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Abstract. - OBJECTIVE: Andrographolide and
its derivatives have many functions, such as an-
ti-infection, anti-tumor, neuroprotection, and im-
mune regulation. However, the gastrointestinal
protective effects, especially gastrointestinal tu-
mors, and inflammation-related diseases of an-
drographolide and its derivatives have not been
well summarized and discussed. In this review,
we aimed to summarize and discuss the pharma-
cological effects and underlying mechanisms of
andrographolide and its derivatives in gastroin-
testinal protection, with a view to revealing more
possibilities of andrographolide and its deriv-
atives in gastrointestinal diseases prevention
therapy.

MATERIALS AND METHODS: The data in this
review are searched and selected from PubMed
with the keywords: Andrographolide and Andro-
grapholide derivatives, and relevant data with
gastrointestinal protection are extracted and
discussed.

RESULTS: Andrographolide and its deriva-
tives have prophylactic and therapeutic effects
in gastrointestinal disorders such as GU, gas-
tric cancer, colorectal cancer, and inflammato-
ry bowel disease.

CONCLUSIONS: Andrographolide and its de-
rivatives are effective compounds for gastroin-
testinal protection.

Key Words:
Andrographolide, Gastrointestinal system, Cancer,
Inflammation, Apoptosis.

Introduction

The acanthaceous plant Andrographis panicu-
lata (A. paniculata) was widely used in ancient
Asia to treat febrile diseases as it purportedly
“clears away heat” and detoxifies. In India, A.
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paniculata is used to treat skin infections, dys-
entery, and diabetes mellitus, whereas in ancient
China, it was used to treat diseases such as fever
and laryngitis. More than 120 kinds of chemical
constituents have been reported for 4. paniculata,
mainly diterpene lactones and flavonoids, as well
as phenylpropanoids and other compounds. An-
drographolide is a natural diterpene lactone of A.
paniculata (Figure 1) and is one of its main active
ingredients. Due to its antibacterial and anti-in-
flammatory properties, and its therapeutic effects
on upper respiratory tract infections, androgra-
pholide has attracted considerable attention as a
natural antibiotic'”.

Modern pharmacological studies*!® have de-
scribed antioxidant, anti-inflammatory, anti-viral,
and immune-modulating effects of androgra-
pholide and its derivatives, and they are widely
used to treat hepatitis, organ fibrosis, metabol-
ic diseases, cancers, and autoimmune diseases.
Recently, basic and clinical studies have report-
ed the protective effects of andrographolide and
its derivatives on the gastrointestinal tract. This
review will discuss the beneficial and emerging
roles of andrographolide and its derivatives on the
gastrointestinal tract, focusing on the molecular
mechanisms of its local and systemic actions in
the stomach and intestinal tract.

Gastric Ulcers (GUs)

A GU is an ulcer located between the cardia
and pylorus and is the most common disease of
the upper digestive tract. It is characterized by
destruction of the gastric mucosa and secondary
damage to gastric tissue by pepsin and gastric
acid. Under normal circumstances, the integrity
of the gastric mucosa is maintained by an intact
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Figure 1. Andrographis paniculata and the molecular formula of andrographolide.

barrier structure and enhanced defense mecha-
nisms, including a mucus bicarbonate barrier, an
epithelial barrier, continuous epithelial renewal,
blood flow through mucosal microcirculation,
and a mucosal microvascular endothelial barrier.
Gastric mucosa also maintains mucosal integri-
ty through defense mechanisms, such as a mu-
cus barrier, an epithelial barrier, gastric mucosal
blood flow, and protective cytokines. Although
the complex pathogenesis of GUs has been stud-
ied for decades, the mechanisms underlying their
etiology remain unclear. Certainly, a variety of
factors, such as alcohol consumption, bacterial
infection, non-steroidal anti-inflammatory drug
(NSAID) use, or those that lead to mucosal layer
damage play pivotal roles in GU pathogenesis. /n
vivo studies'""® with animal models have demon-
strated that andrographolide or its derivatives al-
leviates morphological and pathological damage
associated with ethanol- and NSAID-induced
GUs; more specifically, they reduced the ulcer
area, increased the thickness of the mucus layer,
and attenuated mucosal congestion and swelling.
These gastroprotective effects of andrographolide
were confirmed by morphological and histologi-
cal analyses and indicate that andrographolide is
a potential natural compound for the treatment of
GUs. In the following sections, some aspects of
the gastroprotective effects of andrographolide
and its derivatives in GU will be discussed.

Antioxidant Activity

The antioxidant activity of andrographolide
and its mechanisms have been summarized in
previous studies!*. For instance, andrographolide
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was shown to block, both in vitro and in vivo, hy-
perglycemia-triggered reactive oxygen species
(ROS) generation by suppressing NADPH ox-
idase activation and augmenting nuclear factor
erythroid 2-related factor 2 (Nrf2) expression®.
Andrographolide-induced Nrf2 expression mod-
ulates enzymes in the glutathione and thioredox-
in antioxidant systems, leading to enhanced redox
status of liver cells®. Andrographolide has also
been reported to exert strong antioxidant effects
in cardiovascular, respiratory, and respiratory dis-
eases, as well as in arthritis>®!6-1%,

Evidence'""® supporting the antioxidant activity
of andrographolide and its derivatives has been de-
scribed in animal models of GUs, which include
increasing gastric levels of glutathione, catalase,
superoxide dismutase, prostaglandin E2, cyclooxy-
genase-1, and cyclooxygenase-2 while dramatical-
ly decreasing the levels of malonaldehyde. Thus,
the gastroprotective effects of andrographolide in
GUs may result from its ability to ameliorate dam-
age from oxidative stress. However, the underlying
mechanism(s) by which andrographolide suppress-
es oxidative stress and reduces ROS need inves-
tigation. Of note, whether andrographolide exerts
its antioxidant effects for gastric protection via the
Nrf2 signaling pathway is unknown.

Antibacterial Activity

Helicobacter pylori (H. pylori) is a recognized
cause of gastritis and gastric and duodenal ulcers.
Helicobacter pylori produces the highly active
urease, which can catalyze urea hydrolysis to
generate ammonia and carbon dioxide, thereby
lowering the pH environment of the gastric mu-
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cosa and allowing bacteria to colonize the stom-
ach. Thus, an effective strategy in GU treatment
would be to inhibit urease activity to reduce bac-
terial reproduction. Andrographolide has not been
shown to have inhibitory effects on H. pylori, but
a recent study has demonstrated that labdane di-
terpenoids isolated from 4. paniculata effectively
inhibits H. pylori*®. Moreover, Mo et al*' reported
that andrographolide sodium bisulfite is a com-
petitive inhibitor of the thiol groups in urease in
a slow-binding manner that is both reversible and
concentration dependent, indicating that andro-
grapholide may be a promising urease inhibitor in
treating urease-related diseases.

The above data imply that andrographolide
may confer gastric protection by inhibiting H.
pylori activity, but more evidence is required to
prove this hypothesis.

Other Activity

Saranya et al'' demonstrated that rats pretreat-
ed with andrographolide (1, 3, or 5 mg/kg) for 30
days exhibited less severe ethanol-induced gastric
lesions, likely resulting from andrographolide-in-
duced suppression of gastric acid secretion and
maintenance of mucus layer integrity, as reflected
by reduced H/K'-ATPase activity and sustained
mucin levels, respectively. Furthermore, this
study also demonstrated that andrographolide
decreased myeloperoxidase activity; myeloperox-
idase is an inflammatory marker that allows the
infiltration of neutrophils into gastric mucosa. In
a study by Yao et al'?, andrographolide-pretreated
mice exhibited greatly attenuated intragastric-eth-
anol-administration-induced imbalance of gastric
mucosal vascular homeostasis via the inhibition
of the 6-phosphofructo-2-kinase/fructose-2,6-bi-
phosphatase 3-mediated glycolysis pathway in
gastric mucosal vascular endothelial cells. An in
vivo study reported that andrographolide sodium
bisulfite may have anti-apoptotic properties as
it significantly increased the expression of heat
shock protein 70 and B-cell lymphoma-2 (Bcl-2)
protein while suppressing the Bax protein in the
gastric tissue". Together, these findings demon-
strate that andrographolide confers gastric protec-
tion likely by regulating inflammation and vascu-
lar hemostasis with its anti-apoptotic properties,
these mechanisms provide novel strategies for
gastric protection.

Gastrointestinal Cancers
Cancer is essentially a polygenic disease char-
acterized by the activation of one or more pro-

to-oncogenes or by mutations and/or deletions of
tumor suppressor genes, both resulting in cells
that escape normal growth control mechanisms.
Consequently, immortalized cancer cells become
aggressive and display malignant phenotypes.
The malignant proliferation of tumor cells prom-
inently manifests as a disorder of the cell cycle,
for example, with the imbalance of cyclin and cy-
clin-dependent kinases, two key regulatory mole-
cule families®. It also manifests as the activation
or inhibition of certain key signaling pathways
regulating the growth, differentiation, and inva-
sion of tumor cells. Thus, the promotion of cell
apoptosis is essential in restricting further cancer
development.

Andrographolide exhibits tremendous poten-
tial in the treatment of gastrointestinal cancers,
as it has been discovered to have multiple targets
and signaling pathways in the treatment of colon
cancer. Moreover, some preliminary in vitro stud-
ies have shown that andrographolide has a che-
mo-preventive effect in gastrointestinal cancers.
For example, andrographolide reduces the viabil-
ity of HT-29 cells in a dose- and time-dependent
manner; at lower doses, the cell cycle is halted in
the G,/M phases, but it is held in G /G, phases
at higher doses®. In this section, the underlying
mechanisms of andrographolide and its deriva-
tives against gastrointestinal cancers, especially
its pro-apoptotic activity, will be discussed.

Regulation of the Wnt/}-Catenin
Signaling Pathway

The Wnt signaling pathways are a set of signal
transduction pathways with multiple downstream
channels that are activated when Wnt-protein li-
gands bind to membrane G protein-coupled re-
ceptors. Wnt signal transduction pathways play
crucial roles in biological development, cell trans-
port, and apoptosis. Accordingly, aberrations in
Wnt pathways cause various growth-related pa-
thologies and cancers. The most well-studied Wnt
downstream pathway is the canonical Wnt/p-cat-
enin pathway, in which Wnt regulates gene ex-
pression via B-catenin/T-cell factors (TCFs); the
Wnt/B-catenin pathway thus has implications for
gastrointestinal cancer.

Previous studies have reported that androgra-
pholide can activate the Wnt/B-catenin signaling
pathway in different diseases. Jiang et al** demon-
strated that andrographolide exerts pro-osteo-
genic effects via activation of the Wnt/B-catenin
signaling pathway. Furthermore, andrographolide
was reported to promote neural differentiation of
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rat adipose tissue-derived stromal cells through
Wnt/B-catenin signaling, indicated by increased
expression of nuclear B-catenin and inhibition
of glycogen synthase kinase-3p (GSK-3p), a key
enzyme in the Wnt/B-catenin signaling cas-
cade®. Andrographolide was also shown to ac-
tivate the canonical Wnt signaling pathway via
non-ATP-competitive inhibition of GSK-3p%*.
Altogether, these studies indicate that androgra-
pholide can activate the Wnt/B-catenin signaling
pathway and provide additional evidence that an-
drographolide is a competitive inhibitor of GSK-
3p7.

In contrast to the researches reported above, an-
drographolide and its derivatives exert anti-can-
cer effects by inhibiting the Wnt pathway. For
example, 19-O-triphenylmethyl andrographolide
(RS-PP-050) inhibited B-catenin transcription
by repressing TCF/lymphocyte enhancer factor
(LEF) activity in colorectal cells overexpressing
B-catenin and decreasing endogenous expression
of Wnt target genes®. Moreover, RS-PP-050 re-
duced protein expression of the active form of
B-catenin by blocking phosphorylation at Ser675
of B-catenin, which is critical for B-catenin nucle-
ar translocation. In HT29 colon cancer cells, the
andrographolide analogue 3A.1 (19-tert-butyldi-
phenylsilyl-8, 17-epoxy andrographolide) was
found to significantly reduce TCF/LEF promoter
activity in the Wnt/B-catenin signaling pathway®.
Accordingly, analogue 3A.1 suppressed the ex-
pression of Wnt target genes and -catenin pro-
tein and increased the activity of GSK-3p kinase®.
These findings suggest the therapeutic potential
of andrographolide derivatives in the treatment of
gastrointestinal cancer.

The contradictory effects of andrographolide in
different studies are still a mystery. One answer
may be that andrographolide has a bidirectional
regulatory effect on the Wnt signaling pathway.
On the one hand, it inhibits pathway activation
caused by cancer gene mutations, whereas on the
other hand, it activates the Wnt pathway in certain
diseases to regulate abnormal pathologies. How-
ever, the currently available data are not enough
to support this hypothesis, and further investiga-
tions need to be done before any conclusions can
be drawn.

Regulation of The Intrinsic Apoptosis
Pathway

A well-known, crucial anti-cancer strategy is
to trigger tumor cell apoptosis, which includes
two signaling pathways, the intrinsic pathway and
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the extrinsic pathway*’?'. The intrinsic apoptosis
pathway, also called the mitochondrion-mediated
procaspase-activation pathway, is regulated by
members of the Bcl-2 family and, in response to
DNA destruction from chemotherapy or radio-
therapy, can be initiated by activating the tumor
suppressor protein p53%.

Andrographolide and its derivatives are thought
to suppress cancers by regulating the intrinsic
apoptosis pathway (Figure 2). In particular, an-
drographolide treatment increased the expression
of apoptosis-related proteins, such as caspase-3,
Bax, and poly ADP-ribose polymerase (PARP),
and attenuated the expression of the antiapoptot-
ic protein Bcl-2 in Uppsala 87 Malignant Glio-
ma cells *2. Similarly, in andrographolide-treated
B16F-10 melanoma cells, the expression of the
proapoptotic proteins p53, Bax, caspase-9, and
caspase-3 was upregulated, whereas protein ex-
pression of the antiapoptotic Bcl-2 was downreg-
ulated®. These studies** confirm data from ear-
lier studies demonstrating that andrographolide
and its derivatives induce apoptosis via Bcl-2-me-
diated survival signaling and modulating p53-in-
duced caspase-3-mediated proapoptotic signaling
in certain cancer cells.

Mechanistic studies have reported that andro-
grapholide and its derivatives can also promote
the apoptosis of gastrointestinal cancer cells
through the intrinsic apoptotic pathway. For ex-
ample, using the BGC-823 human gastric cancer
cell line, Li et al* found that andrographolide
suppressed cell growth and induced cell apopto-
sis by upregulating Bax and caspase-3 expression
and downregulating Bcl-2 expression. Similarly,
the treatment of SGC7901 gastric cancer cells
with media containing different concentrations
of andrographolide (5, 20, and 40 pg/mL) pro-
moted cell apoptosis (16.5%, 19.9%, and 28.4%,
respectively) and was likely related to the upreg-
ulation of Bax expression and the downregulation
of Bcl-2 expression®’. Andrographolide has also
been shown to suppress colon cancer via the in-
herent apoptosis pathway. It induced apoptosis in
human HT-29 colon cancer cells, which seems to
be linked to augmented intracellular ROS levels
and disruption of the mitochondrial membrane
potential via the regulation of caspase-3 activi-
ty*. Moreover, Khan et al*’ demonstrated that an-
drographolide enhanced early and late apoptosis
in SW-480 cells in a dose- and time-dependent
manner via the upregulation of the proapoptotic
proteins Bax and Bad and the downregulation
of the antiapoptotic protein Bcl-2. Finally, treat-
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ing gastric cancer (MKN45) and colon cancer
(HCT116) cells with medium containing gradi-
ent concentrations of andrographolide (0, 12.5,
50, or 100 uM) has been reported to enhance the
expression of the pro-apoptotic proteins p53 and
Noxa, also known as phorbol-12-myristate-13-ac-
etate-induced protein 1, a p53 downstream target
gene®. These numerous reseraches demonstrate
the pro-apoptosis activity of andrographolide in
the treatment of gastrointestinal cancer; neverthe-
less, it is necessary to synthesize new androgra-
pholide analogues that are more efficacious than
the parent compound.

Various in vitro studies have illustrated the
beneficial effects of using chemically modified
forms of andrographolide to promote cell apop-
tosis in treating gastrointestinal cancer. Of note,
new benzylidene derivatives of andrographolide
were reported as potential anticancer agents in the
treatment of breast and colon cancer; they were
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shown to downregulate cyclin-dependent kinase
4 to promote G, phase cell cycle arrest and induce
apoptosis®. Song et al** found a series of novel
indolo [3,2-b] andrographolide derivatives that, in
a concentration-dependent manner, induced early
and late cellular apoptosis in HCT116 (human co-
lon cancer) cells. Likewise, treatment of HCT116
cells with di-spiropyrrolidino and di-spiropyr-
rolizidino oxindole andrographolide derivatives
upregulated Bax, p53, caspase-3, caspase-9, and
cleaved PARP while downregulating Bcl-2 and
p65%. In AGS gastric cancer cells, 2 uM of the
andrographolide analogue 19-triisopropyl andro-
grapholide, or analogue-6, significantly inhibited
the activity of DNA topoisomerase Ila enzyme,
induced DNA damage, and activated cleaved
PARP-1 and caspase3 (p53 was not activated),
resulting in late cellular apoptosis®. Additionally,
in a series of novel andrographolide derivatives
that were semi-synthesized and screened, SR207

feeesossssssseeoeesssat

a| Extrinsic pathway

FAD

Caspase 8/10

Apoptosome

v
o

Apoptosis

\/

»

Cell stress —» DNA damage

(SIR2) —>

T [CES
<_
¥ (Bo2)
® SVAC
TP '

S S OO0 000 e oeeestsseeooeessssseessossssssssesesssssssessssssssseeosssssssssosesssssseoossssssssesy

Intrinsic pathway
y ’
-

® \!
'.. \(\O(\é

SMAC N\\»\00

2 ANDRO

Figure 2. Regulation of the intrinsic and extrinsic apoptosis pathways by andrographolide and its derivatives. ANDRO:
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was determined to be the most effective; it has the
ability to induce apoptosis in HCT116 cancer cells
via DNA fragmentation*®. SRJ09 (3,19-(2-bromo-
benzylidene) andrographolide) is a semisynthet-
ic andrographolide derivative that, compared to
andrographolide, exhibited improved activity
in vitro by producing rapid cell killing effects*’.
Its anti-tumor activity was evaluated in vivo us-
ing athymic mice carrying HCT-116 colon tumor
xenografts; SRJ09 significantly attenuated tumor
growth in these mice, demonstrating for the first
time in vivo that SRJ09 may be a potential an-
ti-colon cancer drug.

Regulation of the Extrinsic Apoptosis
Pathway

The extrinsic apoptosis pathway, or death re-
ceptor (DR)-mediated procaspase-activation
pathway, is triggered by the activation of DRs by
ligands, especially the tumor necrosis factor (TN-
F)-related apoptosis-inducing ligand (TRAIL)*.
TRALIL binds to the DRs DR4 and DR5 and fol-
lowing the recruitment of Fas-associated protein
with death domain and procaspases-8/10 to form
a death-inducing signaling complex, triggers an
apoptotic cascade and resulting cell death*®#
(Figure 2). Notably, the activation of the TRAIL
signaling pathway selectively induces apoptosis
of cancer but not normal cells*; thus, it has been
recognized as a promising target for cancer thera-
pies, which include recombinant forms of TRAIL,
TRAIL receptor agonists, and other therapeutic
agents, such as herbal extracts.

Recently, andrographolide has been confirmed
to activate TRAIL, as well as other extrinsic apop-
tosis-promoting factors in cancer cells. Androgra-
pholide at subtoxic concentrations preferentially
increased the sensitivity of prostate cancer cells to
TRAIL-induced apoptosis by upregulating DR4
and p53 expression®. Similarly, andrographolide
sensitized bladder cancer cells to TRAIL-medi-
ated apoptosis by upregulating DR4 and DRS5 in
a p53-dependent manner'. Andrographolide also
has anti-gastrointestinal cancer effects via the
modulation of the extrinsic apoptosis pathway.
Lim et al*> demonstrated that andrographolide
inhibited cell growth and triggered apoptotic and
non-apoptotic cell death in human gastric can-
cer cells (AGS, SNU638, and SNU601) via the
activation of TRAIL-induced apoptosis through
the induction of DRS5 expression. Furthermore,
andrographolide pretreatment dramatically aug-
mented TRAIL-induced activation of caspase-8
and caspase-3, as well as cleavage of PARP (a
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caspase-3 substrate), likely through upregulation
of DR4, a process dependent on the presence of
functional p53*. Altogether, these studies imply
that andrographolide can exert its anticancer ef-
fects by regulating the external apoptosis pathway
and consequently, further support its potential use
in gastrointestinal cancer therapy (Figure 2).

Regulation of Endoplasmic Reticulum
(ER) Stress

Imbalances in calcium homeostasis and un-
folded or misfolded proteins lead to protein accu-
mulation in the ER, triggering ER stress, which
results in cell apoptosis and is associated with can-
cer development. The unfolded protein response
(UPR) is a highly conserved pathway that allows
the cell to manage ER stress. It can activate three
transcription factors: inositol-requiring enzyme 1
(IRE1), protein kinase R-like ER kinase, and ac-
tivating transcription factor 6; and induce apop-
tosis through three main mechanisms: C/EBP
homologous protein (CHOP) pathway, apoptosis
signal-regulating kinase 1 and c-Jun N-terminal
kinase (JNK) pathways, and caspase-12 pathway.

Compounds that stimulate cancer cells to in-
crease ER stress and induce apoptosis may be
useful for anti-cancer treatment. Andrographolide
was found to significantly promote the death of
T84, HCT116, and COLO 205 colon cancer cells,
likely through ER stress-induced apoptosis, but
not normal cells**. Accordingly, a decreased Bax/
Bcl-2 ratio was found, along with increased ex-
pression of glucose-regulated protein 78, IRE-I,
X-box binding protein 1, and CHOP. Other studies
with the T84 and COLO 205 human colon cancer
cell lines showed that andrographolide treatment,
by increasing ROS levels, promoted ER stress and
upregulated UPR signaling, leading to apoptosis
. Notably, in the presence of N-acetyl-L-cyste-
ine, a ROS scavenger, andrographolide-induced
cell death, activation of UPR signaling, and ex-
pression of CHOP and the apoptotic elements
Bax and caspase 3 were all inhibited, indicating
that the presence of ROS is crucial for androgra-
pholide to exert its pro-apoptotic effect®.

Given that ER stress has been well-document-
ed in the pathogenesis of tumor development, an-
drographolide likely exerts its protective effects
in gastrointestinal cancer by promoting apoptosis
through inducing ER stress. However, this hy-
pothesis should be evaluated carefully in future
studies using different models.
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Regulation of Resistance to Chemotherapy
Agents and Synergistic Effects

Chemotherapy and targeted therapy remain
the foremost options for the treatment of gastro-
intestinal tumors, as they prolong overall surviv-
al and improve the quality of life in cancer pa-
tients. However, their downsides, which remain
unresolved, include various unbearable side
effects and drug resistance®®*”. One of the most
well-known chemotherapeutic agents used in the
treatment of colorectal cancer is 5-fluorouracil (5-
Fu)*®*°. However, a growing concern in the clin-
ical practice of colorectal cancer is resistance to
5-Fu therapy. Thus, potential co-therapy agents to
treat 5-Fu-resistant patients are urgently needed.

Several studies have shown that androgra-
pholide may have synergistic therapeutic effects
during 5-Fu treatment of colorectal cancer. For
example, a recent study demonstrated that andro-
grapholide reversed colorectal cancer resistance
to 5-Fu treatment and re-sensitized HCT116/5-
FuR cells (HCT116 cells that are 5-Fu resistant)
to the cytotoxic effects of 5-Fu®. Further analy-
sis found that andrographolide/5-Fu co-treatment
increased HCT116/5-FuR cell apoptosis; Bax
levels also increased significantly. As androgra-
pholide can directly interact with Bax, this an-
drographolide-Bax interaction prevented Bax
degradation and promoted mitochondrial-medi-
ated apoptosis®. Similarly, Su et al®® found that
andrographolide, by enhancing cell apoptosis,
synergistically improved the anti-proliferation
effect of 5-Fu in HCT-116 cells. Notably, andro-
grapholide has been reported to ameliorate a side
effect of 5-Fu treatment — i.e., intestinal muco-
sitis-and did not weaken the anti-H22 tumor ef-
fect of 5-Fu®. Although further confirmation is
needed, the synergistic effect of andrographolide
during 5-Fu treatment and its attenuation of 5-Fu
side effects provide new ideas for gastrointestinal
tumor treatments.

Regulation of Angiogenesis

Angiogenesis refers to the formation of new
blood vessels from pre-existing blood vessels. In
normal tissue, blood vessels distribute nutrients
and oxygen for development, vascular remodel-
ing, wound healing, pregnancy, and menstrual cy-
cles. Vascular endothelial growth factor receptor
(VEGFR) is a cytokine receptor crucial in pro-an-
giogenic signaling; it is activated by vascular en-
dothelial growth factor (VEGF) and is present on
the surface of endothelial cells when tumor an-
giogenesis is initiated. Pathological angiogenesis

is driven by the overexpression of pro-angiogenic
factors, and it has been recognized as a necessary
process for tumor cell proliferation and metasta-
sis in cancer development®. Thus, an urgent need
exists for agents that block angiogenesis by de-
priving tumor tissues of nutrients and oxygen®*%.

Andrographolide has been demonstrated in vi-
tro to dramatically inhibit the proliferation, mi-
gration, and invasion of human umbilical vein
endothelial cells (HUVECs) with no evident cy-
totoxicity at low concentrations'>%’, Indeed, ev-
idence supporting the anti-angiogenic effects of
andrographolide in vitro and in vivo has been pub-
lished (Figure 3). Andrographolide was reported
to inhibited angiogenesis by inhibiting the prolif-
eration, migration, invasion, and tube formation
of HUVECs®. Lim et al®” showed that androgra-
pholide treatment (20 uM) significantly inhibited
VEGF-induced (10 ng/mL) sprout formation and
regressed neo-angiogenesis in chick embryos.
This anti-angiogenic effect results from andro-
grapholide binding to the ATP-binding pocket
of VEGFR2 and blocking the VEGF pathway,
indicating that andrographolide may exert its an-
ti-angiogenic effects by targeting VEGFR2%". Ac-
cordingly, the anti-angiogenic activity of andro-
grapholide has been shown to be mediated by the
inhibition of VEGFA-induced phosphorylation
and its activation of VEGFR2 and downstream
targets such as mitogen-activated protein kinas-
es (MAPKSs); however, andrographolide has no
effect on VEGFR2 kinase activity®. Androgra-
pholide treatment markedly inhibited angiogen-
esis in a dose-dependent manner (5, 10, and 20
uM) compared to dimethylsulfoxide treatment in
chick embryo yolk sac membrane and chick em-
bryo chorioallantoic membrane assays’. Further
experiments with HUVECs found that andro-
grapholide significantly inhibited the expression
of miR-21-5p, which targets tissue inhibitors of
metalloproteinase 3 (TIMP3) to regulate TIMP3/
matrix metallopeptidase (MMP) signaling and
promote angiogenesis’. Blanchard et al”' reported
that five consecutive days of andrographolide (50
mg/kg, [.P. or P.O.) treatment inhibited tumor an-
giogenesis in athymic mice that had HCT116 cells
injected into the flank to induce tumor development.
Moreover, andrographolide treatment dramatically
decreased the expression of VEGF165, phosphor-
ylated protein kinase B (AKT), and fork head box
protein M1 levels, while significantly elevating the
expression of the endogenous angiogenesis inhibi-
tor Tsp-2. The anti-angiogenic effect of androgra-
pholide in colorectal cancer is further supported by
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the finding that andrographolide antagonizes TNF-
a-induced interleukin (IL)-8 expression in HCT116
cells’; TL-8 is highly expressed in colorectal can-
cer and is implicated in angiogenesis™ 7. These re-
sults indicate that andrographolide has potential as
anovel anti-IL-8 agent in suppressing angiogenesis
in gastrointestinal cancer.

The synthesis of andrographolide derivatives
has attracted considerable attention for their an-
ti-angiogenic activity and increased cytotoxicity
toward cancer cells. In particular, a newly syn-
thesized andrographolide derivative (androgra-
pholide-40) was found to significantly suppress
blood vessel formation in vivo in zebrafish and in-
hibited proliferation, migration, and tube forma-
tion of HUVECS in vitro™. Andrographolide-9, a
15-benzylidene substituted derivative of andro-
grapholide, by attenuating the VEGF/VEGFR2/

AKT signaling pathway, was more effective than
andrographolide in inhibiting the migration and
formation of VEGF-induced capillary-like tubes
in HUVECs”. Similarly, andrographolide-26b
(12a-isomer) dramatically inhibited VEGF-in-
duced proliferation, migration, invasion, and for-
mation of capillary-like structures in HUVECs,
partly by blocking VEGF/VEGFR2 signaling
pathways and reducing MMP-9 expression’
Finally, compound A5, a novel semi-synthetic
andrographolide analogue, inhibited VEGF-in-
duced tube formation in HUVECs in a concentra-
tion-dependent manner and suppressed VEGF-in-
duced phosphorylation of VEGFR2, extracellular
signal-regulated kinase 1 and 2 (ERK1/2), and
p38 kinase, indicating that compound A5 inhib-
its angiogenesis by blocking the VEGFR2-p38/
ERK1/2 signaling pathway”.
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Figure 3. Regulation of angiogenesis by andrographolide and its derivatives. VEGFR: vascular endothelial growth factor recep-
tor; PIP2: phosphatidylinositol (4,5) bisphosphate; GRB: growth factor receptor-bound protein; ERK: extracellular signal-regu-
lated kinase; cPLA: cytoplasmic phospholipase A; PG: prostaglandin; COX: cyclooxygenase; NFAT: nuclear factor of activated T
cells; PP2B/CaN: calcineurin; PIP3: phosphatidylinositol 3,4,5-trisphosphate; PLC: phospholipase C; DAG: diacylglycerol; PKC:
protein kinase C; PI3K: phosphatidylinositol 3-kinase; AKT: protein kinase B; Bad: BCL2 antagonist of cell death; eNOs: en-
dothelial nitric oxide synthase; PFKFB3: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3.
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Other Mechanisms

Other mechanisms by which andrographolide
exerts its anti-cancer effects have been report-
ed. For example, andrographolide may alter the
tumor microenvironment by changing the extra-
cellular matrix via increasing TIMP-1/2 expres-
sion and reducing MMP-2/9 expression®’. In an
earlier study, Jiang et al®' studied the effects of
andrographolide on the adhesion of gastric can-
cer cells to activated endothelial cells as well as
the expression of certain cell adhesion molecules.
They found that andrographolide suppressed the
adhesion of gastric cancer cells expressing high
levels of sialyl Lewis(X) to human vascular endo-
thelial cells by suppressing E-selectin expression.

In summary, andrographolide and its deriva-
tives exert powerful anti-gastrointestinal cancer
effects by inhibiting cancer cell proliferation and
metastasis as well as promoting apoptosis. Thus,
they may represent putative therapeutic agents for
gastrointestinal cancers. Nevertheless, additional
evidence from in vivo and clinical studies is ur-
gently required.

Ulcerative Colitis (UC)

UC is a chronic, non-specific inflammatory co-
lon disease whose clinical signs include abdominal
pain, bloody diarrhea, weight loss, tenesmus, and
vomiting. It follows a long course and is associat-
ed with recurring attacks, which greatly impairs
the quality of life of its sufferers. UC may result
in higher cancerization rates. Currently, the com-
mon clinical treatments for UC include adreno-
corticotropic hormones and immunosuppressive
and anti-infective agents. However, some patients
with refractory UC show no signs of improvement
after treatment with these current drugs, and their
long-term use can produce general side effects
such as gastrointestinal dysfunction, joint pain,
skin rashes, and especially, impaired reproductive
function. Consequently, alternative therapies are
urgently needed.

A recent study with an oxazolone (OXZ)-in-
duced UC rat model found that andrographolide
dramatically reduced colonic disease activity in-
dex and mortality in a dose-dependent manner
while significantly improving colon length and
spleen coefficient, indicating that andrographolide
may be a potential UC treatment®. Although the
selected models were different, these findings
corroborate with those of previous reports using
in vivo and in vitro models demonstrating that an-
drographolide has a protective effect in UC*-%, In
this section, the potential mechanisms and future

prospects of andrographolide’s protective effects
in UC will be discussed.

Regulation of Nuclear Factor Kappa
B (NF+«B) and/or MAPK Pathway
Activation

The Toll-like receptor 4 (TLR4) signaling path-
way is initiated by lipopolysaccharides (LPS) and
involves the activation of MAPK, the induction
of NF-kB, and lastly, the activation of inflamma-
tion-related genes encoding pro- and anti-inflam-
matory cytokines and chemokines®®®’. NF-xB
plays a critical role in gene induction across di-
verse cellular responses, particularly with respect
to inflammation and innate immunity®®#°, The NF-
kB family of transcription factors are increasing-
ly recognized as crucial players in the many steps
of UC initiation and progression®. Consequently,
strategies that suppress NF-kB-mediated intesti-
nal inflammation may ameliorate the pathological
damage and intestinal dysfunction found in UC
patients; indeed, aminosalicylic acid drugs (such
as sulfasalazine) and some specific anti-inflam-
matory herbal extracts confer beneficial therapeu-
tic effects”°. Notably, macrophages, due to their
critical role in inflammation, have been broadly
employed in in vitro cell models of inflammatory
bowel disease, especially UC, in the development
of therapeutic drugs.

As a potent anti-inflammatory compound,
andrographolide and its derivatives have been
shown in vitro and in vivo to regulate the NF-xB
pathway (Figure 3A). In an LPS-induced macro-
phage model, andrographolide treatment exten-
sively inhibited the NF-kB pathway®. Moreover,
andrographolide treatment not only suppressed
upstream signaling pathways mediated by TLR4,
including dephosphorylation of IxB kinase o/,
nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha (IxBa), and
IL-1 receptor-associated kinase 4, but also in-
hibited the critical downstream proinflammatory
transcription factor p65, resulting in decreased
production of proinflammatory cytokines (e.g.,
IL-1B, IL-6, and TNF-a)*.

Andrographolide could also inhibit the MAPK
pathway, as evidenced by phosphorylation levels
of ERK1/2, INK, p38, and activator protein 1%,
These results indicate that andrographolide like-
ly reduces LPS-induced inflammation in mac-
rophages by attenuating NF-xkB and MAPK-me-
diated  inflammatory  responses.  Indeed,
andrographolide and its derivative 3,14,19-tria-
cetyl andrographolide produced anti-inflamma-
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tory effects in a mouse model of dextran sulfate
sodium-induced UC by inhibiting the NF-xB and
MAPK pathways® . The suppression of NF-xB
and MAPK by andrographolide is related to the
activation of adenosine monophosphate protein
kinase (AMPK)®, a critical molecule in the reg-
ulation of bioenergy metabolism and inflamma-
tion?™8, indicating that MAPK pathway inhibition
via AMPK may be a potential mechanism under-
lying the effects of andrographolide treatment in
UC (Figure 3A).

Multiple studies have reported the anti-inflam-
matory effects of andrographolide or its deriva-
tives in UC. For example, andrographolide treat-
ment significantly alleviated histological damage
in an OXZ-induced UC rat model. The treatment
improved crypt structure, reduced inflammatory
cell infiltration, and inhibited p65 expression®.
Andrographolide sulfonate has also been found
to suppress the phosphorylation of p65 and P38
in damaged colon tissue in a 2, 4, 6-trinitroben-
zene sulfonic acid (TNBS)-induced experimental
colitis model'™. Lastly, andrographolide-lipoic
acid conjugate (AL-1) attenuated the expression
of p-p65 and p-IxkBa in TNBS-induced colitis
mice®, Based on reports of how andrographolide
and its derivatives affect the NF-xB and MAPK
pathways to regulate inflammation in other mod-
els and diseases'”'%, andrographolide and its de-
rivatives could be effective agents for the treat-
ment of UC (Figure 3A). However, the way in
which andrographolide inhibits various targets
in the NF-xB and MAPK pathways and whether
these inhibitory mechanisms can be observed in
UC patients remain largely unknown. Therefore,
additional mechanistic and clinical studies are
needed.

Regulation of the T Helper (Th)
17-Involved Immune Response

A disordered immune response has been pro-
posed as the leading cause of UC; in recent years,
emerging evidence has confirmed the crucial role
of IL-17 in the development UC'>!%. Th17 cells
are CD4" T cells that can secrete IL-17 under the
regulation of the nuclear transcription factor ret-
inoic acid-related orphan receptor-yt (ROR-yt)
and through IL-17 secretion, can activate various
immune cells to promote the development of the
inflammatory response.

Prior studies have reported an association be-
tween IL-17-producing Thl17 cells and autoim-
mune diseases, including UC'”". Accordingly, the
percentage of Thl7 cells in CD4" cells collected
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from peripheral blood mononuclear cells (PBMCs)
of UC patients has been found to exceed those of
healthy donors'®®, implying that Th17 regulation is
a potential therapeutic avenue for UC treatment.
In fact, some compounds that selectively sup-
press Thl7 cell development and function have
been identified as possible therapeutic options for
treating human autoimmune diseases, including
inflammatory bowel disease'”-!'2.

Using a TNBS-induced experimental colitis
mouse model, UC PBMCs, and LPS-treated PB-
MCs, andrographolide treatment was observed
to inhibit excessive pro-inflammatory cytokine
expression, including that of TNF-a, IL-1B, IL-
6, and IL-23'% This inhibition was connected
to a reduction in Thl7 cells and a suppression
of IL-17A and ROR-yt protein levels, implying
that andrographolide inhibits the Thl7-involved
immune response as well as downstream pro-in-
flammatory factors to suppress the inflammation
response, ultimately resulting in the amelioration
of UC (Figure 3B). Andrographolide sulfonate
(trade name: Xi-Yan-Ping Injection), a water-sol-
uble form of andrographolide, has been found
to inhibit CD4" T-cell infiltration and the differ-
entiation of Thl and Thl7 subsets in TNBS-in-
duced colitis in mice and LPS-treated PBMCs,
likely through signal transducer and activator
of transcription (STAT) 3 signaling, indicating
that andrographolide sulfonate, by regulating the
Thl7-involved immune response, may be a novel
agent in UC treatment'? (Figure 4B).

Others

Aberrant Thl and Th2 responses, especial-
ly an excessive Th2 response, contribute to UC
development'#; thus, restoration of the Th1/Th2
balance may be a promising avenue for treating
UC. A recent investigation using an OXZ-induced
UC rat model found that andrographolide can ef-
fectively improve inflammation by regulating the
balance of related inflammatory factors via block-
age of the IL-4R-STAT6 pathway*?. This pathway
is essential in regulating Th2-induced cytokine
production and epithelial barrier function in
OXZ-induced colitis'".

Furthermore, in TNBS-induced colonic injury,
AL-1 has been reported to promote the peroxi-
some proliferator-activated receptor (PPAR)-y
pathway®**, an upstream target of NF-kB that is
negatively correlated with NF-xB, indicating
that the protective effects of AL-1 in colitis mice
were likely mediated by the activation of PPAR-y.
Finally, andrographolide or its derivatives were
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Figure 4. The underlying mechanisms of andrographolide and its derivatives in treating UC. A. Andrographolide and its
derivatives regulate NF-kB- and MAPK-pathway activation. B. Andrographolide and its derivatives regulate Th17-involved
immune response. NF-kB: nuclear factor kappa B; MAPK: mitogen-activated protein kinase; Th17: T helper 17; LPS: lipo-
polysaccharide; TLR4: toll-like receptor 4; MyD88: myeloid differentiation factor 88; IRAK4: interleukin-1 receptor-asso-
ciated kinase 4; IKK: inhibitor of nuclear factor kappa-B kinase; AMPK: adenosine 5‘-monophosphate (AMP)-activated
protein kinase; PPAR-y: peroxisome proliferators-activated receptor-y; ERK: extracellular regulated protein kinase; JNK:
c-Jun N-terminal kinase; AP-1: activator protein 1; pMHC: peptide- major histocompatibility complex; TCR: T cell receptor;
IL-6: interleukin-6; gp130: glycoprotein 130; TYK?2: protein tyrosine kinase 2; JAK: Janus kinase; STAT: signal transducer
and activator of transcription; TGF-f: transforming growth factor-; TGF-BR: transforming growth factor-f3 receptor; RORyt:

retinoic acid-related orphan receptor vyt.

claimed to have anti-fibrotic abilities and reduce
intestinal permeability in colitis models, but the
specific mechanisms are unclear'**''¢,

Altogether, andrographolide or its derivatives
can effectively improve the inflammatory pheno-
type of UC models in vivo and in vitro; however,
in view of the complexity of the immune system
and the multiple targets of these drugs, additional
studies are required to clarify the effects of these
compounds on the regulation of the patient’s im-
mune function. In addition, specific anti-inflam-
matory targets and how andrographolide and its
derivatives act on these targets also need to be
clarified.

Conclusions
This review summarizes the pharmacological

effects of andrographolide and its derivatives in
gastrointestinal protection. Numerous studies

have provided evidence on the potential use of an-
drographolide in gastrointestinal disorders. An-
drographolide has prophylactic and therapeutic
effects in gastrointestinal disorders such as GU,
gastric cancer, colorectal cancer, and inflamma-
tory bowel disease via its ability to regulate apop-
tosis and inflammation. The beneficial results of
andrographolide provide solid evidence that novel
discoveries of protective natural compounds are a
promising direction for the treatment of gastroin-
testinal tract disorders. Unfortunately, one of the
factors limiting andrographolide effectiveness is
its poor solubility. Therefore, its chemical struc-
ture needs to be modified to improve its water
solubility and optimize delivery systems. Indeed,
in animals with gastrointestinal tract disorders,
studies determining the treatment efficacies of
andrographolide derivatives have been published.
It is hoped that in the near future, more studies
regarding the clinical efficacy of andrographolide
derivatives in gastrointestinal tract disorder treat-
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ment will be available, which may push the devel-
opment of andrographolide derivatives as novel
medication for gastrointestinal tract disorders.

Conflict of Interest
The Authors declare that they have no conflict of interests.

1)

5)

6)

10)

References

Tan WSD, Liao W, Zhou S, Wong WSF. Is there a
future for andrographolide to be an anti-inflamma-
tory drug? Deciphering its major mechanisms of
action. Biochem Pharmacol 2017; 139: 71-81.

Wu T, Peng Y, Yan S, Li N, Chen Y, Lan T. And-
rographolide ameliorates atherosclerosis by sup-
pressing pro-inflammation and ros generation-
mediated foam cell formation. Inflammation 2018;
41: 1681-1689.

Low M, Khoo CS, Minch G, Govindaraghavan S,
Sucher NJ. An in vitro study of anti-inflammatory
activity of standardised Andrographis paniculata
extracts and pure andrographolide. BMC Com-
plement Altern Med 2015; 15: 18.

Soo HL, Quah SY, Sulaiman |, Sagineedu SR,
Lim JCW, Stanslas J. Advances and challenges
in developing andrographolide and its analogues
as cancer therapeutic agents. Drug Discov Today
2019; 24: 1890-1898.

Karkale S, Khurana A, Saifi MA, Godugu C, Tal-
la V. Andrographolide ameliorates silica induced
pulmonary fibrosis. Int Immunopharmacol 2018;
62: 191-202.

Khole S, Mittal S, Jagadish N, Ghosh D, Gadgil
V, Sinkar V, Ghaskadbi S. Andrographolide en-
hances redox status of liver cells by regulating
microRNA expression. Free Radic Biol Med 2019;
130: 397-407.

Kishore V, Yarla NS, Bishayee A, Putta S, Mal-
la R, Neelapu NR, Challa S, Das S, Shiralgi Y,
Hegde G, Dhananjaya BL. Multi-targeting andro-
grapholide and its natural analogs as potential
therapeutic agents. Curr Top Med Chem 2017; 17:
845-857.

Luo S, Li H, Liu J, Xie X, Wan Z, Wang Y, Zhao Z,
Wu X, Li X, Yang M, Li X. Andrographolide ame-
liorates oxidative stress, inflammation and histo-
logical outcome in complete Freund‘s adjuvant-
induced arthritis. Chem Biol Interact 2020; 319:
108984.

Zhu Z, Duan H, Jing M, Xu L, Yu P. Synthesis and
biological evaluation of andrographolide derivati-
ves as anti-inflammatory agent. Curr Pharm Des
2018; 24: 3529-3538.

Liu L, Yan Y, Zheng L, Jia H, Han G. Synthesis
and structure anti-inflammatory activity relation-
ships studies of andrographolide derivatives. Nat
Prod Res 2020; 34: 782-789.

2378

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

Saranya P, Geetha A, Selvamathy SM. A bioche-
mical study on the gastroprotective effect of an-
drographolide in rats induced with gastric ulcer.
Indian J Pharm Sci 2011; 73: 550-557.

Yao H, Wu Z, Xu Y, Xu H, Lou G, Jiang Q, Fan W,
Liu W, Zheng C, Gao Y, Wang Y. Andrographoli-
de attenuates imbalance of gastric vascular ho-
meostasis induced by ethanol through glycolysis
pathway. Sci Rep 2019; 9: 4968.

Liu YH, Zhang ZB, Zheng YF, Chen HM, Yu XT,
Chen XY, Zhang X, Xie JH, Su ZQ, Feng XX,
Zeng HF, Su ZR. Gastroprotective effect of and-
rographolide sodium bisulfite against indometha-
cin-induced gastric ulceration in rats. Int Immuno-
pharmacol 2015; 26: 384-391.

Mussard E, Cesaro A, Lespessailles E, Legrain B,
Berteina-Raboin S, Toumi H. Andrographolide, a
natural antioxidant: an update. Antioxidants 2019;
8: 571.

Liang E, Liu X, Du Z, Yang R, Zhao Y. Androgra-
pholide ameliorates diabetic cardiomyopathy in
mice by blockage of oxidative damage and NF-
kB-mediated inflammation. Oxid Med Cell Longev
2018; 2018: 9086747.

Chen W, SuH, Feng L, Zheng X. Andrographolide
suppresses preadipocytes proliferation through
glutathione antioxidant systems abrogation. Life
Sci 2016; 156: 21-29.

Ji X, Li C, Ou Y, Li N, Yuan K, Yang G, Chen X,
Yang Z, Liu B, Cheung WW, Wang L, Huang R,
Lan T. Andrographolide ameliorates diabetic ne-
phropathy by attenuating hyperglycemia-media-
ted renal oxidative stress and inflammation via
Akt/NF-kB pathway. Mol Cell Endocrinol 2016;
437: 268-279.

Peng S, Gao J, Liu W, Jiang C, Yang X, Sun 'Y, Guo
W, Xu Q. Andrographolide ameliorates OVA-indu-
ced lung injury in mice by suppressing ROS-me-
diated NF-«kB signaling and NLRP3 inflammaso-
me activation. Oncotarget 2016; 7: 80262-80274.
Yin JN, Li YN, Gao Y, Li SB, Li JD. Andrographo-
lide plays an important role in bleomycin-induced
pulmonary fibrosis treatment. Int J Clin Exp Med
2015; 8: 12374-12381.

Shaikh RU, Dawane AA, Pawar RP, Gond DS,
Meshram RJ, Gacche RN. Inhibition of helico-
bacter pylori and its associate urease by labdane
diterpenoids isolated from Andrographis panicu-
lata. Phytother Res 2016; 30: 412-417.

Mo ZZ, Wang XF, Zhang X, Su JY, Chen HM, Liu
YH, Zhang ZB, Xie JH, Su ZR. Andrographolide
sodium bisulphite-induced inactivation of urease:
inhibitory potency, kinetics and mechanism. BMC
Complement Altern Med 2015; 15: 238.

Park MT, Lee SJ. Cell cycle and cancer. J Bio-
chem Mol Biol 2003; 36: 60-65.

Khan I, Khan F, Farooqui A, Ansari IA. Andro-
grapholide exhibits anticancer potential against
human colon cancer cells by inducing cell cycle
arrest and programmed cell death via augmenta-
tion of intracellular reactive oxygen species level.
Nutr Cancer 2018; 70: 787-803.



Andrographolide and its derivatives are effective compounds for gastrointestinal protection: a review

24)

25)

26)

27)

28)

29)

30)
31)

32)

33)

34)

35)

36)

Jiang T, Zhou B, Huang L, Wu H, Huang J, Li-
ang T, Liu H, Zheng L, Zhao J. Andrographolide
exerts pro-osteogenic effect by activation of Wnt/
B-Catenin signaling pathway in vitro. Cell Physiol
Biochem 2015; 36: 2327-2339.

Liang Y, Li M, Lu T, Peng W, Wu JH. Androgra-
pholide promotes neural differentiation of rat adi-
pose tissue-derived stromal cells through wnt/3-
catenin signaling pathway. Biomed Res Int 2017;
2017: 4210867.

Tapia-Rojas C, Schilller A, Lindsay CB, Ureta RC,
Mejias-Reyes C, Hancke J, Melo F, Inestrosa NC.
Andrographolide activates the canonical Wnt sig-
nalling pathway by a mechanism that implicates
the non-ATP competitive inhibition of GSK-3f3: au-
toregulation of GSK-38 in vivo. Biochem J 2015;
466: 415-430.

Varela-Nallar L, Arredondo SB, Tapia-Rojas C,
Hancke J, Inestrosa NC. Andrographolide sti-
mulates neurogenesis in the adult hippocampus.
Neural Plast 2015; 2015: 935403.

Reabroi S, Saeeng R, Boonmuen N, Kasemsuk
T, Saengsawang W, Suksen K, Zhu W, Piyacha-
turawat P, Chairoungdua A. The anti-cancer ac-
tivity of an andrographolide analogue functions
through a GSK-3B-independent Wnt/B-catenin
signaling pathway in colorectal cancer cells. Sci
Rep 2018; 8: 7924.

Reabroi S, Chairoungdua A, Saeeng R, Kasem-
suk T, Saengsawang W, Zhu W, Piyachaturawat
P. A silyl andrographolide analogue suppresses
Wnt/B-catenin signaling pathway in colon cancer.
Biomed Pharmacother 2018; 101: 414-421.

Jin Z, El-Deiry W S. Overview of cell death signa-
ling pathways. Cancer Biol Ther 2005; 4: 139-163.

Shi Y. Mechanisms of caspase activation and inhi-
bition during apoptosis. Mol Cell 2002; 9: 459-470.

Chiu SP, Batsaikhan B, Huang HM, Wang JY.
Application of electric cell-substrate impedance
sensing to investigate the cytotoxic effects of an-
drographolide on U-87 MG glioblastoma cell mig-
ration and apoptosis. Sensors 2019; 19: 2275.

Pratheeshkumar P, Sheeja K, Kuttan G. Andro-
grapholide induces apoptosis in B16F-10 melano-
ma cells by inhibiting NF-kB-mediated bcl-2 ac-
tivation and modulating p53-induced caspase-3
gene expression. Immunopharmacol Immunoto-
xicol 2012; 34: 143-151.

Yang SH, Wang SM, Syu JP, Chen Y, Wang SD,
Peng YS, Kuo MF, Kung HN. Andrographoli-
de induces apoptosis of C6 glioma cells via the
ERK-p53-caspase 7-PARP pathway. Biomed Res
Int 2014; 2014: 312847.

Zhang C, Qiu X. Andrographolide radiosensitizes
human ovarian cancer SKOV3 xenografts due to
an enhanced apoptosis and autophagy. Tumour
Biol 2015; 36: 8359-8365.

Dey SK, Bose D, Hazra A, Naskar S, Nandy A,
Munda RN, Das S, Chatterjee N, Mondal NB, Ba-
nerjee S, Saha KD. Cytotoxic activity and apop-
tosis-inducing potential of di-spiropyrrolidino and

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

di-spiropyrrolizidino oxindole andrographolide de-
rivatives. PLoS one 2013; 8: e58055.

Nateewattana J, Dutta S, Reabroi S, Saeeng R,
Kasemsook S, Chairoungdua A, Weerachaya-
phorn J, Wongkham S, Piyachaturawat P. Induc-
tion of apoptosis in cholangiocarcinoma by an
andrographolide analogue is mediated through
topoisomerase Il alpha inhibition. Eur J Pharma-
col 2014; 723: 148-155.

Sukardiman H, Widyawaruyanti A, Sismindari, Zai-
ni NC. Apoptosis inducing effect of andrographoli-
de on TD-47 human breast cancer cell line. Afr J
Tradit Complement Altern Med 2007; 4: 345-351.

Li SG, Wang YY, Ye ZY, Shao QS, Tao HQ, Shu
LS, Zhao YF, Yang YJ, Yang J, Peng T, Han B, Hu-
ang D. Proliferative and apoptotic effects of and-
rographolide on the BGC-823 human gastric can-
cer cell line. Chin Med J 2013; 126: 3739-3744.

Dai L, Wang G, Pan W. Andrographolide inhibits
proliferation and metastasis of SGC7901 gastric
cancer cells. Biomed Res Int 2017; 2017: 6242103.

Khan |, Mahfooz S, Saeed M, Ahmad |, Ansari
IA. Andrographolide inhibits proliferation of colon
cancer SW-480 cells via downregulating notch
signaling pathway. Anticancer Agents Med Chem
2021; 21: 487-497.

Sato H, Hiraki M, Namba T, Egawa N, Baba K, Ta-
naka T, Noshiro H. Andrographolide induces de-
gradation of mutant p53 via activation of Hsp70.
Int J Oncol 2018; 53: 761-770.

Jada SR, Matthews C, Saad MS, Hamzah AS, La-
jis NH, Stevens MF, Stanslas J. Benzylidene deri-
vatives of andrographolide inhibit growth of breast
and colon cancer cells in vitro by inducing G(1)
arrest and apoptosis. Br J Pharmacol 2008; 155:
641-654.

Song Y, XinZ, Wan Y, Li J, Ye B, Xue X. Synthesis
and anticancer activity of some novel indolo[3,2-
blandrographolide derivatives as apoptosis-indu-
cing agents. Eur J Med Chem 2015; 90: 695-706.

Monger A, Boonmuen N, Suksen K, Saeeng R,
Kasemsuk T, Piyachaturawat P, Saengsawang W,
Chairoungdua A. Inhibition of topoisomerase iia
and induction of apoptosis in gastric cancer cells
by 19-triisopropyl andrographolide. Asian Pac J
Cancer Prev 2017; 18: 2845-2851.

Wong CC, Sagineedu SR, Sumon SH, Sidik SM,
Phillips R, Lajis NH, Stanslas J. NCI in vitro and
in silico anticancer screen, cell cycle pertubation
and apoptosis-inducing potential of new acylated,
benzylidene and isopropylidene derivatives of an-
drographolide. Environ Toxicol Pharmacol 2014;
38:489-501.

Wong CC, Lim SH, Sagineedu SR, Lajis NH,
Stanslas J. SRJ09, a promising anticancer drug
lead: Elucidation of mechanisms of antiproliferati-
ve and apoptogenic effects and assessment of in
vivo antitumor efficacy. Pharmacol Res 2016; 107:
66-78.

Wu GS. TRAIL as a target in anti-cancer therapy.
Cancer Lett 2009; 285: 1-5.



D.-W. Wang, Y.-J. Xiang, Z.-L. Wei, H. Yao, T. Shen

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

59)

60)

61)

Yuan X, Gajan A, Chu Q, Xiong H, Wu K, Wu GS.
Developing TRAIL/TRAIL death receptor-based
cancer therapies. Cancer Metastasis Rev 2018;
37: 733-748.

Wei RJ, Zhang XS, He DL. Andrographolide sen-
sitizes prostate cancer cells to TRAIL-induced
apoptosis. Asian J Androl 2018; 20: 200-204.

Deng Y, Bi R, Guo H, Yang J, Du Y, Wang C, Wei
W. Andrographolide enhances TRAIL-induced
apoptosis via p53-mediated death receptors up-
regulation and suppression of the NF-kB pathway
in bladder cancer cells. Int J Biol Sci 2019; 15:
688-700.

Lim SC, Jeon HJ, Kee KH, Lee MJ, Hong R, Han
Sl. Andrographolide induces apoptotic and non-
apoptotic death and enhances tumor necrosis
factor-related apoptosis-inducing ligand-media-
ted apoptosis in gastric cancer cells. Oncol Lett
2017; 13: 3837-3844.

Zhou J, Lu GD, Ong CS, Ong CN, Shen HM. Andro-
grapholide sensitizes cancer cells to TRAIL-induced
apoptosis via p53-mediated death receptor 4 up-re-
gulation. Mol Cancer Ther 2008; 7: 2170-2180.

Banerjee A, Ahmed H, Yang P, Czinn SJ, Blan-
chard TG. Endoplasmic reticulum stress and IRE-
1 signaling cause apoptosis in colon cancer cells
in response to andrographolide treatment. Onco-
target 2016; 7: 41432-41444.

Banerjee A, Banerjee V, Czinn S, Blanchard T. In-
creased reactive oxygen species levels cause ER
stress and cytotoxicity in andrographolide treated
colon cancer cells. Oncotarget 2017; 8: 26142-
261583.

Ruan T, Liu W, Tao K, Wu C. A review of research
progress in multidrug-resistance mechanisms in
gastric cancer. Onco Targets Ther 2020; 13: 1797-
1807.

Papanastasopoulos P, Stebbing J. Molecular basis
of 5-fluorouracil-related toxicity: lessons from clini-
cal practice. Anticancer Res 2014; 34: 1531-1535.

Giacchetti S, Perpoint B, Zidani R, Le Bail N, Fag-
giuolo R, Focan C, Chollet P, Llory JF, Letourneau
Y, Coudert B, Bertheaut-Cvitkovic F, Larregain-
Fournier D, Le Rol A, Walter S, Adam R, Misset
JL, Lévi F. Phase Il multicenter randomized trial
of oxaliplatin added to chronomodulated fluoroura-
cil-leucovorin as first-line treatment of metastatic
colorectal cancer. J Clin Oncol 2000; 18: 136-147.

Longley DB, Harkin DP, Johnston PG. 5-fluorour-
acil: mechanisms of action and clinical strategies.
Nat Rev Cancer 2003; 3: 330-338.

Wang W, Guo W, Li L, Fu Z, Liu W, Gao J, Shu
Y, Xu Q, Sun Y, Gu Y. Andrographolide reversed
5-FU resistance in human colorectal cancer by
elevating BAX expression. Biochem Pharmacol
2016; 121: 8-17.

Su M, Qin B, Liu F, Chen Y, Zhang R. Androgra-
pholide enhanced 5-fluorouracil-induced anti-
tumor effect in colorectal cancer via inhibition of
c-MET pathway. Drug Des Devel Ther 2017; 11:
3333-3341.

62)

63)

64)

65)

66)

67)

68)

69)

70)

71)

72)

73)

74)

75)

Xiang DC, Yang JY, Xu YJ, Zhang S, Li M, Zhu
C, Zhang CL, Liu D. Protective effect of Andro-
grapholide on 5-Fu induced intestinal mucositis
by regulating p38 MAPK signaling pathway. Life
Sci 2020; 252: 117612.

Bielenberg DR, Zetter BR. The contribution of an-
giogenesis to the process of metastasis. Cancer
J 2015; 21: 267-273.

Viallard C, Larrivée B. Tumor angiogenesis and
vascular normalization: alternative therapeutic
targets. Angiogenesis 2017; 20: 409-426.

Teleanu R, Chircov C, Grumezescu AM, Teleanu
DM. Tumor angiogenesis and anti-angiogenic stra-
tegies for cancer treatment. J Clin Med 2019; 9: 84.
Peng Y, Wang Y, Tang N, Sun D, Lan Y, Yu Z,
Zhao X, Feng L, Zhang B, Jin L, Yu F, Ma X, Lv C.
Andrographolide inhibits breast cancer through
suppressing COX-2 expression and angiogenesis
via inactivation of p300 signaling and VEGF pa-
thway. J Exp Clin Cancer Res 2018; 37: 248.

Kajal K, Panda AK, Bhat J, Chakraborty D, Bose
S, Bhattacharjee P, Sarkar T, Chatterjee S, Kar
SK, Sa G. Andrographolide binds to ATP-binding
pocket of VEGFR2 to impede VEGFA-mediated
tumor-angiogenesis. Sci Rep 2019; 9: 4073.

Pratheeshkumar P, Kuttan G. Andrographolide
inhibits human umbilical vein endothelial cell in-
vasion and migration by regulating MMP-2 and
MMP-9 during angiogenesis. J Environ Pathol To-
xicol Oncol 2011; 30: 33-41.

ShenK, JiL, Lu B, Xu C, Gong C, Morahan G, Wang
Z. Andrographolide inhibits tumor angiogenesis via
blocking VEGFA/VEGFR2-MAPKs signaling casca-
de. Chem Biol Interact 2014; 218: 99-106.

Dai J, Lin Y, Duan Y, Li Z, Zhou D, Chen W, Wang
L, Zhang QQ. Andrographolide Inhibits Angioge-
nesis by Inhibiting the Mir-21-5p/TIMP3 Signaling
Pathway. Int J Biol Sci 2017; 13: 660-668.
Blanchard TG, Lapidus R, Banerjee V, Bafford
AC, Czinn SJ, Ahmed H, Banerjee A. Upregula-
tion of RASSF1A in colon cancer by suppression
of angiogenesis signaling and Akt activation. Cell
Physiol Biochem 2018; 48: 1259-1273.

Yuan M, Meng W, Liao W, Lian S. Andrographoli-
de antagonizes TNF-a-induced IL-8 via inhibition
of NADPH oxidase/ROS/NF-kB and Src/MAPKs/
AP-1 axis in human colorectal cancer HCT116
cells. J Agric Food Chem 2018; 66: 5139-5148.

Ning Y, Lenz HJ. Targeting IL-8 in colorectal can-
cer. Expert Opin Ther Targets 2012; 16: 491-497.
Wu HX, Cheng X, Jing XQ, Ji XP, Chen XZ, Zhang
YQ, He YG, Liu K, Ye F, Sun HX, Gao HQ, Song
ZJ, Wu H, Zhang XJ, Zhang T, Zhao R. LIFR pro-
motes tumor angiogenesis by up-regulating IL-8
levels in colorectal cancer. Biochim Biophys Acta
Mol Basis Dis 2018; 1864: 2769-2784.

Lurje G, Zhang W, Schultheis AM, Yang D, Gros-
hen S, Hendifar AE, Husain H, Gordon MA, Na-
gashima F, Chang HM, Lenz HJ. Polymorphisms
in VEGF and IL-8 predict tumor recurrence in stage
Il colon cancer. Ann Oncol 2008; 19: 1734-1741.



Andrographolide and its derivatives are effective compounds for gastrointestinal protection: a review

76)

77)

78)

79)

80)

81)

82)

83)

84)

85)

86)

87)

88)

89)

90)

Li J, Peng Y, Li S, Sun Y, Chan JY, Cui G, Wang
D, Zhou GC, Lee SM. Anti-angiogenic activity of a
new andrographolide derivative in zebrafish and
HUVECs. Eur J Pharmacol 2016; 789: 344-353.

Yang W, Zhao J, Wang Y, Xu H, Wu Z, Hu Y, Jiang
K, Shen P, Ma C, Guan Z, Zhang Y, Ma J, Shang
N, Yan G, Wang Z, Dai G. In vivo inhibitory activity
of andrographolide derivative ADN-9 against liver
cancer and its mechanisms involved in inhibition
of tumor angiogenesis. Toxicol Appl Pharmacol
2017; 327: 1-12.

Huang B, Peng Y, Li J, Li S, Sun Y, Wang D, Yang
B, Chan JY, Yu H, Leung GP, Hoi MP, Zhou GC,
Lee SM. An andrographolide derivative AGP-26b
exhibiting anti-angiogenic activity in HUVECs and
zebrafish via blocking the VEGFA/VEGFR2 sig-
naling pathway. Mol Biosyst 2017; 13: 525-536.

Gong C, Xu C, Ji L, Wang Z. A novel semi-synthe-
tic andrographolide analogue A5 inhibits tumor an-
giogenesis via blocking the VEGFR2-p38/ERK1/2
signal pathway. Biosci Trends 2013; 7: 230-236.

Dai L, Wang G, Pan W. Andrographolide Inhibits
Proliferation and Metastasis of SGC7901 Gastric
Cancer Cells. Biomed Res Int 2017; 2017: 6242103.
Jiang CG, Li JB, Liu FR, Wu T, Yu M, Xu HM. An-
drographolide inhibits the adhesion of gastric can-
cer cells to endothelial cells by blocking E-selectin
expression. Anticancer Res 2007; 27: 2439-2447.

Zhang L, Cao N, Wang Y, Wang Y, Wu C, Cheng
X, Wang C. Improvement of oxazolone-induced
ulcerative colitis in rats using andrographolide.
Molecules 2019; 25: 76.

Jing M, Wang Y, Xu L. Andrographolide derivati-
ve AL-1 ameliorates dextran sodium sulfate-indu-
ced murine colitis by inhibiting NF-kB and MAPK
signaling pathways. Oxid Med Cell Longev 2019;
2019: 6138723.

Yang Y, Yan H, Jing M, Zhang Z, Zhang G, Sun
Y, Shan L, Yu P, Wang Y, Xu L. Andrographolide
derivative AL-1 ameliorates TNBS-induced colitis
in mice: involvement of NF-kB and PPAR-y signa-
ling pathways. Sci Rep 2016; 6: 29716.

Kim N, Lertnimitphun P, Jiang Y, Tan H, Zhou H,
Lu Y, Xu H. Andrographolide inhibits inflammatory
responses in LPS-stimulated macrophages and
murine acute colitis through activating AMPK.
Biochem Pharmacol 2019; 170: 113646.

Medzhitov R, Horng T. Transcriptional control of
the inflammatory response. Nat Rev Immunol
2009; 9: 692-7083.

Takeuchi O, Akira S. Pattern recognition recep-
tors and inflammation. Cell 2010; 140: 805-820.
Hoesel B, Schmid JA. The complexity of NF-kB
signaling in inflammation and cancer. Mol Cancer
2013; 12: 86-86.

Zhang Q, Lenardo MJ, Baltimore D. 30 years of
NF-kB: a blossoming of relevance to human pa-
thobiology. Cell 2017; 168: 37-57.

Yan S, Xu X, Li Q, Hui Y, Li J, Wei H. Progress in
the study of macrophage activation and ulcerati-
ve colitis from the Notch/NF-kB/NLRP3 signaling

pathway. Zhong Nan Da Xue Xue Bao Yi Xue Ban
2019; 44: 1174-1178.

91) Choi J, Fenando A, Sulfasalazine, in StatPearls.
2020.

92) Wu S, Chen Z. Astragaloside IV alleviates the sym-
ptoms of experimental ulcerative colitis in vitro and
in vivo. Exp Ther Med 2019; 18: 2877-2884.

93) Mai CT, Wu MM, Wang CL, Su ZR, Cheng YY,
Zhang XJ. Palmatine attenuated dextran sulfate
sodium (DSS)-induced colitis via promoting mit-
ophagy-mediated NLRP3 inflammasome inacti-
vation. Mol Immunol 2019; 105: 76-85.

94) KimY, Lim HJ, Jang HJ, Lee S, Jung K, Lee SW,
Lee SJ, Rho MC. Portulaca oleracea extracts and
their active compounds ameliorate inflammatory
bowel diseases in vitro and in vivo by modulating
TNF-a, IL-6 and IL-1B8 signalling. Food Res Int
2018; 106: 335-343.

95) Zhu L, Gu P, Shen H. Protective effects of berberi-
ne hydrochloride on DSS-induced ulcerative colitis
in rats. Int Immunopharmacol 2019; 68: 242-251.

96) Gao Z, Yu C, Liang H, Wang X, Liu Y, Li X, Ji K,
Xu H, Yang M, Liu K, Qi D, Fan H. Andrographoli-
de derivative CX-10 ameliorates dextran sulphate
sodium-induced ulcerative colitis in mice: Involve-
ment of NF-kB and MAPK signalling pathways. Int
Immunopharmacol 2018; 57: 82-90.

97) Day EA, Ford RJ, Steinberg GR. AMPK as a the-
rapeutic target for treating metabolic diseases.
Trends Endocrinol Metab 2017; 28: 545-560.

98) Hardie DG. AMPK-sensing energy while talking
to other signaling pathways. Cell Metab 2014; 20:
939-952.

99) Zhang L, Cao N, Wang Y, Wang Y, Wu C, Cheng
X, Wang C. Improvement of oxazolone-induced
ulcerative colitis in rats using andrographolide.
Molecules 2019; 25: 76.

100) Gao J, Cui J, Zhong H, Li Y, Liu W, Jiao C, Gao J,
Jiang C, Guo W, Xu Q. Andrographolide sulfona-
te ameliorates chronic colitis induced by TNBS in
mice via decreasing inflammation and fibrosis. Int
Immunopharmacol 2020; 83: 106426.

101) Yang CH, Yen TL, Hsu CY, Thomas PA, Sheu JR,
Jayakumar T. Multi-targeting andrographolide, a
novel NF-kB inhibitor, as a potential therapeutic
agent for stroke. Int J Mol Sci 2017; 18: 1638.

102) Peng S, Hang N, Liu W, Guo W, Jiang C, Yang X,
Xu Q, Sun'Y. Andrographolide sulfonate ameliora-
tes lipopolysaccharide-induced acute lung injury
in mice by down-regulating MAPK and NF-kB pa-
thways. Acta Pharm Sin B 2016; 6: 205-211.

103) Li ZZ, Tan JP, Wang LL, Li QH. Andrographolide
benefits rheumatoid arthritis via inhibiting MAPK
pathways. Inflammation 2017; 40: 1599-1605.

104) Li Y, He S, Tang J, Ding N, Chu X, Cheng L, Ding
X, Liang T, Feng S, Rahman SU, Wang X, Wu
J. Andrographolide inhibits inflammatory cytoki-
nes secretion in LPS-stimulated RAW264.7 Cells
through suppression of NF-kB/MAPK' signaling
pathway. Evid Based Complement Alternat Med
2017; 2017: 8248142.



D.-W. Wang, Y.-J. Xiang, Z.-L. Wei, H. Yao, T. Shen

105) Ueno A, Jeffery L, Kobayashi T, Hibi T, Ghosh S, Ji-
jon H. Th17 plasticity and its relevance to inflamma-
tory bowel disease. J Autoimmun 2018; 87: 38-49.

106) Shen H, Shi LZ. Metabolic regulation of T(H)17
cells. Mol Immunol 2019; 109: 81-87.

107) Han L, Yang J, Wang X, Li D, Lv L, Li B. Th17 cells
in autoimmune diseases. Front Med 2015; 9: 10-19.

108) Zhu Q, Zheng P, Chen X, Zhou F, He Q, Yang Y.
Andrographolide presents therapeutic effect on
ulcerative colitis through the inhibition of IL-23/IL-
17 axis. Am J Transl| Res 2018; 10: 465-473.

109) Zhu Q, Zheng P, Zhou J, Chen X, Feng Y, Wang
W, Zhou F, He Q. Andrographolide affects Th1/
Th2/Th17 responses of peripheral blood mono-
nuclear cells from ulcerative colitis patients. Mol
Med Rep 2018; 18: 622-626.

110) Zhang M, Zhou Q, Dorfman RG, Huang X, Fan T,
Zhang H, Zhang J, Yu C. Butyrate inhibits interleu-
kin-17 and generates Tregs to ameliorate colorec-
tal colitis in rats. BMC Gastroenterol 2016; 16: 84.

111) Li YH, Xiao HT, Hu DD, Fatima S, Lin CY, Mu HX,
Lee NP, Bian ZX. Berberine ameliorates chronic
relapsing dextran sulfate sodium-induced colitis
in C57BL/6 mice by suppressing Th17 responses.
Pharmacol Res 2016; 110: 227-239.

112) Li Q, Shan Q, Sang X, Zhu R, Chen X, Cao G. To-
tal glycosides of peony protects against inflamma-

tory bowel disease by regulating IL-23/IL-17 axis
and Th17/Treg balance. Am J Chin Med 2019; 47:
177-201.

113) Liu W, Guo W, Guo L, Gu Y, Cai P, Xie N, Yang
X, Shu Y, Wu X, Sun Y, Xu Q. Andrographolide
sulfonate ameliorates experimental colitis in mice
by inhibiting Th1/Th17 response. Int Immunophar-
macol 2014; 20: 337-345.

114) Li J, Ueno A, Fort Gasia M, Luider J, Wang T,
Hirota C, Jijon H B, Deane M, Tom M, Chan R,
Barkema HW, Beck PL, Kaplan GG, Panaccione
R, Qian J, lacucci M, Gui X, Ghosh S. Profiles of
lamina propria T helper cell subsets discriminate
between ulcerative colitis and Crohn‘s disease.
Inflamm Bowel Dis 2016; 22: 1779-1792.

115) Rosen MJ, Chaturvedi R, Washington MK, Kuhn-
hein LA, Moore PD, Coggeshall SS, McDonough
EM, Weitkamp JH, Singh AB, Coburn LA, Wil-
liams CS, Yan F, Van Kaer L, Peebles RS Jr, Wil-
son KT. STAT6 deficiency ameliorates severity
of oxazolone colitis by decreasing expression of
claudin-2 and Th2-inducing cytokines. J Immunol
2013; 190: 1849-1858.

116) Jiang N, Wei Y, Cen Y, Shan L, Zhang Z, Yu P,
Wang Y, Xu L. Andrographolide derivative AL-1
reduces intestinal permeability in dextran sulfate
sodium (DSS)-induced mice colitis model. Life Sci
2020; 241: 117164.



