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The conventional carcinoma treatment generally encompasses the employment of
radiotherapy, chemotherapy, surgery or use of cytotoxic drugs. However, recent
advances in pharmacological research have divulged the importance of traditional
treatments in cancer. The aim of the present review is to provide an overview of the
importance of one such medicinal herb of Chinese and Indian origin: Andrographis
paniculate on colorectal cancer with special emphasis on its principal bioactive
component andrographolide (AGP) and its underlying mechanisms of action. AGP has
long been known to possess medicinal properties. Studies led by numerous groups of
researchers shed light on its molecular mechanism of action. AGP has been shown to act
in a multi-faceted manner in context of colorectal cancer by targeting matrix
metalloproteinase-9, Toll-like receptor or NFkB signaling pathways. In this review, we
highlighted the recent studies that show that AGP can act as an effective
immunomodulator by harnessing effective anti-tumor immune response. Recent
studies strongly recommend further research on this compound and its analogues,
especially under in-vivo condition to assess its actual potential as a prospective and
efficient candidate against colorectal cancer. The current review deals with the roles of this
phytomedicine in context of colorectal cancer and briefly describes its perspectives to
emerge as an essential anti-cancer drug candidate. Finally, we also point out the
drawbacks and difficulties in administration of AGP and indicate the use of nano-
formulations of this phytomedicine for better therapeutic efficacy.
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INTRODUCTION

Colorectal cancer (CRC) is one of the highest occurring malignancies worldwide. In 2020,
approximately 147,950 individuals were diagnosed with CRC with a 35% mortality rate. Around
a 20% mortality rate has been observed in patients below 50 years of age (Siegel et al., 2020). The
conventional therapies include surgery, chemotherapy, and targeted therapy. The current
chemotherapeutic drugs treat CRC, but that cause adverse toxicity. It also develops drug
resistance. The targeted therapy is quite promising, but sometimes it lacks specificity, is not
cost-effective and might associate with adverse events (Wolpin and Mayer, 2008; Xie et al,
2020). Nowadays, phytochemicals are considered a natural arsenal to fight against cancer risk.
The foremost advantage of phytochemical usage is that it can treat the malignancy with less or no
adverse side effects (Ranjan et al., 2019). Andrographolide (AGP) is a phytochemical which has anti-
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cancer properties and many studies have reported its wide use as a
weapon to fight against cancer (Mishra et al., 2015).

The natural source of AGP is the plant, Andrographis
paniculata (Burm.f.) of the family Acanthaceae. This medicinal
plant is widely cultivated and used in India, Sri Lanka, China and
many other South Asian countries for its curative properties
against several diseases and infections (Hossain et al., 2014). The
extract of A. paniculata, i.e., AGP has several biological activities,
such as antioxidant (Xu et al., 2019), antiviral, antibacterial
(Wiart et al., 2005), anti-inflammatory (Abu-Ghefreh et al.,
2009), antipyretic (Madav et al, 1995), anti-thrombotic,
hepatoprotective (Pan et al, 2017), and most importantly, it
has anti-cancer properties (Farooqi et al., 2020). AGP also acts
as an immunomodulator or immunostimulant (Churiyah, 2015).

The leaves of A. paniculata contain several bioactive
components, which includes diterpene lactones (deoxy
andrographolide, andrographolide, neoandrographolide, and
14-deoxy-11,  12-didehydro  andrographolide), diterpene
glucoside  (deoxyandrographolide  19_-d-glucoside), and
flavonoids (5, 7, 20, 30-tetramethoxyflavanone and 5-hydroxy-
7, 20, 30-trimethoxyflavone) (Akbar, 2011). Among them, AGP
(C10H300s) is the main bioactive component of the plant
(Chakravarti and Chakravarti, 1951). Due to the presence of
lactone diterpene, the component and the plant taste bitter.
Numerous in vitro and in vivo studies previously reported the
anticancer property of AGP (Rajagopal et al, 2003). In this
review, we tried to accumulate various aspects of the
component with a focus on the immunomodulatory and
anticancer role. We also discussed its application for the
treatment of CRC as an independent drug or as an adjuvant.

THE PHYTOCHEMICAL FROM THE HERB
A. PANICULATA AND ITS ANALOGUES

The main bioactive compound of the plant is andrographolide/
AGP (CyH;3(0s5), containing 1.84% of the plant extract. It is a
colorless, crystal-like, extremely bitter taste compound and holds
lactone (bicyclic diterpenoid lactone) functioning (Bera et al.,
2014). The organic structure of AGP consists of a-alkylidene
c-butyrolactone moiety, two olefin bonds A8 and A12, and three
hydroxyls at C-3, C-14, and C-19. The other analogues
metabolites of A. paniculata exhibit equal prominence in the
field of phyto-pharmaceuticals. It contains several diterpenoids
and diterpenoid glycosides, such as neo andrographolide, deoxy
andrographolide, 14-deoxyandrographolide, 14-deoxy- 11, 12-
didehydro andrographolide, andrographiside,
deoxyandrographiside, homo andrographolide, andrographan,
andrographon, andrographosterin, and stigmasterol. The 14-
deoxy- 11, 12-didehydroandrographolide is an isolated labdane
diterpenoid (Mishra et al., 2015). Several other chemical
compounds of A. paniculata are flavonoids, and xanthones in
nature (Matsuda et al., 1994; Dua et al., 2004). The extracted
flavonoids are 5-years droxy-7, 8, 6, 2', 4'-trimethoxyflavone, 5,6-
Dihydroxy-7,8-dimethoxyflavone, and 5-hydroxy-7,8-
dimethoxyflavone (Mishra et al., 2007). During the last several
years, various researchers analyzed the chemical nature of A.
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paniculata. According to the study, 19 AGP analogues were found
based on structure-activity relation. Out of them, several
analogues exhibited higher cytotoxic activities than the parent
compounds (Sirion et al., 2012). The functional analysis of 14-
deoxy-11, 12-didehyroandrogrpholide showed a convincing grip
in controlling the cell cycle process and cell cycle arrest in breast
carcinoma cells. It also caused autophagy in cancer cells (Tan
et al,, 2012). The primary carbon structures of these compounds
are presented in Figure 1.

THE MOLECULAR PATHWAYS INVOVLED
IN COLORECTAL CANCER

CRC is the consequence of multiple genetic and epigenetic
anomalies that occur within cells. The abnormalities of several
signaling pathways are also associated with CRC. A colorectal
adenoma turns into carcinoma because of chromosomal
anomalies, microsatellite instability, and CpG island
methylator phenotyping. Since it is a heterogeneous disease, it
requires in-depth molecular understanding for the development
of targeted therapies. The molecular basis of CRC involves several
factors that initiate tumor formation and progression (Nguyen
and Duong, 2018). This section summarizes the molecular
mechanisms and signaling pathways associated with CRC
(Figure 2, created by BioRender and Canvas).

Chromosomal Instability

Chromosomal instability is one of the vital causes of CRC. In the
case of CRC, genetic aberrations occur in the genes. These
aberrations are responsible for maintaining chromosomal
instability (Barber et al, 2008). Several changes in the
chromosomal copy number (Lengauer et al., 1997) and loss of
wild-type copy of the tumor-suppressor genes, such as APC, P53
cause CRC (Markowitz and Bertagnolli, 2009) in most patients.

Defects in DNA Repair Mechanism
Inactivation of the mismatch repair genes of DNA causes CRC. In
most cases, it is hereditary in nature. Germ-line mutation in
mismatch repair genes, MLHI and MSH2 confirm a lifetime risk
of CRC in 80% cases, who suffered from hereditary nonpolyposis
colon cancer (HNPCC) (Fishel et al., 1993; Bronner et al., 1994).
This mismatch repairing anomaly causes genomic instability and
instigates the development of CRC in HNPCC patients (Jarvinen
et al.,, 2000). Bi-allelic silencing of the promoter region of MLH1
by methylation hampers mismatch repairing, thus causes non-
familial CRC in 15% of patients. Mismatch repair defects also
inactivate the tumor suppressor genes that encode TGFBR2, BAX;
base excision repair gene MYH, which eventually leads to the
CRC (Al-Tassan et al., 2002; Markowitz and Bertagnolli, 2009) in
numbers of patients.

Abnormal DNA Methylation

Epigenetic silencing of genes due to abnormal DNA methylation
is another vital cause of CRC generation (Kondo and Issa, 2004).
In the normal genome, cytosine methylation does not occur in
CpG islands. But in the case of the CRC genome, abnormal
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FIGURE 1| The organic structure of Andrographolide (C2oH300s), containing a-alkylidene c-butyrolactone moiety; two olefin bonds A8 (17) and A12 (13), and three
hydroxyls at C-3, C-14, and C-19 and its common analogues, Deoxyandrographolide, 14-deoxy- 11, 12-didehydroandrographolide, Neoandrographolide,
Andrographoside, Stigmasterol.
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FIGURE 2 | Diagram representing the molecular cause of CRC and its gradual development from small adenoma polyp to invasive cancerous form; the process is
modulated by several genetic modifications, such as chromosomal instability; mutations in tumor suppressor genes and DNA mismatch repair genes, such as TP53,
MLH1, MSH2, SMAD4, TGFBR2, CDC4; stimulation of oncogenic signaling pathways, such as K-RAS, BRAF, MAPK; and activation of the growth factors, such as
COX2, EGF & VEGF- mediated signaling. (3-cat = 8-catenin, mut = mutation).

methylation occurs within promoter-associated CpG islands
(Issa, 2004). This phenomenon induces epigenetic silencing. In
sporadic CRC with microsatellite instability, the aberrant
methylation shuts down the MLHI expression (Toyota et al,
1999). The association between MLH1 silencing and CRC is well-
established, but the detailed mechanism of colorectal
carcinogenesis still requires attention (Barault et al., 2008).

Mutation of Tumor Suppressor Genes

The APC gene silencing due to mutation improperly activates the
Wnt signaling pathway, which helps in developing familial
adenomas polyposis and subsequently leads to the risk of CRC
(Korinek et al., 1997; Goss and Groden, 2000). Mutation of the
TP53 gene is another major cause of CRC. Both copies of TP53
alleles are knocked down either by missense mutation or by 17p
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chromosomal deletion that eventually impedes the cell cycle
arrest of the abnormal cells, causes CRC (Markowitz and
Bertagnolli, 2009). Somatic mutation of TGFBR2 occurs in
about one-third of CRC patients that causes inactivation of
TGFB signaling (Seoane and Gomis, 2017). Missense
mutations of the TGFBR2 kinase domain inactivate the
downstream TGFp pathway factors, SMADs, and subsequently
develop CRC from adenoma (Grady et al., 1998).

Stimulation of Oncogenic Signaling

Pathways

RAS and BRAF play a significant role in developing CRC. The
oncogenic mutations of these two genes activate the MAPK
pathway in 37% and 13% of CRC patients (Bos et al.,, 1987),
respectively. K-RAS mutation activates GTPase activity that
further stimulates RAF. Similarly, BRAF mutations activate
BRAF serine-threonine kinase activity, consequently activate
MAPK signaling cascade (Rajagopalan et al, 2002). Genetic
alteration of PI3KCA, down-regulation of PTEN, up-regulation
of IRS2, AKT, and PAK4 activate PI3K signaling pathway that
eventually led to the development of the CRC (Samuels et al.,
2004).

Activation of the Growth Factor Pathways
The activation of growth factor pathways helps in cancer
progression. The up-regulation of COX2, activation of
prostaglandin signaling, and synthesis of prostaglandin E2 are
highly associated with CRC (Cha and DuBois, 2007). Several
clinical trials reported that COX2 inhibition by chemotherapeutic
drugs prevents the progression of new adenomas in the colorectal
region and subsequently reduces the size of the formed adenomas
(Arber et al., 2006). Numerous studies have reported that EGFR-
mediated signaling causes CRC. EGFR activates PI3K and MAPK
signaling cascades that eventually cause malignancy (Saltz et al.,
2004). Another major growth factor is VEGF, which plays a
significant role in the angiogenesis process. Activation of the
VEGF signaling pathway is highly lethal to CRC patients
(Hurwitz et al., 2004).

IMMUNOMODULATORY ROLE OF
ANDROGRAPHOLIDE

AGP as an immunomodulator in various types of cancer has been
a raging field of research for the last few decades. AGP enhances
the natural killer (NK) cells activity in tumor-bearing mice
(Sheeja and Kuttan, 2007a). It increases IL2 and IFNy
secretion by T cells that suppress tumor growth (Sheeja and
Kuttan, 2007b). It prevents detrimental autoimmune responses
by inducing antigen-specific tolerance (Iruretagoyena et al.,
2006). AGP reduces the mRNA expression of inflammatory
cytokines in LPS activated macrophages (Qin et al, 2006;
Wang et al, 2010). HN-02 is a mixture of AGP, 14-deoxy
andrographolide, and 14-deoxy-11, 12 di-
dehydroandrographolide. It enhances immunological activities
either by modifying the immune responses during antigen
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reaction or by reversing the cyclophosphamide-induced
immune suppression. It stimulates the response of
macrophages and the action of lymphocytes in antibody
synthesis and secretion. It improves immunity by activating
intricate cellular pathways to increase the efficacy of antigen-
clearance by phagocytes or by inducing the secretion of immune
effector molecules (Naik and Hule, 2009).

It is a well-known fact that macrophages play a vital role in
shaping tumor-mediated immune response (Shapouri-
Moghaddam et al, 2018). Recent studies have shown the
potential effect of this phytomedicine in modulating the innate
arm of the immune system by affecting macrophage phenotypic
polarization (Davoodvandi et al, 2019). MAPK and PI3K
signaling cascades play a role in the AGP-mediated
macrophage activation and their subsequent polarization. In
neutrophils, this phytomedicine blocks ROS production. The
administration of AGP up-regulates the expression of CD
markers and the cytokine TNFa. These improve the
cytotoxicity ~ of  the lymphocytes in  the
microenvironment (Naik and Hule, 2009). AGP treatment at a
dose of 1 uM for 48 h, resulted in an increased proliferation of
human peripheral blood mononuclear cells (PBMCs), which up-
regulate IL2 production and increased immune response against a
wide range of cancers, including colorectal cancer (Varma et al,,
2011). Combinatorial administration with other drugs resulted in
an escalated function of NK cells and TNFa« thereby, resulting in
better prognosis in patients affected with late-stage cancers of
different types (Mishra et al., 2015). Apart from this, AGP also
prevents unnecessary T cell exhaustion (Iruretagoyena et al,
2005). Experiments on animal models elucidated the potent
role of AGP in increasing the antibody-mediated cellular
toxicity, mitogen-induced bone marrow cell proliferation,
increased production of IL2, and anti-tumor cytokine IFNy in
both tumor-bearing as well as healthy animal models (Sheeja and
Kuttan, 2007a).

tumor

ANTICANCER PROPERTIES OF
ANDROGRAPHOLIDE

The increased occurrence of cancer-associated death is a serious
issue globally. The six hallmarks of cancer, i.e., proliferation,
insensitivity to growth-inhibitory signals, anti-apoptosis, and
induction of angiogenesis, invasion, and metastasis make
cancer cell resistance against immunity. The tumor
microenvironment plays a vital role in the development and
progression of cancer (Hanahan and Weinberg, 2000).
Phytochemicals play a significant role as anticancer agents and
modulate cancer-causing pathways (Newman and Cragg, 2012).
Several studies reported that AGP acts on the regulatory pathways
involved in apoptosis, cell cycle, and cell adhesion process (Lai
etal,, 2013). Thus, AGP can be used as an anticancer agent for the
treatment of cancers including CRC. AGP and its analogues can
suppress the uncontrolled proliferation of cancer cell lines such as
leukemia, breast, lung, and melanoma (Rajagopal et al., 2003;
Kumar et al., 2004). It blocks the invasion of colon cancer cells to
the distant organs (CT26 cell) (Chao et al., 2010). AGP inactivates
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FIGURE 3 | The anticancer properties of Andrographolide: Tumor
suppressing property by down-regulating of tumor promoting molecules and
up-regulating of anti-tumor molecules, cell cycle arrest by down-regulating of
cell cycle promoting factors and up-regulating of cell cycle arresting

factors in defected cells, cytotoxicity by promoting autophagy in the abnormal
cell, and apoptotic property by down regulating anti-apoptotic proteins and
up-regulating pro-apoptotic proteins.

the PI3K/AKT and ERK signaling pathways, inhibits the function
of MMP2/MMP?9, and suppresses the AP1 heterodimer complex.
AGP inhibits cancer cell invasion and down-regulates the mRNA
expression of MMP7 (Chao et al., 2010; Pratheeshkumar and
Kuttan, 2011). Liu et al. reported that the molecular basis of AGP-
mediated anticancer activity is associated with the inhibition of
Hsp90 function and reduces the levels of Hsp90 client proteins
(Liuetal., 2014). AGP and other derivatives suppress the function
of the CYP1A superfamily gene, activate heterocyclic amine and
carcinogenic amino acids (Jaruchotikamol et al., 2007). Although,
mechanisms for the anticancer activities of AGP and its analogues
may vary depending on the types of cancer cells in vitro and in
vivo (Mishra et al,, 2015) (Figure 3, created by BioRender and
Canvas).

Cytotoxicity

Cancer cell-specific cytotoxicity is vital for therapeutic purposes.
AGP has a strong cytotoxic effect on malignant cells. AGP is
cytotoxic to human hepatoma cell lines, HepG2 but has no
negative effect on normal liver L-02 cells. It also exhibited
cytotoxicity against human epidermoid leukemia (KB) and
lymphocytic leukemia (P388) cell lines (Li et al, 2007). A
study reported that AGP up regulates the autophagy markers
in various cancer cell lines and induces autophagic cell death by
disrupting mitochondrial membrane potential (Zhou et al., 2012).
It is assumed that AGP accumulates LC3-II protein as well as
autophagosomes and initiates the formation of GFP-LC3 (Chen
et al, 2012). AGP and lipoic acid conjugate activate ROS-
dependent DNA damage and performed cytotoxicity by
inducing apoptosis in human leukemia K562 cells (Zhu et al,
2013). AGP can also act as an anti-proliferative agent. AGP can
penetrate the blood-brain barrier. Therefore, in case of
glioblastoma, it induces cell cycle arrest at the G2/M phase
and down regulates cdkl and cdc25 proteins. It causes
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cytotoxicity in glioblastoma cells by suppressing the function
of the PI3/Akt signaling pathway (Li et al., 2012). It has been
observed that the other AGP analogues are equally cytotoxic to
malignant cells (Chen et al., 2013).

Apoptosis Induction

Programmed cell death or apoptosis is a molecular mechanism
that activates a conserved intracellular pathway and is highly
antagonist with cancer progression and metastasis. Cancer cells
are characteristically apoptotic resistant (Kaufmann and
Earnshaw, 2000). Several studies reported that AGP and its
analogues successfully induce apoptosis in malignant cells.
AGP activates the caspase3 and p53, prevents NFkB activity,
and accordingly initiates apoptosis in human neuroblastoma cells
(Sukumari-Ramesh et al., 2011). NF«B is a transcription factor
that controls cell apoptosis and proliferation (Wu and Zhou,
2009). AGP-fluorouracil (5-FU) conjugate enhances apoptosis in
the human hepatocellular carcinoma (HCC) cell line by activating
Bax protein, caspase-3, 8, 9, and by increasing the secretion of
cytochrome ¢ (Yang et al., 2009). AGP stimulates p53-induced
transcriptional up-regulation of DR4 by processing p53
phosphorylation. Subsequently, it activates the TRAIL-
mediated apoptosis process (Zhou et al., 2008). IL6 expression
is necessary for cell proliferation in prostate cancer, and AGP
inhibits both mRNA and protein expression of IL6 that further
induces apoptotic cell death (Chun et al., 2010). An analogues of
AGP inhibits DNA topoisomerase Ila, which is a vital
chemotherapeutic target for anticancer agents and thus
induces apoptosis in cholangiocarcinoma (Nateewattana et al.,
2013). Even though the pro-apoptotic function of AGP is proved
in several cancer cell lines, yet the in-depth mechanism is still
ambiguous.

Cell Cycle Arrest

The main bioactive compound of A. paniculata can obstruct the
cell cycle process, and this interference makes it a trustworthy
anticancer agent. AGP blocks tumor growth by arresting the cell
cycle at the G2/M phase and initiates caspase-mediated apoptosis
(Kumar et al., 2012). AGP decreases cell cycle-associated proteins,
and increases the expression of cell cycle inhibitory proteins, p16,
p21, p53, and thus exhibits an anti-proliferation effect in
colorectal cancer cells. Shi et al. also reported that AGP
treatment arrested the human colorectal carcinoma Lovo cells
in the G1 phase by p27 induction and CDK4 suppression (Shi
et al, 2008). Several AGP analogues, such as 3A.1 19-tert-
butyldiphenylsilyl-8, 17-epoxy AGP exhibit caspase3 activation
and down-regulation of CDK®, cyclin D1, and COX-2 proteins
expression, which assist in cell cycle control (Nateewattana et al.,
2014).

Antitumor

AGP and analogues are successfully established as an
antineoplastic drug in cancer chemotherapy with minimum
side-effect on non-malignant cells. The AGP nanoparticles are
efficient as the chemotherapeutic agent that show anticancer
property through cell cycle arrest and apoptosis induction in
breast cancer cell line (Roy et al.,, 2012). In AGP-based treatment,
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FIGURE 4 | Diagram representing the immunomodulatory role of
Andrographolide on the signaling pathways, that cause cancer:
Andrographolide inhibits the functioning of NFkB, thus hampers the
downstream signaling pathway mediated via MMP9; blocks the VEGFR-
mediated PI3K/Akt, ERK & JAK/STAT signaling, which stimulate tumor
progression; down-regulates -catenine (8-cat) and suppresses Wnt signaling
pathway to block tumor progression. Blocking of these signaling pathways
lead to the suppression of cell proliferation and angiogenesis process, which
eventually can cause tumor regression.

down regulation of PI3K/AKT signaling pathway has been
observed that accordingly reduce the expression of HIF-1a, a
factor for tumor growth in non-small cell lung cancer (NSCLC)
by the ubiquitin-dependent degradation (Lin et al., 2011). AGP
exhibits a protective role against cyclophosphamide (CTX)-
induced urothelial toxicity in Swiss albino mice. AGP
suppresses the production of TNFa«, which was up-regulated
during CTX administration. Furthermore, AGP increases the
levels of IL2 and IFNy that were down-regulated by CTX
treatment (Sheeja and Kuttan, 2006). AGP act as a ligand to
inhibit GDP-GTP exchange by coupling to transient pockets of
K-Ras; thus, it reduces the GTP loading of wild type K-Ras. It
further reduces the signal transmission by oncogenic mutant
K-Ras: G12V by binding to Ras protein (Hocker et al., 2013). This
proved the antitumor potentiality against the function of
oncogenic mutant Ras. Numerous studies have already proved
that AGP and its analogues could be applied as effective
anticancer agents (Kasemsuk et al.,, 2013). AGP application in
combination with cisplatin or doxorubicin increases the cancer
cell-specific cytotoxicity in neuroblastoma (Sukumari-Ramesh
et al, 2011), which strengthen the role of AGP as an
anticancer immune-modulator.

Andrographolide: Natural Weapon Against CRC

MODE OF ACTION OF
ANDROGRAPHOLIDE IN CANCER

Revolutionary discovery in the arena of proteomics, as well as
genomics, enabled scientists to conceptualize numerous
scientific breakthroughs involving the interrelated network
of tumorigenic signal events. The deregulation of cell-
signaling pathways, involving, both spatial extension as well
as temporal duration facilitates the tumor cells to survive
under “drug-pressure” as well as enabling them to undergo
epithelial-to-mesenchymal transition (EMT), metastasis, and
developing an aversion to apoptosis. A special highlight is
made on the efficiency of this phytochemical in modulating
JAK/STAT, NFxB, Wnt/B-Catenin, VEGF/VEGFR, and
TRAIL and mTOR-driven signaling pathways (Figure 4,
created by BioRender and Canvas).

JAK/STAT Pathway

The down-regulation of the JAK/STAT pathway is associated
with cancer development. Phosphorylated STAT proteins
transcriptionally up-regulate cancer-promoting genes (Haura
et al,, 2005). An optimum dose of AGP down-regulates IL6 at
both mRNA and protein levels. It suppresses IL6-dependent
autocrine loop- and paracrine loop-driven signaling by
interfering with STAT3 phosphorylation (Chun et al, 2010).
AGP blocks the phosphorylation of Tyr705 and Ser727
residues of STAT3 and, as well as inhibits tyrosine
phosphorylation of JAK1 and JAK2 proteins (Zhou et al,
2010). Recently, STAT3 inhibitors OPB-31121 and 51602
receive clinical attention for Phase I/II clinical trials for cancer.
But poor pharmacokinetic features and associated toxicities limit
its usages. Hence, AGP can be used as a better replacement or an
adjuvant with conventional chemical drugs as a STAT3 inhibitor
(Faroogqi et al., 2020).

NFxB-Mediated Signaling

The cellular events of apoptosis and hyperplasia are closely
related to the development and progression of cancer. Various
studies, in this context, have highlighted the role of the nuclear
factor NF-kB in the management of cellular events involving
programmed cell death (apoptosis), as well as hyperplasia. This
nuclear transcription factor exists in a heterodimer or di-polymer
form in different cell types. The activity of the transcription factor
NF«B is closely related to the TLR (Toll-like receptor), a type-I
transmembrane protein belonging to a 10-membered family of
proteins. This receptor acts as a vital connecting knot between the
innate and adaptive arms of the body’s immune system. It
recognizes several endogenous ligands and the PAMPs
(Pathogen Associated Molecular Patterns). They trigger the
signaling cascade that results in the release of inflammatory
mediators, thereby evoking an immune response. Previous
research elucidated the role of TLR in pathogenesis as well as
bio-immunotherapy. The transcription factor directly binds at
the MMP-9 promoter, thereby resulting in the up-regulation of
the matrix metalloproteinase. In colorectal cancer, AGP
abrogates TLR4/NFkB/MMP-9 signaling pathway (Zhang
et al,, 2017; Faroogqi et al., 2020).
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Wnt/B-Catenin Pathway

The Wnt/fB-catenin signaling pathway is another signaling
cascade playing a vital role in human colorectal cancer (CRC)
progression. Therefore, it is a powerfully potent target for
CRC treatment (Koveitypour et al, 2019). 19-O-
triphenylmethyl AGP (RS-PP-050), an AGP analogue plays
the character of the protagonist in CRC treatment by
regulating the Wnt/B-catenin signaling machinery. This
analogue suppresses the activity of T-cell factor/lymphocyte
enhancer factor (TCF/LEF), thereby resulting in down-
regulation of pf-catenin expression. It also plays a
contributing role in the down-regulation of the endogenous
expression of Wnt target genes. Apart from this, the AGP
analogues successfully decreases the expression of the active
form of B-catenin at the translational level and has the unique
ability to function independently of GSK3f, a negative
regulator of Wnt. Interestingly, the analogues can abrogate
the nuclear translocation of -catenin by blocking the Ser675
phosphorylation, thereby causing Wnt inactivation and
subsequent cancer regression (Reabroi et al., 2018a).

VEGF-VEGFR2 Signaling

Another signaling pathway contributing to tumor progression
is the VEGF-VEGFR2 signaling cascade. Numerous
preclinical, and clinical researches, have confirmed the
presence of this factor (VEGF) at a high level in many
solid tumors, including colon cancer. VEGF plays an
essential role in stimulating the endothelial cells for
angiogenesis, thereby resulting in cancer progression. In
colon cancer, overexpression of this factor has been linked
to poor prognosis and metastasis of tumor. AGP effectively
binds to the ATP-binding pocket of the VEGFR2, thereby
inhibiting its kinase activity. Additionally, 15-Benzylidene
substituted derivatives (ADN-9) of AGP successfully,
regress the growth and metastasis of tumors. AGP mainly
inhibits the VEGF-mediated phosphorylation of the receptor
(VEGFR) by inhibition of the mitogen-activated protein
kinases (MAPKs) (Yang et al., 2017).

TRAIL-Mediated Signaling

TRAIL is a highly efficient molecule involved in the targeted
elimination of malignant cells by inducing DR4/5-mediated
intracellular signaling (von Karstedt et al., 2017). AGP up-
regulates TRAIL-mediated cleavage of FLIP-L protein and
down-regulates XIAP levels that further help in the apoptosis
process. AGP also up-regulates the expression of DR4 protein
in wild-type p53 expressing cancer cells. ROS generation
triggers the activation of JNK-mediated signaling, and that
eventually phosphorylated p53 at 81st threonine position.
This occurrence is necessary for the functional stabilization
of p53 protein. AGP promotes ROS generation and
subsequently stabilizes p53 (Zhou et al., 2008). Although
AGP-induced TRAIL functioning significantly regresses
tumor progression in several in vivo cancer models (Deng
etal., 2019), a detailed investigation is still required to certify
the immune-modulatory role of AGP on the apoptosis
process.

Andrographolide: Natural Weapon Against CRC

mTOR Signaling Pathway

AGP exerts anticancer properties by inducing autophagic cell
death. It inhibits the stimulation of AKT and mTOR in several
cancer cells (Liu et al., 2017) and reduces the phosphorylation of
mTOR at the Ser2481 position. AGP down-regulates the protein
level of RAPTOR and RICTOR, members of mTORC1 and
mTORC2, respectively, (Kumar et al, 2015). It helps to
prevent tumor development in mice by inhibiting NLRP3-
mediated inflammation in colitis and colitis-associated cancer
(Guo et al., 2014).

ROLE OF ANDROGRAPHOLIDE IN
INCREASING THE EFFICACY OF
CONVENTIONAL CHEMOTHERAPY
FOR CRC

In this section, we reviewed the research findings related to the
effect of AGP in colorectal cancer. Recently, the application of
phytomedicines to conventional chemotherapeutic drugs has
become a clinical interest. The main two reasons are their
immunomodulatory effects and fewer adverse side effects
(Ranjan et al, 2019). AGP has great potentiality as an
anticancer phytomedicine and has been applied to treat cancer
(Rajagopal et al., 2003). The anticancer properties of AGP and its
functioning mechanisms have been discussed already in the
previous sections. These imply that it can counter-attack the
causes of CRC to a great extent. AGP, as an adjuvant with
chemotherapeutic drugs, increases the therapeutic efficacy
against CRC. Activation of c-MET induced signaling cascade
leads to uncontrolled cell growth, proliferation, metastasis, and
angiogenesis. Su et al. showed AGP enhanced 5-Fluro Uracil (5-
FU)- induced anti-tumor effect in human colon cancer cell line
HCT-116 by inhibiting c-MET pathway (Su et al., 2017). AGP has
the potentiality to reverse the 5-FU resistance (5-FUR) in CRC by
up-regulating BAX expression (Wang et al, 2016). Another
research revealed high cytotoxicity when AGP co-administered
with chemotherapeutic agent cisplatin in CRC. Recent researches
have highlighted the efficiency of this phytomedicine in
mediating both the extrinsic and intrinsic apoptotic pathways
in the CRC LoVo cell line. The combinatorial therapy involving
the administration of CDDP chemotherapy along with AGP
increases the apoptotic rate of cancer cells which could be
demonstrated by checking the changes in the transcriptional
as well as translational levels of Bax and Bcl2 (Lin et al,
2014). Banerjee et al. supported this statement by their
reported work that AGP stimulates ER stress and apoptosis in
colon cancer cell lines (T84, HCT116, and COLO 205), that
control the unwanted growth of carcinoma (Banerjee et al., 2016).
A very interesting work has been done by Sharda et al. They
analyzed the effect of AGP and melatonin combinatorial drug on
metastatic colon cancer cell lines (T84, Colo 205, HT-29, and
DLD-1) and on a metastatic patient-derived organoid model
(PDOD). The result implied that this therapy induces ER
stress-mediated apoptosis in metastatic CRC cell death by
stimulating the IRE-1/XBP-1/CHOP  signaling pathway
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TABLE 1 | Summery of the recent researches that have been done to inspect the role of Andrographolide on CRC cell lines.

Effect of andrographolide on colorectal cell lines (researches have been done so far)

Author CRC cell lines

Su et al. (2017) HCT-116

Wang et al. (2016) HCT116/5-FUR cells

Lin et al. (2014) CRC LoVo

Banerjee et al. (2016) T84, HCT116 and COLO 205

Sharda et al. (2021) T84, Colo 205, HT-29, and DLD-1 and PDOD
Zhang et al. (2017) SW620

Li et al. (2020) HCT-116

Al-Henhena et al. (2014) CCD841 and HT29

Reabroi et al. (2018b) HT29

(Sharda et al., 2021). Zhang et al. reported the anti-proliferation
role of AGP on the colon cancer SW620 cell line. AGP inhibits
TLR4, MyD88, NF-kB-p65, and MMP-9 signaling pathways and
can be used as a promising drug to treat CRC (Zhang et al., 2017).
Li et al. also reported the inhibitory role of AGP on PI3K-AKT-
mTOR signaling pathway (Li et al., 2020). Henhena et al. reported
that due to the antioxidant property of AGP, it down-regulated
the expression and functioning of the marker genes for CRC
development. AGP exhibited its efficacy as a genetic and
epigenetic modulator. They also reported the chemo-
preventive effect of AGP on the CRC against the carcinogen
azoxymethane (Al-Henhena et al., 2014).

An analogue of AGP, 19-O-triphenylmethyl AGP (RS-PP-
050) is a potent drug for CRC. Its activity has been observed on
the Wnt/B-catenin pathway. RS-PP-050 inhibited the
proliferation and survival of HT-29 CRC cells. It also induces
cell cycle arrest and initiates apoptotic cell death, associated with
the stimulation of PARP-1 and p53. Moreover, it has inhibitory
effects on f-catenin transcription by down-regulating T-cell
factor or lymphocyte enhancer factor (TCF/LEF) activity in
cells. This analogues reduced the protein expression of the
active form of f-catenin. Surprisingly, it dephosphorylates at
Ser675 of -catenin which links to the intervention of the nuclear
translocation of f-catenin and contributes to Wnt inactivation
(Reabroi et al., 2018b).

So, it is cleared that AGP can control the uncontrolled growth
of colorectal polyp into carcinoma and can treat CRC by
modulating the causes of CRC. Even after such promising
outcomes of AGP applications on CRC cell lines, to the best
of our knowledge, no significant animal model study has been
done yet. The clinical trial of AGP is highly encouraging, but
before that, it still requires more in-depth research (Table 1).

BIOAVAILIBITY AND THE METHODS OF
APPLICATION: THE DRAWBACKS AND
SOLUTIONS

Alike other phytochemicals, AGP also has low aqueous
solubility and poor bioavailability after oral administration.

Effects

Down-regulation of c-MET pathway *

Stimulation of 5-FU- induced anti-tumor effect *

Up-regulation of Bax protein *

Increased cytotoxicity, apoptosis, and Bax protein *

Down-regulation of Bcl2 ¥

Increased ER stress and apoptosis *

Up-regulation of IRE-1/XBP-1/CHOP signaling pathway, ER stress and apoptosis *
Inhibition of TLR4, MyD88, NF-kB-p65, and MMP-9 signaling pathways *
Down-regulation of PI3BK-AKT-mTOR signaling pathway *

Increased antioxident property *

Inhibition of CRC development genes v

Inhibition of Wnt/g- catenin signaling pathway *

Stimulation of Cell cycle arrest, apoptotic cell death, PARP1, p53 *

It has better solubility in the solvents, such as acetone,
methanol, chloroform, and ether (Sareer et al., 2014). After
oral administration of AGP, i.e., 200 mg/day, the highest
concentration that was measured in human plasma was
58.62ng/ml at 1.6h. AGP has a half-life of 10.50h in
humans (Xu et al.,, 2009). For this reason, the therapeutic
use of AGP is somehow restricted. It urges a necessity to
develop alternative methods of application for better
therapeutic results and better bioavailability. The optimum
absorption of the substance is mainly depended on the
properties of the solvent. These nanostructure
pharmaceutical formulations containing the phytomedicine
as compound delivery systems therapeutically enhance the
performance of the biochemical drugs, and the functioning
depends on the absorption property of the solvent (Butnariu
et al., 2020). Hence, AGP has been formulated as micro- or
nanoparticles for therapeutic purposes. The microparticles
include polylactic-glycolic acid, alginic acid, and glucan
derivatives, whereas nanoparticles include vesicles,
polymeric nanoparticles, solid lipid nanoparticles, gold
nanoparticles, nanocrystals, microemulsions, and nano-
emulsions, and nanosuspensions (Casamonti et al., 2019).
The bioavailability of AGP has been increased by 241% by
the nanoparticle’s formulation than the only suspension.
These formulations help to overcome the aqueous
insolubility of AGP (Yang et al., 2013).

Polymeric nanoparticles (PNPs): PNPs are the most
common drug delivery formulation. It delivers drugs by
nanospheres and nanocapsules. Synthetic and natural, both
types of polymers are used to prepare PNPs. Some polymers
are biodegradable in nature, and some are non-biodegradable
(Bilia etal., 2017). Polymeric micelles (PM): AGP is coated in a PM
formulation depending on an amphiphilic triblock copolymer of
D, L-lactic acid, glycolic acid, and ethylene glycol (Zhang et al.,
2014). Vesicles: Vesicles are bi-layered colloidal vectors that can
carry both hydrophilic and hydrophobic compounds. Liposomes
are vesicles that have been used to load AGP to the tumor site
(Bilia et al., 2016). Solid lipid nanoparticles (SLNs): SLNs are
spherical lipid nanoparticles of diameter 10-1,000 nm, and they
can disperse in water or aqueous solution. AGP entrapped into
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FIGURE 5 | Schematic diagram of different types of nano-formulations

to increase the bioavailability of the Andrographolide: It includes polymeric
micelle, nano-crystals, vesicles, mesoporous, gold-nanoparticles, polymeric
nanoparticles.

SLNs (diameter 286.1 nm) enhanced its bioavailability and its
efficacy at the tumor site (Parveen et al., 2014). Nanoemulsions
(NEs) and microemulsions (MEs): Both NEs and MEs are
characterized by high aqueous solubility and AGP delivery via
these enhance its bioavailability (McClements, 2012). Mesoporous
nanoparticles (MNPs): MNPs are a dense framework with porous
structure and large surface area that allows the attachment of
different functional group for targeted the drug delivery to a
particular site. Gold nanoparticles (GNPs): GNPs are the most
advanced nanoparticles develop for biomedical usages. The
targeted delivery of AGP with GNPs is promising to enhance
tumor-specific cytotoxicity (Das et al., 2018). Nanocrystals and
nanosuspensions: These two are designed for fast-dissolving and
better dissolution of AGP (Ma et al., 2018).

All these above-mentioned nanoformulations can be
administrated by all methods, can control the rate and degree
of drug absorption, enhance aqueous solubility, increase
bioavailability, drug stability, and can be effective to overcome
multidrug resistance in tumor cells (Figure 5, created by
BioRender and Canvas).
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GLOSSARY MLH1 MutL homolog 1

MMPs Matrix metalloproteinases
AGP Andrographolide

AKT Protein kinase B

MSH?2 MutS homolog 2

mTOR Mammalian target of rapamycin
AP1 Activator protein 1
MYH MutY DNA glycosylase
APC Antigen presenting cell
MyD88 Myeloid differentiation primary response 88

BAX Bcl-2-associated X
BCL2 B-cell lymphoma 2

CD Cluster of differentiation

NLRP3 NLR family pyrin domain containing 3
NK cell Natural killer cell

cdc Cell division cycle PAK4 p21-Activated kinase 4

cdk Cyclin-dependent kinases PARP-1 Poly [ADP-ribose] polymerase 1

COX2 Cyclooxygenase-2 PI3K Phosphoinositide 3-kinase

DRs Death receptors PI3KCA Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic

EGFR Epidermal growth factor receptor subunit alpha

ER Endoplasmic reticulum PTEN Phosphatase and Tensin Homolog deleted on Chromosome 10

ERK Extracellular-signal-regulated kinase ROS Reactive oxygen species

HIF-1a Hypoxia inducible factor la TCF/LEF T-cell factor or lymphocyte enhancer factor

IENY Interferon gamma TGFBR2 Transforming Growth Factor Beta Receptor 2

IL2 Interleukin 2 TGEF Tumor growth factor B

IRS2 Human Insulin Receptor Substrate-2 TLR4 Toll-like receptor 4

LC3-II LC3-phosphatidylethanolamine conjugate TP53 Tumor protein p53

LPS Lipopolysaccharide TRAIL Tumor necrosis factor-related apoptosis-inducing ligand
K-RAS Kirsten rat sarcoma virus VEGF Vascular endothelial growth factor

MAPK Mitogen-activated protein kinases Wnt Wingless-related integration site
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