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Editorial on the Research Topic
Evolution of phytochemicals and phytotherapies in the treatment and
management of cancer: targeted strategies in cancer precision medicine

There is a rising recurrence of cancers in humans and related complications of
chemotherapeutic agents that reduce the clinical potency of numerous anticancer agents,
including those which are currently in use. Hence, there is a consistent need for the
development of alternative or synergistic anticancer drugs with lower side complications.
Plants are predicted to have innumerable functional phytochemical constituents with potent
features, and aid as prime source and candidates for the discovery of anticancer drugs.
Therefore, considering the fact, this Research Topic of Frontiers in Pharmacology aims to
cover the current trends and advancements in phytotherapies with an emphasis on targeted
strategies in cancer precision medicine. Total of 17 manuscripts, which includes 10 research
and 7 review articles were published in this Research Topic covering the recent advances in
phytochemicals and phytotherapies for targeted cancer therapy.

First paper focuses on the treatment of rhabdomyosarcoma (RMS), the most common
type of pediatric soft tissue sarcoma. Since RMS efficiently activates mechanisms of
resistance to therapies, despite improvements, the prognosis remains still largely
unsatisfactory. Here, authors have showed the therapeutic properties of PBI-05204, an
extract from Nerium oleander containing the CG oleandrin, which is already studied in phase
I and II clinical trials for cancer patients, were investigated, in vitro and in vivo, against FN-
and FP-RMS cancer models. They found that PBI-05204 efficiently counteracted the
transformed and intrinsically radioresistant phenotype of RMS by concomitantly
inducing cytostatic and cytotoxic effects, promoting RT-induced G2 cell cycle arrest and
restraining the ability of RMS cells to repair RT-induced DNA damage. These results suggest
that PBI-05204 could have therapeutic and radiosensitizing properties on RMS (Vaccaro
et al.).
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Second paper highlights the role of dietary flavone apigenin
(4',5,7-trihydroxyflavone) in interacting and inhibiting the
topoisomerase 1 and upregulating the CD26/DPP4 on colorectal
carcinoma cells (CRC). They observed a unique synergistic
interaction with the CRC chemotherapeutic agent irinotecan. The
interplay between apigenin and irinotecan was not observed when
apigenin was combined with other chemotherapeutic drugs
including the topoisomerase 2 inhibitors doxorubicin or
etoposide. Authors conclude that apigenin has a unique fit into
the Topol-DNA functional complex that leads to direct inhibition of
Topol activity, and suggest that this is the basis for the exceptional
interaction with the CRC drug irinotecan. A combined action of
these two agents may therefore exert a role to limit local signals that
facilitate tumour progression (Fux et al.).

Third paper focuses on locating the potential interactions of the
diosgenin-regulated proteins and attributable pathways implicated in
breast cancer using a range of system biology techniques, i.e., gene
ontology (GO) analysis, molecular docking, and molecular dynamics
(MD) simulations, and reinforcing its findings using diverse functional
biomarkers using in vitro experiments. Authors identified the probable
action of the diosgenin against breast cancer via FoxO, PI3K-Akt, p53,
Ras, and MAPK signaling pathways. This work will open the way for the
development of novel therapeutic techniques and/or medication
candidates for breast cancer (Khanal et al.).

Fourth paper presents a comprehensive review focussed on the
potential anticancer benefits of bromelain, analyzing the cytotoxic,
apoptotic, necrotic, autophagic, immunomodulating, and anti-
inflammatory effects in cancer cells and animal models.
Bromelain, the main medicinal component of pineapple, is an
enzyme with numerous pharmacological properties, as it can act
on different health disorders, including osteoporosis and
osteoarthritis, diarrhea, chronic wounds, surgical debridement,
edema, inflammation, and cancer. The anticancer properties of
bromelain are extensively documented in vitro experiments, but
such demonstrations in vivo animal models are far less. Here,
approaches

chemotherapy, which are warmly urgent and bromelain could be

authors have presented the novel to cancer
regarded as an important tool in the cancer fight (Pezzani et al.).
Fifth paper aimed to investigate the effects and mechanism of
HQ (Astragalus membranaceus (Fisch.) Bunge (Huang Qi in
Chinese),

bioactive ingredients FMNT (isoflavonoid, formononetin) and CS

a well-known Chinese herbal medicine, and its

(isoflavonoid, calycosin) against colon cancer using network
pharmacology analysis coupled with experimental validation and
molecular docking. The findings suggested that the HQ exerted good
therapeutic effects against colon cancer by mainly inhibiting the
ERK1/2 signaling pathway. FMNT and CS were two bioactive
ingredients responsible for the inhibitory effects of HQ against
colon cancer. The current study expands our knowledge
pertaining to the effects and mechanism of HQ against colon
cancer, and suggests that FMNT and CS will hopefully serve as
prospective compounds for colon cancer treatment (Hu et al.).
Sixth paper presents a systematic review focussed on the wide range
of anticancer effects of licochalcones in gastric, lung, colon, breast, liver,
and bladder cancer. After analyzing and collating the literature, authors
concluded that the regulation of multiple signaling pathways by
licochalcones includes the EGFR/ERK, PI3K/Akt/mTOR, p38/JNK,
JAK2/STAT3, MEK/ERK, Wnt/p-catenin, and MKK4/JNK signaling
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pathways, which is the key to their antineoplastic effects. Among all the
licochalcone A (LA) not only has
antineoplastic effects, but also can be used to reduce drug efflux

examined licochalcones,

from cancer cells and reduce adverse reactions caused by other
antitumor drugs. Authors therefore believe that the use of LA as an
adjunct to anticancer drugs holds great promise (Deng et al.).

Seventh paper summarizes the antitumor activity and associated
mechanisms of the organosulfur compounds of garlic in breast
carcinoma. Authors presented in this review that garlic extract, its
bioactive compounds, and their use in nanoformulations can prevent
breast cancer in all of its stages, including initiation, promotion, and
progression. Additionally, these bioactive compounds may affect cell
signaling for cell cycle arrest and survival along with lipid peroxidation,
nitric oxide synthase activity, epidermal growth factor receptor, nuclear
factor kappa B (NF-kB), and protein kinase C in breast carcinoma.
Altogether, in this review, authors have demonstrated the anticancer
potential of garlic phytoconstituents and its nanoformulations as
beneficial nutraceuticals and pharmaceuticals for the efficient
management of human breast cancer (Pandey et al).

Eighth paper discusses the specific mechanisms and molecular
targets of calotropin, a pharmacologically active compound isolated
from milkweed plants like Calotropis procera, Calotropis gigantea,
and Asclepias currasavica in cancer treatment. Calotropin is
identified as a highly potent cardenolide that has a similar
chemical structure to cardiac glycosides (such as digoxin and
digitoxin). During the last few years, cytotoxic and antitumor
effects of cardenolides glycosides have been reported more
frequently. Among cardenolides, calotropin is identified as the
most promising agent. Authors demonstrated that calotropin can
be a potential chemotherapeutic/chemopreventive adjunctive agent
in cancer pharmacotherapeutic management (Rajkovic et al.).

Ninth paper demonstrates the antitumor effects and potential
mechanisms underlying the impact of 5-Demethylnobiletin (5-DMN),
the active ingredient in citrus polymethoxyflavones on Glioblastoma
(GBM) for the first time both in vitro and in vivo. Authors elucidated that
5-DMN promoted G0/G1 phase arrest and apoptosis in glioblastoma cells
by restraining the ERK1/2, AKT and STATS3 signaling pathways. The
results will help to evaluate the potential applications of 5-DMN as a
clinical agent for glioblastoma (Zhang et al.).

Tenth paper investigates the inhibitory mechanisms of
Polymethoxyflavonoids (PMFs) from Citrus reticulata ‘Chachi’
(CRCP) on nasopharyngeal carcinoma (NPC) growth in vivo and
in vitro. The results of this study demonstrated for the first time that
heptamethoxyflavone (HMF) purified from CRCP  significantly
inhibited the proliferation and induced apoptosis of NPC cells (CNE-
2 and 5-8F), and also inhibited NPC cell migration and invasion. The
results of the tumor transplantation experiment in nude mice confirmed
the inhibitory effect of HMF on NPC cell growth in vivo. These findings
provide a preliminary experimental basis for treating NPC and the
development and utilization of PMFs in CRCP (Yang et al.).

Eleventh paper aimed to determine whether the administration
of cocoa bean extract reduces doxorubicin-induced organ damage in
mice with Ehrlich ascites carcinoma (EAC) without compromising
doxorubicin efficacy. Authors demonstrated the protective effect of
cocoa extract (COE) against doxorubicin-induced organ toxicities
(heart, liver, and kidney), but also indicated synergistic potential
with the anticancer activity of doxorubicin. Furthermore, the study
also demonstrated the efficacy of COE to neutralize the free radicals
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generated by doxorubicin; maintaining the cell integrity, along with
the inherent anti-cancer properties; and prolonging the survival
time of EAC mice. These findings exhibit the promising
toward

nutraceutical properties

hepatoprotective, ~and  nephroprotective

cardioprotective,
effects,  when
supplemented with doxorubicin (Patil et al.).

Twelfth paper aims to summarize and understand the
mechanisms behind the anticancer potential of sulforaphane
(SEN). Authors from this review concludes that SEN provides
cancer protection through the alteration of various epigenetic and
non-epigenetic pathways. It is a potent anticancer phytochemical
that is safe to consume with minimal side effects. However, there is
still a need for further research regarding SFN and the development
of a standard dose. This will point to new therapeutic perspectives
towards the possible development of new sulforaphane-based
anticancer drugs (Ali et al.).

Thirteenth paper focuses on exploring the anticancer attributes of
Cucurbitacin-B  (Cur-B) against androgen-dependent prostate
adenocarcinoma (PCa) LNCaP cells. Authors concluded that Cur-B
suppressed the growth of PCa cells, which is associated with apoptosis
induction, caspase activation, ROS generation, dissipation of
mitochondrial membrane potential, and modulation of genes
associated with apoptosis and cell cycle arrest. As a result, the data
suggests the plausible potential of Cur-B as an alternative and
complementary medicine for the treatment of PCa (Alafnan et al.).

Fourteenth paper focuses on details regarding the traits of the
pentacyclic triterpenes known as boswellic acids (BAs), their roles as
anti-cancer agents, the mechanism underlying their activities, and
the function of their semi-synthetic derivatives in managing and
treating certain cancers. The review also explores the biological
sources of BAs, how they are conserved, and how biotechnology
might help preserve and improve in vitro BA production. Authors
conclude that the BAs and their semi-synthetic derivatives are
effective against a broad spectrum of cancer cell lines. This
comprehensive review can be helpful for researchers to gain
more information about BAs and BA-based medications for
efficient and cost-effective cancer treatments (Trivedi et al.).

Fifteenth paper is the first study to summarize the research
progress on various compounds, including natural products and
derivatives, that target the canonical Wnt pathway in lung cancer
(LC) to develop safer and more targeted drugs or alternatives.
Authors have particularly presented the impact of Wnt in
mediating  clinically relevant therapies for LC, such as
chemotherapy, radiotherapy, EGFR-TKI, immunotherapy, and
even anti-angiogenic therapy. Therefore, Wnt combination
therapy is a good strategy for overcoming drug resistance in LC,
and should be an overriding direction for future research. Many
naturally occurring small molecules used as Wnt inhibitors have
good effects, when used in combination with chemotherapy and
targeted drugs, with the advantage of inhibiting proliferation and
overcoming drug resistance (Shen et al.).

Sixteenth paper aimed to explore the efficacy of diallyl trisulfide
(DATS) combined with cisplatin (DDP) for gastric cancer treatment
and its underlying mechanism based on network pharmacology.
Here, authors demonstrated that the combination of DDP and
DATS significantly increased cytotoxicity and cell apoptosis
compared to the DATS or DDP treatment group in vitro. In
addition, continuous intraperitoneal injection of DATS markedly
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improved the tumor inhibitory effect of DDP in the SGC-7901
tumor-bearing mouse model. Authors further revealed that the
combination of DATS and DDP
antitumor activity by regulating endoplasmic reticulum stress and
inhibiting STAT3/PKC-8 and MAPK signaling pathways. This study
offers a new adjuvant strategy based on DATS and DDP for the
treatment of gastric cancer (Lv et al.).
and final paper

methotrexate-conjugated zinc oxide

synergistically enhanced

Seventeenth report the synthesis of
(MTX-

ZnONPs) and their high efficacy against lung cancer cells. The

nanoparticles

results of the current study have illustrated the conjugation of MTX
with ZnONPs with high drug-loading efficiency. Authors
emphasized the efficient delivery of MTX to lung cancer cells via
ZnONPs as nanocarriers and showed that MTX could induce
apoptosis in lung cancer cells via both caspase-dependent and
caspase-independent pathways (Mishra et al.).

Existing therapeutic approaches to treat cancer in humans are
invasive and often exhibit long-lasting side effects. Furthermore,
there are a limited number of treatments available to treat different
types of cancers, which represents a major challenge for cancer drug
discovery. It is therefore necessary to develop new anticancer drugs.
mechanisms

Improving fundamental understanding of the

underlying the cascade of cancer progression is of key
importance towards transforming the landscape of cancer
research and developing new and improved treatments of
numerous cancerous cell types. Finally, the Guest Editors would
like to sincerely thank all the authors and reviewers for their valuable

contributions.
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Treatment of rhabdomyosarcoma (RMS), the most common a soft tissue
sarcoma in childhood, provides intensive multimodal therapy, with
radiotherapy (RT) playing a critical role for local tumor control. However,
since RMS efficiently activates mechanisms of resistance to therapies,
despite improvements, the prognosis remains still largely unsatisfactory,
mainly in RMS expressing chimeric oncoproteins PAX3/PAX7-FOXO1, and
fusion-positive (FP)-RMS. Cardiac glycosides (CGs), plant-derived steroid-like
compounds with a selective inhibitory activity of the Na*/K*-ATPase pump
(NKA), have shown antitumor and radio-sensitizing properties. Herein, the
therapeutic properties of PBI-05204, an extract from Nerium oleander
containing the CG oleandrin already studied in phase | and Il clinical trials
for cancer patients, were investigated, in vitro and in vivo, against FN- and FP-

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1071176/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1071176&domain=pdf&date_stamp=2022-12-01
mailto:francesco.marampon@uniroma1.it
https://doi.org/10.3389/fphar.2022.1071176
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1071176

Vaccaro et al.

10.3389/fphar.2022.1071176

RMS cancer models. PBI-05204 induced growth arrest in a concentration
dependent manner, with FP-RMS being more sensitive than FN-RMS, by
differently regulating cell cycle regulators and commonly upregulating cell
cycle inhibitors p21Waf/CPt  gnd  p27°PVKPL - Furthermore, PBI-05204
concomitantly induced cell death on both RMS types and senescence in
FN-RMS. Notably, PBI-05204 counteracted in vitro migration and invasion
abilities and suppressed the formation of spheroids enriched in CD133*
cancer stem cells (CSCs). PBI-05204 sensitized both cell types to RT by
improving the ability of RT to induce G2 growth arrest and counteracting
the RT-induced activation of both Non-Homologous End-Joining and
homologous recombination DSBs repair pathways. Finally, the antitumor and
radio-sensitizing proprieties of PBI-05204 were confirmed in vivo. Notably,
both in vitro and in vivo evidence confirmed the higher sensitivity to PBI-05204
of FP-RMS. Thus, PBI-05204 represents a valid radio-sensitizing agent for the

treatment of RMS, including the intrinsically radio-resistant FP-RMS.

KEYWORDS

PBI-05204,

Introduction

Rhabdomyosarcoma (RMS) is the most common pediatric
soft tissue sarcoma. The two major subtypes are the alveolar
(ARMS), more frequently expressing the pro-oncogenic fusion
proteins PAX3/7-FOXO1 (PAX3/7-FKHR), namely “fusion
positive” RMS (FP-RMS), and the embryonal (ERMS),
characterized by different mutations, “fusion negative” (FN-
RMS). However, despite the status of fusion proteins, ARMS
and ERMS present similar molecular perturbations, this
indicating some commonality in the molecular driving forces
in RMS (Sorensen et al., 2002; Davicioni et al., 2009; Rudzinski
et al, 2015, 2017; Skapek et al., 2019). Treatment of RMS,
currently consists of neoadjuvant radiotherapy (RT), with or
without adjuvant chemotherapy (CHT), followed by a delayed
excision (PDQ Pediatric Treatment Editorial Board, 2002;
Cecchetto et al.,, 2007; Gallego et al, 2021). RT is critical to
improve survival in RMS patients (Terezakis and Wharam, 2013;
Mandeville, 2019). However, RMS has been shown to aberrantly
express several mechanisms that sustain the resistance to RT
(Marampon et al., 2011; 2019b; 2019¢; 2019a; Ciccarelli et al.,
2016; Gravina et al., 2016; Megiorni et al.,, 2017; Camero et al,,
2019, 2020, 2021; Giannattasio et al., 2019; Petragnano et al,,
2020a; 2020b; Casey et al., 2021; Cassandri et al., 2021; Codenotti
et al., 2021; Rossetti et al., 2021; Perrone et al., 2022)., potentially
responsible of the high relapse rate after apparent complete
remission (Heske and Mascarenhas, 2021). Notably, the use of
larger dose of radiations, has not improved the therapeutic
efficiency of radiation (Kalbasi et al., 2020; Parsai et al., 2020)
suggesting that new radiosensitizing strategies are urgently
needed in order to improve patient overall survival.

RT kills cancer cells by inducing the accumulation of
potentially repairable DNA single strand breaks (SSBs) and
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their transformation into non-repairable DNA double strand
breaks (DSBs) (Baskar et al., 2014). cancer cells can efficiently
repair SBSs, preventing the formation of DSBs formation, ability
that result to be higher in the cancer stem cell (CSC)
subpopulations (Wang, 2015), thus resulting the real
responsible of intrinsic radioresistance (Rycaj and Tang, 2014;
Wang, 2015; Schulz et al., 2019; Arnold et al., 2020). Cardiac
glycosides (CGs) (e.g., digitoxin, digoxin, ouabain, and
oleandrin) are selective inhibitors of the Na*/K*-ATPase
pump (NKA), , commonly used to treat heart failure
(Pavlovic, 2020). The aberrant expression/activity of NAK has
been found in several cancer types (Mijatovic et al, 2012;
Durlacher et al, 2015), including RMS (Liepkans, 1990).
Thus, CGs have shown towards some types of malignant
tumors, both in vitro and in vivo (Lépez-Lazaro et al., 2005;
Kumavath et al., 2021), working at concentrations commonly
found in the plasma of cardiopathic patients treated with CGs
(Lopez-Lazaro et al., 2005). Thus, CGs have been tested in clinical
trials for the treatment of cancer demonstrating satisfactory
safety and efficacy (Mekhail et al., 2006; Menger et al., 2013;
Hong et al, 2014; Frankel et al, 2017; Roth et al, 2020).
Furthermore, considering that CGs to act as potent inhibitors
of DSB repair (Wha Jun et al., 2013; Surovtseva et al., 2016; Tian
et al., 2020), increasing evidence suggests their use as effective
radiosensitizers (Verheye-Dua and Bohm, 1998; Nasu et al,
2002; Lee et al, 2017; Zhang et al, 2017; Du et al, 2018;
Colapietro et al, 2022). Notably no studies have been still
conducted on RMS.

We have recently show that PBI-05204, a defined
supercritical CO, extract of N. oleander, has anticancer and
radiosensiting effects towards glioblastoma (Colapietro et al.,
20205 Colapietro et al., 2022). Herein, we have investigated the
therapeutic potential of PBI-05204, alone and in combination
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with RT, towards RMS, by using, in vitro and in vivo, RD (FN-
RMS) and RH30 (FP-RMS), the most representative RMS cell
lines. Herein we found that PBI-05204 efficiently counteracted
the transformed and intrinsically radioresistant phenotype of
RMS by concomitantly inducing cytostatic and cytotoxic effects,
promoting RT-induced G2 cell cycle arrest and restraining the
ability of RMS cells to repair RT-induced DNA damage. Notably,
PBI-05204 showed important in vivo effects, enhanced by RT.
Altogether, these results suggest that PBI-05204 could have
therapeutic and radiosensitizing properties on RMS.

Materials and methods
Cell lines and pharmacological treatment

RD (ERMS, FN-RMS) and RH30 (ARMS, FP-RMS) human
cell lines were purchased from American Type Culture Collection
(Manassas, VA, United States), cultured, in Dulbecco’s Modified
Eagle’s and RPMI medium (DMEM) containing 10% Fetal Bovine
Serum (Hyclone, Logan, UT, United States) supplemented with
glutamine and gentamycin (GIBCO-BRL Gaithersburg, MD,
United States), dissociated using 0.25% trypsin and 0.02%
EDTA solution and resuspended into a fresh medium once
every 2-3 days (Camero et al, 2019b). GenePrint 10 System
(Promega Corporation, Madison, WI, United States) was used
to authenticate cell cultures by comparing the DNA profiles of cell
lines with those found in GenBank. Multipotent mesenchymal
stromal cells (MSCs) were previously described (Vulcano et al.,
2016). The supercritical CO, extract of N. oleander PBI-05204 was
provided by Phoenix Biotechnology, Inc., (San Antonio, Texas)
and characterized by wusing an AccuTOF-DART mass
spectrometer (Jeol UAS, Peabody, MA). Specific molecular
content of the extract was previously reported (Siddiqui et al,
1995; Dunn et al., 2011).

Viability of cells

RD and RH30 cells were seeded into 6-well tissue culture
plates at a density of 8,500 cells/cm? and treated with PBI-05204
24 (hours) h later. Trypan blue (Thermofisher) dye exclusion test
was used to assess cell viability. A Countess II Automated Cell
Counter (ThermoFisher Scientific, Waltham, MA, United States)
was used to assess the number of the cells. “Quest Graph™ 1Cs,
Calculator” (AAT Bioquest, Inc.,) was used to calculate ICs,
values (AAT Bioquest, 2022).

Migration and invasion assays

Migration was assessed using wound healing assays that were
performed as previously described (Gravina et al., 2017). Briefly,
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RD and RH30 cells were plated in 6-well plates and incubated
with or without PBI-05204 for 24 h. The following day, a sterile
pipette tip was used to scratch the cell monolayer (4-5 parallel
scratches/plate). Cells were washed with PBS, photographed to
mark scratched tracks, and incubated for an additional 24 h to
evaluate cell migration into the injured areas. Wound healing was
quantified using ImageJ 1.47v software. For the invasion assay,
RD and RH30 cells (8 x 10° cells/ml) were seeded in the upper
portion of a Boyden chamber separated from the lower
compartment, containing DMEM with 10% FBS added with
PBI-05204 (ICsy) or DMSO, by a matrigel-coated PVP-free
polycarbonate filter with 8 mm pore size (Costar, Cambridge,
United States). After incubation at 37°C for 6 h, migrated cells
were stained with Diff-Quik (Dade-Behring, Milan, Italy)
(Codenotti et al, 2019). The number of migrated cells was
quantified using Image] 1.47v software. Experiments were
carried out in triplicate.

Sphere culture and sphere formation

Sphere-forming cells were obtained as previously described
(Ciccarelli et al., 2016; Camero et al., 2020; Megiorni et al., 2021).
Briefly, RD and RH30 cells were cultured in anchorage-
independent conditions (ultra-low attachment flasks or plates,
Corning) in stem cell (SC)-medium consisting of DMEM:
F12 medium (Gibco-Invitrogen) and B27 (ThermoFischer).
(20 ng/ml)
(PeproTech, London,

Fresh human epidermal growth factor and
fibroblast growth factor (20 ng/ml)
United Kingdom) were added twice/week until cells formed
floating spheres. To evaluate the primary sphere formation,
cells from sub-confluent (70-80%) monolayer cultures were
plated at a density of 100, 500 or 1,000 cells in a 24-well
culture plate (Corning Inc., Corning, NY, United States). For
the sphere formation assay, the number of primary tumor

spheres was determined.

Flow cytometer analysis of cell cycle
distribution and stem cell markers

For cell cycle analysis, a BD Cycletest Plus DNA Kit (BD
DNA
trypsinization, cells were adjusted to a concentration of

Biosciences) was used for staining.  Following
1x10° cells/ml and treated using reagent kit, according to the
manufacturer’s instructions. The cell cycle status was analyzed by
flow cytometry using propidium iodide (PI). Analysis was
performed using a flow cytometer (FACSCalibur), and the
cell-cycle distribution was analyzed using the Mod-Fit LT
(Verity ME,

United States). Stem cell markers in RMS cells were evaluated

software Software ~ House,  Topsham,
by staining with monoclonal antibodies conjugated with

phycoerythrin (PE) anti-CD133 (BD Biosciences, Buccinasco,
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Italy). Appropriate isotype controls for non-specific binding were
used for each antibody. A minimum of 50,000 events were
acquired for each sample by the flow cytometer and the
CellQuest software (BD Biosciences) was used for both data
acquisition and analysis (Marampon et al., 2019d).

Protein extraction,western blot and
protein simple WES western analysis

For total protein extraction, RD and RH30 cells were lysed in
2% SDS containing 2 mM phenyl-methyl sulphonyl fluoride
(PMSEF) (Sigma-Aldrich (St. Louis, MO, United States), 10 pg/
ml antipain, leupeptin and trypsin inhibitor, 10 mM sodium
fluoride and 1 mM sodium orthovanadate (all from Sigma-
Aldrich, St. Louis, MO, United States) and sonicated for 30s
(sec). Protein concentration was estimated by BCA assay and
equal amounts were separated on SDS-PAGE. Proteins were
(ThermoFisher
Scientific, Waltham, MA, United States) by electroblotting.
The balance of total protein levels was confirmed by staining
the membranes with Ponceau S (Sigma-Aldrich (St. Louis, MO,
United States). Membranes were blocked for 1 h in 5% non-fat
dry milk in Tris-buffered saline and Tween-20 (TBS-T) and then
incubated at 4 °C overnight with primary antibodies. The primary
antibodies used were: p21"V*/CP! (C-19) and p27“P/<! (EF-8),
Cyclin A (BF683), Cyclin Bl (H-20), Cyclin E (HEI2),
myelocytomatosis virus oncogene cellular homolog (c-Myc)
(9E10), N-Myc (B.8.4.B), phosphorylated extracellular signal-
regulated kinase 1/2 (ERK1/27°*) (E-4), extracellular signal-
regulated kinase (ERK1/2) (C-14), phosphorylated protein
kinase B (Akt"®*) (C-11), e phosphorylated protein kinase B
(Akt) (5C10), and vinculin (7F9) by Santa Cruz Biotechnology
(Dallas, TX, United States). Appropriate horseradish peroxidase
(HRP)-conjugated ~ secondary (Santa
Biotechnology (Dallas, TX, United States) were used for 1 h at
room temperature (Gravina et al., 2019; Menna et al., 2022).
Western blots for ATM, ATM"°*, DNA-PKCs, DNA-PKCs"°*
and vinculin were performed using a Protein Simple WES

transferred to a nitrocellulose membrane

antibodies Cruz

Western instrument (San Jose, CA). Cell and tissue lysates
were prepared as described above. Protein simple (6 ul) was
mixed with 5x fluorescent master mix (Protein Simple) to achieve
a finial concentration of 1x master mix buffer according to
manufacturer’s instructions. Samples were then denatured at
95°C for 5min. All materials and solutions added onto the
assay plate were purchased from Protein Simple except
primary Antibody diluent (10 pl),
normalizing reagent, primary antibodies, secondary antibodies,

antibodies. protein
chemiluminescent substrates, 3 pl of sample, and 500 ul of wash
buffer were prepared and dispensed into the assay plate. Assay
plates were loaded into the instrument and proteins were
separated within individual capillaries. Protein detection and
digital images were collected and analyzed with Compass
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software (Protein Simple) and data were reported as area
under the peak, which represents the intensity of the signal.
For primary antibody, phospho-ATM (D6HY, Ser 1981, used at
1:25), phospho-DNA-PKCs (E9J4G, Ser 2056, used at 1:25) and
DNA-PKCs (E6U3A, used at 1:100) by Cell Signaling (Danvers,
MA, United States); ATM (G-12, used at 1:50) by Santa Cruz
Biothecnology (Dallas, TX, United States) were mixed with
vinculin (hVIN-1, used at 1:100) by Sigma-Aldrich Inc. (Saint
Louis, MO, United States). Anti-mouse HRP and anti-rabbit
HRP secondary antibodies from Protein Simple were used
(Kannan et al, 2018; Hui et al, 2020). Quantification of
Western blot data was performed by using a ChemiDoc MP
(Bio-Rad) imager.

Radiation exposure and clonogenic assay

Radiation was delivered at room temperature using a x-6 MV
photon linear accelerator. The total single dose of 4 Gy was
delivered with a dose rate of 2 Gy/min using a source-to-surface
distance (SSD) of 100 cm. A plate of Perspex thick 1.2 cm was
positioned below the cell culture flasks in order to compensate for
the build-up effect. Tumor cells were then irradiated placing the
gantry angle at 180°. Non-irradiated controls were handled
identically to the irradiated cells with the exception of
radiation exposure. The absorbed dose was measured using a
Duplex dosimeter (PTW). For clonogenic survival assay,
exponentially growing RD and RH30 cells in 25-cm”® flasks
were treated with PBI-05204 or vehicle and irradiated 24 h
later. Three h after irradiation, cells were harvested, counted,
diluted serially to appropriate densities, plated in triplicate in six
multi-well plates with 2 ml of complete drug-free medium/each
well. Fourteen days (d) later, cells were fixed with methanol:acetic
acid (10:1, v/v), and stained with crystal violet. Colonies
containing >50 cells were counted.

Animal research ethics statement and
in vivo xenograft experiments

The recommendations of the European Community (EC)
guidelines (2010/63/UE and DL 26/2014 for the use of laboratory
animals) and the Istituto Superiore di Sanita guidelines,
complying with the Italian government regulation n.116
27 January 1992 for the use of laboratory animals code 221/
2022-PR (D9997.140) approved 4 April 2022 were followed to
undertake in  vivo experiments. Before any invasive
manipulation, mice were anesthetized with a mixture of
ketamine (25 mg/ml)/xylazine (5mg/ml). For xenotransplants
exponentially growing RD or RH30 cells were detached by
trypsin-EDTA, washed twice in PBS, and resuspended in
of 1 x 10%200pl

Xenotransplants were done in 45-day-old female nude

saline solution at cell densities
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CD1 mice from Charles River Laboratories Italia, SRL (Calco,
Italy), by subcutaneously injection in the leg using a 21-gauge
needle on a tuberculin syringe. Treatments were started when
tumors reached a volume of 0.3-0.5 cm? (Cassandri et al., 2021).
Mice were irradiated at room temperature using an Elekta 6-MV
photon linear accelerator. Three fractions of 2 Gy were delivered
every other day, the first, third and fifth d, for a total dose of 6 Gy.
A dose rate of 1.5 Gy/min was used with a source-to-surface
distance (SSD) of 100 cm. Prior to irradiation, mice were
anesthetized and were protected from off-target radiation by a
3 mm lead shield. Before tumor inoculation mice were randomly
assigned to four experimental groups. Each group was composed
of eight mice. One control group received 200 pl carrier solution
by mouth (PO); PBI-05204 (20 mg/kg/5 Day/week (PO); one
group received RT (3 fractions of 2 Gy delivered every other day
to a total dose of 6 Gy); PBI-05204 (20 mg/kg/5 Day/week, (PO)
coupled with RT (3 fractions of 2 Gy delivered every other day to
a total dose of 6 Gy) (Colapietro et al., 2022). During treatment,
mice with significant body weight loss approaching (10-15%)
were euthanized early per protocol, by using Carbon Dioxide,
following the AVMA Guidelines for the Euthanasia of Animals
(AVMA, 2019). The effects on tumor growth because of different
treatments were evaluated as follows: tumor volume was
measured during and at the end of the experiment; tumor
volume was assessed every 4days with a Vernier caliper
(length x width); the volume of the tumor was expressed in
mm?® according to formula 4/37 r’, measuring tumor weight at
the end of the experiment and defining tumor progression (TP),
the doubling of the tumor volume.

Statistical analysis and data analysis

Three
triplicate, were carried out and the results were expressed as

independent experiments, each performed in
the mean * SD. Assessment of normal distribution of data was
confirmed by Shapiro-Wilk, D’Agostino and Pearson and
Kolmogorov-Smirnov tests. Real-time PCR experiments were
evaluated by one-way (ANOVA) with a Tukey’s post hoc test
using 27**“" values for each sample. Flow cytometry data were
analyzed by ANOVA with a Bonferroni post hoc test. All analyses
were performed using the SAS System (SAS Institute Inc., Cary,

NC, United States) and GraphPad Prism 6.1.

Results

PBI-05204 Induces Concomitant Growth Arrest and Cell
Death in RMS but not in MSCs Cell Lines in vitro.

Trypan blue dye exclusion test showed that increasing doses
(0-50 ng/ml) of PBI-05204 treatment, performed for 24, 48 and
72h, significantly reduced the number of live cells in a
concentration-dependent manner, both in RD (Figure 1A, Left
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Panel) and RH30 cells (Figure 1A, Right Panels), with an average
of 50% cell viability at a concentration of 4.8 ng/ml on RD
(Figure 1B, Left Panel) and 2.2ng/ml on RH30 cell line
(Figure 1B, Right Panel). RMS cultures were treated with PBI-
05204 (ICsg) for 8 days. As shown in Figure 1C, 4 days of PBI-
05204 (ICsp) treatment reduced the number of living cells by
71.4 + 4.7% in RD (Figure 1C, Left Panel, 4 d, Live Cells) and
78.3 +3.7% in RH30 cells (Figure 1C, Right Panel, 4 d, Live Cells).
Prolonged drug exposure resulted in the total absence of viable
cells (Figure 1C, RD, Left Panel, and RH30, Right Panel, Time
8 days, Live Cells). Concomitantly, the number of dead cells was
progressively and persistently induced by the presence of PBI-
05204 (Figure 1C, RD, Left Panel, and RH30, Right Panel.
Notably, PBI-05204-treated exhibited a
substantial change in their morphology, with larger cellular

adherent cells
bodies at 4 d post-exposure (Figure 1D, RD, Left Panel, and
RH30, Right Panel, 4 d). Cell fragments and cells almost devoid
of cytoplasm appeared after 8 days of continuous treatment
(Figure 1D, RD, Left Panel, and RH30, Right Panel, 8 days).
The ICso of PBI-05204 was of 93.7ng/ml for MSCs cells
(Supplementary Data S1; Figure 1A), 19.5 and 42.5 times
higher than RD and RH30, respectively. Notably, treating
MSCs did not induce any statistically significant increase in
dead cells (Supplementary Data S1; Figure 1B). Altogether,
these data indicate that PBI-05204 induces concomitant
growth arrest and cell death in RMS but not in the normal
counterpart with FP-RMS being more sensitive to the drug than
FN-RMS.

PBI-05204 Causes G; Phase Cell Cycle Arrest of Both FN-
RMS and FP-RMS and Senescence in FN-RMS.

Cell cycle distribution analysis, performed by flow
cytometry on RMS cells treated for 24h and 4 days with
PBI-05204 (ICsp), showed that in RD cells this drug
significantly, but transiently, arrested cells in the G, phase.
After 24 h of treatment with PBI-05204 the percentage of cells
in G; phase significantly increased (Figure 2A, RD 24 h, 33% +
1.1 PBI-05204 vs. 21% * 1.3 Untreated) by primarily reducing
the number of cells in S phase (Figure 2A, RD 24 h, 36% +
1.3 PBI-05204 vs. 53% + 2.2 Untreated) while no statistically
significant differences on cell cycle distribution were observed
after 4 days of treatment (Figure 2A, RD 4 days). In RH30 cells,
PBI-05204 induced a rapidly (24 h) and persistently (4 days)
cell cycle arrest as indicated by the increase of cell number in the
G; phase (Figure 2A, RH30 24 h, G, phase: 65% + 2 PBI-05204
vs. 41% + 1.2 Untreated and 4 days, G, phase: 62% * 1.4 PBI-
05204 vs. 45% + 1.1 Untreated) and the concomitant reduction
in both the S phase (Figure 2A, RH30 24 h, S phase: 29% =+
3 PBI-05204 vs. 42% + 2 Untreated and 4 days, S phase: 33% +
2.1 PBI-05204 vs. 44% + 2 Untreated) and the G, phase
(Figure 2A, RH30 24h, G, phase: 6% + 1 PBI-05204 vs.
17% * 0.6 Untreated and 4 d, G, phase: 4% + 0.4 PBI-05204
vs. 11% + 1 Untreated). RD cells treated with PBI-05204
downregulated the expression of the cell cycle promoters
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FIGURE 1

PBI-05204 induces concomitant cell death and growth arrestin FN-RMS and FP-RMS cells. RD (Left) and RH30 (Right) cell lines were treated for

24, 48 and 72 h with increasing concentrations (0, 1, 2, 5, 7.5, 10, 25, 50 ng/ml) of the drug. Surviving (A) cells were counted using Trypan blue dye
exclusion test. (B) Concentration of PBI-05204 able to reduce by 50% the cell survival of RD (Left) and RH30 (Right) cell lines. (C) Effect of PBI-05204
ICs0 on cell number of live and dead RD (Left) and RH30 (Right) cells. Surviving cells were counted using Trypan blue dye exclusion test. Results
represent the mean values of three independent experiments +SD. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 vs. Untreated. (D)
Cellular morphology of RD (Left) and RH30 (Right), untreated or treated with PBI-05204 (IC50) for 4 d was analyzed under light microscope

at X200 magnification.

c-Myec (Figure 2B, RD, c-Myc), but not of Cyclin A1 (Figure 2B, expression of cell cycle inhibitors p21"V*/“P! and p27<!/Kipt
RD, Cyclin Al), Cyclin B1 (Figures 2B,D, Cyclin B1), Cyclin E (Figure 2B, RD, p21"*/P! and p27“P/Xiet) On the other hand,
(Figure 2B, RD, Cyclin E), CDK1 (Figure 2B, RD, CDK1) and consistent with G, cell cycle arrest, RH30 cells treated with PBI-
CDK2 (Figure 2B, RH30, CDK2), and upregulated the 05204 showed the a downregulation of Cyclin Al (Figure 2B,
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PBI-05204 affects cell cycle distribution. (A) FACS analysis performed on RD (Left) and RH30 (Right) untreated or treated for 4 with PBI-05204
(IC50). Data (Up) indicates the percentage of cells in each cell cycle phase representing the mean value of three independent experiments. (Down)
Representative data of three independent experiments is shown. (B) Cell lysates from RD (Left) and RH30 (Right) cells treated for 24 h and 4 d with
PBI-05204 (IC50) were analyzed by immunoblotting with specific antibodies for the indicated proteins; vinculin expression was used as a
loading control. Histograms (Up) of densitometric analysis represent the mean values of three independent experiments +SD. Statistical significance:
**p < 0.01, ***p < 0.001 vs. Untreated cells. Representative data from three independent experiments is shown (Down).

RH30, Cyclin Al), Cyclin Bl (Figure 2B, RH30, Cyclin Bl),
Cyclin E (Figure 2B, RH30, Cyclin E) and CDK2 expression
levels (Figure 2B, RH30, CDK2), and an the upregulation of the
expression of p21V*/CPt and p27°PKiP! cell cycle inhibitors
(Figure 2B, RH30, p21W*CP! and p27°®VSe) - whilst no
changes were observed in N-Myc and CDKI protein levels
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(Figure 2B, RH30, N-Myc). Furthermore, PBI-05204 affected
the phosphorylation/activation of ERKs in RD (Figure 2B, RD,
ERKsPO4) and of Akt in RH30 (Figure 2B, RD, AktPO4,
RH30). Due PBI-05204-induced of
p21WaCipt and p27°PKiPL - biomarkers of senescent cells
(Flores et al., 2014; Kumari and Jat, 2021), the induction of

to upregulation
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PBI-05204 induces senescence in FN-RMS but not in FP-RMS cells. (A) b-Galactosidase test performed on RD (Left) and RH30 (Right) cells
untreated or treated for 24 h and 4 d with PBI-05204 (ICsg). Data represent the mean value of three independent experiments +SD. Statistical

significance: **p < 0.01, ***p < 0.001 vs. Untreated cells

senescence-associated [B-galactosidase activity (SA-p-Gal),
considered to be an important hallmark of cell senescence
(Dimri et al., 1995), was evaluated on RMS cells after 24 h
and 4 days of PBI-05204 (ICsy) treatment. As shown in
Figure 3, PBI-05204 increased SA-(B-Gal 24 h later (Figure 3,
RD 24 h,26.3% + 4,1 PBI-05204 vs. 2.3% + 0,2 Untreated), up to
4 days (Figure 3, RD cell lines 4 d, 50.1% * 8,3 PBI-05204 vs.
5.2% * 0,6 Untreated) in RD whilst no statistically significant
differences were obtained in RH30 (Figure 4, RH30 24 h and
3 days, PBI-05204 vs. Untreated). Thus, these data indicate that
PBI-05204 induce the growth arrest of FP- and FN-RMS in two
different ways: persistently perturbing the cell cycle distribution
of RH30 cells and promoting the senescence in RD cells.

PBI-05204 Inhibits the Ability of RMS to
Migrate and Invade.

The ability of PBI-05204 to affect the migration/invasion
ability of RMS cells was investigated. As shown in Figure 4A,
PBI-05204 (ICs) reduced RMS cell migration as assessed by
wound healing assays in which the same fields of confluent cells
were pictured immediately after the scratch (time Oh) and
again after 6, 12, 18 and 24 h following drug pre-incubation.
Particularly, 24 h after the scratch, PBI-05204 decreased the
level of wound closure to 41.1% + 4.9% for RD (Figure 4A, RD,
24 h Untreated vs. PBI-05204) and 42.4% + 3.8% for RH30 of
the control sample (Figure 4A, RH30, 24 h Untreated vs. PBI-
05204). Furthermore, PBI-05204 inhibited the ability of both
RD of 92.3% + 2.1% and RH30 of 98.7% + 1.1% to invade
chambers coated with Matrigel (Figure 4B, RD and
RH30 Untreated vs. PBI-05204). Altogether, these data
indicate that PBI-05204 can also counteract the in vitro
ability of RMS to migrate and invade.
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PBI-05204 sensitizes RMS cells to
radiation affecting also the intrinsically
radioresistant stem-like cell population

The ability of PBI-05204 to sensitize cells to ionizing
radiation was assessed through colony formation assay
performed on RMS cells (Figure 5A) and RMS-derived
CSC-like cells (Figure 5B) pre-treated for 24 h with PBI-
05204 (ICso) and then irradiated with a dose of 4 Gy. The
combination of RT and PBI-05204 improved the ability of this
treatment to affect the clonogenic ability (Figure 5A) and to
form tumor-spheres (Figure 5B) in both cell lines. The
clonogenic ability was affected by RT alone of 39.1% + 8%
in RD (Figure 5A, RD, RT vs. Untreated) and 18% + 8% in
RH30 (Figure 5A, RH30, RT vs. Untreated), by PBI-05204
alone of 76% + 3% in RD (Figure 5A, RD, PBI-05204 vs.
Untreated) and 79% + 5% in RH30 (Figure 5A, RH30, PBI-
05204 vs. Untreated), and by RT combined with PBI-05204 by
94% + 0.8% in RD (Figure 5A, RD, PBI-05204 + RT vs.
Untreated) and 98% + 0.4% in RH30 (Figure 5A, RH30,

PBI-05204 + RT vs. Untreated). Drug treatment in
combination  with RT  significantly reduced the
rhabdosphere formation by 94.3% + 0.6% in RD

(Figure 5A, RD, PBI-05204 + RT vs. Untreated) and
98.2% + 0.4% in RH30 (Figure 5A, RH30, PBI-05204 + RT
vs. Untreated), significantly improving the efficiency of RT
alone by 92.8% + 2.9% in RD (Figure 5A, RD, PBI-05204 + RT
vs. RT) and 97.5% + 3.2% in RH30 (Figure 5A, RH30, PBI-
05204 + RT vs. RT) and PBI-05204 alone by 77.3% + 3.1% in
RD (Figure 5A, RD, PBI-05204 + RT vs. PBI-05204) and
90.8% + 2.4% in RH30 (Figure 6A, RH30, PBI-05204 + RT
vs. PBI-05204). Notably, 24 h of PBI-05204 pre-treatment
alone affected the formation of tumorspheres in RD by
90.5% + 3.8% (Figure 5B, RD, Upper Panel, PBI-05204 vs.
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Untreated) and in RH30 by 98.8% + 2.6% (Figure 5B, RH30,
Upper Panel, PBI-05204 vs. Untreated) and, parallelly, the
number of the CD133* RMS cells (Figure 5B, RD and RH30,
Lower Panel, PBI-05204 vs. Untreated). Thus, PBI-05204 can
radiosensitize RMS independently from FP status, also
targeting the CSC subpopulation.
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PBI-05204 promotes RT-induced G,
phase cell cycle arrest and impairs DNA
double-strand break repair in RMS

The effects of PBI-05204 on cell cycle distribution and
DNA repair were investigated. Cell cycle distribution analysis
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experiments is shown (Down). Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, vs. Untreated, §p < 0.05, §§p < 0.01, §55p < 0.001vs.RT, +p <

0.05, ++p < 0.01, +++p < 0.001 vs. PBI-05204.

was performed by flow cytometry on RMS cells pre-treated for
24h with PBI-05204 (ICsy) and then irradiated with 4 Gy,
24 h, and 4 days after RT. As shown in Figure 6A, on RD cells,
PBI-05204 pre-treatment increased the percentage of cells
arrested in the G, cell cycle phase by RT, 4 days after
irradiation (Figure 6A, RD, 4 d, 30.7% + 1.3% PBI-05204 +
RT vs. 24.6% + 2.3% RT). On RH30, PBI-05204 pre-treatment
induced an early, 24 h (Figure 6A, RH30, 24 h, 43.3% + 0.6%
PBI-05204 + RT vs. 7.6% *+ 1.2% RT), and stable G, cell cycle
phase arrest following 4 d (Figure 6A, RH30,4 d, 28.3% *+ 1.6%
PBI-05204 + RT vs. 17.4% + 1.1% RT) of drug exposure. The
phosphorylation/activation status of DNA-PKcs and ATM,
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respectively upstream of Non-Homologous End-Joining
(NHEJ) and Homologous Recombination (HR) DSB repair
pathways, were also investigated. Pre-treating cells with PBI-
05204 counteracted the RT-induced phosphorylation/
activation of DNA-PKcs (Figure 6B, DNA-PKcsPO4 PBI-
05204 + RT vs. RT), and ATM (Figure 6B, ATMPO4 PBI-
05204 + RT vs. RT) in both RD and RH30 cells. Thus, the data
suggest that PBI-05204 can sensitize FN-RMS and FP-RMS to
RT by promoting the accumulation of cells in the G,, the most
radiosensitive phase of the cell cycle (Pawlik and Keyomarsi,
2004), thereby impairing the ability of FN-RMS and FP-RMS
to repair RT-induced DSBs.
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FIGURE 6

PBI-05204 promotes RT-induced accumulation of cancer cells in the G2 phase of the cell cycle and counteracts the ability of FN-RMS and FP-

RMS to repair damaged DNA. (A) FACS analysis performed on RD (Left) and RH30 (Right) treated with PBI-05204 (ICsg), RT alone or with the
combination. Data (Up) show the percentage of cells in each cell cycle phase representing the mean value of three independent experiments. (Down)
Representative data from three independent experiments is shown. (B) Cell lysates from RD (Left) and RH30 (Right) cells pre-treated for 24 h

with PBI-05204 (IC50) and then irradiated with 4 Gy were collected 10 min, 6 and 24 h after RT. Cell lysates were analyzed by immunoblotting with
specific antibodies for the indicated proteins; vinculin expression was used as a loading control. Histograms (Up) of densitometric analysis represent
the mean values of three independent experiments +SD. Statistical significance: **p < 0.01, ***p < 0.001 vs. Untreated cells, §p < 0.05, §§p < 0.01,
§96p < 0.001 vs. RT, +p < 0.05, ++p < 0.01, +++p < 0.001 vs. PBI-05204. A representative of three independent experiments is shown (Down).

PBI-05204 radiosensitizes RMS cells in reached 0.5cm® (T0), mice received PBI-05204 (20 mg/kg)
Vivo (Colapietro et al., 2022) or vehicle (PBS) by mouth once daily
for five consecutive d (see Methods) and then were irradiated, or

In vivo experiments were then performed by subcutaneously not, with 2 Gy on the 1st, 3rd, and fifth d with PBI-05204 given
injecting (SC) RMS cells in nude mice. When the tumor volume 1 h before RT. Tumor volumes were measured every 5 days for a
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period of 20 days after the start of treatment. Compared to single
treatments, combining RT and PBI-05204 significantly improved
the therapeutic efficiency of RT resulting in 60.4% =+ 6.3% volume
reduction in RD (Figure 7A, RD, PBI-05204 + RT vs. RT) and
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83.3% * 6.2% in RH30 (Figure 7A, RH30, PBI-05204 + RT vs.
RT) xenografts compared to RT alone, and of 37.5% * 5.7% in
RD (Figure 7A, RD, PBI-05204 + RT vs. PBI-05204) and 54.4% +
8.1% in RH30 (Figure 7A, RH30, PBI-05204 + RT vs. PBI-05204)
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xenografts compared to PBI-05204 alone. Notably, PBI-05204
alone significantly affected the in vivo tumor growth of RD by
44% + 3.9% (Figure 7A, RD, PBI-05204 vs. Untreated) and of
RH30 by 52.1% * 7.1% (Figure 7A, RH30, PBI-05204 vs.
Untreated). Accordingly, tumor weights of xenografts from
co-treated with PBI-05204 and RT decreased
significantly compared to those of untreated mice and single
treatments (Figure 7B, RH30, PBI-05204 vs. Untreated). In both
RD and RH30 xenografted mice PBI-05204 and RT co-treatment
slowed the tumor progression (TP) compared to PBI-05204
(Figure 7C, RD and RH30, PBI-05204 + RT vs. PBI-05204) or
RT (Figure 7C, RD and RH30, PBI-05204 + RT vs. RT) alone.
Taken together, these findings highlight the ability of PBI-05204
to radiosensitize both FN-RMS and FP-RMS with a greater effect
on FP-RMS.\

mice

Discussion

the of PBI-05204, a
supercritical CO, extract of N. oleander (Colapietro et al,

Herein, therapeutic  potential
2022) already clinically successfully tested for its tolerability
and safety in cancer patients (Hong et al., 2014; Roth et al,
2020), has been investigated in RMS cells, as a single agent and in
combination with RT.

As previously demonstrated with in vitro and in vivo models
of pancreatic cancer (Pan et al, 2015) and glioblastoma
(Colapietro et al, 2020, 2022), PBI-05204 counteracted,
in vitro, the aberrant proliferation of RMS, by concomitantly
inducing cytostatic and cytotoxic effects in a concentration
dependent manner. Notably, the half maximal inhibitory
concentration (ICsp) able to induce growth arrest was 4.8 ng/
ml in FN- and 2.2 ng/ml in FP-RMS, suggesting a higher
sensitivity to PBI-20054 of the most aggressive RMS subtype.
Furthermore, prolonged treatment induced the death of all cells,
suggesting that the initial cytostatic effect induced by PBI-05204
could be a failed attempt by cells to resist the cytotoxic action of
the drug.

Treatment of FP-RMS resulted rapidly (24h) and
persistently (4 days) in an arrest in the G,/M phase of the cell
cycle, while FN-RMS was transiently restrained in the G;/S
phase, with a different molecular pattern between RMS subtypes.

In FP-RMS, PBI-05204 downregulated the expression of
cyclin Al and cyclin Bl, promoters of G,/M transition
(Jackman and Pines, 1997), and upregulated the expression of
p21WeRCPt and p2 , cell cycle inhibitors globally acting in
any phase of the cell cycle (Abukhdeir and Park, 2008).
According to previously reported evidence (Hong et al., 2014),
PBI-05204 inhibited the PI3-kinase/AKT protein kinase

pathway. PI3-kinase/AKT signaling, known to be aberrantly

7Cip1/Kip1

activated and sustained in the transformed phenotype of FP-
RMS (Sorensen et al., 2002; Davicioni et al., 2009; Rudzinski et al.,
2015, 2017; Skapek et al., 2019), has multiple roles in regulation
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of cell cycle progression (Liang and Slingerland, 2003), including
the G/M phase (Shtivelman et al, 2002) in part by
phosphorylating/inhibiting p21"**/“P! and p27“P¥#! (Chen
et al., 2019). Furthermore, targeted inhibition of the PI3K/
AKT pathway has been shown to enhance cell death in FP-
RMS (Liu et al., 2009; Crose and Linardic, 2011). Thus, we believe
that the cytostatic and cytotoxic effects concomitantly induced by
PBI-05204 could be related to PI3K/AKT pathway inhibition.
Notably, we noticed that PBI-05204 also downregulated the
expression of cyclin E/CDK2 complex, known to be a G; cell
cycle promoter (Hinds et al., 1992). However, it has been shown
that cyclin E/CDK2 complex can also promote non-cell cycle-
related (Hydbring et al., 2016; Liu et al., 2019) pro-oncogenic
functions (Hwang and Clurman, 2005; Pang et al, 2020),
including in FP-RMS (Takahashi et al., 2004; Tamura et al.,
2022). Thus, although we cannot exclude a possible role in
growth arrest, we believe that PBI-05204-induced cyclin
E/CDK2 downregulation is relevant in terms of affecting the
relative aggressiveness FP-RMS.

In contrast to FP-RMS, PBI-05204-treatment did not
modulate the expression of cyclins and/or CDKs in FN-RMS
but downregulated the expression of the oncoprotein c-Myc.
Similarly, PBI-05204 upregulated the expression of p21™/<ie!
and p27°PVKPl We have previously shown that overexpression
of p21W* P! (Ciccarelli et al., 2005) or downregulation of c-Myc
itself (Gravina et al., 2016) can induce growth arrest in FN-RMS.
Considering that PBI-05204 induces the dephosphorylation/
inhibition of ERKs, known to be aberrantly activated in FN-
RMS (Sorensen et al., 2002; Davicioni et al., 2009; Rudzinski et al.,
2015, 2017; Skapek et al, 2019), upregulates p21We/cie!
(Ciccarelli et al., 2005) and downregulates c-Myc (Marampon
et al., 2006) expression, the molecular modulations induced by
PBI-05204 in FN-RMS may occur through disruption of the
MEKSs/ERKs signaling and consequent c-Myc-downregulation-
mediated p21Wafl/Cipl expression (Gartel et al., 2001) and
p27°PVKPt phosphorylation/activation (Garcia-Gutiérrez et al.,
2019). Notably, according to the proposed roles of p21Wa/cie!
and p27“PVP! a5 key master regulators of cellular senescence
(Flores et al., 2014), a potentially reversible type of cell cycle
arrest (Flores et al., 2014; Kumari and Jat, 2021), it was
demonstrated that PBI-05204 increased the expression levels
of SA-B-Gal, a marker of cell senescence (Dimri et al., 1995),
in FN-RMS but not in FP-RMS. It has been recently shown that
senescence is not always definitive and that arrested cancer cells
can use senescence as an adaptive pathway to restart proliferation
(Guillon et al., 2019). Thus, we speculate that the lower sensitivity
of FN-RMS to PBI-05204 could be related to an ability of this
RMS subtype to activate a program of senescence-mediated
cellular protection in which an inability to be activated in FP-
RMS makes the latter more sensitive to the drug.

The potential therapeutic efficiency of PBI-05204 is also
suggested by its ability to counteract the growth of the cancer
stem cell (CSC) subpopulation, as suggested by the assays based
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on the formation of CSCs-like enriched tumorspheres and the
reduction in the expression of the stem cell marker CD133. The
subpopulation of CSCs has been shown to drive tumor initiation,
resistance to therapies and be responsible for local relapses and
distant metastases (Phi et al., 2018; Arnold et al., 2020). Notably,
according to the role of CSCs in promoting cancer metastases
and the ability of PBI-05204 to counteract RMS stemness, the
treatment reduced the ability of FN- and FP-RMS to migrate and
invade. It has been recently shown that MEKs/ERKs signaling in
FN-RMS and PI3K/AKTs signaling in FP-RMS sustain CSCs and
a pro-metastatic phenotype (Ciccarelli et al., 2016; Manzella
et al, 2020; Ramadan et al, 2020; Skrzypek et al., 2020).
Thus, inhibition of these pathways by PBI-05204 could be
explained at least in part by its ability to counteract stemness
and the migratory behavior/metastatic potential of RMS cancer
cells.

Since monotherapy frequently fails to adequately control tumor
proliferation and RT has been shown to play a critical role in
treating RMSs patients, the ability of PBI-05204 to increase the
therapeutic efficacy of RT was investigated. PBI-05204
radiosensitized both FN- and FP-RMS, as indicated by the
impaired clonogenic survival of PBI-05204-pre-treated non-CSCs
and CSCs RMS cells. Since CSCs have been shown to contribute
significantly to radiation resistance, and PBI-05204 has recently
been shown to radiosensitize CSCs of GBM (Colapietro et al., 2022),
it is suggested that this botanical drug is a strong candidate for use as
a radiosensitizer in the treatment of RD. The molecular mechanisms
involved in radioresistance are not fully understood (Arnold et al,,
2020), even though DNA repair remains the mechanism primarily
responsible for resistance of cancer cells to radiation (Schulz et al.,
2019). A tumor cell’s ability to effectively repair DNA damage can
enable it to: 1) resume proliferation, abandoning the redistribution
of the cell cycle induced by radiation; 2) effectively repopulate the
portion of cancer cells killed by radiation; 3) counteract the
radiosensitizing phenomenon of reoxygenation; and, 4) acquire a
more aggressive phenotype capable of increasing intratumoral
heterogeneity, reducing the immunostimulating potential of RT
(Boustani et al., 2019). Homologous recombination (HR), mediated
by ATM signaling, and NHE], mediated by DNA-PKcs signaling,
are the two major pathways for repair of DSBs, (Toulany, 2019).
PBI-05204 efficiently, stably, and persistently counteracted the
phosphorylation/activation of ATM on both FN- and FP-RMS.
ATM contributes to radioresistance of several cancer cell types
(Tribius et al,, 2001; ZHOU et al., 2013; Bernardino-Sgherri et al.,
2021; Cao et al,, 2021; Zhang et al., 2022), resulting in an important
pathway for DSB repair (Helleday, 2010), as also confirmed by
Garcia et al., 2022. Recently, a Phase I clinical trial investigating the
radiosensitizing efficiency of M3541, a selective inhibitor of ATM,
has closed unsuccessfully (Waqar et al, 2022), while another,
assessing the safety and tolerability of the ATM inhibitor
AZD1390 in combination to RT in patients with brain cancer is
ongoing (NCT03423628). It has been largely shown that cancer cells
can activate alternative survival pathways as a major mechanism of
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drug resistance and this also involves resistance to DNA repair
inhibitors (Baxter et al., 2022). In this context, having available a
drug capable of inhibiting the main pathways responsible for
rhabdomyosarcomagenesis and DNA repair is certainly an
advantage. That PBI-05204 can counteract in a stable and
persistent way the state of phosphorylation/activation of DNA-
PKcs, and thereby abolish repair of DSBs in the most aggressive and
radioresistant subtype of RMS, the FP-RMS, represents a further
point in favor of the use of PBI-05204 as a radiosensitizing agent.
Further research is required to understand why inhibition of DNA-
PKGcs is transient in FN-RMS and whether this can be interpreted as
a potential attempt to activate a resistance mechanism. However,
PBI-05204 efficiently counteracted the ability of RMS to escape from
RT-induced G2/M growth arrest on both FN- and FP-RMS,
predisposing cancer cells to a higher sensitivity to subsequent
fractions of irradiation (Toulany, 2019).

Finally, PBI-05204 radiosensitized FN- and FP-RMS in in
vivo xenograft models of RMS as indicated by the ability of RT to
counteract tumor growth and progression more efficiently in
PBI-05204 pre-treated mice. The dose of PBI-05204 (20 mg/kg)
(Colapietro et al., 2022) herein used in in vivo experiments is
effectively higher than used in the phase I clinical trial (Hong
et al, 2014). This is explained by the fact that mice lack
expression of the Na, K-ATPase alpha3 subunit, which is
important for efficient uptake of oleandrin, the major
bioactive component of PBI-05204 (Yang et al., 2009), which
leads to a relatively low absorption. However, no differences were
noticed between the blood concentration of oleandrin in treated
mice (Pan et al,, 2015) and patients treated with the highest dose
of PBI-05204 (Hong et al., 2014). Additional research requires
that lower doses of PBI-05204 will need to be evaluated.

RT remains a pivotal treatment in the management of RMS
even though a significant number of patients experience local and/
or distant recurrences. The use of hypofractionated schedules has
not improved the therapeutic efficiency of RT. Therefore, there is
an urgent need to identify new radiosensitizing strategies. The data
reported herein suggests that PBI-05204 could be an important
new radiosensitizer with strong activity toward FP-RMS, the most
aggressive type of RMS.
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Apigenin directly interacts with
and inhibits topoisomerase 1 to

upregulate CD26/DPP4 on
colorectal carcinoma cells

Julia E. Fux™, Emilie C. Lefort?", Praveen P. N. Rao! and
Jonathan Blay?*

School of Pharmacy, University of Waterloo, Waterloo, ON, Canada, ?Department of Pathology,
Dalhousie University, Halifax, NS, Canada

Introduction: CD26/dipeptidyl peptidase IV (DPP4) is a cell-surface
glycoprotein present on most epithelial cells that modulates the local
response to external signals. We have previously shown that the dietary
flavone apigenin (4',5,7-trinydroxyflavone) upregulates cell-surface CD26/
DPP4 on human colorectal carcinoma (CRC) cells and regulates its activities.
We observed a unique synergistic interaction with the CRC chemotherapeutic
agent irinotecan, which through its metabolite SN38 elevates CD26 at doses
that are sub-cytotoxic. As SN38 interacts with topoisomerase 1 (Topol) we
evaluated whether apigenin influences Topol activity.

Methods: We used a radioimmunoassay to selectively measure CD26 at the cell
surface of HT-29 cells following various treatments. Topoisomerase 1 mRNA
expression was measured by g-RT-PCR and protein abundance by western blot
analysis. Direct inhibition of topoisomerase activity was measured using an
assay of DNA supercoil relaxation with recombinant human Topol. The role of
Topol in the effect of apigenin was shown both pharmacologically and by
siRNA silencing of Topol. Molecular docking analysis was done with SBD
computational software using the CDOCKER algorithm.

Results: The interplay between apigenin and irinotecan was not observed when
apigenin was combined with other chemotherapeutic drugs including the
topoisomerase 2 inhibitors doxorubicin or etoposide. There was no
enhancement of irinotecan action if apigenin was replaced with its
hydroxylated metabolite luteolin (3',4',5,7-tetrahydroxyflavone) or emodin
(6-methyl-1,3,8-trihydroxyanthraquinone), which is an inhibitor of the
principal kinase target of apigenin, casein kinase 2 (CK2). Apigenin did not
alter Topol mRNA expression, but siRNA knockdown of functional Topol
eliminated the effect of apigenin and itself increased CD26 levels. Apigenin
inhibited Topol activity in intact HT-29 cells and showed comparable inhibition
of purified recombinant human Topol enzyme activity to that of SN-38, the
active metabolite of irinotecan. Apigenin fits into the complex of Topol with
DNA to directly inhibit Topol enzyme activity.

Discussion: We conclude that apigenin has a unique fit into the Topol-DNA
functional complex that leads to direct inhibition of Topol activity, and suggest
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that this is the basis for the exceptional interaction with the CRC drug irinotecan.
A combined action of these two agents may therefore exert a role to limit local
signals that facilitate tumour progression.

KEYWORDS

apigenin, DPP4 (CD26), CK2 (casein kinase Il), topoisomerase 1 (Top1l), irinotecan

(CPT-11)
Introduction

(4',5,7-trihydroxyflavone;
hydroxyphenyl)-4H-1-benzopyran-4-one) s

Apigenin 5,7-dihydroxy-2-(4-

one of many
bioactive compounds found in the diet, being present at
significant levels in many fruits, vegetables, herbs, and spices and
particularly abundant in parsley and chamomile (Birt et al., 2001;
Yang et al,, 2001; Lefort and Blay 2013). As a flavonoid, it has the
potential to impact multiple cellular signalling pathways and
consequent cell behaviour, giving it the capacity to alter the
relationship of cells with their surroundings and potentially affect
cell disposition in both normal and pathological situations. We have
reviewed these actions and how they might impact on cancer,
particularly in neoplasias situated in, or associated with, the
gastrointestinal tract (Lefort and Blay 2013). Most importantly,
we have recently shown that the use of oral supplements of
apigenin in a semi-purified form should be able to reach
circulating blood levels capable of causing the cellular changes
that are predicted to be beneficial against cancers, including
those of the gastrointestinal tract (DeRango-Adem and Blay
2021). This may be achieved using dosing quantities comparable
with those currently accepted for other natural product supplements
(DeRango-Adem and Blay 2021).

Amongst its actions, we have shown that apigenin is able to
upregulate CD26 at the surface of human colorectal carcinoma (CRC)
cells, including those of the HT-29, HRT-18 and Caco-2 cultured cell
lines (Lefort and Blay 2011; Lefort et al., 2020). CD26 is a 110-kDa
membrane glycoprotein that is normally found at the apical surface of
mature intestinal epithelial cells including those of the colon (Darmoul
etal, 1991; Lefort and Blay 2013). It shows changes in expression and
distribution in cancer (Balis 1985; Kotackova et al., 2009). CD26 is a
multifunctional protein and in its mature, dimeric form it is
enzymatically active at the cell surface and has an intrinsic
hydrolase activity (dipeptidyl peptidase IV, DPP4) that cleaves
N-terminal dipeptides from certain extracellular signalling peptides
(De Meester et al., 1999; Havre et al,, 2008). Amongst its substrates
that are key cell mediators are the cell-directing peptides known as
chemokines, and the highest affinity of DPP4 is for CXCL12 (stromal-
derived factor-1, SDF-1), which is the ligand for the receptor CXCR4,
a regulator of cell migration that is itself regulated by constituents of
the tumour microenvironment (Richard et al.,, 2006; Richard et al.,
2007; Richard and Blay 2008). CD26 also (i) functions as the major
cellular binding protein for adenosine deaminase (ADA), a soluble
ecto-enzyme that inactivates the immunosuppressive metabolite
adenosine (Dong et al, 1997), and (i) directly interacts with the
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extracellular matrix (ECM) proteins collagen and fibronectin (Loster
etal, 1995; Cheng et al., 2003). CD26 is therefore a nexus of regulation
governing the cell’s relationship with its extracellular milieu, and it is
regulated by apigenin.

We have recently shown (Lefort et al., 2020) that apigenin’s
ability to upregulate CD26 is dependent upon its ability to inhibit
the activity of casein kinase 2 (CK2). CK2 is a ubiquitous cellular
Ser/Thr-protein kinase that has downstream effects on cell
proliferation, cell viability, modulation of DNA damage,
contractility, and cellular invasion through the extracellular
matrix (Pinna and Meggio 1997; Morales and Carpenter 2004;
Kim et al., 2018; Suhas et al., 2018). Apigenin is well known for its
ability to inhibit CK2 and has been used experimentally as a
CK2 inhibitor (Ahmad et al., 2006; Kroonen et al., 2012; Jung
et al., 2014; Kim et al., 2018; Suhas et al., 2018). However, it is
uncertain that apigenin exerts its effect on cellular behaviours
including regulation of interactions with the extracellular matrix,
cellular contractility and the function of molecules including
CD26 (Lefort and Blay 2011; Kim et al., 2018; Suhas et al., 2018)
solely through CK2. Apigenin and related flavonoids differ from
synthetic CK2 inhibitors both in terms of the stereochemistry of
their interaction with CK2 and their observed effect in
experimental cellular systems (Sarno et al., 2002; Suhas et al,,
2018). Furthermore, However, the protracted time course of the
change in CD26 levels [maximum reached after 24 h-48h,
(Lefort and Blay 2011)] suggests that there are additional or
subsequent events necessary in order to have changes in CD26.

In our earlier work (Lefort and Blay 2011) we noted that apigenin
has a distinct property in how it interacts with the anti-cancer drug
irinotecan at the cellular level. Multiple chemotherapeutic agents also
have the property, independent of their cytotoxic action, of
upregulating CD26 (Cutler et al., 2015). However while the effects
of combining apigenin with, for example, 5-fluorouracil or oxaliplatin
are simply additive, the combination with irinotecan shows a marked
synergism, with irinotecan enhancing the potency for apigenin to
increase CD26 by 30-fold (Lefort and Blay 2011). The primary mode
of action of irinotecan, through its active metabolite SN-38, is to
poison the nuclear enzyme DNA topoisomerase 1 (Topol) (Liu et al,,
2000). We therefore hypothesized that apigenin might somehow also
be acting on Topol, which would lead to an interaction with
SN38 and explain the synergism with irinotecan in elevating CD26.

In this work we show that apigenin can directly interact with
and inhibit the activity of topoisomerase, that the interaction is
selective for Topol, and that the resultant inhibition is a part of
the ability of apigenin to upregulate CD26/DPP4.
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Materials and methods

Culture of human colorectal carcinoma
cells

HT-29 human colorectal carcinoma (CRC) cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, United States) and were maintained at 37°C in a
humidified atmosphere of 90% air/10% CO,. The stocks used
have been confirmed for genotype, and cultures were negative for
mycoplasma contamination when tested using a PCR-based
approach. All responses have been confirmed in cells within
4 passages of receipt from ATCC.

Cells were cultured in 80-cm” flasks (Corning, Nepean, ON,
Canada), containing Dulbecco’s modified Eagle medium
(DMEM), supplemented with 10%
newborn calf serum (NCS; Life technologies, Burlington, ON,

(v/v) heat-inactivated

Canada) and passaged with brief exposure to TrypLE™ Express
(Life technologies, Burlington, ON, Canada). For experimental
purposes, cells were seeded at density of 90,000 cells/ml unless
of
confluent density, they were treated with compounds of

otherwise indicated. Once cultures reached 60%-70%

interest or with control vehicle, as specified in figure legends.

Chemotherapeutic treatments were irinotecan (Sandoz, Montreal,
QC, Canada), etoposide (Novopharm, Toronto, ON, Canada)
and doxorubicin (Mayne Pharma, Montreal, QC, Canada).
Bovine serum albumin (BSA), dimethyl sulfoxide (DMSO),
apigenin, luteolin (3',4',5,7-tetrahydroxyflavone), 6-methyl-1,3,8-
trihydroxyanthraquinone (emodin), and the irinotecan active
metabolite SN-38 (7-Ethyl-10-hydroxycamptothecin) were obtained
from Sigma-Aldrich (St. Louis, MO. United States). Flavonoids were
dissolved in DMSO to make stock solutions and subsequently further
diluted in medium to give a final DMSO concentration in whole cell
assays of less than 0.02% (v/v), a concentration that does not affect
CD26 levels (Tan et al,, 2004).

Radioimmunoassay for cell-surface CD26

Following a 48 h treatment, cell-surface CD26 was quantified
using a radioimmunoassay as previously described (Tan et al., 2004).
All washes and incubations were performed at 4°C. Wells from a 48-
(or 24-) well plate were washed once with 500 pl (750 pl for 24-well
plate) of ice-cold phosphate-buffered saline (PBS; 137 mM NaCl,
24.8 mM Tris-HCl, 5mM KCl, 0.7 mM Na,HPOy,, 0.5 mM MgSO,
and 1 mM CaCl,; pH 7.2) containing 0.2% (w/v) BSA and incubated
for 1 h with 125 pl (200 ul for a 24-well plate) PBS containing 1% (w/
v) BSA and 1 pg/ml mouse anti-human CD26 (clone M-A261)
monoclonal antibody (mAb) or mouse IgG isotype-matched control
mAb (clone W3/25). Following the incubation period, cells were
washed twice with 500 pl (750 pl for a 24-well plate) PBS containing
0.2% (w/v) BSA and were incubated for 1 h with 125 pl (200 pl for a
24-well plate) PBS containing 1% (w/v) BSA and 1 uCi/ml

Frontiers in Pharmacology

29

10.3389/fphar.2022.1086894

*I-labeled goat anti-mouse IgG mAb obtained from
(PerkinElmer Life Sciences, NEN, Boston, MA, United States).
Cells received two final washes with 500 pl (750 ul for a 24-well
plate) PBS containing 0.2% (*/) BSA. Finally, 500 pl of 0.5 M NaOH
was added to each well in order to solubilize the cells, and
radioactivity was assessed using a gamma counter (Model
1,480 Wizard™ 3, Wallac Co., Turku, Finland). Radioactive
counts were corrected for both non-specific binding relative to
an isotype control and the number of viable cells as assessed by
a Coulter” Model ZM151183 particle counter (Beckman Coulter,
Mississauga, ON, Canada).

Topoisomerase 1 mMRNA expression using
q-RT-PCR

Total RNA was extracted from HT-29 cells grown in 6-well
plates (VWR International, Mississauga, ON, Canada) using the
TRIzol” reagent (Life technologies, Burlington, ON, Canada), as
indicated by the manufacturer. RNA concentrations were quantified
by spectrophotometric analysis at 280 nm/260 nm wavelengths.
RNA (1ug) was reverse-transcribed using an M-MLV reverse
transcriptase enzyme, 5mM deoxyribonucleotide triphosphate,
0.5uM oligo (dT), dithiothreitol, 5x First Strand buffer, all
obtained from Life technologies (Burlington, ON, Canada) and
DEPC-H,O (GE Healthcare Life Sciences, Baie D’Ufré, QC,
Canada) in a total volume of 20ul. Custom primers (Life
technologies, Burlington, ON, Canada) were designed to amplify
specific regions in the transcript and the sequences used were: Topol
forward primer 5'- TCCGGAACCAGTATCGAGAAGA-3' and
reverse primer 5'- CCTCCTTTTCATTGCCTGCTC-3'. For each
of the samples, mRNA levels were normalized to cyclophilin A,
sequence forward: 5'-TTCATCTGCACTGCCAAGAC-3/, reverse:
5'-TCGAGTTGTCCACAGTCAGC-3'. Amplification reactions
included an initial cycle of denaturation for 10 min at 95°C,
followed by 40 cycles of denaturation at 95°C for 20 s, annealing
at 60°C for 18 s, and extension at 70°C for 30 s, with brilliant SYBR
Green detection, and a final melting curve cycle of 95°C for 1 min,
65°C for 30s, and 95°C for 30s in a Stratagene Mx3000P
thermocycler (Cedar Creek, TX, United States). Relative Topol
expression as indicated by the fluorescence was analyzed using
the comparative Ct method.

Western blot analysis for topoisomerase 1

HT-29 cells were seeded into 6-well plates and were grown to
60%-70% confluency, after which they were exposed to apigenin
over a time period of 0 h-60 h. Cells were washed twice with ice-cold
PBS and dissolved in lysis buffer (50 mM Tris-HCL, pH 7.4, 1%
Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl)
1mM EDTA, 1mM NaF, 1mM
phenylmethyl sulfonyl fluoride and 1X protease inhibitor cocktail

supplemented  with
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set 1 (EMD Canada Inc. Mississauga, ON, Canada). Samples were
incubated on a plate rotator for 20 min at 4°C and cell lysates then
clarified by centrifugation (12,000 x g for 20 min). Cellular protein
was quantified using Bio-Rad Protein Assay Dye Reagent (Bio-Rad
Laboratories Inc. Mississauga, ON, Canada).

HT-29 cells were seeded into 6-well plates and were grown to
60%-70% confluency, after which they were exposed to apigenin
over a time period of 0 h-60 h. Cells were washed twice with ice-
cold PBS and dissolved in lysis buffer (50 mM Tris-HCI, pH 7.4,
1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl)
1mM EDTA, 1mM NaF, 1mM
phenylmethyl sulfonyl fluoride and 1X protease inhibitor
cocktail set 1 (EMD Canada Inc. Mississauga, ON, Canada).
Samples were incubated on a plate rotator for 20 min at 4°C and

supplemented  with

cell lysates then clarified by centrifugation (12,000 x g for
20 min). Cellular protein was quantified using Bio-Rad
(Bio-Rad Laboratories
Samples were denatured in

Protein Assay Dye Reagent Inc.
ON, Canada).
Laemmli buffer at 95°C for 5min and 15pg of protein per
lane was separated by SDS-PAGE using 4% stacking and 10%

resolving gels as previously described [27]. Gels were then

Mississauga,

electroblotted onto a nitrocellulose membrane, blocked with
3% BSA (CD26) and probed overnight at 4°C with IgM
DNA Topol C-21) (BD
Pharmingen, San Diego, CA, United States). Membranes were
washed 5 times with Tris-buffered saline with 0.1% Tween 20 and
then incubated with horseradish peroxidase (HRP)-conjugated

mouse anti-human (clone

polyclonal IgM goat anti-mouse secondary Ab (BD Pharmingen,
San Diego, CA. United States), for 1 h at room temperature.
detected
detection

Protein expression was using an enhanced

chemiluminescence system (Thermo scientific,
Ottawa, ON, Canada). To confirm equal protein loading in
each sample, the membrane was re-probed with a IgG rabbit
anti-human a-tubulin (11H10) primary Ab (Cell Signaling
Technology®, Pickering, ON, Canada), followed by an IgG
anti-rabbit (BD

Pharmingen, San Diego, CA, United States).

HRP-conjugated  goat secondary mAb

Assay of inhibition of recombinant
topoisomerase 1

Recombinant human DNA topoisomerase 1 (thTopol; Prospec-
Tany Technogene Ltd., East Brunswick, NJ, United States) was diluted
to 10 ug/ml in 10 mM Tris-HCl, pH 7.9, 150 mM NaCl, 1 mM
EDTA, 5% glycerol, 0.1 mM spermidine and 0.1% BSA, and used
at 10 ng per reaction. The rhTopol was pre-incubated with flavonoids
for 15min at room temperature, followed by incubation for 25 min at
37°C with 250 ng supercoiled pHOT1 plasmid substrate from a
commercial topoisomerase 1 assay kit (Topogen Inc., Buena Vista,
CO, United States). Bands were visualized after electrophoresis for 2 h
at 70V on 1% (/) agarose with 0.01% ("/,) SDS and staining with
GelRed (Biotium, Fremont, CA, United States) for 30 min.
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Assay of topoisomerase 1 inhibition in cells

HT-29 cells at ~60% of confluent density were treated with
apigenin or SN38 for 48 h. Cells were then rinsed with PBS,
released by trypsinisation, and pelleted by centrifugation (200 x g,
10 min, 4°C). The pellet (~107 cells) was washed 3 times with cold
PBS and resuspended in 180 pl ice-cold low-salt buffer (20 mM
Tris-HCI, pH7.5, containing 5mM KCl, 1 mM dithiothreitol,
10% (*/y) glycerol) and Ix HALT® (Pierce Biotechnology,
Rockford, IL, United States) protease inhibitors for a total of
10 min at 4°C and then physically disrupted by trituration 5x
through a 27G needle. After further incubation for 30 min at 4°C,
the homogenate was centrifuged (15,000 x g, 3 min, 4°C) and the
nuclear pellet resuspended in 180 ul ice-cold high-salt buffer
(low-salt buffer supplemented with 355 mM KCl) for total of
80 min at 4°C. The sample was then recentrifuged (15,000 x g,
10 min, 4°C) and the supernatant containing extracted nuclear
proteins assayed for topoisomerase activity. Topoisomerase
1 activity was assessed as described (Webb and Ebeler 2003;
Nitiss et al., 2012) using 5 pg protein, 200 ng supercoiled pEGFP
DNA plasmid (Clontech Laboratories Inc., Mountain View, CA,
United States) and incubation for 10 min at 37°C.

Silencing of topoisomerase 1 using siRNA
transfection

Small interfering RNA (siRNA) transfection of HT-29 cells
was carried out according to the manufacture’s instructions,
siPORT™
(AM4503) in 24-well plates. Silencer ° Select negative control

using 3.0 pl/well Amine Transfection Agent
#1 siRNA was used as a negative control. Cells were seeded in
10% NCS DMEM at a density of 240,000 cells/ml and were
transfected with an optimized concentration of 7.5 nM, using
validated silencer” Select siRNA specific for Topol. 24h
following seeding, cells received a medium change in order to
reduce cellular cytotoxicity. 48 h following siRNA transfection
(when the knock-down became established as evaluated through
western blot), cells were treated with 60 uM apigenin or its
equivalent DMSO control. To examine the effect of apigenin
on Topol knocked-down cells, cell-surface CD26 levels were
assessed through a radioimmunoassay 48 h following treatment;
this corresponded to 96 h after transfection.

Molecular docking studies

Molecular docking studies were carried out using the
computational software Discovery Studio Structure Base
Design (SBD) suite from BIOVIA v17.1.0.16143 (Dassault
Systemes, France). Flavonoids apigenin, luteolin, kaempferol
and genistein were built in 3D and subjected to energy
minimization by 500 steps each of steepest descent and
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conjugate gradient minimization respectively (RMS gradient
0.1 kcal/mol), using the CHARMm force field, distance-
dependent dielectric constant and SHAKE algorithm using the
small molecules tool in SBD. The x-ray coordinates of human
Topol-DNA complex were obtained from PDB (pdb id: 1K4T),
water molecules were removed and the protein configuration was
prepared using the macromolecules tool in SBD. The bound
ligand topotecan was then used to create a 10 A sphere to
define the active site and the ligand (both cyclic lactone and
open carboxylate) was deleted. In the next step, docking studies
of flavonoids were carried out using the CDOCKER algorithm
which is based on a simulated-annealing protocol using the
CHARMm force field, 2,000 heating steps, 700K target
temperature and 5,000 cooling steps with a target temperature
of 300 K to obtain 10 docked ligand poses with the Topol-DNA
complex. The binding poses were ranked using CDOCKER
energy in kcal/mol, by determining the polar and non-polar
interactions and bond distance parameters.

Statistical analysis

Unless otherwise noted, figures are representative of
independent experiments conducted on at least three separate
occasions. Statistical analyses were performed using Prism
8.0 software (GraphPad, San Diego, CA, United States).
Comparisons of data were performed using two-way ANOVA
with Bonferroni’s comparison test to compare the replicate

means unless otherwise indicated. For all analyses a
p-value <0.05 was considered as the minimum for statistical
significance.
Results

Other inhibitors of CK2 do not reproduce
the ability of apigenin to interact with
irinotecan

In our original work showing that apigenin can upregulate
the protein CD26 on human colon carcinoma cells we noted that
apigenin had a unique interaction with the anticancer drug
irinotecan (Lefort and Blay 2011). We have since documented
how multiple chemotherapeutic agents have the additional
property, independent of their cytotoxic action, of
upregulating CD26 (Cutler et al., 2015). However while the
effects of combining apigenin with, for example, 5-fluorouracil
or oxaliplatin are no more than additive, the interaction with
irinotecan is highly synergistic.

Irinotecan enhances the potency for apigenin to increase
CD26 by 30-fold (Lefort and Blay 2011). Conversely, apigenin
itself enhances the potency of the irinotecan effect; it leads to a
4.2-fold enhancement of irinotecan potency, with 30 uM
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apigenin causing a reduction in the irinotecan ECsy from
4.7 pug/ml to 1.1 pg/ml (Lefort and Blay 2011).

We have recently shown (Lefort et al., 2020) that the ability of
apigenin to elevate CD26 involves and requires inhibition of the
activity of the kinase CK2. Furthermore, multiple synthetic
CK2 inhibitors (Emodin, 6-methyl-1,3,8-trihydroxyanthraquinone;
TBB, 4,5,6,7-tetrabromobenzotriazole; and DRB, 5,6-
dichlorobenzimidazole 1-B-p-ribofuranoside) also upregulate CD26
(Lefort et al., 2020). We first examine whether CK2 inhibition is also
necessary and sufficient for the ability to interact synergistically with
irinotecan.

Consistent with our earlier work (Lefort et al, 2020) the
CK2 inhibitor emodin was itself able to elevate cell-surface CD26
(Figure 1A). Furthermore, the apigenin metabolite luteolin
(3',4',5,7-tetrahydroxyflavone), which is also an inhibitor of CK2
(Lietal, 2009; Lolli et al., 2012) was itself able to upregulate CD26 in
a dose-dependent fashion (Figures 1B, C). As well, treating the cells
with irinotecan produced a dose-dependent elevation of CD26
(Figures 1A, C) comparable to that we had observed before
(Lefort and Blay 2011). However, neither emodin nor luteolin
showed an ability to interact productively with irinotecan, nor
the ability to increase the potency of irinotecan to act on CD26
(Figures 1A, C). Indeed, with the single exception of emodin at the
highest dose of irinotecan, the effect of irinotecan was to mask the
positive effect of the CK2 inhibitors.

Therefore, we conclude that although CK2 kinase inhibition
is a key step in allowing flavonoids to elevate CD26, it is not
sufficient to generate a synergism with irinotecan. Furthermore,
this aspect of apigenin action has structural specificity in that it is
not shared with its metabolite luteolin, which differs from
apigenin only in the addition of a further hydroxyl group in
the 3' ring position. Apigenin also is more efficaceous in elevating
CD26 and its associated activities than its isoflavone equivalent
genistein or kaempferol, an analogue with an additional hydroxyl
in the 3 position (Lefort and Blay 2011).

The apigenin interaction with irinotecan is
not seen with topoisomerase 2 inhibitors

We next asked if this interaction would be present if apigenin
were combined with type 2 topoisomerase-targeted anticancer
drugs. As anticipated, given the breadth of chemotherapeutic
triggers to this response, Topo2-active agents were able to elevate
the level of CD26 on viable CRC cells (Figure 2). The response to
the standard Topo2 drug etoposide was quantitatively similar to
that for irinotecan (Figures 2A, B), and CD26 upregulation was
also seen with another such agent, doxorubicin (Figure 2D).
However, neither etoposide nor doxorubicin gave a further
elevation of CD26 when combined with apigenin, unlike
irinotecan (Figures 2C, D). Indeed, the response to apigenin
was reduced to below statistical significance in the presence of
both Topo2 inibitors. This is in agreement with our prior findings
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FIGURE 1

Neither CK2 inhibition, nor use of the apigenin metabolite luteolin, reproduce the interaction with apigenin seen with irinotecan. (A) The
CK2 inhibitor emodin does not enhance the upregulation of CD26 by irinotecan. HT-29 cells were treated with irinotecan in the absence or presence

of emodin (20 pM)

as indicated, and cell-surface CD26 was assessed 48 h afterward. Data are means + SEM (n = 4); *p < 0.05, **p < 0.01,

enhancement by emodin; n.s., not significant; #p < 0.05 and ###p < 0.001 enhancement by irinotecan. (B) Luteolin enhances cell-surface CD26 in
a dose-dependent manner. Means + SEM (n = 4); *p < 0.05, **p < 0.01 and ***p < 0.001. (C) Luteolin does not enhance the upregulation of CD26 by
irinotecan. Means + SEM (n = 4); **p < 0.01, enhancement by luteolin (30 uM); n.s., not significant; ##p < 0.01 and ###p < 0.001

enhancement by irinotecan.

(Lefort and Blay 2011) that the synergistic potential of apigenin
in elevating CD26 is restricted to the agent irinotecan, of the
broad variety of anticancer drugs from different classes of
activity, which now includes 5-FU, oxaliplatin, and irinotecan
(Lefort and Blay 2011), cisplatin, vinblastine, methotrexate
(Cutler et al., 2015) and etoposide and doxorubicin (this study).

The ability of apigenin to upregulate
CD26 involves Topol but is not due to
altered Topol expression

Topol mRNA expression showed some variation over a 60-h
time course (Figure 3A), likely reflecting cell cycle-dependent
changes as we have noted for chemokine receptor CXCR4
(Richard et al., 2006). Apigenin treatment led to a modified
time profile but no aggregate change in Topol expression over
the entire experimental period. The abundance of cellular
Topol protein similarly showed no change relative to
3B).
substantially alter the amount of Topol mRNA or protein.

a-tubulin  (Figure Apigenin does not therefore
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To further probe for the importance of Topol in apigenin
action, we knocked down expression using an siRNA approach
with a combination of 3 validated siRNA constructs, and then
subsequently tested the cells to see whether apigenin would still
enhance CD26 levels. We were able to substantially (> 75%)
knock down Topol protein at 48 h (Figure 3C) while retaining
good cellular viability, which is also taken into account in our
CD26 radioimmunoassay. The reduction in Topol was largely
preserved at 96 h, which represents the total period covered for
apigenin treatment and CD26 immunoassay (Figure 3C).

As shown in Figure 3D, the sham-transfected cells
retained a robust apigenin response for the elevation of
CD26 (mean increase, 114%). The baseline CD26 at the cell
surface, and the ability to be upregulated by apigenin, were
unaltered using a scrambled siRNA negative control.
However, with Topol knockdown (i) the control-treated
cells showed a significant increase in CD26, and (ii) the
apigenin-treated cells showed no increase in CD26 above
sham and scrambled controls that had received apigenin,
and had lost their response to apigenin relative to the
appropriate knock-down control (Figure 3D). This provides
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Means + SE (n = 4); *p < 0.05, ***p < 0.01 enhancement by apigenin (30 uM); ###p < 0.001 up-regulation by topoisomerase inhibitors.
Concentrations are: Irinotecan, 2 pyg/ml; doxorubicin, 1 pg/ml; etoposide, 10 pg/m.

direct evidence for the involvement of Topol activity in the
CD26 upregulatory response, and suggests that apigenin’s
effect may depend on functional Topol.

Apigenin directly suppresses
topoisomerase 1 activity

The evidence that apigenin might act through Topol, and the
unique interaction with the Topol poison irinotecan, suggest
that apigenin might affect topoisomerase 1 activity. We assessed
this directly in both whole cells and an in vitro enzyme system.

We first tested whether apigenin treatment led to inhibition
of the topoisomerase 1 activity isolated from pretreated whole
cells. As illustrated in Figure 4A recoverable Topol leads to
progressive uncoiling of supercoiled plasmid DNA (‘Sup’) to
produce a series of products culminating in the fully relaxed and
slowest-migrating (topmost) band. Treating the cells for 48 h
with apigenin over its active concentration range 0 uM-100 uM
led to progressive inhibition of the topoisomerase activity in
those cells with greater preservation of supercoiled structure on
the final assay. Maximal effect in this system was at 60 uM
apigenin, consistent with its effect in elevating cellular CD26.
The efficacy of apigenin was equivalent to that of a maximally
effective dose (30 nM) of the irinotecan active metabolite SN38,
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which is a cell-permeable direct inhibitor of Topol (Cutler et al.,
2015) (Figure 4A). The inhibitory effect of apigenin was
observable at culture confluencies between 30% and post-
confluent, and for cultures with apigenin treatment times of
6 h-48 h (data not shown).

When apigenin was added directly into an assay of
topoisomerase 1  activity rhTopol, it
substantially inhibited the uncoiling of supercoiled DNA
(Figure 4B). Inhibition was substantial (greater than 30%)
with 10 uM apigenin (Figure 4C), which is below the ECs, of
32.8 uM = 1.1 uM seen in whole cells (Lefort and Blay 2011).
Inhibition of activity exceeded 80% with apigenin present at
100 M, the highest exposure to which whole cells may be

using  purified

exposed without substantial acute toxicity (Lefort and Blay
2011), (3
experiments) with apigenin present at 1 mM. The solvent
vehicle, DMSO, slightly interfered with Topol activity
(Figure 4C), but this did not exceed 10% inhibition at the
highest concentration (1.7%"/,) used in these assays.

Luteolin, over the concentration range 0 uM-100 pM, within
which it is able to elevate CD26 levels in whole cell assays
(Figure 1B) did not directly inhibit Topol in these assays
(Figure 4C). It had a minor (< 15%) effect at the highest
concentration used (1 mM), which exceeds that attainable

and was essentially complete independent

with whole cells.
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Apigenin’s ability to upregulate CD26 requires Topol but does not come from changes in Topol expression. (A) Apigenin does not alter Topol

MRNA expression. HT-29 cells were treated with apigenin (30 uM) or vehicle control for the times indicated and Topol mRNA levels were quantified
by q-RT-PCR. Values are means + SEM (n = 3). (B) Apigenin does not alter Topol protein expression. HT-29 cells were treated with apigenin (60 yM)
for the times indicated and Topol protein levels were quantified by western blotting relative to a-tubulin as loading control. (C) siRNA knock-

down of Topol. Topol protein levels were measured after 48 h or 96 h by western blot. (D) Knock-down of Topol enhances cell-surface CD26 and
abrogates the apigenin upregulation of CD26. CD26 levels were evaluated 48 h following apigenin (60 uM) treatment. Values are means + SEM (n =
4), from 3 independent experiments. #, p < 0.05, enhancement by knock-down; *, p < 0.05 and **, p < 0.01, enhancement by apigenin. n.s., not

significant.

Apigenin therefore: (i) inhibits Topol activity in whole cells over
the same concentration range at which it elevates CD26, (ii)
inhibition is present over the time course in which it produces
progressive elevation of CD26 (Lefort and Blay 2011), (iii) it inhibits
Topol activity directly in an in vitro assay with recombinant
enzyme, (iv) luteolin the predominant metabolite of apigenin,
which is also able to elevate CD26 but does not exhibit synergy
with irinotecan (SN-38) in this response, is unable to inhibit the
activity of Topol. We therefore propose that the ability of apigenin
to interact synergistically with irinotecan in causing elevation of cell-
surface CD26 is due to direct interaction with Topol enzyme.

Apigenin has a direct fit into the Topol-
DNA complex

We propose that Topol is one of the components of the
pathway(s) that cause cells to express increased amounts of
CD26 on their cell surface, and that apigenin has a particular
fit to Topol that enables its unique interaction with irinotecan.
We used computational modeling of binding interactions to
assess the feasibility of this proposal.
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The binding interactions of apigenin, luteolin, kaempferol
and genistein with human DNA-topoisomerase 1 (Topol)
complex were investigated by molecular docking studies. The
x-ray crystal structure of human Topol-DNA in complex with its
known inhibitor topotecan [pdb id: 1K4T; (Staker et al., 2002)]
was used as the basis for these studies.

Computational analysis of molecular interaction with the
Topol-DNA complex showed that each of these flavones in
planar conformation is able to intercalate at the site of DNA
cleavage (Figures 5, 6).

For apigenin (4',5,7-trihydroxyflavone, Figure 5A) after
the
hydrophobic n-mt stacking interactions with the DNA base

intercalation flavone  structure undergoes several

pairs adenine, guanine, thymine and cytosine (distance

range = 4.0 A-5.2 A). Furthermore, bound apigenin is in
contact with the Topol enzyme via polar interactions, with
the C7 OH undergoing a hydrogen bond with the Glu356 side
chain (distance <2.9 A), the benzopyran-4-one ketone forming a
hydrogen bonding interaction with the Arg364 side chain
(distance <1.8A) and the C2 phenolic group undergoing
hydrogen bonding interaction with the side chain of Asn722

(distance <2.6 A), as shown in Figure 5A.
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Apigenin suppresses topoisomerase 1 activity. (A) Apigenin suppresses topoisomerase 1 activity in whole cells. HT-29 cells were treated with
apigenin for 48 h at the concentrations indicated. The original supercoiled DNA is shown ('Sup’) as well as the effect of treating cells with 30 nM SN38
(positive control for Topol inhibition). The lowest band is the supercoiled DNA that is successively uncoiled (ladder) by cellular Topol activity to yield
the final uncoiled structure (topmost band). Maximal uncoiling is present with untreated cells ("0 pM apigenin”) and this is inhibited by increasing
concentrations of apigenin or exposure to SN38 (more intense lowest band). Representative of three independent experiments. (B) Representative
result showing the gel separation of supercoiled plasmid (“Sup”), the effect of incubation with rhTopol alone and the result of co-incubation with
apigenin at concentrations shown. As for panel A the lowest band is input supercoiled DNA that shows uncoiling to higher bands in the presence of
Topol, in this case rhTopol. Increasing concentrations of apigenin added directly to the reaction mixture inhibit Topol activity, such thatat 1,000 uM
apigenin the uncoiling activity of the enzyme is essentially blocked. (C) rhTopol activity was measured in the presence of apigenin (®) or luteolin (#) at
the concentrations shown. Representative of three independent experiments.

Luteolin (3',4',5,7-tetrahydroxyflavone, Figure 5B) is the 3'-
hydroxylated metabolite of apigenin. Modeling luteolin in the
Topol-DNA complex showed that it is also able to intercalate
between DNA base pairs. Compared to apigenin, it exhibits a
the
benzopyran-4-one ring is primarily interacting with guanine

completely different binding mode where planar
and thymine base pairs on either sides instead of adenine and
cytosine (distance <5.5 A). These n-n stacking interactions lead
to a more stable complex (CDOCKER energy = —42.02 kcal/mol)
compared to apigenin (CDOCKER energy = —37.35 kcal/mol). In
addition, luteolin was also in contact with amino acids of
Topol via hydrogen bonding interactions (Glu356, Arg364,
and Asn722; distance <2.8 A) as shown in Figure 5B.
Kaempferol (3,4',5,7-tetrahydroxyflavone), which differs
from apigenin in the addition of a hydroxyl at the 3 position,
exhibited a similar binding mode to luteolin in the Topol-DNA
complex (Figure 5C). It was able to intercalate between DNA base
pairs by several m-m stacking interactions and also formed

hydrogen bonding interactions with Topol amino acid
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residues Arg364 and Asn722. The ternary complex energy
(CDOCKER energy = —38.11 kcal/mol) showed that it was
able to exhibit slightly superior binding compared to apigenin.

The flavonoid genistein 4' ,5,7-trihydroxyisoflavone), which is
apigenin’s isoflavone analogue, shows a similar binding mode to
apigenin (Figure 5D) in which the benzopyran-4-one is flanked by
guanine, adenine and cytosine via -7t stacking interactions. Genistein
also undergoes additional polar interactions with Topol amino acids
Glu356, Arg364, and Thr718 (distance <3.0 A). Genistein exhibited a
less stable ternary complex than the other flavones (CDOCKER
energy = —30.69 kcal/mol).

The fit of apigenin into the topotecan-stabilized Topol-DNA
complex, and key interaction distances, are summarized in
Figure 6. The molecular modeling studies show that all of
these flavones potentially act as DNA base pair mimics, and
that their planar conformation enables them to intercalate at the
site of DNA cleavage. In this way they are similar to other natural
products with planar structures that are able to intercalate into
the DNA helix and have been found to inhibit the activities of
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FIGURE 5

Binding modes of flavonoids within the human Top 1-DNA
complex. The binding modes within the human Topol-DNA
complex (pdb id: 1K4T) are shown for, (A) apigenin, (B) luteolin, (C)
kaempferol, and (D) genistein. Polar and non-polar

interactions are colored coded and details are provided in text.

both types 1 and 2 topoisomerases. It may be that apigenin’s
action is like that of topotecan (Staker et al., 2002) and that it can
bind and stabilize the Topol-DNA complex to prevent DNA
religation (Drwal et al., 2011; Jadaun et al.,, 2017). However, the
affinity of binding under these conditions may be less important
to the effect on Topol activity than the nature of the specific
interactions with particular base pair combinations and/or
Topol amino acid residue side chains. Our data show that
luteolin, which has the greatest overall binding potency, does
not reproducibly inhibit Topol activity to a substantial degree.

Discussion

The ability to elevate cell-surface CD26 is a feature of many
chemotherapeutic agents, including 5-fluorouracil, cisplatin,

Frontiers in Pharmacology

36

10.3389/fphar.2022.1086894

ydrophobic n-n stacking i ion:
Distance range 4.0-5.2 A
Glu3s56 <29A
Arg364 <1.8A
Asn722 <2.6 A

CDOCKER energy = -37.35 kcal/mol

Polar interactions:

FIGURE 6

Molecular modeling of apigenin fit within in human Top 1-

DNA complex. The figure shows the result of computational
modeling for apigenin bound within the Topol-DNA complex and
key interaction distances.

vinblastine, methotrexate, oxaliplatin and irinotecan (Lefort
and Blay 2011; Cutler et al.,, 2015), etoposide and doxorubicin
(this paper). It is also seen to different degrees extent with
flavones such as apigenin, genistein, kaempferol (Lefort and
Blay 2011) and luteolin (this paper). Transduction of the
enabling signal involves a network of protein kinases,
including CK2 (Lefort et al., 2020) and MAPK (Lefort and
Blay, unpublished data) kinases. We have though noted a
pharmacologic interaction only between and
that

topoisomerase 1 inhibitor. Taken together, our findings here

apigenin
irinotecan, a chemotherapeutic drug acts as a
provide evidence for a unique involvement of the irinotecan
(SN38) target Topol in CD26 upregulation by apigenin.

We have previously observed that multiple chemotherapeutic
drugs have the ability to upregulate CD26 over a prolonged period
(beginning 24 h-72 h after initial exposure), at doses below those
causing cytotoxicity (Lefort and Blay 2011; Cutler et al., 2015). Our
data here confirm that irinotecan, etoposide and doxorubicin have
this action in HT-29 cells, producing elevations in cell-surface
CD26 within the range 71%-212%. This phenomenon is seen in
cells from different cancers including prostate, breast, lung and colon
and is consistently demonstrable in different cell lines from a given
cancer (Lefort and Blay 2011; Cutler et al., 2015). The increased
abundance of CD26 is found at the cell surface and accompanied by
elevations in dipeptidyl peptidase IV (DPP4) and adenosine
deaminase (ADA)-binding activities, which are the functionalities
of the CD26 protein (Lefort and Blay 2011; Cutler et al., 2015). As
these functions serve to dampen external pathways that facilitate
tumour progression, we have proposed that is an additional
beneficial action of anticancer drugs due to the activation of
antimetastatic pathways secondary to their cytotoxic action
(Cutler et al., 2015).

Separately, we have shown that apigenin increases cell-
surface CD26 on CRC cancer cells (Lefort and Blay 2011).
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This is common to relatively differentiated CRC cell lines (HT-29,
HRT-18 and Caco-2) but not seen in less-differentiated cells such as
those of the HCT-116, SW480 and SW620 lines, which express very
low intrinsic levels of CD26 (Lefort et al, 2020). The apigenin
enhancement of CD26 in CRC cells is independent of detectable
cytotoxicity, but is accompanied by subsequent decreases in cell
growth and profileration as measured by assays of DNA synthesis,
energy metabolism and cell population number (Lefort and Blay
2011). We have also shown that elevation of CD26 by apigenin is
preceded by inhibition of the activity of the kinase CK2 (Lefort et al,,
2020). The cellular distribution of CK2 in a cancer cell differs from
that of a normal cell. In the former, CK2 is mainly localized in a
diffuse pattern in the nucleus and the cytoplasm whereas in a cancer
cell, CK2 levels are higher in the nuclear compartment (Faust et al.,
1999; Laramas et al., 2007). This raises the possibility that apigenin’s
actions on CK2 might directly interplay with its ability to target
Topol as reported here.

Topol plays a role in the pathway to elevate CD26. In addition to
the ability of the Topol inhibitors irinotecan and SN38 to upregulate
CD26, we show here that direct knockdown of Topol with a specific
siRNA leads to a substantial (mean, 96.5%) increase in CD26.
Moreover, there is a unique interaction with apigenin. Our
molecular modeling shows that all 4 related flavones tested,
apigenin, luteolin, kaempferol, and genistein, have the capacity to
bind within the Topol-DNA complex, but that the binding of
apigenin is unique in terms of its angle relative to the base-pair
structure, potentially giving apigenin the ability to interfere with
topoisomerase function. Direct measurements of topoisomerase
activities, both in whole cells and with purified recombinant
Topol, showed that apigenin has the ability to directly inhibit
Topol activity, and that this occurs within the concentration range
that is non-toxic and able to elevate CD26 on whole cells.

Although luteolin, the primary hydroxylated metabolite of
apigenin, is itself able to elevate CD26, it does not inhibit
topoisomerase activity (Figure 4C) and does not yield a
synergistic effect with irinotecan (Figure 1C). These two
actions are unique to apigenin. We propose that the unique
ability of apigenin to sensitize cells to irinotecan (4.2-fold
reduction in the ECsy, (Lefort and Blay 2011)) and conversely
that of irinotecan to increase sensitivity to apigenin (29.8-fold
reduction in ECsg, (Lefort and Blay 2011)) follow from direct
cooperation of apigenin and the active metabolite of irinotecan
SN-38 in modulating the activity of Topol.

We conclude that apigenin has a unique fit into the Topol-
DNA functional complex that leads to direct inhibition of
Topol activity, and suggest that this is the basis for the
unique interaction with the CRC drug irinotecan. The
combined action of these two agents in elevating cell-surface
CD26, which may play a role in limiting local signals that
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facilitate tumour progression, may allow an approach to
the in CRC,
independently of its direct cytotoxic action. This is consistent

enhance beneficial action of irinotecan
with findings that irinotecan analogues may have beneficial
clinical actions in cancer patients that are independent of

their ability to inhibit Topol (Li et al.,, 2017).
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Systems and in vitro
pharmacology profiling of
diosgenin against breast cancer
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Priyanka P. Patil?, B. M. Patil®>, Prarambh S. R. Dwivedi?,
Kunal Bhattacharya®’, Darasaguppe R. Harish?* and
Subarna Roy?

Department of Pharmacology, NGSM Institute of Pharmaceutical Sciences (NGSMIPS), Nitte (Deemed
to be University), Mangalore, India, 2lCMR-National Institute of Traditional Medicine, Belagavi,
Karnataka, India, *Department of Microbiology, Shivaji University, Kolhapur, India, *Department of
Pharmacology, KLE College of Pharmacy Belagavi, KLE Academy of Higher Education and Research
(KAHER), Belagavi, India, °PRES'’s Pravara Rural College of Pharmacy Pravaranagar, Loni, Maharashtra,
India, ®Pratiksha Institute of Pharmaceutical Sciences, Guwahati, Assam, India, “"Royal School of
Pharmacy, The Assam Royal Global University, Guwahati, Assam, India

Aim: The purpose of this study was to establish a mode of action for diosgenin
against breast cancer employing a range of system biology tools and to
corroborate its results with experimental facts.

Methodology: The diosgenin-regulated domains implicated in breast cancer
were enriched in the Kyoto Encyclopedia of Genes and Genomes database to
establish  diosgenin-protein(s)-pathway(s) associations. Later, molecular
docking and the lead complexes were considered for molecular dynamics
simulations, MMPBSA, principal component, and dynamics cross-correlation
matrix analysis using GROMACS v2021. Furthermore, survival analysis was
carried out for the diosgenin-regulated proteins that were anticipated to be
involved in breast cancer. For gene expression analyses, the top three targets
with the highest binding affinity for diosgenin and tumor expression were
examined. Furthermore, the effect of diosgenin on cell proliferation,
cytotoxicity, and the partial Warburg effect was tested to validate the
computational findings using functional outputs of the lead targets.

Results: The protein-protein interaction had 57 edges, an average node degree
of 5.43, and a p-value of 3.83e-14. Furthermore, enrichment analysis showed
36 KEGG pathways, 12 cellular components, 27 molecular functions, and
307 biological processes. In network analysis, three hub proteins were
notably modulated: IGFIR, MDM2, and SRC, diosgenin with the highest
binding affinity with /IGFIR (binding energy —-8.6 kcal/mol). Furthermore,
during the 150 ns molecular dynamics (MD) projection run, diosgenin
exhibited robust intermolecular interactions and had the least free binding
energy with IGFIR (-35.143 kcal/mol) compared to MDM2 (-34.619 kcal/mol),
and SRC (-17.944 kcal/mol). Diosgenin exhibited the highest cytotoxicity
against MCF7 cell lines (ICsq 12.05 + 1.33) ug/ml. Furthermore, in H,O,-
induced oxidative stress, the inhibitory constant (ICsq 7.68 + 0.51) ug/ml of
diosgenin was lowest in MCF7 cell lines. However, the reversal of the Warburg
effect by diosgenin seemed to be maximum in non-cancer Vero cell lines (ECsq
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15.27 + 0.95) pg/ml compared to the rest. Furthermore, diosgenin inhibited cell
proliferation in SKBR3 cell lines more though.

Conclusion: The current study demonstrated that diosgenin impacts a series of
signaling pathways, involved in the advancement of breast cancer, including
FoxO, PI3K-Akt, p53, Ras, and MAPK signaling. Additionally, diosgenin
established a persistent diosgenin-protein complex and had a significant
binding affinity towards IGFIR, MDM2, and SRC. It is possible that this
slowed down cell growth, countered the Warburg phenomenon, and

showed the cytotoxicity towards breast cancer cells.

KEYWORDS

breast cancer, computational pharmacology, diosgenin, gene ontology analysis,

system biology

Introduction

Breast cancer spreads through the inner layer of the milk
gland or lobules and ducts (Sariego, 2010), and it is one of the
second leading causes of mortality for women between the
ages of 45 and 55 (Jemal et al., 2009). It includes age, iodine
deficiency (Venturi, 2001; Aceves et al., 2005; Stoddard et al.,
2008), high hormone levels (Russo and Russo, 2006; Yager
and Davidson, 2006), and age-related (Steiner et al., 2008)
risk factors. This incident potentially results in the breast
being surgically removed entirely or in requiring chemo-,
radio-, or hormone-therapy (HeraviKarimovi et al., 2006).
However, these practises are preoccupied with multiple side
effects that are not specific to the breast tumor. Furthermore,
the currently used chemotherapeutic drugs in medical care
result in anemia, exhaustion, mouth soreness, vomiting, and
diarrhea. This suggests the requirement to discover a novel
therapeutic agent against breast cancer.

Diosgenin is a phyto steroid sapogenin obtained from the
hydrolysis by strong bases, acids, or enzymes of saponin. It is
commercially used as a precursor to synthesis various
hormones and steroid products like pregnenolone, and
cortisone including progesterone (Marker and Krueger,
1940) for the
contraceptive pills (Djerassi, 1992). Additionally, diosgenin

early manufacture of combined oral

has the potential to inhibit activated pro-inflammatory and
pro-survival signaling pathways and promote the death of a
variety of cancer cells (Shishodia and Aggarwal, 2006).
Additionally, diosgenin inhibits the growth of oestrogen
receptor-positive MCF-7 cells by activating caspase three
and upregulating the p53 tumor suppressor gene. Further,
BCL2 is downregulated in estrogen receptor-negative MDA-
MB-231 breast cancer cells (Srinivasan et al., 2009). Although
the potential of diosgenin to treat breast cancer has been
demonstrated its interaction with proteins involved in the
progenesis of breast cancer has yet to be investigated.

As a result, the current study focuses on locating the
potential interactions of the diosgenin-regulated proteins
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and attributable pathways implicated in breast cancer using
a range of system biology techniques i.e., gene ontology (GO)
analysis, molecular docking, and molecular dynamics (MD)
simulations, and reinforcing its findings using diverse
functional biomarkers using in vitro experiments in four
distinct cell lines.

Materials and methods
Computational pharmacology

The detected diosgenin-regulated proteins were enriched to
determine the altered pathways. Later, diosgenin was docked
with proteins, and the proteins with the maximum diosgenin
binding affinity were chosen for MD simulation. Furthermore,
the diosgenin-regulated proteins involved in breast cancer were
examined for survival and gene expression in normal and tumor
cell lines, including the three hub proteins determined by
molecular docking.

ADMET profile of diosgenin and its targets
Canonical SMILES of diosgenin (Figure 1) were retrieved
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/)
and ADME profile was predicted by SwissADME (Daina et al., 2017;
http://www.swissadme.ch/) and ADMETIab 2.0 (Xiong et al., 2021;
https://admetmesh.scbdd.com) and adverse effects from
ADVERPred (Ivanov et al, 2018; http://www.way2drug.
com/adverpred/).
Diosgenin-modulated targets were predicted using
SwissTargetPrediction (Daina et al, 2019; http://www.
swisstargetprediction.ch/), DIGEP-Pred (Lagunin et al,
2013; http://www.way2drug.com/ge/), and BindingDB (Liu
et al.,, 2007; https://www.bindingdb.org/bind/index.jsp) and
any duplicates were eliminated. In addition, the semantic type
(neoplastic process) oestrogen receptor-positive breast cancer
targets (UMLS CUI: (C2938924), were retrieved from

DisGeNET (https://www.disgenet.org/).  Later,  the
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FIGURE 1

10.3389/fphar.2022.1052849

Structure of Diosgenin (A) 2D and (B) 3D (ball and stick). PubChem CID: 99474, Molecular Formula: C,7H4,03, Synonyms: Nitogenin, UNII-

K49P2K8WLX, (3B, 25R)-spirost-5-en-3-ol, Molecular Weight: 414.6.

diosgenin-modulated targets were compared with DisGeNET-
recorded targets to trace the reported targets involved in
oestrogen receptor-positive breast cancer using PivotTable
(Microsoft excel 2007; https://www.microsoft.com/en-in/
microsoft-365/excel).

GO and cluster analysis

The diosgenin-modulated targets involved in oestrogen
receptor-positive breast cancer were queried in STRING
(Szklarczyk et al., 2021; https://string-db.org/) ver 11.5 for
“Homo sapiens” to trace three GO terms i.e., cellular
components, molecular function, and biological processes.
In addition, probable regulations of multiple pathways were
also traced concerning the KEGG database (https://www.
with
statistical background. Also, the regulated proteins were
concerned with subcellular location (COMPARTMENT),
protein domains and features (InterPro), protein domain
(Pfam), (TISSUES). the
protein-protein interaction (PPI) was also assessed for the

genome.jp/kegg/pathway.html) whole  genome

and tissue expression Later,

cluster analysis via k means clustering to identify three lead
distinct clusters.

Network construction and analysis

The network between diosgenin, its targets (involved in
oestrogen receptor-positive breast cancer), and the regulated
3.5.1
(Shannon et al., 2003; https://cytoscape.org/). The constructed

pathways were constructed using Cytoscape ver
network was recognized as directed and inspected by translating
node size and color to low values corresponding to small sizes
and low values corresponding to bright colors toward edge count.
In addition, the edge size and color were mapped to edge
betweenness, with low values corresponding to small sizes and

low values equating to bright colors.
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Molecular docking
The regulation of insulin-like growth factor 1 receptor
(IGFIR), E3 ubiquitin-protein ligase Mdm2 (MDM2), and

proto-oncogene tyrosine-protein kinase Src (SRC) were
majorly triggered in the network interaction among
diosgenin-target(s)-pathway(s). As a result, these three

proteins were considered for molecular docking studies.
The ligand’s 3D
diosgenin, was obtained from the PubChem database (https://

Ligand  preparation: conformation,

pubchem.ncbi.nlm.nih.gov) and converted to .pdb using
Discovery Studio Visualizer (https://discover.3ds.com/discover-
studio-visualizer-download) ver. 2019. The ligand’s energy was
minimized using the mmff94 force field (Halgren 1996) and
saved in .pdbqt format.

Preparation of macromolecule: Diosgenin was docked against
IGFIR (PDB: 3181), MDM2 (PDB: 3LBL), and SRC (PDB: 1043);
retrieved from a protein data bank maintained by the Research
Collaboratory for Structural Bioinformatics (RCSB; https://www.
resb.org). All proteins were refined and saved in .pdb format after
eliminating all heteroatoms and pre-complex ligands.

Ligand-protein docking: Diosgenin was docked against the
aforementioned targets using AutoDock Vina, which was run
through the POAP pipeline (Trott and Olson 2010; Samdani and
Vetrivel 2018; Patil et al., 2022). Nine different poses of ligand
were obtained after docking. Docking results were analysed based
on the binding affinity, and number of interactions as explained
previously (Dwivedi et al., 2021; Badraoui et al., 2022). Further,
the diosgenin pose with the lowest binding energy was chosen to
visualize the ligand-protein interactions and perform MD
simulation (Samdani and Vetrivel 2018).

MD simulation

To examine the structural stabilities and intermolecular
interactions of diosgenin with IGFIR, MDM2, and SRC, an
all-atom MD simulation in an explicit solvent was performed
for 150 ns. We used the GROMACS software package, ver. 2021.3
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(https://www.gromacs.org/) and Amber ff99SB-ildn force field to
run MD simulations (Berendsen et al., 2005; Saeed et al., 2020;
Dwivedi et al., 2022). The topological parameters of the ligands
and the entire complex were calculated using the AmberTool’s
xleap module (https://ambermd.org/AmberTools.php) and the
partial charges of the small molecules were calculated using an
antechamber with a “bec” charge model. The built systems were
solvated in a rectangular box with 10.0 A boundary conditions
from the protein’s borders in all directions using the TIP3P water
model. The required amounts of counter ions were introduced to
the prepared systems to neutralize the charges. The steepest
descent and conjugate gradient energy reduction methods were
used to discover the least energy conformations of the near-
global state. To equilibrate the systems for 1 ns, “Canonical
(NVT) and isobaric (NPT) ensembles” were used. A modified
Berendsen thermostat approach was utilized to keep the volume
and temperature consistent during NVT equilibration (300 K).
During NPT equilibration, a Parrinello-Rahman barostat was
used to keep the pressure constant at 1 bar. Furthermore, the
Particle Mesh Ewald approximation with a cut-off value of 1 nm
was used to calculate the long-range electrostatic interactions,
van der Waals, and Coulomb interactions. A similar LINear
Constraint Solver method was used to constrain bond length.
Every complex went through a 150 ns production run with
coordinates recorded every 2 fs. Other software programs, in
addition to the built-in gromacs tools, were utilized to perform
specific analyses on the acquired trajectories as required.

Analysis of free binding energy of complexes
utilizing molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA)

In MD simulations and thermodynamic calculations, the
relative binding energy of a ligand-protein complex was
employed to investigate the binding free energies. The relative
binding free energy and its contribution to individual residues
were calculated using the MM-PBSA method and the “g_
mmpbsa” tool (Kumari et al., 2014; Dwivedi et al., 2022). The
parameters for binding free energy calculations were taken from
our previous study (Khanal et al., 2022). The binding free energy
(AG) was calculated using 50 representative snapshots taken
throughout the stable trajectory observed between 100 and
150 ns. The change in entropy (AS) was calculated using the
Schlitter formula and finally, accurate binding free energy was
calculated using the formula, AG = AH-TAS, where, AG = Gibbs
free energy, AH = enthalpy change, T = temperature (Kelvin),
and AS = entropy change.

Principal component (PCA) and dynamic cross-
correlation matrix (DCCM) analysis

PCA was performed over the stable MD trajectory to examine
various forms of molecular motion (Amadei et al., 1993; Amadei
et al,, 1996; Bhandare and Ramaswamy 2018). To accomplish this,
the “least square fit” to the reference structure was used to account
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for the molecular translational and rotational motion. The collection
of eigenvectors obtained by diagonalizing a covariance matrix was
produced by a linear transform of cartesian coordinate space to
reflect the direction of the molecular motion. The energy
contribution of each eigenvector to the motion was presented by
the eigenvalue associated with the respective eigenvector. The “time-
dependent motions” that the components carry out in an atomic
vibrational mode were demonstrated by projecting the trajectory
onto a particular eigenvector. The atomic vibrational components’
contribution to this form of coordinated motion was shown by the
projection’s time average (Amadei et al., 1993; Van Aalten et al,
1995; Amadei et al., 1996; Bhandare and Ramaswamy 2018).

DCCM evaluates the magnitude of each pairwise cross-
correlation coefficient to determine whether or not atomic
pair motion is correlated i.e., positive or negative (Khanal
et al., 2021). We examined each DCCM component in this
section, where Cij = 1 denotes the same period and phase
(positive correlation), Cij = 0 indicates a lack of correlation,
and Cij = -1 indicates a negative correlation between the
fluctuations of i and j (Khanal et al., 2021).

Survival analysis of hub genes

To assess the prognostic values of hub genes of diosgenin-
regulated oestrogen receptor-positive breast cancer targets, the
Kaplan-Meier plotter breast cancer database (http://kmplot.
com/analysis/) was used with APP, AR, CDK4, CRHRI,
CYP17A1, CYP19A1, CYP3A4, FASN, FGFR2, GRM1, IGFIR,
LYN, MDM2, MDM4, NR3CI, PDGFRB, PRCP, PTPNI, RET,
SRC, and STAT3 probe ID. Patients were divided into two groups
with “auto-detected best cutoff’; overall survival was analyzed
against n = 2,976 samples with a follow-up of 20 years of data.
Also, the subtype analysis was restricted to lymph node status
(n =2,887), ER status (n = 2,789), PGR status (n = 2,662), HER2
status (n = 2,875), KI67 status (n = 1,360), Nottingham histologic
grade (n = 2,917), and PAM50 subtype (n = 2,976) and cohort
restriction i.e., endocrine treated (n = 2,955) and chemo treated
(n =2,956). The difference among the groups was considered to
be statistically significant if p < 0.05.

Gene expression analysis in tumor, normal and
metastatic tissues

Herein, we evaluated the top three genes based on the log-
rank test from survival analysis, and in silico molecular docking
was evaluated for the gene expression in normal, tumor, and
metastatic tissues using RNA sequence data in the platform of
tumor, normal and metastatic samples. These data were analyzed
using Kruskal Wallis and Dunn test.

Experimental pharmacology

Through different in vitro pharmacology profiling, we
investigated the influence of diosgenin on breast cancer cell
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lines. To begin, brine shrimp lethality (BSL) bioassay was used to
assess its cytotoxicity and the effect was compared with
doxorubicin. Later, the effect of diosgenin on breast cancer
cell lines (MCF7, MDA-MB-231, SKBR3, and T47D) was
(Vero) by
emphasizing on cell viability, proliferation, and Warburg effect.

compared to mnormal epithelial cell lines

BSL bioassay
The brine shrimp lethality bioassay was performed as

(1998)

salina  Leach.

with  minor

eggs
Seamonk international Artemia cyst 003 were used for the

explained by McLaughlin et al

modifications. Here, Artemia from
assay. Briefly, 10-12 brine shrimps were incubated within the
different concentrations of diosgenin and doxorubicin (prepared
in seawater) for 24 h. Controls were used without the test agents.
After 24 h, the survived shrimps were counted and the %

cytotoxicity was calculated as

) .. Total shrimps added — live shrimps
% cytotoxicity = x 100

Total shrimps

The LCsy was calculated using a linear regression curve.

In vitro MTT assay tumor and non-tumor cell
lines

The cytotoxic activity of diosgenin and doxorubicin on
tumor and normal cell lines was performed using an MTT
assay (Mosmann, 1983) with minor modifications. Briefly, cell
lines were plated onto 96-well flat-bottom plates, maintaining the
cell density (20,000 cells/well), and were allowed to proliferate
(24h). After that, the cells were treated with different
concentrations of diosgenin and doxorubicin maintaining the
final volume of 250pL after adding DMEM media
(supplemented with 3% FBS) and incubated (37°C, 48 h, 5%
CO,). Next, 20 uL of MTT reagent was added and incubated
(37°C in 5% CO,, 4 h). After incubation, the wells were washed
(PBS, 3X) to discard the MTT. Then, formazan crystals were
dissolved in DMSO (99.5% v/v, 100 pL) by gentle shaking. The
absorbance was then recorded (570 nm) using an ELISA plate
reader. The cell viability was calculated as

A - A
% viability = ( bsorbance o f control — Absorbance o f sam ple) % 100

Absorbance o f control

In vitro scratch assay

In vitro scratch assay was performed as explained by Bolla
et al (2019) with minor modifications. Briefly, a stock solution
(200 pg/ml) of diosgenin and doxorubicin was prepared and
sterilized by filtering using a sterile membrane filter (0.22 pum).
Later the solution was diluted using geometric series up to
1.56 ug/ml. This series of concentrations were chosen based
on the number of experiments (trial and error). All the cells
were seeded (2 x 10° cells/well) in 12-well tissue culture plates to
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obtain the confluence of 80-90% after 24 h of culture. After 24 h
of post-seeding, the cell monolayers were scraped to create
scratches of (300 um). The detached cells and debris were
washed with phosphate buffer. The media containing the
samples were added to each well. Suitable controls were used
by adding the minimal media and the scratch coverage was
recorded at 0, 12, 24, 48, and 72 h after sample addition. The
percentage scratch coverage was calculated using the following
formula

Scratch length at (0 min —t min)
% scratch coverage = Scratch lenoth at 0 mi x 100
cratch length at 0 min

Effect of diosgenin on Warburg effect

The effect of diosgenin on the Warburg phenomena was
evaluated by evaluating glucose uptake via the above-mentioned
cancer cell lines vs. normal cell lines (Vero). Initially, the cells
were grown in six well plates and incubated (37°C, 48 h) in a CO,
incubator. After the formation of the confluent monolayer, the
culture was renewed (DMEM consisting of 0.2% BSA) and again
incubated (37°C, 18 h) in the CO, incubator. After incubation,
the media was discarded and washed with KRP buffer. The cells
were then treated with diosgenin and metformin in the presence
of insulin followed by the addition of glucose (1 M) and
incubated (30 min). The remaining amount of glucose was
quantified from the supernatant. The percentage glucose
uptake was calculated as the difference between the initial and
final glucose content in the incubated medium (Gupta et al.,
2009).

Statistical analysis

For the enrichment analysis, the whole-genome statistical
background was used. The inhibitory constant (ICsy) and
effective concentration (ECsy) were calculated using linear
regression in GraphPad Prism (https://www.graphpad.com/)
ver 5.0.

Results
Computational pharmacology

Diosgenin ADMET profile and its targets
Diosgenin has molecular weight of 414.62 g/mol with 3 H-bond
acceptors and 1 H-bond donor. Diosgenin was predicted to possess
the high human intestinal absorption (>30). In addition, it also
showed the plasma protein binding, fraction unbound in plasma,
and its volume of distribution 97.743%, 1.872%, and 1.695 L/kg,
respectively. It was predicted as no inhibitory action towards
CYPI1A2, CYP2CI19, CYP2C9, CYP2D6, and CYP3A4 and showed
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high clearance rate of 23.332 ml/min/kg. In addition, it was not
predicted for any side effects based on the ADVERPred server
projection.

Diosgenin was predicted to regulate 105 targets in
SwissTargetPrediction DIGEP-Pred
BindingDB. The predicted targets in BindingDB were in
common with SwissTargetPrediction. Similarly, a total of
510 different targets were recorded in DisGeNET for the
neoplastic process of oestrogen receptor-positive breast cancer
targets (UMLS CUIL (C2938924). In general, the Diosgenin
targeted 21 different proteins involved in breast cancer
compared to recorded targets in DisGeNET (UMLS CUI:
C2938924); Supplementary Figure SI.

and four in and

Gene set enrichment analysis

The interaction of diosgenin-targeted 21 proteins had a
total of 57 edges, 5.43 average node degree, 0.701 average local
clustering coefficient, 17 edges (expected), and 3.83e-
14 enrichment p-value (Figure 2).
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filled nodes: some 3D structure
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text mining, © w—'co-

KEGG enrichment analysis

Concerning the KEGG record, the PPI reflected the
regulation of 36 different pathways in which EGFR tyrosine
kinase inhibitor resistance (hsa01521) had the lowest false
discovery rate i.e., 1.06E-05 via the regulation of five genes
i.e, PDGFRB, STAT3, IGFIR, SRC, and FGFR2 against
78 background genes at 1.78 strength. Additionally, eight
different pathways were detected for keyword “cancer” i.e.
pathways in cancer; hsa05200 (regulated eight genes i.e.
CDK4, MDM?2, PDGFRB, STAT3, IGFIR, RET, AR, and
FGFR2 against 517 background genes at 1.16 strength and
1.06E-05 false discovery rate), prostate cancer; hsa05215
(regulated five genes i.e. MDM2, PDGFRB, IGFIR, AR, and
FGFR2 against 96 background genes at 1.69 strength and 1.06E-
05 false discovery rate), bladder cancer; hsa05219 (regulated
three genes i.e. CDK4, MDM2, and SRC against 41 background
genes at 1.83 strength and 0.00062 false discovery rate),
microRNAs in cancer; hsa05206 (regulated four genes i.e.
MDM2,  PDGFRB, STATS3, MDM4

and against
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FIGURE 3
Network interaction of diosgenin-regulated proteins and respective pathways. Pink color presents a low edge count and green color presents a
high edge count. A large node size presents a higher edge count and a smaller edge count presents a lower edge count.

160 background genes at 1.37 strength and 0.00099 false cancer; hsa05215, long-term depression; hsa04730, glioma;
discovery rate), proteoglycans in cancer; hsa05205 (regulated hsa05214, melanoma; hsa05218, endocrine resistance;
four genes ie. MDM?2, STAT3, IGFIR, and SRC against hsa01522, ovarian steroidogenesis; hsa04913, signaling
196 background genes at 1.28 strength and 0.0015 false pathways regulating pluripotency of stem cells; hsa04550,
discovery rate), central carbon metabolism in cancer; adherens junction; hsa04520, proteoglycans in cancer;
hsa05230 (regulated three genes ie. PDGFRB, RET, and hsa05205, endocytosis; hsa04144, focal adhesion; hsa04510,
FGFR2 against 69 background genes at 1.61 strength and and Ras; hsa04014, MAPK; hsa04010, FoxO; hsa04068, PI3K-
0.0015 false discovery rate), non-small cell lung cancer; Akt; hsa04151, and Rapl signaling pathway; hsa04015

hsa05223 (regulated two genes i.e. CDK4 and STAT3 against (Supplementary File S1; Supplementary Sheet SI1). The
68 background genes at 1.44 strength and 0.0349 false discovery modulated genes in the KEGG pathways were observed to be
rate), and pancreatic cancer; hsa05212 (regulated two genes i.e. common with three GO terms i.e, cellular components,
CDK4 and STAT3 against 73 background genes at 1.41 strength molecular function, and biological processes (Supplementary
and 0.0387 false discovery rate). Also, a total of 129 genes were Figure S2); detailed below. Further, the interaction between the
modulated in 36 different pathways in which insulin-like diosgenin-modulated targets and triggered pathways is
growth factor-1 receptor (IGFIR) was majorly triggered in presented in Figure 3. The associated protein-pathways
18 different pathways ie., EGFR tyrosine kinase inhibitor interaction with respective false discovery rate and strengths
resistance; hsa01521, pathways in cancer; hsa05200, prostate is presented in Figure 4.
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GO analysis

GO analysis identified 12 GO terms for cellular components
in which receptor complex; GO:0043235 had the lowest false
discovery rate i.e., 0.00025 regulated seven genes i.e., PDGFRB,
IGFIR, APP, RET, GRMI, FGFR2, and LYN against 381 genes at
1.23 strength. Also, a total of 21 genes were triggered in multiple
cellular components in which tyrosine-protein kinase Lyn (LYN)
was majorly triggered in 11 cellular components except for
cytoplasmic vesicles; GO:0031410 (Supplementary File SI;
Supplementary Sheet SI). In addition, the Pearson p-value for
cellular components was 0.795 strength vs. false discovery rate,
0.0003 strength vs. observed gene count, 0.8093 false discovery
rate vs. observed gene count, 2.684e-004 observed gene count vs.
strength, and 0.809 observed gene count vs. false discovery rate.
In addition, the minimum observed Pearson r was —0.084 and the
maximum was 1.000 (Supplementary Figure S3). The proteins
modulated by the the different
compartments are presented in Figure 5.

Likewise, 27 different molecular functions GO terms were
identified via the PPI in which protein tyrosine kinase activity;
GO0:0004713 had the lowest false discovery rate i.e, 3.53E-05 to
trigger six genes i.e, PDGFRB, IGFIR, RET, SRC, FGFR2, and LYN
against 137 background genes at 1.61 strength. Herein, a total of

diosgenin in cellular

22 genes were triggered in 27 molecular functions in which proto-
oncogene tyrosine-protein kinase Src (SRC) was involved in
18 molecular functions except hormone binding; GO:0042562,
transmembrane receptor protein tyrosine kinase activity; GO:
0004714, transition metal ion binding; GO:0046914, steroid
hydroxylase activity; GO:0008395, oxygen binding; GO:0019825,
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nuclear receptor activity; GO:0004879, peptide hormone binding;
GO0:0017046, platelet-derived growth factor receptor binding; GO:
0005161, and steroid-binding; GO:0005496 (Supplementary File S1;
Supplementary Sheet S3). Herein, the correlation p values were
0.130 strength vs. false discovery rate, 2.0510e-009 strength vs.
observed gene count, and 0.753 false discovery rate vs. observed
gene count. Within the interaction of strength, false discovery rate,
and observed gene count, —0.877 and 1.000 were minimum and
maximum r values for molecular function (Supplementary
Figure S3).

Similarly, a total of 307 biological processes was traced due to
PPI in which cellular response to oxygen-containing compound;
GO:1901701 had the lowest false discovery rate i.e., 2.72E-09 in
modulating 14 genes ie., NR3Cl, CDK4, MDM?2, PDGFRB,
STAT3, IGFIR, APP, RET, PTPNI, SRC, AR, CRHRI, FGFR2,
and LYN against 1,055 background proteins at 1.09 strength. In
addition, a total of 21 genes were triggered for 307 biological
processes via the 21 proteins associated with breast cancer in
which SRC was involved and linked with 213 biological processes.
In addition, the order of triggered genes in multiple pathways was
as CYPI7A1 (17) < CYP3A4 (22) < PRCP (33) < CRHRI (35) <
FASN (42) < GRMI (52) < CYPI9AI (59) < NR3CI (60) <
MDM4 (71) < CDK4 (111) < IGFIR (113) < PTPNI (114) < RET
(130) < MDM2 (134) < AR (139) < STAT3 (140) < FGFR2
(149) < PDGFRB (160) < LYN (161) < APP (198) < SRC (213).
The detailed biological processes of participation of the above
genes S1;
Supplementary Sheet S4. The Pearson correlation p-value was
found to be 0.034

are supplemented in Supplementary File

strength vs. false discovery rate,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1052849

Khanal et al.

10.3389/fphar.2022.1052849

PDFGRB

0 ipeiB LAN
RS ".",
. . CDK4

Mitochondria < B L. w’

— 7~ CYPI7A1 !

(PDGFRB | PRCP e AN : Rli#'
N &7 End br stem
% cvmw\\" HON ARy \TTE e .

o cum__ v sk AR

* =

FIGURE 5

Cell junction

y A
SRC

@)
. dasN

=
CELL MEMBRANE

Different proteins affected by the diosgenin in the various compartment of the cell. The cellular organelles presented reflect the membrane-

bounded organelle or intracellular organelle.

1.0622e-063 strength vs. observed gene count, and 8.1767e-
017 false discovery rate vs. observed gene count. In addition,
the minimum Pearson r values for biological processes were
-0.779 and 1.000 respectively (Supplementary Figure S3).

Compartments enrichment analysis

The PPI reflected the modulation of proteins in 16 different
compartments in which the intrinsic component of plasma
membrane; GOCC:0031226 had the lowest false discovery rate
i.e, 0.00027 in regulating nine genes ie, PDGFRB, STAT3,
IGFIR, APP, RET, GRM1, CRHRI, FGFR2, and LYN against
841 background genes at 1 strength. Herein, a total 21 were

Frontiers in Pharmacology

47

triggered in 16 compartments in which LYN was traced in all; the
order of genes regulation in multiple enriched compartments was
MDM4 (5) < NR3CI (6) = AR (6) < CYP17A1 (7) < CYPI9AI
(8) = CYP3A4 (8) = CDK4 (8) = GRMI (8) = MDM2 (8) < FASN
(9) = PDGFRB (9) = PRCP (9) = PTPNI (9) = SRC (9) < CRHRI
(12) = FGFR2 (12) < IGFIR (13) < RET (14) = STAT3 (14) < APP
(15) < LYN (16); Supplementary File S1; Supplementary
Sheet S5.

InterPro enrichment analysis

Protein-protein enrichment analysis traced seven InterPro in
which tyrosine-protein kinase, catalytic domain; IPR0O20635 was
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traced with minimum false discovery rate ie, 8.42E-06 to
regulate six genes i.e, PDGFRB, IGFIR, RET, SRC, FGFR2,
and LYN against 79 background genes at 1.85 strength.
Herein, in the enrichment of InterPro analysis, a total of nine
genes were triggered in order as MDM?2 (1) = MDM4 (1) < CDK4
(3) < FGFR2 (6) = IGFIR (6) = LYN (6) = PDGFRB (6) = RET
(6) = SRC (6); Supplementary File S1; Supplementary Sheet S6.

Pfam enrichment analysis

Enrichment analysis concerning to Pfam database traced the
regulation of protein kinase domain; PF00069 and protein
tyrosine kinase; PF07714 at the false discovery rate of
0.0068 to regulate seven genes ie, CDK4, PDGFRB, IGFIR,
RET, SRC, FGFR2, and LYN at 1.13 strength against 486 and
481 background genes respectively; Supplementary File SI;
Supplementary Sheet S7.

Tissues enrichment analysis

Enrichment analysis of PPI for TISSUES traced 13 different
TISSUES terms in which erythroleukemia cell; BTO:0000426 was
traced with the lowest false discovery rate ie, 0.0088 in
regulating five genes i.e, MDM2, STAT3, PTPNI, SRC, and
LYN at 1.32 strength against 225 background genes. Herein,
there was a regulation of 21 genes i.e. APP, AR, CDK4, CRHRI,
CYP17A1, CYP19A1, CYP3A4, FASN, FGFR2, GRM]1, IGFIR,
LYN, MDM?2, MDM4, NR3CI1, PDGFRB, PRCP, PIPN1, RET,
SRC, and STAT3 in which nuclear receptor subfamily 3, group C,
member 1 (NR3CI) was majorly triggered in 10 different
TISSUES ie. bone marrow cancer cell (BTO:0000583),
organism form (BT0:0000284), leukemia cell (BTO:0001271),
fibroblast (BT0:0000452), liver (BTO:0000759), whole body
(BTO:0001489), reproductive system (BTO:0000081),
embryonic structure (BTO:0000174), endocrine gland (BTO:
0001488) (BT0:0000421);
Supplementary File S1; Supplementary Sheet S8.

and connective tissue

Cluster analysis

K means analysis of PPI against the whole genome of Homo
sapiens traced three sets of clusters which are indicated by red
(cluster 1; included AR, CYPI17A1, CYP19A1, CYP3A4, FASN,
NR3CI, and PRCP), green (cluster 2; included APP, CDK4,
CRHRI, FGFR2, GRM]1, IGFIR, LYN, PDGFRB, PTPNI, RET,
SRC, and STAT3) and blue (cluster 3; included MDM?2 and
MDM4); Supplementary Table S1.

In cluster 1, the interaction of seven nodes corresponded to
11 edges with 3.14 average node degree, 0.8 average local
clustering coefficients, 1 expected edge, and 1.07e-09 PPI
enrichment p-value. Herein, a total of nine molecular
functions were traced in which steroid hydroxylase activity
(GO:0008395) and oxygen binding (GO:0019825) scored the
lowest false discovery rate i.e, 0.0013 via the regulation of
three genes ie, CYP3A4, CYPI7AI, and CYPI9AI against
36 background genes at 2.37 strength. Similarly, Steroid
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binding (GO:0005496) showed 0.0082 false discovery rate and
regulated three genes ie, NR3CI, CYP3A4, and AR against
104 background genes at a strength of 1.91. Similarly,
two KEGG pathways i.e., steroid hormone biosynthesis
(hsa04913)

traced. Herein, steroid hormone biosynthesis was identified

(hsa00140) and ovarian steroidogenesis were
with a false discovery rate of 0.00048 to regulate three genes
i.e, CYP3A4, CYPI7AI, and CYPI9AI against 59 background
genes at 2.15 strength. In addition, ovarian steroidogenesis
regulated two genes ie, CYPI7AI and CYPI9AI against
50 genes at 2.05 strength and 0.0327 false discovery rate. Also,
two different biological processes ie., androgen metabolic
process  (GO:0008209) cyclic
biosynthetic process (GO:1901362) were identified to regulate
three genes ie, CYP3A4, CYPI7AI, and CYPI9AI against
27 background genes at 247 strength and 0.002 false
discovery rate and six genes (NR3CI, FASN, CYP3A4,
CYP17A1, AR, and CYPI9AII) against 1,211 background
genes at 1.14 strength and 0.0033 respectively (Supplementary

and  organic compound

File S2; Supplementary Sheet S1).

In cluster 2, 12 protein interactions traced 25 edges with
4.17 average node degree, 0.843 average local clustering
expected edges, and 3.83e-07 PPI
enrichment p-value. Herein, a total of 25 enriched cellular

coefficient, seven
components were traced in which receptor complex (GO:
0043235), an integral component of the plasma membrane
(GO:0005887), and cell junction (GO:0030054) were majorly
enriched at a false discovery rate of 2.03E-06, 0.001, and
0.0033 and strength of 1.48, 0.91, and 0.8 respectively. Herein,
the receptor complex was enriched with seven genes
i.e., PDGFRB, IGFIR, APP, RET, GRM1, FGFR2, and LYN, an
integral component of the plasma membrane with eight genes
i.e., PDGFRB, IGFIR, APP, RET, GRMI, CRHRI, FGFR2, and
LYN and cell junction with eight genes i.e., CDK4, PDGFRB,
STAT3, APP, GRM]1, SRC, FGFR2, and LYN. Also, a total of
21 enriched molecular functions were traced for cluster 2 in
which protein tyrosine kinase activity; GO:0004713 (regulated six
genes i.e. PDGFRB, IGFIR, RET, SRC, FGFR2, and LYN against
137 background genes at 1.85 strength and 6.36E-07 false
discovery rate), insulin receptor binding; GO:0005158
(regulated four genes ie. IGFIR, APP, PTPNI, and SRC
against 24 background genes at 2.43 strength and 4.29E-
06 false discovery rate) and ephrin receptor binding; GO:
0046875 (regulated four genes i.e. APP, PTPNI, SRC, and LYN
against 28 background genes at 2.37 strength and 5.02E-06 false
discovery rate). A total of 45 KEGG pathways were traced within
the PPI of cluster 2 in which EGFR tyrosine kinase inhibitor
resistance; hsa01521 (regulated five genes i.e. PDGFRB, STATS3,
IGFIR, SRC, and FGFR2 against 78 background genes at
2.02 strength and 4.26E-07 false discovery rate), long-term
depression; hsa04730 (regulated four genes i.e. IGFIR, GRM]I,
CRHRI, and LYN against 59 background genes at 2.04 strength
and 1.07E-05 false discovery rate), and pathways in cancer;
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hsa05200 (regulated six genes ie. CDK4, PDGFRB, STATS3,
IGFIR, RET, and FGFR2 against 517 background genes at
1.28 strength and 4.31E-05 false discovery rate)
identified to be top three majorly triggered pathways.

were

Similarly, a total of 222 biological processes were traced
within the PPI of cluster 2 in which cellular response to
oxygen-containing  compound;  GO:1901701  (regulated
11 genes ie. CDK4, PDGFRB, STAT3, IGFIR, APP, RET,
PTPNI, SRC, CRHRI, FGFR2, and LYN against
1,055 background genes at 1.23 strength and 2.37E-09 false
discovery rate), regulation of protein serine/threonine kinase
activity; GO:0071900 (regulated nine genes ie. CDK4,
PDGFRB, IGFIR, APP, RET, GRM1, PTPNI, SRC, and LYN
against 521 genes at 1.45 strength and 1.31E-08 false
discovery rate), and regulation of protein phosphorylation;
GO:0001932 (regulated 11 genes i.e. CDK4, PDGFRB, STAT3,
IGFIR, APP, RET, GRM1, PTPN1, SRC, FGFR2, and LYN against
1,459 background genes at 1.09 strength and 1.93E-08 false
discovery rate (Supplementary File S2; Supplementary Sheet S2).

In cluster 3 the interaction of the nodes had 1 edge count,
average node degree, and average local clustering coefficient with
0.0398 PPI enrichment p-values. Here, only two KEGG pathways
and eight biological processes were traced. In KEGG pathways,
the p53 signaling pathway; hsa04115, and microRNAs in cancer;
hsa05206 were associated with two genes i.e., MDM2 and MDM4
against 72 and 160 background genes, 2.43 and 2.09 strength and
0.0064 and 0.0155 false discovery rate respectively. Further,
interaction between MDM2 and MDM4 triggered -eight
biological processes i.e. atrioventricular valve morphogenesis;
GO:0003181 (24 background genes at 2.91 strength and
0.0274
morphogenesis;

false  discovery rate), endocardial  cushion

GO:0003203
2.76 strength and 0.0274 false discovery rate), ventricular

(34 background genes at

septum development; GO:0003281 (73 background genes at
2.43 strength and 0.0274 false discovery rate), atrial septum
development; GO:0003283 (23  background genes at
2.93 strength and 0.0274 false discovery rate), DNA damage
response, signal transduction by p53 class mediator resulting in
cell cycle arrest; GO:0006977 (59 background genes, 2.52 strength
and 0.0274 false discovery rate), negative regulation of cell cycle
arrest; GO:0071157 (23 background genes, 2.93 strength and
0.0274 false discovery rate), regulation of signal transduction by
p53 class mediator; GO:1901796 (182 background genes,
2.03 strength, and 0.0376 false discovery rate), and cellular
response to hypoxia; GO:0071456 (189 background genes,
2.02 strength and 0.0395 false discovery rate); Supplementary
File S2; Supplementary Sheet S3.

Diosgenin-targets-protein network analysis

The combined interaction between the diosgenin, its targets,
and regulated pathways traced IGFIR, MDM2, SRC, CDK4, and
PDGFRB as the top five lead hub proteins. In addition, pathways
in cancer; hsa05200, EGFR tyrosine kinase inhibitor resistance;
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Edgebetweenness of network interaction and node
interaction count. The highest edge betweenness was 51
(1 interaction) and the lowest was 1 (125 interactions).

hsa01521 prostate cancer; hsa05215, viral carcinogenesis;
hsa05203, and PI3K-Akt signaling pathway; hsa04151 were
traced as the top five lead hub pathways modulated within
diosgenin-targets-pathways interactions.

In diosgenin-targets-pathways interactions, none of the
nodes were single or undirected. Herein, two pathways’ nodes
i.e., adherens junction and central carbon metabolism in cancer
had a maximum average shortest path length i.e., 2.67. Herein,
33 nodes i.e. diosgenin, PI3K-Akt signaling pathway, EGFR
tyrosine kinase inhibitor resistance, viral carcinogenesis,
prostate cancer, endocrine resistance, proteoglycans in cancer,
glioma, melanoma, human cytomegalovirus infection,
endocytosis, Rapl signaling pathway, FoxO signaling pathway,
Kaposi sarcoma-associated herpesvirus infection, Epstein-Barr
virus infection, MicroRNAs in cancer, long-term depression,
focal adhesion, bladder cancer, signaling pathways regulating
pluripotency of stem cells, Ras signaling pathway, MAPK
signaling pathway, regulation of actin cytoskeleton, chemokine
signaling pathway, p53 signaling pathway, prolactin signaling
pathway, gap junction, ovarian steroidogenesis, Cushing
syndrome, chronic myeloid leukemia, non-small cell lung
cancer, pancreatic cancer, and epithelial cell signaling in
Helicobacter pylori infection had the maximum closeness
Further, the CYP3A4 node had the

maximum clustering coefficient ie, 0.5. Likewise, three

centralities i.e. 1.

pathways nodes i.e., adherens junction, central carbon
metabolism in cancer, and pathways in cancer had maximum
eccentricity i.e., 3. In addition, node diosgenin had the maximum
stress i.e., 101 followed by 21°, 0.03 betweenness centrality,
21 directed nodes, 0.85 radiality, 22 edge count, and,

19 outdegrees. Further, four nodes i.e. NR3CI, PRCP, APP,
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and FASN had maximum neighborhood connectivity i.e., 22. In
addition, the AR node had the maximum topological coefficient
ie., 19

(Supplementary File S3; Supplementary Sheet S1).

0.79 and IGFIR had maximum indegree i.e.,

In a network a total of nine categories of edge betweenness
were traced i.e, 1 (125 interactions), 5 (3 interactions), 6
(7 interactions), 7 (9 interactions), 19 (2 interactions), 14, 18,
38, and 51 had the 1 interaction (Figure 6). Herein, within the
whole network, 51 edge betweenness was within the RET and
diosgenin interaction, 38 with PTP1B and diosgenin interaction,
19 with adherens junction interaction with PTPNI, and central
carbon metabolism in cancer interaction with RET, 18 with
steroid hormone biosynthesis with diosgenin, and 14 with
pathways in cancer with RET (Supplementary File S3;
Supplementary Sheet S2).

Molecular docking

Among the three studied targets, diosgenin was predicted to
possess a maximum binding affinity with IGFIR (AG = —8.6 kcal/
mol, 11 alkyl interactions with Val983, Met1126, Vall033,
Met1112, Met1049, Alal001, and Ile1130) compared to MDM?2
(AG = -8.5kcal/mol, 16 alkyl interactions with Ile61, Val75,
Phe86, 11e99, Leu54, Ile103, Leu57, Val93, Tyr67, and His73
and three van der Walls interactions with Phe91, Gly58, and
His96) and SRC (AG = -7.4 kcal/mol, five alkyl interactions with
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Phel94, Leu200, and Alal68, four van der Waals interaction and
three carbon-hydrogen bond with Argl72); Figure 7.

Molecular dynamics simulation
Stability of diosgenin—IGFIR complex

The diosgenin-IGFIR complex showed stable dynamics up
to 150 ns after a 20 ns equilibration phase. Initial backbone
and complex RMSD values climbed steadily increased from
1.0A to 3.1 A and ~1.4 A to ~3.7 A, respectively from 0 to
20 ns After 20 ns, it was discovered that the backbone and
complex RMSD (~2.5A and 3.0 A, respectively) were
stabilized with lesser fluctuations (Figure 8A). The loop-
forming residues Leul064 to Prol1077 showed comparatively
greater fluctuations (7.0 A). On the other hand, residues
Leu975, Val983, Alal001, Glul050, Aspl1123, and Ilel1130
that interacted with diosgenin during docking studies
didn’t exhibit fluctuation because they were involved in
stable Additionally, it
discovered that residues Glyl1122 to Tyr1131 forming the
loop region were involved in ligand binding and showed
the RMS (~2.04) 8B,
Supplementary Movie S1). There was a formation of a

non-bonded interactions. was

least fluctuation (Figure
compact globular shape, which was supported by a gradual
drop in Rg value from 20.5 A to 19.6 A and was further found

to be stable at 20.0 A (Figure 8C). The initial and final surface
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area occupied by IGFIR and diosgenin docked complex was
163.825nm> and 159.1106 nm>. The complex typically
occupied 159.95nm* (Figure 8D). The complex formed
3 H-bonds of which two were consistent during the
simulation (Figure 8E). It was discovered that diosgenin
and IGFIR had relative binding energy of -35.143 +
3.03 kcal/mol. Supplementary Table S2 summarizes the free
energy contribution of diosgenin with IGFIR, MDM2, and
SRC. The per residue contribution energy revealed that
16 residues from the binding pocket i.e. Glu974, Leu975,
Val983, Tyr984, Glu985, Alal001l, Glul020, Vall033,
Leul051, Met1052, Aspl056, Metll12, Aspl123, Metll26,
Ile1130, and Tyr1131
formation of a stable complex. These residues also scored

significantly contributed to the

the least per residue decomposition/contribution energy
which ranged from -2.0 kJ/mol to —6.8 kJ/mol whereas the
positive contribution energy of 4.0 kJ/mol was achieved by
residues Lys1003, Lys1058, and Argl109 (Figure 8F).

Stability of diosgenin-MDM2 complex

Throughout a 150 ns production run, the Diosgenin-
MDM?2 complex exhibited stable dynamics. The initial and
final backbone RMSD values were 0.62 and 1.21, respectively,
and an average was 1.40 A. Similar to this, the initial and final
RMSD of the docked complex MDM2 and diosgenin were
0.92 and 2.13 respectively with an average of ~2.30 A
(Figure 9A). The loop forming Metl7 to Ser22 residues at
the had
(~4.2 A). Further, residues interacting with diosgenin
during docking studies (Leu57, Tyr67, Phe9l, Val93, and
Ile99) did not exhibit variations as they were involved in
stable 9B
Supplementary Movie S2). By monitoring a stable Rg, a

N-terminus substantially greater fluctuations

non-bonded  interactions  (Figure and
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more compact and stable complex was formed. The
complex’s initial and final Rg values were determined to be
13.2 A and 1.31 A. Similarly, the initial and final surface area
occupied by IGFIR and diosgenin docked complex was
63.90 nm*> and 61.57 nm* The complex had an average
surface area of 62.89 nm? (Figure 9D). Two H-bonds were
established by the complex of which one was consistent during
MD simulation (Figure 9E). The relative binding energy
between diosgenin and IGFIR was discovered to
be —34.619 + 2.81 kcal/mol. Further, seven residues (Leu57,
Gly58, 1le61, Met62, Tyr67, Val93, and 11e99) from the binding
pocket scored the lowest per residue decomposition/
contribution energy, ranging from -3.65 kJ/mol to —8.87 kJ/
mol. These residues contributed significantly to forming the
stable complex according to the per residue decomposition/
contribution energy. The residue GIu69 had positive
contribution energy of 2.68 kJ/mol (Figure 9F).

Stability of diosgenin—SRC complex

Another diosgenin-SRC complex also showed stable
dynamics with the RMSD value of < 2A after the
equilibration period of 50 ns(Figure 10A). In addition, the
RMSD of the complex showed a sharp increase in its values
after 40 ns to 8 A (Figure 10A). The careful observation of the
entire complex trajectory and representative snapshots
extracted from the region reveal the structural transition of
diosgenin from its primary binding pocket to the neighboring
alternate pocket which formed a stable complex during the
entire simulation period. Thus, for the first time, we report the
existence of an alternate binding site other than the primary
on SRC. From the
(Supplementary Movie S3) it was

simulation movie
observed that the
complex undergoes major conformational changes in the

binding site
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secondary structure of the protein including the primary
binding pocket, leading to the increased conformational
flexibility of SRC, hence the diosgenin switches its original
position from the primary binding pocket to the reported
alternate binding pocket (formed by the residues TyrI52 to
Leul64). The residual fluctuations observed show fewer
C-alpha fluctuations (<2.2A), interestingly the residues
from the primary binding pocket as well as new reported
alternate binding pocket show the least RMSF values ~0.5A
10B), mainly due to the
interactions shown by them. The complex diosgenin-SRC

(Figure stable non-bonded
gains a compact globular shape during the simulation, thus
we propose the stable complex formation was favored after the
equilibration period of MD simulation (Figure 10C). The
solvent-accessible surface area represents an exposure of
the hydrophobic residues to the solvent, here in this
complex SASA exhibited a similar trend as that of Rg
values. SASA value decreased gradually till the equilibration
state and further, it stabilized till the simulation end
10D), suggesting the proper folding of the
hydrophobic core including both the binding sites. Two

(Figure

H-bonds were established by the complex of which one was
consistent during MD simulation (Figure 10E). The relative
binding energy between diosgenin to SRC was discovered to
be -17.994 * 5.67 kcal/mol. In addition, three residues
i.e., Ilel156, Thr157, and Leul64 from the binding pocket
scored the lowest energy contribution per residue. These
residues contributed significantly to forming the stable
complex according to the per residue decomposition/
contribution energy. The residue Ilel156 had the least
contribution energy of —8.9 kJ/mol (Figure 10F).
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Principal component and dynamic cross-
correlation matrix

PCA is a statistical technique being used to study the
dynamics of bimolecular complexes as it limits the 3N (N =
number of atoms in the protein) degrees of freedom describing
functionally crucial motions of the protein. It was observed that
in all the complexes maximum dynamics during the simulation
have been captured by the first 10 eigenvectors, of which the first
two contributed significantly to the collective motions exerted by
all the simulated complexes (Figures 14A-C). Hence, we
examined the collective motion sampled by the first two
principal components (PCs), and 2D projections for PC1 and
PC2 were plotted (Figures 11D-F). The complexes of diosgenin
with MDM2 and SRC express the compact clusters in the
conformational spaces those range from -1.5 to 1.5. In the
MD trajectory of complexes Diosgenin-SRC and Diosgenin-
MDM?2, PC1 and PC2 (top two modes) showed the uniform
distribution across the configurational space while the remaining
complex of Diosgenin-IGFIR showed a large diversity in the
conformational space and was widely clustered in the range of
-4.5 to 4.5 (Figure 11D). MD trajectory sampled three states of
the protein as seen by the three individual clusters in the
scatterplot of PCl v/s PC2. Herein, we propose that the
Diosgenin-IGFIR has
conformational changes in the secondary structure during the

complex undergone  significant
simulation those favored in forming a stable complex. However,
other complexes namely Diosgenin-SRC and Diosgenin-MDM?2
were well stabilized and undergone comparatively lesser
conformational changes in the secondary structure hence
exhibited compact cluster in the conformations space. Further,

the convergence of sampling was also analyzed by calculating the
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cosine content of all the trajectories obtained. The cosine content
was calculated for the trajectories of the first top two principal
components (PC1 and PC2) for complexes Diosgenin-SRC and
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Diosgenin-MDM2, and Diosgenin-IGFIR is observed as
0.024225, 0.0175249 and 0.158163 respectively. It has been
reported that the value of cosine content for the first few PCs
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close to 1 indicated bad sampling of the trajectory pointing to all
our simulation trajectories being well converged and properly
sampled in the free energy landscape.

The concerted motion exerted by the three complexes during
the simulation was examined using DCCM (dynamic cross-
correlation matrix). The calculation of the correlation matrix
is utilized to depict the dynamical information of proteins in two
dimensions. To observe the correlation in the dynamics of the
binding site correlation matrix over the stable trajectory of all the
complexes were plotted (Figures 11F,G). The diagonal orange-
red line indicates the self-correlation of the individual residues
with themselves. The orange-red region in the correlation map
signifies the concerted movement of the residues in the same
direction whereas the dark blue region represents anti-correlated
fluctuations. The N- and C-terminal region of the complex
Diosgenin-MDM?2
movement with each other. Comparatively, this complex

represents strong anticooperative
exhibited a maximum amplitude of negative correlation across
all the residues. The maximum region in the complex Diosgenin-
IGFIR showed positive correlation mainly at the binding pocket
region (residues Glu974, Leu975, Val983, Tyr984, Glu985,
Alal001, Glul020, Vall033, Leul051, Met1052, Aspl056,
Met1112, Aspl123, Met1126, Ile1130, and Tyr1131). This
signifies the closure movement observed at the binding pocket
region facilitating stable complex formation (Supplementary
Movie S1). Similarly, in the Diosgenin-SRC complex, the
binding pocket residues (Argl58, Glul81, Thri82, CysI88,
Lys203-Lys206)
motion compared to other regions in the SRC structures.

showed moderately positive cooperative
Interestingly, the residues from the alternate binding region
show the cooperative motion results in stable non-bonded
contact with the newly reported alternate binding pocket.

In general, the conformational flexibility of all the complexes
i.e,, Diosgenin-IGFIR, Diosgenin-MDM2, and Diosgenin-SRC
varies greatly as observed in the DCCM plot and the collective
dynamics nature observed in the PCA and DCCM plot favors the
stable complex formation during the simulation.

Survival analysis of hub genes

To evaluate the prognostic significance of genes, we analyzed the
survival curves of each gene. Among 21 genes, 17 genes were observed
to had the significant effect over the Kaplan-Meier survival analysis
i.e, APP (log-rank p = 0.0018), AR (log-rank p = 0.0033), CDK4 (log-
rank p = 0.0062), CYP19A1I (log-rank p = 0.036), FGFR2 (log-rank p =
2.9 x 107°), GRMI (log-rank p = 0.027), IGFIR (log-rank p = 3.2 x
10), LYN (log-rank p = 0.017), MDM2 (log-rank p = 0.0012),
MDMH4 (log-rank p = 0.044), NR3CI (log-rank p = 0.00038), PDGFRB
(log-rank p = 1.2 x 107*), PRCP (log-rank p = 0.015), PTPNI (log-
rank p = 0.00041), RET (log-rank p = 0.03), SRC (log-rank p = 0.0039),
and STAT3 (logrank p = 14 x 10°%). Similarly, four genes
ie, CRHRI (log-rank p = 0.09), CYPI7AI (log-rank p = 0.14),
CYP3A4 (log-rank p = 0.056), and FASN (log-rank p = 0.15) were
insignificantly linked with disease prognosis; Table S3.
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Gene expression analysis in tumor, normal and
metastatic tissues

Kruskal Wallis test revealed the significant expression (p =
5.96¢-04) of the PDGFRB gene in breast invasive carcinoma
compared to normal and metastatic samples. In addition, the
similar observations were also noted for the FGFR2 (p = 3.03e-
08) and STAT3 (p = 9.51e-02) genes. In addition, Dunn test pointed
the difference in PDGFRB expression in the normal vs. tumor (p =
7.74e-05), tumor vs. metastasis (p = 5.66e-02), normal vs. metastasis
(p =2.61e-01), FGFR2 in normal vs. tumor (p = 2.31e-04), tumor vs.
metastasis (p = 2.98e-02), and normal vs. metastasis (p = 3.41e-01)
and STAT3 normal vs. tumor (p = 1.5%-02), tumor vs. metastasis
(p = 4.26e-01), and normal vs. metastasis (p = 3.57e-01); Figure 12).

Among IGFIR, SRC, and MDM?2, all the genes had a significant
difference in gene expression compared to three different tissues
ie, IGFIR (p = 2.07e-01), SRC (p = 2.71e-18), and MDM2 (p =
1.91e-02) which were evaluated using Kruskal Wallis test. In
addition, there was a significant difference in MDM2 expression
in normal vs. tumor (p = 3.83e-03), tumor vs. metastasis (6.87¢-02),
and normal vs. metastasis (2.03e-01) as revealed by the Dunn test.
Likewise, there was a significant difference in SRC expression in
normal vs. tumor (p = 1.72e-19), tumor vs. metastasis (1.92e-03),
and normal vs. metastasis (2.62e-01). Likewise, there was a
significant difference in IGFIR expression in normal vs. tumor
(p = 4.25e-02), tumor vs. metastasis (p = 4.91e-01), and normal vs.
metastasis (p = 3.19e-01); Figure 13.

In vitro pharmacology

BSL bioassay

Exposure to the different concentrations of diosgenin and
doxorubicin showed concentration-dependent brine shrimp
lethality. In addition, the LCs, was found to be 19.15 and
0.71 pg/ml the to be
27.06 times more potent than diosgenin (Supplementary Figure S4).

respectively  reflecting doxorubicin

In vitro MTT assay

Here, the MTT assay showed the ICs of the diosgenin to be
significantly higher than that of the doxorubicin in MCF7 (p <
0.001), MDA-MB-231 (p < 0.05), SKBR3 (p < 0.05) and Vero (p <
0.001) compared to the doxorubicin. In vitro MTT assay on
MCE7 cell lines reflected the doxorubicin (ICsq 3.21 + 0.29 pg/
ml) to be 3.7 times more potent than the diosgenin (ICs, 12.05 +
1.33 pg/ml). In addition, over the MDA-MB-231 cell lines, the
ICso of diosgenin was found to be (45.54 + 23.41) ug/ml
compared to doxorubicin (6.30 + 2.67) ug/ml which suggests
the doxorubicin to be 7.2 times more potent than diosgenin. In
addition, the diosgenin and doxorubicin had the ICsq (15.11 +
532)pg/ml and (547 % 1.09)pg/ml
SKBR3 reflecting the doxorubicin to be 2.76 times more
potent than that of diosgenin. In addition, the ICs, of
diosgenin and doxorubicin was found to be (17.78 + 7.86)

respectively over
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and (8.18 + 8.18) pg/ml respectively over the T47D cell lines to
point doxorubicin to be 2.17 times more potent. Further,
diosgenin and doxorubicin had the ICs, of (38.59 + 4.03) and
(7.05 £ 0.69) pg/ml respectively in which the doxorubicin was
found to be 7 times more cytotoxic than Vero cell lines;
Supplementary Figure S5; Supplementary Table S4.

In vitro scratch assay

After the 72-h exposure to different cells, it was observed that
diosgenin (200 ug/ml) had the highest effect on SKBR3 cell lines
(18.22 + 1.237%) to prevent cell migration compared to the rest.
In addition, we observed a significant difference in percentage
scratch closure within MCF vs. SKBR3 (p < 0.01), MDA-MB-
231 vs. SKBR3 (p < 0.05), SKBR3 vs. T47D (p < 0.01) and
SKBR3 vs. Vero (p < 0.001) cell lines (Supplementary Figure S6).
In addition, the concentration and time-dependent effect of the
diosgenin on scratch closure are presented in Supplementary

Figure S7.

Effect of diosgenin and doxorubicin over H,O,-
induced stress in cell lines

Upon the 24 h exposure of the H,0,, it was observed that
diosgenin has an equivalent effect to ascorbic acid over MCF cell
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lines with an ICs, (7.68 + 0.51) ug/ml and (7.13 + 0.31) pg/ml
respectively. In addition, diosgenin and ascorbic acid showed the
ICs0 of (13.58 +0.90) ug/ml and (10.60 + 1.60) pg/ml respectively
over the MDA-MB-231 cell lines. However, diosgenin (ICs,
6.68 + 0.67 pg/ml) had more effect over the SKBR3 compared
to ascorbic acid (9.39 + 3.09 pg/ml). Similarly, diosgenin and
doxorubicin had the ICs (8.90 + 0.98) and (9.14 + 0.78) pg/ml
respectively over T47D cell lines. Further, the diosgenin and
ascorbic acid had the IC5, (13.72 + 1.83) pg/ml and (12.68 +
4.53) pg/ml respectively over the Vero cell lines (Supplementary
Table S5). The concentration-dependent effect of diosgenin and
ascorbic acid is presented in Supplementary Figure S8.

Effect of diosgenin on Warburg effect

It was observed that diosgenin had efficacy in dealing
glucose uptake in tumor cells. The ECs, of the diosgenin was
observed to be significantly higher in glucose uptake in MCF7
(p < 0.001), SKBR3 (p < 0.05), T47D (p < 0.001), and Vero (p <
0.01) cell lines compared to metformin in the presence of
insulin. It was observed that diosgenin had a comparatively
higher ECsq (26.19 + 2.77) ug/ml compared to metformin
(3.10 + 0.99) pg/ml which showed the diosgenin to possess a
comparatively lower glucose uptake efficacy than metformin in
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MCEF7 cell lines. In addition, in MDA-MB-231 cell lines,
diosgenin and metformin had an equivalent ECs, in
promoting glucose uptake i.e, ECso (17.92 + 1.19) and
(17.03 +
observed that diosgenin had comparatively higher the ECs,

2.59) ug/ml respectively. Furthermore, it was

in promoting the glucose uptake in SKBR3 (ECs, 19.99 +
2.91 pug/ml), T47D (ECsy 37.47 + 1.75pg/ml), and Vero
(ECsp 15.27 £ 0.95pg/ml) compared to metformin (ECs,
SKBR3; 11.74 + 3.19 pug/ml, T47D; 12.50 + 1.42 pug/ml, and
11.79 1.65 pg/ml); Table Sé6;
Supplementary Figure S9

+
+

Vero; Supplementary

Discussion

The present study focused on tracing the targets of diosgenin
and evaluates the probably triggered pathways via the PPI in
breast cancer. In this regard initially, we predicted the targets
using three open-source platforms i.e. SwissTargetPrediction,
DIGEP-Pred, and BindingDB; matched with estrogen
receptor-positive  breast cancer targets (UMLS CUL
C2938924); retrieved from DisGeNET in which diosgenin was
predicted to target 21 different proteins i.e. APP, CDK4, CRHRI,
CYP17A1, CYP19A1, CYP3A4, FASN, FGFR2, GRM]1, IGFIR,
LYN, MDM2, MDM4, PDGFRB, PRCP, PTPNI, RET, and SRC,
(predicted in SwissTargetPrediction) AR and NR3CI (predicted
in DIGEP-Pred), and STAT3 (predicted in SwissTargetPrediction
and BindingDB) in the breast cancer. Herein concerning the
KEGG database, it was observed that 36 different pathways were
triggered in which 12 pathways i.e. pathways in cancer; hsa05200,
prostate cancer; hsa05215, viral carcinogenesis; hsa05203, glioma;
hsa05218, bladder cancer; hsa05219,
MicroRNAs in cancer; hsa05206, Kaposi sarcoma-associated

hsa05214, melanoma;

herpesvirus infection; hsa05167, proteoglycans in cancer;
hsa05205, central carbon metabolism in cancer; hsa05230,
non-small cell lung cancer; hsa05223, and pancreatic cancer;
hsa05212 were identified which explores the anti-cancer
pharmacological spectra of the diosgenin.

Breast cancer is one of the main causes of death among
women. Chiefly, the cells lining the milk-forming duct of the
mammary glands are the origination of breast cancer (Herbein
and Kumar, 2014) which can be further subdivided based on the
presence or absence of the hormone receptors i.e., estrogen and
progesterone subtypes and human epidermal growth factor
receptor-2 (HER2). In addition, the estrogen receptor pathway
triggers hormone receptor-positive breast cancer (Rani et al,
2019). Similarly, in HER2-positive breast cancer, HER2 triggers
RAS/RAF/MAPK and PI3K/AKT signaling pathways that
stimulate cell growth, survival, and differentiation (Dittrich
et al, 2014). We discovered 21 diosgenin-regulated proteins
that are involved with oestrogen receptor-positive breast
cancer (UMLS CUI: C2938924) targets in this investigation. In
addition, three pathways i.e., PI3K-Akt (modulated five genes
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i.e, CDK4, MDM?2, PDGFRB, IGFIR, and FGFR2), Ras
(modulated three genes i.e, PDGFRB, IGFIR, and FGFR2),
and MAPK (modulated three genes i.e., PDGFRB, IGFIR, and
FGFR2) signaling pathways associated to HER2 positive breast
cancer were modulated. Since diosgenin modulated three
pathways closely associated with HER2-linked pathogenesis, it
can be speculated that diosgenin could act via the manipulation
of HER2.

It has previously been proposed that Akt activation
influences endocrine resistance in metastatic breast cancer. In
addition, Akt activation in the downstream pathway of
HER2 could resist the endocrine therapy of breast cancer
(Tokunaga et al, 2006). Furthermore, Ras proteins activate
the cytoplasm and extracellular signaling networks via
receptor tyrosine kinase and are involved in cell proliferation,
survival, growth, metabolism, motility, and apoptosis, and their
hyperactivation promotes the growth and progression of breast
cancer. In addition, Ras’s intracellular localization, activation,
and signaling have been used in developing therapeutic
candidates against breast cancer via the enzymes involved in
posttranslational modification of Ras e.g, farnesyltransferase and
geranylgeranyltransferase 1 (Moon, 2021). Further, MAPK links
the extracellular mitogenic signals to cell proliferation which may
be concerned with or act independently towards estrogen-
mediated events in breast cancer cells (Yue et al, 2002). In
the present study, we identified the modulation of the above-
modulated pathways i.e., PI3K-Akt signaling pathway (false
discovery rate: 0.0011, strength: 1.12), Ras signaling pathway
(false discovery rate: 0.0263, strength: 1.09), and MAPK signaling
pathway (false discovery rate: 0.0446, strength: 0.99). This
suggests the probability of involvement of these pathways
linked to HER2 function which could be modulated by
diosgenin in breast cancer.

The role of EGFR dysregulation or mutation in cancer
etiology, particularly breast cancer, has been proposed
previously. However, resistance towards EGFR tyrosine kinase
inhibitors may occur due to secondary mutations (T790M),
(AXL, c-Met, HGF),
aberrant downstream pathways (K-RAS mutations, loss of
PTEN), deregulation of the EGFR tyrosine kinase-mediated
apoptosis, histological transformation, and ATP binding

activation of secondary pathways

cassette transporter effusion, etc (Huang and Fu 2015).

The FoxO signaling system interacts with the PI3K-Akt
signaling pathway and relates to cancer progression,
particularly breast cancer advancement (Farhan et al., 2017).
In addition, FoxO negatively regulates activated EGFR signaling
which was demonstrated via the in vitro cell line culture method
and in vivo models (Sangodkar et al., 2012). Here, in the present
study, we identified the regulation of the FoxO signaling
pathway via the modulation of four genes ie. MDM2,
STAT3, IGFIR, and GRMI which could support the
functioning of the PI3K-Akt and EGFR signal against breast

cancer pathogenesis.
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Furthermore, the Rapl signal has been linked to tumor cell
proliferation, invasion, and metastasis through regulating
integrin- or cadherin-mediated cell function, cytoskeletal
alterations, protease (metal metalloprotease) production, and
cell adhesion (Zhang et al., 2017). In addition, Rap1l has been
traced to attenuate metastasis and EGFR-triggered carcinoma
(Huang et al., 2012). Since breast cancer progression is closely
linked to EGFR tyrosine kinase signal; it can be speculated that
diosgenin-mediated Rapl signal could attenuate tumor invasion
and metastasis; was observed to be modulated via the modulation
of three genes i.e., PDGFRB, IGFIR, and FGFR2.

The p53 acts as a transcription factor for p21 via cyclin-CDK
interactions which is important for the transition of the G2 phase to
the mitosis phase (Alam et al,, 2015). In addition, p21 protects cells
from apoptosis, regulates the cell cycle, causes apoptosis, and
decreases cell proliferation in tumor cells (Wang et al, 2021).
Mutant p53 has been pointed to as the guardian of the cancer
cells (Mantovani et al., 2019) and is also associated with worsening
breast cancer affecting overall survival (Gasco et al., 2002). In the
present study, we identified the regulation of the three genes
CDK4, MDM2, and MDM4 which could activate the
p53 signal against breast cancer. Furthermore, excessive plasma

ie.,

prolactin levels have been associated with an increased risk of
breast cancer in both premenopausal and postmenopausal
women; i more prominent in estrogen or progestogen receptor
cancer type (Tworoger et al., 2004; Tworoger et al., 2006). Here, in the
present study, we identified the diosgenin to regulate the prolactin
signaling pathway via the regulation of three genes ie, STATS3,
CYP17A1, and SRC which could avoid estrogen or progestogen
receptor-mediated breast cancer progression. In addition, chemokine
signals are not limited to tissue differentiation, hematopoiesis,
inflammation, and immune regulation but also process tumor
by triggering angiogenesis, drug
resistance, and immunity of breast cancer (Liu et al., 2020). In the

development metastasis,
present study, we identified the diosgenin to trigger the chemokine
signaling pathway, and regulated three genes i.e, STAT3, SRC, and
LYN at 1.18 strength and 0.0168 false discovery rate). In addition, in
enrichment analysis i.e., tissues, Pfam, InterPro, and compartments
enrichment analysis we observed the multiple proteins that are
concerned with the breast cancer prognosis.

Also, in the present study, we identified three proteins
ie, IGFIR, MDM2, and SRC in diosgenin-protein(s)-pathway(s)
interaction. Hence, these were further considered for post-network
analysis i.e., molecular docking and molecular dynamics simulation.
Apart from handling the transcription, IGFIR can trigger the growth
and metastasis of malignant melanoma cells through the PI3K-Akt
signaling pathway (Ekyalongo and Yee, 2017). Diosgenin was
anticipated to interact with IGFIR in the current investigation,
potentially preventing breast cancer metastasis and tumor
invasion, which could be PI3K-Akt driven, as previously discussed.

The IGFIR is a transcription factor that binds to DNA and
influence transcription. Both ERK1/2 and AKT are involved in
the transcriptional control of the IGFIR gene. MicroRNA-139-5p
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modulates the growth and metastasis of malignant melanoma
cells via the PI3K/AKT signaling pathway by binding to IGFIR
(binding energy -8.6 kcal/mol). Previously, MDM2 amplification
has been reported to relate to estrogen receptor status and its
presence has been indicated in human breast cancer cell (Quesnel
et al., 1994); was observed to be manipulated with diosgenin in
the third cluster of the PPI binding (binding energy —8.5 kcal/
mol). Likewise, another modulated protein i.e., SRC has been
reported to increase its expression in human breast cancer by
4-30 fold which was evidenced via both immunohistochemistry
and immunoblotting (Verbeek et al., 1996); was also predicted to
be modulated by diosgenin interaction (binding energy -7.4 kcal/
mol). In addition, since 17 genes i.e. APP, AR, CDK4, CYP19A1,
FGFR2, GRM1, IGFIR, LYN, MDM2, MDM4, NR3C1, PDGFRB,
PRCP, PTPNI, RET, SRC, and STAT3 were observed to have a
significant role in disease prognosis, it can be speculated that the
above-modulated proteins are primarily concerned with breast
cancer management with diosgenin treatment.

The docking study revealed diosgenin to interact with active
site residues of three potential targets involved in breast cancer
via IGFIR, MDM?2, and SRC. Diosgenin formed stable
intermolecular interactions throughout 150 ns MD simulation
revealing them as the best lead. Among the interactions of
diosgenin with IGFIR, diosgenin interactions with Leu975,
Val983, Metl112, Metl1126, and Ilel130 were consistent in
both docking and MD simulation. Multiple studies have
demonstrated these residues involve the pocket as a primary
binding site (also validated by PrankWeb server; https://
prankweb.cz/) for inhibition of IGFIR (Munshi et al., 2002; Li
et al,, 2009; Guo et al., 2015). This indicates, that diosgenin as a
potent lead hit against IGFIR. Similarly, diosgenin scored the
lowest binding energy of -8.5 kcal/mol and binding free energy of
-34.619 kcal/mol and formed stable interactions Leu57, Gly58,
Ile61, Met62, Tyr67, Val93, and Ile99 throughout the 150 ns MD
production run. Both docking and MD simulation revealed
diosgenin as a potent lead hit for targeting MDM?2.
Interestingly, a study by Li et al. (2021) identified AG-690/
37072075 and AO-022/43452814 as potent anticancer lead
hits against MDM?2. These molecules were predicted to
interact with the residues “Leu57, Gly58, Ile61, Met62, Tyr67,
Val93, and Ile99” and were also found to inhibit p53-MDM2
interaction in wild-type p53 cells. Hence, we believe that
diosgenin may interfere with the p53-MDM2 interaction
(MDM2 inhibits the transcriptional activity of p53 by
and further
experimental studies are required to validate our findings.

attaching to its transactivation domain),
Further, diosgenin scored -7.4 kcal/mol binding energy against
SRC and formed interaction with Ala168, Argl72, Phel94, and
Leu200. The structural shift of diosgenin from its initial binding
pocket to the neighboring alternative pocket was revealed
through MD simulation, and the complex remained stable
throughout the entire simulation. As a result, we are the first

to disclose the discovery of a secondary binding site in the SRC.
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Mechanism of action of diosgenin against oestrogen receptor-positive breast cancer. Diosgenin acts on the two cell surface proteins IGF1IR and
PDGFRB and inhibits invasion, metastasis, angiogenesis, and cell proliferation. In addition, it acts on the four cytoplasmic proteins i.e., MDM2, STAT3,
FGFR2, and SRC. Diosgenin may inhibit the cell to escape p53 surveillance by binding with MDMZ2, inhibit cell proliferation and promote apoptosis by
binding to STAT3, interfere with NF-kB signals check the cancer cell self-renewal, and inhibit the metastatic spread by inhibiting the SRC action.
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The simulation movie (Supplementary Movie S3) shows that the
complex undergoes significant conformational changes in the
protein’s secondary structure, including the primary binding
pocket, increasing the conformational flexibility of SRC and
causing diosgenin to switch positions from the primary
binding pocket to the alternate binding pocket that has been
reported. The PCA and DCCM revealed that diosgenin with
IGFIR, MDM2, and SRC exhibited significant differences in
conformational flexibility and also support the stable complex
formation during the simulation.
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During the differential gene expression analysis of diosgenin-
regulated genes, we observed that PDGFRB, FBFR2, and STAT3
possess maximum gene expression in tumor and metastatic vs.
normal tissues. In addition, molecular docking and simulation
also identified IGFIR, MDM2, and SRC could be the prime
diosgenin-modulated targets against breast cancer. Hence, to
confirm this we further assessed the functional role of each target
using cell line studies. The PDGF family (PDFGRB) has been
reported to use PDGF ligands released by cancer stromal cells
from breast cancer cells to drive cell proliferation (Farooqi and
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FIGURE 15
Probable checkpoints affected by the diosgenin in the pathogenesis of breast cancer (Homo sapiens (human); hsa05224) targets/

pathways. In the KEGG pathway analysis, it was diosgenin-regulated targets involved in breast cancer were also identified to trigger EGFR, PI3K-Akt,

MAPK, and p53 signaling pathways.

Siddik, 2015). Similarly, FBFR2 has been reported to promoting
cell self-renewal by interacting with NF-kB signals (Kim et al.,
2013). Likewise in previous studies, STAT3 inhibition has been
reported to decrease cell proliferation and apoptosis promotion
in various cancers including breast cancer (Kanai et al., 2003;
Pancotti et al., 2012; Chen et al., 2013). In this regard, because
these targets were directly triggered by diosgenin and were also
significantly higher in the tumor than in the normal, diosgenin
may limit cell proliferation and promote apoptosis by interfering
with the self-renewal process. This hypothesis was further
supported by the MTT and scratch assays. Previously, an
increase in glucose uptake has been reported in the cancer cell
which supports ATP production and acts as a fuel (Adekola et al.,
2012). This glucose uptake can be reduced by blocking insulin’s
impact on cancer cells. In comparison to metformin, the current
considerably  greater effective

investigation found a

concentration to limit glucose uptake. As a result, diosgenin
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may inhibit glucose uptake in cancer cells. In the current
investigation, however, the glucose absorption assay was done
in the presence of insulin. As a consequence, more research is
needed to determine its role in glucose uptake in the absence of
insulin. Similarly, MDM?2 helps cancer cells to escape
p53 surveillance and avoid cellular apoptosis (Momand et al.,
1998). In the present study, since, diosgenin had a significant
binding affinity with MDM?2, it could probably promote the
apoptosis that needs to be further confirmed. In addition, SRC
has been indicated for cancer metastasis and also helps in cancer
progression and development which is an indicator of cell
(Wheeler 2009). the
investigation, we discovered that diosgenin inhibited cell
proliferation in a variety of cell lines. This may be due to the
blockage of the SRC generated by diosgenin by binding to it. This
could have prevented cell multiplication, as revealed by the

proliferation et al, In current

scratch assay. Based on the information presented above, it is
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reasonable to believe that diosgenin may act against breast cancer
by reducing glucose utilization, invasion, and metastasis via the
surface protein IGFIR. Furthermore, it may limit cancer cell
proliferation by acting on another surface protein, PDGFRB. In
addition, the diosgenin may also act over the MDM2 and prevent
the cancer cell to escape the p53 surveillance in the cytoplasm.
Also, diosgenin may primarily act over two cytoplasmic targets
FGFR2 and SRC to prevent the interaction with NF-kB (prevents
cell self-renewal) and metastatic spread respectively (Figure 14)
and may also modulate other pathways within the breast cancer
pathogenesis (Figure 15) which was evidenced during KEGG
pathway analysis.

Although diosgenin inhibited cell growth, was cytotoxic,
and had an effect on the various cellular compartments of the
tumor cell, the inhibitory constant efficacy was found to be
greater than that of doxorubicin. In addition, the previous
drug discovery process utilized the concept of the “lock and
key” approach in which a designed drug is specific to a single
e.g. with DNA by
intercalation and inhibits topoisomerase II. However, this

protein doxorubicin complexes
approach has often failed many times and molecules were
potent cytotoxic to normal cells which was also observed in
the present study. However, a single compound preferably
from a natural source tends to act through a
polypharmacology approach in which a single molecule
can target multiple proteins based on the concept “master
key can unlock multiple locks” to target multiple proteins and
pathways (Chandran et al., 2017). If it happens, the amount
of concentration required is a bit high; however, approaches
should be made through the targeted drug delivery to breast
cancer which is yet to be studied. This issue could be
remedied by increasing diosgenin’s cellular permeability
and promoting anti-cancer action against breast tumors
via a novel drug delivery mechanism, as established in
previous studies (Dhamecha et al., 2015; Jagwani et al,
2020; Dhamecha et al., 2021; Ramasamy et al., 2021). In
addition, the effect of diosgenin on the hub genes (SRC,
MDM?2, and IGFIR) based the

computational models which need to be further evaluated

expression s on
using real-time or reverse transcriptase polymerase chain
reaction even though the present study pointed their
functional effect via the glucose uptake, cell proliferation,
and apoptosis which is the perspective of the present
findings.

Conclusion

The present study utilized a series of system biology tools
to trace the potential action of diosgenin against breast cancer.
Herein, we identified the probable action of the diosgenin
against breast cancer via FoxO, PI3K-Akt, p53, Ras, and
MAPK signaling pathways. In addition, we traced the
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selectivity of the diosgenin to manipulate the action of
three hub genes ie, IGFIR, MDM2, and SRC. Our
molecular modeling study reveals that the stable complex
formation is primarily facilitated by the cooperative closure
motion exerted by the primary binding pocket residues in
diosgenin-MDM?2, and diosgenin-IGFIR complex while, in
Diosgenin-SRC similar compact closure dynamics are also
observed at the alternate binding pocket. Conformational
flexibility and convergence of the trajectories during MD
have been investigated using PCA. Diosgenin showed stable
non-bonded interactions forming stable binary complexes
with all three screened targets namely SRC, MDM2, and
IGFIR. Thus, we proposed that these stable interactions of
Diosgenin would trigger the successful inhibition of SRC,
MDM?2, and IGFIR; the newly identified targets in breast
The of
investigations well

cancer. results our computer modeling
agree with  the of the

experimental cell line tests. As a result, we hope that this

results

work will open the way for the development of novel
therapeutic techniques and/or medication candidates for
breast cancer.
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Bromelain is a key enzyme found in pineapple (Ananas comosus (L.) Merr.); a
proteolytic substance with multiple beneficial effects for human health such as
anti-inflammatory, immunomodulatory, antioxidant and anticarcinogenic,
traditionally used in many countries for its potential therapeutic value. The
aim of this updated and comprehensive review focuses on the potential
anticancer benefits of bromelain, analyzing the cytotoxic, apoptotic, necrotic,
autophagic, immunomodulating, and anti-inflammatory effects in cancer cells
and animal models. Detailed information about Bromelain and its anticancer
effects at the cellular, molecular and signaling levels were collected from online
databases such as PubMed/MedLine, TRIP database, GeenMedical, Scopus,
Web of Science and Google Scholar. The results of the analyzed studies
showed that Bromelain possesses corroborated pharmacological activities,
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such as anticancer, anti-edema, anti-inflammatory, anti-microbial, anti-
coagulant, anti-osteoarthritis, anti-trauma pain, anti-diarrhea, wound repair.
Nonetheless, bromelain clinical studies are scarce and still more research is
needed to validate the scientific value of this enzyme in human cancer diseases.

KEYWORDS

bromelain, cancer, chemotherapeutics, cytotoxicity, apoptosis, molecular targets

1 Introduction

Cancer has become a global problem, with a negative impact on
patients, their families and the whole of society. Tumor cells can
affect any part of the body and are characterized by proliferation
caused by the loss of control of cell division, reducing the possibility
of repairing cell DNA mutations, the ability to avoid genetically
programmed cell death (apoptosis), to form new blood vessels
(angiogenesis), to invade other tissues and develop metastases, the
ability to hide from the action of the immune system or the loss of
abilities to fulfil a function in the body (1, 2). The main objectives of
oncological treatments are the remission or cure of the disease, the
extension of the duration and the improvement of the patient’s
quality of life. The effectiveness of oncological therapies depends on
early detection, accurate diagnosis of cancer, compliance with
standards of care and the correct way of administering
treatments. Chemotherapy is a systemic treatment, administered
to destroy tumor cells or stop their multiplication (3). The cytotoxic
action also manifests itself in healthy cells that multiply rapidly (eg
hair, and cells of the intestinal mucosa), causing adverse reactions
(4). Chemotherapy is administered strictly according to the type of
tumor cell and the patient’s response to treatment (5, 6). Today,
there are a variety of natural cancer treatments that may be able to
provide results comparable to chemotherapy and radiation therapy
(7, 8). They are much less toxic and invasive compared to standard
methods of cytostatic treatment. Some of the most successful cancer
treatment plans involve a combination of therapies (9-11).

Bromelain is an enzyme with a particular proteolytic activity
that can be easily obtained from the pineapple stem (Ananas
comosus (L.) Merr.). Bromelain is also present in other parts of the
pineapple and is found in association with other cysteine proteases
(12). Bromelain is traditionally extracted from the juice following
ultrafiltration and centrifugation, with an end process culminating
in lyophilization (13). However, the growing request for this
substance induced the research to develop new purification
techniques, ie. ion exchange chromatography, gel filtration,
aqueous two-phase extraction, affinity chromatography, reverse
micelle chromatography, and recombinant DNA technology, with
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the final aim to contain costs and increase the production yield
(14). Given the elevated costs of production and a market that
needs a highly purified and certified bromelain, pineapple
cultivation is widespread in many tropical and subtropical areas,
i.e. South-East Asia, Africa, and Central-South America (15). At
the basis of this great request for bromelain, there are the
extraordinary properties that make it indispensable for
numerous processes related to foods production, cosmetics,
pharmaceuticals, and textile industries (13, 15-18). In addition,
since its discovery, bromelain demonstrated interesting
pharmacological and potential medical applications. In 1875,
bromelain was first analyzed as a specific substance obtained by
pineapple (19) and later in 1892, other researchers defined their
matter of investigation as “bromelin” (20). After in 1962, Seligman
and collaborators demonstrated the anti-inflammatory effect of
bromelain (21). Since this finding, bromelain has been
increasingly studied in different settings, leading to the discovery
of numerous properties in human health, i.e. treatment of
osteoporosis and osteoarthritis, diarrhea, treatment of chronic
wounds, surgical debridement, anti-edema and anti-inflammatory
processes, trauma pain, burn eschars, and many others (Figure 1)
(22-29). Certainly, such clinical studies have been based on
previous animal or cellular experiments. Indeed, a plethora of
preclinical works have been published on this substance as they
will be reported in this review. In particular, this updated review is
focused on the anti-cancer effect of bromelain, an activity that
emerged since 1972, when a first work explored the use of the
enzyme in malignant tumors with notable remissions in some
anecdotal cases (30).

2 Review methodology

To carry out this updated review on the anticancer effects of
bromelain, published studies were searched in specialized databases
such as PubMed/MedLine, TRIP database, GeenMedical, Scopus,
Web of Science and Google Scholar, using the next MeSH terms:
‘Animals”, “Anticarcinogenic Agents/pharmacology”,
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FIGURE 1
Illustrative diagram with the most representative anticancer molecular mechanisms of Bromelain. Abbreviations and symbols: tincrease, |decrease,
extracellular signal-related kinase (ERK), c-Jun N-terminal kinase (JNK), X-linked inhibitor of apoptosis protein (XIAP), Heat shock protein 27 (HSP27),
Heme oxygenase-1 (HO-1), long-chain fatty acyl-CoA synthetase 4 (ACSL4), reactive oxygen species (ROS), superoxide dismutase.(SOD), Glutathione (L-
v-glutamyl-L-cysteinyl-glycine; GSH), malondialdehyde (MDA), Bcl-2 Associated X (Bax), B-cell lymphoma 2 (Bcl-2), Pro-Apoptotic Apoptosis Protease—
Activating Factor 1 (Apaf-1), mitogen-activated protein kinase (MAPK), serine/threonine protein kinase (Akt), nuclear factor-kappa B (NF-«B), cluster of
differentiation 44 (CD44), serine/threonine kinase (Rafl), mitogen-activated protein kinase (MEK), Autophagy related 5 protein (ATG5), Microtubule-
associated protein 1A/1B-light chain 3 (LC3), IL (interleukin), Interferon-gamma (IFNYy), cyclooxygenase-2 (COX-2), Granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte-colony stimulating factor (G-CSF).

“Antineoplastic Agents/pharmacology”, “Bromelain/
pharmacology”, “Bromelain/administration and dosage”,
“Bromelain/chemistry”, “Cell Line, Tumor”, “Cell Survival/drug
effects”, “Dose-Response Relationship”, “Drug, Humans”,
“Nanocapsules/administration and dosage”, “Neoplasms/drug
therapy”, “Neoplasms, Experimental/pathology”, “Signal
Transduction/drug effects”, “Treatment Outcome”. Each article
published before 1 August 2022, written in English, and their
significance was evaluated by analyzing the title and abstract. All
studies written in preclinical and clinical language that highlighted
the anticancer molecular mechanisms, signaling pathways and
action targets of bromelain were included. Duplicate studies,
abstracts, presentations at conferences or that had associated
homeopathic preparations were excluded. The chemical forms
were validated with Chemspider and the scientific names of the
plant species were validated according to WorldFloraOnline
(31, 32).

3 Chemistry data of bromelain

3.1 Physicochemical characteristics

The term “bromelain” initially referred to a mixture of
proteases produced by any member of the bromeliaceae family
(14). However, the extraction is most common from pineapple
fruit (Ananas comosus). These extracts usually contain several
enzymes (including proteases, phosphatases, nucleases,
oxidoreductases, and glycosidases), but the most characteristics
among them are some cysteine endopeptidases that specifically
hydrolytically cleave non-terminal peptide bonds (33, 34). Four
main enzymes have been identified, as shown in Table 1.

Proteolytic activity is present in almost all parts of the plants,
but the stem and fruit are indeed richer. The main enzyme is
bromelain. This is o + B protein that can be extracted both from
the stem (EC: 3.4.22.32) and from fruit (EC: 3.4.22.33). The first is

TABLE 1 summary of the most prominent characteristics of pineapple cysteine proteases (adapted from (Colletti et al., 2021; Murachi, 1976;
Rowan & Buttle, 1994) (33).

Protease Optimum pH Glycoprotein
Bromelain (fruit) 25-31 4.6 3-8 Yes
Bromelain (stem) 23.8-27 ‘ 9.5 6-7 Yes
Ananain 23.4-25 >10 ~7 No
Comosain 24.5 ‘ >10 ~7 Yes
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the most abundant showing MW of about 23.8 kDa, a pI of 9.5
and a pH optimum around neutrality (33). Bromelain from the
fruit on the contrary has a slightly higher MW (25 kDa), a more
acidic pI (4.6) and a broader pH optimum (3-8). All these
differences on the whole may be, at least in part, responsible for
the very different results observed in all the clinical and preclinical
studies (33, 35). Stem bromelain is a single polypeptide chain
(211/212 aminoacids), presenting at least a single glycosylation
point accountable for the 23.8 kDa MW. A crucial glutamate
residue (Glu68) has been suggested responsible for the preference
for positively charged substrates (36). Both enzymes could
undergo however complex glycosylation patterns, increasing the
global MW. These reactions depend on a lot of factors and are still
largely poorly known (34). The aminoacidic sequence of stem
bromelain is quite homologous to other plant cysteine-peptidases
such as papain, chymopapain and actinidin (37). Nonetheless,
several authors reported that this proteolytic activity could be only
marginally connected to the pharmacological effects. Other
components (protein and non-protein) could be responsible for
a complex network of interactions and synergistic actions
resulting in pharmacological effects (16). Stem bromelain is very
stable when frozen at -20°C, whereas a complete loss activity
occurs when boiled at 100°C for 10” (38). Optimum activity has
been found at 30°C and neutrality for the glycosylated form. Both
heating (40-60°C) and acidification (pH 3-4) led to significant
inactivation (39). The deglycosylated form was found to be more
susceptible to temperature and organic solvent inactivation,
suggesting an important role of the oligosaccharide portion in
the retention of the enzyme’s native form (39).

Fruit bromelain showed a similar pH optimum around
neutrality and a loss of activity for a pH higher than 8.0 (40).
The enzyme retained a part of catalytic activity (respectively 22%
and 44%) after 30 days of storage at 30°C and 60 days of storage at
4°C (41). On the contrary, 180 days of freezing at -4°C led to an
almost complete retaining (75%) of proteolytic power. Slightly
different results were obtained by Chaurasiya and colleagues (40).
In this study after 9 days at 5-8°C the loss of activity was
significant (around 30% residual activity) (40). These differences
could be explained by the different degrees of purification.
Glutaraldehyde crosslinking has been shown to increase thermal
and pH stability, up to 60°C and pH 8 (42). Even the effect of
different organic solvents led to less marked losses of proteolytic
activity. Recently, Zhou and coworkers showed that thermal
inactivation followed the first-order reaction, and that half-life
from 45 to 75°C decreased from 81’ to 5 (43).

3.2 Purification of bromelain

Protein purification is always a challenging task since all
proteins show similar physicochemical properties (being
constituted always by the same 20 aminoacidic building
blocks). In addition, all the required purification techniques
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must be performed under very controlled conditions to avoid
protein inactivation (and consequently the complete loss of
commercial value of the protein). Temperature, pH, presence
of organic solvents, ionic strength, dilution or concentration,
and various chemical and biological contaminants are all factors
that should be carefully monitored and controlled during
purification, affecting the overall cost of the process. In
accordance, a lot of attention has been paid to the purification
strategies, looking for the most effective approaches, also from
an economical point of view. Up to now the most used protocol
encompass the preparation of a crude bromelain extract, using
conventional low-resolution techniques (44). After cleaning,
peeling and cutting down the whole pineapple, cell lysis is
usually obtained mechanically without any further water
addition. This homogenization, after centrifugation, allows for
recovering an active extract presenting however several
impurities. The product can be then concentrated to improve
the purification fold. Size exclusion membranes (cut-off > 5-
10kDa) are usually the basis for ultrafiltration techniques, giving
encouraging results (45-47). Such a strategy is quite simple and
the costs are relatively low. A more expensive way to concentrate
protein is lyophilization (freeze-dry). The transition of water
from solid to gas form under a deep vacuum requires a high
amount of energy but allows a complete solvent removal (not
possible with membrane filtration). On the negative side, the
stability of bromelain during freeze-drying is not high (35, 48)
possibly suggesting the use of a stabilizer. All these approaches
lead to a crude extract in which bromelain has been isolated
from non-protein contaminants, but no real protein purification
has been done. This can be achieved with high-resolution
techniques, that greatly increase the final cost of the purified
product. Usually low- and high-resolution isolation steps are
combined following the purpose of the purified extract (Arshad
et al,, 2014). One of the easiest ways to fractionate proteins is
reversible precipitation. Several approaches can be used,
including salts, isoelectric, organic solvents and non-ionic
polymer precipitation. All these techniques have been tested
for bromelain, with various results (40). Ethanol precipitation
gave better yields than isoelectric, PEG and ammonium sulfate
(48, 49). PEG can be also used in aqueous two-phase systems,
preserving bromelain activity (50, 51). Precipitation is a very
affordable option, with quite good recovery yields. However, the
obtained purification fold factors are not very high, and the
product could be contaminated by salts or polymers (33).

To improve protein purification fold, the golden standard in
biochemistry is chromatography. This term encompassed all the
techniques using a combination of two immiscible phases,
moving one on the other. The analytes are separated giving
their different affinity for the two phases. Chromatographic
separation typically highly increases the protein purification
yields, but with higher operational costs. Often
chromatography is employed in combination with fractionated
precipitation (52). Ion exchange chromatography relies on
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reversible electrostatic interaction between a resin and charged
analytes. Such an approach has been proved able to remove
contaminant polysaccharides (35), increasing bromelain-specific
activity (even more than salt precipitation) (53, 54). Ion
exchange has been also tested in combination with size
exclusion chromatography, resulting in a 41% recovery of
initial activity (55).

Affinity chromatography (AC) is a very potent separation
technique, relying on a specific interaction between a protein
and a ligand-functionalized chromatographic column (56). This
could allow (theoretically) to completely purify proteins in a
single step. Bobb and colleagues achieved a similar result using
an e-aminocaproic-D-tryptophan methyl ester coupled with
Sepharose 4B (57). In this case stem, bromelain was effectively
purified to a single SDS-PAGE band in one step. Alternatively,
Rowan et al. used acetone precipitation and a Sepharose- Ahx-
Phe-GlySc resin to purify fruit bromelain (Rowan et al., 1990). In
both cases, mercury was used to allow elution after sample
application and resin washing of unbound. The downside of
such approaches is the high costs of similarly functionalized
resins. In the case of recombinant bromelain, His-tag could be
inserted allowing AC purification based on nickel/nitriloacetic
aced-based resins (58, 59). High recovery yields of bromelain
have been also obtained using reversed micellar extraction
(RME) process (40, 60, 61). RME relies on the inclusion of
proteins into micellar inner cores, and the subsequent release in
the aqueous phase. The works reported good bromelain recovery
and significant enhancement in the purification fold.

3.3 Determination of bromelain activity

Casein and azocasein are the most used substrates for the
spectrophotometric determination of bromelain activity. Casein
is chosen due to its low cost and high availability (62). The
reaction is performed in 0.5-1% casein solutions at neutral pH.
After 5-30” at 37°C trichloroacetic is added to stop the reaction
and the resulting soluble peptides are spectrophotometrically
detected at 280 nm, comparing absorbance with a tyrosine
standard curve (48, 63). Reducing thiols and EDTA is required
to, respectively, prevent oxidation of cysteine in the active site
and chelate interfering metals (64, 65). Upon proteolysis,
azocasein releases instead diazo sulphonic analogues of Tyr
and His residues, quantifiable at 440 nm. Operational
conditions are like casein, but alkali addition is necessary to
develop color (66). Also, in this case, the reaction is performed at
37°C. As alternatives, several synthetic substrates are available
usually based on chromogenic or fluorogenic moieties (such as
p-nitrophenol or p-nitroaniline) coupled to small peptides. For
instance, Z-Arg-Arg-p-nitroaniline, Bz-Phe-Val-Arg-pNA,
pGlu-Phe-Leu-p-nitroanilide and N-Cbz-L-Gln-p-nitrophenyl
ester hydrolysis leads in solution to chromophores easy
detectable at 405 nm (67, 68). These approaches are easy,
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convenient and quick. One more advantage is the fact that
different substrates present different specificity for various
bromelain forms. For instance, Z-Arg-Arg is more specific for
stem enzymes (69, 70). On the other hand, fruit bromelain
showed a preference for Bz-Phe-Val-Arg.

4 Bromelain as an emerging
anticancer agent: Molecular
mechanisms, signaling pathways
and therapeutic targets

To elucidate in detail the potential mechanisms of anticancer
action, bromelain has been extensively studied in numerous
studies (16, 71-73). Bromelain anticancer eftects were evaluated
in both “in vivo” in animal models and “in vitro” as a potential
agent against several cancer lines such as gastrointestinal,
colorectal, breast, mesothelioma, lung, hepatic, pancreatic,
epidermoid, and melanoma (71) (Table 2 and Figure 1).

4.1 Cytotoxicity

The cytotoxic properties of bromelain have been known
since ancient times, as it was used in traditional Asian medicine.
Cytotoxic or anticancer bromelain effects are associated with its
protease activity (16). In SCC25 human oral squamous
carcinoma cells, cell viability decreased in a dose- and time-
dependent manner after 24-hr treatment with bromelain, from
95.16% (at 0.78 pg/mL) to 69.93% (at 25 pug/mL) (85). It has
been reported that bromelain-induced cytotoxic activity in
human gastrointestinal cancer cells (76, 96), breast cancer cells
(76, 80), and hepatocellular carcinoma cell lines (97). It is also
evidenced that bromelain presented antiproliferative properties
in gastric and colon carcinoma cells. For example in human
gastrointestinal cell lines, in the case of MKN45 cells, the enzyme
in a range of concentration from 100 to 600 ug/mL but non-dose
dependently reduced cell survival at 72h of treatment (81). In the
case of KATO-III cells, antiproliferative effects were shown at
concentrations above 100 ug/mL, while in LS174 cells, cytotoxic
properties of bromelain were evidenced above 30 ug/mL and its
cytotoxicity increased with higher bromelain concentrations at
72h (81). Cytotoxicity of bromelain was also evaluated in other
human gastric carcinoma cells (AGS cells) at concentrations
from 5 to 600 pg/mL, whereas the first anti-proliferative effects
(25% growth reduction) were observed at concentrations >50
pg/mL in a dose-dependent manner at 24h of treatment (76).
Another study demonstrated a reduction of almost 75% cell
viability after 12 hours of treatment with a concentration of 50
pg/mL bromelain in DLD-1 colorectal carcinoma cells (89).

Cytotoxic properties of bromelain were also tested in
hepatocellular carcinoma cells (HepG2). Cells treated for 48
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TABLE 2 Table with summarized anticancer mechanisms of Bromelain from in vitro studies.

Type of tested cancer cell lines

MDA-MB231breast adenocarcinoma

A2058 melanoma

OCI-LY19 non-adherent human B cell lymphoma
HL-60 human leukemia cells

Effects

Tcytotoxicity

anti-proliferative

Results/Potential Mechanisms Ref
ICso - 0.3 uM (36)
1 cancer cells death in MDA-MB231, A2058
ICs - 1 uM

1 cancer cells death in OCI-LY19, HL-60

MCE-7, MDA-MB-231 breast adenocarcinoma

Tcytotoxicity
tautophagy
Tapoptosis

ICsp - 1 pg/mL (74)
| cancer cells viability: 20% for MCF-7, 30% for MDA-MB-231

IC50 - 100 pg/mL

lcancer cell viability, | caspase 9, | ERKY, 1JNK, 1p38

60% for MCF-7, 80% for MDA-MB-231

Tautophagic markers: TLC3BII, tbeclin-1

MCEF-7 breast adenocarcinoma

4T1 breast adenocarcinoma

MDA-MB-231 breast adenocarcinoma

GI-101A breast adenocarcinoma

| proliferation

nanocapsules of bromelain (75)
lcells proliferation

72.6% at ICso - 1.25 pg/mL

66.4% at ICs - 0.625 ug/mL

Lcells viability

Lcells viability

Jtumor mass

Tcytotoxicity

lcells viability
Tapoptosis

Lcells viability
Tapoptosis
Tcytotoxicity

1 cytotoxicity (76)
ICs - >75 pg/mL

anti-proliferative (77)
80% similar to taxol at ICsy > 50 ug/mL

combination treatment of bromelain + cisplatin reduced tumor (78)
cells growth

|GREM1

JIL-1B, |IL-4, |NF-kB, |PTGS2, |NO

combination treatment (79)
bromelain ICsq - 2 uM + cisplatin ICso - 1.5 uM

1 cell viability to 50%

bromelain ICs, _ 0.9 uM + cisplatin ICsq - 4.0 pM

| cell viability to 70%

lanti-apoptotic proteins: |cIAP 1, |Bcl-2, |CAT, |clusterin,

|HO-1, |livin, | XIAP, |claspin, |HSP27

|1kB kinase, |NF-kB

no effect on pro-apoptotic protein Bax

ICsp - 5, 10, 20, 40, 50 pg/mL (80)
Lcell viability 36%

tapoptosis

1DNA fragmentation

1JNK, tkinase 38 fcaspase-3, fcaspase-9

MKN45, KATO-III, LS174
gastrointestinal carcinoma

AGS gastric carcinoma

Lcells survival
tautophagy
Tapoptosis

tmucin depletion

Tcytotoxicity

anti-proliferative

Jcells survival (81,
ICs - 100 -600 pg/mL for MKN45, KATO-III 82)
ICs - 30 pg/mL for LS174

synergic anticancer effects with N-acetylcysteine

Tcaspase-3, 7, 8, | PARP, |cytochrome C

|LC3-II, |Bcl-2, | p-Akt, |Atg3, | Atg5, | Atg7, | Atgl2, |Beclin

1, IMUC2, |MUC5AC

Teytotoxicity (76)
1Cs¢ >50 pg/mL

MPM malignant peritoneal mesothelioma Lcells viability Lcell viability (83,
tautophagy 60% at ICso - 100 pg/mL 84)
Tapoptosis Tcaspase-3, 7, 8, 9, 1Cyt C
|PARP, | p-Tkkb, |NF-kB,| p-Akt
SCC25 oral squamous carcinoma Lcells viability Lcell viability (85)

31.07% at ICs - 25 pg/mL

HepG2 hepatocellular carcinoma

Lcells survival
Tapoptosis

| cells proliferation

lcells growth

Lcell viability (86)
ICso 25 pg/mL
antioxidant in cell cancers: |SOD, |CAT, |GSH, |MDA
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TABLE 2 Continued

10.3389/fonc.2022.1068778

Type of tested cancer cell lines Effects Results/Potential Mechanisms Ref
1 cell cycle arrest in Tapoptosis: 1p53
G2/M phase 1B- catenin
PC3 prostate cancer Lcell survival lcell viability (76)
Tapoptosis 25% at ICso >50 pug/mL
A431 epidermoid carcinoma lcell survival T cytotoxicity (87)
A375 melanoma tapoptosis ICs - 200mg/mL for A431
ICs0 - 400mg/mL for A375 cells
1Bax, TApaf-1, fcaspases-3, 9, |Bcl-2
DLD-1, HT-29, HCT116 colorectal carcinoma T cytotoxicity ICsy = 50 ug/ml for HCT116 (88)
tautophagy ICs - 70 pg/ml for HT-29, DLD-1
TAIF, 1Endo G, fcaspases -3, -8, -9,
1PARP-1, 1ATG5/12, 1Beclin, 1p62, 1LC3
Non-Kras mutant (Caco2 and NCI-H508) Kras mutant Lcell viability 1T cytotoxicity (89)
(HCT-116, DLD-1) colorectal carcinoma tferroptosis IC50 - 50 pug/mL
Kras mutant cells were more susceptible
JACSL-4,  miRNAs in Caco2 cells
TROS, tferoptosis Kras mutant cells
DMBA-TPA-induced mouse skin cancer cells tapoptosis ltumorigenesis (90)

Ipapilloma cells

|IxBa, |NF-kB, |COX-2, |Bcl-2, 1Bax, fcaspase 3, 9, 1p53,

development JERK1/2, | MAPK, | Akt
K562 human acute myeloid leukemia tapoptosis Tperoxidase, TROS, 1Bax, fcaspase-3, 1Cyt C, |Bcl2, 1p53 91)
DLA Ascitic Dalton’s lymphoma cells from mice tapoptosis TROS, |Cyt C, |Bad, |Bax protein (92)
INF-kB, 1Bcl-2, x{serum vitamin C, E
Mouse lung adenocarcinoma cells lcarcinogenesis bromelain plus ethanolic olive leaf extract 1Nrf2, | NF-kB (93)
linflammation translocation,

loxidative stress

TFK-1, SZ-1, cholangiocarcinoma cells tcytotoxicity
Tapoptosis

C57BL/6N strain mice musculocutaneous flaps Inecrotic
inflammation

|IL-6, | TNF-0,, IMMP2, |MMP9, 1LPO, TROS

Lcells viability (94)
ICsy _ 150 uM

INF-xB/AMPK, |p-AKT, |p-ERK, |p-STAT3, [MMP9 1PARP,
1p-AMPK

|tissue necrosis by 25% (95)
lapoptotic cells, Tangiogenesis

tincrease, |decrease, tumor inflammatory genes Gremlin (GREM1), interleukin 1B (IL-1), interleukin-4 [IL-4], nuclear factor kB subunit 1 (NFkB1), and prostaglandin-endoperoxide

synthase 2 (PTGS2), extracellular signal-regulated kinase %2 (ERK%2), c-jun N-terminal kinase

(JNK), light chain 3 protein B II (LC3BII), c-Jun N-terminal kinase (JNK), poly(ADP

ribose) polymerase (PARP)-1, nuclear factor-kappa B (NF-kappaB), cyclooxygenase-2 (Cox-2), extracellular signal-regulated protein kinase (ERK1/2), mitogen-activated protein kinase
(MAPK), 7,12-dimethylbenz(a)anthracene (DMBA)-initiated and 12-O-tetradecanoylphorbol-13-acetate (TPA), metalloproteinases MMP.

hours with bromelain at 25 pg/mL, 50 ug/mL, 100 pg/mL, and
125 pg/mL, showed a decrease in cell viability in a
concentration-dependent manner (86). Bromelain cytotoxic
effects were also tested in malignant Peritoneal Mesothelioma
(MPM cells). This study showed a reduction of 60% in cell
viability after 4 hours of treatment with 100 ug/mL, while at 72
hours of treatment the reduction in cell viability was much
higher (>80%) (83).

Human breast cancer cells were frequently used to study the
cytotoxic effects of different bioactive compounds (98-100).
Azarcan and their collaborators showed that bromelain at 0.3
uM induced high mortality in breast adenocarcinoma and
melanoma cell lines (36). Bhui and colleagues showed that
bromelain in a dose and time-dependent manner induced a
cytotoxic response in MCF-7 cells after 72 or 96 hours of
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treatment (74). Bromelain induced a reduction in cell
proliferation of 72.6% (at 1.25 pg/mL) and 66.5% (at 0.625 pg/
mL) at 24h in MCEF-7 cells, however in this case bromelain was
mobilized in nanocapsules surface by coordination with Zn*?
facilitating the entry into the cell (75). Similarly to previous data,
Raeisi and collaborators tested the effects of bromelain in MCF-7
cells, where concentrations >75 ug/mL was able to induce
cytotoxicity greater than 70% at 24h of treatment (76). Again
in MCEF-7 cells, another work established that bromelain at 50
pg/mL for 48h could reduce by 80% cell viability in a similar way
that taxol (77). In GI-101A cells human breast cancer line, a
decrease in viable cell number after 24h of treatment with
different concentrations of bromelain (5, 10, 20, 40, and 50 pg/
mL) was demonstrated (80). In particular, at 20 pg/mL,
bromelain diminished the percentage of viable cells to 36%,

frontiersin.org


https://doi.org/10.3389/fonc.2022.1068778
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Pezzani et al.

while higher doses caused cell death in the range of 95% or
greater (80). Cytotoxic effects were also reported in another
human cell line (PC3 prostate cancer cells) where a 25%
reduction of cell viability was observed at concentrations >50
pg/mL in a dose-dependent manner (Raeisi et al., 2019).

4.2 Apoptosis

Apoptosis is a basic cell death mechanism, is vital in
physiological processes, maintaining cellular homeostasis, and is
detrimental in pathological processes, for example in tumour
suppression (98, 101-104). This cell death process can be
responsible for blocking cancer cell spread, intervening in the
inhibition of the metastasis process (105, 106). Apoptosis has two
pathways to be carried out, one that is considered internal, in which
various families of proteins are implicated, and a second pathway, in
this case external, in which different ligands bind to specific
receptors (107). In both cases, various caspases, key proteins in
executing the apoptotic signals, will be activated (108-110).
Bromelain has been extensively studied for its implication in cell
death, indeed it can intervene in the expression of Bcl-2, a type of
protein with an anti-apoptotic effect but can also positively regulates
the expression of apoptotic genes, such as Bax, Apaf-1, and
caspases-9 and -3 (87). In vitro studies have shown that
bromelain can induce apoptosis. In breast cancer cells, specifically
in GI-101A cells, the use of this proteolytic enzyme positively
regulates the N-terminal kinase c-Jun and kinase 38, in addition
to improving the activity of caspases -3 and -9 at 24h (80).
Moreover, bromelain’s capacity to increase apoptosis has been
shown in other cancer types. In different lines of colorectal
cancer, the levels of apoptosis-inducing factor (AIF), Endo G, and
caspases -3, -8, and -9 increased once the cells have been treated
with bromelain (88). In another study with colorectal cancer cell
lines, bromelain stimulated a process called ferroptosis (89).

Ferroptosis is a type of cell death, also programmed, which
depends on iron, and is characterized by an accumulation of lipid
peroxides. Currently, this type of cell death is being studied as a
mechanism to combat cancer cells (111) (112). In this study, an
increase in the expression of ACSL-4 has been observed after
treatment with bromelain in Caco2 cells (89). This protein is
responsible for ferroptosis to take place, thus bromelain also
exerted cytotoxic effects against colorectal cancer cells and could
reduce polyp number and submucosal layer length in mice (89).
From another study, it has been possible to corroborate the effect of
bromelain with other enzymes or pathways that intervene in
apoptotic processes. This is the case of cyclooxygenase-2 (Cox-2) or
the MAPK and Akt/protein kinase B (PKB) pathways, all of which
downregulate their expression (90). In particular, bromelain acted by
inhibiting the phosphorylation of IkBo, which triggers the retention
of NF-xB in the cytosol, decreasing the expression level of Cox-2 (90).

In human cholangiocarcinoma cells (TFK-1, SZ-1), bromelain
(and papain) blocked NF-kB/AMPK signalling, inducing cytotoxic
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effects through the activation of apoptosis in both cell lines after 48h
of treatment (94). Apart from apoptosis, the anti-cancer effects of
bromelain appear to be also controlled by necrosis, a process in
which cell death occurs because of adverse external cell conditions
such as injury, trauma, or infections that lead to unregulated
digestion of cell components (113). In a recent study with
C57BL/6N strain mice, the use of bromelain reduced tissue
necrosis by 25% (95). A higher density of functional microvessels
was lost compared to controls, as well as a decrease in
myeloperoxidase-positive neutrophils, and a reduction in
apoptotic cells (95). Therefore, the use of bromelain could be
considered in the future as a therapy to prevent cell necrosis, a
harmful cell process that often results in inflammation and tissue
damage (95).

4.3 Autophagy

Another process in which the implication of bromelain has
been verified is autophagy. This mechanism focuses on the
degradation and recycling of cellular components (107, 114,
115). In the case of cancer, this process has a dual activity, since
it is capable of promoting the survival of cancer cells, through
protective autophagy, or participating in the death of these cells,
inducing cytotoxic autophagy (116, 117). In normal tissues,
autophagy at the basal level is necessary as it provides
housekeeping functions as well as increased apoptosis (118,
119). Even in periods of stress and hunger, the autophagy
process is necessary (120). Differently, in cancer cells this
process can allow them to survive metabolic stress, for
example, being a source of energy in the face of a possible lack
of nutrients, which is why its inhibition or activation in cancer
cells is not completely understood (120). Although autophagy
may present this duality, various studies showed that bromelain
participated in the reduction of cells of different cancer types
through the activation of this process. In MCF-7 cells treatment
with bromelain increased the autophagic process and slow down
their growth (74). In that same study, pre-treated cells with 3-
methyladenine (autophagy inhibitor) demonstrated a decrease
in the apoptotic process, thus showing that autophagy can affect
the onset of apoptosis (74). In colorectal cancer cells, it has been
shown an increased level (2 to 3 times) of autophagy with the
creation of lysosomes in the cells treated with bromelain.
Concurrently, levels of proteins related to autophagy were
enhanced, such as ATG5/12, Beclin-1, p62, and LC3I/II (88).

4.4 Immunomodulatory

The immunomodulatory effects of bromelain have been
studied extensively, showing that it can activate or suppress
the mammalian immune system (121). One of the first
researches was conducted on human T cells from bromelain-
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treated PBMC stimulated by mitogenic CD2 mAb to explore the
migration and activation of lymphocytes (122). Bromelain acted
by removing the extracellular domains of the CD44, CD45RA,
E2/MIC2, CD6, CD7, CD8, and Leu 8/LAM1 surface molecules
and thus enhancing T cell activation through CD2. The
continuation of the research expanded the use of bromelain in
monocytes and granulocytes and extended the surface molecules
affected by the enzyme, again remarking on the promoting
effects on adhesion and activation of immune cells (123). Also,
human peripheral blood lymphocytes were pretreated with
bromelain to study the anti-proliferative activity in different
cancer cell lines (124). The authors reported that lymphocytes
were boosted by the enzyme and could enhance the immune
system response to the fight against cancer at least in vitro
experiments. More strictly to human studies, in 16 breast cancer
patients treated for 10 days, bromelain could reduce CD44
expression (similar to above), while augmenting CD11a and
CD62L expression (125). The work was done on PBMC of breast
cancer patients, where also monocytic activity was increased,
suggesting that bromelain could stimulate the suppressed
immunocytotoxicity of monocytes at least in a proportion of
breast cancer patients (only 40% responded to the enzyme).
Opposite effects of bromelain were also reported, such as those
blocking signal transduction through Raf-1/MEK/ERK-2
signaling pathway in stimulated T helper cells (126). The
inhibition was probably unspecific, as it acted on ERK-2 and
p2lras of T cells, however proteolytic-dependent, evoked by
selective cysteine protease inhibitor in further experiments.

In another tissue cell model (splenocyte cultures), the
enzyme could induce TCR-mediated T cell proliferation, but
not CD4" or CD8" lymphocytes, with concomitant inhibition of
TCR-mediated IL-2 production albeit T cells growth (127). In
addition, the work showed that Ag-specific B cell antibody
response was expanded in bromelain-treated mice, though IL-
2 mRNA expression was simultaneously blocked. The authors
remarked as bromelain could concurrently boost and inhibit T
cell responses, depending on the immune environment and
consequently, the enzyme could be potentially implicated in T
cell autoimmunity. Bromelain was also studied in the innate
immune system, where it could enhance and sustain the process.
In a recent study, murine macrophages (RAW 264.7 cells and
primary macrophages) were challenged with the enzyme, that
caused IFN-y-mediated nitric oxide and TNFa production to
strengthen human defences (128). In addition, in murine natural
killer, bromelain was able to augment IL-2- and IL-12-mediated
IFN- v production, IL-6, and Gm-CSF, while reducing T helper
cells activation.

4.5 Inflammation

One important property of bromelain is its anti-inflammatory
action. Since ancient times, pineapple as the main source of
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bromelain has been widely applied against inflammation
disorders (34). The main applications of bromelain concern the
edema processes of an inflammatory nature in the medical and
surgical fields. Bromelain administered i.p. and orally at doses of 5-
10, mg/kg reduces edema and inflammation in animals due to
histamine, formalin, dextran, carrageenan and egg albumin. At the
level of inflammatory tissue, bromelain reduces vasodilation, and
increased capillary permeability, leukocyte migration and local pain
by inhibiting the formation of bradykinin and serotonin. In
addition to these, bromelain exhibited anticancer activity and the
ability to induce apoptotic, necrotic and autophagic mechanisms.

More recently, the inflamed colon tissue was used as a model
to evaluate the bromelain anti-inflammatory role. For example,
in spontaneous colitis (in C57BL/6 IL-10-/- mice) the enzyme
was able to reduce histological and clinical signs of inflammation
(129). The research was expanded with the use of pineapple juice
or purified bromelain in the same animal model, showing that
both treatments could lessen colon inflammation and neoplastic
lesions (130). Previously in colon biopsies from patients affected
by ulcerative colitis and Crohn’s disease, bromelain in vitro
experiments resulted in diminished amounts of IL-2, IL-6, IL-4,
G-CSF, Gm-CSF, IFN-y, CCL4/macrophage inhibitory protein
(MIP)-1, and TNF, implying a role in inflamed colon against
pro-inflammatory cytokines and chemokines (131). Moreover,
in the murine inflammatory bowel disease model, a reduction in
neutrophil migration was demonstrated through the blockade of
the CD128 chemokine receptor (132). Reduced cytokines/
chemokines expression and alteration of white blood cell
trafficking can impact on tumor microenvironment, another
possible immune-mediated and anti-cancer effect of bromelain.

In another inflammatory disorder, bromelain has notably
been shown to reduce inflammation in the gastro-enteric
environment (133). In particular, using 3 different cell lines as
digestion simulated models (AGS, Caco-2, and SW1353 cells),
the authors demonstrated that a proprietary bromelain extract
could decrease IL-8, COX-2, iNOS, and TNF-o. without affecting
cell viability. In addition, bromelain inhibited the iNOS and
COX-2 expression in LPS-stimulated RAW 264.7 cells
presumably as a result of inhibiting ERK (extracellular signal-
regulated kinase) and p-38 phosphorylation (134).

Zhou and co-authors have reported that purified fruit
bromelain could stop epithelial TNF-o. receptors in rat colitis
models and intestinal cell line IEC-6 and Caco-2 cells (43). The
work reported that colitis symptoms were ameliorated, together
with reduced macroscopic damage, decreased mucosal
inflammation, and tight junction barrier recovery.

Bromelain can accelerate tissue repair processes as a result of
the depolymerization of intercellular structures and
modification of vascular permeability (135). The biological
effects of bromelain have been partially associated with the
modulation of the arachidonic acid cascade (124), similar to
another study that showed the alteration of arachidonic acid
metabolism with anti-inflammatory and antiplatelet effects of
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bromelain (135). Bromelain therapy resulted in platelet
formation reduction with increased resistance to aggregation
(136). It experimentally induced inflammatory reactions in
the rat with the interference of eicosanoid formation in the
arachidonic acid cascade (124) and could modulate the immune
system as an anti-inflammatory factor (71).

Habashi and co-authors have also reported that bromelain
potentially exerted anti-inflammatory effects by reducing nitric
oxide synthesis in vitro without cytotoxicity (137). Bromelain
downregulated COX-2 and PGE-2 (prostaglandin E2)
expression levels in cells (138). Bhui and co-authors explored
that bromelain inhibits COX-2 expression by blocking the
activation of MAPK-regulated NF-kappa B against skin tumor
initiation triggering the mitochondrial death pathway (139).
Bromelain was able to inhibit PGE2 production (56.3%) in
doses of 40 mg/kg in the rat (140). In addition, after 10 and
20 mg/kg oral application of bromelain in rats, it reduced
inflammations mediators, such as PGE2 and substance P
(tachykinin family of peptides) production in plasma and
peripheral tissues (141).

Anti-inflammatory effects of bromelain were observed at 100
pg/mL in LPS-induced human U937 macrophages by
suppressing macrophage inflammatory protein-1 (MIP-1o and
MIP-1B), monocyte chemoattractant protein-1 (MCP-1), IL-8,
IL-1 B, IL-6 and COX-2 (142). Moreover, bromelain (50-100 ug/
ml) reduced TNF-a, IL-1B and IL-6 from LPS-induced
peripheral blood mononuclear cells and monocytic leukemia
THP-1 cells (143). Similarly, another work suggested that
bromelain could regulate inflammatory cytokines and growth
factors, including TNF-o, IL-1B, IL-6, and IFNy (144).
Moreover, 2.5 mg/kg intragastrically application of cross-
linked bromelain with organic acids and polysaccharides (CL-
bromelain) for 7 days considerably showed anti-inflammatory
effects via reduction of NF-kB activity and COX-2 mRNA
expression in rat livers (145). In addition, CL-bromelain was
reported for its suppression of ERK, c-Jun N-terminal kinase,
and p38 mitogen-activated protein kinase (145). Kalra and
others have reported that bromelain regulates p53, NF-kB, and
COX-2 expression by targeting the mitogen-activated protein
kinase pathway in mouse skin (90). Plasma prekallikrein and
kininogen notably decreased fifteen minutes after a single
injection of bromelain (10 mg/kg) in rats and gradually
recovered over 72 hours (146).

Another hypothetic role of bromelain is in the inflammation
caused by advanced glycation end-products (AGEs). It has been
shown that the enzyme could increase the soluble form of
receptor for advanced glycation end products (SRAGE) in 11
patients affected by chronic kidney disease (CDK). It is known
that kidneys are implicated in the removal of sRAGE and
circulating AGEs and non-AGE ligands are present in CKD
(128). The authors suggested that the rise of SRAGE in CDK
patients was associated with an improved detaching of the cell
surface RAGE, however, bromelain’s role in CDK or AGE
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removal is still unclear, in particular for the small number of
patients analyzed (147).

5 Synergistic anticancer effects of
bromelain combined with
chemotherapeutics or other
bioactive compounds

Bromelain delivery in association with other molecules is
often used to obtain a synergistic effect. Although bromelain
alone has shown apoptotic effects in cancer cell lines, other
studies combining this enzyme with other compounds or
extracts have been developed. An example is the combination
of this enzyme with peroxidase, indeed their association
produced additive effects with an intensification of
intracellular ROS level and disruption of mitochondrial
membrane potential, leading to acute myeloid cells (K562)
growth inhibition. In addition, they participated in the
regulation of the expression of Bax, Bcl2, caspase-3, and
cytochrome, which are highly related to apoptosis, as well as
promoting a positive regulation of p53, a key molecule involved
in cell death (91). In another study, the combination of olive leaf
extract (Olea europaea L.) and bromelain could have promising
effects against lung cancer (93). Combining ethanolic olive leaf
extract (EOLE) with bromelain increased Nrf2 translocation
from the cytoplasm to the nucleus and terminated the
translocation of NF-xB from the cytoplasm to the nucleus.
Furthermore, the levels of IL-6 and TNF-c, as well as some
metalloproteinases, decreased, suggesting that this association
could reduce lung carcinogenesis through the regulation of
inflammation and oxidative stress (93).

The combination of curcumin, harpagophytum and
bromelain has been shown to reduce inflammation and pain
in osteoarthritic human synovial cells, through the decrease of
prostaglandin E2, Nerve Growth Factor (NGF), IL-6 (148).
Similarly to the previous study, the combination treatment of
bromelain, trypsin, and rutin resulted in a significant reduction
in pain and inflammation in 103 patients with osteoarthritis of
the knee (149). This randomized double-blind study
demonstrated that the combination regimen was efficacy in
51.4% of the osteoarthritis patients (while for the control
group, diclofenac treatment, was 37.2%), thus sufficiently
better to induce the authors to suggest this treatment as a new
potential tool for osteoarthritis.

Bromelain may increase the cytotoxicity of cisplatin in the
treatment of breast cancer as reported in 2 studies with MDA-
MB-231 and 4T1 Breast Tumor cell lines (78, 79). Besides the use
of bromelain as a single drug, there are studies in which the effect
of bromelain has been combined with other molecules, such as
N-acetylcysteine. The combination of the two compounds in
different gastrointestinal cancer cell lines showed significant
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inhibition of cell proliferation, with an increase in
autophagosomal markers such as LC3-II (81). In another
study, malignant peritoneal mesothelioma (MPM) cells were
exposed to the combination of bromelain with cisplatin and
fluorouracil, showing cytotoxic effects against these cells in the
mixture between bromelain and cisplatin (84).

Bromelain and N-acetylcysteine (NAC) constitute two active
ingredients capable of inhibiting the growth and proliferation of
induced peritoneal tumors in mice as model animals.
Intraperitoneal administration of tumor cells in association with
bromelain and NAC showed that bromelain/NAC as a single agent
or combination treatment on alternate days inhibited tumor growth
and the number of peritoneal nodules in a dose-dependent manner
(82). This activity can be traced back to the proteolytic activity of
bromelain and the mucolytic activity of NAC. It is known that some
mucins, highly glycosylated high molecular weight proteins (i.e.
MUC2 and MUC5AC), are involved in the pathogenesis of cancer.
Some tumors may use mucins during invasion, metastasis and
growth in otherwise inhospitable sites (Byrd & Bresalier, 2004).
Besides, extracellular mucus presents a clinically relevant barrier to
effective therapy in mucinous cancers. Thus, extracellular mucolytic
would decrease compressive effects from bulky mucinous tumor
burden. Such an effect was observed when a combination of
bromelain + NAC was used to lysate extracellular mucus in the
experimental animal model. Bromelain is made up of a mixture of
hydrolytic enzymes, not only with endopeptidase activity,
hydrolyzes esters, amides and glycosidic bonds, while NAC can
reduce disulfide bridges. Such a combination impaired the complex
lattice framework of mucus thus improving drug delivery and
increasing cytotoxic effects (150).

Bromelain-based mucus-disrupting strategies are also
gaining much attention as an effective tool in decreasing the
mucus barrier. However, this effect of bromelain may be
ineffective, if not harmful, in some circumstances. Non-Small
Cell Lung Cancer (NSCLC) is any type of epithelial lung cancer
other than small cell lung cancer (SCLC). There are different
types of NSCLC which represent about 90% of all lung cancer
cases. A significant percentage of these NSCLC cases are
characterized by the expression of the anaplastic lymphoma
kinase (ALK) protein. Inhibition of ALK is a target for slowing
proliferation in NSCLC. Commercial bromelain was tested to
evaluate efficacy during the administration of certain ALK
inhibitor drugs such as alectinib (ALC), ceritinib (CER), and
crizotinib (CRZ). Interestingly, bromelain administration in
male Wistar rats caused a significant decrease in plasma levels
of CER and CRZ along with an increase in the apparent
clearance. However, no significant effect was noticed with ALC
(151). Thus, the well-known bromelain muco-permeation
enhancing effect can sometimes have unwanted effects.

Even the simple administration of bromelain in mice
challenged with 4T1 triple-negative breast cancer cells can
increase the effectiveness of anticancer drugs with severe side
effects. Animals receiving cisplatin and bromelain jointly showed
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more significant effects in tumor shrinkage than those receiving
bromelain and cisplatin separately by modulating the tumor
environmental inflammation (78).

Significant benefits could be obtained if the administration
of bromelain allowed the total elimination of synthetic drugs
with anticancer activity, which often cause severe side effects. An
interesting attempt was made against Dalton’s ascites lymphoma
tumor model in Swiss albino mice. When bromelain was used in
association with peroxidase, the two enzymatic systems were
able to counteract some of the typical effects of lymphoma. In
fact, during the progression of the tumor the white blood cell
count was increased as well as the number of abnormal
leukocytes, while the red blood cell count decreased. These
negative effects were mitigated following the administration of
bromelain and peroxidase, both enzymatic systems found in
some pineapple extracts. This may be due to the increase in
tumor cell apoptosis (92) resulting from the increase of pro-
apoptotic protein factors and the restoration of ROS levels by
controlling the activity of antioxidant enzymes.

A similar approach aims to replace drugs with antioxidant
substances extracted from plants rich in phenolic compounds. For
this purpose, ethanol extract of Olea europaea leaves (EOLE) in
combination with bromelain was used to evaluate the amelioration
of various hallmarks associated with benzo(a)pyrene-induced lung
carcinogenesis in male Swiss albino mice (Majumder et al., 2021).
The combined treatment of bromelain and EOLE significantly
restored body weight and lung weight in treated animals thus
suggesting protection due to the inactivation of excess ROS and/or
through inhibition of inflammation or deactivating inflammatory
markers. The same kind of antioxidant protection can explain the
observed general improvement in lung tissue architecture.
Hydroxytyrosol and oleuropein are the main components of the
polyphenolic fraction of Olea europaea, and their antioxidant
potential has long been recognized. On the other side,
inflammation provides various molecules essential to the
formation of a microenvironment suitable for tumor
development. Such molecules include growth factors, survival
factors, proangiogenic factors and extracellular matrix-modifying
enzymes (Ben-Baruch, 2006). Treatment with bromelain-EOLE
reduced some crucial proinflammatory cytokines (TNF-o. and IL-
6), and also interrupted the NF-kB translocation. Altogether, a
combination of EOLE and bromelain alleviated the benzo(a)
pyrene-induced lung carcinogenesis associated with pulmonary
oxidative stress and inflammation (Majumder et al., 2021).

The various strategies for the fight against cancer include
also radiotherapy, the effectiveness of which can be limited by
the radioresistance of some tumors as well as by the undesirable
effects affecting normal tissues. The development of
radiosensitizing drugs has therefore found application in the
treatment of tumors by radiotherapy. Radiosensitizers are
intended to enhance tumor cell killing while having much less
effect on normal surrounding tissues. Some drugs target different
physiological characteristics of the tumor, particularly hypoxia
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of the solid tumor tissue which is considered a major cause
associated with radioresistance. From this perspective, the
hypothesis that bromelain acts as a radiosensitizer and
radioprotector becomes suggestive. Mekkawy and coworkers
make this hypothesis their own through in vivo studies in
Ehrlich solid tumor (EST) bearing mice (152). The size and
weight of tumors in gamma-irradiated EST-bearing mice treated
with bromelain decreased significantly with a significant
amelioration in the histopathological examination (Mekkawy
et al,, 2020). The benefits could be linked to the gene expression
of some nuclear factors (poly ADP ribose polymerase-I, NF-kB),
and peroxisome proliferator-activated receptor o together with
restored liver function. Besides, bromelain radiosensitizing
action could be expressed through increasing lipid
peroxidation and ROS production in tumor tissue, inhibition
of repair of DNA strand breaks and inhibition of
proliferation (153).

6 Clinical studies

The administration of bromelain in tumor patients has been
also tested in a few numbers of clinical studies and could
represent an adjuvant treatment in cancer care. The
immunotoxicity effect of monocytes and lymphocytes against
target cells of mammary carcinoma (K562 and MDA-MB-231)
was tested in vitro after 10 days of oral bromelain administration
in breast cancer patients (daily up to a dose of 7800 mg) as above
mentioned (paragraph 4.4) (Eckert et al., 1999). Eckert and
coworkers found that the intake of the bromelain increases the
activity b-MAk and MAK of patient monocytes about 2-fold; in
the responder patients, it was recorded an increase in
cytotoxicity of b-MAK and MK cells respectively from 7.8% to
54% and from 16% to 47%. No detectable IL-1f from monocyte
was found in patients before, during and after the treatment in
contrast with what was recorded in healthy blood donors, and no
effects were observed in NK and LAK-cell activity in the patient
cohort. Moreover, the oral intake of bromelain reduced the
expression of the cell surface markers CD44 but poorly
increased the expression of CD1la and CD62L without
changing the level of CD16. These effects were observed also
in vitro with a higher decrease in the expression of CD16 and
CD44. On the whole, the bromelain’s capacity to improve the
monocytic cytotoxicity of breast tumor patients makes it suitable
as alternative support care in combating cancer.

The anti-cancer properties of bromelain, in combination
with N-acetylcysteine, were used also to produce a new drug
(BromAc®) which has been recently proved effective in the
recurrent thoracic pseudomyxoma peritonei (PMP) treatment
(154). According to the bromelain-based mucus-disrupting
activity (see above), the mucolytic properties of BromAc® help
the tumor dissolution when it was injected directly into
mucinous disease. However, its effectiveness is related to
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neoplastic characteristics. Tumors with soft or intermediate
textures are more susceptible to the drug’s action. In the first
two cases reported, effectively, large response differences were
reported, possibly due to the tumor consistency (Lam et al.,
2021). The safety profile was however good as also the
objective response.

In a phase I study, the safety of bromelain treatment was
tested on 20 patients affected by inoperable mucinous cancer.
Among the patients, 13 had intra-tumoral treatment and 7 had
intraperitoneal treatment (Valle et al., 2021). Intra-tumoral
doses consisted of 30-45 mg of bromelain and 1.5 g of NAC
while intraperitoneal doses of 45-60 mg of bromelain and 1.5-2 g
of acetylcysteine, administrated in 5% glucose. The volume of
the fluidized tumor removed was measured and collected for
laboratory analysis. The side effects of treatment were recorded
after 24 h. Adverse effects were observed in 85% of patients. The
main side effects were fever (35%), pain in the injection site
(30%), rise in C-reactive protein (CRP)(80%) and white blood
cells (WBC) (55%). No death or anaphylactic reactions were
recorded. Although the study was carried out on a small number
of patients, it was nevertheless promising as in 15 patients (75%)
a reduction in tumor-related symptoms after BromAc®
administration was reported with manageable side effects.

BromAc® safety was investigated also using blood parameters
in 25 patients (mean age 64) with inoperable PMP pre and post-
treatment administration (Ke et al., 2021). Patients received
bromelain mean dosage of 124 mg and 4.9 g of NAC for each
period of treatment, which consisted of an average of 3.8 drug
administration on different days. It was tested in the high and low-
dose subgroups (mean of 64 mg of bromelain + 2.7 g of NAC and
183 mg of bromelain plus 7.2 g of NAC respectively). An increase
in CRP values and WBC, neutrophils and monocytes in both high
and low-dose subgroups was found, with a concomitant decrease
in albumin and lymphocyte levels suggesting an inflammatory
reaction. The other blood parameters, including liver enzymes or
coagulation parameters, have not undergone any alteration. This
aspect is important in the evaluation of BromAc® safety, that have
not shown liver or kidney toxicity.

The role of bromelain (in combination with papain, sodium
selenite and Lens culinaris lectin) has been also tested as a
complementary medicine on more than 600 breast cancer
patients to reduce the side effects caused by the administration
of the adjuvant hormone therapy. Side effects were measured by
scoring from 1 (no side-effects/optimal tolerability) to 6
(extreme side-effects/extremely poor tolerability) The main
side effects, arthralgia and mucosal dryness, were drastically
reduced after 4 weeks (p<0.001) and 8 weeks (p<0.0001) of
treatment (155, 156).

On the whole, these results support further studies on the
role of bromelain in the treatment of tumors possibly
representing a non-invasive treatment for people suffering
from cancer. Despite these promising effects, the number of
clinical trials is low and limited to early stages. More efforts are
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thus desirable to validate a promising new strategy for
inoperable neoplastic cases.

7 Toxicity and safety data

The recent studies underline its safety and easy of
administration with sufficient bioavailability and tolerability
both in animal and human studies. Indeed toxicity studies
showed a lethal dose of LD50 greater than 10 g/kg in mice,
without carcinogenic or teratogenic effects at dosages of 1.5 g/kg
per day (157, 158). Other recent studies have shown few side
effects arising as a result of taking bromelain in both animals and
humans, thus bromelain is considered relatively safe. The main
side effects are attributable to the gastrointestinal system
(stomach pain and diarrhea), although allergic reactions are
always possible in predisposed individuals (159). Bromelain is
considered to be safe and it is an effective agent in burn
debridement. In Europe, bromelain is approved as a non-
steroidal anti-inflammatory agent for oral and topical use for
surgical wounds, inflammation, and debridement of deep burns
(159, 160). A single 4-hour application of the bromelain-based
agent completely debrides deep partial-thickness burns in a
validated porcine model (161).

8 Limitations, challenges
and prospects

Numerous studies in the literature were focused on the anti-
cancer role of bromelain, highlighting its importance in cell
processes such as apoptosis and necrosis (95). Available data on
bromelain also suggested that the enzyme possesses anti-
inflammatory activity in acute and chronic inflammation
which are associated with cancer. Bromelain can modulate the
metabolism of arachidonic acid affecting the production or
activity of cytokines and growth factors involved in the
inflammatory process. There are numerous published data on
the potential mechanism of action of bromelain in anti-
inflammatory activity. Nonetheless, they are not exhaustive
and leave many questions unanswered: additional anti-
inflammatory works are necessary for a better understanding
of its mechanism of action. Many preclinical pharmacological
studies showed that Bromelain affected cell viability of cancer
cells, however, the exact mechanisms of action produced by
bromelain are rarely explored. Nonetheless, it is reported that
bromelain could act as an immunomodulator by improving the
weakened immunocytotoxicity. Other recent studies showed
that bromelain stimulates autophagy which is involved in
cancer progression and drug resistance. The activation of
autophagosome and lysosome formation by bromelain induces
cancer cell death, a key factor that should be more profitably
exploited in future research.
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A complex picture of the effects of bromelain on the immune
system is also perceived. Indeed, most of the published papers
reported an immunomodulatory activity of bromelain, with a
different behavior based on a specific tissue or cell type.
Preclinical pharmacological experiments represent the vast
majority of research on the effects of bromelain on the
immune system, from which it appears that in the future it is
necessary to test bromelain in larger clinical studies in humans.
Moreover, its cytotoxic effects in cancer cells could be triggered
by proteolytic activity, or by platelet aggregation-inhibitory
activity or anti-inflammatory properties (16). Tumour cells
with such compromised processes are potential targets of
bromelain. In addition, it is known that cancer cell death can
be induced in different ways, such as via apoptosis, necrosis,
and autophagy.

The lack of wide clinical trials leaves the opportunity to
further test bromelain in humans, giving the possibility to
clinicians to lay clear indications of its use. Another issue to be
expanded in future research will be bromelain association with
other compounds, as above mentioned in some successful works
(78, 82, 84, 92-94, 162-164). The possibilities are enormous, and
should not be limited to chemotherapeutic drugs (78, 84, 162-
164), but expanded to other drug categories, such as anti-
hypertensives, hypoglycemics, anti-asthmatics, anti-microbials,
immunomodulators, etc. Moreover, it should be kept in mind
that bromelain is highly attractive for the industry, given its
indispensable nature in foods, cosmetics, pharmaceuticals,
and textiles.

A key limitation factor for the successful use of bromelain as
a potential anticancer agent is its production and method of
extraction: the more these are reduced and the more the market
expands. Indeed, more economical but equally effective
bromelain will be highly competitive with other products or
other sources and will facilitate its use among both the
population and industry. This could in turn generate a
scientific relapse with the initiation and extension of new and
old research in this field. It is expected that in the next future
bromelain will be deeply studied and explored, especially
focusing on its anti-cancer activity, as this kind of disease is
considered the second leading cause of death all over the
world (165).

New perspectives and strategies have been proposed to
increase the anti-cancer effects of Bromelain from the bench to
bedside. The most promising approach is to enhance the
bioavailability of bioactive compounds using new
pharmaceutical nanoformulations (166). Thus and simple
bromelain delivery may require high doses of the active
principle also due to the characteristics of the extracellular
matrix (ECM) which constitutes a barrier that slows down or
prevents the spread of drugs in the parenchyma of the tumor.
For this reason, other delivery methods have been investigated.
NPs-based delivery systems can offer an effective alternative. The
proteolytic activity of bromelain can pave the way for these
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antitumor drug delivery systems by increasing their penetration
into the cell, weakening the resistance of ECM proteins. Thus,
doxorubicin, a potent anticancer drug, but with heavy side
effects, was delivered in association with chemically
immobilized bromelain, by lactobionic acid-modified chitosan
NPs. In vivo drug biodistribution and antitumor activity in ICR,
male mice model lead to higher drug concentration in tumor
area and superior antitumor effect (Wang et al., 2018).

Pancreatic cancer is one of the most difficult cancers to treat
largely because of the inability of anticancer drugs to penetrate
the malignant tissue as a result of the dense ECM (167). This can
limit the effect of bromelain in degrading the tumor ECM due to
the short half-life of bromelain in the blood. An interesting
technology has recently been developed capable of increasing
blood retention of proteins termed “Self-assembly PEGylation
Retaining Activity (SPRA)” (Higashi et al., 2020). This
technology based on reversible poly (ethylene glycol) (PEG)
modification was applied to stabilization of bromelain in vivo,
thus enhancing antitumor activities of doxorubicin and
doxorubicin encapsulated in PEGylated liposomes (DOXIL) in
tumour-bearing mice. The release rate of doxorubicin can be
increased by using nanocarriers prepared by crosslinking
bromelain with an ortho-ester-based crosslink agent. The
release of bromelain in tumour-bearing mice by pH-sensitive
NPs increased the hydrolysis of the ECM favoring the
penetration of the anticancer drug (164). Bromelain can also
be uploaded to obtain poly(lactic-co-glycolic acid) NPs
(bromelain-PLGA NPs). Such a delivery system was evaluated
for its anti-cancer efficacy in 7,12-dimethylbenz[a]anthracene
(DMBA)-induced and 12-O-tetradecanoylphorbol-13-acetate
(TPA) promoted 2-stage skin tumorigenesis model in Swiss
albino mice. Bromelain-PLGA NPs showed the most
significant chemopreventive and chemotherapeutic effects
when compared with free bromelain (Bhatnagar et al., 2015).
Bromelain-NPs possibly acted by maintaining a balance between
the positive and negative regulators of apoptosis and triggering
more cells to apoptosis than free bromelain.

9 Conclusions

Bromelain, the main medicinal component of pineapple, was
discovered in the late 1800s and since that time research
continues to increase available data on its potential benefits.
Bromelain is an enzyme with numerous pharmacological
properties, as it can act on different health disorders, including
osteoporosis and osteoarthritis, diarrhea, chronic wounds,
surgical debridement, edema, inflammation, and cancer.
Nonetheless, clinical uses of bromelain are limited and poorly
representative. The anticancer properties of bromelain are
extensively documented in vitro experiments, but such
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demonstrations in vivo animal models are far less. The
methods and techniques of administration/delivery of
bromelain vary significantly. Modalities were tested that
involved both the administration of bromelain alone, and in
association with other molecules, but the most promising use
was the formulation of nanoparticles. Novel approaches to
cancer chemotherapy are warmly urgent and bromelain could
be regarded as an important tool in the cancer fight.

Several clinical properties have been ascribed to bromelain
vide supra including anticancer activity. Besides, the utility of
these proteins also comprises the cosmetic field, food and
beverage production and textile industries as a consequence,
the industrial demand in the last few years increased. This
phenomenon further affected the final price of the product.
However, the protein isolation and purification costs are
responsible for more than half of the final commercial price.
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against colon cancer: An integrated
approach based on network
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Yijie Wei?, Jinjun Wu'* and Xin Yang?®*

'Guangdong Provincial Key Laboratory of Translational Cancer Research of Chinese Medicines, Joint
International Research Laboratory of Translational Cancer Research of Chinese Medicines, School of
Pharmaceutical Sciences, International Institute for Translational Chinese Medicine, Guangzhou University of
Chinese Medicine, Guangzhou, Guangdong, China, 2Key Laboratory of Molecular Target and Clinical
Pharmacology and the State, NMPA Key Laboratory of Respiratory Disease, School of Pharmaceutical
Sciences and The Fifth Affiliated Hospital, Guangzhou Medical University, Guangzhou, China, *Affiliated
Cancer Hospital and Institute of Guangzhou Medical University, Guangzhou, Guangdong, China

Colon cancer is a highly malignant cancer with poor prognosis. Astragalus
membranaceus (Fisch.) Bunge (Huang Qi in Chinese, HQ), a well-known Chinese
herbal medicine and a popular food additive, possesses various biological functions
and has been frequently used for clinical treatment of colon cancer. However, the
underlying mechanism is not fully understood. Isoflavonoids, including
formononetin (FMNT) and calycosin (CS), are the main bioactive ingredients
isolated from HQ. Thus, this study aimed to explore the inhibitory effects and
mechanism of HQ, FMNT and CS against colon cancer by using network
pharmacology coupled with experimental validation and molecular docking. The
network pharmacology analysis revealed that FMNT and CS exerted their
anticarcinogenic actions against colon cancer by regulating multiple signaling
molecules and pathways, including MAPK and PI3K-Akt signaling pathways. The

Abbreviations: CHMs, Chinese herbal medicines; HQ, Astragalus membranaceus (Fisch.) Bunge (Huang Qi);
FMNT, Formononetin; CS, Calycosin; PPI, Protein-protein interaction; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; BP, Biological process; CC, cellular component; MF, Molecular
function; 5-FU, 5-Fluorouracil; 1Csg, 50% inhibitory concentration; DC, Degree centrality; EMT,
Epithelial-mesenchymal transformation; EGFR, Epidermal growth factor receptor; MAPK, Mitogen-
activated protein kinase; mTOR, Mammalian target of rapamycin; COX-2, Cyclooxygenase-2; VEGF,
vascular endothelial growth factor.
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experimental validation data showed that HQ, FMNT and CS significantly suppressed
the viability and proliferation, and promoted the apoptosis in colon cancer Caco2 and
HT-29 cells. HQ, FMNT and CS also markedly inhibited the migration of Caco2 and HT-
29 cells, accompanied by a marked increase in E-cadherin expression, and a notable
decrease in N-cadherin and Vimentin expression. In addition, HQ, FMNT and CS
strikingly decreased the expression of ERK1/2 phosphorylation (p-ERK1/2) without
marked change in total ERK1/2 expression. They also slightly downregulated the p-Akt
expression without significant alteration in total Akt expression. Pearson correlation
analysis showed a significant positive correlation between the inactivation of ERK1/
2 signaling pathway and the HQ, FMNT and CS-induced suppression of colon cancer.
The molecular docking results indicated that FMNT and CS had a strong binding affinity
for the key molecules of ERK1/2 signaling pathway. Conclusively, HQ, FMNT and CS
exerted good therapeutic effects against colon cancer by mainly inhibiting the ERK1/
2 signaling pathway, suggesting that HQ, FMNT and CS could be useful supplements
that may enhance chemotherapeutic outcomes and benefit colon cancer patients.

KEYWORDS

colon cancer, Astragalus membranaceus (Fisch.) Bunge, formononetin, calycosin, network
pharmacology, ERK1/2

1 Introduction

Colon cancer is among the most prevalent cancers, which has a
complex aetiology consisting of environmental component and
genetic component (Fagunwa et al, 2017; Kong et al, 2020).
Evidence exists that colon cancer arises from two types of
precursor polyps via two distinct pathways: conventional adenomas
by the conventional adenoma-to-carcinoma sequence and serrated
adenomas according to the serrated adenoma-to-carcinoma theory
(Cappell, 2008). Currently, colon cancer is the third most common
diagnosis and second deadliest malignancy for both sexes combined. Tt
is estimated that colon cancer will cause 1.1 million deaths by 2030
(Kong et al., 2020). Current clinical treatment of colon cancer mainly
includes operation, radiotherapy and chemotherapy. Despite advances
in the development of these therapies, the prognosis in colon cancer
patients remains poor and the recurrence rate is still high (Kong et al.,
2020). Moreover, long-term use of these therapies easily produces
severe toxicities side effects, including hepatotoxicity, vomiting,
diarrhea and immunosuppression (Kong et al, 2020). Thus,
alternative therapies with pronounced effectiveness but low toxicity
are necessary.

Nowadays, the interest in Chinese herbal medicines (CHMs) has
increased worldwide due to their health-beneficial properties. The
obvious advantages of CHMs in the prevention and treatment of colon
cancer has been widely recognized and confirmed (Ye et al., 2015; Yan
et al., 2017; Kong et al., 2020). Astragalus membranaceus (Fisch.)
Bunge (Huang Qi in Chinese, HQ), one of the most well-known
CHM, is frequently used as a major component in over 200 Chinese
medicine formulas to treat a wide variety of diseases and body
disorders, including chronic fatigue, weakness, wounds, anemia,
fever, uterine bleeding, allergies and cancer (Guo et al., 2019; Lou
et al., 2019). Moreover, as a health-beneficial additive in some food,
HQ is popularly consumed to strengthen the immune system and
reinforce vital energy (Guo et al., 2019). Pharmacological evidence
revealed that HQ manifests various biological functions, such as anti-
inflammation, anti-oxidant, antiviral, immunomodulation, and anti-
carcinogenic activities without any appreciable toxicity (Guo et al,
2019; Lou et al., 2019; An et al., 2020). Previous studies demonstrated
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that HQ has a utility in clinical applications for the colon cancer
treatment. For example, HQ could not only inhibit the proliferation,
cause cell cycle arrest and promote apoptosis of colon cancer cells, but
also suppress the migration of colon cancer cells (Tseng et al., 20165
Tan et al., 2019). HQ could effectively inhibit the tumors of human
colon cancer cells grafted into nude mice without obvious side effect
(Tseng et al., 2016), which demonstrated that HQ might be a potential
chemopreventive drug for colon cancer therapy. What is more, HQ
exerted potent anti-tumor activity through simultaneous modulation
of mammalian target of rapamycin (mTOR) and cyclooxygenase-2
(COX-2) signaling, which together decreased vascular endothelial
growth factor (VEGF) expression to effectively suppress
angiogenesis in tumor xenograft and human colon cancer cells
(Auyeung et al,, 2016). Although increasing evidence supports the
potent inhibitory activity of HQ against colon cancer, the molecular
mechanism underlying the action has yet to be fully elucidated.
Moreover, colon cancer is a systemic and complicated disease with
involvement of multiple signaling molecules. It is essential to further
investigate the underlying mechanisms of HQ in the suppression of
colon cancer.

Numerous ingredients have been isolated and identified from HQ
(Guo et al., 2019). Formononetin (FMNT) and calycosin (CS), two main
bioactive isoflavone ingredients isolated from HQ, contribute to the
therapeutic efficacy and pharmacological activities of HQ (Guo et al,
2019). It was reported that FMNT could suppress the growth and induce
apoptosis of colon cancer cells, which were associated with caspase
activation and decrease in protein levels of Bcl-2 and Bcl-x(L). FMNT
also inhibited angiogenesis and invasion of colon cancer cells, thereby
supporting its potential application in advanced and metastatic colon
therapies (Auyeung et al, 2012). CS, as an important marker for
monitoring the HQ quality, is pharmacologically beneficial due to its
antioxidative, ~cytoprotection, hypolipemic, neuroprotection, and
hypoglycemic effects (Gong et al., 2021; Li et al., 2022). Moreover, CS
has potent anti-carcinogenic activities, including action against colon
cancer. It was reported that CS notably inhibited proliferation and
induced apoptosis of colon cancer cells through regulating the ERB/
MiR-95, IGF-1R and PI3K-Akt signaling pathways (Zhao et al., 2016). CS
also promoted apoptosis of human colon cancer cells through
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Technological road-map. The whole technical roadmap was divided into five steps, including target identification, network construction, enrichment

modulation of ERB/miR-17 signaling pathway (Chen et al., 2015b). These
studies indicate that FMNT and CS may be used as candidate agents for
clinical treatment of colon cancer in the future. However, the network
molecular mechanisms of FMNT and CS against colon cancer has not
been well defined.
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Network pharmacology is an emerging methodology that attempts
to eliminate drug actions and reveal the interactions between drugs
and targets (Hopkins, 2007). As a powerful tool, network
pharmacology can combine network biology and polypharmacology
approaches to provide evidence for the molecular targets and the
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FIGURE 2
Screening and analysis of the common targets of FMNT and CS for the treatment of colon cancer. The content of FMNT and CS were quantitated in HQ
water extract using erlotinib as an internal standard (IS) (A) A chromatogram of FMNT and CS standard solution (B) A chromatogram of FMNT and CS in HQ
water extract (C) Venn diagram of compounds (FMNT and CS)-colon cancer intersection targets. The 1866 targets of colon cancer were mapped to the
263 targets of FMNT and CS to screen out the 147 common targets (D) The PPl network of the 147 nodes. The red nodes represent the big hub nodes, the
green nodes represent the other nodes. The node size is proportional to its degree.

potential mechanisms of action of CHMs (Gan et al., 2019; An et al.,
2020). Thus, this current study integrates network pharmacology with
experimental validation and molecular docking to clarify the effects
and potential mechanism of HQ, FMNT and CS against colon cancer
(Figure 1). The objectives of the current study were: 1) to determine
the content of FMNT and CS in the water extract of HQ for quality
control; 2) to screen the potential targets of FMNT and CS against
colon cancer; 3) to explore the potential mechanism of FMNT and CS
against colon cancer by using network pharmacology; 4) to evaluate
the inhibitory effects of HQ water extract, FMNT and CS against colon
cancer HT-29 and Caco-2 cells, and to elucidate the potential
mechanism by using experimental validation; 5) to investigate the
binding ability between FMNT and CS and key targets by using
molecular docking. Our results may expand our current knowledge
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about the mechanism of HQ as a therapeutic candidate for colon
cancer therapy.

2 Materials and methods

2.1 Preparation of HQ water extract and
UHPLC-MS/MS analysis

One hundred-gram pieces of HQ were weighed. Preparation of
HQ water extract (1 g/mL) were performed as previously described
(Shi et al, 2015; Lou et al, 2019). Chemical profiling and
standardization of HQ water extract using FMNT and CS was
performed via UHPLC-MS/MS analysis by using an Agilent
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1290 infinity LC system (Supplementary materials and methods). The
content of FMNT and CS were quantitated in HQ water extract at
levels of 0.3338 mg/g and 0.1998 mg/g, respectively (Figures 2A, B).

2.2 Prediction of the targets for FMNT and CS

Several databases, including TCMSP (http://tcmspw.com/) (Tan
etal., 2022), SuperPred (http://prediction.charite.de/) (An et al., 2020),
SwissTargetPrediction (http://www.swisstargetprediction.ch/) (Tan
et al., 2022), PubChem (https://pubchem.ncbi.nlm.nih.gov/) (An
et al., 2020) and STITCH (http://stitch.embl.de/) (An et al., 2020)
databases, which limit species for “Homo sapiens”, were used to collect
the potential targets of FMNT and CS. Finally, the UniProt database
(https://www.uniprot.org/) was used to identify all the targets (An
et al., 2020).

2.3 Screening of potential targets for colon
cancer

Keywords of “colon cancer”, “colon adenocarcinoma” and
“colorectal cancer” were used to identify targets related to colon
cancer from GeneCards (https://www.genecards.org/) (Tan et al,
2022), OMIM (https://www.omim.org/) (Amberger et al., 2015),
TTD (http://db.idrblab.net/ttd/) (Tan et al., 2022), DisGeNET
(https://www.disgenet.org/) (Tan et al, 2022) and CTD (http://
ctdbase.org) (Tan et al, 2022) databases. Finally, the UniProt
database (https://www.uniprot.org/) was used to identify all the
targets (An et al., 2020).

2.4 Network construction and analysis

Venn diagram  (http://bioinformatics.psb.ugent.be/webtools/
Venn/) was used to collect the common targets of FMNT and CS
and colon cancer. The detectable targets in the protein-protein
interaction (PPI) of FMNT and CS against colon cancer were
constructed by the STRING database (https://string-db.org/) and
were further visualized by using Cytoscape software (An et al,
2020; Xu et al., 2022). Crucial biotargets of FMNT and CS against
colon cancer were obtained according to the degree values in the

Cytoscape settings.

2.5 Gene ontology and pathway enrichment
analysis

The Omicshare Online tools (https://www.omicshare.com/tools),
a free online platform for data analysis, was used to understand the
role of the potential targets in gene functions and signaling pathways,
including the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis (An et al., 2020).
GO (https://geneontology.org/) is one of the main resources of
biological information, which provides a specific definition of
protein functions. GO is subdivided into three non-overlapping
ontologies: biological process (BP), cellular component (CC), and
molecular function (MF) terms (Ashburner et al., 2000). Those terms
with a p < 0.05 were chosen for further analysis and the top 20 of GO
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terms enrichment were displayed. KEGG (https://www.kegg.jp/) is a
database resource for the biological interpretation by genome
sequencing and other high-throughput experimental technologies
(Chen et al, 2015a; An et al, 2020). Those terms with an p < 0.
05 were chosen for further analysis and the top 25 enriched KEGG
pathways were mapped.

2.6 Chemicals and reagents

Astragalus membranaceus (Fisch.) Bunge was purchased from
Daxiang Chinese Pharmaceutical Co., Ltd. (Guangdong, China).
FMNT and CS (purity >98%) were purchased from Chengdu Must
Biotechnology Co., Ltd. (Chengdu, China). MTT were bought from
Solarbio Science and Technology Co., Ltd. (Beijing, China).
BeyoClick™ EdU cell proliferation kitwas bought from Beyotime
China).
isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection

Biotechnology (Haimen, Annexin  V-fluorescein
kit was purchased from Absin Bioscience Inc. (Shanghai, China).
DMSO and HEPES were purchased from GBCBIO Technologies
(Guangzhou, China). p-Akt (Ser473); Akt, p-ERK1/2 (Thr202/
Tyr204), ERK1/2, and B-actin antibodies were purchased from Cell
Signaling Technology (Danvers, MA, United States). N-cadherin,
E-cadherin and Vimentin antibodies were purchased from Affinity
Biosciences (OH, United States). All other chemicals not mentioned

here were of analytical reagent grade or better.

2.7 Cell culture

HT29 and Caco2 human colon carcinoma cells were purchased
from American Type Culture Collection (ATCC, Manassas, VA,
United States) and then routinely cultured in DMEM medium
(Gibco, United States) containing 10% (v/v) fetal bovine serum
(FBS) (Gibco, United States) and 100 U/mL streptomycin-penicillin
solution (Gibco, United States) in a humidified atmosphere containing
5% CO, at 37°C.

2.8 MTT assay

Cell viability was measured by MTT assay. HT29 and Caco2 cells
were seeded in 96-well plates and cultured with the vehicle, HQ
(3.125-100 mg/mL), EMNT (3.125-200 pM) or CS (3.125-200 uM)
for 48 h. 5-Fluorouracil (5-FU) (25 pM) was used as a positive control.
Then, the medium was removed and each well was added 200 uL MTT
solution (0.5 mg/mL) and incubated at 37°C for additional 4 h. After
that, supernatant was discarded and 150 ul DMSO was added to each
well to dissolve formazan crystals. Optical density (OD) values were
measured at 490 nm by a microplate reader (PerkinElmer, Waltham,
MA, United States). Finally, cell inhibitory rates and 50% inhibitory
concentration (ICsy) values were calculated for each group.

2.9 5-Ethynyl-2'-Deoxyuridine (EdU) assay

Cell proliferation ability was measured by EdU assay following the
manufacturer’s instructions. HT29 and Caco?2 cells were seeded in 96-
well plates and cultured with the vehicle, HQ (25, 50, and 100 mg/mL),
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FMNT (25, 50, and 100 uM) or CS (25, 50, and 100 pM) for 48 h. 5-FU
(25 uM) was used as a positive control. Then, cells were incubated with
EdU labeling medium (50 mM) at 37°C for 2 h. Other details of the
procedure are described in literature (Wu et al., 2020). Finally, the
images were captured using a fluorescence microscope (Leica,
Germany) and analyzed by Image]J software.

2.10 Wound healing assay

HT29 and Caco2 cells were seeded in 6-well plates. Scratch lines
were drawn on the monolith of the fused cells using 10 pL pipette tips.
Then, the cells were cultured with the vehicle, HQ (25, 50, and 100 mg/
mL), FMNT (25, 50, and 100 pM) or CS (25, 50, and 100 uM) for 12,
24 or 48 h, respectively. Pictures of the scratch lines were captured
using a microscope (Leica, Germany) at 0, 12, 24 and 48h,
respectively. The cell migration ratio of linear wounds was
calculated by using ImageJ software.

2.11 Cell apoptosis assay

HT29 and Caco2 cells were stained with Annexin V-FITC/PI and
evaluated for apoptosis by flow cytometry according to the
manufacturer’s instructions. Briefly, HT29 and Caco2 cells were
seeded in 6-well plates and exposed to the vehicle, HQ (25, 50, and
100 mg/mL), FMNT (25, 50, and 100 uM) or CS (25, 50, and 100 uM)
for 48 h. Then, cells were collected and stained with Annexin V-FITC
and PI for 20 min at room temperature in dark. Finally, cell apoptosis
was analyzed by the flow cytometry (BD Biosciences, San Diego, CA,
United States).

2.12 Western blot assay

HT?29 and Caco2 cells were seeded in 6-well plates and exposed to
the vehicle, HQ (25, 50, and 100 mg/mL), FMNT (25, 50, and 100 M)
or CS (25, 50, and 100 uM) for 48 h. After that, the cells were washed
with cold PBS and harvested. Total proteins were extracted from cells
using the RIPA lysis reagent containing a protease inhibitor and then
quantified using a BCA estimation kit. Western blotting was
performed as previously described (An et al., 2020) using primary
antibodies against p-Akt, Akt, p-ERK1/2, ERK1/2, N-cadherin,
E-cadherin, Vimentin or [-actin (1:1000). Protein bands were
detected by a gel imaging analysis system and were analyzed using
Image] software.

2.13 Immunofluorescence

HT29 and Caco2 cells were seeded on confocal dishes and exposed
to the vehicle, HQ (100 mg/mL), FMNT (100 uM) or CS (100 pM) for
48h. At the end of the incubation, the cells were fixed in
paraformaldehyde, permeabilized with TritonX-100 and blocked
with bovine serum albumin. Then, the cells were incubated with a
N-cadherin, an E-cadherin, or a Vimentin (1:200) antibody at 4°C
overnight and then stained with a secondary fluorescent antibody (1:
200; Alexa Fluor 488). Finally, the cells were incubated with DAPI for
20 min. Fluorescence signals were detected using a Leica TCS
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SP8 confocal fluorescence microscope (Leica, Germany). The
relative fluorescence of N-cadherin, E-cadherin and Vimentin were
analyzed by Image] software.

2.14 Molecular docking

Molecular docking was carried out by AutoDock Vina software to
measure the interactions between the two compounds and the key
upstream molecules of ERK1/2 signaling pathway, including EGFR,
BRAF, MEK1/2 and ERK1/2. The crystal structures of EGFR, BRAF,
MEK1/2 and ERK1/2 were retrieved from the Protein Data Bank
(Table 1). The mol2 file format structures of the FMNT and CS were
obtained from the PubChem database. Details of the procedure are
described 2020). After docking,
conformations with the lowest docking energy were selected for the
binding conformations between the ligands (FMNT and CS) and the
target proteins. Finally, the analysis and visualization of the ligand-

in literature (Ruan et al,

protein complexes were performed by PyMOL software.

2.15 Statistical analysis

All assays were performed in triplicate. Results were expressed as
mean with standard deviations (mean + SD). One-way analysis of
variance (ANOVA) was performed to compare the differences
between different groups by SPSS 19.0. Correlation analyses were
performed using Pearson product-moment correlation by SPSS 19.0.
Statistical significance of differences was accepted at p < 0.05, p <
0.01 and p < 0.001.

3 Results

3.1 Potential targets for compounds and
colon cancer

A total of 263 potential targets for FMNT and CS were identified
after  screening the databases of TCMSP, SuperPred,
SwissTargetPrediction, STITCH and PubChem, (Figure 2C).
Through the GeneCards, OMIM, TTD, CTD and DisGeNET
databases, a total of 1866 colon cancer targets were obtained
(Figure 2C).

3.2 Network construction

Then, compound targets and colon cancer-related targets were
mapped using a Venn diagram, 147 common targets were obtained as
the potential targets of FMNT and CS against colon cancer
(Figure 2C). The PPI network of the 147 targets were established
by Cytoscape 3.7.2 software (An et al., 2020) (Figure 2D). There were
147 nodes and 2,382 edges in the PPI network with a medium degree
centrality (DC) value of 28 (Figure 2D). Afterwards, hub nodes for
FMNT and CS against colon cancer were established based on DC
values. Finally, a total of 19 hub nodes were screened when the
thresholds were set at DC > 57. These 19 crucial targets with
higher DC values were identified as the candidate targets of FMNT
and CS against colon cancer, including AKT1, TP53, MAPK3, EGFR,
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TABLE 1 Molecular docking of FMNT and CS and corresponding targets.

10.3389/fphar.2023.1111912

Targets Protein data bank ID Compounds Binding energy (kcal/mol)
EGFR 1M17 formononetin -7.9
EGFR 1IM17 calycosin -83
BRAF 4EHG formononetin -9.2
BRAF 4EHG calycosin -9.5
MEK1 7BI9L formononetin -8.5
MEK1 7B9L calycosin -9.0
MEK2 1891 formononetin -7.8
MEK2 1891 calycosin -8.3
ERK1 4QTB formononetin -9.3
ERK1 4QTB calycosin -9.6
ERK2 477N formononetin -7.3
ERK2 477N calycosin -7.3

HSP90AAL, ESR1, MYC, CASP3, TNF, JUN, PTEN, MAPKI1, FOS,
RELA, FN1, PTGS2, HSP90AB1, MAPK8 and PPARG (Figure 2D).

3.3 GO analysis and KEGG pathway
enrichment analysis

To evaluate the pharmacological effects of FMNT and CS against
colon cancer. The potential 147 targets were further utilized for the
GO analysis and KEGG pathway enrichment analysis. GO analysis
showed that the majority of these 147 targets were enriched in cells
with molecular function of protein binding. Specifically, these targets
were abundantly enriched in cellular process, metabolic process,
biological regulation and response to stimuli (Figure 3A). These
results implicated that various cellular functions could be involved
in the diverse and synergistic effects of FMNT and CS against colon
cancer. The top 20 of GO terms enrichment were mapped (Figures 3B,
C). The results showed that targets were closely related to multiple
biological processes (BPs), including cellular response to chemical
stimuli, response to chemical, response to oxygen-containing
compounds, response to organic substances, regulation of
programmed cell death, regulation of cell death, regulation of
apoptotic process, and apoptotic process, etc (Figure 3B). In
molecular functions (MFs), the significant terms were mainly
enriched in enzyme binding, kinase binding, protein kinase
binding, ubiquitin-like protein ligase binding, protein domain
specific binding, identical protein binding, ubiquitin protein ligase
binding, and organic cyclic compound binding, etc (Figure 3C).
Moreover, cellular components (CCs) analysis showed that the
significant terms mainly included cytoplasmic part, membrane-
bounded organelle, mitochondrion, intracellular organelle lumen,
organelle lumen, membrane-enclosed Iumen, cytoplasm and
nucleoplasm, etc (Figure 3D).

To further elucidate the potential mechanisms of FMNT and CS
against colon cancer, KEGG pathway enrichment analysis of those
147 key targets was conducted. KEGG pathway annotation showed

that 91 and 89 targets were involved in the signal transduction and
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cancer, respectively (Figure 4A). The top 20 KEGG pathway
enrichments with a p-value <0.05 were displayed in Figure 4B.
The significant pathways mainly included hepatitis C, pathways in
cancer, hepatitis B, MAPK signaling pathway, prostate cancer,
PI3K-Akt signaling pathway, toxoplasmosis and apoptosis, etc. It
further showed that 42 and 46 targets were involved in the MAPK
(ko04010) and PI3K-Akt (ko04151)
respectively (Figure 4C). The MAPK signaling pathway is

signaling  pathways,

essential in regulating many cellular processes including cell
differentiation, cell stress response, cell division, metabolism, cell
proliferation, motility and apoptosis. The role of the MAPK
pathway in various diseases, including cancer, has been widely
studied and well recognized (Haigis et al., 2008; Ahearn et al,
2011). As shown in Supplementary Figure 1, FMNT and CS could
modulate multiple signaling molecules and pathways to suppress
cancer proliferation, promote apoptosis, and inhibit angiogenesis.
The key targets of the MAPK signaling pathway mainly include
MAPKI1, MAPK3, EGFR, AKT1, TP53, MYC, FOS, and MAPK8
(Supplementary Figure S1A). The PI3K-Akt signaling pathway is
another crucial intracellular signal transduction pathway that
closely regulate cell growth, migration, metabolism, proliferation
and angiogenesis [28]. The PI3K-Akt is also a crucial signaling
pathway contributing to initiation and development of various
cancers (Noorolyai et al., 2019; Pompura and Dominguez-Villar,
2018). The key targets of the PI3K-Akt signaling pathway mainly
include AKT1, HSP90AA1, HSP90ABI, TP53, PTEN, MYC, EGFR,
and RELA (Supplementary Figure S1B). Hence, the potential
mechanisms associated with the MAPK and PI3K-Akt signaling
pathways were further verified using experimental validation
coupled with molecular docking.

3.4 HQ, FMNT and CS significantly inhibited
the viability of HT29 and Caco?2 cells

MTT assay was performed to detect the effects of HQ, FMNT and
CS on the viability of HT29 and Caco2 cells. It was found that
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GO enrichment analysis of the key targets of FMNT and CS against colon cancer (A) The number of genes involved in the biological process (BP),
molecular function (MF) and cellular component (CC) (B) GO-BP enrichment analysis of the 147 key targets (C) GO-MF enrichment analysis of the 147 key
targets (D) GO-CC enrichment analysis of the 147 key targets. The top 20 enriched GO terms are displayed, and only terms with p < 0.05 were selected for

analysis.

treatment with HQ at 3.125-100 mg/mL for 48h significantly
suppressed the viability of HT29 and Caco2 cells in a dose-
dependent manner (Figures 5A, B, p < 0.001). The IC50 value of
HQ in HT29 and Caco2 cells after treatment was 26.67 and 25.31 mg/
mL, respectively. After treating cells with FMNT and CS at
3.125-200 uM  for 48 h, cell viabilities were also significantly
suppressed in a dose-dependent manner (Figures 5C-F, p < 0.05 or
p < 0.001). 5-FU, which was used a positive control, also produced
significant inhibition toward the viability of HT29 and Caco2 cells as
expected (p < 0.001). Accordingly, three concentrations of 25, 50, and
100 mg/mL for HQ, and three concentrations of 25, 50, and 100 uM
for FMNT or CS, and a duration of 48 h treatment were selected to
conduct the following experiments.

Frontiers in Pharmacology

3.5 HQ, FMNT and CS significantly inhibited
the proliferation of HT29 and Caco?2 cells

EdU assay was used to further evaluate the effects of HQ, FMNT
and CS on the proliferation of HT29 and Caco2 cells. As shown in
Figures 6A, B, treatment with HQ at 25, 50, and 100 mg/mL for 48 h
significantly decreased EdU positive cells in a dose-dependent
manner over the control (p < 0.05 or p < 0.001), indicating that
HQ could significantly suppressed the proliferation of HT29 and
Caco2 cells. The number of EAU positive cells in the FMNT or CS
treated groups were also significantly reduced in a dose-dependent
manner (Figures 6C-F, p < 0.05, p < 0.01 or p < 0.001), indicating
that both FMNT and CS significantly suppressed the proliferation
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of HT29 and Caco2 cells. 5-FU, as a positive control, markedly
inhibited the proliferation of HT29 and Caco2 cells as expected (p <
0.001).

3.6 HQ, FMNT and CS significantly induced
apoptosis of HT29 and Caco?2 cells

An Annexin V-FITC/PI staining assay was performed to evaluate
whether HQ, FMNT and CS could induce apoptosis of HT29 and
Caco2 cells. Treatment with HQ at 25, 50, and 100 mg/mL for 48 h
significantly induced the apoptosis rate of HT29 and Caco2 cells in a
dose-dependent manner (Figure 7A, p < 0.001). Apoptosis rate was
also dose-dependently increased in HT29 and Caco2 cells exposed to
FMNT (Figure 7B, p < 0.01 or p < 0.001) or CS (Figure 7C, p < 0.001)
at 10, 20, and 40 uM for 48 h.

90

Frontiers in Pharmacology

3.7 HQ, FMNT and CS significantly suppressed
the migration of HT29 and Caco?2 cells

Wound healing assay was used to evaluate the effects of HQ,
FMNT and CS on the migration of HT29 and Caco2 cells. As shown in
Figures 8A, B, treatment with HQ at 25, 50, and 100 mg/mL for
12-48 h significantly suppressed the migration ratio of HT29 and
Caco2 cells dose-dependently over the control (p < 0.05, p <0.01 or p <
0.001). Incubation of FMNT and CS at 10, 20, and 40 uM also
exhibited significant inhibitory effects on the migration of
HT29 and Caco2 cells (Figures 8C-F, p < 0.05, p < 0.01 or p < 0.001).

E-cadherin,  N-cadherin,
epithelial-mesenchymal transformation (EMT)-related proteins,

and Vimentin are critical
which that modulate cell migration and tumor invasiveness.
is notably downregulated while N-cadherin and

[30]. Hence, the

E-cadherin

Vimentin are upregulated during EMT
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HQ, FMNT and CS significantly inhibited the viability of HT29 and Caco?2 cells. The cytotoxicity of HQ (3.125-100 mg/mL, 48 h) (A and B), FMNT
(3.125-200 pM, 48 h) (C and D) and CS (3.125-200 uM, 48 h) (E and F) toward HT29 and Caco?2 cells, respectively. 5-FU was used as a positive control for
inhibition of cell viability. The data represent the mean + SD (n = 3). *p < 0.05 and ***p < 0.001 compared with the control group.

intracellular protein levels of E-cadherin, N-cadherin, and Vimentin
were further determined. As shown in Figure 9A, exposure to HQ at
25, 50, and 100 mg/mL for 48h significantly upregulated the
E-cadherin protein levels, while dose-dependently downregulated
the protein levels of N-cadherin and Vimentin over the control
(p < 0.05, p < 0.01, or p < 0.001). It was observed that incubation
of FMNT and CS at 10, 20, and 40 uM for 48 h also strikingly increased
the E-cadherin protein levels, while decreased the protein levels of
N-cadherin and Vimentin in a dose-dependent manner (Figures 9B,
C, p < 0.05 p < 001, or p < 0.001). Moreover, the results of
immunofluorescence assay further revealed the expression of
intracellular E-cadherin, N-cadherin, and Vimentin with the same
treatment. Of note, the fluorescence intensity of E-cadherin was
markedly enhanced, while the fluorescence intensity of N-cadherin
and Vimentin was notably decreased in the cells exposed to HQ,
FMNT and CS over the control cells (Figure 10).
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3.8 HQ, FMNT and CS significantly inhibited
the ERK1/2 and PI3K-Akt signaling pathways

Western blot analysis was further performed to understand the
roles of ERK1/2 and PI3K-Akt signaling in mediating the inhibitory
effects of HQ, FMNT and CS against colon cancer. Compared with
the control cells, exposure to HQ at 25, 50, and 100 mg/mL for 48 h
strikingly downregulated the p-ERK1/2 expression in a dose-
dependent manner (Figure 11A, p < 0.01, or p < 0.001), while
did not notably alter the total ERK1/2 expression. Thus, p-ERK1/2/
ERK1/2 ratio was significantly decreased in the cells exposed to HQ
than that in the control cells (Figure 11A, p < 0.01, or p < 0.001).
The treatment of HQ at high dose also slightly downregulated the
p-AKT expression without marked change in total Akt expression.
Similarly, Western blot analysis demonstrated a decreased p-ERK1/
2 expression in the cells exposed to FMNT or CS (Figures 11B, C,
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HQ, FMNT and CS significantly inhibited the proliferation of HT29 and Caco?2 cells. The effects of HQ (25, 50 and 100 mg/mL, 48 h) (A and B), FMNT (25,
50 and 100 pM, 48 h) (C and D) and CS (25, 50 and 100 uM, 48 h) (E and F) on the proliferation of HT29 and Caco? cells, respectively. 5-FU was used as a

positive control for inhibition of cell proliferation. The data represent the mean + SD (n = 3)

group.

p <0.050r p <0.001). Thus, FMNT and CS treatment significantly
decreased the p-ERK1/2/ERK1/2 ratio compared with the control
cells (Figures 11B, C, p < 0.01, or p < 0.001). The same treatment of
FMNT and CS at their high doses also slightly downregulated the
p-Akt protein levels, while did not notably alter the total Akt
expression (Figures 11B, C).

Person correlation analysis showed that the inactivation of HQ,
FMNT and CS on ERK1/2 signaling pathway was closely related to
their inhibitory effects against colon cancer. It was observed that HQ-
induced decrease in ratio of p-ERK1/2/ERK1/2 was positively related
to inhibition of cell viability, proliferation, and migration, while were
negatively related to promotion of the cell apoptosis (Supplementary
Figure S2, p < 0.001). Similarity, a strong positive correlation was
found between the decrease in p-ERK1/2/ERK1/2 ratio and inhibition
of cell viability, proliferation, and migration by FMNT and CS.
Conversely, a significant negative correlation was observed between
the decreased p-ERK1/2/ERK1/2 ratio and promotion of the cell
apoptosis by FMNT and CS (Supplementary Figures S3, S4, p < 0.001).

3.9 FMNT and CS showed strong binding
affinity for the core targets of EGFR/RAS/RAF/
MEK/ERK pathway

Overactivation of the RAS/RAF/MEK/ERK signaling pathway is
associated with the carcinogenesis and progression of numerous
2019; Zhu et al.,, 2020). Epidermal growth
factor receptor (EGFR), a typical receptor tyrosine kinase, is

cancers (Zhang et al,
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*p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control

takes in cell

differentiation, proliferation, migration, and apoptosis via activating

activated by binding with ligands and part
the subsequent intracellular signaling pathways (Zhang et al., 2019).
RAS/RAF/MEK/ERK is one of the most key EGFR downstream
2019). Thus, EGFR/RAS/RAF/

MEK/ERK pathway is an essential target in clinical cancer therapy.

signaling pathways (Zhang et al,

Development of inhibitors of this pathway is considered as promising
strategy for the prevention and treatment of numerous cancers
(Supplementary Figure S5). Hence, molecular docking study was
further conducted to explore the binding affinity of FMNT and CS
with EGFR/RAS/RAF/MEK/ERK pathway. The pattern diagram of
molecular docking was shown in Figure 12. Protein residues
Glu738 and Asp831 in EGFR formed hydrogen bonds with FMNT
and CS, respectively (Figures 12A, B). FMNT could bind to the protein
residue Lys483, forming one single hydrogen bond (Figure 12C), while
CS could bind to the protein residues Cys532 and Lys483 in BRAF
through hydrogen bonds (Figure 12D). Protein residues Met146 and
Gly144 in MEK1 formed hydrogen bonds with FMNT (Figure 12E),
while only residue Met146 in MEK1 and CS bonded to each other
through one single hydrogen bond (Figure 12F). FMNT could interact
with the residue Met150 (Figure 12G), while CS could interact with the
residues Met150 and Asnl199 in MEK2 through hydrogen bonds
(Figure 12H). Both FMNT and CS could interact with the residue
Met125 in ERK1through hydrogen bonds (Figures 121, J). CS could
also interact with the residue Asp184 in ERK1 (Figure 12J]). Protein
residues Lys52 and Glu107 in ERK2 formed one single hydrogen bond
with FMNT and CS, respectively (Figures 12K, L). The docking scores
for FMNT and CS with the six crystal structures were showed in
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FIGURE 7

HQ, FMNT and CS significantly induced apoptosis of HT29 and Caco?2 cells. The effects of HQ (25, 50 and 100 mg/mL, 48 h) (A), FMNT (25, 50 and

100 uM, 48 h) (B) and CS (25, 50 and 100 pM, 48 h) (C) on the apoptosis of HT29 and Caco?2 cells. The data represent the mean + SD (n = 3). **p < 0.01 and
***p < 0.001 compared with the control group.

Table 1. The bond strength of hydrogen bonds represents the binding ~ 2010). Thus, the results revealed that FMNT and CS have a strong
affinity between ligand compounds and receptor molecules, and when  binding affinity for the key targets of EGFR/RAS/RAF/MEK/ERK
the docking score is lower, the binding affinity is stronger. An  pathway, and the binding affinity of CS with the targets was stronger
affinity <-7 indicates strong binding activity (Trott and Olson, than that of FMNT to the same targets.
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4 Discussion

Worldwide, colon cancer is the third most frequent malignant
disease with high morbidity, recurrence and mortality (Ferlay et al.,
2019; Kong et al., 2020). Despite advances in surgery, chemotherapy,
radiotherapy and immunotherapy, the prognosis in colon cancer
patients remains poor and the recurrence rate is still high (Kong
et al., 2020). What is more, long-term use of these therapies will easily
produce undesirable side effects and toxicologically unsafe
(Kong et al, 2020). CHMs have played an
indispensable role in healthcare throughout Chinese history, and
have also been increasingly used worldwide for prevention and
treatment of various diseases.

consequences

Substantial evidence exists that
CHMs are effective and safe as alternative remedies for patients
with colon cancer. However, the applications of many CHMs in
the clinical treatment of colon cancer is also greatly restricted
because of their multiple ingredients and different mechanisms of
action (Yan et al,, 2017; Guo et al., 2019). Hence, it is urgent and
necessary to fully elucidate the effects and molecular mechanisms to
promote the applications of CHMs for healthcare all over the world.

Frontiers in Pharmacology

In recent years, network pharmacology has been increasingly
applied to expand our knowledge pertaining to the multiple targets
and mechanisms of CHMs in the clinical treatment of various diseases,
including numerous cancers (Li and Zhang, 2013; Hao da and Xiao,
2014). Network pharmacology, a new discipline which integrates
network biology and polypharmacology approaches, is able to
reveal drug properties and interactions with multiple protein
targets. Hence, network pharmacology can provide beneficial
information for studying the modulation of various complex
biological, physiological, and pathological systems (Berger and
Iyengar, 2009; Li and Zhang, 2013; Hao da and Xiao, 2014).
Currently, network pharmacology has been frequently used as a
powerful tool to elucidate the complex and holistic mechanisms of
CHMs (Li and Zhang, 2013; Hao da and Xiao, 2014). Therefore, we
first screened the potential targets of HQ and its bioactive ingredients
FMNT and CS against colon cancer, as well as investigated the
mechanism using network pharmacology analysis. 147 potential
targets of FMNT and CS in the suppression of colon cancer were
obtained (Figure 2). 19 core targets were further screened and
analyzed. It was apparent that the 19 key targets, included AKT1,
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FIGURE 9

HQ, FMNT and CS significantly upregulated E-cadherin protein levels, and downregulated N-cadherin and Vimentin protein levels in HT29 and Caco2
cells. The protein levels of E-cadherin, N-cadherin, and Vimentin in HT29 and Caco?2 cells were detected after treatment with HQ (25, 50 and 100 mg/mL,
48 h) (A), FMNT (25, 50 and 100 pM, 48 h) (B) or CS (25, 50 and 100 pM, 48 h) (C), respectively. The data represent the mean + SD (n = 3). **p < 0.01and ***p <

0.001 compared with the control group.

TP53, MAPK3, EGFR, HSP90AALI, ESR1, MYC, CASP3, TNF, JUN,
PTEN, MAPKI, FOS, RELA, FN1, PTGS2, HSP90AB1, MAPK8 and
PPARG, were closely involved in cell proliferation, differentiation,
migration, and apoptosis. Next, GO enrichment analysis proposed
that FMNT and CS could exhibit inhibitory activity against colon
cancer by simultaneously activating various BPs, CCs, and MFs
(Figure 3). KEGG pathway enrichment further indicated that
multiple pathways including pathways in cancer, MAPK and PI3K-
Akt signaling pathways could be associated with the inhibitory effects
of FMNT and CS against colon cancer (Figure 4). Accordingly, we next
conducted experimental validation to elucidate the mechanism of HQ,
FMNT and CS against colon cancer.

Previous studies showed that HQ and its isoflavonoids have
pharmacological effects against colon cancer. HQ can not only
inhibit the proliferation, cause cell cycle arrest and promote
apoptosis of colon cancer cells, but also inhibit the migration of
colon cancer cells (Tseng et al., 2016; Tan et al., 2019). HQ could
effectively inhibit the tumors of human colon cancer cells grafted into
nude mice without obvious unsafe consequences (Tseng et al., 2016),
which demonstrated that HQ might be a potential chemopreventive
drug for therapy colon cancer. The study of HQ in controlling
angiogenesis revealed that HQ exerted anti-tumor activity in colon
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cancer cells via modulation of mTOR and COX-2 signaling, which
together reduced VEGF expression to suppress angiogenesis in human
CRC cell and tumor xenograft (Auyeung et al., 2016). FMNT was also
proven to downregulate the expression of key pro-angiogenic factors
such as VEGF and matrix metalloproteinases in colon cancer cells, and
to inhibit angiogenesis and tumor cell invasion, thereby supporting its
use in advanced and metastatic colon therapies (Auyeung et al., 2012).
In addition to FMNT, CS could notably inhibited proliferation and
induced apoptosis of colon cancer cells through regulating multiple
signaling, including ERB/MiR-95, ERB/miR-17, IGF-1R and PI3K-Akt
signaling pathways (Chen et al., 2015b; Zhao et al., 2016), which
indicates that CS serves as an attractive chemotherapeutic agent
against colon cancer. The results from this study demonstrated that
HQ, FMNT and CS could effectively inhibit the viability and
proliferation, as well as promote apoptosis of HT29 and
Caco2 cells (Figures 5-7), suggesting that FMNT and CS could be
the beneficial ingredients responsible for the therapeutic efficacy of
HQ in the suppression of colon cancer.

Growing evidence suggests that invasion and metastasis are the
fundamental reason of colon cancer treatment failure and the
leading cause of death in colon cancer patients (Wen et al,
2022). Suppression of invasion and metastasis is of great
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HQ, FMNT and CS significantly increased the fluorescence intensity of E-cadherin (A, B), and decreased the fluorescence intensity of N-cadherin (C, D)
and Vimentin (E, F) in HT29 and Caco?2 cells. The fluorescence intensity of E-cadherin, N-cadherin, and Vimentin in HT29 and Caco?2 cells were detected after
treatment with HQ (100 mg/mL, 48 h), FMNT (100 uM, 48 h) or CS (100 pM, 48 h), respectively. The data represent the mean + SD (n = 3). ***p <

0.001 compared with the control group

therapeutic interest in counteracting chemoresistance in patients
with colon cancer. The proliferation of tumor cells was the basis of
tumor invasion and metastasis (Yang et al., 2019). This current
study showed that HQ, FMNT and CS could dose-dependently
inhibit the proliferation of colon cancer cells (Figure 6). Thus, the
wound healing assay was conducted to further confirm the impact
of HQ, FMNT and CS on the metastasis of colon cancer cells. It was
found that HQ, FMNT and CS could significantly suppress the
migration of colon cancer cells in dose- and time-dependent
manners (Figure 8), indicating that HQ, FMNT and CS could
inhibit the metastasis of colon cancer cells. It is well-known that
E-cadherin, N-cadherin, and Vimentin are critical EMT-related
proteins, which play pivotal roles in modulation of cell migration
and tumor invasiveness (Hazan et al., 2000). E-cadherin, a calcium-
dependent cell-cell adhesion molecule, takes part in epithelial cell
behavior, tissue formation, and cancer suppression (van Roy and
Berx, 2008). N-cadherin, which serves as an indicator of ongoing
EMT, is closely associated with the development of diverse cancers
(Loh et al, 2019). Vimentin, as a typical marker for EMT, is
overexpressed in various epithelial cancers and correlates well
with accelerated tumor growth, invasion, and poor prognosis
(Satelli and Li, 2011). During EMT, N-cadherin and Vimentin
are upregulated while E-cadherin is downregulated. Hence, the
expression of intracellular E-cadherin, N-cadherin, and Vimentin
were further determined. It was found that HQ, FMNT and CS
could strikingly upregulate the E-cadherin protein levels, while
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simultaneously downregulated the protein levels of N-cadherin and
Vimentin in a dose-dependent manner (Figure 9). In addition,
immunofluorescence assay revealed that the fluorescence intensity
of E-cadherin was markedly increased, while the fluorescence
intensity of N-cadherin and Vimentin was notably decreased
(Figure 10). These data further indicate that HQ, FMNT and CS
could effectively suppress colon cancer by inhibiting the metastasis
of colon cancer cells.

In this study, the network pharmacological study found that the
MAPK and PI3K-Akt signaling pathways were two important
pathways for HQ in treating colon cancer. MAPK signaling
pathway has a crucial role in cell proliferation, differentiation,
migration, and apoptosis, including phosphorylation of ERK1/2,
P38, and JNK (Haigis et al., 2008; Ahearn et al., 2011). ERK1/2, one
of the best-characterized members of MAPK family, mediates a
wide range of cellular responses like gene expression, metabolism,
motility, cell survival and death (Wang et al., 2022). Substantial
evidence exists that the phosphorylation of ERK1/2 could increase
cell proliferation and cause an anti-apoptotic effect, thereby
promoting the progression of tumor invasion and metastasis
(Lebedev et al., 2022 2022).
suppression of ERK1/2 could effectively block many other

Wang et al, Conversely,
extracellular signals that promote cell growth and movement,
ultimately suppressing tumor invasion and metastasis (Lebedev
2022; Wang et al., 2022). Hence, identification of small
molecules that can inhibit ERK1/2 activity may be a useful

et al,
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FIGURE 11

HQ, FMNT and CS significantly inhibited the ERK1/2 and PI3K-AKT signaling pathways. The protein levels of p-Erk1/2, ERK1/2, p-AKT and AKT in HT29 and
Caco? cells were detected after treatment with HQ (25, 50 and 100 mg/mL, 48 h) (A), FMNT (25, 50 and 100 pyM, 48 h) (B) or CS (25, 50 and 100 pM, 48 h) (C),
respectively. The data represent the mean + SD (n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group.

pharmacological strategy for the clinical treatment of numerous
cancers (Lebedev et al., 2022; Wang et al., 2022). In addition to
ERK1/2, the PI3K-Akt signaling pathway also takes part in a variety

of cellular activities, including cell growth, metabolism, motility,
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proliferation, survival, and apoptosis (Porta et al., 2014). Aberrant
activation of the PI3K-Akt pathway promotes the growth and
proliferation of tumor cells in various types of human cancers
(Huang and Hung, 2009; Porta et al, 2014). Knockout or
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suppression of PI3K-Akt pathway has been an attractive strategy to
effectively inhibit tumor growth and invasiveness (Cheng et al,,
2005). The data of this study displayed that HQ, FMNT and CS
significantly decreased the intracellular p-ERK1/2 expression in a
dose-dependent manner, while did not notably alter the total
ERK1/2 expression (Figure 11). The same treatment of HQ,
FMNT and CS at their high doses also slightly downregulated
the intracellular p-AKT expression without marked alteration in
total Akt expression (Figure 11). Person correlation analysis
revealed that HQ, FMNT and CS-induced decrease in p-ERK1/2/
ERK1/2 ratio was positively related to their inhibition of cell
viability, proliferation, and migration, while were negatively
related to their promotion of the cell apoptosis (Supplementary
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Pattern diagrams of molecular docking. FMNT-EGFR (A). CS-EGFR (B). FMNT-BRAF (C). CS-BRAF (D). FMNT-MEK1 (E). CS-MEK1 (F). FMNT-MEK2 (G).
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Figures S2-S4). These results suggested that HQ, FMNT and CS
could manifest remarkable inhibitory activity against colon cancer
mainly via reducing the phosphorylation of ERK1/2 to inhibit the
ERK1/2 pathway. This suppression of colon cancer by HQ, FMNT
and CS was also partially mediated via inactivation of the PI3K-Akt
signaling pathway. Finally, to validate the potential mechanism of
HQ, FMNT and CS against colon cancer, molecular docking was
further performed to explore the binding affinity of FMNT and CS
with upstream molecules of ERK1/2 pathway. As protein-serine/
threonine kinases, ERK1 and ERK2 participate in the RAS/ARF/
MEK/ERK signal transduction cascade that play a crucial role in the
modulation of a large variety of cellular activities including cell
adhesion, metabolism, cell survival, cell migration, cell cycle
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progression, proliferation, differentiation and transcription
(Roskoski, 2012). Overactivation of the RAS/ARF/MEK/ERK
signaling is correlated with the carcinogenesis and progression
of numerous cancers (Zhang et al., 2019; Zhu et al, 2020).
Epidermal growth factor receptor (EGFR), a typical receptor
tyrosine kinase, is activated by binding with ligands and takes
part in cell survival, proliferation, migration, differentiation, and
apoptosis via activating the subsequent intracellular signaling
pathways (Zhang et al., 2019). RAS/ARF/MEK/ERK is one of the
most key EGFR downstream signaling pathways (Zhang et al,
2019). Development of inhibitors that target EGFR/RAS/ARF/
MEK/ERK pathway is considered an effective and promising
strategy for
(Supplementary Figures S5). The pattern diagram of molecular

the clinical treatment of numerous cancers
docking showed that different amino acid residues in the crystal
structures of EGFR, RAS, ARF, MEK or ERK formed hydrogen
bonds with FMNT and CS, respectively (Figure 12). The bond
strength of hydrogen bonds represents the binding affinity between
ligand compounds and receptor molecules, and when the docking
score is lower, the binding affinity is stronger. An
affinity <-7 suggests strong binding activity (Trott and Olson,
2010). The results of molecular docking study indicate that FMNT
and CS have a strong binding affinity for the key targets of EGFR/
RAS/ARF/MEK/ERK pathway, and the binding affinity of CS with
the targets was stronger than that of FMNT to the same targets
(Table 1). These finding indicated that the mechanism of the HQ,
FMNT and CS against colon cancer might be due to suppression of
the ERK1/2 pathway through potent inhibition of its upstream
molecules. Further studies are needed to determine the exact
mechanism(s) of the regulation of HQ, FMNT and CS on the
ERK1/2 signaling pathway. Further animal experimental research
on the inhibitory effects of HQ, FMNT and CS against colon cancer

needs to be continued.

5 Conclusion

This study investigated the effects and mechanism of HQ and its
bioactive ingredients FMNT and CS against colon cancer using
network pharmacology analysis coupled with experimental
validation and molecular docking. The findings suggested that the
HQ exerted good therapeutic effects against colon cancer by mainly
inhibiting the ERK1/2 signaling pathway. FMNT and CS were two
bioactive ingredients responsible for the inhibitory effects of HQ
against colon cancer. The current study expands our knowledge
pertaining to the effects and mechanism of HQ against colon
cancer, and suggests that FMNT and CS will hopefully serve as

prospective compounds for colon cancer treatment.
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Cancer is a disease with a high fatality rate representing a serious threat to human
health. Researchers have tried to identify effective anticancer drugs. Licorice is a
widely used traditional Chinese medicine with various pharmacological properties,
and licorice-derived flavonoids include licochalcones like licochalcone A,
licochalcone B, licochalcone C, licochalcone D, licochalcone E, and licochalcone
H. By regulating the expression in multiple signaling pathways such as the EGFR/ERK,
PI3K/Akt/mTOR, p38/INK, JAK2/STAT3, MEK/ERK, Wnt/p-catenin, and MKK4/JINK
pathways, and their downstream proteins, licochalcones can activate the
mitochondrial apoptosis pathway and death receptor pathway, promote
autophagy-related protein expression, inhibit the expression of cell cycle proteins
and angiogenesis factors, regulate autophagy and apoptosis, and inhibit the
proliferation, migration, and invasion of cancer cells. Among the licochalcones,
the largest number of studies examined licochalcone A, far more than other
licochalcones. Licochalcone A not only has prominent anticancer effects but also
can be used to inhibit the efflux of antineoplastic drugs from cancer cells. Moreover,
derivatives of licochalcone A exhibit strong antitumor effects. Currently, most results
of the anticancer effects of licochalcones are derived from cell experiments. Thus,
more clinical studies are needed to confirm the antineoplastic effects of
licochalcones.

KEYWORDS

anti-cancer, mechanism, licochalcone, licochalcone A, autophagy, apoptosis, cell cycle

1 Introduction

Cancer seriously affects human health, and in the 21st century, it is expected to become the
main cause of death in every country/region (Bray et al., 2018; Keshavarz-Fathi and Rezaei,
2021). Licorice is a widely used traditional Chinese medicine with a variety of pharmacological
properties including anti-inflammatory, antioxidant, antidiabetic, anti-asthmatic, and
anticancer activities. The pharmacological effects are related to the flavonoids it contains,
among which licochalcones have considerable antitumor activity (Hosseinzadeh and Nassiri-
Asl, 2015; Pia et al., 2019).

This review systematically reviewed the evidence on the anticancer effects of licochalcones.
Licochalcones in licorice comprise licochalcone A (LA), licochalcone B (LB), licochalcone C
(LC), licochalcone D (LD), licochalcone E (LE), and licochalcone H (LH) (Figure 1). These
licochalcones can activate the mitochondrial apoptosis pathway and the death receptor
pathway, promote autophagy-related protein expression, inhibit cell cycle protein
expression, and regulate cancer migration-related protein expression via multiple signaling
pathways, including EGFR/ERK, PI3K/Akt/mTOR, p38/]NK, JAK2/STAT3, MEK/ERK, Wnt/
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FIGURE 1

Chemical structure of licochalcones.

B-catenin, and MKK4/JNK signaling pathways. Via these mechanisms,
licochalcones can induce autophagy and apoptosis in cancer cells, as
well as inhibit cancer cell proliferation, migration, and invasion. In
tumor tissues, LA can also inhibit angiogenesis and the cellular efflux
of anticancer drugs. At present, the antineoplastic effects of LA are
most prominent. Various LA derivatives exhibit stronger antitumor
effects than LA, and exploring the anticancer mechanisms of these
licochalcone derivatives may be a focus of future studies. As most of
the licochalcone-induced effects have been examined in cell
experiments, more clinical studies are needed to confirm the
antitumor effects of licochalcones in the future. Thus, this paper
systematically reviewed the literature regarding licochalcone-
induced anticancer effects with a focus on LA to provide an
overview of the current knowledge and guide further basic and

clinical research.

2 Anticancer effects of licochalcones on
tumor cells

2.1 Lung cancer

shown that
18 million people are diagnosed with lung cancer each year, and
16 million of them die from this disease (Chen et al., 2014; Hirsch
et al,, 2017). Licochalcones can induce apoptosis and autophagy, and

Epidemiological studies have approximately

they inhibit the proliferation, migration, and invasion of lung cancer
cells (Keshavarz-Fathi and Rezaei, 2021).

2.1.1 Induction of autophagy

LC3-IIL is considered to be a characteristic protein of the autophagy
process. LA (10-15pM) can induce autophagy in A549 and
H1299 lung cancer cells by increasing the LC3-II/LC3-I ratio, as
well as the levels of the autophagy-related proteins ATG5, ATG7,
and P62. LA-induced increases in CHOP expression also promote
autophagy (Tang et al, 2016; Lin et al, 2019a). Furthermore,

Frontiers in Pharmacology

LA-induced autophagy in lung cancer cells is associated with the
induction of endoplasmic reticulum stress. LA (10 pM) enhances the
expression of miR-144-3p, causes unfolded protein response, and
triggers autophagy by promoting the accumulation and expression
of ATGI, ATG3, ATG6, and ATG16 via activation of the PERK/
ATF4/CHOP signaling pathway (Chen et al., 2018).

2.1.2 Induction of apoptosis

Activation of the mitochondrial apoptosis pathway is closely
related to mitochondrial dysfunction. LA (2.5-25uM) inhibited
ATP production and caused mitochondrial dysfunction in
H1299 and H322 lung cancer cells by inhibiting hypoxia-induced
HIF-1la accumulation and the expression of target genes GLUTI and
PDKI, which induced activation of the mitochondrial apoptosis
pathway and apoptosis of cancer cells (Park et al, 2021). LA
(10-15puM) can activate the mitochondrial apoptosis pathway and
induce apoptosis in H460 and A549 lung cancer cells by decreasing the
levels of Bcl-xL and Bcl-2 while increasing the levels of Bad, Bax,
cleaved PARP, and caspase-3 (Tang et al., 2016; Qiu et al., 2017; Lin
et al., 2019a). In addition, the survivin protein inhibits caspase-3
apoptosis. LA (5-50 uM)
downregulated the expression of survivin by inhibiting the EGFR

activity and prevents cancer cell
signaling pathway and its downstream kinases ERK1/2 and AKT in
H3255, HCC827, H1975, and A549 lung cancer cells (Gao et al., 2021).
LB (5-15 uM) inhibited the EGFR and MET signaling pathways and
induced mitochondrial dysfunction and endoplasmic reticulum stress
in HCC827 lung cancer cells, which induced the loss of MMP, release
of cytochrome ¢, and increased expression of caspases (Oh et al,
2019a).

2.1.3 Cell cycle block

By inhibiting the expression of MDM2, cyclin B1, CDC2, and
CDC25C, LA (10-15uM) led to cell cycle arrest of H460 and
A549 lung cancer cells at the G2/M phase (Qiu et al, 2017; Lin
et al, 2019a). Heng et al. found that decreases in the proliferation of
lung cancer cells by LA were related to the inhibition of the
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Wnt/B-catenin signaling pathway (Heng and Cheah, 2021). LB
(5-15 uM) caused cell cycle arrest of HCC827 lung cancer cells at
the G2/M phase by decreasing the expression of cyclinBl and
CDC2 proteins while increasing p27 expression (Oh et al., 2019a).

2.1.4 Inhibition of migration and invasion

LA (2-20 pM) inhibited the AKT signaling pathway and the
expression of the downstream transcription factor Spl, which
reduced the levels of MMP-1 and MMP-3 and inhibited the
migration and invasion of A549 and H460 lung cancer cells
(Huang et al., 2014).

2.1.5 Activation of the immune system

PD-L1 is a key immune checkpoint, and reducing the production
of PD-LI can play a role in immunotherapy. LA (10-50 pM) inhibited
the expression of PD-L1 and thereby induced the production of
reactive oxygen species (ROS) in A549 lung cancer cells, which
inhibited the phosphorylation of 4EBP1, activated the PERK/eIF2a
pathway, and ultimately induced apoptosis in cancer cells (Yuan et al.,
2021).

2.2 Liver cancer

Licochalcones can induce apoptosis and inhibit the proliferation,
migration, and invasion of hepatocellular carcinoma cells (Keshavarz-
Fathi and Rezaei, 2021).

2.2.1 Induction of apoptosis

By inhibiting the PI3K/Akt/mTOR signaling pathway, LA
(5-20 pM) activated the mitochondrial apoptosis pathway and
promoted the expression of Bax, Bad, and caspase-3, thereby
inducing apoptosis in HepG2 cells (Wu et al.,, 2019). In addition,
LA (1-50 uM) induced endoplasmic reticulum stress in HepG2 cells
by inducing phosphorylation of VEGFR2, c-Met receptor, and
PLCyl and enhancing the cytosolic Ca** release from the
which induced ROS
accumulation, the expression of CHOP, as well as caspase-4, -9,
and -3, and ultimately cell apoptosis (Choi et al, 2014). Wang

endoplasmic  reticulum, subsequently

et al. found that the production and accumulation of intracellular
ROS also activate the mitochondrial apoptosis pathway and increased
the expression of Bad, Bax, Bak, PUMA, and caspase-3. The
production of intracellular ROS in HepG2 cells is involved in the
LA-induced (5-50 pM) downregulation of PDK1 and rubicon by
activating the ULKI/Atgl3 signaling pathway and increasing the
expression of TSC1/2, PRAS40, CTMP, and PP2A. Moreover, LA
activates the death receptor pathway and caspase cascade by increasing
the expression of DR3, DR5, and Fas. LA also decreases the expression
of the survival factor PKCe, p70S6K, and Akt. Through these effects,
LA (30-70 uM) finally induces apoptosis in HepG2 cells (Niu et al.,
2018; Wang et al., 2018). LA (70 uM) can induce apoptosis of
HepG2 cells by regulating the MAPK and FoxO signaling pathways
(Wang et al., 2021). Likewise, LB (10-120 uM) induces apoptosis in
HepG2 cells by activating the extrinsic apoptotic pathway
(i.e, increasing the expression of TNFRI, Fas, Fas-L, caspase-8,
JUN, and Fos)
(i.e., increasing the expression of Bak, caspase-9, and caspase-3)
(Wang et al, 2019). LB (120 uM) can promote the apoptosis of
(miRNAs)

and mitochondrial apoptosis  pathway

HepG2 cells by regulating microRNAs

including

Frontiers in Pharmacology

10.3389/fphar.2023.1074506

miR-29b-3p and miR-96-5p (Wang and Wang, 2021). By
inhibiting the expression of EGFR and MET, promoting the
accumulation of intracellular ROS, activating the mitochondrial
apoptosis pathway, increasing the expression of Bid, Bad, and
cleaved PARP, and reducing the expression of Bcl-xL and Mcl-1,
LD (5-20 uM) induced apoptosis in HCC827 cells (Oh et al., 2020).

2.2.2 Cell cycle block

LA (30-70 uM) blocked the cell cycle of HepG2 cells at the G2/M
transition by increasing the expression of Weel, P21, and JNK1 while
decreasing the expression of survivin, cyclin B1, cyclin D1, and CDK1.
Further research showed the observed effects were related to the
inhibition of the p38/JNK/ERK signaling pathway (Chen et al,
2017; Wang et al,, 2018). By decreasing the expression of CDKI,
cyclin B1, CHK2, CDCI14B, and CDC?7 and increasing the expression
of p21, LB (10-120 uM) caused the cell cycle arrest of HepG2 cells at
the G2/M phase (Wang et al,, 2019). LB (10-20 uM) blocked the cell
cycle of HepG2 and Huh7 cells at the G2/M phase via increased
p27 expression and decreased cyclin Bl and Cdc2 levels (Zhang et al.,
2022). By decreasing the expression levels of cyclin B1 and CDC2 and
increasing those of p21 and p27, LD (5-20 uM) induced a cell cycle
arrest of HCC827 cells at the G2/M phase (Oh et al., 2020).

2.2.3 Inhibition of migration and invasion

By downregulating the expression of uPA and MMP9 through
inhibition of the MKK4/JNK and NF-kB signaling pathways, LA
(5-20 uM) inhibited the migration and invasion of HA22T/VGH
and SK-Hep-1 cells (Tsai et al., 2014; Wu et al,, 2018a).

2.3 Breast cancer

Research has shown that licochalcones can induce apoptosis and
autophagy and inhibit the proliferation, migration, invasion, and
angiogenesis of breast cancer cells (Keshavarz-Fathi and Rezaei, 2021).

2.3.1 Induction of autophagy

LA (5-50puM) can inhibit the PI3K/Akt/mTOR signaling
pathway, which increases the expression of LC3-II protein and
ultimately induces autophagy in MCF-7 cells (Xue et al., 2018).

2.3.2 Induction of apoptosis

By inhibiting the PI3K/Akt/mTOR signaling pathway, LA
(5-50 pM) activated the mitochondrial apoptosis pathway,
reduced the expression of Bcl-2, and promoted the expression of
Bax and caspase-3, thereby inducing the apoptosis in MCE-7 cells
(Huang et al., 2019). By decreasing the mitochondrial membrane
potential inducing ROS production, LA (5-50 uM)
upregulated the expression of Bid, Bad and cleaved PARP,

and

downregulated the expression of Bcl-2 and Bcl-xL, and induced
the apoptosis in MCF-7 and MDA-MB-231 cells. The authors
suggested that these effects were related to the inhibition of Spl
(Kang et al., 2017a). Via increases in the level of acylcarnitine and
inhibition of prostaglandin reductase 1 expression, LA (1-100 uM)
caused respiratory dysfunction in HCC38 TNBC cells and thus
induced cancer cells apoptosis (Roberts et al, 2017). LB
(10-50 uM) induced apoptosis in MCF-7 cells by increasing the
expression of Bid, Bad, cleaved PARP, and caspase-3 while
decreasing the expression of Bcl-2 (Yu et al., 2016).
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2.3.3 Cell cycle block

By downregulating the expression of Spl, LA inhibited the
proliferation of MCF-7 and MDA-MB-231 cells via increases in the
expression of the proteins p21 and p27 and decreases in the expression
of Mcl-1 and survivin (Kang et al., 2017a). LA (5-15 pg/mL) also
blocked the cell cycle of MCEF-7 cells at the G1 phase via reduced cyclin
D1 expression (Bortolotto et al., 2017). By reducing the expression of
cyclin D1 and increasing the expression of p21, LA (5-50 uM) led to
cell cycle arrest of MCF-7 cells at the GO/G1 phase (Huang et al., 2019).
The overexpression of PRMT6 in human breast cancer is related to
tumorigenesis (Cheng and Bedford, 2011), and LA (10-100 pM)
caused the cell cycle arrest of MCF-7 cells at the G2/M phase by
inhibiting PRMT6 expression and subsequently p53 expression (Gong
et al., 2020). By downregulating the expression levels of cyclin A,
CDK2, and CDC25A and increasing the level of p21, LB (10-50 uM)
induced the cell cycle arrest of MCE-7 cells at the S phase (Yu et al,,
2016). By decreasing the expression of CDK4, CDK2, cyclin A, and
cyclin D1, LE (7-14 mg/kg) inhibited the proliferation of MDA-MB
231 cells in mice (Kwon et al., 2013).

2.3.4 Inhibition of migration and invasion

LA (5-40 uM) inhibited the migration and invasion of MDA-MB-
231 cells by suppressing the expression of E-cadherin and vimentin via
inhibition of the p38 MAPK and AKT signaling pathways (Huang
et al,, 2019). By decreasing the expression of uPA and MMP-9, LE
(7-14 mg/kg) inhibited the migration and invasion of MDA-MB
231 cells in mice (Kwon et al., 2013).

2.3.5 Inhibition of angiogenesis

Via downregulation of VEGF-A, LE (7-14 mg/kg) inhibited
angiogenesis in cancer tissue in a xenograft mouse model using
MDA-MB 231 breast cancer cells (Kwon et al., 2013).

2.4 Oral carcinoma

Head and neck cancer is the seventh most common cancer in the
world, and almost half of the tumors are oral carcinomas. Oral
squamous cell carcinoma is the most common form of oral cancer,
with a poor prognosis and high mortality (Vitorio et al, 2020).
Licochalcones can induce apoptosis and inhibit the proliferation,
migration, and invasion of oral carcinoma cells (Keshavarz-Fathi
and Rezaei, 2021).

2.4.1 Induction of apoptosis

By activating the mitochondrial apoptosis pathway and increasing
the expression of Bax, Bid, cleaved PARP, and caspase-3, LA
(10-40 uM) induced apoptosis in HN22 and HSC4 cells (Cho
et al, 2014). Similarly, by activating the mitochondrial apoptosis
pathway and the caspase cascade, LA (5-100 ug/mL) induced
apoptosis in SCC-25 cells (Zeng et al, 2014). In addition to its
effects on the mitochondrial apoptosis pathway, LA (IC5, = 50 uM)
activated the FasL-mediated death receptor pathway and upregulated
the caspase-8 and -3 levels in KB cells (Kim et al., 2014). In pharyngeal
squamous carcinoma FaDu cells, LA (10-100 uM) activated the death
receptor pathway by increasing the expression of TRAIL via
stimulation of the ERK1/2 and p38 MAPK signaling pathways.
Moreover, the activation of the ERK1/2 and p38 MAPK signaling
pathways upregulated the p53 expression, thereby increasing the levels
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of Bad, Bax, caspase-3, -8, and -9, as well as the release of cytochrome ¢
(Yang et al,, 2014; Park et al., 2015). LB (10-30 uM) can also activate
the death receptor pathway (i.e., increased expression of DR 4 and
DR5) and induce endoplasmic reticulum stress (i.e., increased CHOP
expression) in HN22 and HSC4 cells, which causes mitochondrial
membrane depolarization, upregulates the expression of Bax, cleaved
PARP, and caspase-3, and downregulates the expression of survivin,
Bcl-xL, and Mcl-1 (Oh et al, 2016). By inhibiting the JAK2/
STAT3 signaling pathway leading to activation of the death
receptor pathway (ie., increased expression of DR4 and DR5),
endoplasmic reticulum stress (i.e., elevated ROS and CHOP
levels), and mitochondrial apoptosis pathway (i.e., upregulated
expression of p2l, Bax, Bid, Apaf-1, and cleaved PARP;
downregulated expression of Bcl-2, Mcl-1, and survivin), LC
(10-50 uM) and LD (10-30 uM) induced apoptosis in HN22 and
HSC4 cells (Oh et al., 2018; Seo et al., 2019). LD (12.5-50 pg/mL)
induced apoptosis in pharyngeal squamous carcinoma FaDu cells
by increasing Fas-L, p53, Bax, Bid, and caspase-3 expression while
decreasing the expression of Bcl-2 by activating the death receptor
and mitochondrial apoptosis pathways (Yu et al., 2017). LH
(10-30 uM) induced apoptosis in HSC2 and HSC3 cells by
downregulating the expression of Bcl-2 and Bcl-xL and
upregulating the expression of Bax and Bad via inhibition of
Matr3 expression (Nho et al., 2019). LH (5-20 uM) can also
induce apoptosis in HN22 and HSC4 cells by activating the
death receptor pathway, endoplasmic reticulum stress, and
mitochondrial apoptosis pathway via inhibition of the JAK/
STATS3 signaling pathway (Oh et al., 2019b).

2.4.2 Cell cycle block

LA (5-100 pg/mL) led to cell cycle arrest of SCC-25 cells at the S
and G2/M phases (Zeng et al., 2014). Further research showed that LA
(10-40 pM) inhibited the proliferation of HN22 and HSC4 cells by
inhibiting Spl expression and regulating its downstream proteins
including p27, p21, and cyclin D1 (Cho et al, 2014). Both LB and
LD (10-30 pM) can induce G1 phase arrest in HN22 and HSC4 cells
by increasing the p21 and p27 levels and decreasing the level of cyclin
D1 (Oh et al., 20165 Seo et al., 2019). Likewise, LH (5-20 pM) induced
G1 phase arrest in HN22 and HSC4 cells by increasing the p21 and
p27 levels and decreasing the level of cyclin D1 via inhibition of the
JAK/STATS3 signaling pathway (Oh et al., 2019b).

2.4.3 Inhibition of migration and invasion

LA (25-100 uM) inhibited the migration and invasion of
SCC4 and CAL-27 cells by downregulating the IGF-1, MMP-2,
and MMP-9 levels via inhibition of the PI3K/AKT signaling
pathway (Hao et al., 2019). LA (25-100 pug/mL) can also inhibit
the migration and invasion of SCC-25 cells by decreasing MMP-2
expression while increasing the levels of TIMP and E-cadherin
(Shen et al., 2014).

2.5 Esophageal cancer

Esophageal cancer belongs to the head and neck cancers and is the
sixth leading cause of cancer-related death. Its incidence rate increases
every year (Zhang et al,, 2021). Licochalcones can induce apoptosis
and inhibit proliferation in esophageal cancer cells (Keshavarz-Fathi
and Rezaei, 2021).
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2.5.1 Induction of apoptosis

LB (5-20 uM) induced apoptosis in KYSE-450 and KYSE-510 cells
by inhibiting the JAK2/STATS3 signaling pathway and decreasing the
expression of Mcl-1 (Song et al., 2020). Via inhibition of the JNK/
p38 MAPK signaling pathway, LC (10-50 uM) induced endoplasmic
reticulum stress (i.e., increased GRP78 and CHOP expression) and
activated the mitochondrial apoptosis pathway in various esophageal
squamous carcinoma cells, including KYSE-30, KYSE-70, KYSE-410,
KYSE-450, and KYSE-510 cells (Kwak et al., 2020a). LH (5-20 uM)
induced the apoptosis in KYSE-30 and KYSE-450 cells by activating
the death receptor pathway, mitochondrial apoptosis pathway, and
endoplasmic reticulum stress via increased DR4, DR5, CHOP, p21,
Bax, Bid, Apaf-1, and cleaved PARP expression, stimulated ROS
production, and decreased expression of Bcl-2, Mcl-1, and survivin
(Kwak et al., 2020b).

2.5.2 Cell cycle block

LB (5-20 uM) induced G2/M phase cell cycle arrest in KYSE-450
and KYSE-510 cells (Song et al., 2020). LH (5-20 uM) blocked the cell
cycle of KYSE-30 and KYSE-450 cells at the G2/M phase by
downregulating CDC2 and cyclin Bl expression and upregulating
p21 and p27 (Kwak et al., 2020b).

2.6 Gastric cancer

Stomach cancer is the fifth most commonly diagnosed cancer and
the third leading cause of cancer death (Bray et al., 2018). Research has
inhibit
proliferation in gastric cancer cells (Keshavarz-Fathi and Rezaei,
2021).

shown that licochalcones can induce apoptosis and

2.6.1 Induction of apoptosis

By activating the ERK, JNK, and p38 MAPK signaling pathways
and inhibiting the PI3K/AKT signaling pathway, LA (20-100 uM)
promoted the intracellular ROS generation and stimulated both the
mitochondrial apoptosis pathway and caspase cascade in BGC-823
cells (Hao et al., 2015). Via activation of the mitochondrial apoptosis
pathway, induction of Bax, Bad, cleaved PARP, caspase-3, -8, and
-9 expression, and decrease in Bcl-2 expression, LA induced the
apoptosis in five gastric cell lines including GES-1, MKN-28,
SGC7901, AGS, and MKN-45 cells. The respective ICs, values of
LA were 92.7,42.0,40.8, 41.1, and 40.7 pM (Xiao et al., 2011; Lin et al.,
2017). Moreover, the inhibitory effect of LA (10-50 pM) on the AKT
signaling pathway can downregulate the expression of hexokinase 2A
and inhibit glycolysis, thereby inducing apoptosis of MKN45 and
SGC7901 cells (Wu et al., 2018b).

2.6.2 Cell cycle block

By increasing retinoblastoma expression and decreasing cyclin A,
cyclin B, and MDM2 expression, LA (5-50 (M) caused the cell cycle
arrest of MKN-28, AGS, and MKN-45 cells at the G2/M transition
(Xiao et al., 2011; Lin et al., 2017).

2.7 Colon cancer

Globally, colon cancer is the second most common cancer in
women and the third most common cancer in men with slightly
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increased case numbers in men (O’Keefe, 2016). Licochalcones can
induce apoptosis and inhibit proliferation in colon cancer cells
(Keshavarz-Fathi and Rezaei, 2021).

2.7.1 Induction of apoptosis

LA (10-40 uM) can enhance the production of intracellular ROS
by inhibiting the expression of thioredoxin reductase-1, which
activates the mitochondrial apoptosis pathway and induces

apoptosis in HCT-116 cells (Wu et al., 2020).

2.7.2 Cell cycle block

LA(ICso = 7 and 8.8 uM, respectively) can prevent the hypoxia-
induced proliferation of SW480 and SW620 cells by inhibiting the
TrkB/AKT signaling pathway (Arita et al., 2020). LA (5-25 pmol/L)
blocked the cell cycle of HCT116 cells at the G1 phase by increasing
the level of p21 via inhibition of the JNKI1 signaling pathway (Yao
et al., 2014).

2.8 Bladder cancer

Bladder cancer is the 10th most common form of cancer
2018). that
licochalcones can induce apoptosis of bladder cancer cells, inhibit

worldwide (Bray et al, Research has shown
their proliferation, and activate the immune system (Keshavarz-Fathi

and Rezaei, 2021).

2.8.1 Induction of apoptosis

By increasing intracellular Ca** and ROS levels, decreasing
mitochondrial membrane potential, upregulating Apaf-1, caspase-9,
caspase-3, and cleaved PARP levels, and elevating the Bax/Bcl-2 ratio,
LA (10-80 uM) induced T24 cells apoptosis (Yang et al., 2016; Hong
etal., 2019). LB (40-80 uM) induced apoptosis in T24 and EJ cells via
decreases in Bcl-2 and survivin expression and enhanced expression of
Bax, cleaved PARP, and caspase-3 (Yuan et al., 2014). LC (10-50 uM)
induced apoptosis in T24 cells by decreasing Bcl-2, Bcl-w, and Bcl-xL
expression levels while increasing Bax and Bim expression levels
(Wang et al., 2015).

2.8.2 Cell cycle block

By downregulating cyclin A, cyclin Bl, and Weel expression and
upregulating the expression of the cyclin-dependent kinase inhibitor
p21WAF1/CIP1, LA (10-60 uM) blocked the cell cycle of T24 cells at
the G2/M phase (Jiang et al., 2014; Hong et al., 2019). Via decreases in
CDK1, CDK2, CDC25A, and CDC25B expression, LB (40-80 uM) led
to cell cycle arrest of T24 and EJ cells at the S phase (Yuan et al., 2014).

2.8.3 Activation of the immune system

In C3H/HeN mice carrying UM-UC-3 cells, LA (40 mg/kg)
enhanced the activity of cytotoxic T lymphocytes and increased the
number of CD4* CD25" Foxp3+ regulatory T cells. This suggests that
LA can be used to treat bladder cancer by modulating the immune
response (Zhang et al., 2016).

2.9 Cervical and ovarian cancer

In women, the incidence and mortality rates of cervical and
ovarian cancers are lower than those of breast, colorectal, and lung
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cancers (Bray et al., 2018). Licochalcones can induce autophagy and
apoptosis and inhibit the proliferation of cervical and ovarian cancer
cells (Keshavarz-Fathi and Rezaei, 2021).

2.9.1 Induction of autophagy

LA (10-50 uM) induced autophagy in SiHa and HeLa cervical cells
by increasing the levels of LC3-II, Beclinl, ATG5, ATG7, and
ATGI12 through inhibition of the PI3K/Akt/mTOR signaling
pathway (Tsai et al., 2015).

2.9.2 Induction of apoptosis

By inhibiting the PI3K/Akt/mTOR signaling pathway, LA
(10-50 uM) also induced apoptosis in SiHa, HeLa, CaSki, and
C33A cervical cells via upregulation of caspase-3, caspase-9, and
cleaved PARP levels and downregulation of Bcl-2 levels (Tsai et al.,
2015). In addition, LA (25-50 uM) induces apoptosis in HeLa cells by
increasing the expression of TRAIL-R2 (Szliszka et al., 2012). Via
induction of ROS production, loss of mitochondrial transmembrane
potential, cytochrome ¢ release, increases in Bid and Bax levels,
decreases in survivin, Bcl-2, and p53 levels, and activation of the
caspase cascade, LA (5-25 uM) induced also the apoptosis in OVCAR-
3 and SK-OV-3 ovarian cancer cells (Lee et al., 2012; Kim et al., 2013).

2.9.2 Cell cycle block

LA (ICsq = 10.7 uM) prevented the hypoxia-induced proliferation
of HeLa S3 cells by inhibiting the TrkB/AKT signaling pathway (Arita
et al., 2020).

2.10 Glioma

Glioma is one of the most common primary malignancies of the
adult central nervous system (Chen et al., 2021). Licochalcones can
induce apoptosis and inhibit the proliferation, migration, and invasion
of gliomas (Keshavarz-Fathi and Rezaei, 2021).

2.10.1 Induction of apoptosis

By reducing the mitochondrial membrane potential and the
production of ATP, LA (2-12.5uM) induced mitochondrial
fragmentation and caspase-3, -8, and -9 expression in gliorna stem
cells including GS-Y01, GS-Y03, U87GS, GS-NCCO1, and A172GS
cells (Kuramoto et al., 2017).

2.10.2 Cell cycle block

By reducing the cyclin A, cyclin B1, cyclin E1, CDK1, CDK2, and
CDK4 expression levels, LA (5-40 uM) induced the cell cycle arrest of
glioma U87 cells at the G2/M phase (Lu et al., 2018).

2.10.3 Inhibition of migration and invasion

By downregulating ADAMY expression through inhibited
activation of the MEK/ERK signaling pathway, LA (10-50 uM)
prevented the migration and invasion of human gliomas including
MO059K, U-251 MG, and GBM8901 cells (Huang et al., 2018).

2.11 Sarcomas

Sarcomas are a rare, heterogeneous group of malignant tumors of
the bone or soft tissue (Walczak and Irwin, 2013). Research has shown
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that licochalcones can induce autophagy and apoptosis and inhibit the
proliferation, migration, and invasion of sarcomas (Keshavarz-Fathi
and Rezaei, 2021).

2.11.1 Induction of autophagy

LA (5-20 pmol/L) induced autophagy in A375 and B16 cells by
increasing the expression of LC3-II, Beclinl, ATGS5, and p62 via
activation of the miR-142-3p/Rheb/mTOR signaling pathway
(Zhang et al, 2020). By upregulating the LC3A/B-II level, LA
(10-40 pM) induced autophagy in osteosarcoma HOS cells (Shen
et al, 2019). By suppressing the PI3K/AKT/mTOR pathway, LB
(5-20 uM) increased the expression of ARPs (ATG7, Beclinl) and
promoted the p62 and LC3B decomposition turnover in MG-63 and
U208 cells, thereby inducing autophagy (Huang and Jin, 2022).

2.11.2 Induction of apoptosis

By activating the miR-142-3p/Rheb/mTOR signaling pathway, LA
(5-20 pmol/L) activated the caspase cascade and induced apoptosis in
A375 and B16 cells (Chen et al.,, 2019; Zhang et al., 2020). In addition,
by activating the extrinsic (i.e., upregulation of CHOP, DR4, and
DR5 expression) and intrinsic (i.e., inhibition of Spl expression)
apoptosis  pathways, LA (5-20 uM)
dysfunction, endoplasmic reticulum stress, and ultimately apoptosis

induced mitochondrial

in A375 melanoma cells (Kang et al., 2017b). Via increases in caspase-
8, caspase-3, and cleaved PARP expression levels and decreases in Bcl-
2, XIAP, and survivin expression levels, LA (10-40 uM) induced
apoptosis in HOS cells (Shen et al, 2019). By activating the
p38 MAPK signaling pathway, increasing the expression of Bax,
cleaved PARP, caspase-3, -8, and -9, and decreasing the expression
of Bcl-2, LA (20-100 uM) induced apoptosis in osteosarcoma
143B cells (Lin et al, 2019b). Via activation of the death receptor
pathway (ie., increased DR4 and DR5 expression), endoplasmic
(i.e., increased CHOP
mitochondrial apoptosis pathway (i.e., increased Bax and cleaved

reticulum  stress expression), and
PARP expression and decreased Bcl-xL, Mcl-1, survivin, and Bcl-2
expression), LA (10-40 uM) induced apoptosis in malignant pleural
mesothelioma MSTO-211H and H28 cells (Kim et al, 2015).
Moreover, LD (20-80 pmol/L) induced the apoptosis in A375 cells
by causing a loss in mitochondrial membrane potential, increasing
ROS production and Bax, caspase-9, and caspase-3 expression, and
downregulating the expression of Bcl-2 (Si et al., 2018).

2.11.3 Cell cycle block

LA (10-40 M) induced the cell cycle arrest of HOS cells at the G2/M
transition by decreasing the levels of CDC2 and CDC25C via activation of
the ATM/Chk2 checkpoint pathway (Shen et al.,, 2019). Moreover, LA
(10-40 pM) blocked the cell cycle of MSTO-211H and H28 cells at the
Gl phase by inhibiting cyclin D1 expression (Kim et al, 2015). LA
(5-20 puM) also led to cell cycle arrest of HT-1080 cells at the G2 phase by
decreasing the levels of CDK1 and CDK2 via inhibition of R132C-mutant
isocitrate dehydrogenase 1 (Hu et al,, 2020). Furthermore, LA (ICsy =
10.7 uM) inhibited hypoxia-induced proliferation of the neuroblastoma
cell lines SK-N-SH, TGW, and GOTO by inhibiting the TrkB/AKT
signaling pathway (Arita et al., 2020).

2.11.4 Inhibition of migration and invasion

By decreasing the expression of MMP-2 and MMP-9, LD
(20-80 pmol/L) inhibited the migration and invasion of A375 cells
(Si et al., 2018).
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FIGURE 2
The anti-cancer activities and molecular mechanisms of licochalcones.

3 Inhibition of the efflux of anticancer
drugs

BCRP is an ATP-binding cassette transporter that has an
important influence on the metabolism of anticancer drugs.
Inhibition of BCRP expression can promote increased intestinal
(re)uptake of antineoplastic drugs and decrease their hepatic
metabolization, thereby enhancing their bioavailability. In addition
to BCRP functions in normal tissues, the overexpression of this
transporter in tumors causes multidrug resistance to anticancer
drugs such as mitoxantrone, flavonol, and methotrexate (Steinbach
et al,, 2002; Volk et al., 2002; Tamaki et al., 2010). By reducing the
expression of BCRP, LA (10-100 uM) reduced the BCRP-
mediated efflux of doxorubicin and temozolomide in BCRP-
MDCKII cells. Molecular docking analyses showed that Pi-Pi
stacked interactions and potential Pi-Alkyl interactions play
important roles (Fan et al., 2019). P-glycoprotein is also an
important efflux protein, which mediates the drug resistance of
a variety of cancer cells. LA (50-100 uM) reversed the resi stance
of KB/MDRI cells to vinblastine by inhibiting the activity of
P-glycoprotein (Nabekura et al., 2015). By inhibiting c-Met
overexpression, LA (Chen et al., 2014; Choi et al., 2014; Huang
et al., 2014; Tang et al., 2016; Hirsch et al., 2017; Qiu et al., 2017;
Chen et al., 2018; Niu et al., 2018; Wang et al.,, 2018; Lin et al,,
2019a; Oh et al., 2019a; Wu et al., 2019; Gao et al., 2021; Heng and
Cheah, 2021; Park et al., 2021; Yuan et al., 2021) decreased the
activity of HCC827 and PC-9 cells and decreased gefitinib
resistance in non-small cell lung cancer cells (Han et al,
2022). For H1975 gefitinib-resistant non-small cell lung cancer
cells, LA (10-100 pM) reduced their drug resistance by decreasing
Hsp90 activity through binding to the N-terminal ATP binding
site of Hsp90 (Seo, 2013).

Frontiers in Pharmacology

Bad Bax

Bcl-2 Bcl-xL Mcl-1

10.3389/fphar.2023.1074506

== Inhibition
= Stimulation

2990,

_",oo

rea
ISR KIS RIS KISICICCRIEC TSI SRS KIS RSN
888686506 E36B3686606866806688686660B668836686668666°

r _cbes -
Bak \ : cyclins »

E‘OCR 03“ cycle

opto

0OPOOODOOOODOCODOODOOOOPOOODOOCPOOOOPOOODOOODDOO

4 Review and speculation of the
structure-activity relationship

Chalcones are widely recognized as privileged structures, families
of molecules featuring scaffolds that upon appropriate decoration can
lead to a large spectrum of diverse biological effects. Rossi et al.
inserted substituents with different electronic and steric properties
into ring B, and altered their positions on the aromatic core, resulting a
new range of derivatives. These derivatives induced a remarkable block
in G2/M phases, earlier and higher than LA (Rossi et al., 2022).
Additionally, approximating to paclitaxel, a series of derivatives of LA
(benzimidazole-2-substituted phenyl or pyridine-propylenone)
showed significantly better anti-proliferative activity —against
HCT116, MCF-7 and HepG2 cells than 5-fluorouracil (Wu et al.,
2016). Studies have shown that various synthetic LA derivatives are
more cytotoxic to cancer cells than naturally occurring licochalcones.
Bromo-retrochalcone and trifluoromethyl-retrochalcone can be used
as antineoplastic drugs for pleural mesothelioma and oral squamous
cell carcinoma with stronger anticancer activity than LA (Yoon et al.,
2018). A derivative of LA (LA-linked thiazole-imidazopyridine) has
greater antitumor activity than etoposide in MCF-7 and MDA MB-
231 breast cancer cells, A549 lung cancer cells, and DU-145 prostate
cancer cells (Suma et al., 2020). This indicates that structural
modifications of licochalcones to increase their anticancer efficacy
are promising.

5 Conclusion

Studies have shown that licochalcones have a wide range of
anticancer activities, such as in gastric, lung, colon, breast, liver,
and bladder cancer. Among all licochalcones, LA has the most
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substantial antitumor effect. Although LA does not have such effects
on all types of cancers, it still shows great potential for anticancer
treatment. After analyzing and collating the literature, we conclude
that the regulation of multiple signaling pathways by licochalcones
including the EGFR/ERK, PI3K/Akt/mTOR, p38/JNK, JAK2/STATS3,
MEK/ERK, Wnt/B-catenin, and MKK4/JNK signaling pathways is the
key to their antineoplastic effects (Figure 2).

Among the examined licochalcones, LA not only has antineoplastic
effects but also can be used to reduce drug efflux from cancer cells and
reduce adverse reactions caused by other antitumor drugs (Herbrechter
et al,, 2015). Therefore, we believe that the use of LA as an adjunct to
anticancer drugs holds great promise. Although licochalcones have
demonstrated their value as antitumor drugs, most of these studies
are in the cell experiment stage. More clinical studies are needed to
confirm the antineoplastic effects of licochalcones. Moreover, except for
LA, studies of other licochalcones regarding their anticancer potential
are insufficient, making it necessary to further explore the antitumor
mechanisms of other licochalcones.
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Garlic (Allium sativum L.) possesses numerous pharmacological potential,
including antibacterial, antiarthritic, antithrombotic, anticancer, hypoglycemic,
and hypolipidemic effects. The anti-cancer action of garlic is likely the best
researched of the many advantageous pharmacological effects, and its use
offers significant protection against the risk of developing cancer. A few active
metabolites of garlic have been reported to be essential in the destruction of
malignant cells due to their multi-targeted activities and lack of significant toxicity.
The bioactive compounds in garlic having anticancer properties include diallyl
trisulfide, allicin, allyl mercaptan diallyl disulfide, and diallyl sulphide. Different
garlic-derived constituents and their nanoformulations have been tested for their
effects against various cancers including skin, ovarian, prostate, gastric, breast, and
lung, colorectal, liver, oral, and pancreatic cancer. The objective of this review is to
summarize the antitumor activity and associated mechanisms of the organosulfur
compounds of garlic in breast carcinoma. Breast cancer continues to have a
significant impact on the total number of cancer deaths worldwide. Global
measures are required to reduce its growing burden, particularly in developing
nations where incidence is increasing quickly and fatality rates are still high. It has
been demonstrated that garlic extract, its bioactive compounds, and their use in
nanoformulations can prevent breast cancer in all of its stages, including initiation,
promotion, and progression. Additionally, these bioactive compounds affect cell
signaling for cell cycle arrest and survival along with lipid peroxidation, nitric oxide
synthase activity, epidermal growth factor receptor, nuclear factor kappa B (NF-
kB), and protein kinase C in breast carcinoma. Hence, this review deciphers the
anticancer potential of garlic components and its nanoformulations against
several breast cancer thereby projecting it as a potent drug candidate for
efficient breast cancer management.

KEYWORDS

garlic, plant therapeutics, cancer, nanoformulations, organosulfur compounds, drug
delivery, molecular mechanism
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1 Introduction

Natural remedies have been used extensively to cure human
illnesses since ancient times, and they are now being used as a key
resource in drug development studies. The best hope for cancer
patients is either early diagnosis or surgical tumor removal
followed by radiation therapy and chemotherapy. Nevertheless,
cancer continues to be one of the major cause of mortality across
the globe and demands an urgent need for developing effective
ways to combat morbidity and mortality along with high economic
costs (Newman and Cragg, 2012; George et al., 2021). In-depth
shown that
anticarcinogenic properties, which affect cancer initiation,

research on phytochemicals has they have

proliferation, and progression via regulating
pathways, such as differentiation, cell proliferation, apoptosis,

numerous

invasion, angiogenesis, metastasis, and migration (Basmadjian
et al., 2014; Ranjan et al., 2019). Allium sativum L., also
recognized as garlic, is a member of the Alliaceae family. The
term Alliaceae comes from the Celtic word “all,” which means
strong and nature’s gift to mankind. The bulbs of garlic range in
color from white to pink having a pungent scent and fragrant flavor
(Takagi, 2020). The therapeutic and preventive properties of garlic
against numerous cancers have been assessed by several
epidemiologic, preclinical, and clinical investigations. Allium
sativum extracts have been shown to have numerous biological
properties including antiviral, antiprotozoal, antibacterial, anti-
inflammatory, antifungal, and antioxidant activities (El-Saber
Batiha et al., 2020). The anti-cancerous potential of garlic has
been validated by many preclinical studies using human cancer
cells, including those of the lung, mouth, stomach, pancreas, ovary,
endometrium, breast, prostate, and bone cancer (Dorant et al.,
1993; Tanaka et al., 2006). Further, laboratory experimentation has
demonstrated that chemical components reported in garlic can
repair DNA damage, induce cancer cell growth arrest, and reduce
inflammatory responses.

Nanotechnology aims to improve the ability of drugs to
effectively treat cancer by ensuring that they are delivered to the
right target at the right times. Recently, nanotechnology-based
delivery approaches have drawn wider attention as a potential
solution to issues related with drug solubility and bioavailability,
toxicity, and distribution. Novel approaches incorporating the
their
constituents, either alone or in nanoparticle formulations, may

therapeutic ~ characteristics of garlic extracts and
thus result in more efficient and effective anticancer activity
(Charron et al., 2015; Mandal et al., 2019; Zhang et al., 2020).
Nanobiotechnology has gained attention in the last 20 years as a field
of study that has influenced the development of new medications.
Due to their low volume/surface ratio and several advanced and
novel physiochemical properties, such as color, solubility, strength,
toxicity, magnetic, optical, and thermodynamics, nanomaterial, the
topic of our investigation, differ significantly from their macro scale
counterparts in terms of capabilities. Mechanism associated with
nanoparticles biogenesis include reduction of metallic ions of
numerous biomolecules found in living things. The manufacture
of vast amounts of well-defined, contaminant-free nanoparticles
with defined size and morphology is made possible by nanoparticle
biogenesis, which also lessens the environmental impact of
biological synthesis. Recent nanotechnological advancements
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demonstrated the synthesis of nanoparticles utilizing the
potential of microorganisms and plant based materials (tissue
and extracts) including garlic constituents.

Garlic and its derived components potentially reduced the
progression of tumor in animal model and suppressed cancer cell
growth. In conventional medicine, A. sativum L. is used to prevent,
and treat a number of malignancies, including cancers of blood,
breast, prostate, ovarian, and gastrointestine. Major active
phytoconstituents of A. sativum include diallyl thiosulfinate,
methyl allyl trisulfide, diallyl tetrasulfide, S-allyl cysteine
sulfoxide, dipropyl sulfide, dially trisulfide, 3-vinyl-4H-1,2-dithiin,
allyl methane sulfinate, diallyl disulfide, dipropyl disulfide, allyl
methyl thiosulfinate, S-methyl cysteinesulfoxide, 3-vinyl-6H-1,2-
dithiin, dimethyl disulfide, dimethyl sulfide, methylpropyl
disulfide, S-propyl cysteine sulfoxide, 3-vinyl-6H-1,3-dithiin, and,
methyl methane sulfinate. Garlic derivatives including diallyl
disulfide, are found to be highly effective in suppressing the
growth of breast cancer cells. Mechanisms behind this growth
suppression include the activation of metabolizing enzymes for
carcinogen detoxification, inhibition of reactive oxygen species
(ROS) generation and DNA adduct formation, control of the cell
cycle, and apoptosis induction. Thus, we have focused our review on
deciphering the anticancer potential of garlic against breast cancer in
order to elucidate the potent drug candidate for -effective
management of breast cancer.

Breast cancer is one of the most common neoplasm in women
worldwide, in both industrialized and developing nations. The
invasion and proliferation of breast cancer have been lessened by
using available therapies such as chemotherapy, hormone and
radiation therapy, and/or surgery. Scientists are looking for more
effective treatments for breast cancer, such as natural chemicals, as
the majority of chemotherapeutic medications are linked to drug
resistance, cancer relapse, and adverse effects. Apoptosis is induced
and metastasis is inhibited by specific natural molecules, substances
originating from living things, which inhibit cancer progression.
These bioactive molecules have displayed significant efficacy in
advanced stage of several cancers including breast cancer with
increased survival rate and reduced morbidity (Noel et al., 2020;
Sung et al,, 2021). Here, we also review organosulfur compounds
that have been shown in numerous studies to have anti-cancer
properties
compounds

against breast cancer cells. These organosulfur

encourage cell death, prevent breast cancer
formation, and slow the growth of cancerous cells. There are
very limited reviews discussing the potential anticancer efficacy
of new formulations of garlic extracts and their constituents in
breast cancer. In-depth descriptions of how garlic, its bioactive
components, and its nanoformulations work against various
malignancies are provided in this review, which also considers
the potential for turning these substances into medications that

fight cancer.

2 Major active constituents of Allium
sativum L

The anticancer potential of numerous sulfur-containing
compounds and other bioactive constituents of garlic has been
extensively studied. Garlic has high concentrations of zinc,
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TABLE 1 Phytoconstituents of garlic (Data retrieved from SWISS ADME software).

Major active constituents Full form Chemical structure  Pubchem ID Gl absorption BBB

permeant

y-glutamyl-S-allyl-L-cysteine gamma-L-glutamyl-[(S)-allyl]-L-cysteine o n Ji ) 91,820,320 Low No

o
Alliin S-allyl-L-cysteine sulfoxide . L/\ o~ 9,576,089 High No
LA, 8
Allicin S-allyl prop-2-ene-1-sulfinothioate >0 i ~s 65,036 High Yes
DATS Diallyl trisulfide sillas R 16,315 High Yes
DADS Diallyl disulfide S 16,590 High Yes
DAS Diallyl sulfide i 11,617 High Yes
AMS Allyl methyl sulfide s 66,282 High Yes
Thiacremonone 2,4-Dihydroxy-2,5-dimethylthiophen- 539,170 High No
3(2H)-one
o
Ajoene (E)-Ajoene A R R AV 5386591 High No
) PR g
SAMC S-allyl mercapto cysteine s "\¢“\ Ny 129847556 Low No
¢ I i
S o o
FO N-trans-feruloyloctopamine i 24096391 High No
HeZZn
MSeC Se-methyl-L-selenocysteine M [ 147,004 High No
M oM
|
o
SAC S-allyl-L-cysteine ;\J/\L 9793905 High No
H 4, oM
SBC S-benzyl-cysteine O ,: 13817365 High No

(Continued on following page)
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TABLE 1 (Continued) Phytoconstituents of garlic (Data retrieved from SWISS ADME software).

Major active constituents

Chemical structure

BBB
permeant

Pubchem ID Gl absorption

SPRC S-propargyl-cysteine

potassium, sulfur, phosphorus, and a moderate level of selenium,
magnesium, calcium, iron, sodium, manganese, and vitamins (A, B
and C). In recent years numerous bioactive compounds have been
identified in garlic including polyphenols, flavanols, flavonoids,
saponins, tannins, sulfur-containing compounds (such as alliin,
ajoene, allicin, DATS, allylpropyl disulfide, S-allylcysteine (SAC),
vinyldithiins, poly-saccharides, enzymes (including myrosinase,
allinase, and peroxidase) and other com-pounds including
phellandrene, f$-phellandrene, linalool, geraniol, and citral
(Ansary et al, 2020). Table 1 summarizes the best reported
phytoconstituents of garlic that have displayed significant
anticancer potential. Allicin is the main sulfur containing active
compound, and it produces a large number of allyl sulfur
compounds that are oil-soluble and have anticancer properties
(Bat-Chen et al., 2010; Chen et al, 2016; Zou et al., 2016;
2017).
compounds, L-cysteine and y-glutamyl-L-cysteine
peptides (having y-glutamyl-S-allyl-L-cysteine), are present in

Dhanarasu, Two different non-volatile organosulfur

sulfoxides

whole, intact garlic cloves. When raw garlic cloves are crushed,
mashed, or chewed, an enzyme called alliinase is created. The
enzyme alliinase breaks down the amino acid allicin into 2-
propenesulfenic acid, releasing pyruvic acid and ammonia in the
process. At room temperature, 2-propenesulfenic acid is highly
reactive and unstable. Two molecules of 2-propenesulfenic acid
spontaneously interact to form allicin and eliminate water
(Shukla and Kalra, 2007; Omar and Al-Wabel, 2010; Yun et al.,,
2014). Diallyl trisulfide (DATS), diallyl disulfide (DADS), allyl
methyl sulphide (AMS), and diallyl sulphide (DAS) are some of
the organosulfur compounds that are produced when allicin breaks
down and are soluble in fat (Shang et al., 2019). It additionally yields
ajoene when fermented with organic solvents. To create S-allyl
mercapto cysteine (SAMC), allicin can interact with L-cysteine in
the body. It was discovered that the skin of garlic contained FO
(N-trans-feruloyloctopamine), a hydroxycinnamic acid derivative
(Viswanathan et al.,, 2014; Wu et al., 2015). Natural organoselenium
named MSeC
derivative of S-methyl cysteine, have been reported in garlic. The
dipeptide glutamyl-S-allyl-L-cysteine, which is water soluble, is
reported as peptide-glutamyl-L-cysteine. During formation of

compounds (Se-methyl-L-selenocysteine), a

aged garlic extracts, SAC and SAMC (water-soluble organosulfur
compounds) are produced from glutamyl-S-allyl-L-cysteine after
prolonged fermentation of crushed garlic in an aqueous solution
(Block et al., 1996; Block, 1997). From aged garlic extract, S-benzyl-
cysteine (SBC), a structural analog of SAC that is water soluble, was
isolated and studied. S-propargyl-cysteine (SPRC) is a derivative of
SAC, an H,S donor has been prepared from garlic extract (Rose
et al., 2005; Rose et al., 2019).
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3 Anti-cancer efficacy of garlic extracts
and their nanoformulations in breast
carcinoma

The most common neoplasm in women worldwide, in both
industrialized and developing nations, is breast cancer. Over 2
million new cases of female breast cancer are anticipated, along
with 684,996 cancer-related fatalities worldwide in 2020. Among
women, it is the primary cause of cancer and the most frequently
diagnosed type. The invasion and proliferation of breast cancer have
been lessened by using available therapeutics such as chemotherapy,
hormone therapy, radiation therapy, and surgery. Lipodox™,
Doxil™ (pegylated liposomal doxorubicin), and Abraxane™
(nanoparticulate albumin-based paclitaxel therapeutic) have been
clinically utilized as a potent component of current combinatorial
chemotherapies against triple negative breast cancer over
conventional drug therapies. Myocet liposomal™ (non-pegylated
liposome) has been approved for its usage in triple negative breast
cancer along with vinorelbine or cyclophosphamide. Taxol™
(carrier free paclitaxel solution) with Cremophor EL has also got
approval for its usage triple negative breast cancer (Ghanbari-
Movahed et al, 2021; Ghosh et al., 2021; Miguel et al., 2022).
However, these therapies still associated with life threatening
toxicities.

Garlic is recognized to have potent anticancer efficacy due to the
presence of several organic and sulfur components. These
compounds affect multiple stages of cancer cell proliferation,
development, growth, migration, invasion, and metastasis by
interfering with cell cycle regulation, inhibiting cell signaling
pathways, apoptosis induction, autophagy, and antioxidant
potential (Shang et al., 2019; Zhang et al., 2020; De Greef et al.,
2021). The sulfur compounds in garlic are both fat- and water-
soluble and demonstrate anticancer effects by reducing oxidative
stress, metabolizing carcinogens, and boosting immune response
(Miroddi et al., 2011; Lan et al., 2013). The therapeutic potential of
garlic nanoformulations was higher than that of the photo
component alone. For instance, allicin nanoparticles showed a
stronger anti-angiogenesis impact than allicin by itself (Shafeeque
and Hashim, 2018). In addition to providing targeted drug delivery,
the use of NDDSs for drug delivery can in-crease the bioavailability
of medications that are poorly water-soluble, allow for the co-
delivery of several medications, prevent drug toxicity in normal
cells, and extend the duration of therapeutic activity. In order to
show their potential anticancer actions, nanoformulations have been
used to deliver parent chemicals directly to the crucial locations of
the malignant tissues. Nanoscale materials are used as carriers for
delivering medications to their sites of action in NDDSs, which is a
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rapidly evolving field of science. ROS and cytotoxicity investigation
revealed enhanced antitumor potential of DADS when incorporated
with solid lipid nanoparticles in comparison to DADS-free drug in
breast cancer cells (Nkrumah-Elie et al., 2012). The anticancer
potential of key constituents of garlic extracts, and their
nanoformulations should therefore be thoroughly studied. The
growth of MCF-7 human breast cancer cells was inhibited by an
aqueous preparation of allicin and garlic powder. Growth arrest of
cancer cells in G2/M or G0/G1 phase of cell cycle were reported in
conjunction with growth inhibition. The growth-inhibitory impact
of allicin was closely related to the reduction in intracellular
glutathione (GSH) levels in both MCF-7 (luminal-A) and HCC-
70 (triple-negative) breast cancer cells (Hirsch et al., 2000; Chen
etal., 2016; Rosas-Gonzalez et al., 2020). While both alliin and allicin
reduced cell viability of MCF-7 (luminal-A) and HCC-70 (triple-
negative) breast cancer cells, allicin showed more pronounced
cytotoxicity and antiproliferative activity in both cells by lowering
mitochondrial membrane potential, apoptotic induction, and
enhanced expression level of various caspases. Additionally, it
increased the expression level of proapoptotic proteins (p21,
Noxa, and Bak) while downregulated the expression level of Bcl-
xL antiapoptotic protein (Tsubura et al,, 2011; Milczarek, 2020;
Fatima et al.,, 2021; Catanzaro et al.,, 2022). In contrast to allicin,
alliin caused senescence in both MCF-7 (luminal-A) and HCC-70
(triple-negative) breast cancer cells in a dose dependent manner
(Farhat et al., 2021).

Oil-soluble components from garlic, namely, DAS, DADS, and
DATS, significantly reduced the proliferation of CMT-13 (canine
mammary tumor) cells in comparison to water soluble organosulfur
compounds. While DATS was cytotoxic, DAS and DADS were
cytostatic. The cancer-suppressing potency was enhanced with an
increase in intracellular GSH levels in addition to the number of
sulfur atoms (Sundaram and Milner, 1993; Nakagawa et al., 2001;
Lei et al., 2008). DADS also showed cytotoxicity toward the MCF-7
(ER-positive human breast cancer) cells, T47D (differentiated
epithelial sub strain), KPL-1 (created from the malignant effusion
of a breast cancer patient)) MDA-MB-231 and MKL-F (ER-
negative) human breast cancer cells (Altonsy et al, 2012; Na
et al, 2012; Hahm et al, 2021). In MDA-MB-231 cells, it
resulted in cell cycle arrest (sub-Gl phase) and apoptotic
induction. This was accompanied by modulations in the
expression levels of numerous proteins such as Bax, Bcl-xL, and
caspase-3.

DADS presented significant cytotoxicity against MCF-7 cancer
cells via apoptosis induction, increased PARP and caspase-3
cleavages, activated SAPK/JNK/p38 pathways and suppressed
extracellular ERK/MAPK cell signaling pathways (Lei et al., 2008;
Jun et al., 2009). Diallyl trisulfide (DATS) treatment significantly
increased growth arrest at the G2/M phase in both MCF-7 and
MDA-MB-231cells when compared to control cells, which is
consistent with the RNA seq findings. In addition, DATS
administration dramatically elevated the Ser10 phosphorylation
of histone H3 (mitotic marker) in both breast cancer cells.
However, DADS did not affect SLIT/ROBO signaling in breast
cancer cells (Huang et al, 2015). Annexin V/propidium iodide
(PI) staining in DATS-treated MCE-7 cells indicated apoptotic
cell death with an increased growth arrest at GO/G1 phase. In
MCE-7 cells, DATS triggered the Bcl-2 (anti-apoptotic protein)
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phosphorylation and the proteolytic cleavage of PARP (poly
ADP-ribose polymerase). MCF-7 cells treated with SP600125
(JNK inhibitor) or transiently transfected with dominant-negative
JNK experienced a reduction in DATS-induced apoptosis and
increased ROS generation. N-acetyl-l-cysteine prevented DATS-
induced apoptosis and JNK activation. Additionally, DATS-
treated MCF-7 cells demonstrated enhanced AP-1 DNA binding
activity, which was suppressed by NAC and the JNK inhibitor. The
cells treated with c-jun siRNA were resistant to proteolytic PARP
cleavage in DATS treated cancer cells. Female Balb/c mice given
5 mol/kg DATS orally were unable to generate human MCEF-7 cell
tumor xenografts (Nkrumah-Elie et al, 2012). Altonsy et al.
(Altonsy et al, 2012) corroborated these findings and reported
that DADS inhibited the growth of MCF-7 carcinoma cells via
cell cycle arrest at sub-GO phase and apoptotic induction.
Additionally, DADS promoted H4 histone hyperacetylation by
inducing phosphatidylserine translocation to modulate Bax, Bcl-
xL, Bcl-2, and Bcl-W protein expression levels and caspase-3
activation. Another study reported DADS cytotoxicity toward
MCEF-7 cells with reduced cell proliferation and apoptosis
induction via intrinsic signaling pathways associated with
upregulated protein (Bax, Bad, and caspases) expression levels
and downregulated Bcl-2 protein expression levels (Xiao et al.,
2014). DADS treatment further resulted in reduced cell growth of
several human triple-negative breast cancer cells (MDA-MB-231,
BT-549, and MDA-MB-468) via regulating f-catenin signaling
pathway. Increased expression of Bax, caspase-3, and caspase-9,
as well as decreased levels of Bcl-2, matrix metallo-proteinase-9
(MMP-9), and f8-catenin siRNA, were associated with the induction
of apoptosis and inhibition of cell proliferation (Malki et al., 2009;
Nkrumah-Elie et al., 2012; Li et al,, 2018). MDA-MB-231 cells
treated with DADS had higher levels of miR-34a expression. The
SRC/Ras/ERK signaling pathway was finally blocked by further
suppression of SRC expression (Cao et al, 2014). In MCF-10A
cells (typical human mammary epithelial cells), DATS reduced the
ability of benzo [a]pyrene to cause cancer by preventing cell division,
causing cell cycle arrest at the G2/M phase, and inhibiting the
production of ROS and DNA damage (Kiesel and Stan, 2017).
DATS treatment induced cell cycle arrest (G2/M phase) and
apoptosis, which drastically reduced MCEF-7 cell viability and not
affected the MCF-12A normal human breast epithelial cells.
Enhanced translocation of p53 from the cytoplasm into the
nucleus was associated with the activation of apoptosis, along-
with upregulation of the Bax and p53 protein expression levels.
Akt and Bcl-2 protein expression levels were further inhibited,
whereas FAS and cyclin D1 protein expression levels were
elevated (Liu et al., 2017). Cancer stem cells (CSCs) from the
MCEF-7 and SUM159 cell lines of two human breast cancers were
used to create tumor spheres, however, DATS blocked this by
lowering the levels of numerous proteins CD44, ALDHI1AIL,
Nanog, inhibit cell
proliferation via modulating Bax, caspases, cyclin D1, Bcl-2,
caspases (PCNA)
expression levels. Further it has been shown that DATS inhibited

and Oct4. Apoptosis was found to

and proliferating cell nuclear antigen
the aberrant cell signaling pathway associated with carcinogenesis
such as Wnt/B-catenin (regulator of breast CSCs). Exposure of
DATS in breast cancer cells has enhanced c-Myc and GSK-3B

expression levels while downregulated the expression levels of
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phospho-glycogen synthase kinase-3p (p-GSK-3p), and f-catenin
(Johnston, 2010).

Kim and colleagues noted downregulation of numerous cell
components including that Forkhead transcription factor Forkhead
box QI (FoxQl) protein, Dachshund homolog 1 (DACHI1) and
aldehyde dehydrogenase 1 (ALDH1) in DATS-mediated CSC
suppression. Trx-1 expression and Trx-1 reductase enzyme
activity were decreased by DATS in breast cancer cells (MDA-
MB-231, ZR-75-1, Hs578T, and MCF-7) (Malla et al., 2021). The
cysteine residues in thioredoxin-1 (redox-active disulfide/dithiol)
containing 12kD protein, are converted to an oxidized disulfide
bond (intra-molecular Trx-1-S2) configuration through a chemical
process. Trx-1, which is released by tumor cells, speeds up the
growth of tumors and reduces patient survival. Trx1 overexpression
in tumor cells caused the JNK/p38 signaling pathway-associated
apoptosis signal-regulating kinase 1 (ASK1) expression to be
suppressed, which in turn suppressed apoptosis. Another study
revealed DATS mediated growth inhibition of MDA-MB-231,
MCF10A-H-Ras, and MCF-7 breast cancer cells by reducing
secretases expression levels such as ADAM-17 and ADAM-10 (a
disintegrin and metalloprotease-10), that are linked to the activated
Notch signaling pathway. Additionally, it inhibited Jagged-2 and
Jagged-1 (Notch ligands) associated with activated Notch signaling
pathway (Kim et al.,, 2016).

DATS reduced transforming growth factor-1 (TGF-B1) and
thromboxane B2 (TXB2) production via blocking platelet activation
and aggregation (by platelet-activating factor), and hence resulted in
inhibition of platelet-mediated hematogenous metastasis of MDA-
MB-231 cells (Hahm and Singh, 2014; Liu et al., 2015; Li et al., 2020).
DATS suppressed ER-protein levels, a novel target of the drug in two
potent breast cancer cells, MCF-7 and T47D. Along with reduced
nuclear ER-protein levels and inhibition of ER-mRNA, the
expression levels of cyclin D1 and pS2 were also downregulated.
DATS treatment also resulted in downregulation of overexpressed
Peptidyl-prolyl cis-trans isomerase (Pinl), which further restrained
the activity of ERE2elb-luciferase reporter (Sigounas et al., 1997). By
suppressing mRNA expression levels of Bcl-2, cyclin D1, Bcl-xL,
MMP-2, and vascular endothelial growth factor (VEGF) in MDA-
MB-231 and MCF-7 breast cancer cells, DATS intervention
significantly reduced leptin-induced cell proliferation, clonogenic
cell viability, invasion and migration potential. DATS also displayed
a strong antimetastatic effect by reducing MMP-2/9 expression
levels in triple-negative breast cancer cells (HS 578t and MDA-
MB-231 cells) and ultimately blocked both the NF-kB and ERK/
MAPK signaling pathway (Ip et al., 1992; Zhang et al,, 2014). In
MCE-7 cells, DATS treatment induced ROS mediated apoptosis and
subsequent activation of AP-1 and JNK, together with enhanced
ROS accumulation (Cao et al., 2014).

Another in vivo study reported reduced STAT3 expression levels
in DATS treated breast cancer xenografts in mice. Further, DATS
treatment decreased the incidences of breast cancers in xenografted
MDA-MB-231 tumor models via reducing MMP-2 and
-9 expression levels (Wei et al, 2017; Liu et al, 2018;
Vijayakumar et al, 2019). DATS (natural histone deacetylase
inhibitor) treatment prevented the MDA-MB-231 hypoxia-
inducing cell metastasis in embryonic zebrafish tumor model via
blocking the HIF-1 transcriptional activity. Furthermore, it reduced
EMT-related proteins (Slug, MMP-2 and Snail), VEGF-A and
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L1CAM protein expression levels. In female ACI rats (an inbred
line derived from a cross between Copenhagen and August strains),
DAS reduced the concentrations of diethylstilbestrol (DES)-induced
lipid hydroperoxides (Selvan et al., 2018).

SAMC, a stable organosulfur derivative from garlic, displayed
potent anti-proliferative properties against MCF-7 breast cancer
cells (Sigounas et al, 1997). MCF-7 and MDA-MB-231 cells
displayed potent growth inhibition after SAMC treatment due to
increased p21 and p53 expression levels, induction of apoptosis, cell
cycle arrest (GO/G1 phase), increased caspase-9, and caspase-3
expression levels in relation to the mitochondrial apoptotic
pathway, reduced Bcl-xL and Bcl-2 expression levels. SAC
dramatically slowed the development of MDA-MB-231 breast
carcinoma cells in a dose and time dependent manner. Increased
E-cadherin expression and decreased MMP-2 expression levels in
MDA-MB-231 cells after SAC therapy imply that cell proliferation,
adhesion, and invasion are inhibited, which helps to prevent
metastasis.

Using a rat model of DMBA-induced mammary tumors, it is
shown that the use of garlic powder successfully inhibited the growth
of tumors and validated the fact that DADS has been more active
than AMS and DAS. According to Schaffer et al., supplementation
with garlic powder, SAC, and DADS reduced the incidence of
mammary cancer in rats, hence preventing the development of
mammary carcinogenesis brought on by N-methyl-N-nitrosourea
(MNU) (Schaffer et al., 1996; Petrovic et al., 2018; Xiong et al., 2018).
67NR breast cancer cell, which was implanted in mammary pads of
BALB/c mice, demonstrated anticancer activity by being inhibited
by garlic extract. Additionally, by reducing the DMBA-DNA
interaction to lower the incidence of mammary tumors, in the
long run, garlic powder prevented DMBA-induced mammary
cancer tumors in rats. Among the numerous organosulfur
compounds, garlic compounds that are oil-soluble have been
shown in rodents to have stronger anticancer action than those
that are water-soluble. DMBA, 2-amino-1-methyl-6-phenylimidazo
[4,5-b] pyridine (PhIP) and MNU induced mammary cancer in rats
were significantly inhibited by DADS (Zhang et al., 2014). After
subcutaneous injection of MCF-7 and MDA-MB-231 cells in nude
mice xenograft tumor models were created that showed anticancer
and antiproliferative behavior from DADS. DADS treatment lead to
the activation of tristetraprolin expression and significant
of MMP-9 urokinase-type
plasminogen activator expression (Nakagawa et al., 2001). DADS

downregulation protein  and

demonstrated reduced growth proliferation by reducing initial
(with
transplantation, KPL-1), resulting in growth inhibition in human

tumor weight in female nude mice orthotopic
breast cancer cells (in vitro and in vivo) (Yi and Su, 2013; Kim et al.,
2020). Table 2 summarizes the mechanism of garlic and its
constituents by which they slow anticancer activity against breast
cancer cells.

Despite strong anticancer activity of various garlic derived plant
therapeutics, these compounds suffer from oral bioavailability and
off target toxicity. Therefore, several nanoformulations have been
tried to improve the bioavailability of these compounds. Garlic
extracts contain anticancer chemicals can combine to generate
nano-conjugates that can help stop the spread of cancer cells.
When administered at a concentration of 100 g/mL, garlic clove
extract-mediated silver (G-AgNPs)

nanoparticles displayed
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TABLE 2 Anticancer effects of garlic constituents on breast cancer.

Components of garlic

DATS

SAMC (aged garlic)

DADS

Mechanism of action

DATS treatment induced apoptosis in MCF-7 cells with Bax (pro-apoptotic protein) and p53 induction and
offered a potent strategy for breast cancer management

Apoptotic induction via reducing peptidyl-prolyl cis—trans isomerase (Pinl) protein expression level in T47D
and MCF-7 cells

Inhibited metastasis and MMP2/9 activity of TNBC cells via down-regulating transcriptional activities of ERK/
MAPK and NF-xB signaling pathways

References

Hahm and Singh (2014)

Liu et al. (2015)

Kim et al. (2016)

Inhibition of leptin induced oncogenic signaling in MCF-7 and MDA-MB-231 via reducing STAT3 protein
expression

Liu et al. (2018)

Inhibited the Trx-1 expression and enzymatic activity of Trx reductase in breast cancer cells

Inhibited HIF-1a transcriptional activity and hypoxia-induced hematogenous metastasis in a dose-dependent
manner in MDA-MB-231 cells. Induced ROS production and apoptotic cell death in MCF-7 and MDA-MB-
231 breast cancer cells

Displayed growth inhibitory potential in MCEF-7 breast cancer cells

DADS alienated the efficacy of linoleic acid (breast cancer cell stimulator) and synergized the efficacy of
eicosapentaenoic acid (breast cancer cell suppressor) in MDA-MB-231 cells thereby projecting it as a strong

Wei et al. (2017)
Chandra-Kuntal et al.
(2013)

Sigounas et al. (1997)

Nakagawa et al. (2001)

modulator of breast cancer cell proliferation

Diallyl disulfide Prevented mammary cancer growth in female rats

Ip et al. (1992)

Ajoene
231 cancer cells

Induced growth arrest and apoptosis via targeting protein folding in the endoplasmic reticulum of in MDA-MB-

Kaschula et al. (2016)

cytotoxic action against the MCF-7 cell line. Additionally, it affected
the nucleus morphology of MCF-7 cells, causing cell clumping and
membrane instability (Menon et al., 2012). G-AgNPs did not cause
any toxicity or mortality in neonates of Corylus cornuta. In a
different study, garlic extract-mediated silver nanoparticles (Ag-
S$2) caused cytotoxicity in the MCF-7 cancer cell line by reducing cell
viability in a concentration-dependent manner (Ahamed et al,
2022). Nevertheless, MCF-7 cells were not toxicated by the gold
nanoparticles  (G-AuNPs)  produced by garlic
Superparamagnetic hematite nanoparticles made from garlic

extract.

extract were synthesized, and their cytotoxicity against the breast
cancer MCF-7 cell line was examined. The findings imply that at an
ICs of 346.25 mg/mL, the cell proliferation was inhibited in a dose
responsive manner (Talluri et al, 2017). Even ZnO-reduced
graphene oxide nanocomposites (ZnO-RGO NCs) made from the
extract of garlic cloves showed increased cytotoxicity against MCF-7
cells (Kim et al, 2020). DADS nanoparticles (solid lipid)
demonstrated higher cytotoxicity than DADS alone against MCF-
7 carcinoma cells by inducing apoptosis (via intrinsic signaling
pathway) associated with elevated expression levels of Bax, Bad,
caspase-3, and caspase-9, and decreased protein expression level of
Bcl-2 (Lee et al,, 2015). Figure 1 presents a proposed pathway for
garlic induced apoptosis in breast cancer.

4 Clinical trials of garlic products and
constituents in breast cancer

Five grams of crushed garlic (raw) enhanced the expression of
several genes, including the proto-oncogene c-Jun, the aryl
hydrocarbon receptor, nuclear translocator, HIF-1A (hypoxia-
inducible factor 1A), oncostatin M (OSM), and the viral
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FIGURE 1
Proposed pathway for garlic induced apoptosis in breast cancer.

oncogene homolog (V-rel avian reticuloendotheliosis) in a
clinical investigation involving 17 volunteers. These findings
indicated that garlic components are multifaceted and comprise
activation of genes associated with immunity, xenobiotic
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metabolism, and apoptosis in humans and Mono Mac six cells.
(Charron et al, 2015). Similar findings were made in clinical
research that involved 20 cancer patients and found that raw
garlic and allicin had cytotoxic effects against a variety of cancer
types (Bespalov et al, 2004). Garlic supplements were reported
beneficial in the management of breast cancer (benign) patients,
where they resulted in the suppression of breast fibromatosis.
Furthermore, garlic intake also reduced docetaxel removal in
patients having CYP3A5*1A allele (Zuniga et al., 2019). Garlic
consumption can be increased to promote health, according to a
randomized controlled trial of breast cancer survivors (Ishikawa
et al., 2006). A dose of four capsules per day for 12 weeks of aged
garlic extract (AGE) treatment significantly enhanced number of
natural killer (NK) cells and its activity in patients with advanced
lung, colon, pancreatic and liver cancer. Each capsule included
500 mg of AGE, 11 mg of sucrose fatty acid ester and 727 mg of
crystalline cellulose. Respective doses were ceased after 12 weeks,
with a follow-up after further 12 weeks to monitor the number of
NK cells and its activity (Tanaka et al., 2006). Additionally, aged
garlic extract inhibited cell growth and minimized the occurrence of
human colorectal adenoma via modulating numerous cell signaling
path-ways (Millen et al, 2007). Raw garlic consumption (five
pyramid doses per day) for a duration of 12 months, with a
follow-up after 12 months, was found to lessen the risk of
colorectal adenoma in a randomized controlled trial on
57,560 patients (Ma et al., 2012).

Long-term garlic supplementation was further associated with
reduced risk of mortality in patients with stomach cancer. For a
period of 7 years, a dosage of 200 mg of aged garlic extract and 1 mg
of steam-distilled garlic oil was administered twice daily. In this
randomized intervention study, 3,365 participants were used to
investigate the incidence and mortality of stomach cancer using a
2 2 factorial design. Follow-up period is initially 7.3 years, and it is
later extended to 22.3 years (Li et al., 2019; Guo et al., 2020). Garlic
supplementation had more pronounced protective impact on gastric
cancer prevention when combined with abstinence from alcohol.
This randomized clinical trial found a relationship between smoking
and an increased risk of gastric cancer incidence and death. After a
follow-up period of 22.3 years, more pronounced anti cancerous
effect was reported after garlic supplementation in gastric cancer
when the individuals abstained from alcohol (You et al.,, 2001).
Garlic formulations slowed the evolution of pre-cancerous gastric
lesion, and examinations of serum samples further demonstrated
that participants in the participating treatment groups had
significantly greater S-allyl cysteine (SAC) doses (Zhang et al,
2008). Allicin was injected into the lesion site of individuals with
gastric cancer via a gastroscopy in a different study that involved a
randomized controlled trial with 80 participants. The medication
was given to the patient 48 h before surgery.

Laboratory testing of the gastric cancer tissue removed after
gastrectomy demonstrated that allicin had the ability to impede
cancer cell proliferation via apoptotic induction, cell cycle arrest (at
GO0/G1 phase) and modulated Bax and Fas (upregulated), Bcl-2
(downregulated) expression levels (Gatt et al., 2015). Allin and
allicin, two garlic constituents, have been shown to protect
patients against the side effects of chemotherapy (including
febrile neutropenia). This was frequently seen in chemotherapy
Patients  who

patients with  hematological ~malignancies.
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participated in a 101-patient randomized controlled experiment
received two doses of 450 mg of allicin and allin daily. The
patients were monitored daily until the neutropenia was resolved
by incessant monitoring of complete blood count (CBC) (Tilli et al.,
2003). In another clinical trial, aqueous garlic extract showed
preventive properties against prostate carcinoma by increasing
flow and frequency of urine. Despite the fact that the follow-up
period was unreported, the trial was carried out on 27 patients (daily
dose of 1 mL/kg body weight) for 30 days. A study using 21 patients
found that the active ingredient in garlic, ajoene, had anticancer
properties against skin cancer. The tumor size was reduced after
topical application of 0.4% ajoene cream (400 mg ajoene, 0.3 ml
sorbitonoleate and 0.3 ml polysorbate 80 in 100 ml 1% of carbomeric
gel) as shown by activated apoptotic pathways and modulated Bcl-2
expression levels (Shashikant et al., 1985).

Evaluation of dietary supplements and medications used for
health purposes requires documentation of their efficacy and safety.
The ways of processing garlic can influence its effectiveness and
safety. However, there is no recommended everyday garlic in-take,
the German Commission E monograph from 1988 advised that a
per day intake of 12 cloves (or about 4 g) of garlic is good for human
health. Fresh garlic, garlic oil, garlic powder, and AGE are the four
main categories into which commercially produced garlic
preparations fall. Even though garlic has been reported safe when
used as a complementary (or condiment) agent, safety concerns still
need to be addressed. There are three things to keep in mind when
using garlic: a) allicin remains one of the key irritant in raw garlic; b)
oil-soluble OSCs reported to be more toxic in comparison to water-
soluble OSCs and c¢) toxicity associated with OSCs becomes much
less harmful over time. When allicin was administered directly into
the intestinal tract of rats, the intestinal linings were harmed and the
gut flora was altered using enteric-coated garlic products. The
mucosal epithelial membrane may become damaged by fresh
garlic (Amagase et al., 2001; Macan et al, 2006). A number of
studies, including those for teratogenicity, mutagenicity, acute and
subacute toxicity, and chronic toxicity, have shown that AGE is
relatively safe. Recent clinical trials demonstrated that, when used as
a supplemental drug, AGE was safe for patients receiving warfarin
therapy (Song and Milner, 2001). Because there are so many
different
consequences are also diverse, suggesting that some preparations

garlic  preparations  available, the medicinal
could have negative effects. A monograph that outlines the process
and requirements for AGE has been created by the U.S.
Pharmacopoeia and other organizations. Garlic preparations
should be consumed while considering their potential side
effects, metabolism, drug-synergistic interactions, interference
with  vital and impact on normal microflora.
if labels

recommendations based on laboratory and clinical findings.

enzymes,

Consumers could make better decisions included
Additionally, the anticancer properties of uncrushed garlic will
be reduced when heated in the microwave or oven (Nakagawa
et al., 2001; Mondal et al., 2022). Garlic has been shown to have
anticancer  properties

carcinogenesis. The nutritional or chemopreventive benefits of

by obstructing various phases of
garlic, however, go far beyond the idea that it has therapeutic
effects against cancer. To investigate the novel properties of
garlic, more carefully planned experiments and trials are needed.
(Hirsch et al., 2000).
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5 Conclusion

Garlic contains bioactive substances that have substantial
anticarcinogenic effects via a number of pathways, including cell
cycle arrest, apoptosis, and stimulation of the angiogenic cascade. The
nutritional and therapeutic benefits of garlic have been well-known.
Among the numerous phytoconstituents of garlic, certain
compounds, including SAC, allicin, DAS, SAMC, DATS, and
DADS have strong anti-cancer activity. Derivatives of garlic and
their nanoformulations resulted in altered expression levels of
numerous re-ported genes associated with the regulation of several
important signaling pathways, including the JNK, Akt/PI3K, p38,
MAPK, EMT, Wnt, p53, ERK1/2, NF-«B, Nrf2, STAT3 and Chk1/
cyclin BI in human breast carcinoma. In a variety of preclinical cancer
models, bioactive constituents of garlic and their nanoformulations
decreased the cell proliferation, adhesion, apoptosis evasion,
migration, invasion, and metastasis of several cancer types. While
several signaling pathways have been targeted by various researchers
for investigating the mechanism behind the anticancer efficacy of
garlic phytocomponents, additional research is still required to fully
comprehend these molecular targets of garlic and their derivatives
inside diverse organ systems. Paucity of well-studied, potent clinical
studies and thorough safety assessment, despite promising preclinical
research on the anticancer potential of garlic components, increases
the desire for additional clinical research. The nanoformulations of
garlic demonstrated some efficient delivery methods with enhanced
bioavailability. The efficacy of nanoparticles formulations of garlic
constituents in the treatment of breast cancer was higher than
compounds alone. However, more investigations are still needed
to decipher the therapeutic potential of garlic components via
utilizing crucial targets of cell signaling pathways for better
management of human breast cancer in addition to well-
controlled clinical investigations. Altogether, in this review, we
have demonstrated the anticancer

potential  of garlic

phytoconstituents and its nanoformulations as beneficial

nutraceuticals and pharmaceuticals for the efficient management
of human breast cancer.
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Calotropin is a pharmacologically active compound isolated from milkweed plants
like Calotropis procera, Calotropis gigantea, and Asclepias currasavica that belong
to the Asclepiadaceae family. All of these plants are recognised as medical
traditional plants used in Asian countries. Calotropin is identified as a highly
potent cardenolide that has a similar chemical structure to cardiac glycosides
(such as digoxin and digitoxin). During the last few years, cytotoxic and antitumor
effects of cardenolides glycosides have been reported more frequently. Among
cardenolides, calotropin is identified as the most promising agent. In this updated
and comprehensive review, we aimed to analyze and discuss the specific
mechanisms and molecular targets of calotropin in cancer treatment to open
new perspectives for the adjuvant treatment of different types of cancer. The
effects of calotropin on cancer have been extensively studied in preclinical
pharmacological studies in vitro using cancer cell lines and in vivo in
experimental animal models that have targeted antitumor mechanisms and
anticancer signaling pathways. The analyzed information from the specialized
literature was obtained from scientific databases until December 2022, mainly
from PubMed/MedLine, Google Scholar, Scopus, Web of Science, and Science
Direct databases using specific MeSH search terms. The results of our analysis
demonstrate that calotropin can be a potential chemotherapeutic/
chemopreventive adjunctive agent in cancer pharmacotherapeutic management.

KEYWORDS

calotropin, anticancer, molecular targets, signaling pathways, apoptosis, cytotoxicity

1 Introduction

Cancer is a process that occurs in different cells of the body, resulting from acquiring
genetic and epigenetic changes in them, which leads to uncontrolled cell growth (Lee and
Kim, 2022; GBD 2019 Colorectal Cancer Collaborators, 2022). In tumor formation increased
attendance of reactive oxygen species (ROS) is involved because they activate various
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oncogenic signaling pathways, induce mutation of DNA, and induce
immune escape, which, together with the microenvironment,
angiogenesis, often lead to metastasis (Mitroi et al, 2019
Tsoukalas et al., 2019; Nakamura and Takada, 2021; Scheau
et al,, 2021) Cancer drug treatments differ depending on the type
and stage of the tumor (Buga et al., 2019). Due to the heterogeneity
of cancers and their responses to treatment, major efforts are being
made to improve existing therapeutic protocols or to find new
adequate therapeutics (Ianosi et al., 2019; Tordache et al., 2019)
In light of this, is still actual to explore natural products to develop
the final anticancer drug entity, which has fewer side effects, is low-
cost, and has better application. Numerous studies have reported
that many plant species and their bioactive compounds have anti-
cancer properties (Khan et al, 2022). The cytotoxic effects of
different plant extracts are well known and many compounds
isolated from the plants are being detailed and evaluated for
anticancer activities in different in vitro and in vivo models.
Solowey et al. (2014) investigated 17 whole plant extracts on ten
different human cancer cells. The efficacy of cell death in tumor cells
varied depending on the content of multiple molecules with
antitumor activities but was often aligned with ethnobotanical
sources of historical use (Solowey et al, 2014). Calotropin
belongs to the cardenolides, which is a class of cardiac glycosides
(Mo et al,, 2016) (Supplementary File S1). Cardiac glycosides are
prominent in the treatment of cardiovascular diseases treat as
congestive heart failure in humans (Silva et al., 2018), but also as
a poison in the African dart arrow (Agrawal et al., 2012). The main
and first established mechanism of action of cardenolides such as
calotropin was the inhibition of the sodium-potassium exchanger,
Na*/K*-ATPase. This enzyme allows the active transport of Na* and
K" ions through the cell membrane. It was observed that calotropin
has a more perceptible impact on the myocardium compared to it on
skeletal muscles, as myocytes have more active Na*/K*-ATPase
(Koch et al, 2020). As consequence, this can allow for higher
cardiac output by the cardiac muscles but can also lead to
arrhythmia (Hoyer et al, 2011). In the upcoming years after
calotropin isolation, many studies have been dedicated to its
crystal and molecular structure, and new methods of isolation. In
recent years, researchers have conducted numerous studies on the
anticancer effects of calotropin. One of the reasons is the fact that
cardenolides target the enzyme Na*/K*-ATPase and lead to
dysregulation of the sodium-potassium ion gradients and disrupt
the membrane potential (Vila Petroff et al, 2003). Others have
sought to exhibit in vitro cytotoxic and cytotoxic effects of the
cardiac glycosides against lung cancer (Ibrahim et al., 2014; Kim
et al,, 2016), and leukemia (Nakano et al., 2020). In preclinical
models of the STK11 mutant lung cancer cells, the cardiac glycosides
directly inhibit ATP function. Clinical-relevant doses of cardenolide
inhibit cell proliferation and migration of these tumor cells (Kim
et al., 2016). In leukemia, overexpression of MYC protein initiates
proliferation and blocks cell differentiation, thus treatment of these
cells with cardiac glycoside leads to inhibition of the MYC pathway
(Da Costa et al, 2018). Pederson et al. (2020) reported that
cardenolide display potency against two triple-negative breast
cancer (TNBC) cells BT-549 and Hs578T cells. A similar study
was done by Zhou et al. (2019) about the anticancer activity of
colorectal cancer cells. Today, despite considerable efforts to find
adequate anticancer therapy, cancer remains one of the leading
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causes of death worldwide (Nakamura and Takada, 2021). The use
of traditional chemotherapy and radiation therapy in combination
with surgery, and/or immunotherapies, and hormone therapy
sometimes do not give satisfactory results, and therefore use of
targeted therapies has become more common in recent times
(Nakamura and Takada, 2021). The current review represents an
update of the anticancer mechanisms, molecular targets, and
signaling pathways of calotropin, a natural bioactive compound
of current interest in the pharmacotherapeutic management of
cancer.

2 Review methodology

To get a comprehensive overview of the most recent data on
anticancer molecular mechanisms of calotropin, the following
specialized databases were searched, such as PubMed/MedLine,
Google Scholar, Scopus, Web of Science, and Science Direct
using the following terms MeSH alone or in combination:
Phytogenic/pharmacology,” “Apoptosis/
drug effects,” “Calotropis/chemistry,” “Calotropis/metabolism,”

» « » «

“Antineoplastic Agents,
“Cardenolides/chemistry”, “Cardenolides/isolation and
purification”, “Cardenolides/pharmacology”, “Cell Line, Tumor,
Cell
metabolism”,

Proliferation/drug effects”, “Reactive Oxygen Species/
“Humans”, “Signal Transduction/drug effects”,
This study included

articles published in English that proved the anticancer molecular

“Reactive  Oxygen Species/metabolism”.

mechanisms of calotropin. Pharmacological studies that did not
specify anticancer mechanisms and specific signaling pathways,
doses used in the experiment, and in silico studies without
evidence from preclinical pharmacological studies were excluded.
The most important data were summarized in tables and figures.
The taxonomy of plant species was validated according to World
Flora Online and the chemical structures according to PubChem
(WFO, 2021; PubChem, 2022).

3 Natural sources, traditional and
current uses

Calotropin (also known as Pecilocerin A, Pekilocerin A)
primarily was isolated from Calotropis procera (Ait) R. Br,
Calotropis gigantea (L.) R. Br (Cg) and Asclepias subulata, the
plants belonging to the family Asclepiadaceae (Agrawal et al,
2012; Kadiyala et al, 2013; Rascén Valenzuela et al., 2015a).
Plants from the family Asclepiadoideae, have been found in
Africa, Asia, Europe, Australia, South America, and the tropics of
North America. Calotropis sp. is common in Africa and Asia and
widely distributed throughout India, Sri Lanka, Nepal, Maldives,
South China and Malaysia, and Pakistan (Kadiyala et al., 2013).
Other species of this family such as Asclepias sp., mostly known as
the desert plants, are native to America (Rascon Valenzuela et al.,
2015b). The mentioned species of the family Asclepiadoideae have
been since ancient times part of traditional medicine for the
treatment of various diseases related to the central nervous
system, skin diseases, digestive system, respiratory system,
reproductive system pain, and cancer (Rascon Valenzuela et al.,
2015a). Different parts of these plants have been used since antiquity
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as a galenical in traditional medicine. Calotropin is isolated from
latex, leaves, and root bark from plants (Kadiyala et al, 2013).
Accidental poisoning is common in animals who have ingested
milkweed. Interestingly, some insects species, the pyrgomorphid
grasshopper P. bufonius and caterpillar of monarch butterflies eat
milkweeds of the plants family Asclepiadoideae and stored
calotropin as a defense mechanism against predators and
parasites (Agrawal et al., 2012). Phytochemical studies of plants
from family Asclepiadoideae have revealed the presence of several
types of compounds such as cardenolide, pregnane glycosides,
secopregnane  glycosides, triterpenoids, steroidal glycosides
(Elgamal et al., 1999). A native plant of the family Asclepiadaceae
is distributed in the tropical and subtropical regions of the planet. In
some of these regions, the dependence on traditional plant-based
medicines persists until today, especially if you keep in mind that
many parts of this plant are useable. In the past, these plants have
been popular to cure several human diseases such as fever, asthma,
rheumatism, indigestion, diarrhoea, and dysentery (Al-Taweel et al.,
2017). Despite long evidence of using traditional plants that contain
calotpropin as a part of folk medicine, its antitumor and cytotoxic
effects have been examined just recently in a controlled laboratory
condition. The first evidence of the cytotoxic effect of calotropin may
be found in an article written by Kupchan et al. (1964) dated 1964.
An alcoholic extract of Asclepias curassavica was tested on in vitro
cells cultured from human carcinoma of the nasopharynx and the
observed cytotoxic activity was attributed to calotropin isolated from
that extract. The flower and leaf are widely used parts of Calotropis
procera (Cp). The leaf extract of Cp possessed a powerful antiulcer
activity by to the reduction gastric acid secretion, as well as
augmenting the mucosal defensive factors and inhibiting lipid
peroxide levels (Al-Taweel et al., 2017). In a previous study, it
has been shown that extracts from all parts of these plants have a
variety of biological activities (Huang et al., 2018; Mutiah et al.,
2018). The pharmaceutical potential of extracts gained from the bark
and leaves of plant Cp showed notable antibacterial potential against
different bacterial strains (Sharma et al., 2015; Pattnaik et al., 2017).
The ethanol extract of the Cp in a dosage of 500 mg/kg induced
significant antipyretic and analgesic activity in mice (Mossa et al.,
1991). The study of Magalhées et al. (2010) reported that among five
extracts, ethyl acetate and acetone extract of Cp displayed higher
cytotoxic potential against two different tumor cells: colon (HCT-8)
and melanoma (B-16) cells. The same authors also reported that
those extracts induced a significant reduction in tumor weight as
well as the growth of the sarcoma tumor in mice. Several previous
studies of the biological activities of Cp have shown anti-
inflammatory (Kumar et al, 2015; Kumar et al, 2022), and
antifungal activity (Al-Rowaily et al, 2020; Freitas et al., 2020)
were shown.

4 Theralpeutic activity, cellular and
molecular mechanisms of calotropin in
various types of cancer
4.1 Brain cancer

A recent study investigated several types of cardiac glycosides

isolated from Calotropis gigantea and showed that calotropin had
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the most pronounced cytotoxicity on A172 and U251 glioblastoma
cell lines, and confirmed a possible anticancer mechanism that
includes G2/M phase cell arrest (He et al, 2021). Another
evidence that calotropin may have cytotoxic effects on cancer cell
lines derives from its capability to inhibit the enzyme Na'/K'-
ATPase. Na'/K*-ATPase is an important transmembrane protein
found in all mammalian cells with the main role in cell ion
homeostasis. A potential target for anticancer therapy contributes
to its role in signal transduction, and overexpression, as well as in ion
homeostasis, in severe neoplasms (Bejcek et al., 2021). In research
that was done by Meneses-Sagrero et al. (2022) anticancer effects of
calotropin were analysed using commercial brain porcine Na*/K*-
ATPase. Calotropin showed dose-response inhibitory effects on
Na*/K*-ATPase activity (IC5o = 0.27 = 0.06 uM). The ICs, value
was by a previous study where was observed that calotropin has the
same IC5, value on porcine cerebral cortex Na*/K*-ATPase activity
(Agrawal et al., 2021). This value of ICs, of calotropin is very similar
to other well-known cardenolides like ouabain and digoxin which
indicated the great inhibitory potential of calotropin on Na*/K*-
ATPase. Also, kinetic analysis on Na*/K"-ATPase activity showed
that the nature of this inhibition is non-competitive (Meneses-
Sagrero et al., 2022).

4.2 Breast cancer

Breast cancer occurs when normal cells in the breast change and
grow out of control and it occurs with a frequency of 13% in the
global population, and TNBC represents 10%-20% of all breast
cancers (Yao et al, 2017). More than a decade ago six TNBC
subtypes of breast cancer cells have been identified based on
tumor gene expression analyses, one of them being BT-549 cells
(Pederson et al., 2020). Nine cardenolides from Calotropis gigantea
exhibited selective cytotoxic activities on TNBC, but calotropin was
notably more selective for BT-549 cells (Pederson et al., 2020).
Regarding human triple-negative breast cancers (TNBC) cell lines
were shown effects of calotropin different ICs, values and selectivity
across different human TNBC cell lines (Pederson et al., 2020).
Calotropin was more selective for BT-459 cells (ICsy = 0.03 +
0.002 uM) and Hs578T cells (ICso = 0.06 + 0.01 uM) compared
to MDA-MB-231 (ICs, value was 0.44 + 0.08 uM). The results
suggested that BT-459 cells are more sensitive to calotropin due to
increases in intracellular Ca®" levels, leading to cell death at lower
concentrations than is required in other human TNBC cell lines.
Another evidence that calotropin may have cytotoxic effects on
cancer cell lines derives from its capability to inhibit the enzyme
Na+/K + -ATPase viz altering through key transmembrane cellular
protein homeostasis. The possible explanation of the different effects
of calotropin in the different human triple-negative breast cancer
cell lines may derive from the expression of different Na*/K*-
ATPase isoforms and TNa'/Ca** exchanger (NCX) isoforms. It
has been shown that al Na'/K'-ATPase
resistant to inhibition by some cardiac glycosides, and at the

isoform is more
same time, its expression was lowest in BT-459 cells. However, in
another cell line Hs578T the expression of al Na*/K*-ATPase
isoform was intermediate. Related to another hypothesis with
Na*/Ca*" exchanger isoforms, it was observed that the mRNA of
NCX1 isoform was significantly higher in BT-459 and Hs578T
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compared to the other human triple-negative breast cancer cell lines.
Thus, the high mRNA expression of NCX1 may predict sensitivity to
calotropin. The breast cancer BT-549 cells were treated with
different doses of calotropin, 150 nM and 500 nM. The results
showed that both doses of calotropin inhibit the efflux of Ca**
via the Na/Ca** exchanger. A major consequence of this
inhibition is increased intracellular Na*, leading to increased Ca**
entry and elevated concentrations of intracellular Ca®". Cancer cells
with defects in this signalling pathway might be particularly
vulnerable, as an increase in intracellular Ca®* triggers apoptosis
(Vila Petroff et al., 2003) (Figure 1). Calotropin also induces
apoptosis in breast cancer MCF-7 cell lines, by modulating the
phosphatidylserine gene, DNA disintegration, and G2/cell cycle
arrest. Also, this treatment increased the expression of Bax/
Bakl and significantly reduced Bcl-2 expression, so this ratio of
Bax/Bcl-2 plays an important role in determining apoptosis (Kharat
and Kharat, 2019) (Figure 1).

4.3 Lung cancer

One of the most common types of human cancer is non-small
cell lung cancer (NSCLC) which is characterized by invasion,
migration, rapid growth, and reoccurrence (Guo et al.,, 2022). In
vitro studies on NSCLC showed that treatment with calotropin
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promoted apoptosis by increasing the expression of pro-apoptosis
genes: caspase-3, caspase-8, and apoptotic protease activating factor-
1 (Apaf-1) and downregulated expression of anti-apoptotic proteins:
p53, B-cell lymphoma (Bcl 2) and Bclw (Paesmans et al., 2015). On
the same calotropin treatment of cancer cells activates the TGF-p/
ERK signaling pathway, by decreasing the expression of TGF-f and
ERKY:, and downregulating phosphorylation of ERKY: (Paesmans
et al, 2015). In vivo assay on NSCLC-bearing mice showed that
calotropin treatment markedly inhibited tumor growth, increased
the number of apoptotic cells, and significantly promoted apoptosis
markers: caspase-3 and caspase-8. Long-term observation has
shown that this treatment significantly prolonged the survival of
these mice (Paesmans et al.,, 2015) (Figure 2).
Epithelial-mesenchymal transition (EMT) involves changes in
the intracellular cytoskeleton and extracellular matrix. After EMT,
cells lost polarization, acquire an elongated morphology, and possess
strong intercellular adhesion and polarity, which can be attributed to
the reorganization of the actin cytoskeleton as well as increased
expression of vimentin or keratin (Griande et al., 2002). EMT is a
complex which can be activated by different inflammatory stimuli
like TGF-B growth factor, cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4), hypoxia, or extracellular matrix components
(Grinde et al., 2002). CTLA-4 is a multifactorial protein with an
important role in the communication process in cells, was significant
downregulation in NSCLC cells after calotropin administration led
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to tumor inhibition. Also, calotropin inhibited the protein
expression levels of TGF-B, an essential factor in carcinogenesis
(Tian et al.,, 2018). Therefore, calotropin administration regulated
apoptosis, inhibited tumor growth, and prolonged survival in
NSCLC cells via the TGF-B/ERK signaling pathway (Tian et al.,
2018).

Another research compared calotropin inhibitory and pro-
apoptotic activity on two types of NSCLC cell lines: cisplatin-
induced resistant NSCLC cell line (A549/CDDP) and its parent’s
cells lung adenocarcinoma A549 (Mo et al., 2016). Interestingly,
while A549/CDDP was significantly inhibited by calotropin in a
concentration-dependent manner (ICs, 0.33 + 0.06 uM at 48 h), the
same inhibitory effect on A549 was weak (ICsy 38.46 + 1.16 uM at
48 h). Furthermore, while cell cycle arrest in the G2/M phase and an
increased number of cells in the apoptotic phase were observed in
A549/CDDP after treatment with calotropin, the same effects lack in
A549. After the treatment with calotropin the expression of CDK1,
CDK2, cyclin A, and cyclin B was significantly downregulated in
A549/CDDP cell line, while p21 and p53 protein levels were
increased. The same as in the previously mentioned research, the
expression levels of the precursor forms of Cap- 3, Cap-8, and Cap-9
were downregulated and their active forms were upregulated. Also,
the increased intracellular levels of ROS were observed in the same
cell lines, as well as changes in mitochondrial membrane potential
and poly (ADP-ribose) polymerase (PARP) after treatment with
calotropin (in a dose of 0.5 and 1.0 uM) compared to a control
group. The levels of anti-apoptotic protein Bcl-2 were decreased and
pro-apoptotic Bax protein levels were increased in a concentration-
dependent manner in the treatment group. All of the previously
mentioned results were not observed after the treatment of
calotropin on the A549 cell line. In A549/CDDP cell line
with
phosphorylation of JNK (which has an essential role in signalling

treatment calotropin was correlated with increased
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pathways of apoptosis), while this was not observed in the A549 cell
line. There is no provided explanation of the differences in the effects
of calotropin on these 2 cell lines (Mo et al., 2016).

The anticancer activity of calotropin on A549 cells through
caspase-dependent apoptosis activated by extrinsic pathway was
obtained in research done by Rascon-Valenzuela et al. (2016) and
colleagues. A recent study (Rascon Valenzuela et al, 2015a)
indicated that the ICs, values of calotropin on the same cell line
are 0.0013 uM, while antiproliferative activity was confirmed on
another two cancer cell lines LS 180 (human colorectal
adenocarcinoma cell line) and PC-3 (human prostate cancer cell
line) with ICs, values 0.06 and 0.41 uM, respectively. Also, the
cytotoxic effects of calotropin on lung adenocarcinoma A549 cells
were confirmed in the research done by Sweidan et al. (2021).
Interestingly, they compared the effects of calotropin on human
fibroblast cell lines as normal cells and the toxicity of calotropin was
lower which indicated that calotropin is more selective to cancer
cells compared to normal cells. The same observation on human
normal cells was reported by Rascon-Valenzuela et al. (2015). The
in vitro growth inhibitory activity of calotropin was tested on
A549 cells, PC-3, and U373 (glioblastoma cell line) by Ibrahim
and colleagues, and the same value of ICs; (0.005 uM) was reported
for all 3 cell lines (Ibrahim et al., 2014).

Comprehensive research on the anticancer effects of calotropin
was done by Tian et al. (2018). They used bronchioalveolar
carcinoma H358 cells treated with calotropin (0.50 mg/mL) for
24h, 48h, and 72h based on the subject of analysis to
investigate the inhibitory effects of calotropin on the growth and
aggressiveness of cancer cells. Also, in vivo study was performed
using 80 specific pathogen-free female nude (6-8 weeks old, weight
30-35g) mice. All of them were subcutaneously injected with
H358 cells and after that divided into 2 groups. In the treatment
group, mice were intravenously injected with calotropin (5.0 mg/kg)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1160616

Rajkovic et al.

10.3389/fphar.2023.1160616

P
& o 5
» (]

B @&

—X%

a~}

/

FIGURE 3

P

| Tumor cells growth
| Cancer cells proliferation

Schematic representation of anticancer mechanisms of calotropin in colorectal cancer.

every day for 7 days, while PBS injections were used as the control.
Related to in vitro experiments on H358 cells it was observed that
calotropin suppressed cell growth in a time-dependent manner
(after 72 h treatment). The cell proliferation was arrested at the
G2/M phase. Also, calotropin inhibited protein level expression of
cyclins (cyclin-dependent kinases: CDK1 and CDK2), fibronectin,
vimentin and E-cadherin. The migration and invasion were
inhibited after treatment with calotropin. Analysis of calotropin
effects on H358 cells apoptosis showed that apoptosis was promoted.
There was increased pro-apoptosis gene expression of caspase-3
(Cap-3), caspase-8 (Cap-8), and Apaf-1, while anti-apoptosis
protein expression levels of p53, Bcl-2, and Bsl-w were decreased.
Also, calotropin promoted Cyt-c and JNK protein expression levels.
Additional effects of calotropin indicated that its treatment of
H358 cells decreased the CTLA-4 (T-lymphocyte-associated-
protein 4) protein expression (CTLA-4 protein is a checkpoint
receptor that downregulates T cell activation), and inhibited the
TGEF-B protein expression levels and phosphorylation and protein
expression levels of ERK1/2, indicated that probably TGF-B/ERK
signalling pathway is included in calotropin-mediated apoptosis.

4.4 Digestive cancers
441 Liver cancer

One of the most aggressive cancers with a poor prognosis is liver
cancer, the most common type being hepatocellular carcinoma
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(HCC). The anticancer activity of calotropin in HCC was linked
to the suppression of fatty acid levels by a decrease in inflammatory
cytokines and adipocyte shrinkage, as can be seen in a different
model of liver carcinogenesis (Zhang et al., 2020). During the early
phase of hepatocarcinogenesis, inflammatory and parenchymal cells
release large amounts of IL-6 and TNF-a which is responsible for the
release of TGF-P1. The elevated level of inflammatory cytokines
triggers mitogen-activated protein (MAP) kinases and cJun NH2-
terminal kinase (JNK), which is implicated in the progression of liver
fibrosis and deposition of collagen. Calotropin treatment decreases
IL-6 and TNF-a expression, implying that the inflammatory process
suppresses and slows the progression of carcinogenesis (Pan et al.,
2018). Also, the ICs, value of calotropin was reported on the human
hepatocarcinoma cell line (HepG2) and Raji cells (human B
lymphoblastoid cell line), and values were 0.04 and 0.02 puM,
respectively, which confirmed its cytotoxic effect on tumor cell
lines (Li et al., 2009).

Recently, the pro-apoptotic effects of calotropin were confirmed
on HepG2 and human colorectal adenocarcinoma cells (Caco-2)
(Martucciello et al., 2022).

4.4.2 Colorectal cancer

Colorectal cancer (CRC) is a malignant neoplasm that develops in
the colon and rectum, and its symptoms can be extremely varied; in its
early stages, CRC is asymptomatic and is detected through screening
examinations (2022). Calotropin markedly suppresses the proliferation
of colorectal cancer cells by the Hippo pathway through the activity of
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YAP (Zhou et al., 2019). Since the Hippo pathway is a highly complex
signaling network with >30 components, dysregulation of the Hippo
pathway components often leads to aberrant cell growth and tumor
formation (Meng et al., 2016). Treatment with calotropin induces YAP
dephosphorylation in colorectal cancer cells. Dephosphorylation of YAP,
after calotropin treatment, induced its translocation into the nucleus of
the colorectal cancer cells. After nuclear localization, YAP interacts with
the transcription factors of the TEAD family (Figure 3). Downregulation
of the TEAD target gene, after administration of calotropin decrease the
expansion of progenitor cells, and tissue overgrowth. Together, these
data showed that calotropin inhibits tumor growth in colorectal cancer
cells (Meng et al,, 2016) (Figure 3). When in vivo experiments of a 25-day
short-term observation period were analysed it was suggested that
injection of calotropin inhibited tumor growth. In the treatment
group, the number of apoptotic cells and lymphocyte infiltration was
increased. In excised tumors from the treatment group expression levels
of Casp-3 and Casp-8 were increased. Besides the fact that the
administration of calotropin has significantly inhibited tumor growth,
after the 120-day observation period the prolonged mice survival was
noted as well.

In another research done by Zhou et al. (2019), it was indicated that
calotropin may inhibit tumor growth. The in vitro study was done on
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two types of human colorectal cancer cell lines HT-29 and HCT116,
treated with calotropin for 24 h. Increased concentrations of calotropin
(0.2-10 uM) inhibit proliferation in a dose-dependent manner in both
cancer cell lines. Also, calotropin promoted dephosphorylation of YAP
(Yes-associated protein) and induced its nuclear localization in colorectal
cancer cells, therefore supporting the hypothesis that the Hippo
signalling pathway is included in calotropin-induced inhibition of cell
proliferation. Additionally, calotropin treatment shortened the half-life
of LATS1 (large tumor suppressor 1) protein, the main kinase in the
Hippo pathway that phosphorylates YAP. Calotropin probably
promotes LATS1 degradation through the ubiquitination/proteasome
pathway. Another part of the study was in vivo performed with BALB/c
immunodeficient nude mice injected with HT-29 cells (6-8 weeks old).
Mice were divided into two groups, the treatment group where
calotropin was intravenously administered once every 2 days for
3 weeks, and the control group was treated in the same way during
the same period with DMSO as a vehicle. It has been shown that the
tumor obtained from the calotropin-treatment group was reduced in
volume and weight. Another research on colon cancer cells
(SW480 colon adenocarcinoma cell line) marked calotropin as an
anticancer agent which inhibits the Wnt signalling pathway by
decreasing nuclear and cytosolic located B-catenin in a dose-
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TABLE 1 Summarized data obtained from preclinical pharmacological studies regarding calotropin anticancer activity.

Cancer
type

Experimental model

Molecular mechanisms/

signaling pathways

Results

Brain cancer in vitro

A172, U251 glioblastoma cells

Tcell arrest in G2/M phase
|Na*/K*-ATPase

Teytotoxicity
ICso = 0.27 % 0.06 UM

He et al. (2021)

Breast cancer  in vitro

BT-549, Hs578T

Tintracellular Ca**

|Na*/K*-ATPase

Teytotoxicity
T apoptosis

Pederson et al. (2020)

MDA-MB-231 INCX1 ICs = 0.03 +0.002 uM for BT-459
TNBC cells Tintracellular Ca** ICsp = 0.06 + 0.01 uM for Hs578T

ICs = 0.44 + 0.08 uM for MDA-

MB-231
in vitro INa*/K*-ATPase T apoptosis Vila Petroff et al. (2003)
BT-549 cells Tintracellular Ca** 1Cs0 = 150-500 nM
in vitro TDNA disintegration T apoptosis Kharat and Kharat (2019)
MCEF-7 cells TG2/M cell cycle arrest 1Cso = 40 pg/mL

1Bax/Bakl, |Bcl-2

Lung cancer in vitro

non-small cell lung cancer

T caspases 3,8; TApaf-1
1p53, |Bcl2, |Bcw

T apoptosis

{tumor growth

Paesmans et al. (2015)

NSCLC cells in vivo TTGF-B/ERK Tapoptotic cells
NSCLC-bearing mice Tsurvival of mice
in vitro TTGF-B/ERK {tumor growth Tian et al. (2018)
NSCLC cells |carcinogenesis
in vitro Tcycle arrest in the G2/M phase T apoptosis Mo et al. (2016)
A549/CDDP cells |CDK1, |CDK2 ICsp = 0.33 + 0.06 uM for A549/
A549 cells leyclin A, B CDDP cells
ICsp = 38.46 + 1.16 uM for

Tp2, Tp53, [Cap- 3, 8,9 A549 cells

TROS, TPARP, |Bdl-2, [Bax, TJNK
in vitro Tcaspases T apoptosis Rascon-Valenzuela et al.
A549 cells ICsy = 0.0013 pM (2016)
in vitro TG2/M cell cycle arrest lcancer cells growth Tian et al. (2018)

bronchioalveolar carcinoma

H358 cells in vivo
mice injected with H358 cells

|CDK1, |CDK2, |fibronectin,
|vimentin, |E-cadherin
Tcaspases

1p53, |Bcl-2, |Bsl-w
|CTLA-4, | TGF-B/ERK

Dose = 5.0 mg/kg
T apoptosis
1Cs0 = 0.50 mg/mL

Liver cancer in vitro
hepatocarcinoma

HepG2 cells

Colorectal in vitro
cancer CRC cells in vivo

mice with CRC

in vitro
HT-29, HCT116 cells in vivo

BALB/c immunodeficient nude mice
injected with HT-29 cells

|IL-6, | TNEF-a
|TGF-p1, |JNK

|Hippo pathway

TYAP dephosphorylation
|TEAD

TCap-3, 8

TYAP dephosphorylation
{Hippo
|LATS1

Tcytotoxicity anti-inflammatory,
lcarcinogenesis

ICso = 0.04-0.02 uM

Iproliferation
Tapoptosis
Tlymphocyte infiltration
| cancer cells growth
|tumor formation

Tmice survival

Lcell proliferation
{tumor growth
| tumor volume and weight

ICso = 0.2-10 M

Li et al. (2009)

Meng et al. (2016)

Zhou et al. (2019)

in vitro

SW480 cells

| Wnt, |B-catenin
]CKla, TmRNA

Tapoptosis
1C50 = 5.2 nM

Park et al. (2014)
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TABLE 1 (Continued) Summarized data obtained from preclinical pharmacological studies regarding calotropin anticancer activity.

Experimental model

Molecular mechanisms/

signaling pathways

Leukemia in vitro

human chronic myeloid leukemia lcyclin A, B

K562 cells human acute myeloid leukemia TCap-3, 8,9, Tp27

Tcell arrest in G2/M phase

| cancer cells growth Wang et al. (2009)
Tapoptosis

1Cs0 = 0.01-20 pg/mL

HL 60 cells INEKB/p50, |p-Akt
|survivin
|XIAP
in vitro Tcell arrest in G2/M phase Tapoptosis Nakano et al. (2020)

adult T-cell leukemia/lymphoma ATL cells

Abbreviations and symbols: Tupregulated, |downregulated, B-cell lymphoma (Bcl 2), cisplatin-induced resistant NSCLC cell line (A549/CDDP), Yes-associated protein (YAP), large tumor

suppressor 1 protein (LAST1), casein kinase 1a (CK1a), caspase (Cap), apoptotic protease activating factor-1 (Apaf-1), Na*-Ca’* exchanger (NCX), bcl-2-like protein 4 (Bax), interleukin (IL),
X-linked inhibitor of apoptosis protein (XIAP), transforming growth factor f (TGF-p), Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB).

dependent manner and leading to degradation of -catenin by increasing
the phosphorylation of -catenin through casein kinase 1o (CK1a) (Park
et al, 2014). Additionally, they concluded that calotropin increased
mRNA and protein levels of CKla. Further, since the Wnt signalling
pathway is recognised as a regulator of the early and late stages of
apoptosis, the early signs of apoptosis on the SW480 colon cancer cell
line were observed after calotropin (5.2 nM) exposure for 24 h.

4.5 Leukemia

The observation that the anticancer effects of calotropin are
probably mediated in a caspase-dependent manner was for the first
time reported on human chronic myeloid leukemia K562 cells in
research done by Wang et al. (2009). In the same research,
calotropin treatment showed that the human acute myeloid
leukemia HL 60 cells were more sensitive to cytotoxicity than
K562 cells (K562 cells are the model system for the study of
resistance to chemotherapy). The growth of cells was inhibited in
a time and dose-dependent manner (0.01-20 pg/mL) in the G2/M
phase with observed downregulation of cyclins, cyclin A, and cyclin
B, and upregulation of p27 in K562 cells. It was suggested that
calotropin may induce apoptosis through the caspase-dependent
mechanism because in a dose-dependent manner was observed
increases in the activity of Casp-3, Caps 8, and Casp-9 after
calotropin treatment. Also, in a dose-dependent manner
treatment with calotropin inhibit the expression of anti-apoptotic
proteins and inhibitors of apoptotic proteins including NF-kB, p50,
p-Akt and survivin, and XIAP (Figure 4). Calotropin is considered a
potential agent for the treatment of adult T-cell leukemia/lymphoma
(ATL). Nakano et al. (2020) showed that calotropin stopped the
proliferation of MT-1 and MT-2 cells at the G2/M phase and
promote apoptosis. At the same time, lower toxicity of calotropin
was expressed toward normal PB-MNCs (peripheral blood
mononuclear cells) compared to human T-cell leukemia virus
type I infected T-cell lines (HTLV-I). MT-1 was derived from
leukemia cells of peripheral blood from a patient with ATL,
while the MT-2 cell line was derived from normal human cord
leukocytes of the healthy donor which were co-cultivated with
leukemia cells from an ATL patient (Yoshida et al., 1982). Table 1
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5 Calotropin synergistic effects with
chemotherapeutic agents

Standard treatments currently involve chemotherapy with or
without surgical resection but there are still certain limitations.
Using traditional plant extracts as an alternative therapeutic
strategy is subject to much research. Standard chemotherapy is
associated with drug resistance and the occurrence of systemic
adverse effects on different organs that limit its utility Therefore, to
overcome these barriers and achieve better therapeutic success,
there are recommendations in some studies of a combination
regimen of traditional chemotherapeutic and medicinal plant
extracts (Sawong et al, 2022). In recent years, the role of
cardenolides as a potential anticancer agent was revealed and
has emerged as a possible adjunctive therapy to anticancer
therapeutics. Sawong et al. (2022) have shown in a recent study
that a combination of low-concentration doxorubicin and
calotropin-induced apoptosis is accompanied by suppressed
ATP production in HepG2 cells. After this treatment, the
production of ATP was reduced, which was associated with the
inhibition of glucose intake. Hepatocellular carcinoma cells switch
to the glycolysis pathway, but they cannot neutralize ATP deficit so
itinduced apoptotic cell death in cancer cells. The rate of colorectal
cancer is about 4.3% for men and 4.0% for women (https://www.
wecrf.org/cancer-trends/colorectal-cancer-statistics/accessed
September 2022), so only during 2020, there were more than 1.
9 million of new cases (https://www.wcrf.org/cancer-trends/
colorectal-cancer-statistics/accessed = September 2022) (2022).
The combination of low concentrations of 5-FU and calotropin
in comparison to a high dose of 5-FU reduced cell viability and
abolish resistance to this conventional chemotherapeutic in
HCT116 The
significantly reduced the cellular ATP levels and increase ROS
levels in HCT116 cells (Winitchaikul et al., 2021). Additionally, the
increased intracellular concentration of ROS triggers autophagy

colorectal cancer cells. same treatment

and induced apoptotic cell death suppressing the activity of
antioxidative enzymes (Scherz-Shouval et al., 2019). The level of
the expression of autophagy-related genes could be reduced or
even completely absent in cancer cells after calotropin treatment
(Pederson et al., 2020).
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6 Limitations

The therapeutic limitations and clinical pitfalls of calotropin as
an anticancer agent are represented by insufficient data on adverse
and toxic effects in humans. Very few cases have reported some
digestive, hepatotoxic adverse effects and only one case with severe
cardiotoxicity (Iyadurai et al., 2020). Other important limitations are
the lack of clinical studies of calotropin in cancer, and the lack of in
vivo studies of calotropin in experimental animal models for all
cancers. As a result, these studies are needed in the future to confirm
its anti-cancer therapeutic potential. Translational pharmacological
studies are also needed to establish effective therapeutic doses in
humans.

7 Conclusion

Traditional medicine from the Middle East, India, and China has
a long period of usage, development and impact on the later
evolvement of a great number of approved drugs and supplements.
Until today this traditional medicine has been recognized as one of the
most diverse with daily consumption by a huge number of their
citizens. Despite their long-term usage, for most of the traditionally
used plants, the full mechanism of action has not been discovered yet.
However, modern medicine in the last few decades turns to reveal its
true impact on health improvement and to confirm its mechanism of
action. Finding the critical molecules in these traditionally used plants
has a further influence on the development of modern drugs approved
by different regulatory bodies across the world. Studies have shown
that calotropin has cytotoxic and antitumor effects, the most
representative effects being on breast, colon, lung and leukemia
cancers. The main limitation of calotropin is represented by the
fact its anticancer activity has been confirmed in vitro, while there
is alack of in vivo evidence, which is especially noted regarding human
clinical studies; there are no available clinical trials where calotropin
was investigated. Increasing interest in the anticancer effects of
calotropin and numerous evidences of its activity on cancer
cell lines puts calotropin on the pedestal of cancer research.
Additionally, the encouraging evidence that the cytotoxic effects
of calotropin can be avoided on normal cell lines makes it a
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5-Demethylnobiletin mediates
cell cycle arrest and apoptosis
via the ERK1/2/AKT/STAT3
sighaling pathways in
glioblastoma cells
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Yunmeng Li*, Chaoqun Zhu?, He Zhang®, Yurui Zhang?,
Xiao Zhu* and Yucui Dong™

Department of Immunology, Binzhou Medical University, Yantai, China, 2School of Computer and
Control Engineering, Yantai University, Yantai, China, *Department of Immunology, Qigihar Medical
University, Qigihar, China

5-Demethylnobiletin is the active ingredient in citrus polymethoxyflavones that
could inhibit the proliferation of several tumor cells. However, the anti-tumor
effect of 5-Demethylnobiletin on glioblastoma and the underlying molecular
mechanisms are remains unknown. In our study, 5-Demethylnobiletin markedly
inhibited the viability, migration and invasion of glioblastoma U87-MG, A172 and
U251 cells. Further research revealed that 5-Demethylnobiletin induces cell cycle
arrest at the GO/G1 phase in glioblastoma cells by downregulating Cyclin D1 and
CDK®6 expression levels. Furthermore, 5-Demethylnobiletin significantly induced
glioblastoma cells apoptosis by upregulating the protein levels of Bax and
downregulating the protein level of Bcl-2, subsequently increasing the
expression of cleaved caspase-3 and cleaved caspase-9. Mechanically, 5-
Demethylnobiletin trigged GO/G1 phase arrest and apoptosis by inhibiting the
ERK1/2, AKT and STAT3 signaling pathway. Furthermore, 5-Demethylnobiletin
inhibition of U87-MG cell growth was reproducible in vivo model. Therefore, 5-
Demethylnobiletin is a promising bioactive agent that might be used as
glioblastoma treatment drug.

KEYWORDS

glioblastoma, 5-Demethylnobiletin, cell cycle arrest, cell apoptosis, ERK1/2, AKT, STAT3

1 Introduction

Glioblastoma (GBM) is the most common, lethal, and aggressive adult central nervous
system (CNS) primary malignant brain tumor (1). The traditional treatment of standard
for patients with GBM consists of maximum surgical excision followed by concurrent
chemotherapy and radiotherapy (2). Unfortunately, the traditional treatment methods are
not ideal, the recurrence rate is high as well as the emergence of tumor resistance. After
treatment, the median survival time for GBM patients is 15 months, with a 5-year survival
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rate of less than 5% (3). Therefore, it is essential to discover novel
drugs and identify new therapeutic strategies to enhance
GBM therapy.

Polymethoxyflavones (PMFs) are a class of highly methoxylated
flavonoids unique to citrus plants, and they are gaining increasing
attention due to their diverse biological activities (4-6). Nobiletin
and tangeretin are the main PMFs in citrus peels (7). Previous
research has shown that nobiletin has potent anti-leukemic
characteristics and has the potential for chemoprevention (8, 9).
5-Demethylnobiletin (5-DMN) is one of the promising nobiletin
derivatives, the most plentiful demethylated PMF, which is mainly
generated during long-term storage by autohydrolysis of nobiletin
in citrus peel. 5-DMN has plenty of biological properties, including
anticancer, anti-inflammatory, antioxidant and neuroprotective (7,
10). Interestingly enough, 5-DMN inhibited the growth of various
tumor cells more effectively than nobiletin (11). Recent research has
demonstrated that 5-DMN has anticancer effects in human
leukemia (12), colon (13) and lung cancer (14). Chen et al. (6)
discovered that 5-DMN could increase the synthesis of polymerized
tubulin and cause cell cycle arrest in the G2/M phase by activating
JNK signal in lung cancer cells. In acute myeloid leukemia, 5-DMN
inhibited cell proliferation and induced apoptosis by affecting the
NE-«B signaling pathway (15). Furthermore, 5-DMN treatment of
colon cancer cell line HCT116 cells increased the apoptosis rate of
the cells by activating the caspase cascade reaction (16). However,
there was no evidence that 5-DMN inhibited GBM cell growth
specifically by modulating cell cycle and apoptosis-related signaling
pathways. In addition, studies have shown that 5-DMN not only
promoted neurocytogenesis and neurogenesis, but also negatively
regulated acetylcholinesterase (AChE) activity (17). This means that
5-DMN could through the blood-brain barrier and could be used in
the treatment of neurodegenerative diseases and cholinergic
abnormalities (18, 19), and may have a pharmacological
advantage in the treatment of intracranial tumors.

In our study, the antitumor effects and potential mechanisms
underlying the impact of 5-DMN on GBM were investigated for the
first time both in vitro and in vivo. We elucidated that 5-DMN
promoted GO/G1 phase arrest and apoptosis in glioblastoma cells by
restraining the ERK1/2, AKT and STATS3 signaling pathways. The
results of our study will help to evaluate the potential applications of
5-DMN as a clinical agent for glioblastoma.

2 Materials and methods

2.1 Ethical statement
All animal experiments protocols were designed in strict

accordance with the guidelines and approved by the Animal
Experiment Ethics Committee of Binzhou Medical University.

2.2 Cell culture and reagents

Human glioblastoma cell lines, including U87-MG, A172 and
U251 were obtained from the American Type Culture Collection
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(ATCC) (Manassas, VA, USA). Cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco) with 10% fetal bovine
serum (FBS; Vistech) and 1% penicillin/streptomycin (Beyotime,
Shanghai, China) at 37°C incubator with 5% CO,. 5-
Demethylnobiletin was obtained from Selleck (Shanghai, China)
and stored in dimethyl sulfoxide (DMSO) at the appropriate
concentration of 10 mM. The inhibitors were purchased from
Sigma-Aldrich (StLouis, MO, USA), which were kept at optimal
concentrations in DMSO.

2.3 MTT assays

When cells reached the logarithmic growth phase, they were
digested with 0.25% trypsin and adjusted to a density of 6 x 10*
cells/ml and 100 pL cell suspension was added to a 96-well plate.
The GBM cells were treated for 48 h with 5-DMN at various doses
(0,6.25,12.5, 25, 50, 100 uM) after cell adhesion. Each well received
20 uL of MTT reagent (0.5 mg/mL, Sigma-Aldrich) and the cells
were incubated for 4 h. The supernatant was discarded, and 150 pL
of DMSO was added. After 3 times of shaking plate, the absorbance
at 490 nm was measured using a microplate reader (DMI3000,
Leica, Germany) to determine the cell viability rate.

2.4 Live/dead co-staining by Calcein-AM
and PI

Different doses of 5-DMN (0, 12.5, 25, 50 UM) or inhibitors
were applied after cells attained 80% confluence in a 6-well plate.
After 48 h treatment, the Calcein AM/Propidium Iodide (PI)
staining kit (Solarbio, Beijing, China) was used to stain the cells.
Incubation for 0.5 h at 37°C, PBS was used to wash the cells and
representative photograph were captured using Confocal laser
scanning microscopy (Carl Zeiss AG, Jena, Germany).

2.5 Migration assays

Wound healing experiments were used to measure cell
migratory ability. When GBM cells reached the appropriate
density, and confluent cells were wounded with a 10-uL pipette
tip before being incubated with 5-DMN for 48 h. Six visual fields
were randomly selected to observe and quantify the wound closure
rate at different time points under the microscope.

2.6 Invasion assays

Transwell chambers (Corning, New York, USA) were precoated
with Matrigel (BD Biosciences) in a 24-well plate. The serum-
starved cells were diluted with serum-free DMEM medium to a
density of 1 x 10° cells/ml and 100 pL cell suspension was added to
the upper chamber. The lower well contains 600 uL. DMEM
supplemented with 5% FBS. When GBM cells had adhered to the
well, the lower chamber medium was changed to drug-medium
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containing 5-DMN of 25 or 50 uM and then incubation for 48 h.
The GBM cells on the lower surface were fixed and stained with 1%
crystal violet (Sigma-Aldrich). Cell invasion rates were quantified in
six randomly selected fields and images of the cells were captured at
20 x magnification.

2.7 Cell cycle analysis

GBM cells were incubated with four concentrations of 5-DMN
for 48 h before being collected, fixed with 70% pre-cooled ethanol
and incubated additional 12 h at 4 °C. Cell precipitation were rinsed
twice with PBS, RNase and PI were added for DNA staining, and the
fluorescence intensity was measured by Flow cytometry (Beckman
Coulter, Inc., Brea, CA, USA). The Modfit software (Scribpps
Research, La Jolla, CA, USA) was used to analyze the percentage
of cells in each phase of the cell cycle.

2.8 Cell apoptosis assays

The flow cytometer was used to analyze cell apoptosis using the
Annexin V-FITC Apoptosis Assay Kit (Beyotime). GBM cells at the
logarithmic growth stage were seeded in 6-well plate before being
treated with 5-DMN (0, 12.5, 25, 50 uM) for 48 h. After the cells
were collected, loading buffer in moderation was added for
suspended cells, followed by 5 UL Annexin V-FITC and 5 uL PI
incubation and prepared within 1 h.

2.9 Western blotting

Cell protein was harvested using cell lysis buffer (Solarbio)
and protein concentration was measured using the BSA protein
kit (Solarbio). Protein samples of 30 ug were taken from each lane
for 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were transferred to
PVDF membranes, which were incubated with primary antibody
at 4 °C overnight. All antibodies were purchased from Cell
Signaling Technology (CST, Danvers, MA, USA): anti-Cyclin
D1 (1:1000, cat no. 55506), anti-CDK6 (1:1000, cat no. 13331),
anti-Bcl-2 (1:1000, cat no. 15071), anti-Bax (1:1000, cat no.
89477), anti-caspase-3 (1:1000, cat no. 9662), anti-cleaved
caspase-3 (1:1000, cat no. 9661), anti-caspase-9 (1:1000, cat no.
9508), anti-cleaved caspase-9 (1:1000, cat no. 9509), p-ERK1/2
(1:2000, cat no. 4370), ERK (1:1000, cat no. 4695), p-AKT
(1:2000, cat no. 4060), AKT (1:1000, cat no. 4685), p-STAT3 (1:
2000, cat no. 9145), STAT3 (1:1000, cat no. 9139) and B-actin
(1:1000, cat no. 4970). After being three times washed in TBST,
PVDF membrane was incubated with HRP-conjugated second
antibody at room temperature for 2 h. Enhanced
chemiluminescence (ECL, Thermo Fisher Scientific, Shanghai,
China) was used to visualize the immunocomplexes, and gray-
scale values for each band were determined using Image
] software.
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2.10 In vivo antitumor activity study

BALB/c female nude mice aged 4-week-old were purchased
from SiPeiFu (SPF Biotechnology Co., Ltd, Beijing) and lived in a
germfree environment with constant temperature and humidity,
suitable for food and water. All mice were slowly injected
subcutaneously with U87-MG cells (5 x 10° cells/100 uL) under
the armpit of the right forelimb. When the tumors reached 3-4mm
in diameter, these nude mice were divided into 5-DMN and control
groups, and administered an intraperitoneal (i. p.) injection of 5%
DMSO + 40% PEG300 (Selleck) + 5% Tween 80 (Selleck) + 50%
water (control) or 5-DMN 3 mg/kg that was dissolved in DMSO,
PEG300, Tween 80 and water (5:40:5:50 v/v). Mice were given
treatment every other day using 100 pL total volumes. Tumor
volumes were assessed every two days and were calculated as 0.5 x
length x width®. The mice were sacrificed under adequate
anesthesia 21 days after treatment.

2.11 Statistical analyses

The experiments data was expressed as the mean + standard
deviation (mean + SD). All statistical analyses were performed with
the SPSS version 23.0 software, and graphics were created with the
GraphPad Prism 8 program (GraphPad Software, San Diego, CA).
The data from two groups were compared using a two-tailed
Student’s t-test or a two-way ANOVA. *p < 0.05; *p < 0.01; **p
< 0.001 were considered statistically significant differences.

3 Results

3.1 5-DMN inhibits the viability, migration
and invasion ability of GBM cells in vitro

To explore the impact of 5-DMN on glioblastoma in vitro, U87-
MG, A172 and U251 cells were treated with 5-DMN for 48 h at set
concentrations. The cell activity data revealed that 5-DMN
administration greatly inhibited the proliferation of U87-MG,
A172, and U251 cells (Figure 1A). Similar procedures were
implemented to assess the cell activity on normal human brain
astrocyte cell lines (HA1800) and human embryonic kidney
(HEK293T) cell lines. The results showed that 5-DMN had no
significant cytotoxic activity on HA1800 and HEK293T cell in the
concentration range of 0 - 100 pM for 48 h (Figure S1A). To
determine cell viability more intuitively, a living/dead assay was
conducted. Calcein-AM/PI was employed to stain living with green
and dead cells with red. The results indicated that the green
fluorescence of living cells reduced dramatically, while the red
fluorescence increased significantly accompanied the increase of
5-DMN concentration, which further verified the outstanding
cytotoxicity of 5-DMN (Figure 1B).

The poor prognosis of GBM patients was related to the motility
and metastasis ability of the tumor cells. Therefore, migration and
invasion experiments were conducted after different concentration
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Inhibitory effects of 5-DMN on the viability, migration and invasion of GBM cells. (A) Cell viability was determined using the MTT assay after cultured
U87-MG, A172, and U251 cells were incubated with various doses of 5-DMN for 48 h. (B) The merged image of live cells (green) and dead cells (red)
in GBM cells treated with different concentrations of 5-DMN. Scale bar = 100 pm. (C) Wound healing assays were used to determine the migration
ability of U87-MG, A172, and U251 cells after 48 h of incubation with 5-DMN (0, 25, 50 uM). (D) The invasion ability of GBM cells treated with or
without 5-DMN (25, 50 uM) for 48 h was detected by transwell assays. Values are the means + SD of three independent experiments. *p<0.05,
**p<0.01, ***p<0.001 vs. cells in the untreated control group. ns, no significance.

5-DMN (25 uM, 50 uM) was added to U87-MG, A172 and U251
cells. As shown in Figures 1C, D, GBM cells migration and invasion
in the 5-DMN treatment group was considerably reduced in a dose-
dependent manner. In addition, to further evaluate the cytotoxicity
on GBM cells of 5-DMN compared with Temozolomide (TMZ),
which is the first-line chemotherapeutic drug for patients with
GBM, U87-MG, A172 and U251 cells were treated with TMZ for
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48 h. As shown in Figure S1B, in treatments with the same drug
concentration, the cytotoxic effect of TMZ was not obvious in the
three GBM cells compared with 5-DMN, suggesting a higher anti-
cancer efficacy of 5-DMN in GBM cells. Furthermore, wound
healing experiment was conducted after different concentration
TMZ (25 uM, 50 uM) was added to GBM cells for 48 h, the
results showed that U87-MG, A172 and U251 cells migration was
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not significantly reduced in the TMZ treatment group (Figure S1C).
In conclusion, our results demonstrated that 5-DMN had the
potential to inhibit GBM cells malignant biological behavior
in vitro.

3.2 5-DMN induces GO/G1 phase cycle
arrest in GBM cells

To investigate whether 5-DMN-induced decrease in GBM cell
viability was related to cell cycle arrest, flow cytometry was used to
analyze cell cycle distribution after a 48-h treatment with 5-DMN.
Figure 2A showed that the percentages of 5-DMN treated cells in
the GO/G1 phase was considerably higher than that the control
group. To further explained the mechanism that 5-DMN mediated
cell cycle arrest, the expression of GO/G1 phase related proteins was
evaluated in U87-MG, A172 and U251 cells, respectively. The
activity of Cyclin D1 and CDK are required for Gl phase
progression of the cell cycle and G1/S transition (20). Western
blotting analysis demonstrated that Cyclin D1 and CDK6
expression was considerably reduced in 5-DMN-treated GBM
cells compared with the control group (Figure 2B). The
aforementioned data showed that 5-DMN induced GO/G1 phase
cell cycle arrest by regulating the expression of Cyclin DI
and CDKe.

>
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3.3 5-DMN induces apoptosis in GBM cells

To further investigate whether the inhibitory activity of 5-
DMN-induced cell proliferation was associated with apoptosis,
Annexin V-FITC/PI double staining was used to evaluate the
apoptotic rate of cells treated with 5-DMN for 48 h. As shown in
Figure 3A, the apoptotic cells were significantly increased in U87-
MG, A172 and U251 cells with the increase of 5-DMN
concentration. Then, the expression of signaling proteins related
to apoptosis was tested by western blotting in these cells. We found
that the protein levels of Bax, cleaved caspase-3, -9 was remarkedly
elevated, while the expression of Bcl-2, caspase-3, -9 was inhibited
in 5-DMN-treated cells (Figure 3B). In conclusion, these results
demonstrated that 5-DMN effectively induced GBM cells apoptosis.

3.4 5-DMN inhibits the ERK1/2, AKT and
STAT3 signaling pathways in GBM cells

ERK1/2, PI3K/AKT and STAT3 signaling are classical
oncogenic signaling pathways that have been reported in GBM
(21, 22). To tested whether 5-DMN had the inhibitory effect on
these signal molecules, we treated GBM cells with 5-DMN at four
different concentrations. Western blotting analysis showed that the
phosphorylation of ERK1/2, AKT and STAT3 in 5-DMN treated
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FIGURE 2

5-DMN induces cell cycle arrest at the GO/G1 phase in GBM cells. (A) The cell cycle distribution of U87-MG, A172, and U251 cells treated with
different concentrations of 5-DMN was determined using flow cytometry. The histograms indicated the distribution of cell cycle from three separate
experiments. (B) Levels of Cyclin D1 and CDK6 proteins in 5-DMN-treated GBM cells were detected by western blotting. The loading control was

B-actin. *p<0.05, **p<0.01, ***p<0.001. ns, no significance.
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FIGURE 3

5-DMN induces GBM cells apoptosis. (A) The apoptotic rate of U87-MG, A172, and U251 cells after 5-DMN treatment was determined using double
staining with Annexin V-FITC/PI. The histograms showed the percentage of apoptosis in three separate experiments. (B) Western blotting analysis of
the expression of Bcl-2, Bax and caspase-3/9. The loading control was B-actin. *p<0.05, **p<0.01, ***p<0.001 vs. the untreated group cells.

cells were considerably lower than the control group (Figures 4A,
B). These data indicated that 5-DMN could inhibit the ERK1/2,
PI3K/AKT and STATS3 signal pathway in GBM cells.

3.5 Cell cycle arrest and apoptosis are
mediated by the inhibition of the ERK1/2,
AKT and STAT3 signaling pathway

To determine whether 5-DMN induced cell viability, cell cycle
arrest and apoptosis were related to ERK1/2, AKT or STAT3
signaling pathways, the MEK inhibitor U0126, PI3K inhibitor
LY294002 and STAT3 inhibitor WP1066 were used for further
investigation in U87-MG cells. Figure 5A showed that the number
of PI-positive cells in the U0126, LY294002 and WP1066 groups
were obviously higher than the control group. Interestingly, a
higher number of PI-positive cells were observed when
combination of these inhibitors and 5-DMN than for 5-DMN
treatment. Flow cytometric analysis also demonstrated that
U0126, LY294002 and WP1066 significantly increased G0/Gl
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phase arrest induced by 5-DMN (Figure 5B). The same results
were obtained by using flow cytometry to detect the apoptotic rate
in 5-DMN or combination different inhibitors treated U87-MG
cells (Figure 6A). These results indicated that in the process of G0/
G1 phase arrest and cell death, ERK1/2, AKT and STAT3 signaling
were suppressed by 5-DMN. Western blotting revealed that U0126,
LY294002 and WP1066 further enhanced the inhibition of 5-DMN
on the expression of cyclin-related proteins (Cyclin D1 and CDK6)
and the promotion on the expression of pro-apoptosis-related
proteins (caspase-3 and -9) (Figure 6B). In summary, 5-DMN
induced GO/G1 phase arrest and triggered apoptosis by blocking
the ERK1/2, AKT and STATS3 signaling pathways in GBM cells.

3.6 5-DMN inhibits the proliferation of
GBM cells in vivo
To further assess the cytotoxicity of 5-DMN in vivo, U87-MG

cells (5 x 10° cells/100 pL) were implanted into BALB/c nude mice
via slowly injection. When the tumor grew to a diameter of 3-4 mm,
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nude mice were randomly assigned to the control and 5-DMN
groups, and then injected intraperitoneally every other day. After
nine times of administration, the tumor growth curve results
showed that 5-DMN (3 mg/kg) effectively inhibited the tumor
growth compared with the control group (Figure 7A). During
treatment, the weight of nude mice was monitored before each
injection, and the results demonstrated that 5-DMN treatment had
no influence on body weight (Figure 7B). Tumors were separated
and tumor weights were also measured (Figures 7C, D). The tumor
weight of the animals in 5-DMN group was 0.135 + 0.027 g,
significantly less than that of 0.317 + 0.043 g in the control
group. The aforementioned results suggested 5-DMN treatment
group could delay tumor growth compared with the control group.
During the tumorigenesis period, there was no mice death in the
treatment group or the control group. To evaluate the drug toxicity
of 5-DMN on mice at the therapeutic dose, the weights of body and
organs weights were also measured when tumors were removed. As
shown in Figures 7E, F, the results demonstrated there were no
statistical different between 5-DMN and control groups. Therefore,
the results showed that 5-DMN, which might have limited toxicity
in vivo, could significantly inhibited the growth of GBM xenograft.

4 Discussion

Glioblastoma (GBM) is the most common primary malignant
brain tumor with the characteristics of high recurrence rate, high
mortality and the median survival of less than one year (23).
Although 5-DMN has been implicated in the inhibition of cell
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proliferation in some cancers (12-14, 24), the underlying molecular
mechanism which 5-DMN inhibits glioblastoma progression
remains unclear. According to our findings, 5-DMN decreased
the growth of GBM cell lines both in vitro and in vivo. This
inhibition of 5-DMN was associated with cell cycle arrest and
enhanced apoptosis. Furthermore, we also observed that 5-DMN
has the capacity to prevent GBM cell migration and invasion. The
underlying mechanisms of 5-DMN action in GBM cells may be
influenced by the inhibitory effect of 5-DMN on the ERK1/2, PI3K/
AKT and STATS3 signaling pathway.

Recent research have indicated that 5-DMN induced cytotoxicity
in a variety types of cancer cells; however, the pharmacokinetics of 5-
DMN differ in different tissues, which may lead to different antitumor
effects (18). In in vitro studies, 5-DMN significantly decreased cancer
cell line viability, including HCT116, THP1, CL1-5 and CL13, which
IC50 values were 13.5 uM, 32.3 uM, 12.8 uM and 21.8 uM,
respectively (6, 15, 16). Our results showed that 5-DMN exhibited
different cytotoxicity in U87-MG, A172 and U251 cells. A172 and
U251 cells treated with 5-DMN for 48 h had a similar IC50 values (50
uM) whereas the IC50 values in U87-MG cells were 33.5 uM. In
addition, the high death rates and low cure rates of cancer are due in
large part to the highly aggressive nature of tumor cells (25). Our
study showed that 5-DMN could inhibit the migratory and invasive
potential of cultured three different GBM cells.

The G1/S phase checkpoint is the first important restriction
point in the cell division cycle (26). Cyclin-dependent kinases
(CDKs) belongs to the serine/threonine protein kinase family,
which regulate cell division and transcription (27). Unrestricted
cell cycle progression and rapid growth caused by abnormal CDK4/
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6 signaling have been confirmed as glioma progression markers
(28). Cyclin D1, a D-type cyclin protein, is an important regulator
of cell cycle progression. Recent research found that Cyclin D1
expression was significantly higher in GBM tissues, predicting poor
outcomes (29). Cyclin D1/CDK4 (CDK6) form complexes and then
responsible for early G1 regulation (30). 5-DMN was discovered to
block cell cycles in both the G0/G1 and G2/M phases of HCT116
(p53+/ ), while in THP-1 and lung cancer cells, 5-DMN induced S-
and G2/M phase arrest respectively (6, 8, 15, 31). Our results
demonstrated that 5-DMN enhanced the percentage of G0/Gl
phase in three GBM cells. A further western blotting analysis
showed that 5-DMN was able to significantly downregulate the
protein level of Cyclin D1 and CDK6 in concentration-dependent
manner in GBM cells. Therefore, 5-DMN is a natural Cyclin D1 and
CDKs inhibitor that suppress GBM tumorigenesis by inducting G0/
G1 phase arrest. In addition, p21 and p27 are endogenous inhibitors
of Cyclin/CDK and prevent the GI transition to S by binding to the
complex (32, 33). Whether p21 and p27 participate in the inhibition
of 5-DMN-induced glioma cell proliferation remains to be
further tested.

Apoptosis is programmed cell death that plays a critical role in
the pathogenesis of GBM. Mitochondria-mediated caspase cascade
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activation is intimately associated with apoptosis, can be initiated by
many stimuli (34). Members of the Bcl-2 family are generally
considered to be located in the mitochondrial outer model and act
as important regulators to regulate apoptosis (35). The Bcl-2 family is
separated into two groups: One group contains anti-apoptotic
proteins such as Bcl-2, while another group contains pro-apoptotic
proteins such as Bax. The balance between these two proteins
influences whether or not tumor cells undergo apoptosis (36, 37).
Increasing evidence revealed that 5-DMN is a powerful apoptosis
inducer in AML cell and non-small-cell lung carcinoma cells (6, 15).
Consistent with previous research, GBM cell apoptosis related
proteins were also changed after 5-DMN treatment, including
caspase-9 and caspase-3 activation; the Bcl-2 was down-regulated,
while the Bax was up-regulated. Therefore, 5-DMN can induce
apoptosis of GBM cells through mitochondrial signaling pathway.
Inflammation is a stress response that is closely associated with
the development of cancer (38). Previous study reported that
5-DMN reduced the expression of inflammation-related cytokines
IL-1B, IL-6 and TNF-o. by inhibiting the expression of p-JAK2 and
p-STAT3 (39). Another study demonstrated that 5-DMN could
reduce CCl4-induced fibrotic liver and regulate inflammatory
responses in liver tissue via blocking the MAPK pathway (40). As
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inhibitors. *p<0.05, **p<0.01, ***p<0.001 vs. cells in the control group.

we know, the JAK2/STAT3 and MAPK pathways also are classic
crucial oncogenic signaling pathway, but whether 5-DMN regulates
these two pathways in tumors has not been reported. Our study
found that 5-DMN could significantly reduce the levels of p-ERK1/
2 and p-STAT3 in a concentration-dependent manner in GBM
cells. Furthermore, the inhibition of the ERK1/2 and STAT3
pathway by application U0126 and WP1066 could increase cell
apoptosis and the number of cells blocked in GO/G1 phase. PI3K/
AKT signaling not only regulates cell proliferation, but it also plays
a role in tumor cell apoptosis (41). The PI3K/AKT pathway is also
abnormally activated in GBM, as evidenced by abnormally elevated
phosphorylation levels (42, 43). Although previous research found
that the PI3K/AKT pathway was not required for autophagy in
response to 5-DMN (6), our data showed that 5-DMN reduced the
expression of p-AKT. Surprisingly, the PI3K/AKT pathway was also
involved in the regulation of cell cycle arrest and apoptosis
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produced by 5-DMN. In summary, the above evidence indicated
that 5-DMN promoted cell cycle arrest and apoptosis via inhibition
of the ERK1/2, PI3K/AKT, and STAT3 signaling pathways.

Chen and Tan et al. reported that 5-DMN inhibited the growth
of CL1-5 cells using murine ectopic xenografts models of lung
cancer (6, 44). Our in vivo data demonstrated that the i.p. injection
of 5-DMN at doses of 3 mg/kg, could greatly decrease tumor
development in the nude mice transplantation model of GBM.
Moreover, the body and organ weight data demonstrated that the
nude mice treated with 5-DMN grow normally, which may imply
that 5-DMN has low toxicity and less impact side effects in vivo.
This may serve as a reminder that 5-DMN is a potentially
effective anti-GBM drug, and we will investigate its toxicity in
future experiments.

However, there are some limitations in our study. Although
treatment with 5-DMN significantly decreased cell malignant
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tumors were resection. *p<0.05, **p<0.01 vs. cells in the untreated group. n= 6. ns, no significance.

behavior and promoted cell apoptosis, this phenomenon was only
validated in three human GBM cell lines and subcutaneous tumor
models. Further study will be required to better characterize this
function. In conclusion, this study demonstrated that 5-DMN could
inhibit cell proliferation, induce apoptosis in GBM cells in vitro and
in vivo and effectively arrest the cell cycle in GO/G1 phase, probably
by deactivating the ERK1/2, PI3K/AKT and STAT3 signaling
pathways. According to the findings of this study, 5-DMN might
be utilized as a potential drug for GBM treatment.
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The molecular mechanism for
inhibiting the growth of
nasopharyngeal carcinoma cells
using polymethoxyflavonoids
purified from pericarp of Citrus
reticulata ‘Chachi’ via HSCCC

Wanling Yang®, Yiyao Liang", Yujie Liu, Baizhong Chen?,
Kanghui Wang?, Xiaojing Chen?, Zhigian Yu?, Depo Yang>***,
Yi Cai*** and Guodong Zheng'**

'Guangzhou Municipal and Guangdong Provincial Key Laboratory of Molecular Target and Clinical
Pharmacology, The NMPA and State Key Laboratory of Respiratory Disease, School of Pharmaceutical
Sciences and the Fifth Affiliated Hospital, Guangzhou Medical University, Guangzhou, China, 2Guangdong
Xinbaotang Biological Technology Co., Ltd., Jiangmen, China, *School of Pharmaceutical Sciences, Sun
Yat-sen University, Guangzhou, China

Polymethoxyflavonoids (PMFs), the main bioactive compounds naturally
occurring in the pericarp of Citrus reticulata 'Chachi’ (CRCP), possess
significant antitumor action. However, the action of PMFs in nasopharyngeal
carcinoma (NPC) is currently unknown. The present research study was
conducted to investigate the inhibitory mechanisms of PMFs from CRCP on
NPC growth in vivo and in vitro. In our research, we used high-speed counter-
current chromatography (HSCCC) to separate four PMFs (nobiletin (NOB),
3,5,6,7,8,3',4'-heptamethoxyflavone (HMF), tangeretin (TGN), and 5-hydroxy-
6,7,8,3' 4'-pentamethoxyflavone (5-HPMF)) from CRCP. CCK-8 assay was used
to preliminarily screen cell viability following exposure to the four PMFs. Colony
formation, Hoechst-33258 staining, transwell, and wound scratch assays were
performed to assess the anti-proliferation, invasion, migration, and apoptosis-
inducing effects of HMF on NPC cells. NPC tumors in xenograft tumor
transplantation experiments were also established to explore the effect of HMF
(100 and 150 mg/kg/day) on NPC. The histopathological changes in the treated
rats were observed by H&E staining and Ki-67 detection by immunohistochemical
techniques. The expressions of P70S6K, p-P70S6K, S6, p-S6, COX-2, p53, and
p-p53 were measured by Western blot. The four PMFs were obtained with high
purity (>95.0%). The results of the preliminary screening by CCK-8 assay
suggested that HMF had the strongest inhibitory effect on NPC cell growth.
The results of the colony formation, Hoechst-33258 staining, transwell, and
wound scratch assays indicated that HMF had significant anti-proliferation,
invasion, migration, and apoptosis-inducing ability in NPC cells. Moreover, HMF

Abbreviations: AMPK, AMP-activated protein kinase; CRCP, Citrus reticulata ‘Chachi’ pericarp; FBS, fetal
bovine serum; HSCCC, high-speed counter-current chromatography; HMF, 356,783 .4'-
heptamethoxyflavone; NOB, nobiletin; NPC, nasopharyngeal carcinoma; PBS, phosphate-buffered
saline; IMRT, intensity-modulated radiotherapy; PMFs, polymethoxyflavonoids; PE, petroleum ether;
TGN, tangeretin; 5-HPMF, 5-hydroxy-6,7,8,3',4’-pentamethoxyflavone.
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suppressed NPC tumor growth in xenograft tumor transplantation experiments.
Further investigation suggested that HMF regulated NPC cells proliferation,
apoptosis, migration, and invasion by activating AMPK-dependent signaling
pathways. In conclusion, HMF-induced AMPK activation inhibited NPC cell
growth, invasion, and metastatic potency by downregulating the activation of
the mTOR signaling pathway and COX-2 protein levels, as well as enhancing
the p53 phosphorylation level. Our study provides a crucial experimental basis
for the clinical treatment of NPC, as well as the development and utilization of PMFs

fromm CRCP.

KEYWORDS

Citrus reticulata

‘Chachi’

pericarp, high-speed counter-current chromatography,

polymethoxyflavonoids, proliferation, AMPK signaling pathway

1 Introduction

(NPC),
nasopharyngeal epithelium, is especially common in East and
Southeast Asia (Lee et al, 2019). The delayed treatment and
worse prognosis occur mainly due to the hidden early clinical
radiotherapy ~ (IMRT) s
considered ideal for the local treatment of NPC for its dose

Nasopharyngeal carcinoma emerging from the

symptoms.  Intensity-modulated
protection on organs around the nasopharynx, whereas distant
metastases also occur in some patients treated with IMRT; these
tumor cells develop resistance to chemotherapy and radiotherapy in
the later period of treatment (Perri et al, 2019). Collectively,
metastasis, relapse, resistance to chemotherapy, and side effects
problems in NPC Hence,
developing naturally efficient and low-toxicity drugs as NPC

are urgent clinical treatment.
therapeutics is of urgent need (Wang C Y et al., 2020).
Based on the Chinese Pharmacopoeia (2020 edition), Citrus
reticulata ‘Chachi’, a major cultivar of Citrus reticulata Blanco,
is planted and harvested in Xinhui region, Guangdong Province
2020). Polymethoxyflavonoids

(PMFs) naturally occurring in citrus have been identified as

in China (Pharmacopoeia,
the main bioactive non-volatile constituents in the pericarpium
of Citrus reticulata ‘Chachi’ (CRCP), mainly including nobiletin
(NOB), 3,5,6,7,8,3",4'-heptamethoxyflavone (HMF), tangeretin
(TGN), and 5-hydroxy-6,7,8,3,4'-pentamethoxyflavone (5-
HPMF) (Kong et al., 2020; Nair et al, 2018). Emerging
studies have reported that PMFs strongly inhibit tumor cell
proliferation (Shi et al, 2013). For instance, TGN has
proliferation inhibitory and apoptosis induction effects in
three gastric cancer cell lines (AGS, SGC-7901, and BGC-
823) (Wang Y et al, 2020). Moreover, 5-HPMF led to
apoptosis induction and cell cycle block in HCT116 colon
(Qiu et al, 2011). We
demonstrated the growth inhibition and apoptosis induction
of nobiletin in NPC cells (Zheng et al., 2019). Nevertheless, the
mechanism of action of PMFs in CRCP on NPC is unknown and

cancer cells also previously

worth exploring in further studies.

AMP-activated protein kinase (AMPK) is capable of regulating
cell metabolism in eukaryotic cells and is crucial for maintaining
energy homeostasis in the human body (Tokunaga et al., 2019).
AMPK activation elicited the inhibition of malignant tumor
occurrence tumor  cell

and development by inhibiting

proliferation, migration, and invasion and inducing apoptosis.
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For instance, the AMPK activator (Acadesine, AICAR) inhibited
the proliferation and induced apoptosis in HepG2/C3A, Huh-7, and
SK-HEP-1 hepatoma cells (Ferretti et al., 2016). In contrast, the
effect of apoptosis-inducing ginsenoside metabolites on non-small
cell lung cancer cells A549 and H1975 could be reversed by AMPK
inhibition (Li et al., 2019). Moreover, metformin-induced AMPK
activation inhibited the proliferation and induced apoptosis of NPC
C666-1 cells, suggesting that AMPK is a potential target for NPC
therapy (Zhao et al., 2011).

In the present study, the high-speed counter-current
chromatography (HSCCC) method was established for the isolation
and preparation of four PMF monomeric components from CRCP for
the first time. Cell counting kit-8 (CCK-8) assays were used to further
screen the four monomeric compounds for their proliferation-
inhibiting effects on NPC cells. Moreover, colony formation,
Hoechst-33258 staining, transwell, and wound scratch assays were
performed to examine the anti-proliferation, invasion, migration,
and apoptosis-inducing abilities following HMF treatment of NPC
cells. The xenograft NPC-tumor transplantation experiments were
constructed in vivo, and H&E staining and Ki-67 detection by
immunohistochemical technique were performed to observe
histopathological changes to investigate the anti-NPC effect of HMF
(100 and 150 mg/kg/day). In addition, the molecular mechanism of the
PMF components in regulating the apoptotic, migratory, and invasive
effects of NPC cells in combination with the AMPK-mTOR signaling
pathway was explored.

2 Materials and methods
2.1 Herbal medicine

The Citrus reticulata “Chachi” pericarp (CRCP), purchased
from Xinbaotang Biological Technology Co., Ltd. (Jiangmen,
Guangdong, China) in January 2018, was identified by Prof.

Guodong Zheng. Meanwhile, the CRCP samples were stored at
the Pharmacognosy Laboratory of Guangzhou Medical University.

2.2 Chemicals and reagents

Chromatographical acetonitrile was bought from Thermo Fisher
Scientific (China). Analytical-grade petroleum ether (PE), methanol,
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and ethyl acetate were bought from Honeywell (USA). Ultrapure
water was obtained from a Milli-Q system (Millipore, USA). The
other chemicals were analysis-grade chemicals.

RPMI 1640 medium and fetal bovine serum (FBS) were
purchased from Gibco (Logan, UT, USA). Cell counting kit 8
(CCK-8) was bought from DOJINDO (Japan). Antibodies
(including B-actin, p-AMPK, AMPK, p-S6, S6, p-P70S6K,
P70S6K, p-p53, p53, and COX-2) were purchased from Cell
Signaling Technology (USA); Compound C (an AMPK inhibitor)
was bought from Santa Cruz Biotech (USA). Matrix basement
membrane was purchased from Corning Co., Ltd. (USA). The
apoptosis-Hoechst Staining Kit was purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China). Crystal violet reagent
was purchased from Damao (Tianjin, China). Ki-67 was purchased
from Wuhan Servicebio Technology Co., Ltd. The four PMFs
obtained from CRCP were used in DMSO and were stored
at —20°C and diluted for use.

2.3 Simultaneous purification of four PMFs
from CRCP by HSCCC

2.3.1 Enrichment of PMFs from CRCP

The CRCP was pulverized into powder and passed through a
20-mesh sieve (1 kg). The powder samples were then extracted
four times by PE solvent heat reflux extraction. The parameters
(liquid to solid ratio) were 4:1, 3:1, 3:1, and 3:1, with an extraction
time of 1h, respectively. The aforementioned four extracting
solutions were merged for rotatory evaporation until deposition
occurred. The residues were weighed accurately after drying and
kept at 4°C.

The HPLC-PDA method for the aforementioned PE extracts
was performed on the Dikma Diamonsil C;g column (250 mm X
4.6 mm i.d., 5 um). The elution system was composed of 50% water
(phase A) and 50% acetonitrile (phase B). The flow velocity was
1 mL-min™, and the injection sample load was 10 pL. All samples
were verified at 330 nm and 25°C after filtering through a 0.22-um
membrane.

2.3.2 Purification and identification of four PMFs
from CRCP

A solvent system including petroleum ether—ethyl
acetate-methanol-water (1:0.8:0.9:1, v/v/v/v) was chosen for
further HSCCC purification of PMFs by comparing the partition
coefficient (K = A;/A,) values by the peak areas of the PMFs by
HPLC-PDA (A; and A,) and the peak shape in HSCCC. In each
HSCCC separation, the column was first filled with the upper
(stationary) phase, and then the rotary was set at 1,000 rpm. The
other apparatus was set as follows: column temperature 35°C and
detection wavelength 330 nm. The bottom (mobile) phase was then
pumped into the column at a flow rate of 2.0 mL-min™"'. When the
two phases reached hydrodynamic equilibrium, the PE extract
deposit (200 mg) was dissolved in the bottom phase solution
(10 mL) for injection. All effluent was detected at a wavelength of
330 nm, and sample fractions (3 mL of each test tube) were gathered
for further analysis and other research.

The sample fractions were dissolved in trichloro-deuterio-

methane to identify compounds by 'H-NMR, "C-NMR, and ESI-
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MS. The purity analyses were performed by the normalization
method of the peak area. The HPLC-PDA method was
performed as described in Section 2.3.1.

2.4 Cell culture

CNE-2 and 5-8F cells were cultured in RPMI 1640 with
certain percentages of FBS in an incubator (air to CO, ratio
95:5) at 37°C. Replacement of the medium was performed every
other day. As the cells reached 80%-90% confluency, trypsin was
added to digest cells for the proper time, and then the cells were
subcultured. Before treatment with PMFs purified from CRCP,
the cells were incubated in RPMI 1640 containing free FBS
for 12 h.

2.5 Cell viability

CNE-2 and 5-8F cells were cultured in 96-well cell plates
(5%10°/well). Next, 100 puL of RPMI 1640 medium (10% FBS) was
added to 96-well cell plates, and the plates were incubated in 5%
CO,, at 37°C for 24 h. Replacement of the FBS-free medium was
carried out for 12 h on cells before treatment with HMF. Each
well was supplied with CCK-8 liquid (10 pL) for 1h. The
absorbance measurement was performed on a Multi-Volume
Spectrophotometer system (BioTek Instruments, Inc., USA) at
450nm.

2.6 Colony formation assay

CNE-2 and 5-8F cells were inoculated into six-well cell plates
(800/well). RPMI 1640 medium containing 10% FBS (2 mL) was
added and incubated in a cell incubator (5% CO,, 37°C) for 24 h
to allow the cells to completely adhere to the wall. Then, the cells
were incubated with media containing HMF at different
concentrations (10 puM, 25 uM, and 50 uM), respectively. The
incubation medium was changed every 2 days while maintaining
the original drug concentrations. After 14 days, colonies
with >50 cells stained with crystal violet (0.5%) at room
temperature, were counted on a stereomicroscope after 1h.
Relative clone-forming efficiency (%) = (number of cell
colonies with more than 50 cells in the administration group/
number of cell colonies with cells more critical than 50 in the
control group) x 100%.

2.7 Hoechst-33258 staining

CNE-2 and 5-8F cells were plated at 9x10*/well into 12-well
plates supplemented with 1 mL of medium (10% FBS) and
37°C overnight. Next, 4%
(500 pL/well) was used to fix the cells at room temperature for
10 min after treatment with HMF (10 uM, 25 uM, 50 uM) for 24 h.
Then, 500 uL of Hoechst-33258 (Beyotime, China) was added to
stain the cells for 5 min at room temperature in the dark, washing

incubated at paraformaldehyde

twice with PBS. A liquor of 50 pL anti-fluorescence sealing was
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(A) HPLC chromatogram of nobiletin (1), HMF (II), tangeretin (Ill), and 5-HPMF (IV) purified from a PE deposit of CRCP at 330 nm. (B) Chromatogram
of HSCCC separation for components (I1-1V) at 330 nm and a flow rate of 2 mL-min~*. Fractions (I-1V) were collected from the effluent. (C) Identification
and purity analysis of fractions (I-1V) by ESI-MS, *H-NMR, **C-NMR, and HPLC-PDA.

added to prevent fluorescence quenching. A fluorescence

microscope was used to observe and image apoptotic
morphological features (chromatin condensation and nuclear

fragmentation) (20x).

2.8 Wound scratch healing

CNE-2 and 5-8F cells were inoculated into six-well plates
(3x10°/well) supplemented with medium for 24h. Semblable
straight scratches were made on monolayers in each well with
sterile pipette tips, which were then washed twice with 1 mL PBS.
An inverted microscope (10x) was used to take representative
pictures at 0h. After that, the wounds were treated with HMF
(10 uM, 25 uM, and 50 uM) for 24 h, respectively, and then the same
scratch position at 0 h was photographed. Image] software was used
to measure and analyze the areas between the edges of the wounds.
Mobility (%) = (0h blank area — 24h blank area)/0 h blank
area X 100%.

2.9 Transwell migration assay

Matrix glue (50 mg/L) was diluted with RPMI 1640 medium
without serum (v/v, 1:8). A matrix glue dilution (45 uL) was
appended to the upper transwell chamber. An incubator (5%
CO,) at 37°C was used to incubate for 2 h. The excess medium
was removed after forming. CNE-2 and 5-8F cell suspensions
incubated with HMF (10 uM, 25 pM, 50 uM) were spread in
Matrigel plate wells with serum-free RPMI 1640 medium
(2.5%10° cells/well). The lower well was supplied with 600 pL
of complete medium (RPMI 1640 and 10% FBS) to stimulate cell
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migration. The cells were incubated for 24 h and those that had
not migrated through the Matrigel plate wells were wiped off with
swabs. A total of 1 mL of paraformaldehyde (4%) was applied to
fix the cells in the bottom chamber for 30 min. Pictures of the
cells were taken under the microscope (10x) and counted in
Image] software after staining with 1 mL of 1% crystal violet at
room temperature for 1 h.

2.10 Western blot analysis

The expression levels of AMPK-dependent signaling pathway
proteins (P70S6K, p-P70S6K, S6, p-S6, COX-2, p53, and p-p53)
were examined by Western blot analysis. Cells (CNE-2 and 5-8F)
were inoculated into six-well plates (2x10°/well), incubated with
HMF (10 puM, 25 uM, and 50 pM) for 48 h, and then lysed with
RIPA buffer with an added inhibitor cocktail of protease and
phosphatase. The BCA assay method was used to measure
protein concentrations. Appropriate quantities of protein
samples (20 pug) were subjected to polyacrylamide gel
electrophoresis and transferred to PVDF membranes. The
membranes were then incubated with 5% skim milk for 1 h at
room temperature and then incubated with the primary
antibodies (p-AMPK, AMPK, p-P70S6K, P70S6K, p-S6, S6,
COX-2, p-p53, and p53) at 4°C overnight before washing three
times with TBST. Then, the membranes were incubated with an
appropriate peroxidase-conjugated secondary antibody (1:1,500)
at room temperature for 1h. Finally, enhancement of the
immunoreactivity signals detected by
chemiluminescence system. The relative density of the target

was a

bands was statistically analyzed using Quantity One analysis
software. 3-Actin was used for protein level normalization.
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Anti-proliferation effects of the four PMFs (5-HPMF, TGN, NOB, and HMF) in human nasopharyngeal carcinoma cells. (A—H) 5-8F and CNE-2 cell
lines were incubated with the four PMFs (50 uM) for 12 h, 24 h, and 48 h, respectively. (I-P) 5-8F and CNE-2 cell lines were incubated with different
concentrations (0, 0.5, 1, 2.5, 5, 10, 25, 50, and 100 pM) of the four PMFs for 48 h. Cell viability was examined by CCK-8 assay. All data were described as
the mean + SD of three independent and repeated experiments. Compared to the control group (0 uM): *p < 0.05; **p < 0.01; ns, not significant.

2.11 Construction of the transplanted tumor
model in vivo

2.11.1 Construction of nude mice tumor-bearing
model

Thirty male nude mice (6 weeks old, 18-22 g) were bought
from Guangzhou Jingwei Biological Co., Ltd. (Guangdong,
China). The environment is under specific pathogen-free
conditions between 22°C and 28°C and give free access to
food and water. CNE-2 (1.5x10° cells) were suspended in
PBS and Matrigel (1:1, v/v) and
subcutaneously injected into the axilla of the right forelimb
of the nude mice. When the mean tumor volume reached
approximately 100 mm?,

matrix solution

the mice were randomly and
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equally divided into three groups (n = 10), and administered
oral HMF (100 and 150 mg/kg/day) for 14 days, respectively.
At the same time, the normal control (NC) group was
administered 0.5% CMC-Na. The weights of the mice were
recorded daily, and the tumor volume was weighed on the
scales and measured with a ruler. The curve of changes was
plotted. The tumor volume was calculated as the long diameter
length x short diameter® x 0.5.

2.11.2 Hematoxylin and eosin (H&E) staining

H&E staining was performed as previously described (Zhang
et al., 2018). The nude-mouse transplanted tumor was removed
and weighed. Then, the tumor tissue was stored in a 4%
paraformaldehyde solution to maintain cell morphology and
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FIGURE 3

HMF induces NPC cell apoptosis and inhibits migration and invasion. (A,C) The indicated numbers of cells were incubated in six-well dishes and
treated with HMF (0, 10, 25, and 50 pM). After 7 days, the colonies were stained with 0.5% crystal violet. (B,D) The number of colonies containing >50 cells
and the relative colony formation were counted under a microscope to quantify the proliferation. (E,G) 5-8F and CNE-2 cells were stained with Hoechst-
33258 after incubation with different concentrations (0, 10, 25, and 50 uM) of HMF. The morphological changes were analyzed using a fluorescence
microscope (20x). (F,H) Apoptosis (%) of 5-8F and CNE-2 cells treated with HMF (0, 10, 25, and 50 uM) for 24 h. (1,K) Representative images of transwell-
migration assays of 5-8F and CNE-2 cells treated with HMF (0, 10, 25, and 50 uM) for 24 h (10x). (J,L) Quantification of cell migration expressed by cell
counting. (M,N) Representative images of scratch assays performed in 5-8F and CNE-2 cells with HMF treatment (0, 10, 25, and 50 pM) for 24 h (10x).
(O,P) Mobility (%) was measured 24 h after the cells were scratched. All data are described as the mean + SD of three independent and repeated
experiments. Compared to the control group (0 pM): *p < 0.05; **p < 0.01; ns, not significant.

structure for >24 h. The tumor tissues were then embedded in ~ 2.11.3 Immunohistochemistry (IHC)

paraffin, cut into slices (8 um), and stained with H&E. The The tissue sections were first dewaxed and hydrated. Antigen
stained slices were scanned under a light microscope  retrieval of Ki-67 was performed with a steamer with citrate
(Olympus, Japan) to evaluate tumor damage. buffer, pH 7, for 32 min. The tissue sections were then incubated
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FIGURE 4

Effect of HMF on 5-8F and CNE-2 human nasopharyngeal carcinoma cells through the AMPK signaling pathway. (A,G) 5-8F and CNE-2 cell lysates
treated with HMF (0, 10, 25, and 50 uM) assessed by Western blot analysis with antibodies against p-AMPK, AMPK, p-P70S6K, P70S6K, p-S6, S6, COX-2,
p-p53, and p53. B-Actin served as the loading control. (B—D) and (H-J) Quantification of phosphorylation expression levels of key AMPK-mTOR pathway
molecules (p-AMPK/AMPK, p-P70S6K/P70S6K, and p-S6/S6) in two NPC cells lines. (E,K) Quantification of COX-2 expression levels. (F,L)
Quantification of p53 phosphorylation levels. All data are described as the mean + SD of three independent and repeated experiments. Compared to the

control group (0 uM): *p < 0.05, **p < 0.01; ns, no significance.

with primary polyclonal mouse monoclonal antibodies against
Ki-67. Biotinylated goat anti-mouse IgG and IgM (200 mg-ml™")
were used as secondary antibodies. The I-ViewTM DAB
Detection Kit was used for endogenous peroxidase blocking,
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followed by an ethanol gradient for rehydration. Neutral gum
was used to seal the slices. Finally, the slices were inspected via a
microscope. Ki-67 cells were considered positive when the cells
were stained brownish yellow.
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2.12 Statistical analysis

All experimental data were described as means + standard
deviation (mean + SD), and each experiment was repeated three
times (n = 3). Data analyses were performed on one-way ANOVA
LSD statistics using SPSS 16.0 software. The significance of the
differences was indicated as *p < 0.05 and **p < 0.01.

3 Results

3.1 Four PMFs purified via HSCCC from PE
deposits in CRCP

Approximately 1 mg of petroleum ether extract enriched from
CRCP was dissolved in 10 mL of methanol, from which four
compounds (I-IV) were detected by the HPLC-PDA method
(Figure 1A). These included 325 mg of Compound I, 67 mg of
Compound II, 249 mg of Compound III, and 90 mg of Compound
IV, which were obtained after separation by HSCCC (Figure 1B). The
purity examination was analyzed by HPLC-PDA and calculated using
the peak area normalization method, which suggested that these
compounds reached 95.0% purity (95.9%, 95.5%, 99.8%, and 96.3%
for Compounds I-1V), respectively. ESI-MS, '"H-NMR, and *C-NMR
analyses were further performed to identify the structures of the four
purified PMFs (5-HPMF, TGN, NOB, and HMF) (Figure 1C).

3.2 Effects of the four PMFs on the viability of
5-8F and CNE-2 cell lines

To evaluate the anti-NPC effects of the four PMFs (5-HPMF, TGN,
NOB, and HMF), the cell viability of two NPC cell lines treated with
various concentrations of monomeric PMFs (0, 0.5, 1, 2.5, 5, 10, 25, 50,
and 100 uM) for 48 h and treated with monomeric PMFs (50 uM) for
12 h, 24 h, and 48 h, respectively, was analyzed by CCK-8 assay. As
indicated in Figure 2, the four PMFs (5-HPMF, TGN, NOB, and HMF)
could inhibit the proliferation of 5-8F and CNE-2 cells lines in time- and
dose-dependent manners (*p < 0.05 and **p < 0.01). The ICs, values of
5-HPMF and TGN in the two NPC cell lines exceeded >50 uM. The
IC5, values of NOB were 36.579 + 0.659 uM (CNE-2) and 37.256 +
0.365uM (5-8F cells), respectively. HMF showed the strongest
cytotoxicity, with ICs, values of 36.273 + 0.502 uM (CNE-2) and
31.786 + 0.841 uM (5-8F cells). Thus, HMF was selected for further
research on its anti-NPC effects.

3.3 HMF inhibits proliferation and induces
apoptosis in 5-8F and CNE-2 cell lines

Based on the aforementioned results, we focused on the anti-
NPC effects of HMF in further studies. As Figures 3A-D show, the
number of cell colonies containing >50 cells and the relative colony
formation were significantly decreased in cells treated with HMF
(10, 25, 50 uM) compared to the control group after 7 days. These
findings further indicated that HMF suppressed 5-8F and CNE-2
cell proliferation. To simultaneously explore the anti-apoptotic
effects of HMF on NPC cell lines, we performed Hoechst-33258
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staining and examined the samples on a fluorescence microscope.
The morphological changes of 5-8F and CNE-2 cell lines treated
with HMF (10, 25, and 50 pM) were observed on a fluorescence
microscope (20x). Compared with the control group, 5-8F and
CNE-2 cells in the HMF group showed condensation of nuclear
chromatin staining, atomic shrinkage, and other apoptosis
phenomena. The apoptosis rate of the HMF group was
remarkably higher than that in the control group (*p <
0.05 and **p < 0.01). Among them, the apoptotic effect of high-
dose HMF (50 uM) groups was the strongest (Figures 3E-H).
These results indicated that HMF significantly induced growth
inhibition and apoptosis in NPC cell lines (5-8F and CNE-2).

3.4 HMF inhibits invasion and migration of 5-
8F and CNE-2 cell lines

To determine the effect of HMF on the migration and
invasion of CNE-2 and 5-8F cells, wound-healing and
transwell-migration assays were performed. As shown in
Figures 3I-L, the HMF dose dependently inhibited the
invasion of CNE-2 and 5-8F cells. The wound healing levels
calculated at two time points (0 h and 24 h) showed remarkably
weaker cell migration ability in HMF groups (10, 25, and 50 uM)
compared to the control groups in the two NPC cell lines (Figures
3M-P) (*p < 0.05, **p < 0.01). These results demonstrated that
HMEF dose-dependently inhibited the invasion and migration of
NPC cells (5-8F and CNE-2).

3.5 HMF regulates the AMPK-dependent
signaling pathway in NPC cells

AMPK is a crucial regulator of cellular energy metabolism.
AMPK activation participates in the body’s metabolic and
energy regulation by regulating multiple related pathways,
accounting for apoptosis and proliferation inhibition in
cancer cells. The protein levels of p-AMPK, AMPK,
p-P70S6K, P70S6K, p-S6, S6, COX-2, p-p53, and p53 in two
NPC cell lines were detected by Western blot to explore the
effects of the AMPK signal cascade on HMF-induced NPC cell
apoptosis and proliferation inhibition. As shown in Figures
4A-F, in 5-8F cells, the HMF treatment group (25 and
50 uM) showed significantly upregulated protein levels of
phosphorylated AMPK (p-AMPK/AMPK). At the same time,
phosphorylated P70S6K and S6 (p-P70S6K/P70S6K and p-S6/
S6) levels were dose-dependently and significantly reduced.
These results suggested that HMF could inhibit the AMPK-
mTOR signaling pathway in 5-8F cells. Moreover, the protein
levels of COX-2 were downregulated in the HMF group
compared to the control group, suggesting that HMF induced
the activation of the AMPK/COX-2 signaling pathway in both
cell lines. Meanwhile, compared to the control group, the HMF
treatment group showed significantly upregulated p-p53/p53,
indicating that HMF inhibited NPC cell growth
proliferation through the AMPK/p53 signaling pathway (*p <
0.05 and **p < 0.01). We also showed that HMF inhibited the
AMPK-dependent pathway in NPC CNE-2 cells (Figures 4G-L).
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FIGURE 5

Effects of AMPK on proliferation, apoptosis, and metastasis through regulation of the AMPK-dependent signal pathway in two NPC cell lines. After
high-dose HMF (50 pM) co-treated with Compound C (AMPK inhibitor) for 24 h. (A,B) The cell viability was determined by CCK-8 assay. (C—F) The
colonies were stained with 0.5% crystal violet, and the colony numbers were quantified. (G,1) Assessment of the morphological changes in each treatment
group using a fluorescence microscope (20x). (H,J) Apoptosis (%) in each group. (K—N) Representative images of transwell migration assays (10x)

and quantification of cell migration expressed by cell counting. (O—I) Representative images of the scratch assay (10x) and mobility (%)24 h after the cells
were scratched. All data are described as the mean + SD of three independent and repeated experiments. Compared to the control group (0 uM): *p <

0.05; **p < 0.01; ns, not significant
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