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A B S T R A C T

Today, herbal-derived compounds are being increasingly studied in cancer treatment. Over the past decade,
Arctigenin has been introduced as a bioactive dibenzylbutyrolactone lignan which is found in Chinese herbal
medicines. In addition to anti-microbial, anti-inflammatory, immune-modulatory functions, Arctigenin has at-
tracted growing attention due to its anti-tumor capabilities. It has been shown that Arctigenin can induce apopto-
sis and necrosis and abolish drug resistance in tumor cells by inducing apoptotic signaling pathways, caspases,
cell cycle arrest, and the modulating proteasome. Moreover, Arctigenin mediates other anti-tumor functions
through several mechanisms. It has been demonstrated that Arctigenin can act as an anti-inflammatory com-
pound to inhibit inflammation in the tumor microenvironment. It also downregulates factors involved in tumor
metastasis and angiogenesis, such as matrix metalloproteinases, N-cadherin, TGF-β, and VEGF. Additionally,
Arctigenin, through modulation of MAPK signaling pathways and stress-related proteins, is able to abolish tumor
cell growth in nutrient-deprived conditions. Due to the limited solubility of Arctigenin in water, it is suggested
that modification of this compound through amino acid esterification can improve its pharmacogenetic proper-
ties. Collectively, it is hoped that using Arctigenin or its derivates might introduce new chemotherapeutic ap-
proaches in future treatment.
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1. Introduction

Chemotherapy is the primary way of cancer treatment. It typically
helps to prevent the growth, division, and invasion of cancer cells.
Chemotherapy has a more substantial effect on cancer cells because
these cells generally develop and divide quicker than normal cells. Na-
ture is a plentiful source of diverse and biologically active compounds.
Nowadays, nature-derived products encompass a large part of cur-
rently-used chemotherapeutic agents. According to Newman et al.
study, in the time frame 1981 to 2014, from the 174 approved anti-
cancer agents, only 23% of the total number were classified into the ab-
solutely synthetic category, and the remaining (77%) were either nat-
ural or mimicked natural products, indicating that many anti-cancer
drugs are somehow naturally-derived drugs (Newman and Cragg,
2016). Therefore, Over the past decades, natural compounds such as
polyphenols have been used for several malignancies. A growing body
of studies has confirmed the significance of phytochemicals in cancer
treatment (Lin et al., 2020).

A large group of polyphenols is found in plants, especially vegeta-
bles, whole grains, and seeds. These compounds, which act as an-
tifeedants in plants, are considered precursors to phytoestrogens
(Korkina et al., 2011). Lignans are phenolic compounds that are
broadly found in plants, including Linum, Sesamum, Forsythia, and
Podophyllum genera. Lignan precursors (e.g., lariciresinol, pinoresinol,
matairesinol, and secoisolariciresinol) are metabolized and converted
into lignans, enterolactone, and enterodiol. Except for podophyllotox-
ins which are cytotoxic lignans and have clinical importance in cancer
therapy, other lignans in human nutrition are present mainly in some
nuts, oilseeds, and cereal bran (e.g., wheat and oat) and many barriers.
Lignan products are built by coupling two phenylpropane units (i.e.,
C6C3), where two C6C3 units are linked by a bond between C8 and C8’
(Solyomváry et al., 2017).

Lignans are almost highly soluble in organic solvents, whereas they
are almost insoluble or sparingly soluble in water. These compounds
are composed of eight classes, including furan, furofuran, dibenzylbuty-
rolactone, dibenzylbutane, arylnaphthalene, aryltetralin, dibenzylbuty-
rolactol, and dibenzocyclooctadiene (Umezawa, 2003). Although most
lignans are derived from plants, many of them are metabolized by
mammalian gut microbiota, which are called enterolignans (Heinonen
et al., 2001). Sesame seed and flaxseed, among food sources, contain a
higher amount of lignans than other foods. Cereals (e.g., wheat, rye,
oat, and barley), cruciferous vegetables (e.g., broccoli and cabbage),
soybeans, and some fruits, especially strawberries and apricots, are the
other sources (Landete, 2012).

Arctigenin is a bioactive dibenzylbutyrolactone lignan found in
herbal medicines, including Arctium lappa L. Ipomea cairica, Saussurea
medusa, Forsythia suspensa Vahl, and Torreya nucifera (Cho et al.,
2002). Two plant species, allowing the isolation of an extraordinarily
high amount of arctigenin, are Serratula tinctoria and Jurinea mollis

(Könye et al., 2016; Sólyomváry et al., 2015b). Arctigenin has shown
various therapeutic properties, including anti-viral, anti-bacterial, anti-
inflammatory, immune-modulatory, and anti-tumor activities. Lately,
Arctigenin has been studied extensively for its anti-tumor properties. It
has shown that Arctigenin, through involvement in various molecular
mechanisms and signaling pathways, exerts anti-tumor activities.
Hence, we aimed to overview the effects of Arctigenin on cancer in this
study.

2. Cancer and arctigenin

Tumorigenesis is the process of cancer formation, whereby normal
cells are converted to highly proliferative cancer cells. This process re-
sults from changes at the genetic, epigenetic, and cellular levels, lead-
ing to abnormal cell division. A set of cellular and molecular events has
been involved in cancer development. Generally, tumorigenesis has
been divided into a three-step process, including tumor initiation, tu-
mor promotion, and tumor progression. During cancer development,
tumor cells acquire six central properties: self-reliant proliferation, eva-
sion of apoptosis, insensitivity to anti-proliferative signals, unrestricted
replicative and proliferative potential, the maintenance of vasculariza-
tion and angiogenesis, and, in case of malignancy, invasion and metas-
tasis into tissues (Hanahan and Weinberg, 2000). In addition to the
changes in the cancer cells, alteration in the microenvironment, as well
as external signals, are required to develop cancer. Acrtigenin, as a nat-
ural product from plants, has been shown to be involved in tumor re-
gression. Therefore we have discussed the mechanisms whereby Arcti-
genin can inhibit tumor growth in the following (Fig. 1 and Table 1).

2.1. Arctigenin induces anti-inflammatory responses

Inflammation prompts cancer development and promotes all steps
of tumorigenesis. Over the last few decades, immune system and in-
flammation's contribution to cancer development has regained enor-
mous interest. Regardless of its occurrence in the course of chronic in-
flammatory disease, inflammation has a significant effect on the com-
position of the tumor microenvironment, which influences anti-cancer
immune responses and mediates tumor progression. Proinflammatory
cytokines and chemokines such as TNF-α and IL-1β, through multiple
mechanisms and signaling pathways, can directly affect pre-malignant
and malignant cells by enhancing their proliferation and resistance,
hence directly encouraging tumor growth (Greten and Grivennikov,
2019; Shabgah et al., 2021a, 2021b).

Inflammasomes are multicomplex proteins which upon activation,
mediate inflammation via production of IL-1β. NLRP3, as a member of
inflammasomes, is a complex protein that has been involved in colitis
and colorectal cancer (Zaki et al., 2010). The activation of NLRP3 leads
to the progression of colitis to colorectal cancer, which is called colitis-
associated cancer. Conversely, blockade of NLRP3 inflammasome is

Fig. 1. Anti-tumor effects of Arctigenin. Arctigenin, by inducing apoptosis, inhibition of inflammation, metastasis, angiogenesis, and modulation of several cellular
signalings, suppresses tumor development.
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Table 1
Summarized anti-tumor properties of Arctigenin in several studies.

Cancer Type Effect on
Cancer

Mechanism of Action Model of
Study

Reference

Glioblastoma Anti-
proliferation

induced autophagy
through inhibition of
AKT/mTOR pathway

in vitro
(U87MG and
T98G cells)

Jiang et
al. (2020)

Anti-
metastasis

Breast Cancer Anti-
proliferation

suppressed GM-CSF,
TSLP, MMP3, MMP9
expression through
inhibition of NF-κB
inhibited COX2
through suppression of
MAPK/AP-1

in vitro (4T1
and MDA-
MB-
231 cells)
in vivo 4T1
murine
model

(Lee et
al.,
2020a;
Lou et al.,
2017;
Maxwell
et al.,
2017; Shi
et al.,
2020)

Anti-
metastasis
Anti-
stemness
Anti-
metastasis

inhibited metastasis
through activation of
PP2A and
downregulation of
CIP2A and AKT
dephosphorylation

in vitro
(MDA-MB-
231 and
MDA-MB-
468 cells)

Huang et
al. (2017)

Anti-
proliferation
Anti-
inflammation

inhibited STAT3
binding to DNA
downregulated cyclin
D1 and Mcl-1

in vitro
(MDA-MB-
231)
in vivo MDA-
MB-231
murine
model

Feng et
al. (2017)

Cell cycle
arrest

degraded cyclin D1 in
an Akt/GSK3β-
dependent manner
downregulated cyclin
D1 through inhibiting
β-catenin

in vitro
(BT474 and
MCF7 cells)

(Lee et
al., 2017;
Zhu et
al., 2020)

Colitis-
associated
Cancer

Anti-
inflammation

downregulated NLRP3
activation and fatty
acid oxidation

in vivo
murine
model

Qiao et
al. (2020)

Gallbladder
Cancer

promoting
cell
senescence

downregulated EGFR
and inhibited
RAF/MEK/ERK
signaling pathway

in vitro
(GBC-SD and
NOZ cells)
ex vivo
(human
gallbladder
cancer
tissues)

Zhang et
al. (2017)

Colorectal
Cancer

Anti-
proliferation
Anti-drug
resistance

abolished cisplatin-
resistance through
upregulation of pro-
apoptotic proteins,
autophagy, and MDR1
downregulation

in vitro
(SW480
SW620 cells)

Wang et
al. (2019)

Cell cycle
arrest
Anti-
metastasis

induced intrinsic
apoptotic pathway
through inhibiting
MAPK pathway
downregulated MMP2,
MMP9, N-cadherin,
vimentin, β-catenin,
and Snail

in vitro
(CT26 cells)
in vivo CT26
murine
model

Han et al.
(2016)

Anti-drug
resistance

inhibited etoposide
resistance through
inhibiting degradation
of topoisomerase IIα
and reducing GRP78

in vitro
(HT29 cells)

Yoon and
Park
(2019)

Table 1 (continued)
Cancer Type Effect on

Cancer
Mechanism of Action Model of

Study
Reference

Anti-
austerity

blocked expression of
UPR target genes
including PERK, ATF4,
CHOP, and GRP78
enhanced
phosphorylation of
eIF2α

in vitro
(HT29 cells)
in vivo HT29
xenograft
murine
model

Kim et al.
(2010)

Anti-
angiogenesis

decreased proliferation
of human dermal
microvascular
endothelial cells
decreased AKT
phosphorylation and
downregulation of
VEGF1 and suppressed
vascularization

in vitro
(HDMEC
cells)
in vivo CT26
murine
model

Gu et al.
(2013)

Hepatocellular
Carcinoma

Anti-
proliferation
Anti-
autophagy

inhibited starvation-
induced autophagy

in vitro
(HepG2
cells)

Okubo et
al. (2020)

Anti-
proliferation

induced intrinsic and
extrinsic apoptotic
pathway through
inducing ROS and
inducing JNK and p38
MAPK pathways

in vitro
(HepG2
cells)
in vivo
HepG2-
bearing mice

Lu et al.
(2020)

Anti-
proliferative

induced apoptosis
through activating
caspase −3, −7 and −8

in vitro
(HuH7 cells)

Naoe et
al. (2019)

Prostate Cancer Anti-
proliferation

induced necroptosis
through activation of
oxidative stress and
CCN1 upregulation

in vitro
(PC3AcT and
PC3 cells)

Lee et al.
(2020b)

Anti-
austerity
Anti-drug
resistance

induced ROS and
intrinsic apoptotic
pathway through
inhibition of
PI3K/Akt/mTOR
pathway

in vitro (PC3
cells)

Lee et al.
(2018)

Anti-
proliferation

decreased adipokines
and cytokines
including IGF-1, VEGF,
and MCP-1
decreased androgen
receptor

in vitro
(LNCaP cells)
in vivo
LAPC-4
murine
model

Hao et al.
(2020)

Pancreatic
Cancer

Anti-drug
resistance

increased slightly
survival time and
progression free in
gemcitabine-resistant
patients

phase I
clinical trial

Ikeda et
al. (2016)

Lymphoma Anti-
proliferation
Anti-
austerity

triggered intrinsic
apoptotic pathway
through inhibiting ERK
and p38 MAPK
signaling

in vitro (BC3
PEL cells)

Baba et
al. (2018)

Ovarian Cancer Anti-
proliferation

inhibited STAT3
phosphorylation, and
downregulated
survivin and iNOS
expression

in vitro
(OVCAR3
and SKOV3
cells)

Huang et
al. (2014)

Lung Cancer Anti-
proliferation
Anti-
migration

inhibited TMEM16A
gene through
inhibiting MAPK
pathway

in vitro
(LA795 cells)
in vivo
LA795
murine
model

Guo et al.
(2020)

Anti-drug
resistance
Cell cycle
arrest

induced apoptosis
through caspase-3
cleavage
downregulated
Survivin expression

in vitro
(H460 cells)

Wang et
al. (2014)

(continued on next page)
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Table 1 (continued)
Cancer Type Effect on

Cancer
Mechanism of Action Model of

Study
Reference

Anti-
metastasis
Cell cycle
arrest

inhibited EMT through
repressing TGF-β-
induced
phosphorylation of
SMAD2/3, and
downregulated Snail
and N-cadherin
inhibited ERK/β-
catenin pathway
decreased cyclin H,
cyclin E, CDK2, and
CDK7

in vitro
(A549 cells)

(Susanti
et al.,
2013; Xu
et al.,
2017)

Retinoblastoma Anti-
proliferation

induced apoptosis
through Bax
upregulation
downregulated JAG1
expression
inhibited Notch1
signaling

in vitro
(Y79 cells)

Ke et al.
(2019)

Bladder Cancer Cell cycle
arrest

decreased cyclin D1
expression through
decreasing ERK1/2
phosphorylation and
activated p38
phosphorylation

in vitro
(T24 cells)

Yang et
al. (2012)

Gastric Cancer Cell cycle
arrest

blocked
phosphorylation of Rb
through
downregulation of
cyclin D1/CDK4 and
cyclin E/CDK2

in vitro
(SNU-1 and
AGS cells)

Jeong et
al. (2011)

beneficial for cancer regression (Qiao et al., 2020). Arctigenin has in-
hibited NLRP3 in macrophages which consequently decreased the pro-
duction of IL-1β and IL-18 in colitis-associated cancer. Further analysis
has shown that Arctigenin inhibited the assembly of NLRP3 complex
without any impact on its mRNA expression or macrophage viability
(Qiao et al., 2020). Since carnitine palmitoyltransferase 1 (CPT1) plays
a pivotal role in NLRP3 assembly in macrophage and its overexpression
correlated to IL-1β expression, tumor size, tumor load, and tumor num-
ber, it has been speculated that Arctigenin downregulated CPT1 expres-
sion and CPT1 was considered as Arctigenin target in colorectal cancer
(Qiao et al., 2020). These results indicated that Arctigenin exerts hin-
dering effects on colorectal carcinogenesis in vivo.

Tumor-derived growth factors influence the tumor microenviron-
ment and play crucial roles in tumor development. These cytokines, in
the inflammatory microenvironment, mediate tumor colonization and
cell proliferation via several mechanisms (Smith and Kang, 2013). Tu-
mor-derived cytokines such as thymic stromal lymphopoietin (TSLP)
and granulocyte-macrophage colony-stimulating factor (GM-CSF) have
been confirmed to be involved in cancer progression (Quail et al., 2017;
Ragonnaud et al., 2019). NF-κB interaction with the promoter of GM-
CSF and TSLP genes mediates the expression of these cytokines. Arcti-
genin has been shown to inhibit translocation of NF-κB into the nucleus,
hence suppressing proliferation, invasion, and stemness of breast tumor
cells (4T1 and MDA-MB-231 cell lines) (Shi et al., 2020). Subsequent to
TSLP and GM-CSF signaling, STAT3 is activated which its crosstalk with
β-catenin signaling plays an important role in cancer cell stemness (Shi
et al., 2020; Takebe et al., 2015). Arctigenin, by decreasing GM-CSF
and TSLP expression, has also been involved in inhibiting STAT3/β-
catenin signaling and breast cancer cell stemness (Shi et al., 2020).

2.2. Arctigenin promotes apoptosis and inhibits drug resistance

Apoptosis is a vital process to maintain cellular balance so that its
disruption leads to uninhibited tumor cell growth, making this phenom-
enon a target for the therapeutic strategy to fight against cancer. Hence,

apoptosis has been considered the main molecular mechanism by
which chemotherapeutic drugs perform their anti-cancer functions (Son
et al., 2011). Therefore, drug resistance is regarded as a key feature for
cancer which continues to be a limiting factor in achieving treatment.
Since most standard treatment regimens, including chemotherapy and
radiotherapy, induce apoptosis and death in cancer cells, resistance to
apoptosis is known to be one of the mechanisms involved in cancer
drug resistance (Nik et al., 2019). Defects in specific apoptotic path-
ways lead to cancer development and progression. Therefore, cancer
drug resistance can originate from alteration in the normal pathways of
apoptosis-induced cell death (Kaufmann and Vaux, 2003). In the fol-
lowing sub-sections, we reviewed the mechanisms concerning Arcti-
genin-induced tumor growth inhibition.

2.2.1. Pro-apoptotic effects of Arctigenin on apoptosis-associated signaling
pathways

Arctigenin exerts anti-proliferative functions on HT29 cells (a col-
orectal cancer cell line) via enhancing caspase-3 and caspase-9 activi-
ties. The proposed mechanism for this Arctigenin-induced apoptosis in
HT29 cells relies on stimulation of ROS production to induce p38/
MAPK signaling pathway and intrinsic apoptotic pathway (Li et al.,
2016). Also, Arctigenin imposed anti-proliferative effects on MDA-MB-
231 (a breast cancer cell line) through induction of p22phox interaction
with NADPH oxidase 1 to trigger ROS production to activate p38/
MAPK. Subsequent to p38/MAPK induction, Arctigenin induced mito-
chondrial apoptosis pathway through alteration in Bax/Bcl-2 ratio. It
has also been shown that pro-apoptotic effects of Arctigenin on MDA-
MB-231 were independent of death receptors (Hsieh et al., 2014). In
PC-3 cells (a prostatic cancer cell line), Arctigenin also increased ROS
production and inhibited PI3K/Akt/mTOR signaling pathway to induce
mitochondrial apoptotic pathway (Lee et al., 2018). Other than men-
tioned in vitro studies, Lu et al., in Hep-G2-bearing mice, have shown
that Arctigenin also induced ROS-dependent tumor cell apoptosis by in-
ducing the JNK/p38 MAPK signaling pathway (Lu et al., 2020). Collec-
tively, these studies have indicated that ROS is a major mediator in
Arctigenin-induced apoptosis in cancer cells, indicating the importance
of the mitochondrial pathway in this issue.

Expression of anti-apoptotic proteins such as Bcl-2, Mcl-1, cIAP2, c-
Myc, and cyclin D also proposed another mechanism involved in apop-
tosis-dependent cancer drug resistance (Yao et al., 2011). STAT3 signal-
ing pathway has lately been demonstrated to endow apoptosis resis-
tance to tumor cells. In this regard, STAT3 dimerization, phosphoryla-
tion, and nuclear translocation activate the expression of the aforemen-
tioned anti-apoptotic proteins (Yao et al., 2011). Arctigenin administra-
tion specifically suppressed IL-6-induced STAT3 phosphorylation and
nuclear translocation in a time- and dose-dependent manner without
statistically significant effect on STAT3 expression in HepG2 cells (an
HCC cell line). The effect of Arctigenin on STAT3 phosphorylation was
reversible (Yao et al., 2011). Moreover, Arctigenin inhibited phospho-
rylation of STAT3's activator tyrosine kinases, including Src, JAK1,
JAK2, Akt, and ERK1/2, with no impact on their expression levels (Yao
et al., 2011). In contrast, protein tyrosine phosphatase such as SHP2,
which inhibits JAK/STAT3 pathway, has also been upregulated by
Arctigenin (Yao et al., 2011). Collectively, Arctigenin inhibited the ex-
pression of anti-apoptotic proteins, including cIAP2, Mcl-1, cyclin D1,
Bcl-2, and C-myc via suppression of JAK/STAT3 pathway, leading to
apoptosis and cell cycle attest at sub-G1 phase (Yao et al., 2011). In
Arctigenin-receiving TNBC (MDA-MB-231 cells)-xenografted nude
mice, it has been shown that p-STAT3 was downregulated. Subsequent
to p-STAT downregulation, the expression of cyclin D1 and Mcl-1
mRNA expression was also reduced, indicating anti-tumor efficiency of
Arctigenin in vivo (Feng et al., 2017).
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2.2.2. Pro-apoptotic effects of Arctigenin on cancer via cell cycle arrest
Estrogen receptor (ER)-positive breast cancer is best known for

higher expression of cyclin D1 (Perou et al., 2000). Cyclin D1 coupling
with cyclin-dependent kinase (CDK)4 or CDK6 initiates cell cycle entry
through phosphorylation and inactivation of retinoblastoma (Rb) and
subsequent release of E2F transcription factor (Kato et al., 1993). Arcti-
genin induced cell cycle arrest in ER + breast cancer cells (BT474 and
MCF-7 cell lines) in a way other than caspase-dependent apoptosis. It
has been shown that Arctigenin suppressed expression of cyclin D1 in
these cells post-transcriptionally via proteasomal degradation. Mecha-
nistically, Arctigenin induces GSK3 (via a reduction in phospho-Akt and
phospho-GSK3β as inhibitors of GSK3) for phosphorylation and ubiqui-
tination of cyclin D1 to further proteasomal degradation (Mervai et al.,
2015) (Zhu et al., 2020). Collectively, Arctigenin induced ER + breast
cancer cell cycle arrest at G1 phase via post-transcriptional regulation
of cyclin D1 without affecting apoptosis (Zhu et al., 2020). Other than
breast cancer cells, Arctigenin also arrested colon cancer cell cycle.
Arctigenin-treated CT26 colon cells have been arrested at G2/M phase.
Arctigenin-mediated cell cycle arrest in this regard has been imple-
mented through reducing mRNA expression of cyclin A, E, and CDK2
(Han et al., 2016). Another mechanism proposed for Arctigenin in-
volvement in cell cycle arrest has been focused on nuclear protein of the
ataxia telangiectasia locus (NPAT). NPAT contributes to histone biosyn-
thesis, and its inhibition impedes expression of all histone subtypes.
NPAT phosphorylation by CDK2/cyclin E has led to its association with
histone gene promoters. Arctigenin likely inhibits cyclin E/CDK2 to
downregulate NPAT and histone subtypes. Consequently, this results in
A549 cell cycle arrest at the G1/S phase (Susanti et al., 2013).

As a member of the inhibitor of apoptosis proteins (IAPs) family and
a cell cycle promoter protein, Survivin is involved in the regulation of
proliferation and cell survival through inhibition of caspase activation
(Sah et al., 2006). This protein, which is almost expressed in the G2/M
phase of the cell cycle, confers resistance to chemotherapeutic agents
such as cisplatin. Since Arctigenin has been shown to be involved in
sensitization of H460 cells (a lung cancer cell line) to cisplatin, it was
speculated that Arctigenin might be involved in inhibition and down-
regulation of Survivin (Wang et al., 2014). However, the mechanism
underlying Survivin inhibition by Arctigenin in lung cancer is needed to
be elucidated. In ovarian cancer cells, Arctigenin effects on Survivin
have implied on iNOS/STAT3 signaling pathway. It has been confirmed
that Arctigenin treatment of OVCAR3 and SKOV3 cells leads to down-
regulation of iNOS and subsequently decrease in NO production. Subse-
quent to the decrease in NO production, it is postulated that STAT3 in-
activation was implemented, which per se resulted in Survivin suppres-
sion (Huang et al., 2014). Moreover, β-catenin has also been shown to
regulate the expression of Survivin in colon cancer cells (SW480 cell
line). Yoo et al. have confirmed that Arctigenin reduced expression of β-
catenin and facilitated degradation of this transcription factor by medi-
ating its phosphorylation. Arctigenin-dependent downregulation of β-
catenin has been linked to the reduction of Survivin in SW480 cells
(Yoo et al., 2010). Collectively, Arctigenin inhibits Survivin, leading to
cell cycle arrest at G2/M and S phases.

2.2.3. Pro-apoptotic effects of Arctigenin via modulating death receptor
Induction and activation of the extrinsic pathway of apoptosis are

initiated through binding of ligands to the death receptors, including
Fas 9/10, tumor necrosis factor receptor (TNFR)1, TNF-related apopto-
sis-inducing ligand (TRAIL) receptor (Holler et al., 2000; Wang and El-
Deiry, 2003). After the interaction of ligands with these receptors, TNF-
receptor-associated death domain (TRADD) is recruited to the cell sur-
vival complex (Complex I), which comprises ubiquitin E3 ligase and
RIPK1. In this complex, deubiquitination of RIPK1 dissociates this pro-
tein from TRADD and forms other complexes, which consequently leads
to the activation of caspase-8. On the other hand, if Fas receptor-related
apoptosis occurs, caspase-9 will be the initiator of cell death (Naoe et

al., 2019). Administration of Arctigenin to the hepatoblastoma cells
(HUH6 cells) has led to activation of TNFR1-related activation of apop-
tosis through inducing caspase 8/3/7 cascade rather than caspase 9/3/
7 (Naoe et al., 2019).

2.2.4. Pro-apoptotic effects of Arctigenin via affecting Notch receptor
Notch signaling is one of the conserved signaling pathways, which

regulates cell apoptosis, viability, and migration. This pathway can pro-
mote cancer development, especially in retinoblastoma. Ligation of
Notch ligand (e.g., jagged-1) to Notch receptor gives rise to release of
its intracellular domain (NICD) from the cell membrane into the nu-
cleus to act as a transcription factor and activate downstream gene ex-
pression. Treatment of Y79 cells (a human retinoblastoma cell line)
with Arctigenin has markedly decreased jagged-1, NICD, HES1, and
HES5 expression and subsequently affected cell viability. However, the
underlying mechanism regarding Arctigenin effects on retinoblastoma
should be elucidated (Ke et al., 2019).

2.2.5. Pro-apoptotic effects of Arctigenin via affecting proteasome
Upon microenvironmental stress conditions, the accumulation of

multi-catalytic protease complex (i.e., proteasomes) leads to degrada-
tion of a series of proteins such as topoisomerases IIα (the etoposide tar-
get) in cancer cells. Consequently, this process results in cancer cell re-
sistance to etoposide due to the loss of this drug target. It has been
shown that Arctigenin inhibited proteasomal degradation of topoiso-
merase IIα and induced downregulation of 78-kDa glucose-regulated
protein (GRP78; a microenvironmental stress-induced chaperone and a
tumor cell protective factor against death and apoptosis). Therefore, ad-
ministration of Arctigenin can be helpful against etoposide resistance in
H19 cells (Yoon and Park, 2019).

2.3. Arctigenin manipulates autophagy mechanisms in cancer cells

Arctigenin has also been shown to inhibit proliferation of cisplatin-
resistant colorectal cancer cells (SW480 and SW620 cells) dose-
dependently. The molecular analysis of Arctigenin-induced cell death
has revealed that Arctigenin triggers autophagy in cisplatin-resistant
cells. LC3 (1A/1B-light chain 3) proteins are key proteins involved in
the formation of autophagosomes and subsequent initiation of the au-
tophagy process (Tanida et al., 2008). Arctigenin has upregulated the
expression of LC3-II and p65 proteins and downregulated LC3-I expres-
sion, resulting in autophagy induction (Wang et al., 2019). In addition
to autophagy induction, Arctigenin decreased IC50 of cisplatin, doxoru-
bicin, oxaliplatin, and paclitaxel and mRNA expression of MDR1 (multi-
drug resistant 1) in resistant colorectal cancer cells (Wang et al., 2019).

In ER + breast cancer cells (e.g., MCF-7), Arctigenin also resulted in
neither cell cycle arrest nor caspase-mediated apoptosis and even
necroptosis. Further examination has shown that Arctigenin treatment
inhibited the mTOR signaling pathway and mTOR downstream au-
tophagy-inhibitory S6K and S6 proteins (inhibitors of LC3-II and LC3-I).
Therefore, Arctigenin-dependent inhibition of mTOR signaling sup-
pressed autophagy-inhibitory mechanisms, leading to degrade pro-
duced proteins. Amidst degraded proteins, ERα was also degraded by
the autophagy system, resulting in reduced signal transduction from es-
trogen receptors and subsequently inhibited tumor growth (Maxwell et
al., 2018). In glioblastoma cell lines (U87MG and T98G cells), Arcti-
genin also induced autophagy through inhibition of mTOR/AKT signal-
ing pathway and induction of LC3-II and p62 proteins (Jiang et al.,
2020).

Although induction of autophagy may suppress tumor development,
evidence in murine models shows that autophagy inhibition can limit
the growth of established tumors and improve efficacy of treatments
(Yang et al., 2011). It has been shown that cancer cells degrade them-
selves to provide energy and sustain core cellular processes in nutrient
starvation experience. Despite mentioned Arctigenin-induced au-
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tophagy in cancer cells, Okubo et al. have shown that Arctigenin inhib-
ited autophagy in HepG2 cells through induction of p62 accumulation
(Okubo et al., 2020).

2.4. Arctigenin mediates necroptosis in cancer cells

Necroptosis, a programmed and regulated form of necrosis, is begun
by ripoptosome formation through autophosphorylation and transphos-
phorylation of receptor-interacting serine/threonine-protein kinase
(RIPK)1 and the recruitment of RIPK3. The ripoptosome phosphory-
lates and activates MLKL oligomerization to permeabilize organelle's
plasma membranes (Linkermann and Green, 2014). Lee et al. have
shown that Arctigenin can induce necroptosis in prostate cancer cells in
lactic acidosis conditions (a cancer-specific metabolism). Arctigenin in-
duced cell death through enhancement of phosphorylated (p)-RIPK and
p-MLKL without any change in cleaved caspase3 and apoptosis. Mecha-
nistically, it was postulated that Arctigenin upregulated CCN1 (cellular
communication network factor 1) to promote necroptosis and necropto-
some formation (Lee et al., 2020b).

2.5. Arctigenin exerts inhibitory roles in inhibition of metastasis

Metastasis is an intricate process in which cancer cells detach from a
primary organ site and form tumors at distant organ sites. In primary
tumors, loss of cell-matrix and cell-cell adhesion leads to cell motility
and initiation of tumor invasion and metastasis. The epithelial-
mesenchymal transition (EMT) is the most important cellular process
for tumor metastasis. In this process, cancer cells lose their epithelial-
like markers, such as E-cadherin, and acquire mesenchymal properties,
including expression of N-cadherin. During this process, several cy-
tokines, factors, and molecular mechanisms are involved. TGF-β is the
most well-known EMT stimulator, which its ligation to its receptor in-
duces formation of SMAD2/3/4 complex to bind SMAD response ele-
ment (SRE) on the promoter of target genes. Arctigenin has been shown
to inhibits TGF-β-induced SMAD2/3 phosphorylation and downregu-
lates E-cadherin, and concomitantly upregulates N-cadherin expression
in A549 cells. In addition to the SMAD pathway, it has been shown that
Arctigenin inhibits non-SMAD TGF-β downstream signaling pathways.
In this regard, Arctigenin inhibited TGF-β-dependent phosphorylation
of ERK as well as transcriptional activity of β-catenin (Xu et al., 2017).

The next step in cancer cell migration and metastasis is to cross the
physical barriers, including extracellular matrix and basement mem-
branes. This process necessitates the presence of protease enzymes such
as matrix metalloproteases (MMPs). The gelatinase, also called MMP9,
is a highly expressive enzyme in invasive breast cancers. Treatment of
MCF-7 and MDA-MB-231 cell lines with Arctigenin showed inhibitory
effects on MMP9 transcription and protein levels. Moreover, Arctigenin
downregulated the expression of urokinase-type plasminogen activator
(uPA), which is the activator and facilitator of MMP9 release. Mecha-
nistically, it has been shown that Arctigenin inhibited Akt/NF-κB and
MAPK/AP-1 pathways as two main regulatory pathways for MMP9 ex-
pression in vitro. The inhibition of MMP9 synthesis at the transcription
level and decreased proteolytic activity of MMP9 have led to impair-
ment of cell migration (Lou et al., 2017; Maxwell et al., 2017). In addi-
tion to MMP9 inhibition, Arctigenin attenuated MMP3 and cyclooxyge-
nase-2 (COX2) transcript through inhibition of ERK, JNK, and nuclear
translocation of AP-1 in the 4T1-grafted mice (Lee et al., 2020a).

An oncoprotein called cancerous inhibitor of protein phosphatase
2A (CIP2A) inhibits a tumor-suppressor protein named serine/threo-
nine protein phosphatase 2A (PP2A). PP2A per se regulates various im-
portant oncogenic proteins, including ERK, Akt, c-Myc, and p70S6K.
Upon PP2A inhibition by CIP2A, dephosphorylation of these oncopro-
teins was abrogated, resulting in anchorage-independent tumor forma-
tion and cell growth in vivo. Therefore, PP2A restoration, which leads
to inhibition of CIP2A, can decrease tumor aggressiveness. In triple-

negative breast cancer (TNBC), including MDA-MB-231 and MDA-MB-
468, Arctigenin downregulated CIP2A transcription and even promoted
its proteolysis. Also, Arctigenin increased activation of phosphorylated
(p)-Akt. Further examinations have revealed that Arctigenin-related in-
hibition of TNBC aggressiveness is also in a PP2A-dependent manner so
that PP2A inhibition abrogated Arctigenin inhibitory effects on TNBCs
(Huang et al., 2017).

2.6. Arctigenin promotes senescence of tumor cells

Cellular senescence is a process in which cell division is ceased. The
physiological importance of this phenomenon has been attributed to
the inhibition of carcinogenesis. In addition to above mentioned anti-
tumor effects of Arctigenin, it has also been shown that this compound
can induce senescence in tumor cells. Epidermal growth factor receptor
(EGFR) and its following signaling (i.e., RAF/MEK/ERK) is one of the
inhibitors of cellular senescence in gallbladder cancer. Treatment of
gallbladder cancer cells (GBC-SD and NOZ cells) with Arctigenin inhib-
ited expression of EGFR and upregulated p21 and p53, which conse-
quently induced cellular senescence in these cells. These data were also
confirmed in the murine model of cancer (Zhang et al., 2017).

2.7. Arctigenin affects microtubular system

Microtubules are a vital part of eukaryotic cells, which are involved
in several cellular processes. These molecules contribute to the forma-
tion of cell cytoskeleton, development and maintenance of cell shape,
intracellular transport, cell signaling, and cell division (miosis or mito-
sis). Microtubules are assembled through polymerization of α- and β-
tubulins in a dynamic equilibrium. Since microtubules play crucial
roles in cell division, their targeting in cancers might be promising in
inhibiting tumor cell growth (Jordan and Wilson, 2004). In this regard,
Arctigenin has also been proved to be involved in inhibiting the micro-
tubular system. In Arctigenin-treated SW480 cells, it has been shown
that Arctigenin influenced microtubular dynamics and induced β-
tubulin synthesis, which has led to increased levels of free tubulins and
disequilibrium in the ratio of tubulins. Consequently, this process might
be involved in the formation of multinuclear giant SW480 cells
(Sólyomváry et al., 2015a). However, it is needed to be elucidated the
precise underlying mechanism.

2.8. Arctigenin abolishes tumor growth in nutrient-deprived conditions

Cancer cells are capable of surviving even under extreme condi-
tions, including low oxygen supply and nutrient deprivation. This is
mainly confirmed for highly invasive tumors, especially pancreatic can-
cer. According to angiographic investigations, most pancreatic cancers
are hypovascular in terms of tumor vessel number (Hahnfeldt et al.,
1999). It is hypothesized that this tolerance to nutrient starvation might
be a biological response to the inadequate blood supply. Therefore, it
has been assumed that abolishing cancer cells’ tolerance to nutrition
starvation is acknowledged as anti-austerity in cancer treatment
(Magolan and Coster, 2010). Deprivation of nutrients, especially glu-
cose, triggers a signaling pathway known as the unfolded protein re-
sponse (UPR), which increases cell survival by inducing stress proteins.
Upon glucose deprivation, UPR target genes including p-PERK, CHOP,
ATF4, and GRP78 are activated. Inhibition of UPR leads to apoptosis
through the mitochondrial pathway and activating caspase-3 and -9,
leading to suppressing tumor growth in colon cancer HT-29 xenografts
(Kim et al., 2010). It has been shown that Arctigenin exhibits preferen-
tial cytotoxicity against nutrient- and glucose-deprived tumor cells.
Since nutrient deprivation rarely occurs in non-cancerous tissues, it
might be considered that the anti-austerity ability of Arctigenin is spe-
cific to tumor cells (Awale et al., 2006). Mechanistically, Akt/PKB sig-
naling pathway has been introduced as the main regulator of cellular
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respiration under nutrient starvation (Izuishi et al., 2000). Hence, Arcti-
genin, by inhibiting phosphorylation of Akt, might be responsible for
preferential cytotoxicity against nutrient-deprived tumor cells (Awale
et al., 2006).

In addition to pancreatic cells, Arctigenin also exerted anti-tumor ef-
fects on primary effusion lymphoma (PEL) cells under glucose depriva-
tion. In this regard, Arctigenin, by decreasing ATP levels, has shown to
be involved in mitochondrial disruption in glucose-starved PEL cells,
which consequently disrupted mitochondrial membrane can induce
caspase-9-mediated apoptosis (Baba et al., 2018). Also, in glucose-
deprived PEL cells, Arctigenin suppressed activation (i.e., phosphoryla-
tion) of p38 MAPK and ERK1/2 signaling pathways which are involved
in cell viability and proliferation (Baba et al., 2018). Another mecha-
nism proposed for Arctigenin involvement in glucose-deprived PEL cell
inhibition is attributed to downregulation of endoplasmic reticulum
(ER) stress-related molecules. These molecules, including GRP78 and
activating transcription factor (ATF)6α, play a pivotal role in cellular
stress. Arctigenin by p38 MAPK inhibition leads to decreased promoter
activity of GRP78 and ATF6α genes, resulting in severe ER stress and
then apoptosis through inhibition of unfolded protein response (UPR)
activation (Baba et al., 2018).

2.9. Anti-angiogenic properties of Arctigenin in cancer

Angiogenesis in the tumor microenvironment is a highly dynamic
procedure that mediates development of new blood vessels. During this
process, endothelial cells were stimulated, then proliferated, and subse-
quently migrated by growth factors (e.g., VEGF) and signaling path-
ways (such as AKT) to be reorganized into new capillaries (Laschke et
al., 2006). Arctigenin has been shown to inhibit the viability of human
dermal microvascular endothelial cells (HDMECs). Although Arctigenin
couldn't suppress migration of HDMECs, it inhibited vascular sprouting
in vivo in a dose-dependent manner. Regarding the expression of angio-
genesis-promoting factors, Arctigenin reduced expression of VEGFR2
and p-AKT. Finally, the vascularization and growth of CT26 were sup-
pressed by Arctigenin in vivo. Collectively, this natural compound in-
hibits colon tumor growth via inhibiting angiogenesis (Gu et al., 2013).

3. Anti-tumor effects of Arctigenin derivates

According to a few studies, Arctigenin has shown different pharma-
cokinetic patterns. Pharmacokinetic studies proposed that the extensive
first-pass metabolism of Arctigenin after oral administration would hin-
der its in vivo and clinical efficacy. The tissue levels of Arctigenin
peaked at 30 min following oral administration of 70 mg/kg in rats and
were rapidly removed within 4 h, and maximum Arctigenin levels were
reported in the spleens, followed by the liver and other organs. To opti-
mize the clinical and in vivo efficacy of Arctigenin, alternative adminis-
tration routes other than oral administration such as sublingual or buc-
cal routes are suggested (He et al., 2013). Due to the substantial first-
pass metabolism of Arctigenin, most Arctigenin is expected to be
rapidly metabolized after oral administration as a single or as an active
component in herbal formulations (Gao et al., 2018). He et al. have
shown that after intravenous (i.v.) injection of Arctigenin to piglets, the
distribution half-life and volume of Arctigenin was short and low, re-
spectively, indicating that the distribution of Arctigenin was rapid, but
its distribution into tissues was very low. According to this study, Arcti-
genin is mainly distributed in the extracellular fluids and blood. More-
over, elimination half-time was also relatively short, resulting in rapid
elimination of Arctigenin after i.v. injection (He et al., 2019). According
to Gao et al. study, data showed that Arctigenin exhibited a higher ab-
sorption rate in rats and strong elimination ability. It was also shown
that Arctigenin hydrolyzed rapidly in the plasma of rats (Gao et al.,
2014). Collectively, it has been shown that Arctigenin is very insoluble
to be absorbed by the body, hence limiting its clinical applications.

Due to the aforementioned reasons, it was suggested that Arctigenin
should be modified by either biological or chemical methods to form
derivates with a higher bioavailability and better solubility. One of the
Arctigenin modifications is esterification with valine amino acid, which
is called Arctigenin valine ester (ARG-V). This valine ester derivative
(ARG-V) exhibited vividly improved pharmacological activity and
showed a rapid absorption phase and a slow elimination phase com-
pared to Arctigenin. In terms of anti-tumor efficacy, ARG-V showed bet-
ter antiproliferative effects on the growth of H22 hepatoma transplanted
tumors compared to Arctigenin (Cai et al., 2018a). Also, ARG-V admin-
istration has minor damage to immune organs (Cai et al., 2018b). In ad-
dition to the anti-tumor activity of Arctigenin derivates, it has also been
shown that these derivates can be promising against anti-austerity in
pancreatic cancer. In this regard, monoethoxy, diethoxy, and triethoxy
derivatives of Arctigenin showed more potent cytotoxicity under nutri-
ent-deprived conditions than Arctigenin in vitro. Also, triethoxy de-
rivate revealed anti-tumor effects slightly more than Arctigenin in vivo
(Kudou et al., 2013).

Modification of Arctigenin can also improve nitrite-scavenging (i.e.,
anti-oxidant activity) effects, immune responses and decrease damages
to the liver and kidney (Cai et al., 2018a). In a study, six derivates of
Arctigenin, including crotonate, furoate, naphthoate, laurate, palmi-
tate, and β-indolylacetate, were synthesized. In terms of nitrite scaveng-
ing, almost all derivates were active than Arctigenin, in which the β-
indolylacetate derivate is the strongest in this regard. Concerning anti-
tumor (such as apoptosis induction), immune responses effectiveness
(IL-2, IL-6, and IFN-γ levels), β-indolylacetate form also has the highest
function, which also has shown the fewest side effect on the organs (es-
pecially the liver, kidney, spleen, and thymus) in H22 tumor-bearing
mice (Chen et al., 2016). Collectively, Arctigenin monoester derivates
with little toxicity and high anti-tumor activity might show promising
practical progress in clinical trials and improve the application of Arcti-
genin.

4. Arctigenin combination therapy with other agents

In addition to structural modification and producing derivates,
Arctigenin can also be used in combination with other natural or
chemotherapeutic agents to enhance its effectiveness in cancer treat-
ment. Quercetin is a flavonoid that is abundantly found in fruits and
vegetables and has anti-inflammatory, anti-oxidant, and anti-
proliferative properties. Additionally, quercetin possesses anti-
carcinogenic properties, especially in prostate cancer, through multiple
mechanisms, including inhibition of androgen receptors and modulat-
ing PI3K/Akt/mTOR pathways (Cimino et al., 2012). Since quercetin is
extensively glucuronidated, sulfated, and methylated upon uptake,
hence these modifications may decrease its bioactivity and limit its
bioavailability in vivo. Because of being common in inhibiting andro-
gen receptors with Arctigenin, therefore it is suggested that Arctigenin
and quercetin are ideal candidates for being combined to augment the
anti-tumor effects through an amplified inhibition of either androgen
receptor or PI3K/Akt pathways at low concentrations. Arctigenin and
quercetin combination therapy showed stronger anti-proliferative and
powerful androgen receptor signaling inhibitory impacts in LAPC-4 and
LNCaP cells (prostate cancer cell lines) than Arctigenin or quercetin
treatment alone. Moreover, this combination reduced expression of
oncogenic miRNAs, including miR-19b, miR21, and miR-148a in LAPC-
4 cells. Enhanced inhibition of migration of LAPC-4 and LNCaP cells
was also demonstrated by Arctigenin plus quercetin combination. Col-
lectively, these data suggest that quercetin is a suitable drug to be com-
bined in prostate cancer treatment (Wang et al., 2015).
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5. Clinical trials evaluating anti-tumor effectiveness of arctigenin

Since several bodies of evidence confirmed the vigorous anti-tumor
effects of Arctigenin, researchers have concluded to evaluate the effi-
cacy of this herbal compound in a clinical trial. For instance, in a phase
I clinical trial involving 15 advanced pancreatic cancer patients refrac-
tory to gemcitabine, GBS-01 (an extract rich in Arctigenin from the fruit
of Arctium lappa L.) was prescribed orally at escalating doses from 3 g to
12 g. Results regarding dose-limiting toxicities indicated that none of
the patients at any doses showed any toxicity signs. Although being
mild, hyperglycemia, elevated γ-glutamyl transpeptidase, and in-
creased serum bilirubin were the main adverse events. The suggested
GBS-01 dose for favorable clinical responses was 12 g. The overall sur-
vival and median progression-free of patients were 5.7 and 1.1 months,
respectively. Collectively, the possible benefit and clinical safety of
GBS-01 monotherapy were confirmed in these patients, and it has been
shown that GBS-01 is capable of alleviating tumor cell tolerance to nu-
trient starvation (Ikeda et al., 2016).

6. Concluding remarks and future directions

Arctigenin, as a bioactive lignan, is mainly found in Chinese herbal
medicine called Arctium lappa L. This natural compound exerts several
functions such as anti-inflammation, anti-microbial, and anti-
tumorigenesis. Arctigenin, via inhibition of inflammation, cell prolifer-
ation, metastasis, and angiogenesis, plays its anti-tumor functions in
several cancers. It has been proposed several advantages of using Arcti-
genin over the common chemotherapeutic agents, including alkylating
agents, anti-metabolism drugs, platinum, and hormones. These drugs
may have serious side effects such as vomiting, diarrhea, hair loss, liver
damage, jaundice, limb numbness, difficulty in breathing, heart failure,
and throat cramps (Guo et al., 2020). In comparison with common anti-
cancer drugs, the side effects of Arctigenin were negligible (Guo et al.,
2020). Since Arctigenin has low solubility in water, its modification to
produce new derivates, including amino acid ester derivates, can solve
this problem to use in vivo. Consequently, the modification of Arcti-
genin to improve its efficacy, bioavailability, and pharmacokinetic
properties might be one of the future directions. Most studies regarding
the anti-tumor activity of Arctigenin have been experienced in vitro and
limited in vivo studies. Therefore, it is necessary to examine its function
in vivo. Also, due to the lack of more clinical trials and even animal
studies, Arctigenin efficacy in cancer treatment has not been fully eluci-
dated. Hence, future direction concerning the anti-tumor effect of Arcti-
genin should be more pronounced in vivo. Although a body of evidence
from in vitro studies demonstrates a promise of Arctigenin administra-
tion in cancer treatment, translation of these studies to clinical ones is
limited. It is hoped that the clinical translation of these studies would
provide a promising and potent therapeutic approach for cancer treat-
ment regimens.
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