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Simple Summary: Isoliquiritigenin (ISL), a natural bioactive compound with a chalcone structure,
demonstrates high antitumor efficacy. This review presents a summary of the latest research on the
metabolites, pharmakinetics, and pharmacological effects of ISL and its derivatives. We highlighted
the therapeutic molecular targets that are involved in antitumor effects in different cancers, both
in vivo and in vitro. We also summarized the role of ISL, providing a full account of the applications
of ISL thus far in various therapeutic schemes in the treatment of different cancers, alone or in
combination with other drugs.

Abstract: Isoliquiritigenin (2,4’ ,4-trihydroxychalcone, ISL), one of the most important bioactive
compounds with a chalcone structure, is derived from licorice root. Licorice is commonly known
as Glycyrrhiza, including Glycyrrhiza uralensis, Glycyrrhiza radix, and Glycyrrhiza glabra, which are
generally available in common foods and Chinese herbal medicines based on a wide variety of
biological functions and pharmacological effects, and its derivative (ISL) is utilized as a food additive
and adjunct disease treatment. In this review, we summarized the progress over the last 10 years in
the targeted pathways and molecular mechanisms of ISL that are involved in the regulation of the
onset and progression of different types of cancers.

Keywords: isoliquiritigenin; cancer; apoptosis; cell signaling

1. Introduction

Cancer is one of the leading causes of morbidity and mortality worldwide. Based
on GLOBOCAN (https://gco.iarc.fr) estimates, approximately 18 million new cancer
cases and 9.6 million deaths occurred in 2018 worldwide. Nowadays, it is the second
leading cause of death (9.6 million) globally [1]. Due to the changes in lifestyle habits such
as smoking, overweight, physical inactivity, and reproductive patterns associated with
urbanization and economic development, the global morbidity and mortality of cancer
is predicted to increase quickly over the next few decades. The most common causes
of cancer-related death are lung cancer, colorectal cancer, stomach cancer, liver cancer,
and breast cancer. Conventional cancer therapies, including surgery, radiotherapy, and
chemotherapy, are the most common strategies to combat cancer [2]. These therapies
are showing more and more limitations because of their poor prognosis and side effects.
However, poor prognosis occurs when cancer is resistant to radiotherapy (radioresistance)
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and chemotherapy (chemoresistance), which presents a challenge in cancer therapeutics. A
better therapeutic strategy has the characteristics of low toxicity, high antitumor activity,
and specific multi-targeting properties, avoiding the high mortality rate and decreasing
the prolonged survival time for metastatic cancer to date. Seeking natural compounds
from herbal remedjies that possess the high efficacy and low adverse effects associated with
cancer or that target cancer themselves is the ultimate cure for cancer. Without any better
solution, medicinal plants act as an alternative therapy to improve the unmet needs of
cancer survivors.

Licorice extracts are one of the most common Chinese herbs widely applied in tra-
ditional medicine. Licorice belongs to the genus Glycyrrhiza, and Glycyrrhiza radix is the
dried roots and rhizome of licorice. Licorice had been used for diseases since the For-
mer Han dynasty (the second-third centuries B.C.), and has been documented in ancient
Egypt, Greek, and Rome. The pharmacological effects of licorice have been demonstrated
for peptic ulcers, constipation, coughs, and other diseases, especially in cancer therapy.
However, high doses of licorice have a risk of side effects, such as cardiac dysfunction,
edema, hypertension and hypokalemic-induced secondary disorders [3]. It is necessary
to identify a more potential candidate from the licorice to improve human health and
lifespan. It has been known that one of the most important bioactive candidates in licorice
is isoliquiritigenin (2’4’ 4-trihydroxychalcone, ISL).

ISL serves as one of the most active components in Glycyrrhiza. For example, Lee et al.
(2013) found that ISL remarkably suppresses the receptor activator of nuclear factor
kappa-B ligand (RANKL)-induced osteoclast formation of murine bone marrow-derived
macrophages [4]. ISL does not only show the same pharmacologic effects as Glycyrrhiza,
but also exerts more biological activities, especially in terms of antitumor effects. Clinical
trials using ISL alone and in combination against cancer are still in their infancy. However,
based on the many in vitro and in vivo studies conducted in various research laboratories
across the world, the results are encouraging. In the present review, we summarize the
most recent research in the literature on the phytochemical properties and pharmacological
applications of ISL to provide further support and evidence for cancer treatments.

2. ISL’s Metabolites, Pharmakinetics, and Pharmacological Effects
2.1. ISL Metabolites

ISL is a flavonoid with a simple chalcone structure. The structure of ISL and its
metabolites are shown in Figure 1. The previous studies demonstrated the six metabolites
detected in phase I [5-7], including liquritigenin (M1), 2',4,4’ 5'-tetrahydroxychalcone (M2),
sulfuretin (M3), butein (M4), davidigenin (M5), and cis-6,4'-dihydroxyaurone (M6). Among
the six metabolites, butein is the more active metabolite in the liver and in HT22 cells, with
significant distribution on M1, M3, and M4 (Figure 1) [5,6,8]. Moreover, the previous study
reported that the dominant metabolites of ISL are THC (2,4,2,4'-tetrahydroxychalcone)
and naringenin chalcone in lung cells [9]. In vivo absorption of ISL occurs in the intestines,
transported to the liver for phase II biotransformation [7]. In phase II metabolism, liquir-
itigenin, glucuronidated ISL, glucuronidated liquiritigenin, and glucuronidated ISL are
produced. Only glucuronidated liquiritigenin is predominant [10]. Many studies have
suggested that secondary metabolites are involved in different biological activities and
pharmaceuticals [5,7,8,11]. Therefore, these metabolites may differ in various cell lines
or organs; however, they all share a similar structure to that of chalcone, which contains
two aromatic rings connected by an unsaturated carbon chain, resulting in interconnected
biological activities.

2.2. ISL Pharmacokinetics

Evaluation of the safety of ISL is necessary for future clinical applications. Therefore,
many studies, through different routes of administrations, including intravenously (IV), via
hypodermic (IH) or intraperitoneal (IP) injection, and orally, have indicated that ISL exhibits
a robust absorption capacity (absorption rate: ~60-90 min; oral absorption: >90%) with
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a strong elimination ability (t1 /5: 2—4.9 h) [10,12-14]. Moreover, the data showed similar
trends among different analytic methods, including high-performance liquid chromatogra-
phy (HPLC), HPLC-MS/MS, and fluorescence spectrometry (SFS) [10,12,13]. This means
that the absorption of ISL is quickly and widely distributed throughout the body [10,12-14].
Concentrations of ISL may vary in different tissues, including the heart, liver, lungs, spleen,
kidneys, brain, muscles, and fat. ISL distribution mainly relies on the blood circulation,
with the brain showing the lowest level of ISL due to the blood—-brain barrier (BBB). These
results imply that ISL is able to penetrate the BBB and exhibits neuroprotective activity
in a male middle cerebral artery occlusion (MCAO)-induced focal cerebral ischemia rat
model and high fat diet (HFD)-induced ICR mice model [15,16]. Interestingly, only after
oral administration does [ISL]pjasma €xhibit a double-peak of ISL [14,17-19], the possible
mechanism for which has been proposed as enterohepatic recycling. As a matter of fact,
oral administration has become the most advanced application route.
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Figure 1. Metabolites of isoliquiritigenin (ISL). Phase I ISL metabolites were identified to be liquirit-
igenin (M1), 2’ 4,4 5'-tetrahydroxychalcone (M2), sulfuretin (M3), butein (M4), davidigenin (M5),
and cis-6,4'-dihydroxyaurone (M6). Phase I metabolites were glucuronide conjugated process. Note:
Figure was modified from [5,7,8].

2.3. ISL Nanoformulations and ISL Derivatives: Improved Efficacy

Generally speaking, poor bioavailability, rapid degradation, fast metabolism, and
systemic elimination are the essential factors that lead to insufficient bioavailability. Insuf-
ficient bioavailability of ISL means that its efficacy is far less than 20% [10,14]. The term
insufficient bioavailability implies that patients show intolerance to bulk administration
of ISL to reach the desired effect, thereby highlighting the need to improve its effective-
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ness. To improve solubility, enhancing its bioavailability and distribution, encapsulated
ISL nanoparticles or nano-ISL have been developed. Below, we summarize various ISL
nanoparticles applied in preclinical studies, for example, polymer nanoparticles, liposomes,
micelles, solid lipid nanoparticles (SLNs), and polymer conjugates.

1.

Nanosuspension: ISL is milled with HPC (hydroxypropyl cellulose) SSL and PVP
(polyvinylpyrrolidone) K30 to form a lamelliform or ellipse shape of the nanosuspen-
sion. HPC SSL and PVP K30 act as stabilizer. These two nanosuspension particles
(size: 238.1 =+ 4.9 nm with SSL; 354.1 £ 9.1 nm with K30) do not only improve the
solubility issue, but also enhance the cytotoxicity a 7.5-10-fold [20].
Nanoencapsulation: Mesoporous silica nanoparticles (MSNs) are a solid material,
acting as a biodegradable nanoscale drug carrier. When MSNs are encapsulated with
ISL, they improve the efficacy of ISL in vitro and in vivo [21].

Lipid—polymer hybrid nanoparticle system:

3.1.  iRGD hybrid NPs: The composition of lipid-polymer hybrid nanoparticles
(NPs) include lactic-co-glycolic acid (PLGA), lecithin, and a hydrophilic poly-
ethylene-glycol (PEG). ISL-loaded hybrid NPs are composed of an inner PLGA
core with an outer lipid layer (PEG, lecithin, and iRGD peptides). iRGD
peptides (CRGDK/RGPD/EC, a tumor-homing peptides), can deliver drugs
to a tumor. In vitro, ISL-iRGD NPs show stronger inhibition effects and induce
apoptosis effects. In vivo, ISL-iRGD NPs show stronger effects in the viability
of tumor cells. Herein, iRGD-modified lipid—polymer NPs showed better
solubility, bioavailability, and targeting distribution [22].

3.2.  Hydrophilic polyanion solid lipid nanoparticles (SLNs): SLNs are composed
of natural lipids such as lecithin or triglycerides that remain solid at 37 °C.
SLNs can protect labile compounds from chemical degradation and can im-
prove bioavailability. Low-molecular-weight heparins (LMWHs) are fragments
of heparin showing hydrophilic polyanions that can improve the efficacy
of ISL [23].

Microemulsion: The self-microemulsifying drug delivery system (SEMDDS) was
designed for improving the solubility, absorption, and bioavailability of lipophilic
drugs. The SMEDDS comprises ethyl oleate (EO; oil phase), Tween 80 (surfactant),
and PEG 400 (co-surfactant). ISL-loaded SMEDDS has been proven to improve the
solubility and oral in vivo availability [17].

ISL-loaded nanostructured lipid carriers (ISL-NLCs): NLCs mix solid lipids with
spatially incompatible liquid lipids, which leads to a special nanostructure with
improved properties for drug loading. ISL-loaded NLCs are constructed by glycerol
monostearate (MS) and Mi-glyol-812 as the solid and liquid lipid materials to carry
the ISL [24]. In pharmacokinetic studies, less than 10% of the NLCs remains in the
stomach after oral administration, mainly absorbed in the colon [19]. Moreover,
the antitumor effect of ISL.-loaded NLCs has been evaluated in sarcoma 180 (5180)-
bearing and murine hepatoma (H22)-bearing mice models via IP administration [24].
A biodistribution study showed that the ISL concentration of ISL-loaded NLCs in the
tumor is higher 2.5-fold than free ISL. In a skin permeability study, the previous study
suggested NLCs as a promising carrier to deliver the ISL [25].

TPGS-modified proliposomes: D-x-tocopheryl polyethylene glycol 1000 succinate
(TPGS) has been selected as an excipient for ISL-loaded TPGS-modified proliposomes
(ISL-TPGS-PLP), prepared using the film dispersion method with ISL-loaded proli-
posomes (ISL-PLP). ISL-TPGS-PLP can enhance the solubility, bioavailability and
liver-targeting ability of ISL [18].

Polymeric micelles: PEO (polyethylene oxide)-PPO (polypropylene oxide)-PEO
(polyethylene oxide) triblock copolymers are highly biocompatible and act as surface-
active agents. P123 (PEO20-PPO65-PEO20) can remarkably enhance the retention
of poorly soluble drugs in the blood circulation. Another important derivative of
Pluronic, F127 (PEO100-PPO69-PEO100), possesses high biocompatibility. Therefore,
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mixed F127/P123 polymeric micelles have been developed, which have remarkably
enhanced bioavailability with high encapsulation efficiency and low particle size.
ISL-loaded F127/P123 polymeric micelles (ISL-FPM) improve the solubility as well as
enhance the bioavailability and antioxidant activity of ISL [26].

Nanoliposomes (NLs): Drug-loaded PEGylated nanomaterials have shown effec-
tive cancer cell-killing ability, PEG2000-DPSE-QUE-NLs (polyethyleneglycol-2000-
distearoyl phosphatidyl ethanolamine loaded with querce-tin (QUE)) can efficiently
disperse in aqueous media compared to controls, and PEGylated (PEG2000-DPSE)
NLs have been found to be effective drug delivery vehicles when simply loaded
with ISL. ISL-NLs as tumor-targeted drug carriers are more effective in regulating
glycolysis in colon cancer cell lines (CRC: HCT116) [27].

Hydrogel: Hydrogels are composed of hyaluronic acid (HA) and hydroxyethyl cellu-
lose (HEC), and they can improve the skin permeation of ISL [28].

As described above, many experiments have been conducted to evaluate the vari-

ous properties of ISL nanoformulation have been developed to address the problems of
bioavailability and solubility. Nanoformulation studies have been conducted in vitro and
in vivo (Table 1), demonstrating that ISL nanoformulations improve the bioavailability by
2-10-fold [17,24,26].

Table 1. Nano-formulation of ISL.

Particle Size

Formulation Material Model Conclusion Ref
(nm)
Hydroxypropyl HPC SSL-ISL-NS and PVP
. cellulose-SSL 238.1 +4.9 . K30-ISL-NS both improve the
Nanosuspension Polyvinylpyrroli- 354.1+£9.1 In vitro: A549 solubility and cytotofic activity (201
done-K30 of ISL (ICs¢: ~0.08 uM).
In vitro: mouse primary bone
marrow-derived macrophages MSNs-ISL as an effective
(BMMs) natural product-based
Mesoporous silica In vivo: lipopolysaccharide bone-bioresponsive
Nanoencapsulation na rFo articles ~200 (LPS)-mediated calvarial bone nanoencapsulation system [21]
P erosion model (received 50 prevents osteoclast-mediated
mg/kg MSNs-ISL; once every 2 bone loss (In vitro effective
days via subcutaneous injection) dose: 16~64 pg/mL).
Experiment period: 7 days
In vitro: MCF-7, MDA-MB231,
4T1 RGD modified lipid—polymer
ISL-iRGD ~130 In vivo: 4T1-bearing nude hybrid NPs improve ISL in [22]
nanoparticles 138.97 +2.44 mouse (received 35 pg/kg once anti-breast cancer efficacy
every 2 days via IV injection) (Effective dose: >12 uM).
Lipid—polymer Experiment period: 20 days
hybrid In vitro: HepG2 Pharmacokinetics of
VIt Beplas LMWH-ISL-SLN demonstrated
In vivo: Kunming mice (6 its safety and better
LMWH-ISL-SLN 217.53 + 4.86 female and 6 male; 50 mg/kg bio-di Yy anc [23]
. . . io-distribution after
via IV injection daily) int dministrati
Experiment period: 14 days mntravenous administration
(In vitro ICs0: ~7.45 pug/mL).
In vivo: SD rat
44.78 + 0.35 .(oral administration: [17]
. Self- o a smgl(.e dose: 209 m'g/kg) ISL-SMEDDS can enhance the
. 3 m]croemu151fy1ng Expenment perlod. 24 h .
Micro-emulsion drug delivery system - 'solub.lhty' a}nd oral N
(SEMDDS) In vivo: SD rat bioavailability of ISL.
2063 + 1.95 (oral administration: [29]
’ ’ twice a day; 20 mg/kg)
Experiment period: 63 days
ISL-NLC nanoparticles with
In vivo: Kunming mice bearin high envelopment efficienc
NT.n qstruct’gred Monostearate and H22 and 5120 tumor & ‘E/;vith initiall)burst release, Y )
ipid carrier lecithin 160.73 + 6.08 (intraperitoneal injection dail hibiti ior in vi 24]
(ISL-NLC) p jection daily) exhibiting superior in vivo

Experiment period: 12 days

antitumor effect and
biodistribution.
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Table 1. Cont.
Formulation Material Part(l;l;)Slze Model Conclusion Ref
In vivo: SD rat NLC are valuable as an oral
MS and Mielvol 812 160.73 + 6.08 (oral administration: delivery carrier to enhance the [19]
&Y ‘ ’ a single dose: 20 mg/kg) absorption of a poorly
Experiment period: 36 h water-soluble drug, ISL.
Ceramide, NCL improved the skin
cholesterol, . In vitro: Franz diffusion cell permeation of
caprylic/capric 150.2-251.7 In vivo: ICR mice ISL (permeability: [25]
triglyceride 8.48~10.12 ug/ cm?).
D-a-tocopheryl ISL-TPGS-PLP had small
TPGS-modified polyethylene glycol In vivo: Swiss-ICR mice particle size, high encapsulation
oli o;)omei, 1000 succinate 23.8£09 oral administration efficiency and drug loading [18]
profip (TPGS), Experiment period: 24 h capacity, and possessed good
proliposomes storage stability.
In vivo: SD rat, ISL-FPM ac't as a promising
ISL-loaded (oral administration: approach to improve solubility
Polymeric micelles  F127/P123 polymeric 20.12 4 0.72 ora. acmisration. as well as enhance [26]
. a single dose 200 mg/kg) . S s
micelles (ISL-FPM) E . . bioavailability and antioxidant
xperiment period: 24 h .Y
activity of ISL.
ISL liposome can significantly
Liposome Phospholipid and 2331 In vitro: Hela and SiHa inhibit the Prohferatlon of 130]
cholesterol human cervical cancer cells
in vitro.
Sodium cholate,
cholesterol and IPM ISL involved in the glucose
Nanoliposome were melted with a 82.3+35.6 In vitro: HCT116 and HT29 o & [27]
X metabolism in colon cancer.
ratio of 5:1:4
(w/w/w)
HA-HEC hydrogel showing the
stable viscoelastic be haviour
Hydrogel systems HA-HEC hydrogels NA. In vitro: skin permeation study ~ and the optimal adhesiveness 28]

Franz diffusion cells has potential to enhance skin
permeation of IS (permeability:

20 ug/cm3),

ISL-derived new compounds offer another solution to improve the bioavailability
and water-soluble issues [31-36]. Considering the chalone structure, the o, 3-unsaturated
ketone is an important part of its biological activity by modifying on the phenol ring to
improve the performance of ISL. We summarized a few new analogues of ISL in below (see
Figure 2):

1.

4-C-B-D-glucosylated ISL (Figure 2a): Glucosylation of low molecular weight com-
pounds have improve water solubility and bioavailability with a good inhibition of
aldose reductase (AR) [37].

Synthetic isoliquiritigenin derivatives (BS5 and BS11 in Figure 2b,c): The compounds
BS5 and BS11 with m-, p-dimethoxy, o-bromo phenyl group shows neuroprotective
effects at 3 uM to 6 uM with higher viability (~80-100%) [36].

Robtein (ISL-derivative #10; Figure 2d): Robtein exhibited osteoclast differentiation
and activation without any significant changes of viability or cytotoxicity [34].

2/ 4’-dimethoxy-4-hydroxychalcone (Figure 2e): shows in vivo antidiabetic activ-
ity [35].

3/ 4’ 5 A" -tetramethoxychalcone (TMC; Figure 2f): Introducing methylation of hy-
droxy groups significant increase cytotoxic activity in breast cancer [31], especially
targeting on triple-negative breast cancer (TNBC) [33].

ISL-17 (Figure 2g): A fluorine atom was introduced to the structure of ISL named
ISL-17 showed the anti-tumor activities in gastric cancer [32].
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Figure 2. Isoliquiritigenin (ISL) derivatives.

However, the poor bioavailability and water-solubility issues remain in clinical ap-
plications. Future studies are still needed to elucidate the ISL formulations that would be
more suitable for human clinical trials.

2.4. ISL Docking Model

ISL had been reported to exert diverse biological properties, but the specific molecular
interaction that underlies these activities has not been fully unveiled. Based on molecular
docking analysis, many studies have proposed that ISL has a direct interaction in different
molecules (Figure 3), such as SIRT1 [38], VEGF2 receptor [39], GRP78 [40], FLT3 [41],
EGER [42], IKKf3 [43], Toll-like receptors (TLRs) [44], CK-2 (ICsp: 17.3 uM) [45], H2R [46],
COX-2 [47], aromatase (Ki: 2.8 uM) [48,49], topoisomerase I [50] and DNMT1 [51]. These
docking results imply that the binding pocket is composed of hydrophobic regions and is
stabilized by a hydrogen bond with its neighboring carbonyl group. The hydrogen bond
interactions and 7—7 stacking contribute to a tight interaction with the binding site. These
docking results provide valuable information about the binding interactions of ISL and
the active site, although more studies are required to approve them. Using a bioassay-
guided purification method, suggested that isolated ISL acts as a xanthine oxidase inhibitor
(ICs0: 55.8 uM; Ki: 17.4 uM) to avoid transplantation rejection and ischemia reperfusion
damage [52]. In brief, multiple docking candidates indicate that ISL exhibits multiple
biological properties and serves as a potential lead compound for developing new therapy
in cancer treatment.
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Figure 3. Molecular docking models. Interactions are represented in green (hydrogen bonding), orange (7— stacking),
purple (sigma-7t) dash lines and gray (hydrophobic interaction: Van der Waals). (a) VEGFR-2; (b) EGFR; (c) GRP78; (d) SIRT1;
(e) IKKp; (f) DMNT1; (g) CK-2; (h) COX-2; (i) FLT3; (j) H2R; (k) TOPL

2.5. ISL Biology Effects

In targeting cancers, ISL possesses various biologic activities, such as anti-inflammation,
antioxidation, antiviral, antidiabetic, neuroprotective effect, chemopreventive, and anti-
tumor growth properties (Figures 4 and 5). A selective cytotoxicity effect of ISL has been
reported (Tables 2 and 3), and the effective dose in tumor cell lines shows very little cy-
totoxic effect on normal cells. Most studies have claimed that ISL significantly inhibits
the viability of cancer cell but has little toxicity on normal cells. For example, Wu et al.
(2017) compared the human endometrial stromal cells (T-HESCs; as a control) and human
endometrial cancer cell lines (Ishikawa, HEC-1A, and RL95-2 cells). Their results indicated
that ISL inhibits the growth of cancer cells at concentrations below 27 uM, but has little
effect on normal cells [53]. Na et al. (2018) claimed that ISL shows little toxicity on normal
hepatocyte cell lines (AML-12); only when applied in concentrations of over 100 uM is
ISL harmful to normal hepatocytes [54]. Most studies have focused on the cytotoxicity
between tumor and normal cells, and the effects of ISL on normal cells remain unknown.
As Peng et al. (2015) mentioned, further research on the target organ toxicity or side effects
of ISL is needed. The safety of ISL is always one of the most important concerns that must
be evaluated.
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Figure 4. Pharmacological effect of ISL. The scheme presents the biological effects of ISL and molecular mechanisms of ISL
against cancer via various signal pathways.

Apoptosis

Isoliquiritigenin
|_Anti-tumor effects

Angiogenesis

Figure 5. ISL-mediated regulation of molecular targets underlying anti-tumor effects, including tumor proliferation

suppression, apoptosis induction, EMT /metastasis, epigenetic responses and sensitization to chemotherapy. Downward
arrows (|) represent downregulation while upward arrows (1) represent upregulation. This figure was modified from [55].



Cancers 2021, 13, 115 10 of 37
Table 2. ISL influenced on normal cell lines.
Type Cell Line Result Ref
MCF-10A
(0~50 uM) ISL had no significant influence on MCF-10A as human normal tissues. [40]
(24 h)
Breast MCE-10A ISL had limited inhibitory effects on the proliferation in normal cell and did not
reas (0~100 uM) e . . [56]
(24 h) show the chemosensitization effect with epirubicin.
H184B5F5/M10
(0.1~10 uM) ISL did not influence the normal cell viability at the at 0.1~10 pM. [571
(6~48 h)
HELF . .
Lung (24~72 h) Both pure drug of ISL and nanosuspension showed low toxicity to normal cells. [20]
AML-12 5~50 uM of ISL increased cell proliferation, strong cytotoxicity was observed over
Hepatocyte (0~200 pM) H P o SIONg ¢y y [54]
100 uM.
(24 h)
T-HESCs s . g .
Uterus (5~100 M) The viability of T-HESCs showed significant changes when ISL concentration over 53]
Endometrium (24~48 h) 75 uM was applied.
GES-1
Gastric (20 uM) ISL exhibited a negligible effect on cell growth and cell viability exceeded 70%. [32]
(48 h)
Endothelia HUVEC Over 10 uM of ISL is nontoxic with inhibiting the VCAM-1 and E-selectin. [58]
IEC-6
Small intestine (10~100 uM) No effect was observed in IEC-6 cells. [59]
(24 h)
SG cell
Oral (25~400 uM) The half maximal effective dose (ICsp) of ISL is 386.3 + 29.7 uM. [60]
(24 h)
Brain H22 ISL had the potential to against glutamate-mduced neuronal cell death [36]
(neuroprotective effect)
Table 3. Different pathways of various cancers regulated by ISL.
Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs (In Vitro) Ref
Testing conc: 10 NM~10 LM . ﬁPresgnﬂmZ (pS2) mRNA level
MCEF-7 (5 days; 10 nM is sufficient) ° UProliferation [61]
s e  UEstrogen receptor (ERwx)
e {WIF1
e UIDNMT1
e  Ip-catenin ($Metastasis)
. ° JWnt
MDXS\E]Z—B 1 Effective conc(.ﬁShp;M and 50 uM e JG0/G1 (Cell cycle arrested) [51]
e  JCyclin D1 (TApoptosis)
Breast cancer ° JSurvivin
. Jc-myc
e  JO0ct-4
Testing conc.: 0, 20, 40, 60, 80,
100 uM e  {HIF-1x proteasome degradation [62]
MCEF-7 Tumor cell line: e  JVEGEF expression
MDA-MB-231 MCF-7 ICs( estimated = ~33.39 uM  ®  8Cancer growth via VEGF/VEGFR-2
HUVEC MDA-MB-231 IC5( estimated = o  INeoangiogenesis via

~35.64 uM VEGF/VEGEFR-2

(48 h)
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Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
HUVEC ICs estimated = ~75-48 tM
PMA-induced Effective conc: 0.1 yM and 10 uM @ 8COX-2 expression modulated [63]
COX-2 in MCF-10A (24 h; 1 uM is sufficient.) ERK-1/2 signaling
BT549 o  {iCleaved caspase-3 & 9 (tApoptosis)
MDA-MB-231 Effective conc.: 10,20,40 uM (12h) e JCOX-2 (UMetastasis) [64]
° 8CYP 4A, 3PGE, OPLA2
MDA-MB-231 . TRECK
Hs-578T Effective conc.: ~20 uM OmiR21 and SMMP-9 (SInvasive) [65]
e  ImRNA level of phospholipase A2
Testing conc.: 0, 5, 10, 20 uM (PLA2), cyclooxygenases-2 (COX-2)
MCE-7 and cytochrome P450 (CYP) 4A
MDA-MB-231 Tumor cell line: e  JCancer growth ($Arachidonic acid [66]
MCF-7 ICs5¢ = 10.08 uM metabolism)
MDA-MB-231 IC5y = 5.5 uM e  TApoptosis
(48 ) e  UPI3K/AKT pathway
e  TPTEN (TApoptosis)
e  TBax (TApoptosis)
Testing conc.: 0, 6.25,12.5,25,50, o ©Caspase 9
100 uM ° TTMMP-7 (Lung metastasis)
MCE-7 e  UmiR374a ({Metastasis and [67]
MDA-MB-231 . Jproliferation)
Tumor cell line: e UBd-2
MCE-7 ICs: 32.66 uM e  8p-GSK3B, AKT
Breast cancer MDA-MB-231 ICs¢: 22.36 pM U B-catenin ($Migration and
(24 h) Jinvasion)
MDA-MB-231 . . {PIAS3
Hs-578T Effective conc.: 10 uM and 20 uM . 8miR21 and JSTAT3 (8Invasion) [68]
Testing conc.: 1, 5, 10 and 25 uM
Tumor cell lines: . ﬁProteaSQme degrad.ation
MCF-7 ICs estimatea: ~33.0uM & Tb-catenin degradation
MCF-7 MDA-MB-231 ICsp etimatea: ~21.2 & JAPOPIOSiS via § mik374a
MDA-MB-231 uM ° H emosensmVlty
BT549 BT549 ICs50 estimated: ~18.1uM ® @B'Calt.’;nm /ABCG2/ GRP78 [40]
MCE-10 (24 h) ($Proliferation)
: e  UGSK-3p phosphorylation via AKT
Normal cell line: pathway (Chemosensitization)
MCEF-10A ICs0 estimated 3CD44*CD24~, Survivin, Oct-4,
N8((J~51hl)lM 3Cyclin D1
24
Effective conc: 25 pM and 50 pM ) ) )
(48 h) Tumor cell lines: e UOVEGF (@Antl-;}ng1ogene51s)
MCE-7 MCE-7 e UHIF-1x (@Pr'ohfer'atlon)
MDA-MB-231 MDA-MB-231 e  IMMP-9 (JMigration)
H184B5F5/M10 * SPBK 571
Normal cell line: e UNF-kB
Breast cancer ) H1$4B5F5/ M10 o o Ip38
(ISL did not influence the viability)
Tumor cell lines:
MCE-7 MCF-7 IC50 estimation: ~59.39 uM ® gULKl (%Aumphagy), o
MCE-7/ ADR MCF-7/ ADR ICs0 estimation: ° @L(':?)_H (ﬁChemosensmzatlon) [56]
MCE-10A ~38.86 UM ° miR-25(T Autophagy)
e UJABCG2

(24 h)
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Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
Normal cell line:
MCF-10A
ISL (at 100 uM) had limited
inhibitory effects on the
proliferation
f'Bax
ftCaspase-3 and TTPARP
Testing conc.: 0, 10, 25, 50 uM 0 p62, #Beclinl, and T1.C3
MDA-MB-231 IC50 estimated: (DAutophagy)
MDA-MB-231 50 estimated- e  {Caspase-8 (Tt Autophagy and [69]
~24.23 uM
(48 h) frapoptosis)
JCyclin D1 ($Proliferation)
UBcl-2
G1 arrest
Testing conc.: 0, 0.625, 1.25,2.5, 5, ImRNA level of aromatase [48
MCEF-7aro 10 uM MCEF-7aro ICsp: 2.5 uM JCYP19 promoters 1.4, 1.3 and 1I 70]’
(24 h) activity
HT29 EDsp: 11.1 Hg/mL .
HT29 (42.32 M) e  DNA demethylating effect [71]
Testing conc.: 0, 5,10, 20, 30, 40, «  ODR5(fApoptosis)
HT29 50 M e  OPI3K/AKT path [72]
40 uM was applied; (24 h) pathway
. . ° T Apoptosis
HCT116 Testing conc.: 0,10, 20, 30, 40 uM . 0p62/SQSTMI (€ Autopage cell death)
HT29 HCT116 ICs estimated = ~42.41 uM «  OPARP cleavage [73]
SW480 Working conc.: 30 or 40 uM; (24 h) e OCaspase-8 activation (GApoptosis)
Testing Conc.: 0, 2.5,5, 10, 20, 40,
80, 160 uM ° TTNAG-1 expression mediated EGR-1,
HCT116 ICsq estimated: ~78.78 uM p53, ATF-3, Sp1 and PPARy
(48 h) e  TApoptosis (Caspase dependent
HCTI16 HCT116 ICs) estimated: ~53.97 uM pathway) [74]
(72 h) UBcl-2 and Bcl-xy,
HCT116 ICs (estir%ted: ~44.8 uM G2 phase cycle arrested
96
Colon cancer ° {tSerum nitric oxide, 'Lipid
Testing Conc.: 0, 10, 20, 40, 60, peroxidation levels and GSH levels
CT26 80 uM 4 ROS [75]
CT26 IC50 estimated = ~54.48 UM {Proliferation
JCOX-2 (tApoptosis)
Testing Conc.: 0, 5, 25, 100 uM (24,
48 h)
Colon26 ICsq estimated = ~17.55 M
(24 h)
Colon26 IC50 estimated = ~12.59 UM .
Colon26 (48 h) T Apoptosis
RCN9 IC50 estimated = ~41.73 HM @PGEZ depends on UCOX-2
RCN9 expression [76]
CoLo-320DM (24 h) ; ;
oLo RCN9 IC5O estimated = ~18.21 P'M ° @NO Via (QINOS)
(48 h)
CoLo-320DM
ICs50 estimated = ~23.10 uM (24 h)
CoLo-320DM

IC50 estimated = ~10.82 pM (48 h)
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Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
e ' Bax and ficleaved caspase-3
(TtApoptosis)
HCT116 Applied 20 uM JPI3K/AKT glgna}lng pathwa.ly [77]
Colon cancer (48 h) JCancer proliferation, $Invasion and
Jmigration
° UBcl-2, p-AKT, p-mTOR, CyclinD1
) e  { HBD3 (human (-defensin-3)
Caco-2/TC-7 Caco-2/TC-7 ECsp: 42 uM - OEGFR-MAPK pathway [78]
Testing conc.: 2, 4, 8, 16, 32, 64, and
SKOV3 100 uM ° {'E-cadherin
OVCARS SKOV3 ICs0: 83.2 1M (72 h) e  UZEB1 mRNA 9]
ES2 OVCAR5 IC5p: 55.5 uM (72 h) e  {Vimentin and ¥¢N-cadherin (JEMT)
ES2 ICs0: 40.1 uM (72 h) o OTGF-
Effective Conc.: 10 uM
° frCleaved PARP, ficleaved caspase-3, T
Testing conc.: 0, 1, 5, 10, 20, 25, 50, Bax/Bcl-2 ratio, TLC3B-II, and
SKOV3 75, and 100 uM {Beclin-1 [80]
OVCAR5 OVCARS ICs: 11 uM (48 h) 1CDK2
ES2 IC5p: 25 uM (48 h) G2/M phase arrest
JCyclin Bl
Ovary cancer 1STAR
Antral follicle Testing conc.: 0.6, 6, 36, and @mRNA levels of cytochrome P450
culture (female 100 uM steroid 17 a-hydroxylase 1 [81]
CD-1 mic) H (3CYP17A1), cytochrome P450
aromatase (JCYP19A1)
e {GSK3p
. ) e  Ip-AKT and p-mTOR
SKOV3 OVCAR3 TeSU;Og cone: 51;83 uM e  04P70/56K, Cyclin D1 182]
wivkapphe e  OWnt3a, Op-ERK,
UPI3K/AKT/mTOR
o  TER stress, Tt p-elF2«,
GADD153/CHOP, GRP78, XBP1 [80,
SKOV3 N-A. expression, and cleavage of ATF6«x 83]
(tApoptosis and ffautophagy)
H1299 H1299 IC5O estimated
H1975 ~36.78~46.08 uM e  USrc kinase activity (8Proliferation 9]
A549 H1975 ICs: 48.14 uM and ¥migration)
A549 1Cs0: 75.08 uM (48 h)
e  {Bax and fcaspase-3
e  {E-cadherin
o e UBdl2 [84,
Ab49 A549: applied 20 uM (24 h) ¢  3mTOR (8PI3K/AKT pathway) 85]
Lung cancer e  1P70, 8Cyclin D1, 8N-cadherin and
Jvimentin
o  TAMPK/Nrf2 signaling
e  © Nrf2 and its target enzymes (e.g.,
Testing conc.: 5, 10, 20 uM for {HO-1, 1GCLM, GCLC, andf
(Pretreated with 10mM of t-BHP NQO1)
RAW 264.7 for 18 h) ° JiNOS and $COX-2 [86]
RAW 264.7 (treated with t-BHP) e  UTNF-«, $IL-1B, and ¢IL-6
ECs59 =10 uM (18 h) e  ONLRP3in a Nrf2-dependent pathway
e  ONF-kB (p65) via Nrf2-independent

pathway
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Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
Calu-3 cells were infected with
. {'PPARY (JInfluenza virus infection)
Calu-3 PR8/HI1N1 virus; [ECsp] = 3 ) 3 [87]
iy STNF-a, T1L-1B, and T1FN-B
H1650 ICs0 estimated: ~26.88 LM
H1650 (24 h) . .
Bim (T Apoptosis)
H1975 H1975 ICs0 estimated: ~8.92 LM A _ [42]
A549 (24 h) UBcl-2, & p-AKT, and ¥p-ERK1/2
A549 ICs0 estimated: ~46.7 LM (24 h)
{1p53, 11p21 and Bax
Arrest at G2/M phase
A549 A549 ICsp: 0.05 mg/mL JPCNA, § MDM2, 8p-GSK-3p, [88]
(~191.21 uM ~117 uM) Up-AKT, ¥p-c-Raf, Ip-PTEN,
Jcaspase-3, Ipro-caspase-8,
Jpro-caspase-9, UPARP, and ¥Bcl-2
e  {IcGMP/PKG (f1BKCa channels
guinea-pig tracheal NA opened) [89]
smooth muscle o e  UPDEs (8[Ca%*]; led tracheal
relaxation)
L 1p53 and 'p21/WAF1
ung cancer o :
A549 A549 ICsy: 27.14 uM T Apoptosis via Fas/FasL apoptotic [90]
system
e  Arrested at G1 phase (UProliferation)
o 0p21CIPI/WAF yia p53 independent
A549 A549 I1Cg: 18.5 uM pathway [91]
e  G2/M arrest(8Proliferation)
HL-60 ED5g: 5.5 pg/mL
HL-60 (~21.46 uM) o  TIDNA demethylation [71]
5.00 pg/mL = 19.5 uM (72 h)
MV MV4-11 ICs0: 3.2 + 1.2 uM;
MOLM-13 MOLM-13 ICsp: 4.9 + 2.1 uM ° {STAT5 [41]
OCI-LY10 IC5p: 20.1 £ 6.7 uM ° JFLT3/Erkl/2
OCI-LY10
(72 h)
AML Testing conc.: 0, 20, 40, 60, 80, 100,
(acute 120, 140 uM . fTHMOX1, 1SLCO2B1, and tOKL38
myeloid LCLs LCLs ICs5 estimated: 40~65 pM e JCDK5R1 and CDC45L via p53 [84]
. (24 h) pathway
leukemia) . .
Applied 50 uM for studies.
Testing conc.: 1~15 ug/mL 1CD11b and 1CD14 expression
(3.9 uM~58.54 uM) . .
HL-60 HI-60 IC ‘ . 4042 UM (8Proliferation) [85]
50 es(t%‘a}tle)d' ke JiROS (fmonocytic differentiation)
. . JTRIF-dependent pathway
RAW264.7 Testing conc.: 20 and 50 uM ONF-«B and SIRF3 [92]
° {IRF3
RAW264.7 Testing conc.: 50 and 100 uM e  UTBKI kinase activity [93]
AML e  JIFNp production
(acute e  {CDI11b and #CD14 mRNA
myelo@ Testing conc.: 2.5~20 ug/mL expression
leukemia) HL-60 (3.9 uM~78.05 M) figp91phox and p47phox [94]
(Working conc.: 72 uM) TNADPH oxidase (¢ROS)

JROS (THL-60 differentiation)
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Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
e  {CD11b and 1CD14 (fMonocyte
differentiation via Nrf2/ ARE)
. . fTHorseshoe-shaped nuclei
HL-60 Tesmg sonc: §95 6101&)‘5 /mlL fLipid peroxidation (MDA) level [95]
s s JGSH/GSSG ratio (mRNA expression
of 'CAT, tTNQO-1, 1 Thioredoxin
reductase and TTRx)
Jurkat Jurkat IC5p: 0.49 £ 0.12nM (72h) e  ISL did not have a correlation with
J-Than J-JThan IC5p: 1.55 + 1.12 nM (72 h) doxorubicin (DOX) and methotrexate
J16 J16 ICs5p: 5.25 + 1.12 uM (72 h) (MTX) in genomic profiles. [96]
HUT73 HUT781Cs0: 11 £13.5uM (72h) e  ISL is a valuable adjunct for cancer
Karpas 45 Karpas 45 ICsp: 6.61 £ 1.07 uM therapy, especially targeting on
P (72 h) drug-resistant tumors.
e  IMitochondrial membrane potential
. disruption
CCRF-CEM CCRF'CE(XE%O}'I;&BS WM fDNA damage [97]
G2/M arrest ({Proliferation)
JCytochrome ¢
AML TDNCB-induced MAPK activation
(acute Human monocyte GCD86 and TCD54
mveloid model THP-ly N.A. JDNCB-induced pro-inflammatory [98]
leuﬁriia) ode cytokines (8TNF-«, 81L-6 and SIL-4)
e  Up38-x and $ERK activation
Testing Conc: 0, 10, 20, 40, ° {C-PARP, 1Bax, 1
A375 80 uM cleaved-caspase-3(TTApoptosis) [99]
A2058 A3751Cs: 21.63 uM (24 h) ° {UProliferation
A2058 ICsp: 20.75 uM (24 h) e UBd-2
B16F0 N.A. e  1'B16FO differentiation [100]
e  {'Melanin content (fMelanogenesis)
e  {Tyrosinase (TYR) activity
Melanoma Testing Conc.: 0,5,10, 15 ug/mL e 1O, consumption rate (OCR)
A375 (15 pg/mL = 58.53 uM) o  G2/Mcell cycle arrest [101]
A375 ICx( estimated: ~48 uM e  UmRNA level of GLUT1 and HK2
e ImTOR, Jp-mTOR, SRICTOR,
Up-AKT, 8p-GSK3p3
40 g /mL: 69.86% e  fiCleaved PARP and ftCleaved
ooy caspase-3
A375 A375 T C60 ug/ mL.' 9NZ7'§2 /li/l (24 1) e  IMitochondrial membrane potential [102]
50 estimated - H . ImitoNEET
Testing ngig ;?n ]‘fo' 60and " $ROS (¢ Apoptosis)
) e  Restart TCA cycle
B16F0 BI6F Kzfifose;grrﬁ? .2251‘1;% /mL SHIF-1x (Alleviating hypoxia) [103]
B16F10 ICs) eqtimated: 22 1g/mL J EL?ctate production feolve
(~86.77 LM 48 h) . Glucose uptake and glycolysis
Melanoma . ;
Testing Co;sc..ug,/ 13,;5, 20, and e OTYR Activity
B16F10 BI6F10 ICs0 esimarea’ ~19 pg/mL gg[gsanm Plosynthesi [104]
(~74.595 uM; 24 h) e  JColony formation
BI6F10 ICs50 estimated: ~10.5 pg/mL e  {Cell proliferation

(~41.576 uM; 48 h)
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Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
ARH-77 ICso: ~13.54 uM
ARH-77 MPC-11 ICsp: ~4.45 uM ~
U266 SP2/0 ICs): ~22.91 uM : EICLlf"age caspase-3
MPC-11 SP2/0 CZ-11Csp: ~13.93 uM [105]
CZ-1 U266 ICSSO: ~8.62 }TM *  Up-ERKand Up-STAT3
RPMIS226 RPMIS226 ICsp: ~9.09 1M e  IUBcl-2, 8Bcl-XL and Jpro-caspase-3
ICs of ISL was < 4 ug/mL (48 h)
Testing Conc.: 0, 1, 4, and 8 WM : g%/ﬁ(?finase (8Tyrosine kinase)
SK-MEL-2 SK-MEL-2 cells and HaCaT cells e {0 TRP-1, 8DCT, 8Rab27a and $Cdc42  [106]
HaCaT (48 h) treated less than 8 uM o o .
showed no cytotoxic effects * ERK pathway (®Degradation of
MITF)
e  TtApoptosis (p53 independent
. pathway)
Melanoma B16 mouse Testing 150 and 200 uM . Bax [107]
melanoma 4A5 cells (18 and 24 h) . .
e  ICell proliferation
e  JGlucose transmembrane transport
° P21, 0P27
o  Gl1/Scell cycle arrest (JProliferation)
) e ICyclin D1
Hep3B Hep5353 11(\?/?(; 421~18‘§ i(g%l) MM OPI3K/AKT pathway [108]
ML apphe ° {'E-cadherin, ¥ Vimentin and
ON-cadherin ($Migration and
Umetastasis)
T MAPK/STAT3/NF-kB (T Apoptosis)
Testing conc.: 20, 40, 60, 80, and { ROS accumulation .
HenG2 100 M (18 h) f'Phosphorylated c-Jun N-terminal
H P o HenGo 1?1 i kinase (JNK), ©P21, ©p38 kinase [109]
HCC/Hepato- €p Hzp 3B CSO: 35 '2 3 HM G2/M arrest ($Proliferation)
ma pob 507 9920 1 8p-ERK, 8p-STAT3, and 8NF-«B (p65)
3Cyclin B1, $CDK1/2, and $p27
Testing conc.: 1, 5, 10/ 20 ug ° ﬁp53’ ﬁle/WAFl, n FaS/APO'].
HepG2 ICs) estimated: ~88.46 pM 1i I
HepG2 (24 h) receptor, Fas ligand, ffBax and [110]
P HepG2 IC ' - ~31.07 uM TTNOXA (frChemopreventive effect)
P 50 ezzgmﬁ)ed' ’ e  G2/M-phase arrest
HepG2 ICsp: 10.51 ug/mL S1IKB
HepG2 (Nig ;L)M ONF-kB, Bl-X, c-1AP1/2 [t
e ¥ DNA cleavage reaction (Stabilized
SNU475 DNA)
SNU475 1Cs50: 0.243 + 0.21 mM e  JUTOPI activity(ISL-TOP I interaction: (501
0.18 + 0.12 mM)
Hepa 1clc7 Hepa 1c1c7 ICsp: 36.3 pM ° ISL is a chemopreventive reagent [112]
HCC/Hepato- Hep3B Hep3B ICsp: 50.8 uM e  JCK2 activity (CK2 ICs5p: 17.3 uM) [45]
ma SK-Hep-1 SK-Hep-1 ICsp. 19.08 uM e & Proliferation [113]
Testing conc: 0, 1, 10, 25, 50, and T Apoptosis
PC-3 100 pM) G2/M cell cycle arrest [114]
22RV1 PC-31C5p: 19.6 uM (48 h) UCyclin B1, $CDK1 (p-Thr14, p-Tyr15,
22RV1 ICsy: 36.6 uM (48 h) and p-Thr161)
Prostate C4-2 5 TAMPK and T'pERK ($Proliferation)
LNCaP 10~100 uM (24 h) p-p38 [59]
cancer C4-2 ICsg: 87.0 uM
IEC-6 UPsi(m) (T Apoptosis)




Cancers 2021, 13, 115

17 of 37

Table 3. Cont.

Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
e  {p-CDC2 (Tyrl5) and *Cyclin Bl
e  {Gl phase
DU145 Applied conc.: 5~20 uM o {p27KIPl [115]
e  G2/M cell cycle arrest
e ICDC25C
° JJNK/AP-1 signaling
° JVEGE, Jintegrin-«2, $ICAM and
DU145 Applied conc.: 0~20 uM IVCAM [116]
e  {Invasion and {metastasis via JuPA,
IMPP-9 and UAP-1
e  IPI3K/AKT and ErbB3 pathway
. o (8Proliferation)
DUL45 Applied conc.: 0~20 uM o  JHRG-B-induced ErbB3 signaling (1171
(UErbB3)
Applied conc.: 0~20 uM
MAT-LyLulCs estimated: e  ft Fasligand (FasL), fFas, ftCleaved
MAT-LyLu ~13.74/5.67/5.01 uM caspase-8 and 1'tBid (T Apoptosis) [118]
DU145 DU145 ICs( estimated: o  lic>249) Cytochrome c and
~56.87/31.49/17.60 uM Smac/Diablo
Prostate (24h/48h/72h)
cancer Testing conc.: 0, 5, 10, 15, and
20 uM
DU145 IC50 estimated: ~10.561 uM GADD153 mRNA
DU145 LNCaP (48 h) S and G2/M arrest [119]
LNCaP ICs estimated: ~10.775 pM
(48h)
Testing conc: 10, 20, 40, and 80 uM
Ca Ski Ca Ski ICs0 estimatea: 39-09 WM 0p53, #p21, 0Bax
SiHa (72h) ffCleavage of caspase-9, ffcaspase-3
SiHa ICx0 ectimated: 53.76 1M (72 h) 8 pase=, Leaspase=>, - 1120]
HeLa T'PARP and frcaspase -8
C-33A HeLa IC50 estimated - 58.10 HM (72 h) IBcl-2
C-33A IC50 estimated - 32.83 }LM
(72 h)
. ° TROS
. Testing conc: 2, 5/';&' 30,40,and g eIF2, SGRP7S level (VER stress)
Cervical HeLa Hela IC 'ug 9124 uM e  {Caspase-12 [121]
cancer €58 T-50 estimated 44 2% M e G2/M cell cycle arrest (3Proliferation)
(24 h) )
e UBd-2
° p53
o  {ip-Chk2, tp-cdc25C, and Tp-cdc2
o  G2/Mcell cycle arrest
HelLa HeLa IC5p: 9.8 uM (48 h) e  Jp-p53 (Serinelb) [122]
° UBcl-2, Bcl-XL
° 4Cyclin B, Jcyclin A, dcde2, and
Jcdc25C
e {Beclinl
MKN?28 MKN?28 IC5): ~20.84 uM (48 h) o Ip62 (tAutophagy) [123]
e  Jp-AKT and ¥p-TOR (ftApoptosis)
: . 46,
Gastric cancer MKN-45 5 uM applied e  JH2R and ¥c-Fos/c-Jun 1[2 4]
MGC-803 0.11 g/L applied (24 h) e  Calcium- and delta psi(m)-dependent [125]

(T*Apoptosis)
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Type of . Signaling Pathways Effect of ISL
Cancer Cell Testing Range/ICs, (In Vitro) Ref
o  11G2/M cell cycle arrest
(8Proliferation)
: : BGc-823 ICs(: 23.18 uM (48 h) e  {Cleaved-PARP, {'Bcl-2 and 'Bax
SGC-7901 BGC-823 SGC-7901 ICs¢: 12.91 uM (48 h) (TtApoptosis) [32]
TLC3B II andf Beclin 1(TAutophagy)
8PI3K/AKT/mTOR
Testing con: 0, 10, 20, 50 1M e  TFAS ligand expression(ftApoptosis)
Leio?nyma. Ié50 .;Sﬁm,ate q= o 0p21CiPY/ Waf ( Apoptosis via
Uterine Leiomyma ~39.33 uM p53-dependent)
leiomyoma Myomentrium Myomentrium IC i = FCaspase-3 activation [126]
y y y ~698.8 Lj\glemmated subG1 and G2/M arrest
( 4é h) (8Proliferation)
° UBcl-2, 8cdk 2/4, and $E2F
Testi 5,10, and 20 M e  {Baxand ficaspase-3 (T Apoptosis)
U208 esting ;8“:M applferé " o  1p53, 0p2land fp27 [127,
Osteosarcoma e  0Bcl2,8PI3K/AKT/mTOR pathway 128]
Saos-2 5a08-2 ICs0 estimated = ~24-23 UM o 8p70, 8Cyclin D1, ¥Bcl-2,
MC3T3-E1 30 uM applied IMMP-2/IMMP-9
SK-N-BE(2) IMR-32 Effective conc. > 5 uM e  IROS ("Necrosis) [129]
] ftCaspase-3
us7 U87 ICs¢: 6.3 uM OTOP I [130]
Glioma ° ftCaspase-9, ficaspase-3, {f caspase-7,
{Bax, Bim, and frcytochrome c
PC12 PC121ICgy: 17.8 + 1.8 uM (TtApoptosis) [131]
e  {Beclin-1 and TTLC3 (T Autophagy)
UBcl-2 and ¥Bcl-x
. ) e  {Bax, Bim, TApaf-1, fCaspase-9,
Pladder T24 Effective Concéﬁsmd 70 pg/mlL fiCaspase-3, and #CDK2 activity [132]
e JA¥Ym and UBcl-2
Oral SG cells ICsp: 386.3 £ 29.7 uM
squamous cell S ASS-(C;SCS SAS-CSCs ICsq: 144.9 £+ 25.7 uM 3855578 roperties [60]
carcinomas OECM-1-CSCs ICs: o prop .
(OSCC) OECM-1 1045 + 26.2 uM ABCG2 expression

Note: The “ICsy estimated” indicated Data extracted from published figures using Web Plot Digitizer (https://automeris.io/
WebPlotDigitizer), then analyzed ICsp by “Quest Graph™ ICsy Calculator.” AAT Bioquest Inc, 27 October 2020, https://www.aatbio.com/
tools/ic50-calculator [133].

3. ISL Anti-Tumor Effects

Many previous studies have provided evidence that ISL has anticarcinogenic activity
in various types of cancers, including breast cancer, colon cancer, gastrointestinal cancer,
lung cancer, ovarian cancer, leukemia, and melanoma. In Tables 3 and 4, we summarize the
research progress regarding the ISL’s antitumor activity in vitro and in vivo, respectively.

Table 4. In vivo model demonstrated the ISL induced different pathway in various cancers.

Cancer Tumor Model Dose Applied Duration Effect of ISL In Vivo Ref
MDA-MB-231 ISL inhibit angiogenesis
bearing female gg Eg;tg;gay P 25 days ISL inhibit breast cancer growth [57]
nude mice g/ X8/ cay Little influence on normal tissue
Breast cancer
MDA-MB-231 10 mg/kg/day
bearing Balb/c 20 mg/kg/day Oral 38 days Anti-metastatic activities [64]

nu/nu mice

5 times/week
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Cancer Tumor Model Dose Applied Duration Effect of ISL In Vivo Ref
6-week-old
female, Cancer growth inhibition and through
MDA-MB-231 50 mg/kg/day downregulating AA metabolic
beari 100 mg/kg/day P 5 weeks . [66]
earing 3 times /week network and the deactivation of
BALB/c nude PI3K/AKT in human breast cancer
mice
Suppress cancer growth and inhibit
MMTV-PyMT 7 weeks the metastasis via regulating
fransgenic mice 00 m&/kg/day  Oral (4th~11th miR-374a/PTEN/AKT axis (671
week) oy .
Little influence on normal tissue
8~12 weeks ISL treatment significantly limited
MMTV-PyMT (4th~12nd tumor foci growth and dispersion by
mice 50 mg/kg/day Oral or 15th promoting the demethylation of WIF1 (511
week) promoter
4-week-old
female Chemosensitize breast CSCs via
NOD/SCID 50 mg/kg/day Oral 4 weeks inhibiting the [40]
mice bearing GRP78/ 3-catenin/ ABCG2 pathway
MDA-MB-231
4T1-bearing 25 me ke /2 iRGD modified lipid—polymer hybrid
nude-mouse dga sg P 20 days NPs improve the efficacy of ISL in [22]
model y anti-breast cancer
5-week-old
female Inhibit triple-negative breast cancer
nude-Foxn1™ 2.5-5mg/mL Oral 14~25days  cell (MDA-MB-231) growth through [69]
. . 0.25 mL/day gavage ; :
mice bearing autophagy-mediated apoptosis
MDA-MB-231
MCEF-7aro 50~150 pp;m or Oral in 13th~77th ‘ISL.a§ts as a chemoprotective z?ge.nt to
xenograft 0.15~0.5% in diet davs inhibit the enzyme and transcriptional ~ [70]
model diet y activity of CYP19
;_;ewgzlfgl/dc 2.5 Peritumoral Mediate apoptotic through
. mg/kg/2days . 14 days p62/SQSTM1 upregulation in CRC [73]
nude mice bear 5 me ke /2days injection cancer
HCT116 tumor g/ke/cday
6-week-old 10 ppm In 16~24
male ddY AOM 100 ppm drinking Against colon cancer [134]
. . weeks
induced mice 250 ppm water
Inhibited the growth of tumors
BALB,/c male ISL alleviates c1sPl.at1n—1nduced
mice bearing 1 mg/kg/day PO 15 days nephrotoxicity and [75]
Colon CT26 5 mg/kg/day 1P hepatotoxicity
Improved the side effects of cisplatin
therapy
Inhibited the induction of
Male . preneoplastic aberrant crypt foci
AOM-treated Sr?g/ﬁ:pgz 52}13?; Oral 4 weeks (ACF) [76]
F344 rats ISL is a promising chemopreventive
agent against colon carcinogenesis
Inhibited MAPK pathway and
6-week-old suppressed the
DSS-induced 30 mg/kg Oral 10 days phosphorylation of ERK1/2 and p38, [135]

colitis mice

and the activation of NK-«B in colon
tissue
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Cancer Tumor Model Dose Applied Duration Effect of ISL In Vivo Ref
25 mg/kg, 18~30 days  Anti-AML via ISL direct interact with
Nfgr]i;slecg?iczld 50 mg/kg Oral observed FLT3 kinase (IC5p value of 115.1 +£4.2  [41]
100 mg/kg ~80 days nM)
7N8;;’“I§§E°1d ISL significantly inhibited the MV4-11
flank tumor growth and prolonged
NOD_SCHD 25 mg/kg/day survival in the bone marrow
AML mice bearing 50 mg/kg/day Oral 30 days 1 del via d ine th [41]
MV4-11 cells 100 mg/kg/day transplant model via decreasing the
expression of Ki67 and inducing
(AML xenograft APODLOsis
model) pop
6-8-week-old
male and 6th~18th ISL significantly suppressed the
female BALB/c 1% ISL daily Oral (12 days) DNCB-induced IgE and Th2 cytokines  [98]
mice (AD-like y up-regulation
Immuno- lesion model)
response DTH animal
model with
IKKRC46A ISL inhibited T cell activation in vivo
transgenic 075 mg/ear 24,48,72h via directly binding to IKKf3 Cys46 (431
(IKKBC46A in
C57BL/6 mice)
Activation of Nrf2 pathway thus
Carrageenan- decreasing oxidative stress
induced Twice a day Inhibition of the NF-«kB, MAPK and
pleurisy mice 30mg/kg P (12h) NLRP3 pathways (with high level of [136]
model iNOS and COX-2) causes
anti-inflammatory activities
10 me /k ISL inhibit inflammatory and
CS-induced 20 mg /kg Oral Twiceaday  oxidative stress via the regulation of [137]
COPD mice 30 mg /kg a for 4 weeks the Nrf2 and NF-«B signaling
Lung 8758 pathways
L:S—incllurcied 5 me /k ISL inhibited the inflammatory of
| acute ung /58 Intracheal Twiceaday LPS-induced lung injury by activating
injury (ALI) in 10 mg/kg L S [138]
instillation (12h) PPAR-y and inhibiting NF-«B
male BALB/c 20 mg/kg activation
mice
Pulmonary
metastasis .
model: BALB/c 0.1,0.5,2 and P 10 days ISL prevented severe legkocytopema [139]
. 10 mg/day caused by administration of 5-FU
mouse bearing
Renca cells
ISL treatment significantly alleviated
Liif;iicsid A sinele lung injury in LPS-induced ALI mice
ol 30mg/kg P p & via activating AMPK /Nrf2/ARE [86]
C57B(i /e6 mice ose signaling and inhibited LPS-induced
Lung NLRP3 and NF-kB pathway
6~8-week-old ISL is a dual PPARy and Nrf2 agonist
C57BL/6 mice 10 mg/kg P 18 days with antiviral and anti-inflammatory 87]

(Influenza virus
infected model)

properties that protect against
influenza virus infection
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Cancer Tumor Model Dose Applied Duration Effect of ISL In Vivo Ref
ISL suppresses NSCLC cell growth by
6-week-old directly targeting wild type or mutant
Athymic nude 1 me/k Three times EGEFR.
mice bearing 5 mg /kg r per week, Anticancer effects of ISL in NSCLC [42]
NCI-H1975 8/58 12 days cells modulated the EGFR signaling
cells through downstream AKT and
ERK1/2
Induce tracheal ISL activated the <GMP/PKG
relaxation 5mg/kg . ) .
model in male 10 me /k 1G A single signaling cascade through 89]
ode 8/ %5 intraduodenal  dose PKG-dependent mechanism and thus
Hartley 20 mg/kg .
. . to tracheal relaxation
guinea-pigs
8-week-old P ISL may inhibit the proliferation of
immunocom- melanoma cells by suppressing
promised mice 20mg/kg o tﬁ;e;}; s 42 days miR-301b and inducing its target (5]
bearing A2058 y LRIG1
6~8-week-old
male C57BL/6 ISL-induced differentiation of
mice bearing 15 ug/mL Oral 48 h B16FO0 cells accompanied increased [104]
. B16F0 ROS formation
Melanoma melanoma cells
4~5-week-old
female SCID
mice bearing
U266 and male ;88 ”gjlﬁg;jzy P 15~20 days ISI mediated IL-6 signaling [105]
BABL/c Hg/ke/ Ay
bearing MPC-11
tumor
;le;i;\i;:‘l\];f:t_g/li ISL can prevent HCC tumorigenesis
. . 50 mg/kg/day P 3 weeks and metastasis through suppressing ~ [108]
mice bearing cyclin D1 and PI3K/AKT pathwa
Hep3B cells Y p y
HCC 4-week-old
male athymic A sinele The effects of ISL on
BALB/cnude 10 mg/kg P d & radiosensitization via Nrf23-Keap1d  [140]
mice bearing ose pathway
HepG2
6-week-old
Prostate male BALB/c 25 mg/kg/day P 28 da IISL modulates cyclin BI-CDK1 for [114]
cancer nude mice 50 mg/kg/day ye G2/M arrest and apoptosis
bearing PC-3
6-week-old
female ;.Athymlc ISL at a noncytotoxic concentration
nude mice were r .
Ovary cancer intraperi- 12.5 mg/kg ever 3 weeks was able to antagonize EMT [79]
y 25mg/kg Y ISL blocks ovarian cancer EMT by
toneally other days interfering with the TGF-pathwa
injected SKOV3 & p y

cells
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Cancer Tumor Model Dose Applied Duration Effect of ISL In Vivo Ref
Xenograft
NOD/SCID
mﬁg}\zie;rélgg ISL have anti-tumor effects through
. . up-regulating the expressions of p53,
Gastric cancer EBV( )t}rliuman 30 mg/kg/day Oral 2 weeks Bax, and Puma and the cleaved forms [124]
gastc of Caspase-3 and -9 and Parp protein
carcinoma
(SNU719 or
MKN74)
S-week-old ISL inhibit cell proliferation and
Osteosarco- female Oral induce the cell apoptosis via
ma NOD_SCHD 50 mg/kg/day gavage 56 days deactivating the PI3K/AKT signaling [128]
mice bearing athwa
Saos-2 P y
5-6 week-old
nude mice
(BALB/c Oral ISL-mediated reduction of GRP78 in
Oral cancer nu/nu mice) 5mg/kg/day gavage 20 days OSCC-CSCs played a critical role [131]
bearing
OSCC-CSCs

3.1. ISL’s Effects on Breast Cancer

From the WHO database (https://www.who.int/cancer), breast cancer is the most
common cancer among women, impacting 2.1 million women each year. Breast cancer
is still regarded as the second leading cause of cancer death in women. In the 2018
cancer statistics, it was estimated that 627,000 women died from breast cancer, which
accounted for approximately 15% of all cancer deaths among women. Breast cancer can be
triggered by multiple factors such as cancer stem cells (CSCs), the tumor microenvironment,
genetic and epigenetic abnormalities, and so on. Most typical types of breast cancer are
based on the expression of the ER-positive type of estrogen receptor (ER). Above two-
thirds of breast cancers are termed hormone-dependent breast cancers, which rely on
estrogen for tumor growth. Hormonal therapy or aromatase inhibitors are commonly
applied in ER-positive breast cancer. Aromatase inhibitors may exert tumor-suppressing
effects, preventing the conversion of androgen into estrogen. According to the function
of aromatase inhibitors, previous studies have strongly suggested that ISL can act as an
aromatase inhibitor [39,48,49,70] for a breast cancer remedy. However, another type of
breast cancer, known as basal-like or triple-negative breast cancer (TNBC), does not respond
to hormonal therapy. The advanced treatments in breast cancer include radiation, surgical
exclusion, and the use of various chemotherapeutic drugs such as paclitaxel, doxorubicin,
cisplatin, epirubicin, and 5-FU (5-fluorouracil). However, the incidence of drug resistance
and serious side-effects associated with these treatment methods has greatly reduced
their therapeutic potential. Therefore, alternative and safer chemotherapeutic strategies
are needed.

Doxorubicin is one of the most effective agents for a wide spectrum of cancers, in-
cluding breast cancer. The mechanism of doxorubicin is the inhibition of the DNA topoi-
somerase I & II and DNMT1, the same as ISL [50,51,141]. However, when treated with
doxorubicin, patients suffer from serious cardiotoxicity and drug resistance. Lin et al.
(2017) demonstrated that treatment with ISL alone or in combination with doxorubicin is
highly effective in sensitizing doxorubicin-resistant cancer cells, resulting in the reduced
survival of cancer cells [142]. Moreover, ISL not only inhibits cancer cell growth by in-
ducing apoptosis and autophagy, but can also enhance chemosensitivity [40,66,67,69]. It
has also been reported that doxorubicin triggers an epithelial-to-mesenchymal transition
(EMT) in TNBC through mediating the PI3K/AKT pathway. Interestingly, ISL also can
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inhibit the PI3K/AKT pathway and thus suppresses EMT and increases the antiprolif-
erative effect [40,66,67,69]. ISL or its derivatives show a greater influence by regulating
the miR-374a/BAX axis, the -374a/PTEN/AKT axis, or the autophagy-mediated apop-
tosis (p62/caspase-8) pathway, especially in TNBC [33,67,69]. Recent studies have also
demonstrated that ISL causes chemosensitization and induces autophagy following the
degradation of the ABCG2 autophagy-lysosome pathway or the miR-25-mediating ULK1
(a kinase involved in autophagy) [40,56]. To further prevent the invasion in breast can-
cer, upregulating RECK (tumor suppressor gene) and downregulating miR-21 has been
reported [65,68]. ISL has been suggested to be a supplement with chemotherapy or an
alternative therapeutic agent for clinical trials against breast cancer, thereby warranting
further investigation. The other first-line chemotherapies for breast cancer are epirubicin,
5-FU, and Taxol. Remarkably, previous studies have also shown that ISL can interact
synergistically with these first-line chemotherapy drugs through mediating cell death
(apoptosis) and autophagy and suppressing breast CSCs [40,56,69]. In a preclinical study,
ISL was able to shed a novel light on reversing the epigenetic changes of Wnt inhibitory
factor 1 (WIF-1), which induced the demethylation of WIF-1 promoter and subsequently
prevented tumor initiation by inhibiting CSCs [51]. Based on the research described above,
ISL greatly enhances the therapeutic efficacy of different chemotherapy drugs, overcomes
drug resistance, and achieves sensitization to radiation (Table 5).

Table 5. ISL combined with other cancer treatment.

Type of Cancer

ICso Combination

Combination Effect Ref

In Vitro/In Vivo Treatment

In vitro: MCF-7, MDA-MB-231
In vivo: NOD/SCID mice

ISL possess chemosensitizing effects via activation
ISL + 5-FU of autophagy

Breast cancer bearing MDA-MB-231 or ISL + epirubicin ISL limited tl.u.a §elf-renewal and d1fferent1at10r1 [40,56]
MCE-7/ ADR ISL + taxol abilities of breast CSCs via
GRP78/ 3-catenin/ ABCG2 signaling
Colon cancer In vitro: HT29 ISL + TRAIL ISL up-regulates a TRAIL receptor DRS protein [72]
overcomes TRAIL resistance in colon cancer
In vitro: HTC116 ISL + 5-FU ISL—lnduce.d p6é2/ SQSTMl expression 'mec'hated (73]
apoptosis by reducing caspase-8 activation
ISL reduced tumor sizes without any detectable
In vivo: CT26 murine colon ISL + cisplatin nephrotoxicity or hepatoxicity. ISL suppressed (75]

cancer cells

cisplatin-induced kidney and liver
damage led to a syngeneic effect for anti-cancer

In vitro: CEM/ADR 5000 cells
and Caco-2 cells

ISL + doxorubicin In combined therapy, ISL was identified as
ISL + doxorubicin+ potential multidrug resistance (MDR) modulator [11]
saponin digitonin which serves as a chemo-adjuvant therapy

ISL could inhibit the growth of MM via blocking
IL-6

Melanoma In vivo: MM xenograft models ISL + adriamycin ISL. synergistically enhanced the anti-myeloma [105]
activity of adriamycin
) ISL induced oxidative stress (ROS) by disturbing
Li In vitro: HepG2 ISL + the redox status and ultimately enhancing the [111,143]
1Ver cancer In vivo: BALB/c bearing Radiochemotherapy radiosensitivity
HepG2 ISL on radiosensitization via Nrf2-Keap1 pathway [57,140]
. . ISL + ISL induced apoptosis by increasing intracellular "y
Cervical cancer In vitro: HeLa cell ROS scavengers ROS levels [144]
ISL + ISL enhanced antitumor activity of CP in vivo and
In vivo: KM mice bearing U14 . decreased the micronucleus formation DNA strand [145]
cyclophosphamide breaks
ISL downregulated GRP78 and CSCs- marker,
Gastric cancer In vitro: MKN45 ISL + 5-FU ABCG2, LGR5, CD24 and CD44 to enhance [146]
chemosensitivity with combination of 5-FU
Leukemia In vitro: T-ALL cells ISL + DOX ISL may be a valuable adjunct for cancer therapy to [96]

ISL + MTX treat otherwise drug-resistant tumors
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Type of Cancer 1Cso Combination Combination Effect Ref
In Vitro/In Vivo Treatment
ISL suppressed tumor proliferation, potentiated
Pulmonary metastasis model: nitric oxide production by
Lung cancer BALB/c mouse bearing Renca ISL + 5-FU lipopolysaccharide-stimulated macrophages, and [139]
cells facilitated cytotoxicity of splenic lymphocytes
in vitro
ISL increased IFN-y expression involving
In vitro: D10 cells anti-inflammatory effect
Asthma In vivo: OVA sensitization/ ISL + ASHMI™ ISL reduced eosinophilic pulmonary inflammation [147]
7,4’-DHF challenge via suppressed Th2 cytokines, IL-4 and IgE

production

Oral squamous cell carcinomas

ISL mediated GRP78 regulation serves as

Oral cancer In vivo: nude mice bearing ISL + cisplatin chemotherapy adjuvant [60]
0sCC
Bladder cancer To4 ISL + cisplatin ISL treatment with cisplatin increases cell death in [148]

bladder cancer cells

Uterine sarcoma

MES-SA/Dx5,
MES-SA /Dx5-R

ISL enhanced chemosensitivity via inducing
ISL + doxorubicin apoptosis and autophagy [142]
ISL inhibits mTOR pathway

ISL pretreatment induces ER stress and produces

Kidney cancer LLC-PK1 ISL + cisplatin hormesis to protect against CP-induced [149]
nephrotoxicity
In vitro: MYC-amplified NB Treated ISL with cisplatin resulted in loss of cell
Neuroblastoma cells ISL + cisplatin viability greatly, acting as a potential adjunct [129]
SK-N-BE(2) and IMR-32 therapy

Even without combination treatment, ISL alone possesses anticancer activities in
multistage carcinogenesis processes, including proliferation suppression, cell cycle arrest,
angiogenesis inhibition, metastasis obstruction, apoptosis induction, autophagy induc-
tion, and metabolism (arachidonic acid and glucose metabolism). The administration of
ISL alone to xenograft animals significantly inhibits lung metastasis in breast cancer and
suppresses the expression of matrix metallopeptidase-9/7/2 (MMP-9/7/2), NF-«B, and
cyclooxygenase-2 (COX-2) [57,63,64,66]. Concerning the inhibition of the tumorigenesis
and metastasis of breast cancer, ISL can rectify the abnormal PI3K/AKT, NF-kB, and p38
signaling pathways in order to reduce the occurrence of metastasis through correcting
the expression of MMP-2, MMP-7, MMP-9, VEGE, and HIF-1« [39,57,65-67]. Moreover,
ISL hampers breast cancer growth and the neoangiogenesis accompanying suppressed
VEGF/VEGEFR-2 signaling, which prompts HIF-1x proteasome degradation or directly
blocks VEGF-2 (Figure 3) [39]. ISL inhibited the multiple mRNA expression of phospholi-
pase A2 (PLA2), cyclooxygenases-2 (COX-2), and cytochrome P450 (CYP) in an arachidonic
acid (AA) metabolic network, as well as decreased the secretion of prostaglandin E2
(PGE2), 20-hydroxyeicosatetraenoic acid, and phosphorylation of PI3K. Meanwhile, in an
in vivo test, ISL interferes with the AA metabolic enzyme to suppress the tumor growth of
MDA-MB-231 human breast cancer xenografts in nude mice [66].

3.2. Effects on Colon Cancer

Colorectal cancer (CRC) is a common and lethal disease. In 2020, ~18,000 cases of
colorectal cancer were diagnosed in people under 50—the equivalent of 49 new cases daily.
Moreover, it is expected that 10 people die from CRC daily [150]. Generally, CRC develops
in the colon or rectum, causing by both environmental and genetic factors such as old age
and lifestyle. Some studies have demonstrated that CRC cells show increased proliferation,
migration, and invasion in the presence of an acidic tumor microenvironment (TME), which
further hinders chemotherapy [62,151]. In an acidic tumor microenvironment, fructose-
bisphosphate aldolase A (ALDOA), pyruvate kinase muscle isozyme M2 (PKM2,) and
lactate dehydrogenase A (LDHA) are overexpressed in colon cancer, resulting in high
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acidity of the intracellular environment. LDHA overexpression could engender hypoxia-
inducible factor 1-alpha (HIF-1«) stability to enhance the generation of glycolysis [152,153].
To inhibit glycolysis and lactate generation in a tumor, ISL mediates HIF-1x stability
and inhibits the AMPK and AKT/mTOR pathway. This phenomenon had been found
in colon cell lines and mouse melanoma B16F10 cells [27,103]. More importantly, this
downregulation of AA-metabolizing enzymes and the deactivating PI3K/AKT phenomena
can also be observed in MDA-MB-231 human breast cancer xenografts in nude mice
in vivo [66]. ISL not only affects the metabolic pathway, but it also inhibits tumor growth
via prompting apoptosis and autophagy. In the study of Auyeung et al. (2010) [74], ISL
inhibited tumor growth throughout the downregulation of the antiapoptotic proteins Bcl-2
and Bcl-x(L), arrested in G2. Moreover, ISL remarkably reduces PGE2 and nitric oxide (NO)
production to induce apoptosis in mouse and human colon carcinoma cells [76]. Compared
to the chemotherapy treatments in colon cancer, capecitabine, 5-FU, and gemcitabine act
as antimetabolites, interfering with DNA synthesis. As mentioned above, ISL can abate
the metabolism and possesses a DNA demethylation effect [71]. However, chemotherapy
frequently results in a resistance issue. In a preclinical study, combinations of ISL with
other chemotherapy drugs were tested [72,73,75,103]. Additionally, ISL has been identified
as a potential multidrug-resistant (MDR) modulator candidate due to its ability to regulate
the expression of the ABCB1, ABCC1, caspase 3, caspase 8, AhR, CYP1A1l, and GSTP1
genes in colon-MDR cells [11]. Thus, a combined treatment in chemotherapy-resistant cells
mediates the apoptosis/cell death of resistant cells. Furthermore, it was the first application
to combine tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with ISL
successfully to observe the chemopreventive effects of ISL. Its mechanism is dependent on
the amount of death receptor 5 (DR5) protein among the TRAIL receptors. However, this
means that the induction of apoptosis primarily relies on the TRAIL function [72]. In vitro,
ISL can also mediate p53, EGRF-MAPK, and NAG-1 expression (Table 3) against colon
cancer. Moreover, ISL downregulates ROS, NO-production, NF-kB activity, PGE-2, and
COX-2 (see more details in Table 3) for tumor suppression.

3.3. Effect on Ovary Cancer

Ovary cancer, the most lethal of all gynecologic malignancies due to the limitation of
early detection, presents in postmenopausal women with months of abdominal pain. The
overall five-year relative survival rate of invasive epithelial ovarian cancer at diagnosis
is approximately 40%. Worldwide, 2.2 million women have developed epithelial ovarian
cancer every year [154]. Some prospective case—control studies have found that genetic
mutation, endometriosis, human papillomavirus, perineal talc, and smoking are the risk
factors that increase the incidence of ovarian cancer. Surgery and platinum-based cytotoxic
chemotherapy are the standard of care for ovarian cancer therapy [154]. Ovarian cancer
can reoccur and cause death due to the high metastatic and spread rates to the organs
in the abdominal, brain, or lymph nodes outside of the abdomen. Therefore, controlling
ovarian cancer metastasis is considered one of the most effective therapeutic strengths.
ISL alone or in combination with other chemotherapeutic agents has been applied for the
treatment of ovarian cancer. In an in vitro study, ISL treatment inhibited cell proliferation
and induced cell apoptosis in ovarian carcinoma. The ICsy values of ISL on SKOV-3,
OVCAR-5, and ES2 cells were 83.2, 55.5, and 40.1 uM, respectively (Table 3). ISL at 10 uM
deterred ovarian carcinoma cells’ epithelial-to-mesenchymal transition (EMT), migration,
and invasion through increasing the protein expression of E-cadherin and reducing the
levels of ZEB1, vimentin, and TGF-f3. ISL at 10 pM can suppress the intraperitoneal
xenograft development of ovarian cancers [79]. Furthermore, ISL also induces ovarian
cancer cell apoptosis through inducing oxidative stress, increasing endoplasmic reticulum
stress, and leading to excessive intracellular ROS generation. This effect can be alleviated
by co-treatment with Z-ATAD, a caspase-12 inhibitor [83].
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3.4. Effect on Lung Cancer

Lung cancer, also known as lung carcinoma, is the leading cause of cancer-related
deaths worldwide due to the detection at an advanced stage [155,156]. There were more
than 230,000 new cases found in U.S. alone in 2018. There are two main types of lung
cancer: non-small-cell lung cancer (NSCLC; approximately 80-85%) and small cell lung
cancer (SCLC; approximately 10-15%). Long-term tobacco smoking is the predominant
risk factor of lung cancer. Previous studies have implied that approximately 80-90% of all
cases of lung cancer are caused by cigarette smoking or passive smoking. Other risk factors
are chronic obstructive pulmonary disease (COPD), family history, gender (men), and
exposure to radon, asbestos, or carcinogens. The mutation of the genes EGFR, KROS, MET,
LKB1, BRAF, PIK3CA, ALK, RET, and ROSI1 is associated with the development of lung
cancer [157]. EGFR inhibitors possess significant clinical benefit to NSCLC patients. ISL has
been found to inhibit cell proliferation and cell cycle arrest in the A549 cell line, a human
NSCLC cell line, through the activation of the p21CIP1/WAF pathway (ICsyp = 18.5 or
27.14 uM). This result was comforted by other papers [90,91]. ISL (20 uM for 24 h) inhibits
cancer cell migration and induces cell cycle arrest through the inhibition of the mTOR via
PI3K/AKT pathway, which is one of the primary anti-apoptotic pathways activated by
EGEFR. Moreover, ISL downregulates the following protein levels: p21, Bax, Bcl-2, and p53,
the most important cell cycle regulator in the A549 cell line. ISL has been found to inhibit
E-cadherin P70, cyclin D1, N-cadherin, and vimentin, and thus suppress EMT [136,158].
Furthermore, an in vivo study provided similar results: Tumorigenesis was reduced in six-
week-old athymic nude mice after IP injection with ISL (1 or 5 mg/kg, three times per week
for two weeks). This phenomenon occurs, at least in part, through targeting with EGFR,
thereby reducing the suppressed AKT and ERK1/2 signal pathways [42]. Inflammation
has been demonstrated to play a major role in cancer development. Anti-inflammatory
drugs have been considered as cancer therapeutic agents. ISL has been found to possess an
anti-inflammatory effect, both in vivo and in vitro [86,136-139].

3.5. Effect on Leukemia

The anticancer activity of ISL on leukemia has also been evaluated. In in vitro studies,
ISL at 50 uM significantly inhibited lymphocytic leukemia (LCL) cell proliferation after a
24 h administration. This effect occurs, at least in part, through the inhibition of p53 and cell
cycle (estimated ICsp = 40~65 uM) [84]. Furthermore, ISL also abolishes cell proliferation
and induces cell differentiation by the upregulation of antioxidative activity in HL-60 cells
(estimated ICsy = approximately 40.42 uM) [85,94,95]. Similarly, ISL induces cell cycle
arrest in the G2/M phase in the human T cell leukemia Jurkat and CCRF-CEM cell line
(IC50 = 18.38 uM) [96,97]. In addition, ISL also inhibits DNCB-induced pro-inflammatory
cytokines secretion, as well as p38-ERK signaling, in human monocyte model THP-1
cells [98]. ISL also decreases inflammatory cytokine secretion through the inhibition of the
TRIF-dependent pathway in RAW264.7 cell line [92,93]. In in vivo studies, 30-day oral ad-
ministration of ISL significantly inhibits MV4-11 flank tumor growth and prolongs survival
via decreasing cell proliferation and inducing apoptosis [41]. Oral administration of ISL
in experimental AD-like lesion model mice significantly suppresses DNCB-induced IgE
and Th2 cytokine upregulation [98]. ISL possesses an immune-suppressive effect directly
on human T cells via covalent binding of IKK{3 Cys46 without significant toxicity [43]. A
preclinical study on the T-ALL cell line showed that ISL inhibits the survival of doxorubicin
or methotrexate-resistant cell lines. Therefore, ISL may be a valuable adjunct for cancer
therapy to treat otherwise drug-resistant tumors [96]. The anti-inflammatory effect of ISL
also implies that it can be applied in allergic asthma patients [147].
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3.6. Effect on Melanoma

The antitumorigenic effects of ISL on melanoma have also been evaluated extensively.
Xiang et al. found that ISL inhibits cell proliferation and induces cell apoptosis through
stimulating the expression of C-PARP, Bax, and cleaved-caspase-3 [99]. It also induces
B16F0 melanoma cell differentiation. Three pathways, i.e., the glutathione metabolism,
glycolysis/gluconeogenesis, and pentose phosphate pathways, are the most important
pathways perturbed by ISL [100]. Moreover, ISL can activate the mTORC2-AKT-GSK33
signaling pathway, thereby inducing cell cycle arrest, reprogramming A375 melanoma cells
(estimated IC5p = ~48 pM) [101]. ISL can decrease the expression of mitochondrial protein
mitoNEET, thereby decreasing mitochondrial membrane potential, altering ROS content,
and subsequently inducing cell apoptosis in A375 cells (estimated IC5p = ~73 uM) [102]. In
contrast, Wang et al. found that ISL can stimulate ROS, leading to oxidative stress, thereby
inducing B16F10 cell apoptosis (estimated ICsg = ~35 and 22 pg/mL) [103]. Similarly, ISL
increases ROS accumulation and facilitates melanogenesis, thereby stimulating B16F10
cell differentiation [104]. ISL can inhibit the growth of human as well as murine myeloma
cell lines via inhibiting IL-6 signaling (p-ERK, p-STAT3, etc.), inducing cell apoptosis
and cell cycle arrest [105]. In SCID mice bearing U266, BABL/c bearing MPC-11, or
murine myeloma xenograft models, the antitumor activity of ISL has also be found by
ISL alone or in combination with Adriamycin via blocking IL-6 signaling [105]. ISL also
induces cell apoptosis in B16 melanoma mouse melanoma via the inhibition of glucose
transmembrane transport [107]. Moreover, ISL exerts antimelanogenic effects through
activating the phosphorylation of ERK and inhibiting tyrosinase activity in SK-MEL-2 and
HaCaT cells [106].

3.7. Effect on Hepatoma

Hepatoma, also known as hepatocellular carcinoma (HCC), is the most common
primary malignant tumor of the liver in adults. Hepatoma, which is mainly caused by
cirrhosis, is the second leading cause of cancer-related death worldwide. Traditional herbal
medicines, including licorice, have been widely used for HCC prevention and treatment.
ISL, the compound purified from licorice, has been used in hepatoma treatment recently. As
depicted in Table 3, ISL exhibits toxic effects on Hep3B hepatoma cells by inducing cell cycle
arrest at the G1/S checkpoints, suppressing migration and metastasis and the PI3K/AKT
signal pathway (ICsy = 42.84 &= 2.01 uM). Upon ISL treatment, the protein expression and
kinase activity of the cell cycle regulators are altered in hepatoma cell lines [108]. Further-
more, ISL induces apoptosis via the MAPK/STAT3/NF-«B/IkB signaling pathway, ROS
accumulation, and the p53-dependent pathway and reduces cell cycle-associated protein
expression in HepG2 and Hep3B cells [109-111]. The effects of ISL on the hepatocellular
carcinoma cell line Hepa 1c1c7 have been investigated, finding that cell growth decreases
and apoptosis is induced in both Hep G2 and PLC/PRE/5 (ICsp = 36.3 uM) [112]. ISL has
been shown to inhibit liver cancer cells (SK-Hep-1) proliferation (ICs5y = 19.08 uM) [113].
ISL also inhibits DNA cleavage reaction via inhibiting TOP I activity in the SNU475 cell
line [50]. In a xenograft model in female BALB/c- mice bearing Hep3B cells, when sub-
jected to IP ISL (50 mg/kg/day for three weeks) administration, they showed decreased
tumorigenesis and metastasis of HCC due to a reduction in the expression of cyclin D1 and
the suppression of the PI3K/AKT pathway [108]. Similarity, a single IP administration of
ISL (10 mg/kg) increases radiosensitization via the inhibition of the Nrf2 /Keap1 pathway
in four-week-old male athymic BALB/c (nude) mice bearing HepG2 [140].

3.8. Effect on Prostate Cancer

Prostate cancer is the most common noncutaneous cancer among men. It is also
the second-leading cause of cancer deaths for men in the U.S. Alternative therapies are
becoming increasingly popular among patients with prostate cancer. The realization that
ISL has a role to play in the chemoprevention of prostate cancer has led to a number
of cell line-based investigations aimed at understanding the mechanism of ISL (Table 2).
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ISL induces cell apoptosis in prostate cancer cells through G2/M cell cycle arrest with
concomitant downregulation of cyclin B1, CDK1 (p-Thr14, p-Tyr15, and p-Thr161) (after
48 h of treatment, the ICs5j of ISL on PC-3 and 22RV1 is 19.6 and 36.6 uM, respectively) [114].
Zhang et al. observed that ISL (IC5¢ = 87.0 uM) inhibits the anticancerous effects on C4-2,
LNCaP prostate cancer cells, by the reduction of the Psi(m) that triggers apoptosis and the
inhibition of the proliferation via the ERK/p38MAPK pathway [59]. The effects of ISL on
prostate cancer cell line DU145 have been investigated, finding that cell cycle arrest in the
G2M phase decreases CDC25C and increases p-CDC2 (Tyr15), cyclin B1, and p27XP1 [115].
The anti-invasion and antimetastasis of ISL. on the DU145 prostate cancer cell line have
been investigated, with the findings suggesting that this mechanism could be achieved
through the inhibition of JNK/AP-1 signaling and the downregulation of the reduction
of uPA, MPP-9, and AP-1. Moreover, the expression of some proteins, including VEGF,
integrin-a2, and ICAM, and VCAM, has also been shown to be reduced [116]. Furthermore,
the inhibition of the PI3K/AKT and HRG-3-induced ErbB3 signaling pathways has also
been found in the DU145 cell line [117]. ISL can induce prostate cancer cell apoptosis via
increasing Fas ligand (FasL), Fas, cleaved casapse-8, tBid, cytochrome ¢, and Smac/Diablo
(ISL shows an estimated 1Csq of 13.74, 5.67, and 5.01 uM in the MAT-LyLu cell line treated
for 24, 48, and 72 h, respectively; in contrast, it shows an estimated ICsq of 56.87, 31.49, and
17.60 uM in the MAT-LyLu cell line treated for 24, 48, 72 h, respectively) [118]. The effects
of ISL on prostate cancer cell apoptosis have been investigated, with researchers finding
that ISL induces DU145 and LNCaP cell cycle arrest in the G2/M stage through increasing
the expression of GADD153 mRINA (estimated ICsg of ISL on Du145 and LNCaP is 10.56
and 10.78 uM, respectively) [119]. An antitumor effect of ISL against prostate cancer in an
animal model has been reported. In prostate-tumor-bearing animals, i.e., male BALB/c
nude mice bearing PC-3, they were treated with 25 or 50 mg/kg/day ISL for 28 days; a
decrease in cyclin B1I-CDK1 and G2/M arrest and apoptosis was detected [114].

3.9. Effect on Cervical Cancer

Cervical cancer is the fourth most common cancer in women worldwide and causes
more than one quarter of a million deaths per year. Several studies have also focused on
the anti-cervical cancer effects of ISL. ISL induces intrinsic apoptosis and S-phase arrest in
Ca Ski, SiHa, HeLa, and C-33A cells. ISL inhibits proliferation and induces cell cycle arrest
in the G2/M phase, which may be attributed to the decreased expression of Bcl2 and the
increased expression of caspase-related proteins and cell cycle checkpoints, including p53,
p21, Bax cyclin B, cyclin A, cdc2, and c¢dc25C (estimated ICsp = 39.09 uM in Ca Ski; 53.76 pM
in SiHa; 9.8 or 58.10 uM in HelLa; 32.83 uM in C-33A cells) [120,122]. ISL also induces
apoptosis in cancer cells through increasing ROS generation, p-elF2oc and GRP78 expression,
and caspase-12 activation in HeLa cells (estimated ICsy = approximately 21.24 pM) [121].
ROS production is important for the anticancer activity of ISL in HeLa cells. This was
proven by Yuan et al., showing that the apoptotic rate is increased after co-treatment of
ISL and pro-oxidant, I-buthionine-(S,R)-sulfoximine (BSO). On the contrary, the apoptosis
rate is inhibited by co-treatment with free radical scavenger N-acetyl-cysteine (NAC) [144].
In an in vivo study, in KM mice bearing U14, when administered in combination with
cyclophosphamide, ISL enhanced the antitumor activity and decreased the micronucleus
formation of DNA strand breaks [145].

3.10. Effect on Other Cancers

Studies have shown that ISL also induces call apoptosis and/or autophagy in other
cancers, including gastric cancer, uterine leiomyoma, osteosarcoma, glioma, bladder cancer,
and oral squamous cell carcinomas (OSCC). In gastric cancer, ISL causes cell apoptosis
and autophagy in MKN28 cells by suppressing the PI3K/AKT/mTOR pathway and by
increasing Beclin-1 (ICsp = 20.84 uM) [123]. ISL (5 uM) negatively affects H2R-mediated
c-Fos/c-Jun protein expression, acting as an effective H2R antagonist in the MKN-45 cell
line [46,124]. ISL (0.11 g/L for 24 h) induces MGC-803 cell apoptosis via the calcium-
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and Delta psi(m)-dependent pathways [125]. In uterine sarcoma, the combined treatment
of human uterine sarcoma cell line MES-SA cells with ISL and doxorubicin significantly
enhances chemosensitivity via inducing apoptosis and autophagy by inhibiting the mTOR
pathway [142]. In uterine leiomyoma, ISL induces cell cycle arrest in the subG1 and G2/M
phases by increasing p21Cip1/Waf and reducing Bcl-2, cdk 2/4, and E2F, thereby suppress-
ing the proliferation of primary uterine leiomyoma cells. ISL also induces cell apoptosis
through the elevation of FAS ligand and caspase-3 (estimated ICsg = 39.33 uM) [126]. In
contrast, a low cytotoxicity of ISL has been found in normal myometrium cells (esti-
mated IC5p = 698.8 uM). In osteosarcoma, ISL has also been shown to cause DNA damage
and can initiate apoptosis through increasing Bax and caspase 3 and cell cycle regulators,
including p53, p21, and p27, in U20S and Saos-2 cells (main dosage of 20 and 30 1M, respec-
tively) [127,128]. In glioma, ISL induces cell apoptosis by the elevation of caspase 3 and the
inhibition of TOP I in glioma U87 cells (ICs = 6.3 uM) [130]. In SK-N-BE(2) an IMR-32 neu-
roblastoma cell line, ISL (>5 uM) has been found to increase the ROS level, thereby inducing
cell death. The combined treatment of SK-N-B-E(2) cells with ISL and the anticancer agent
cisplatin significantly reduces cell viability compared to cisplatin alone [129]. ISL inhibits
cancer growth and induces apoptosis and autophagy in PC12 cells by dose-dependently
downregulating Bcl-2 and Bcl-x and by stimulating caspase-9, caspase-3, caspase-7, Bax,
Bim, cytochrome c, Beclin-1, and LC3 expression (IC5y =17.8 = 1.8 uM) [131]. In blad-
der cancer, pretreatment with ISL for 24 h enhances cisplatin-induced cell death, ROS
production, the upregulation of Bax, Bim, Apaf-1, caspase-9, and caspase-3 levels, and
the downregulation of Bcl-2 levels in the T24 cell line. In contrast, it attenuates cisplatin-
induced proximal tubular cell (LLC-PK1) injury by upregulation of HO-1 levels [132,148].
In LLC-PK1 porcine kidney cancer cells, pretreatment with ISL induces ER stress and
produces hormesis to protect against cisplatin-induced nephrotoxicity [149]. Oral cancer is
defined as any malignant cell growth in the oral cavity. OSCC comprises more than 90%
of oral cancer cases, and is the third most prevalent malignancy in developing countries.
In our previous study, we found that ISL induces OSCC cell cycle G2/M phase arrest,
apoptosis, and DNA damage through the inhibition of ATM signaling. A low dose of
ISL (6.25 uM) inhibits OSCC malignancy in vitro. ISL (5 mg/kg) also reduces the tumor
size in vivo [159]. ISL downregulates GRP78 levels, thereby suppressing oncogenicity
both in vitro and in vivo. The combination of ISL and cisplatin significantly represses the
invasion and colony formation abilities of OSCC cells by downregulating the expression of
CSC markers and ABC transporters [60].

4. Conclusions

ISL exhibits significant anticancer activity through various mechanisms, such as pro-
liferation suppression, apoptosis induction, and/or autophagy, and inhibits migration and
invasion in various cancer cells (Figure 6). Licorice Kampo and ISL are not only potential
candidates for adjuvant chemotherapy, but also possess anticancer properties. However,
clinical trials using ISL against cancer have not been initiated. Undoubtedly, both in vitro
and in vivo studies have demonstrated the potential of ISL for the prevention and treatment
of different types of cancers (Tables 3 and 4). With encouraging outcomes in preclinical
studies, many studies have strongly emphasized that ISL can increase the chemosensitivity
of different kinds of chemotherapies (Table 5). More, the application of ISL in the form
of nanoformulations as a novel strategy in order to improve its efficacy (Table 1) is under
ongoing development. Overall, the various research works have not only highlighted the
significant anticancer activity of ISL in vitro and in vivo, but have also proposed various
molecular-based interactions (Figure 3) underlying anticancer mechanisms. Overall, ISL is
a promising candidate for a natural product with therapeutic effects and with the ability
to alleviate the adverse side-effects in anticancer therapeutics in spite of the suppressive
effects of ISL on different cancers in clinical trials being limited still.
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Figure 6. ISL exhibits significant anticancer activity through various mechanisms, such as proliferation suppression,

apoptosis induction, and/or autophagy, and inhibits migration and invasion in various cancer cells.
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