types of Cell Intervention Findings Reference
Primary rat myocardial microvascular Andrographolide (10 pg/mL) ® No cytotoxicity [59]
endothelial cells stimulated by LPS e | CAVI, IL-6 and TNF-a

H9C2 cardiomyocytes stimulated by high Andrographolide (I-10 pM) e | ANP and BNP [44]

o | p-lxBa and p-NF-xB
e | ROS, NOX2, NOX4, p47ph°x; 1 Nrf-
2 nuclear translocation

o | Bax/Bcl-2 ratio and caspase-3 activity

H9C2 cardiomyocytes subjected to hypoxia

Andrographolide (12.5-100 uM)

o | 0-SMA, TGF-B, p-smad3, collagen |, | [18]
fibronectin, and CTGF

e | ROS, Keap-1, p67°", and NOX2; 1
SOD, NQOI, Nrf-2, and HO-I

Primary neonatal rat cardiomyocytes subjected

to hypoxia and reoxygenation injury

Andrographolide (I-10 uM)

® | lactate dehydrogenase [19]
e 1 SOD, CAT, GPx, glutathione
reductase, GSH, GCLC, and GCLM

Abbreviations: ANP, atrial natriuretic peptide; a-SMA, alpha-smooth muscle actin; Bax, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma 2; BNP, brain natriuretic peptide;
CAT, catalase; CAV|, caveolin-1; CTGF, connective tissue growth factor; GCLC, glutamate-cysteine ligase catalytic subunit; GCLM, glutamate cysteine ligase modifier; GPx,
glutathione peroxidase; GSH, reduced glutathione; HO-I, heme oxygenase-1; IL-6, interleukin-6; Keap-1, Kelch-like ECH-associated protein |; LPS, lipopolysaccharides;
NOX2, NADPH oxidases 2; NOX4, NADPH oxidases 4; NQO |, NADPH dehydrogenase quinone |; Nrf-2, nuclear factor erythroid 2-related factor; p47”h°x and p67ph°x,
NADPH oxidase cytosolic proteins; p-IkBa, phosphorylated inhibitor of NF-kB; p-NF-kB, phosphorylated nuclear factor-kappa B; p-smad3, phosphorylated small mothers
against decapentaplegic 3; ROS, reactive oxygen species; SOD, superoxide dismutase; TGF-f, transforming growth factor-beta; TNF-a, tumour necrosis factor-alpha.

In autoimmune myocarditis (an inflammation of myocar-
dium induced by autoimmune disease), the untreated rats had
higher numbers of positive CD3" cells, CD14" cells and
inflammatory cells in the myocardial tissue. Plasma inflamma-
tory cytokines and anti-myosin antibody were increased, but
interleukin-10 (IL-10) was decreased without treatment of
andrographolide. The induction of inflammatory response
resulted from the activation of PI3K and its downstream mole-
cule, Akt. All these alterations during autoimmune myocarditis
were reversed in the andrographolide-treated group.*
Andrographolide shifted the macrophage phenotype from pro-
inflammatory subset (CD86" cell number was decreased) to
anti-inflammatory subset (CD206" cell number was increased)
in mice fed by high-fat diet displaying cardiac injury, subse-
quently lowered the serum concentration of tumour necrosis
factor-alpha (TNF-a), monocyte chemoattractant protein-1
(MCP-1), high sensitivity C-reactive protein (hs-CRP) and
interleukin-1 beta (IL-1p). The suppression of inflammatory
response was mediated through the inhibition of NF-kB.*® In
diabetic cardiomyopathy, andrographolide blocked NF-
kB-mediated inflammatory response. As a result, the protein
expression of cyclooxygenase-2 (COX-2), TNF-a, IL-1p,
interleukin-6 (IL-6), intercellular cell adhesion molecules-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1)
were hindered. These findings were supported in vitro using
H9C2 cardiomyocytes stimulated by high concentration of

glucose. Andrographolide treatment suppressed high glucose-
induced IkBa phosphorylation and subsequent active NF-kB
nuclear translocation.** In LPS-induced cardiac malfunctions,
Zhang et al proved that the administration of LPS caused
phosphorylation of IkBa and overwhelming production of
cytokines, which were attenuated by oral administration of
andrographolide.** These findings were in line with in vitro
study by Feng et al (2017), describing that the incubation of
andrographolide lowered TNF-a and IL-6 in LPS-stimulated
primary rat myocardial microvascular endothelial cells.® In
addition, andrographolide protected against adverse cardiac
remodelling through the mitigation of inflammation. The
dephosphorylation of NF-kB, reduction of cytokines expres-
sion, CD45" cells, and CD68™ cells were noted in the andro-
grapholide-treated mice with myocardial infarction induced by
left coronary artery ligation.'® The mechanisms of action of
A. paniculata (Burm.f.) Nees and andrographolide in alleviat-
ing inflammatory response have been depicted in Figure 3.

Regulation of Oxidative Stress

Oxidative and nitrosative stress have been proposed as the
molecular events in myocardial injury. It is the conse-
quence of an imbalance between production and elimina-
tion of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) and/or depletion of antioxidant
defence system. Superoxide anion (O, ), hydroxyl radical
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Figure 3 The mechanism of action of in the regulation of inflammatory response. During myocardial injuries, the overwhelming inflammatory cytokines activate several
essential signalling pathways including TLR, NF-kB, PI3K/Akt, MAPK, JAK-STAT signal transduction pathways. The reductions of inflammation by A. paniculata (Burm.f.) Nees
and andrographolide are mainly mediated through the inhibition of these signalling pathways (indicated by green arrows). The arrow pointing upward indicates an increase or

activation while the arrow pointing downward indicates a decrease or inhibition.

(OHe), hydrogen peroxide (H,0,), nitric oxide (NO¢), and
peroxynitrite (ONOO ) are the most common free radicals
produced as metabolic by-products.®® Myocardial injury
activates ROS-generating nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidases,

cyclooxygenase,

xanthine oxidase,

lipoxygenase, myeloperoxidase, and
RNS-generating inducible nitric oxide synthase (iNOS)
directly or indirectly via increased inflammatory
coupled with NOe

Inadequate antioxidant capacity with

response.’’ The production of O,e~
will yield ONOO .
low levels of superoxide dismutase (SOD), glutathione
peroxidase (GPx), catalase (CAT), and reduced glutathione
(GSH) during myocardial injury further exacerbate oxida-
tive stress and result in lipid peroxidation, protein modifi-
cation and deoxyribonucleic acid (DNA) damage. Nuclear
factor erythroid 2-related factor (Nrf-2) is an important
transcription factor for the regulation of oxidative stress.

Nrf-2 binds to Kelch-like ECH-associated protein 1
(Keap-1) and sequesters in the cytoplasm under physiolo-
gical condition, promoting its ubiquitination and degrada-
tion. Under oxidative condition, Keap-1 interacts with
ROS, thus releasing Nrf-2. Subsequently, Nrf-2 translo-
cates into the nucleus, forms a complex with small mus-
culoaponeurotic fibrosarcoma oncogene homolog (Maf)
protein and binds to the antioxidant response element
(ARE) to stimulate downstream transcription of heme
oxygenase-1 (HO-1), NADPH dehydrogenase quinone 1
(NQOI1), glutamate-cysteine ligase catalytic subunit
(GCLC), glutathione-S-transferase (GST), SOD, CAT,
and GSH.*?

The beneficial effects of 4. paniculata (Burm.f.) Nees
against oxidative stress have been proven in a canine
model of left anterior descending coronary artery ligation-
induced ischaemia and reperfusion injury. The myocardial
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Figure 4 The mechanism of action in the regulation of oxidative stress. During myocardial injuries, the imbalance between ROS/RNS levels and anti-oxidative capacity cause
lipid peroxidation and protein modification. The anti-oxidative property A. paniculata (Burm.f.) Nees and andrographolide are accomplished by enhancing the antioxidant
system via activation of Nrf-2/Keap-| pathway as well as decreasing the enzymes responsible for oxidative and nitrosative stress (indicated by green arrows). The arrow
pointing upward indicates an increase or activation while the arrow pointing downward indicates a decrease or inhibition.

tissues of mongrel dogs showed an increase in SOD activ-
ity, intracellular calcium, and a decrease in malondialde-
hyde (MDA) level after treatment with A. paniculata
(Burm.f) Nees.>’*®* Ojha and co-researchers reported
restoration of antioxidant capacity and inhibition of lipid
peroxidation after treatment of A. paniculata (Burm.f.)
Nees in two experimental rat models of ischaemia and
reperfusion injury induced by left anterior descending
coronary artery ligation as well as myocardial injury
induced by isoproterenol.***!

Several reports revealed the beneficial effects of andro-
grapholide against oxidative stress in animals and cardio-
myocytes. It has been reported that andrographolide
suppressed the level of oxidative stress biomarkers
(MDA, 4-hydroxynonenal, 3-nitrotyrosine, and ROS) in
myocardial dysfunction induced by diabetes and left cor-
onary artery ligation. The anti-oxidative action of andro-
grapholide was achieved by inhibiting the enzymes
responsible for ROS and RNS synthesis as well as target-
ing the Nrf-2 signalling axis known for the enhancement
of antioxidant activities. Andrographolide inhibited the
expression of iINOS, NADPH oxidases 2 (NOX2),
NADPH oxidase 4 (NOX4), and NADPH oxidase cytoso-
lic proteins (p47°"°* and p67°"°*). Additionally, androgra-
pholide and

enhanced Nrf-2 nuclear translocation

upregulated downstream expression of HO-1, NQOI,
SOD, and GPx in the heart.'"®** Cardiac NO+ levels
enhanced by LPS injection was reversed by andrographo-
lide in male mice.** Results from in vitro studies demon-
strated similar outcomes, in which Nrf-2 nuclear
translocation was promoted, whereas NADPH oxidases
and their cytosolic proteins were suppressed in cardiomyo-
cytes subjected to high concentration of glucose or
hypoxia and treated with andrographolide.'®** Another
cell culture study depicted that andrographolide treatment
protected cardiomyocytes against hypoxia and reoxygena-
tion injury by upregulating enzymatic antioxidant activ-
ities, non-enzymatic antioxidant content, GCLC and
glutamate cysteine ligase modifier (GCLM) expression.'’
The anti-oxidative actions of A. paniculata (Burm.f.) Nees

and andrographolide have been summarised in Figure 4.

Regulation of Apoptosis

Apoptosis is a process of programmed cell death, which
has a pathological implication in myocardial loss, resulted
from the loss of mitochondrial and endoplasmic reticulum
mass leading to disruption of cellular integrity.®>%*
Apoptosis is tightly regulated by the extrinsic and intrinsic
mechanism in response to the exogenous and endogenous

triggering stimulus, respectively. The extrinsic mechanism
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Figure 5 The mechanism of action in the regulation of apoptosis during myocardial injuries. In the extrinsic pathway, the interaction between Fas ligand and its receptor
causes the recruitment of FADD and procaspase-8 to form DISC. In the intrinsic pathway, the increases in pro-apoptotic genes and the decrease in anti-apoptotic genes
resulted from oxidative stress and cellular damage lead to the release of cytochrome ¢ from mitochondria. Apoptosome formation ensues, consisting of cytochrome c,
deoxyadenosine triphosphate (dATP), apoptotic protease-activating factor | (Apaf-1), and procaspase-9. The activated initiator caspases (caspase-8 and caspase-9) further
activates executioner caspases (caspase-3, caspase-6, and caspase-7), promoting the cleavage of cellular substrate. A. paniculata (Burm.f.) Nees and andrographolide prevent
apoptosis by suppressing the mitochondrial and death receptor pathways. The upstream signalling events involved are the activation of IGF-IR and inhibition of PPAR-a. The
anti-apoptotic effects of A. paniculata (Burm.f.) Nees and andrographolide are indicated (green arrows). The arrow pointing upward indicates an increase or activation while

the arrow pointing downward indicates a decrease or inhibition.

(also known as death receptor pathway) is initiated upon
ligation of Fas ligand and tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL) with their receptors,
Fas and TRAIL receptor. Formation of death-inducing
signalling complex (DISC) ensues, comprising Fas-
associated death domain protein (FADD) and initiator
caspase-8. The intrinsic mitochondrial pathway is pro-
moted in the presence of cellular damage, hypoxia, and
survival factor deprivation. These intracellular signals alter
the expression of B-cell lymphoma 2 (Bcl-2), B-cell lym-
phoma-extra large (Bcl-xl), Bcl-2-associated X protein
(Bax) and Bcl-2-antagonist/killer (Bak), whereby the for-
mer two genes favour apoptosis inhibition, while the latter

two genes favour apoptosis activation. Raised pro-
apoptotic genes and lowered anti-apoptotic genes enhance
the release of cytochrome c, leading to apoptosome for-
mation and initiator caspase-9 activation. The activated
initiator caspases from both pathways, in turn, activate
executioner caspases (caspase-3, caspase-6, and caspase-
7) essential for the cleavage of cellular substrates, such as
cytokeratins, cytoskeletal, and poly (ADP-ribose) poly-
merase (PARP).®>%° The two different apoptosis pathways
can be bridged by a pro-apoptotic BH3-interacting domain
(Bid), which is cleaved by activated caspase-8 upon death
receptor stimulation. The translocation of Bid into mito-
chondria leads to the release of cytochrome c.®” Insulin-
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like growth factor-1 (IGF-1) and peroxisome proliferator-
activated receptor-alpha (PPAR-a) are pivotal signalling
molecules in apoptosis regulation. Interaction between
IGF-1 and its receptor (IGF-1R) causes autophosphoryla-
tion at [-subunits of the receptor, which provides
a docking site for insulin receptor substrate-1 (IRS-1).
This eventually drives the phosphorylation and activation
of PI3K and its downstream protein kinase, Akt. The
activated Akt, in turn, inactivates Bcl-2-associated agonist
of cell death (Bad), thus inhibiting apoptosis.® On the
other hand, PPAR-a promotes Bcl-2 ubiquitination and
degradation, resulting in cell apoptosis.®’

A. paniculata (Burm.f.) Nees and andrographolide
potentially provide cardioprotection via mitigation of
apoptosis event, indicated by the reduction of terminal
deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL)-positive cardiac cells and cleaved PARP
activity.'"*** A. paniculata (Burm.f.) Nees extract atte-
nuated pathological cardiac hypertrophy governed through
its apoptosis-suppressing properties in both extrinsic and
intrinsic pathways. Feeding the animals with high-fat diet
increased the protein levels of Fas ligand, Fas receptor,
FADD, Bid, caspase-8, and caspase 3, in which these
apoptotic proteins were decreased after treated with
A. paniculata (Burm.f.) Nees extract. Besides, the pro-
(Bad and Bak) and cytochrome
¢ accumulation were lowered in the A. paniculata (Burm.

apoptotic proteins

f.) Nees-treated obese mice.!”

Andrographolide exerted anti-apoptotic effects by
orchestrating both extrinsic and intrinsic pathways. The
expression of Fas receptor and FADD in mice fed with
high-fat diet was suppressed by andrographolide.*> For the
intrinsic pathway, the protein levels of Bcl-2 and Bcl-x1
were upregulated, whereas Bax, Bak, cytochrome c, and
caspase-3 were downregulated in high-fat diet-induced
obese mice following the administration of andrographo-
lide. Concomitantly, the protein level of phosphorylated
IGF-1R was increased, while the expression of PPAR-a
with
andrographolide.*>*® A comprehensive study consisting

was  downregulated after being treated
of in vivo and in vitro experiments found reductions of
Bax/Bcl-2 ratio and caspase-3 activity in the andrographo-
lide-treated diabetic mice with myocardial dysfunction and
in H9C2 cardiomyocytes stimulated by high concentration
of glucose. The authors suggested that the anti-apoptotic
activity of andrographolide was mediated through activa-
tion of Akt activity.** Another study showed that andro-

grapholide suppressed LPS-induced myocardial apoptosis

as well as inhibited the executioner caspase-3 and caspase-
7 activities for in mouse heart.*> The molecular mechan-
isms underlying the anti-apoptotic effects of 4. paniculata
(Burm.f.) Nees and andrographolide have been sum-
marised in Figure 5.

Prevention of Cardiac Fibrosis and
Endothelial Dysfunction

Cardiac fibrosis is defined as an imbalance between the
production and degradation of extracellular matrix (ECM),
leading to scar tissue accumulation, heart architecture dis-
tortion, and cardiac dysfunction.”” During myocardial
injury, the pathogenesis of cardiac fibrosis is initiated
with the increases in numerous profibrotic growth factors,
such as transforming growth factor-beta (TGF-), connec-
tive tissue growth factor (CTGF), and endothelin-1 (ET-1).
TGF-B is a pleiotropic regulator in cardiac fibrosis. It
stimulates the conversion of cardiac fibroblasts into myo-
fibroblasts, promotes collagen deposition by decreasing
the activity of plasminogen activators [such as urokinase
plasminogen activator (u-PA) and tissue plasminogen acti-
vator (t-PA)] as well as inhibiting ECM degradation by
decreasing matrix metalloproteinases (MMPs) activation
via stimulation of plasminogen activator inhibitor-1 (PAI-
1).”! In addition to the role as mediators for collagen
synthesis and ECM degradation, plasminogen activators
are proteins that facilitate the conversion of plasminogen
to plasmin (an enzyme involved in the physiological
breakdown of blood clot), whereas PAI-1 is a principal
inhibitor of plasminogen activators, thus suggesting their
functions in fibrinolytic activity. The expression of CTGF
in myocardium is highly induced by cytokines and it
creates a fibrotic environment and modulates the activity
of other growth factors in ECM. Endothelin-1 promotes
cardiac fibroblast proliferation, collagen production, and
microfibroblast differentiation. Apart from the role of ET-1
in regulating cardiac fibrosis, it is also a powerful endo-
genous vasoconstrictor produced predominantly by
endothelial cells. Its action is opposed to the function of
NOe, whereby ET-1 exerted an inhibitory effect on NOe-
mediated vasodilatation. Hence, the changes in NO+ and
ET-1 cause vascular endothelial dysfunction.”? Endothelial
dysfunction is characterised by the reduction in bioavail-
ability of NO- (a vasodilator) and/or an imbalance between
endothelium-derived contracting and relaxing factors.
Endothelial dysfunction precedes the development of myo-
cardial injury. Mechanistically, these profibrotic growth
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Figure 6 The mechanism of action in the prevention of cardiac fibrosis and endothelial dysfunction. In myocardial injuries, the increased expressions of collagen I, collagen
Ill, fibronectin, PAI-1, and CTGF are mediated through TGF-B/SMAD signalling pathway, leading to the increase in blood coagulation and cardiac fibrosis. High levels of ET-1,
TXA2 and low level of PGI2 cause the inhibition of vasodilatation, resulting in endothelial dysfunction. Treatment with A. paniculata (Burm.f.) Nees and andrographolide
reverse all these changes, leading to the reduction of cardiac fibrosis, improvement of endothelial function and fibrinolytic function (indicated by green arrows). The arrow
pointing upward indicates an increase or activation while the arrow pointing downward indicates a decrease or inhibition.

factors trigger small mothers against decapentaplegic
(Smad)-dependent and Smad-independent pathways to
regulate ECM homeostasis. All the profibrotic growth
factors are positively correlated with each other, further
providing a positive feedback loop on fibrotic response.”’
Thromboxane A2 (TXA2) is a potent vasoconstrictor and
has a prothrombotic property. It is produced by activated
platelet to promote platelet aggregation. Nonetheless, pros-
tacyclin or prostaglandin 12 (PGI2) is an effective vasodi-
lator produced by vascular endothelium and has an
inhibitory effect on platelet activation. Therefore, changes
in TXA2 and PGI2 affect endothelial function and they
work as physiological antagonists for the regulation of
blood coagulation in the vascular system. In the endothe-
lial cells, caveolin-1 (CAV1) binds to endothelial nitric
oxide synthase (eNOS) and inhibits NOs production.”
The promising effects of 4. paniculata (Burm.f.) Nees
against ischemic myocardium in experimental dogs were
also mediated through its fibrinolytic action. The levels of
PGI2 in platelets and euglobulin lysis time (a measure of
fibrinolysis) were elevated, whereas the level of TXA2
was lowered in the 4. paniculata (Burm.f.) Nees-treated
group.®® Andrographolide has been proven to alleviate
cardiac fibrosis through the TGF-B/Smad pathway. The
collagen deposition and expression of fibrosis markers,

including collagen I, collagen III, TGF-f, and fibronectin,
were markedly reduced by andrographolide in streptozo-
tocin-induced diabetic mice as compared to non-treated
negative controls.** In recent year, Xie et al performed
preclinical studies utilising a mouse model of myocardial
infarction induced by left coronary artery ligation and
hypoxia-induced cardiomyocytes. The results showed the
increases in TGF-B, collagen I, collagen III, CTGF, and
phosphorylated Smad caused by myocardial infarction or
hypoxia were attenuated by andrographolide treatment.'®
Andrographolide also mitigated vascular endothelial dys-
function caused by chronic heart disease by decreasing
ET-1 and TXA2 while increasing the levels of NO< and
PGI2. Besides, andrographolide elevated t-PA and reduced
PAI-1 content, indicating the improvement of fibrinolytic
function and reduction of blood coagulation in mice with
chronic heart disease.*® Microarray analysis also showed
a reduction in CAV1 by andrographolide, which might
help in maintaining NO- level and improved endothelial
function in LPS-stimulated primary rat myocardial micro-
vascular endothelial cells.*® The postulated mechanisms of
A. paniculata (Burm.f.) Nees and andrographolide in the
prevention of cardiac fibrosis and endothelial dysfunction

have been summarised in Figure 6.
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Taken together, the evidence showed that 4. paniculata
(Burm.f.) Nees and andrographolide potentially mitigate
myocardial injury in animal and cellular models via its
anti-inflammatory, anti-oxidative, and anti-apoptotic prop-
erties. The inhibition of important signalling molecules
(such as NF-kB, PI3K/Akt, and MAPK) is responsible
for regulating the crosstalk between myocardial injury
and inflammation. The reduction of oxidative stress by
A. paniculata (Burm.f.) Nees and andrographolide is in
part modulated through the activation of Nrf-2 signalling
axis. Both extrinsic and intrinsic pathways are involved in
anti-apoptotic effects of A. paniculata (Burm.f.) Nees and
andrographolide in heart tissues. Moreover, 4. paniculata
(Burm.f.) Nees and andrographolide prevents cardiac
fibrosis, endothelial dysfunction, and enhances fibrinolytic
activity, conferring cardioprotective effects for the preven-
tion of myocardial injury.

Safety and Toxicity of
Andrographolide

A wide array of cellular, animal, and human studies
revealed that 4. paniculata (Burm.f.) Nees and androgra-
pholide are safe and non-toxic. There was no observable
adverse effect reported in rats even at a relatively high
dose of andrographolide or A. paniculata (Burm.f.) Nees
(up to 5 g/kg).>*"*75 The cytotoxic effect of andrographo-
lide was not seen in primary rat myocardial microvascular
endothelial cells at the dose of 10 pg/mL.>® Batran et al
evaluated the acute toxicity of andrographolide (100 or
500 mg/kg) in healthy male and female rats by observing
the behavioural changes, abnormal manifestation, and
mortality rate up to 24-hour post-treatment. There were
no death or hazardous signs in biochemical parameters and
histological evaluation in renal, liver, and kidney after
andrographolide administration.”® In humans, the subjects
were well tolerated with the doses of A. paniculata (Burm.
f.) Nees (3 or 6 g/kg) provided and it is effective in
relieving fever and sore throat in a randomised double-
blind study recruiting patients with pharyngotonsillitis.”’
A Phase I trial of andrographolide from A. paniculata
(Burm.f.) Nees was conducted on human immunodefi-
ciency virus-positive patients and healthy individuals.
The regimen used was the dose escalation of andrographo-
lide at the doses of 5, 10, and 20 mg/kg over a 9-week
period (3 weeks for each dose). No adverse medical out-
comes were observed, whereby the levels of aspartate
aminotransferase (AST) and alanine aminotransferase

(ALT) were in the normal range throughout the study
period.”® In brief, the scientific data obtained from precli-
nical and clinical settings assure the safety and medicinal
use of A. paniculata (Burm.f.) Nees and andrographolide,
which requires further validation in patients with myocar-
dial injury.

Perspectives
The pharmacokinetics of A. paniculata (Burm.f.) Nees or
andrographolide serve as the essential information for
determining their optimum treatment dose, route, fre-
quency, and duration for potential clinical utility. The
absorption of 4. paniculata (Burm.f.) Nees is almost com-
plete following its oral administration. Plasma concentra-
tion of andrographolide reaches the peak at two hours after
oral administration of A. paniculata (Burm.f.) Nees at the
dose of 20 and 200 mg/kg.”” In terms of distribution,
andrographolide can be detected in the kidney, liver,
heart, spleen, lung, and brain of rats after orally treated
with 4. paniculata (Burm.f.) Nees extract (133.33 mg/kg)
and andrographolide (100 mg/kg), with the maximum
concentration of andrographolide in these organs was
observed at one-hour post-administration.®® The half-life
of andrographolide was approximately 2.5 hours and
excreted within 8 hours.”®*°

As mentioned earlier, the effective doses of androgra-
pholide against myocardial injury ranged from 10 to
100 mg/kg in animals. The calculated human equivalent
dose is estimated to be 48-1000 mg for a 60 kg adult,
which can be used as dose reference for future human trials.
However, it is worthy to note that treatment with the lowest
dose of andrographolide for a week might exert lesser ben-
eficial effects. For instance, significant changes were not
observed in the levels of thiobarbituric acid reactive sub-
stance and SOD in male mice with LPS-induced cardiac
malfunction.*? In addition, higher dosage of A. paniculata
(Burm.f.)) Nees (1002000 mg/kg) than andrographolide
might be required, possibly attributed to a lower amount of
andrographolide or the presence of other phytoconstituents
in the plant extract as compared to the pure compound.
Likewise, a shorter period of treatment (one week) for
A. paniculata (Burm.f.) Nees was also insufficient to induce
changes in some apoptosis parameters in obese mice fed
with high-fat diet."” In this context, the use of andrographo-
lide at lower dose can be considered over the use of
A. paniculata (Burm.f.) Nees extract at higher dose if com-
parable protective action against myocardial injury can be
achieved. Another possible factor influencing the effective
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dose of 4. paniculata (Burm.f.) Nees is the quality of plant
extract, whereby andrographolide content may vary geogra-
phically, environmentally, and seasonally.®'** The evalua-
tion of plant extracts and andrographolide content present in
different extracts should be mentioned along with the geo-
graphical distribution. Thus, pure compound is preferable
compared to its original plant extract for better estimation of
effective dose.

To our knowledge, there is a lack of clinical trial
assessing the effect of A. paniculata (Burm.f.) Nees and
andrographolide in patients with myocardial injury. The
absence of data on the comparison between the efficacy of
A. paniculata (Burm.f.) Nees or andrographolide with
standard therapy is the shortcoming of current preclinical
evidence. It will be rather challenging to translate the
findings clinically. However, the combination of
A. paniculata (Burm.f.)) Nees or andrographolide with
standard therapy may be possible in future human trials.

Conclusion

The abilities of A. paniculata (Burm.f.) Nees and andro-
grapholide in resolving overwhelming inflammatory
response, oxidative stress, apoptosis event, cardiac fibro-
sis, and endothelial dysfunction contribute to their pro-
tective effects against myocardial injury. From the
that both
A. paniculata (Burm.f.) Nees and andrographolide may

evidence gathered, it would appear
have the potential to be developed as prophylactic agents
against future myocardial injury. They appear to be less
effective for short-term relief of myocardial events.
There are also no obvious differences in the myocardial
protective effects between A. paniculata (Burm.f.) Nees
and andrographolide. However, the effective dose of
A. paniculata (Burm.f.) Nees is generally higher than
andrographolide. Thus, andrographolide may be a better
choice to consider whereby a lower dose may be suffi-
cient. To confirm whether andrographolide is the specific
bioactive compound responsible for beneficial properties
of A. paniculata (Burm.f.) Nees, both plant extract and
andrographolide isolated from the plant should be tested
in vitro or in vivo under the same experimental setting to
compare their myocardial protective effects. Researchers
should further evaluate the effects of A. paniculata
(Burm.f.) Nees and andrographolide in clinical trials to
verify the positive outcomes reported in vivo and
in vitro, thus promoting their potential clinical applica-
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