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Abstract: This study focuses on the anti-inflammatory activity of andrographolide, a diterpenoid compound
from Andrographis paniculata, that have been observed in ammals and ir vitro in different cells of human and
animals. Studies included activities of andrographolide and the features of the target, especially limited to
transcription factors NF-kappaB. The active site of NF-kappaB, called DNA binding region 1s found to have
mainly positive potential. Tn order to have an electrostatic complementarity specific inhibitor should have
negative potential. Andrographolide has three hydrogen bond donors (H atoms in hydroxyl groups attached
to C-3, C-19 and C-14), five hydrogen bond acceptors (O atoms m hydroxyl groups attached to C-3, C-19 and
C-14, carbonyl and lactone) and log P-value 2.9. It fulfills Lipinski’s rules of five critena of drug properties. This
compound has different mechanisms of anti-inflammatory activity. Tt can inhibit the activation of NF-kappaB,
suppresses inducible nitric oxide synthase (iINOS) expression. Tt also prevents oxygen radical production by
human neutrophils and inhibits COX-2 expression m human fibroblast cells. This compound also exerts
anticancer and antitumour activities, hepatoprotective against various inducers, immunomodulator, antioxidant,
antidiabetic, antimicrobe and antivirus activities. Synthetic analogues of the compound which have been

created and analyzed also showed similar activities.
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INTRODUCTION

Andrographolide, a bioactive compound of
Andrographis paniculata (Burm.F) Nees, 15 the major
labdane diterpenoidal constituent in this plant. This plant
has been used traditionally m the South East Asia
countries, India and China to treat various diseases.
Andrographolide which 1s a very bitter compound was
isolated in its pure form and characterized for the first time
by Gorter at 1911. The structure of andrographolide has
been analyzed by X-ray crystallographic method. Its
systematic name 18  3-[2-[decahydro-6-hydroxy-5-
(hydroxymethyl)-5,8a-dimethyl-2-methylene-1-
naphthalenyl] ethylidine]dihydro-4-hydroxy-2(3H)-
furanone (Smith et al., 1982).

Andrographolide (Fig. la) has an «-alkylidene
y-butyrolactone, two olefin bonds at C-8 and C-12 and
three hydroxyls at C-3, C-19 and C-14 (Nanduri et al.,
2004). Its molecular formula 1s C,;H,,0.. This compound
has many bicactivities mcluding anti-inflammatory via
different mechanisms (Chiou et al., 2000, Shen et al., 2002,
Satyanarayana et al., 2004; Wang et al., 2004; Xia et al.,
2004, Hidalgo et al, 2005, Sheeja et al, 2006

Abu-Ghefieh et al., 2009, Bac et al., 2009; Li et ai., 2009,
Suebsasana et af., 2009; Chandrasekaran et al, 2010;
Chao et al., 2010, Levita et al., 2010), anticancer and
antittmour (Rajagopal et af., 2003, Satyanarayana et al.,
2004; Shenetal., 2009, Varma et al., 2009; Lee et al., 2010;
Tan et al, 2010, Zhou et al, 2010), hepatoprotective
against various inducers (Handa and Sharma, 1990a, by
Visen et al, 1993; Koul and Kapil, 1994),
immunomodulator (Wang et al., 2010), antioxidant
(Sheeja et al., 2006, Akowuah et al., 2008; Lin et al., 2009),
antidiabetic (Zhang et al., 2009), antimicrobe (Xu et al.,
2006) and antivirus (Calabrese et al., 2000, Chen et al.,
2009). Andrographolide also activates human bitter taste
receptor hTAS2ZRS0 (Behrens et al., 2009).
Andrographolide 15 soluble mn methanol, ethanol,
pyridine, acetic acid and acetone, but it is slightly
dissolved in ether and water. Tts melting point is
228-230°C and its ultraviolet Amax in ethanol is 223 nm.
This compound can be extracted from the leaves of
Andrographis paniculata (Burm F) Nees by employing
methanol as solvent using standard soxhlet method as
well as supercritical carbon dioxide extraction. The best
extraction condition cccurred at 10 MPa, 40°C and a flow
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rate of 2 mL. min~' for a 3 g sample of Andrographis
paniculata ground-dried leaves. The measured extraction
rate was found to be about 0.0174 g of andrographolide
gram ™' of andrographolide present in the leaves h™ of
operation (Kumoro and Hasan, 2007).

Other
known

contained
andrographolide’s

constituents in the plant,
analogues  were
14-deoxyandrographolide, 14-deoxy-11,12-
didehydroandrographolide, 14-deoxy-11-
oxoandrographolide and necandrographolide. A few
vears later Fujita and colleagues reexamined the
constituents of the plant and 1solated andrographolide,
neoandrographolide, 14-deoxyandrographolide and three
new  diterpenoids,  which andrograpanin
andropanoside and 14-deoxy-12-methoxy-
andrographolide (Fujita et al., 1984).

Andrographolide andrographiside and
were investigated on  the
hepatocellular antioxidant defense system in carbon
tetrachloride-treated mice and resulted that intraperitonial
administration of the three diterpenes at a dose of
100 mg kg™ b.wt. for seven days caused an increasing of
cellular antioxidant defense and a decreasing in lipid
peroxidation. The data indicated that the antioxidant

das

were

neoandrographolide

activity might play an important role in their
antihepatotoxic activity (Koul and Kapil, 1994).
Structure of andrographolide: The structiwe of

andrographolide (Fig. 1a) has been analyzed by X-ray
crystallographic method and the proposed systematic
name 18 3-[2-[decahydro-6-hydroxy-5-(hydroxymethyl)-

HO ™ (R)

()

5,8a-dimethyl-2-methylene-1-naphthalenyl]  ethylidine]
dihydro-4-hydroxy-2(3H)-furanone (Smith et af., 1982).
The Carbon-13 NMR spectrum of andrographolide in
C,D;N solvent showed the chemical shifts (d) of C-1
(& 37.6 ppm), C-2(d 291 ppm), C-3 (& 801 ppm),
C-4 (B 43.4ppm), C-5(8 55.6 ppm), C-6 (d 24.5 ppm),
C-7 3383 ppm), C-8(d 1481 ppm), C-9(d 56.6 ppm),
C-10 (8 39.4ppm), C-11 (8 25.1 ppm), C-12 (5 146.8 ppm),
C-13(5130.2 ppm), C-14(8 66.2 ppm), C-15(d 75.2 ppm),
C-16(d 170.5 ppm), C-17 (d 108.7 ppm), C-18 (d 23.7 ppm),
C-19(d 64.2 ppm) and C-20 (§ 15.3 ppm). The values were
recorded at 50 MHz and tetramethylsilane was used as the
standard (Fujita et al., 1984).

Based on computational study using AutoDock and
MOE softwares andrographolide 1s concluded as a flexible
ligand which has eleven conformers and six rotatable
bonds (Levita et «l, 2009b). This flexibility allows
andrographolide to be able to interact with different
targets.

Andrographolide’s  three dimensional structure
(Fig. 1b) has been examined, calculated and stored in
PubChem database. This compound which has molecular
weight of 350.4492 g mol ™, three hydrogen bond donors
(H atoms in hydroxyl groups attached to C-3, C-19 and
C-14), five hydrogen bond acceptors (O atoms in hydroxyl
groups attached to C-3, C-19 and C-14, carbonyl and
lactone) and log P value 2.9, fulfills Lipmski’s drug
properties (Daisy et al., 2009).

Understanding the interactions between proteins and
ligands is crucial for the pharmaceutical industries. The
experimental structures of these protein-ligand complexes
are usually obtained by techmiques such as X-ray

Fig. 1: (g, b) 2D and 3D structure of andrographolide (2D structure was sketched using ChemOftice 2004 and visualized

using AutoDock http://autodock scripps.edu/)
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crystallography or NMR. To overcome the limitation of
predicting the interactions between thousands of ligands
and one receptor, the use of computational algorithms

(1e., docking algorithms) have been developed
(Daisy et al., 2009).

Andrographolide’s anti-inflammatory activity:
Andrographolide has  different mechamsms of

anti-inflammatory activity. It can inhibit the activation of
NF-kappaB, suppresses inducible nitric oxide synthase
(INOS) expression, inhibits COX-2 expression in human
fibroblast cells and also prevents oxygen radical
production by human neutrophils {(Chiou et al., 2000,
Shen et al., 2002; Satyanarayana et al., 2004, Wang et al.,
2004; Xaa et al., 2004; Hidalgo et al.,, 2005; Sheeja et al.,
2006, Abu-Ghefreh et al., 2009, Bao et al., 2009, Liet al.,
2009; Suebsasana et af., 2009; Chandrasekaran et al.,
2010; Chao et al, 2010, Levita et al, 2010).
Andrographolide 1s also able to modulate T cell activation
both ir vitro as well as in vive. The exact mechamsm by
which andrographolide exhibits its beneficial effect on
EAE is still not fully elucidated, but the researchers
provide evidence it could prevent mitial T cell priming by
mterfering with DC maturation and antigen presentation
capacity. Therefore, andrographolide may have utility as

a therapeutic agent for the treatment of autoimmune
diseases, such as multiple sclerosis (Truretagoyena et al.,
2005). Recent study shows that andrographolide interacts
with Arg513 and His90 in the cyclooxygenase site of
COX-2 and inhibits PGE2 production in human fibroblast
cells (IC,; = 4 uM) (Levita et al., 2010).

Inhibition of NF-kappaB: NF-kappaB comprises a family
of inducible transcription factors that serve as important
regulators of the host immune and inflammatory response.
The NF-kappaB transcription factor regulates expression
of various components of the immune system including
proinflammatory cytokines, chemokines, adhesion
molecules and inducible enzymes such as cycloxygenase-
2 and mducible nitric oxide synthase, as well as proteins
that regulate the specific immune response, such as
interleukin (IL.)-2, TL.-12 and interferon-y that control
lymphocyte proliferation and differentiation. Disregulation
of this transcription factor can thus lead to mflammatory
and autoimmune diseases (Yamamoto and Gaynor, 2001).

The specific amino acids that are referred to as the
DNA Binding Region of NF-kappaB (Fig. 2b) are residues
Arg59, Tyr60, Val6l, Cys62, Glub3, Gly6d, Prob5, Serds,
His67, Gly68, Gly69, Leu70 and Pro71 of the subunit p50.
DBR of the p50 subunit is found to have mainly a positive

Fig. 2: (a) Visualization of sub umt p50 NF-kappaB and (b) DNA binding region of NF-kappaB is showed by black arrows
(NF-kappaB pdb file 1NFK was downloaded from www.pdborg and visualized using AutoDock

http: //autodock. scripps.edu/)
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potential (Pande et al., 2003). This potential is strongly
positive on the external surface which 15 the first
accessible swface for any ligand or the target DNA.
Further, the major amino acids mcluding Arg56, His67 and
Ser66, are also having a net positive potential around
them. In order to have an electrostatic complementarity
with the DNA binding region, specific inhibitors should
preferably have a negative potential
(Pande et al., 2003; Levita et al., 2009b).

Sub unit p50 NF-kappaB which has been separated
from its homodimeric form, shows molecular surface of
DNA Binding Region (DBR) which is located at the middle
of the proten (Fig. 2a). Green color visualizes the
hydrophobic region of the DBR, while magenta and blue
colors represent hydrophilic and polar regions
(Levita et al., 2009b).

Molecular modelling study on different classes of
p50-DNA binding inhibitors gave a goed prediction about
their possible structural activity. By making strong
hydrogen bonds, active inhibitors may be masking
important amino acids like arginine, histidine and serine,
which are important in DNA binding. The NF-kappaB
dimer interface exhibits hydrophobic interactions and
hydrogen bonds. Two unique hydrogen bonds are
present in the NF-kappaB p50-p65 heterodimer that
distinguish 1t from the p50 and p65 homodimers. The
homologous residues, Asp-254 (from p50) and Asn-200
(from p63), form a hydrogen bond between their 0-8 and
N- atoms. This contact is unique and observed only in
the p50-p65 heterodimer but not m the respective
homodimers, which may contribute to the stability of the

around them

heterodimer. Similarly, a new hydrogen bond is formed
when N-€2 from His-304 contacts S-v in Cys-197. In p50,
Arg-252, Glu-265, Tyr-267, Cys-270, Arg-305 and Phe-307
also interact with the p65 subunit through hydrogen
bonds. These residues contact Asp-243, Glu-211, Arg-198,
Val-199, Asn-200, His-245, Val-248, Leu-215, Cys-216and
Asp-217 m p65 (Berkowitz et al., 2002). Andrographolide
can be placed in the DBR p50 NF-kappaB and makes four
hydrogen bondings with Arg51, Asp206, Asn244 and
Asp336, with its scoring value is -9.9863 kcal mol™
which represents its docking energy. The
interactions are also showed by aurine tricarboxylic acid
(-12.1801 kcal mol™) and gallic acid (-12.4534 kcal mol ™),
known inhibitors of p50 NF-kappaB (Levita et al.,
2009b).

Andrographolide has been proven to attenuate
inflammation by inhibition of NF-kappaB activation
through covalent modification of reduced Cys62 of p50.

saIne

Mechamstically, it formed a covalent adduct with reduced
cysteine (62) of p50, thus blocking the binding of
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NF-kappaB to  nuclear proteins.
Andrographolide suppressed the activation of NF-kappaB
in stimulated endothelial cells, which reduced the
expression of cell adhesion molecule E-selectin and
prevented E-selectin mediated leukocyte adhesion under
flow. It also abrogated the cytokine-and endotoxin-
induced peritoneal deposition of neutrophils, attenuated

septic shock and prevented allergic lung inflammation

oligonucleotide

in vivo. Notably, it had no suppressive effect on
LkappaBo degradation, p50 and p65 nuclear translocation,
or cell growth rates (Xia et al., 2004).

Other  researchers analyzed the effect of
andrographolide on the activation of NF-kappaB induced
by Platelet-Activating Factor (PAF) and N-formyl-
methionyl-leucyl-phenylalamne (fMLP) in HIL-60 cells
differentiated to neutrophils. PAF (100 nM) and fMLP
(100 nM) induced activation of NF-kappaB as determined
by degradation of mhibitory factor B a (IkBa) using
Western blotting in cytosolic extracts and by binding to
DNA using Electrophoretic Mobility Shift Assay (EMSA)
in nuclear extracts. Andrographolide had been proven
intubited the NF-kappaB luciferase activity mduced by
PAF. However andrographolide did not reduce
phosphorylation of p38 MAPK or ERK1/2 and did not
change IkappaBa degradation induced by PAF and fMLP.
It also reduced the DNA binding of NF-kappaB i whole
cells and in nuclear extracts induced by PAF and fMLP. Tt
is concluded that andrographolide exerts its anti-
inflammatory effects by inhibiting NF-kappaB binding to
DNA and thus

reducing the expression of

proinflammatory proteins, such as COX-2 (Hidalgo et al.,
2003).

To understand further about the molecular

recognition of inhibitors by NF-kappaB, another
researchers analyzed 15-deoxy-D12,14-prostaglandin J2
(15d-PGJ2), an electrophilic prostaglandin, which is a
dehydration product of prostaglandin D2 (PGD2) by using
dockang studies. 15d-PGI2 was reported to intubit multiple
steps in the NF-kappaB signaling pathway along with
specifically inhibiting the NF-kappaB subunits (p50 and
p65), directly by a covalent modification of the subumits
(Straus et al., 2000). The study indicated that 15d-PGJ2
forms a covalent adduct with the aid of its electrophilic
carbon with single critical cysteine residues, which are
Cys62 in the p50 subunit and Cys38 m the p65 subumt.
The docking studies in combination with comparative
electrostatic  potentials reveal that 15d-PGI2  has
complementary interactions with its target proteins,
governed mainly by fit of shape (hydrophobic and van
der Waals interactions) in all the cases and also
complementarity of electrostatics (Pande and Ramos,
2003).
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The effects of nuclear factor kappa B (NF-kappaB)
mhibition on the secretion of macrophage migration
mhibitory factor (MIF) in lnmman CD4(+) T cells was also
examined. The results indicated that pharmacological
mhibition of NF-kappaB causes the release of MIF
through de novo synthesis of MIF and the secretion of
preformed MIF m CD4(+) T cells through the production
of reactive oxygen species (Cho et al., 2009).

This compound also reduced NFAT luciferase
activity and interfered with its nuclear distribution, with
these effects being linked to an increase in c-jun-N-
terminal kinase (INK) phosphorylation. Additionally,
reduction of NF-kappaB activity in Jurkat cells treated
with andrographolide was observed. Using Western
blotting, Carretta, M.D and colleagues demonstrated
that andrographolide decreased ERKI1 and ERKS5
phosphorylation induced by ant-CD3 or
PMA/Tonomyem. Andrographolide did not affect cell
viability at concentration of 10 and 50 muM; however,
their results suggested that andrographolide increased
early apoptosis at 100 muM. They concluded that
andrographolide could exert immunomodulatory effects
by interfering with NFAT activation and ERK1 and ERK35
phosphorylation in T-cells (Carretta et al., 2009).

Suppression of inducible nitric oxide synthase (iNOS)
expression: In pathological conditions, macrophages
produce both NO and superoxide amon simultaneously,
resulting mn the formation of ONOO™, which, through
further reaction, can exert even stronger oxidant effects
(Ischiropoulos et al., 1992). Therefore, lngh amounts of
NO potentially cause cytotoxicity and capable of injuring
the surrounding cells and tissues indiscrimmately either
by itself or by formation of ONOO™.

Andrographolide has been reported to exhibit Nitric
Oxide (NO) inhibitory property in endotoxin-stimulated
macrophages, however, the detailed mechanisms remain
unclear. This compound inhibits NO synthesis m RAW
264.7 cells by reducing the expression of iNOS protein and
the reduction could occur through two additional
mechamsms which are: prevention of the de nove protein
synthesis and decreasing the protein stability
post-transcriptional mechanism. It 1s also possible that
inhibition of iNOS protein expression and NO production
under immune stimulation and/or bacteria infection may
explain, in part, the beneficial effects of andrographolide
as an anti-inflammatory agent. Tt is worth noting that the
inhibitory activity of andrographolide lasted for 18 h
LPS These data suggest that
andrographolide acts more like a proten synthesis
mhibitor (Chiou et al., 2000).

via a

after stimulation.
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Prevention of oxygen radical production: The
anti-inflammatory effect of andrographolide could
be explained by its ability to inhibit neutrophil
adhesion/transmigration through suppression of Mac-1
upregulation. The mhibitory effect of andrographolide on
Mac-1 expression could be mediated by down regulation
of ROS production vie a PKC-dependent but calcium

independent mechanism (Shen et al., 2002).

Inhibition on PAF-induced platelet aggregation:
Andrographolide was mvestigated for its suggested
influence on the biosynthesis of eicosanoids and the
Platelet-Activating Factor (PAF). Whereas in isclated
human Polymorph-Nuclear Leukocytes (PMNL) no
influence on the biosynthesis was found, it could be
shown that andrographolide inhibits PAF-induced human
blood platelet aggregation in a dose dependent manner
(IC, = 5 uM). These results indicate that andrographolide
has a mechanism of action different from that of
Non-Steroidal Antinflammatory Drugs (NSAID) and most
likely associated with the cardiovascular and
antithrombotic  activity described of Andrographis
paniculata (Amroyan et al., 1999).

Inhibition of COX-2 expression: Andrographolide and its
analogue, neoandrographolide a minor diterpenoid
compound contained in Andrographis paniculata
(Burm.F) Nees, had been proven interacted with Arg513
and His90 in the cyclooxygenase site of COX-2. The
energy needed for the interactions are relatively
small andrographelide -11.7963 kcal mol™ and
necandrographolide -7.4339 kcal mol™ (calculated using
AutoDockTools 3.0.5). These results indicates that the
interactions are quite favourable and will happen
spontaneously (Levita et al., 2009, b, 2010).

The inhibitory activity of andrographolide to COX-2
enzyme which was determined by measuring PGE2
production in human fibroblast cells stimulated with LPS
resulted an IC,; = 4 pM which was 0.7 times of acetosal’s.
These data confirmed that andrographolide’s anti-
inflammatory activity also occured via intubition of COX-2
expression (Levita et al., 2010).
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