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Cancer is one of the major causes of death worldwide. It is a multifactorial heterogeneous
disease characterized by a multistep process initiated by genetic alterations of normal cells which
become malignant cells. These cells are characterized by uncontrolled cell growth, immortality,
invasiveness, and ability to form distant metastasis. Natural bioactive molecules may interfere with the
carcinogenesis process by altering the tumor cell behavior and targeting several molecular abnormally
activated signaling pathways.

Among different cancer types, glioblastoma is the most frequent and aggressive of all malignant
brain tumors. Glioblastoma is highly invasive, and its treatment include surgery, radiation, and
chemotherapy with temozolomide (TMZ). Nevertheless, patient prognosis remains poor and associated
with a low survival rate. In this Special Issue, Franco et al. have investigated the anticancer properties
of coronarin D, a diterpene isolated from a dichloromethane extract of Hedychium coronarium in a
glioblastoma cell line (U-251) [1]. They found that this compound was able to inhibit proliferation
and induce G1 cell cycle arrest and apoptosis in U-251 cells. The authors proposed that coronarin
D-induced effects were mediated by an overproduction of reactive oxygen species, which promoted
phosphorylation of H2AX and ERK, increased the expression of p21, and activated caspases.
Noteworthy is the observation that coronarin D was in some cases even more effective than TMZ.
Similarly, Silva et al. have demonstrated that ingenol-3-dodecanoate (IngC), a semi-synthetic ingenol
derivative from Euphorbia tirucalli, was more effective at inhibiting the growth of different glioma cell
lines than TMZ [2]. Overexpression of p21 was also observed in both GAMG and U373 glioblastoma
cell lines. On the other hand, IngC promoted S-phase arrest but was not able to induce apoptosis.
Worth noting is the observation that IngC promoted glioma cell autophagy as evidenced by both
the accumulation of LC3B-II and the development of acidic vesicular organelles. In addition, IngC
treatment resulted in potent inhibition of protein kinase C activity, showing differential actions against
various PKC isotypes [2]. Hong at al. demonstrated a cytotoxic effect of SB365, a saponin D extracted
from the roots of Pulsatilla koreana, on U87-MG and T98G glioblastoma multiforme (GBM) cells [3].
This compound induced caspase-independent cell death, inhibited autophagic flux, and deteriorated
lysosomal stability and mitochondrial membrane potential (MMP) in U87-MG cells. Very importantly,
this paper showed also an additive effect between SB365 and TMZ on glioblastoma cell proliferation
both in vitro and in vivo using a mouse U87-MG xenograft model [3]. Furthermore, Bonturi et al. have
studied the effect of a plant-derived protein obtained from Crataeva tapia tree bark lectin (CrataBL) on
U87 glioblastoma cells in co-culture with mesenchymal stem cells [4]. They showed that the mixed
cells grown in 1:1 co-culture were more sensitive to the CrataBL than each of the individual cell types
with regards to both inhibition of proliferation and induction of death. Corrêa et al. have developed
and characterized liposomal nanocapsules loaded with purified tarin, a lectin naturally found in taro
corms (Colocasia esculenta), which were able to dose-dependently inhibit glioblastoma (U-87 MG) and
breast (MDA-MB-231) tumor cells, while free tarin did not affect tumoral cell growth [5]. Finally, a
study by Pham et al. has investigated the effects of neferine on another brain tumor, neuroblastoma [6].
They showed that neferine suppressed proliferation and induced both apoptosis and autophagy in
human neuroblastoma IMR32 cells [6].
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Osteosarcoma (OS) is one of the most frequent bone tumors, with a high prevalence
in teenagers and young adults. Due to its high metastatic potential, the prognosis of
osteosarcoma patients is poor. Although the main treatment is surgery, anticancer strategies
based on development of new agents that target particular intracellular signaling pathways
in osteosarcoma cells are needed. The study of Yang et al. has shown that CLEFMA
(4-[3,5-bis(2-chlorobenzylidene)-4-oxo-piperidine-1-yl]-4-oxo-2-butenoic acid), a synthetic analog
of curcumin, decreased viability and induced apoptosis in human osteosarcoma U2OS and HOS
cells [7]. This compound activated both extrinsic and intrinsic apoptotic pathways and, by using
specific inhibitors, the authors demonstrated that these effects were mediated by the phosphorylation
of c-Jun N-terminal kinases (JNK) and p38, while the ERK pathway was not involved [7]. Diallyl
disulfide (DADs), a natural organic compound present in garlic and scallion, inhibited proliferation,
induced apoptosis, and arrested the cell cycle at the G2/M phase of MG-63 osteosarcoma cells [8]. In
addition, DADs induced the formation of autophagosome as revealed by the increased expression
of LC3-II protein which was reduced by the autophagy inhibitor 3-methyladenine. These anticancer
effects were mediated by the ability of DADs to inhibit the PI3K/Akt/mTOR signaling pathway [8].
Similar to DADs, Shen et al. showed that licochalcone A, a flavonoid extracted from licorice root,
reduced proliferation, caused G2/M phase cell cycle arrest, and induced apoptosis and autophagy in
HOS and MG-63 osteosarcoma cells [9]. Furthermore, it was found that licochalcone A induced rapid
phosphorylation of Chk2 and ATM, suggesting that the ATM–Chk2 pathway may contribute to its
effect on G2/M phase arrest. By using the autophagy inhibitor chloroquine, it was also demonstrated
that the observed autophagy was associated with licochalcone A-induced apoptosis [9]. Hsu et al.
have reported that coronarin D reduced the proliferation of HOS and MG-63 osteosarcoma cells while
had a minor cytotoxic effect in human fibroblasts (MRC-5) [10]. This compound induced apoptosis
and mitotic phase arrest in osteosarcoma cells and JNK was found to play a crucial role in coronarin
D-induced effects [10].

Lung cancer is the leading cause of cancer incidence and mortality worldwide, with 2.1 million
new cases and 1.8 million deaths predicted in 2018. The high mortality and low survival rate, that have
remained unchanged in recent years, support the efforts to find new antineoplastic drugs to overcome
this malignancy. In the present Special Issue, four papers have described the anticancer activity of
different natural products on lung cancer cell in vitro [11–14]. Ooppachai et al. showed that dicentrine,
an aporphine alkaloid found in the roots of Lindera megaphylla and several other plants, potentiated
the TNF-induced apoptosis in A549 lung adenocarcinoma cells [11]. This compound was also able
to inhibit the TNF-induced invasion, migration, and expression of metastasis-associated proteins.
These effects were due to, at least in part, to the suppression of TAK-1, MAPK, Akt, AP-1, and NF-kB
signaling pathways [11]. Similar effects were induced by treatment of A549 lung adenocarcinoma
cells with a proanthocyanidin-rich fraction obtained from red rice [12]. Similarly, antrodin C (ADC),
a maleimide derivative isolated from mycelium of Taiwanofungus camphoratus, exerted its anticancer
activities (antiproliferative and pro-apoptotic) by suppressing both the Akt/mTOR and AMPK signaling
pathways in human lung adenocarcinoma cell line SPCA-1 [13]. Importantly, this study showed that
ADC was not toxic toward normal human lung cells BEAS-2B [13]. Cucurbitacin B (CuB) is a natural
tetracyclic triterpenoid compound mainly found in Cucurbitaceae. The study of Liu et al. reported,
for the first time, that CuB induced EGFR degradation and inhibited CIP2A/PP2A/Akt activities in
different in gefitinib-resistant non-small cell lung cancer cell lines [14].

After lung cancer, breast cancer is the second main cause of death by cancer in women.
Triple-negative breast cancer (TNBC), characterized by the absence of expression of three receptors
(estrogen, progesterone, and human epidermal growth factor receptor 2), is an aggressive type of breast
cancer that is difficult to treat. Jin et al. have reported the antitumoral properties of 13-ethylberberine
(13EBR), a derivative of berberine (alkaloid isolated from Cotridis rhizoma), on MDA-MB-231 cells,
which are a common model for TNBC [15]. 13-EBR reduced proliferation and induced apoptosis in both
MDA-MB-231 and radiotherapy-resistant RT-R MDA-MB-231 cells. These effects were mediated by
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the promotion of reactive oxygen species production and regulation of the apoptosis-related proteins
involved in the intrinsic pathway [15]. In the same cell model, Tian et al. showed antitumor activity of
4-epi-isoinuviscolide (CLE-10), a sesquiterpene lactone isolated from Carpesium abrotanoides L. [16].
This compound induced pro-death autophagy and apoptosis in MDA-MB-231 cells by upregulating
the protein expressions of LC3-II, p-ULK1, Bax, and Bad, and downregulating p-PI3K, p-Akt, p-mTOR,
p62, Bcl-2, and Bcl-xl [16]. Tan et al. have used another model of breast cancer (MCF-7 cells) to
study the antiproliferative activity of the water soluble natural yellow Monascus pigments [17]. These
compounds reduced the migration and invasion of MCF-7 cells, and these activities were associated
with a downregulation of the expression of matrix metalloproteinases and vascular endothelial growth
factor [17].

Gastric cancer is the fourth most common cancer and the second leading cause of cancer death
worldwide. Several studies have been performed to find new therapeutic strategies based on bioactive
phytochemicals with a lower toxicity. Zeylenone (Zey), a cyclohexene oxide isolated from the leaves
of Uvaria grandiflora, has shown multiple anticancer activities on different cell lines. In their study,
Yang et al. have demonstrated that this compound was able to induce mitochondrial apoptosis and to
inhibit migration and invasion in SGC7901 and MGC803 gastric cancer cells in vitro [18]. In addition,
Zey downregulated the expression of matrix metalloproteinase 2/9 and inhibited the phosphorylation
of AKT and ERK. Of particular interest is the in vivo observation that Zey effectively inhibited tumor
growth in nude BALB/c mice bearing BGC823 xenografts without any evident cytotoxic effects [18].
Bo et al. have investigated the anticancer activity of bovine lactoferrin hydrolysate (BLH) with added
Cu2+ and Mn2+ on human gastric cancer BGC-823 cells [19]. They showed that the fortified BLH
products had higher activities than BLH alone as evidenced by induction of apoptosis and activation
of the classic caspase-3-dependent apoptotic pathway [19]. As opposed to the use of single purified
molecules, several studies have highlighted the anticancer effects of plant-derived fractions and/or
extracts on different cell models. Gomes at al. have demonstrated a cytotoxic effect of different Annona
coriacea Mart. derived fractions on cisplatin-resistant cervical cancer cell lines (CaSki, HeLa, and SiHa)
and on a normal keratinocyte cell line (HaCaT) [20]. Lin et al. have investigated the tumor-suppressive
effects of an ethanol extract from Paris polyphylla in DLD-1 human colorectal carcinoma cells [21].
They found that cell death was induced by the upregulation of autophagy markers and treatment in
combination with doxorubicin enhanced its cytotoxicity (12). Wei et al. have studied the anticancer
activity of an ethanol extract from Artemisia absinthium and some subfractions on hepatocellular
carcinoma cells [22]. The results showed the inhibition of cells growth and induction of apoptosis which
might be mediated by the endoplasmic reticulum stress and mitochondrial-dependent pathway [22].
In addition, it was demonstrated an inhibition of tumor growth in vivo using the H22 tumor mouse
model (H22 cells were subcutaneously injected in male Kunming mice and tumor sizes were monitored
over time). Interestingly, the extract improved the survival of tumor mice without obvious toxicity
and side effects [22]. Willer et al. have assayed extracts and fractions derived from damiana (Turnera
diffusa) against different myeloma cell lines (NCI-H929, U266, and MM1S) [23]. They identified the
flavanone naringenin as the most active compound able to decrease viability in particular in NCI-H929
cells. Furthermore, apigenin 7-O-(4”-O-p-E-coumaroyl)-glucoside was identified as being cytotoxic for
the first time. This study also described the first validated UHPLC-DAD method for the quantification
of phenolic constituents in Turnera diffusa [23]. Huang et al. have found that a Ganoderma tsugae ethanol
extract, a Chinese natural and herbal product, significantly inhibited expression of SREBP-1 and its
downstream genes associated with lipogenesis in prostate cancer cells (LNCaP and C4-2) [24]. These
effects were associated to the inhibition of cell growth, migration, and invasion, and induction of
apoptosis [24]. Ferhi et al. have shown the antiproliferative effects ethanol and water extracts from
grape leaves on HepG2 hepatocarcinoma, MCF-7 human breast cancer cells, and vein human umbilical
(HUVEC) cells [25]. In cancer cells, both extracts induced the expression of the pro-apoptotic gene Bax
and reduced the expression of the anti-apoptotic gene Bcl-2. Interesting, the extracts did not show toxic
effects on vein umbilical HUVEC cells [25]. Elansary et al. have characterized the phenolic profiles of
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Catalpa speciosa, Taxus cuspidata, and Magnolia acuminata bark extracts and studied their antiproliferative
activity against different cancer cell lines (MCF-7, HeLa, Jurkat, T24, and HT-29) [26]. Yang et al. have
screened 11 different lichen acetone extracts on the stemness potential of colorectal cancer cells and have
isolated the most active compound tumidulin from Niebla sp. [27]. This compound reduced spheroid
formation and the mRNA expression and protein levels of different cancer stem markers (ALDH1,
CD133, CD44, Lgr5, and Musashi-1) in CSC221, DLD1, and HT29 cells [27]. Alvarado-Sansininea et al.
have isolated quercetagetin and patuletin from Tagetes erecta and Tagetes patula flower ethanol extracts
and tested for their antiproliferative, necrotic, and apoptotic activity on different cancer cell lines
(CaSki: cervical, MDA-MB-231: breast, SK-LU-1: lung) [28]. The structure–activity relationship study,
including also quercetin for comparison, demonstrated that the presence of a methoxyl group in C6
of the A ring of flavonol patuletin enhanced its anticancer potential [28]. Yu et al. have purified
polysaccharides from the stem extract of the medicinal plant Dendrobium officinale grown under different
planting conditions (in the greenhouse and in the wild) and compared their structure and antitumor
properties on HeLa cells [29]. Polysaccharides showed a significant activity only after oxidative
degradation to smaller molecular weight species. The fractions from wild plants showed an evident
antiproliferative and pro-apoptotic activities while the effects of the fractions from greenhouse plants
were not significant [29]. Nguyen et al. have biotransformed three selected anthraquinones into their
O-glucoside by a bacteria glycosyltransferase, and tested these products for their antiproliferative
affects against various cancer cells (AGS: gastric; HeLa: cervical; Hep-G2: liver) [30]. They found
that the glycosylated derivatives were more effective in inhibiting cell growth than their parental
aglycones [30].

Kahnt et al. have synthesized 28 new cytotoxic agents starting from the naturally occurring
triterpenoids betulinic and ursolic acid [31]. Different ethylenediamine derived carboxamides were
tested for cytotoxicity by the sulforhodamine-B colorimetric assay in several tumor cell lines (518A2:
melanoma; A2780: ovarian carcinoma; HT29: colon adenocarcinoma; MCF-7: breast adenocarcinoma;
8505C: thyroid carcinoma) and in nonmalignant mouse fibroblasts (NIH 3T3). Two betulinic
acid-derived compounds were identified as the most effective with an EC50 lower than 1 μM [31].
Unfortunately, these compounds were not selective for tumor cells since they were toxic also toward
nonmalignant fibroblasts. Ling et al. have screened a natural product library containing fractions
and pure compounds for proliferation inhibition in different cancer cell models [32]. They identified
different alkaloid compounds with a potent cytotoxic effect. In particular, homoharringtonine showed
an EC50 lower that 0.1 μM and together with cephalotaxine, demonstrated potent inhibition of protein
synthesis [32]. Lim et al. have demonstrated an antimelanoma effect of bee venom (BV) and that the
major active ingredient is melittin, an amphiphilic peptide containing 26 amino acid residues [33]. These
effects were mediated by the downregulation of PI3K/AKT/mTOR and MAPK signaling pathways [33].

Three new isochromanes were isolated from Aspergillus fumigatus fermentation broth and tested
in vitro for their cytotoxic effects by MTT assay of MV4-11 cell line [34]. Only two of them showed a
moderate growth inhibition with IC50 values of 23.95 and 32.70 μM, respectively [34]. Similarly, four
new pentacyclic triterpene were isolated from hexane extract of Salacia crassifolia root wood and tested
for their cytotoxic activity against human cancer cell lines using the “NCI-60 cell line screen” [35].
Among them, pristimerin showed selective inhibitory activity towards a variety of human tumor cell
lines and it was primarily responsible for the cytotoxic activity of the crude extracts [35].

In this Special Issue, six reviews were included aimed to summarize the antitumoral properties of
different compounds isolated from several natural sources [36–41]. Liu et al. reviewed the anticancer
activities of the compounds porphyran and carrageenan, derived from red seaweed [36]. Possible
mechanisms in the anticancer activity of these two polysaccharides were considered along with
their possible cooperative actions with other anticancer chemotherapeutics [36]. Wang et al. have
reported a mini review on the anticancer activity of the naturally occurring indoloquinoline alkaloids
cryptolepine, neocryptolepine, and isocryptolepine, isolated from the roots of Cryptolepis sanguinolenta
and several of their analogues [37]. They presented an overview of the potential of neocryptolepine and
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isocryptolepine as scaffolds for the design and development of new anticancer drugs [37]. Yang et al.
have reviewed diverse in vitro and in vivo pharmacological properties of capsazepine, a synthetic
analogue of capsaicin (the common pungent ingredient of hot chili peppers) [38]. In addition to having
an anticancer activity, capsazepine has important anti-inflammatory effects reducing the level of some
inflammatory mediators [38]. Liskova et al. provided a comprehensive review of studies focusing on
the anticancer effectiveness of dietary phytochemicals, either isolated or as mixtures, which act via
targeting cancer stem cells (CSCs) [39]. Among dietary compounds able to target CSCs and some of their
abnormally activated signaling pathways, epigallocatechin-3-gallat, resveratrol, genistein, curcumin,
isothiocyanates, and diallyl trisulfide have been of particular interest [39]. Girisa et al. have considered
and reviewed the potential anticancer activity of zerumbone, a sesquiterpene compound isolated from
Zingiber zerumbet Smith [40], while Choi has reviewed the anti-inflammatory and anticancer activities
of phloretin, a chalcone polyphenol present in apple [41].

Natural products are attractive sources for the development of new medicinal and therapeutic
agents. Those with antitumoral potential may be more selective and have weaker adverse effects
compared to conventional chemotherapy drugs actually used for cancer treatment. Clinical trials are
necessary to demonstrated whether the in vitro and in vivo animal data are reproduced in human,
and to allow the application of natural products in cancer prevention and treatment.

Conflicts of Interest: The author declares no conflict of interest.
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et al. Tumidulin, a Lichen Secondary Metabolite, Decreases the Stemness Potential of Colorectal Cancer
Cells. Molecules 2018, 23, 2968. [CrossRef] [PubMed]

28. Alvarado-Sansininea, J.J.; Sánchez-Sánchez, L.; López-Muñoz, H.; Escobar, M.L.; Flores-Guzmán, F.;
Tavera-Hernández, R.; Jiménez-Estrada, M. Quercetagetin and Patuletin: Antiproliferative, Necrotic and
Apoptotic Activity in Tumor Cell Lines. Molecules 2018, 23, 2579. [CrossRef]

6



Molecules 2020, 25, 650

29. Yu, W.; Ren, Z.; Zhang, X.; Xing, S.; Tao, S.; Liu, C.; Wei, G.; Yuan, Y.; Lei, Z. Structural Characterization of
Polysaccharides from Dendrobium officinale and Their Effects on Apoptosis of HeLa Cell Line. Molecules
2018, 23, 2484. [CrossRef]

30. Nguyen, T.T.H.; Pandey, R.P.; Parajuli, P.; Han, J.M.; Jung, H.J.; Park, Y.I.; Sohng, J.K. Microbial Synthesis of
Non-Natural Anthraquinone Glucosides Displaying Superior Antiproliferative Properties. Molecules 2018,
23, 2171. [CrossRef]

31. Kahnt, M.; Fischer Née Heller, L.; Al-Harrasi, A.; Csuk, R. Ethylenediamine Derived Carboxamides of
Betulinic and Ursolic Acid as Potential Cytotoxic Agents. Molecules 2018, 23, 2558. [CrossRef] [PubMed]

32. Ling, T.; Lang, W.H.; Maier, J.; Quintana Centurion, M.; Rivas, F. Cytostatic and Cytotoxic Natural Products
against Cancer Cell Models. Molecules 2019, 24, 2012. [CrossRef] [PubMed]

33. Lim, H.N.; Baek, S.B.; Jung, H.J. Bee Venom and Its Peptide Component Melittin Suppress Growth and
Migration of Melanoma Cells via Inhibition of PI3K/AKT/mTOR and MAPK Pathways. Molecules 2019, 24,
929. [CrossRef] [PubMed]

34. Guo, D.L.; Li, X.H.; Feng, D.; Jin, M.Y.; Cao, Y.M.; Cao, Z.X.; Gu, Y.C.; Geng, Z.; Deng, F.; Deng, Y. Novel
Polyketides Produced by the Endophytic Fungus Aspergillus Fumigatus from Cordyceps Sinensis. Molecules
2018, 23, 1709. [CrossRef] [PubMed]

35. Espindola, L.S.; Dusi, R.G.; Demarque, D.P.; Braz-Filho, R.; Yan, P.; Bokesch, H.R.; Gustafson, K.R.; Beutler, J.A.
Cytotoxic Triterpenes from Salacia crassifolia and Metabolite Profiling of Celastraceae Species. Molecules
2018, 23, 1494. [CrossRef]

36. Liu, Z.; Gao, T.; Yang, Y.; Meng, F.; Zhan, F.; Jiang, Q.; Sun, X. Anti-Cancer Activity of Porphyran and
Carrageenan from Red Seaweeds. Molecules 2019, 24, 4286. [CrossRef] [PubMed]
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Abstract: Glioblastoma (GBM) is the most frequent and highest–grade brain tumor in adults.
The prognosis is still poor despite the use of combined therapy involving maximal surgical resection,
radiotherapy, and chemotherapy. The development of more efficient drugs without noticeable
side effects is urgent. Coronarin D is a diterpene obtained from the rhizome extract of Hedychium
coronarium, classified as a labdane with several biological activities, principally anticancer potential.
The aim of the present study was to determine the anti–cancer properties of Coronarin D in the
glioblastoma cell line and further elucidate the underlying molecular mechanisms. Coronarin D
potently suppressed cell viability in glioblastoma U–251 cell line, and also induced G1 arrest by
reducing p21 protein and histone H2AX phosphorylation, leading to DNA damage and apoptosis.
Further studies showed that Coronarin D increased the production of reactive oxygen species,
lead to mitochondrial membrane potential depolarization, and subsequently activated caspases
and ERK phosphorylation, major mechanisms involved in apoptosis. To our knowledge, this is
the first analysis referring to this compound on the glioma cell line. These findings highlight the
antiproliferative activity of Coronarin D against glioblastoma cell line U–251 and provide a basis for
further investigation on its antineoplastic activity on brain cancer.

Keywords: coronarin D; glioblastoma; apoptosis; cell cycle arrest; natural products
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1. Introduction

Comprising over 100 diseases, cancer is characterized by disordered cell growth and tissue
invasion that can spread to other regions of the body, leading to metastasis. It is a multifactorial
heterogeneous disease and one of the major worldwide causes of mortality [1]. Among all types of
cancers, brain tumors are one of the less prevalent, accounting for about 2% of all types of malignant
tumors, but considered one of the most worrying ones [2,3]. As the most frequent (70–75%), gliomas
were originally characterized as lesions originated from glial cells, which play a role of support,
protection, and nourishment for neurons in the central nervous system (CNS) [4]. However, stem–like
cells within the CNS are now thought to be the cells of origin of several primary brain tumor
types, including glioblastomas [5,6]. Gliomas are one of the most fatal tumors, presenting a high
mortality rate, 29–35%, of the CNS tumors in adolescents and young adults [7,8]. Among gliomas,
glioblastomas (GBM) are the most aggressive and frequent subtype [9,10]. GBM is highly invasive
and presents a median survival of only 14.6 months, even after aggressive treatment with surgery,
radiation, and chemotherapy. The difficulties in human GBM therapy are due to the pathological
characteristic and numerous drug–resistance mechanisms. Temozolomide (TMZ) comprises the
standard treatment for glioblastoma, but unlike classic chemotherapeutics, TMZ does not induce
DNA damage or misalignment of segregating chromosomes directly. It is a DNA alkylating agent,
which leads to base mismatches that initiate futile DNA repair cycles; eventually, DNA strands break,
which in turn induces cell death. The addition of TMZ to the standard treatment protocol was hailed
as a major breakthrough in GBM therapy. Despite this, patients’ prognosis remains dismal with a
five–year overall survival below 10% [11]. For this reason, more efficient therapeutic approaches are
required for enhancing the treatment effect [12].

One of these approaches is based on cell death induction. There are many cell death morphotypes
described in the literature [13]. Searching for new anticancer agents, investigation into cell death
mechanisms, such as apoptosis, necrosis, necroptosis or other under–explored forms of cell death, is a
significant strategy to afford more selective and efficient drugs. Further, as many clinically–established
drugs are based on natural products, there are still many researches focused on finding new compounds
from natural products [14].

Native from Asia and the Pacific [15], Hedychium coronarium (Zingiberaceae family) is an invasive
species in Brazil [16]. Popularly known as white garland–lily, butterfly lily, napoleon, narcissus,
Olympia, white ginger or “lírio do brejo” (in Brazil), the H. coronarium rhizomes are used as a starch
source [17] and in traditional medicine for treatment of inflammation, diabetes, and rheumatic pain,
among other uses [15]. Among pharmacological evaluations, the ethanolic extract of H. coronarium
rhizomes induces apoptosis on HeLa cells by promoting cell cycle arresting at G1 phase, upregulating
p53, p21, and Bax expression as well as downregulating cyclin D1, cyclin–dependent kinases CDK–4,
CDK–6, and Bcl–2 expression [18]. Moreover, chemical evaluation of these extracts afforded the
isolation of several labdane–like diterpenes with anti–inflammatory action [19,20], antiallergic [21],
antibacterial [22], and cytotoxic effects over A–549– lung cancer, SK–N–SH– human neuroblastoma,
MCF–7 breast cancer, and HeLa cervical cancer cell lines [23].

One of these diterpenes, coronarin D, has been reported as a promising antiproliferative and
anti–inflammatory agent. Coronarin D inhibits the β–hexosaminidase release in RBL–2H3 cells [21]
in addition to increasing the in vivo inhibition of the acetic acid–induced vascular permeability in
mice [19]. Further, Coronarin D exhibits antiproliferative, pro–apoptotic, anti–invasive, antiangiogenic,
antiosteoclast, and anti–inflammatory activity by suppressing NF–κB and the gene products regulated
by this pathway of osteoclastogenesis [24]. Recently, Coronarin D has been described as inducing
apoptosis in human hepatocellular carcinoma (HCC) [25] and in human oral cancer (OSCC) [26] through
the c–Jun N–terminal kinases (JNK) pathway while it has induced reactive oxygen species–mediated
cell death in human nasopharyngeal cancer cells (NPC) through inhibition of p38 mitogen–activated
protein kinase (MAPK) and activation of JNK [27].
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Based on these significant activities, the present study sought to further elucidate the Coronarin D
mechanism of action on cell death of the human tumor cell line U–251 (glioblastoma). As far as we
know, this is the first report concerning the Coronarin D mechanism of action on glioblastoma cancer
cell line.

2. Results

2.1. Isolation and Characterization of Coronarin D

Coronarin D (Figure 1) was obtained from the dichloromethane crude extract of Hedychium
coronarium rhizomes. The rhizomes were collected by Dr. Paulo Matsuo Imamura and identified at
the herbarium of the State University of Campinas (UEC 163701). The identification of Coronarin D
was done by comparison of experimental 1H– and 13C–NMR data (Figure S1 and Table S1) with those
described by Itokawa et al. [28].

 
Figure 1. Coronarin D molecular structure, data from [29].

2.2. In Vitro Antiproliferative Activity Assay

Coronarin D presented an interesting antiproliferative activity (Figure 2, Table 1), with U–251
(glioblastoma), 786–0 (kidney), PC–3 (prostate), and OVCAR–3 (ovary) as the most sensitive ones,
and total growth inhibition (TGI) values <50 μM.
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Figure 2. In vitro antiproliferative activity of (a) Coronarin D and (b) doxorubicin hydrochloride
(positive control) after 48 h of treatment. Concentration range: 0.785–785 μM for Coronarin D;
0.043–43.1 μM for doxorubicin hydrochloride. Human tumor cell lines: U–251 (glioblastoma),
MCF7 (breast), NCI–ADR/RES (multidrug resistant ovary), 786–0 (kidney), NCI–H460 (lung, non–small
cells tumor), PC–3 (prostate), OVCAR–3 (ovary), HT–29 (colon), K562 (chronic myelogenous leukemia).
Human non–tumor cell line: HaCaT (keratinocyte).

The glioma cell line (U–251) was chosen to continue the in vitro experimental procedures, taking
into account that the treatment for this tumor type is still scarce and requires alternative therapies, as
previously mentioned. Considering the TGI value, the concentrations of 2.5, 5, and 10 μM were chosen
to proceed with the cell cycle; concentrations of 10, 20, and 40 μM were chosen for the flow cytometry
and 40 μM for the Western blot assay.
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Table 1. Antiproliferative effect of Coronarin D and doxorubicin hydrochloride expressed as the
concentration required for total growth inhibition (TGI, μM) after 48 h of exposition.

Cell Lines
Coronarin D Doxorubicin Hydrochloride

TGI (μM) TGI (μM)

U–251 18.6 ± 0.5 2.4 ± 0.4
MCF7 105.0 ± 5.1 11.6 ± 1.8

NCI–ADR/RES 550.1 ± 79.9 >43.1 *
786–0 36.4 ± 4.2 17.8 ± 3.4

NCI–H460 640.8 ± 11.3 26.7 ± 1.8
PC–3 17.1 ± 0.6 21.4 ± 4.2

OVCAR–3 41.6 ± 2.1 19.2 ± 1.9
HT–29 534.1 ± 31.8 >43.1 *
K562 56.6 ± 2.4 10.0 ± 1.2

HaCaT 12.9 ± 1.7 1.1 ± 0.1

TGI (concentration required for total growth inhibition of each cell line) values expressed as mean ± standard error of
two independent experiments. *: TGI values higher than the highest experimental concentration. Human tumor cell
lines: U–251 (glioblastoma), MCF7 (breast), NCI–ADR/RES (multidrug resistant ovary), 786–0 (kidney), NCI–H460
(lung, non–small cells tumor), PC–3 (prostate), OVCAR–3 (ovary), HT–29 (colon), K562 (chronic myelogenous
leukemia). Human non–tumor cell line: HaCaT (keratinocyte).

2.3. Cell Cycle Assay

Comparing to untreated U–251 cells, Coronarin D induced cell cycle arrest at G1 phase, in a
concentration–dependent way and independent of time exposure (Figure 3). The increasing G1
subpopulation was concomitant with a significant reduction on cell subpopulations at S phase
(Figure 3a) and G2/M phase (Figure 3a,b), proportionally to Coronarin D concentration. Figure 3c,d
reveal the histogram of the most representative concentration (10 μM).

Figure 3. Quantification of U–251 in phases G1, S, and G2 after (a) 24 h and (b) 48 h of treatment
with vehicle (DMSO) and Coronarin D at concentrations of 2.5, 5, and 10 μM. Histograms of the most
representative concentration (10 μM) are presented at (c) 24 h and (d) 48 h. The values were expressed
as mean ± standard deviation of two replicates of the same experiment. * p < 0.05; ** p < 0.01 and
*** p < 0.001. (Two–way ANOVA: Bonferroni).
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2.4. Phosphatidylserine (PS) Externalization Assay

According to Figure 4, after 12 h of U–251 exposition, the concentrations 20 and 40 μM reduced
cell viability and increased the number of cells labeled with annexin V–PE (17.88% and 25.88%,
consecutively) and doubly labeled with annexin V–PE/7–AAD (7.30 and 13.00%, consecutively).
After 24 h of treatment with Coronarin D at 10, 20, and 40 μM, the cell viability was dramatically
reduced in comparison with the control (63.4%, 52.00%, 28.88%) and there was an increase of cells labeled
with annexin V–PE (26.32%, 23.18%, 22.75%) and doubly labeled with annexin V–PE/7–AAD (9.50%,
19.42%, 42.00%, consecutively). Coronarin D induces cell death through a concentration–dependent
effect—the higher the concentration, the more advanced cell death process. The population of
non–viable cells labeled only by 7–AAD did not increase significantly, indicating that the treatments
with Coronarin D induced cell death characterized by phosphatidylserine exposure, being a type of
programmed cell death.

Figure 4. Percentage of U–251 cells stained with annexin V–PE and 7–AAD after (a) 12 h and (b) 24 h
of treatment with vehicle (DMSO) and Coronarin D at 10, 20, and 40 μM concentrations. Dotplots are
presented at (c) 12 h and (d) 24 h. The values are expressed as mean ± standard deviation of two
replicates of the same experiment. * p < 0.05 and *** p < 0.001. (Two–way ANOVA: Bonferroni).

2.5. Detection of Activated Caspases

The results obtained for caspases corroborate with annexin assay. The highest concentrations
(20 and 40 μM) led to caspases activation without cell membrane disruption in 14.3% and 12.5% of
cells, respectively. The percentage of cells doubly labeled, which means, caspases activation with cell
membrane disruption increased for 20 μM concentration and this percentage was even higher for
40 μM concentration (49.7%) (Figure 5).

2.6. Mitochondrial Membrane Potential Assay

The induction of death by intrinsic apoptosis is usually triggered by some stimulus or stress
that leads to a mitochondrial response and may result in the depolarization of its outer membrane.
Untreated cells showed high intracellular fluorescence intensity indicating that mitochondria were able
to sequester a greater amount of rhodamine 123, whereas in cells treated with Coronarin D at 20 μM and
40μM for 6, 9, and 12 h, there was an intracellular fluorescence signal reduction (Figure 6a–c), being more
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intense at 12 h of treatment. This result suggests that Coronarin D induces loss of mitochondrial
membrane preceding or concomitant with caspase activation and phosphatidylserine externalization.

Figure 5. (a) Percentage of U–251 cells stained with SR–VAD–FMK and 7–AAD after 24 h of treatment
with vehicle (DMSO) and Coronarin D at 10, 20, and 40 μM concentrations. Dotplots are presented at
(b). The values are expressed as mean ± standard deviation of two replicates of the same experiment.
* p < 0.05, ** p < 0.01, and *** p < 0.001. (Two–way ANOVA: Bonferroni).

Figure 6. Percentage of cells with high (rhodamine +) and low (rhodamine –) intracellular fluorescence
intensity after (a) 6 h, (b) 9 h, and (c) 12 h of treatment with vehicle (DMSO) and Coronarin D at 20 μM
and 40 μM. The values were expressed as mean ± standard deviation of two replicates of the same
experiment. ** p < 0.01 and *** p < 0.001. (ANOVA Two–way: Bonferroni).
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2.7. Measurement of Hydrogen Peroxide (H2O2) Generation

The induction of death by intrinsic apoptosis is usually triggered by a stress that leads to
depolarization of the outer membrane of mitochondria and the release of reactive oxygen species (ROS),
more specifically hydrogen peroxide. This was measured by examining the fluorescence intensity
of DCF. The intensity of fluorescence is proportional to intracellular hydrogen peroxide levels [30].
Data suggest that over 80% of the cell population presented high fluorescence intensity (DCF +) after
90 min of treatment with Coronarin D, even at the lowest concentration (10 μM), indicating the presence
of H2O2 on these cells (Figure 7).

Figure 7. (a) Percentage of cells with high (DCF +) and low (DCF –) 2,7–dichlorofluorescein intracellular
fluorescence intensity after 90 min of treatment with vehicle (DMSO) and Coronarin D at 10, 20,
and 40 μM. Histograms are presented at (b). The values are expressed as mean ± standard deviation of
two replicates of the same experiment. *** p < 0.001. (ANOVA Two–way: Bonferroni).

2.8. Western Blotting Assay

In order to confirm the cell signaling pathway of Coronarin D, some proteins involved with
proliferation, cell death and cell cycle were evaluated after 24 h of treatment. Figure 8 revealed a
decrease of total ERK protein, cleavage of poly (ADP–ribose) polymerases (PARP) and cleavage of
caspases 3, 7, and 9 as well as increase of phosphorylation of ERK and p–H2AX histone. The p21
protein, related with cell cycle arrest, was also overexpressed. Of note, Coronarin D activated caspases 7
and 9, as well as PARP and p21 in a more intense way compared with the chemotherapeutic drug TMZ.

Figure 8. Effects of Coronarin D and temozolomide (TMZ) on expression of caspase 9, caspase 7,
cleaved–caspase 3, poly (ADP–ribose) polymerase (PARP), p–H2AX, ERK, and p–ERK proteins in
glioblastoma cell line (U–251). The α–tubulin was used as a positive control. The values for caspase
7, caspase 9, PARP, p–H2AX, p–ERK, and p21 were expressed as mean ± standard deviation of
three replicates of the same experiment. Values for cleaved–caspase 3 and ERK were obtained from
one experiment.
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3. Discussion

Since Coronarin D has shown several biological activities as mentioned before and presents a
potential clinical application in cancer therapy, it is important to have a clear understanding of its
mechanism of action. In this study, we showed that most of the tumor cell lines evaluated were sensitive
to the treatment with Coronarin D and, among them, U–251 (glioblastoma) was the cell line chosen to
continue the evaluation of the mechanism of action of this compound. We demonstrated that Coronarin
D induces cell cycle arrest at G1 phase and apoptosis of glioblastoma cells in a concentration–time
dependent manner.

Many natural products can suppress proliferation by arresting cells at phases in the cell cycle [25].
The p21 is a small protein with 165 amino acids and belongs to the CIP/Kip family of CDK inhibitors.
The p21 can arrest the cell cycle progression in G1/S and G2/M transitions by inhibiting CDK4,6/cyclin–D
and CDK2/cyclin–E, respectively [31,32]. In addition, some studies have shown that H2AX is required
for p21–induced cell cycle arrest after replication stalling [33]. The results herein presented indicate
that Coronarin D inhibits glioblastoma (U–251) cell growth by inducing cell cycle arrest at G1 phase
after increasing expression of p21, likely mediated by the phosphorylation of H2AX.

Coronarin D was also able to trigger cell death with the activation of caspases 9, 3, and 7
and phosphatidylserine exposure, characteristics of apoptosis, and with further rupture of the cell
membrane [13]. There was a gradual and time–dependent reduction of the mitochondrial membrane
potential (MMP) in U–251 cells treated with Coronarin D, which is a feature of the intrinsic apoptotic
pathway that occurs in response to various intracellular stress conditions centered on mitochondria [34].
The ROS production after the cell treatment with Coronarin D suggests that it can act as a second
messenger, signaling to the activation of the apoptotic process, since this can activate effector caspases.
In addition, ROS can lead to DNA damage that, in turn, activates the p21 pathway and results in cell
cycle arrest [35].

Coronarin D led to an increase in the expression of protein kinase ERK, as well as PARP cleavage.
ERK is part of the MAPK family and, when activated, can mediate mechanisms of cell proliferation
and apoptosis [36,37]. Some studies have reported that the activation of ERK could be a result of DNA
damage that subsequently leads to cell cycle arrest and apoptosis [38,39]. In addition, it is known that
intracellular ROS lead to the activation of ERK and subsequent apoptosis [40–43]. Poly (ADP–ribose)
polymerases (PARPs) are a family of enzymes involved in cellular homeostasis, including DNA
transcription, cell–cycle regulation, and DNA repair [44]. This protein is really relevant in the apoptosis
pathway, because it has a positive regulation in tumors and when it is inactivated leads to the cleavage
of caspase 3 that is involved with the apoptosis process. Studies describe that some natural products
are responsible for cleaving PARP as well as activating the caspase cascade as a mechanism of action
on the induction of apoptosis [45,46]. Relating all these data reported we can suggest that Coronarin D
could induce apoptosis involving ROS generation and ERK activation in U–251 cell line through an
intrinsic and caspase–dependent pathway.

It has been reported in the literature that Coronarin D has pro–apoptotic potential, including
potentiation of PARP cleavage and a reduction in the expression of anti–apoptotic gene products, such as
apoptosis protein–1, TRAF–2 cellular inhibitory proteins, surviving, and Bcl–2 [24]. Consistent with
our findings it has been shown that Coronarin D triggers apoptosis by activating caspase–dependent
proteins and altering the expression of Bcl–2, Bcl–xL, and Bak in human hepatoma cell lines [25].
Moreover, Dimas et al. and Mahaira et al. demonstrated that compounds that contain labdane–type
diterpenes triggered apoptosis in human colon cancer cells and myeloid leukemia cells [47,48].

The results obtained propose that Coronarin D elevates the generation of ROS (H2O2),
which promotes phosphorylation of H2AX and consequently damage to the DNA. In addition,
an increase in the expression of p21 leads cell cycle arrest at the check point between G1 and S.
ROS generation also increases ERK phosphorylation and loss of mitochondrial membrane potential
that allows the release of cytochrome c (not evaluated in this work), and consequently the cleavage of
caspases (9, 3, and 7) and PARP protein. The caspase activation, in turn, leads cell to death through the
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mechanism of intrinsic apoptosis. In conclusion, as far as we know, this is the first study to elucidate
the mechanism of action of Coronarin D in glioblastoma cell line and the results obtained highlight
Coronarin D as a promising anticancer compound in Figure 9.

 

Figure 9. Overview of proposed mechanism of action by Coronarin D in U–251 glioblastoma cell line.

4. Materials and Methods

4.1. Chemicals and Equipments

Column chromatography on silica gel and thin layer chromatography (TLC) were obtained
from Merck (Darmstad, Hesse, Germany). Culture medium RPMI 1640, fetal bovine serum,
and Hank’s balanced salt solution (HBSS) were obtained from Gibco® (Gaithersburg, MD, USA).
Penicillin/streptomycin (1000 U/mL:1000 μg/mL) was purchased from LGC Biotechnology (Cotia,
SP, BRA) and trypsin–EDTA 0.25% from Vitrocell® (Campinas, SP, BRA). Sulforhodamine B (SRB),
trizma base, trichloroacetic acid (TCA), DCFH–DA, and Rhodamine–123 dyes were obtained from
Sigma–Aldrich® (Allentown, PA, USA). Doxorubicin hydrochloride was obtained from Eurofarma
(Jurubatuba, SP, BRA). Temozolomide (TMZ) was acquired from Sigma–Aldrich. Dimethylsulfoxide
(DMSO), silica gel, and dichloromethane were supplied by Merck (Darmstad, Hesse, Germany).
Guava Cell Cycle®, Guava Nexin Reagent®, and Guava Multicaspase Kit® were purchased
from Millipore® (Burlington, MA, USA). The nitrocellulose membranes were obtained from
Hybond–C™Extra, Amersham Biosciences (Piscataway, NJ, USA). Anti–caspase 7, anti–p–H2–AX
histone (Ser139), α–tubulin, anti–caspase 9, anti–p44/42 MAPK (ERK1/2), and anti–P21 were obtained
from Cell Signaling and Bradford reagent was purchase from Bio–Rad Hybond–C™ (Hercules, CA,
USA). The equipments used were rotary evaporator Buchi–Merck (Darmstad, Hesse, Germany),

18



Molecules 2019, 24, 4498

microplate reader (Molecular Devices®, model versaMax), and flow cytometer Guava EasyCyte Mini
Flow Cytometry System (Millipore®).

4.2. Isolation of Coronarin D Obtained from Hedychium Coronarium

The rhizomes of Hedychium coronarium were collected in January 2011 in the city of Embu,
São Paulo, Brazil. Dried–milled rhizomes (480 g) were extracted with dichloromethane (4 L) by static
maceration (7 days) at room temperature followed by filtration. The plant residues were re–extracted
twice more following the same procedure. After fluidic extract grouping and solvent evaporation
under a vacuum, the final crude extract (32.5 g) was purified by column chromatography on silica gel
using hexane and hexane/ethyl acetate mixtures (1%, 2%, 5%, 10%, 20%, 50%) as eluent. Coronarin D
was isolated after successive column chromatography from fractions obtained by 20% and 50% eluents.
The complete identification of Coronarin D was done through experimental spectral data (1H– and
13C–NMR) in comparison to those described in the literature [28].

4.3. In Vitro Anticancer Activity Assay

4.3.1. Cell Culture

The tumor cell lines U–251 (glioblastoma), MCF7 (breast), NCI/ADR–RES (resistant ovary), 786–0
(kidney), NCI–H460 (lung), PC–3 (prostate), OVCAR–3 (ovary), HT–29 (colon), and K–562 (leukemia)
were kindly provided from the National Cancer Institute at Frederick, Maryland, USA. The non–tumor
cell line HaCaT (keratinocytes) was kindly provided by FOP/Unicamp. Cells were cultured in complete
medium (RPMI–1640) supplemented with 5% heat fetal bovine serum and 1% penicillin/streptomycin
at 37 ◦C with 5% CO2.

4.3.2. Antiproliferative Activity

Antiproliferative activity was assessed by the sulforhodamine B (SRB) colorimetric assay as
previously reported [30]. First, the stock solution of Coronarin D (0.3 mM) was prepared aseptically
using DMSO followed by serial dilution in complete medium. The cells were seeded in 96–well plates
(3 × 104 cells/mL, 100 μL/well), incubated for 24 h and treated with Coronarin D at final concentrations
of 0.79, 7.9, 78.5, and 785.0 μM (100 μL/well), in triplicate, and then incubated for 48 h at 37 ◦C in
5% CO2. A second plate, named T0, was prepared to infer the absorbance value of untreated cells
at the sample addition moment. The antineoplastic agent doxorubicin hydrochloride was used as a
positive control, at final concentrations of 0.0431, 0.431, 4.31, and 43.1 μM (100 μL/well), in triplicate.
The final concentration of DMSO (≤0.25%) did not affect cell viability [46]. Subsequently, the cells were
fixed with 50% trichloroacetic acid and stained with SRB protein dye (0.4%). Determination of protein
content was performed using a microplate reader (Molecular Devices®, VersaMax model) at 540 nm.
Using the absorbance values, the cell growth (%) for each cell line, at each sample concentration,
was calculated considering at 100% of cell growth the difference between the absorbances of untreated
cells after 48 h incubation (T1) and at the sample addition moment (T0). The curve cell growth vs.
sample concentration was plotted and the effective concentration TGI (concentration required for total
cell growth inhibition) was calculated by sigmoidal regression using the Origin 8.0 software (OriginLab
Corporation, Northampton, MA, USA).

4.4. Cell Cycle Analysis

This experiment was done using Guava® Cell Cycle reagent, following the fabricant’s instructions.
Briefly, U–251 cells (3 × 104 cells/well) in 12–well plates with complete medium were incubated at
37 ◦C with 5% CO2 for 24 h. Then, the complete medium was replaced by RPMI medium without fetal
bovine serum (FBS) for cell cycle synchronization and cells were incubated for another 24 h. After that,
the cells were treated with Coronarin D (2.5, 5, and 10 μM) during the 24 h. The cells were harvested,
collected, centrifuged (5 min, 2500 rpm), and the supernatant discarded. After fixation with 70% cold
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ethanol (24 h, 4 ◦C), each cell suspention was centrifuged and washed with PBS, the supernatant was
discarded, and then the Guava Cell Cycle reagent (200 μL/cell suspension) was added. After 20 min
at room temperature in the dark, each cell suspension was analyzed (5000 events/replicate) by flow
cytometry. Using the Guava Cell cycle® software (Austin, TX, USA), the subpopulations at G1, S, and
G2/M phases of the cell cycle were quantified in percentage. The analyses were done in biological
triplicate of two experiments. Statistical evaluation was done by two–way ANOVA followed by
Bonferroni test using GraphPad Prism.

4.5. Phosphatidylserine (PS) Externalization Assay

This experiment was done using Guava® Nexin Reagent, following the fabricant’s instructions.
Briefly, U–251 cells (3 × 104 cells/well) in 12–well plates with complete medium were incubated at
37 ◦C with 5% CO2 for 24 h. Then cells were treated with Coronarin D (10, 20, and 40 μM) for 12
and 24 h. After trypsinization and washing, each cell suspension was stained with 100 μL of Guava
Nexin Reagent that consists of annexin–V conjugated with phycoeritrin (PE) and 7–aminoactinomycin
D (7–AAD) for 20 min at room temperature in the dark and then analyzed (2000 events/replicate)
by flow cytometry. Using the Guava Nexin® software (Austin, TX, USA), each cell population was
registered and quantified at four cell subpopulations named as viable cells ((–) annexin–V/PE (–)
7–AAD); only PS externalization ((+) annexin–V/PE (–) 7–AAD); both PS externalization and membrane
permeabilization ((+) annexin–V/PE (+) 7–AAD); only membrane permeabilization ((–) annexin–V/PE
(+) 7–AAD). The analyses were done in biological triplicate of two experiments. Statistical evaluation
was done by two–way ANOVA followed by Bonferroni test using GraphPad Prism software.

4.6. Detection of Activated Multicaspases

This experiment was done using Guava® Caspase Kit, following the fabricant’s instructions.
Briefly, U–251 cells (3 × 104 cells/well) in 12–well plates with complete medium were incubated at
37 ◦C with 5% CO2 for 24 h. Then cells were treated with Coronarin D (10, 20, and 40 μM) for 12 and
24 h. After that, the caspase inhibitor probe (10 μL/well) was added. It comprises a sulforhodamine
derivative of valylalanylaspartic acid fluoromethyl ketone (SR–VAD–FMK). After incubation (1 h in
the dark) and medium discarding, the cells were washed, trypsinized, and centrifuged. Each resulting
cell pellet was resuspended in wash buffer (100 μL/pellet) and co–stained with the caspase–7–AAD
working solution (200 μL/pellet) After 10 min at room temperature in the dark, cells were analyzed
(2000 events/replicate) by flow cytometry. Using the Guava® MultiCaspase software (Austin, TX,
USA), each cell population was registered and quantified at four cell subpopulations named as viable
cells (SR–VAD–FMK (–) and 7–AAD (–)); only activated caspases (SR–VAD–FMK (+) and 7–AAD (–));
both activated caspases and membrane permeabilization (SR–VAD–FMK (+) and 7–AAD (+)) and
only membrane permeabilization (SR–VAD–FMK (–) and 7–AAD (+)). The analyses were done in
biological triplicate of two experiments. Statistical evaluation was done by Two–way ANOVA followed
by Bonferroni test using GraphPad Prism software.

4.7. Mitochondrial Membrane Potential Assay

Briefly, U–251 cells (3 × 104 cells/well) in 12–well plates with complete medium were incubated
at 37 ◦C with 5% CO2 for 24 h. Then cells were treated with Coronarin D (20 and 40 μM) for 6 h.
Rhodamine–123 solution (1 μg/mL in medium RPMI 1640 plus 10% FBS, 1 mL/well) was added
after medium remoting. After 15 min, the medium was aspirated and all cells were washed with
RPMI 1640 plus 10% FBS (1 mL/well, twice), trypsinized, and collected. The cells were analyzed
(5000 events/replicate) by flow cytometry. Using the Guava® Express Pro software (Austin, TX, USA)
each cell population was registered and quantified at two cell subpopulations named as viable cells
(Rhodamine–123(+)); altered mitochondrial membrane potential (Rhodamine–123(–)). The analyses
were done in biological duplicate of one experiment. Statistical evaluation was done by one–way
ANOVA followed by Tukey’s test using GraphPad Prism software.
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4.8. Measurement of Hydrogen Peroxide (H2O2) Generation

DCFH–DA (Dichlorodihydro–fluorescein diacetate) is a stable, fluorogenic, and non–polar
compound, which can readily diffuse into cells and get deacetylated by intracellular esterases to
a non–fluorescent 2,7–dichlorodihydrofluorescein (DCFH) which is later oxidized by intracellular
hydrogen peroxide into highly fluorescent 2,7–dichlorofluorescein (DCF). The intensity of fluorescence
is proportional to intracellular hydrogen peroxide levels [30].

Briefly, U–251 cells (3 × 104 cells/well) in 12–well plates with complete medium were incubated at
37 ◦C with 5% CO2 for 24 h. After medium removing, the cells were washed with Hank’s buffered salt
solution (HBSS, 1 mL/well), treated with DCFH–DA solution (10 μM in HBSS, 1 mL/well), followed by
30 min incubation in the dark. After probe removing and cell washing with HBSS buffer, cells were
treated with Coronarin D (20 and 40 μM) for 90 min. After trypsinization, cell suspension in HSBB was
analyzed (5000 events/replicate) by flow cytometry. Using the Guava® Express Pro software, each cell
population was registered and quantified at two cell subpopulations named as viable cells (DCF(–))
and increased intracellular hydrogen peroxide level (DCF(+)). The analyses were done in biological
duplicate of one experiment. Statistical evaluation was done by one–way ANOVA followed by Tukey’s
test using GraphPad Prism software.

4.9. Western Blotting Assay

U–251 cells (1 × 106 cells/well) in 6–well plates with complete medium were incubated at
37 ◦C with 5% CO2 for 24 h. Then cells were treated with a negative control (DMSO), Coronarin
D (40 μM), and TMZ (used as positive control) for 24 h. TMZ was dissolved in DMSO to prepare
a stock concentration of 1000 mM, which was further diluted in cell culture medium to working
concentrations. The cells were exposed at 3 × IC50 concentration values of TMZ for 24 h in DMEM
(0.5% FBS) [49]. After washing with PBS (1 mL/well, twice), cells were lysed with lysis buffer
(70 μL/well); Tris 50 mM pH 7.6–8, NaCl 150 mM, EDTA 5 mM, Na3VO4 1 mM, NaF 10 mM,
Na pyrophosphate 10 mM, and 1% NP–40 and supplemented with a cocktail of inhibitors (DTT–
Dithiothreitol, leupeptin hemisulfate, aprotinin, PSMF– Phenylmethylsulfonyl fluoride, and EDTA) for
1 h, followed by centrifugation (4 ◦C, 15 min, 13,000 rpm). The protein concentration was determined
by Bradford reagent [50]. All samples (untreated and Coronarin d–treated cells) were total cellular
protein (20 μg protein/sample) and separated by electrophoresis on 10% gradient gels in SDS–PAGE
and blotted onto nitrocellulose membranes by electroblotting in transfer buffer (Trizma base, glycine,
distilled water, and methanol). Then the membranes were blocked with skimmed milk powder
solution at 5% diluted in tris–buffered saline and Tween 20 (TBST) and incubated overnight with
the primary antibodies diluted in bovine serum albumin (BSA) solution (5% in TBST). The primary
antibodies were anti–caspase 7, anti–cleaved caspase 3, anti–caspase 9, anti–cleaved PARP, anti–P21
(dilution 1:1000), anti–p44/42 MAPK (ERK1/2), and anti–p–H2–AX histone (Ser139) (dilution 1:500).
The antibody α–tubulin was used as the control. After this, the membranes were incubated with
peroxidase–conjugated secondary antibody anti–mouse or anti–rabbit (1:5000) and also diluted in
BSA solution (5% in TBST). The proteins levels were detected using the enhanced chemiluminescence
(ECL–GE) method. The detection of the chemiluminescent signal was performed in the Photo Quant
LAS 4000 mini (GE) photo documentation system and the bands were analyzed and quantified using
Image J software (obtained from imagej.nih.gov/ij/download/).

4.10. Statistical Analysis

The data are provided as the final result with mean ± standard error. For the statistical analysis of
the experiments two–way analysis of variance (ANOVA) was used. All analyses were performed with
significance level at p < 0.05, using GraphPad Prism version 8.0.0 for Windows, GraphPad Software
(San Diego, CA, USA).
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Supplementary Materials: The following are available online. Structural identification of Coronarin D was
assessed by 1H–NMR and 13C–NMR (Figures S1 and S2). Data obtained from 13C–NMR are presented at Table S1.
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Abstract: The identification of signaling pathways that are involved in gliomagenesis is crucial
for targeted therapy design. In this study we assessed the biological and therapeutic effect of
ingenol-3-dodecanoate (IngC) on glioma. IngC exhibited dose-time-dependent cytotoxic effects
on large panel of glioma cell lines (adult, pediatric cancer cells, and primary cultures), as well as,
effectively reduced colonies formation. Nevertheless, it was not been able to attenuate cell migration,
invasion, and promote apoptotic effects when administered alone. IngC exposure promoted S-phase
arrest associated with p21CIP/WAF1 overexpression and regulated a broad range of signaling effectors
related to survival and cell cycle regulation. Moreover, IngC led glioma cells to autophagy by LC3B-II
accumulation and exhibited increased cytotoxic sensitivity when combined to a specific autophagic
inhibitor, bafilomycin A1. In comparison with temozolomide, IngC showed a mean increase of
106-fold in efficacy, with no synergistic effect when they were both combined. When compared with a
known compound of the same class, namely ingenol-3-angelate (I3A, Picato®), IngC showed a mean
9.46-fold higher efficacy. Furthermore, IngC acted as a potent inhibitor of protein kinase C (PKC)
activity, an emerging therapeutic target in glioma cells, showing differential actions against various
PKC isotypes. These findings identify IngC as a promising lead compound for the development of
new cancer therapy and they may guide the search for additional PKC inhibitors.

Keywords: glioma; cytotoxic activity; semi-synthetic derivative; ingenol; Euphorbia tirucalli; protein
kinase C; autophagy

1. Introduction

Malignant gliomas are the most common and lethal primary brain tumors in humans [1].
Glioblastoma (WHO grade IV) is the most aggressive and frequent type of glioma [2,3] with
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dismal prognosis, even when current multidisciplinary treatment is used, with a median survival
that has changed little in the last decades [4]. Comprehensive genetic analyses of Glioblastoma
(GBMs) have identified a few mutations and pathways as therapeutic targets that contemplate EGFR,
PI3K/AKT/mTOR, and Ras/MEK/MAPKinase [5,6]. Less explored, protein kinase C (PKC) proteins have
emerged as possible targets due to their hyperactivity or overexpression, concomitant with the decrease
of cell proliferation and invasion verified in preclinical glioma models [6–9]. Moreover, some clinical
response in patients with refractory high-grade malignant gliomas was reported with PKC-inhibiting
drugs [7,10–12]. Nevertheless, despite all biological and clinical advances, it is imperative to identify
novel treatment strategies to glioblastoma outcome [4].

Several bioactive products that were derived from plants have been reported to prevent
tumorigenesis of different types of tumors [13]. Thus, in the search for new therapies, research
with natural products and on their anti-neoplastic mechanisms has emerged as an alternative and
successful field [14]. Euphorbia species (Euphorbiaceae) have been used in traditional medicine as
antimicrobial, antiparasitic, anticancer and other diseases [15]. Several secondary compounds are
present in Euphorbia species extract and they are responsible for its properties [16,17]. Our group has
carried out a bioprospecting program that evaluated the cytotoxicity of E. tirucalli compounds in a
large panel of human tumor cell lines. We previously showed the cytotoxic effect of euphol, the main
constituent of E. tirucalli latex, and its antitumor potential in glioma cell lines [18,19].

In addition to euphol, the genus Euphorbia also has diterpenes as important bioactive constituents
some already approved for pre-cancerous conditions [20–23]. One diterpene that was approved for
human use for the treatment of actinic keratosis, ingenol-3-angelate (I3A) (Picato®), from Euphorbia
peplus demonstrated great antineoplastic potential evaluated in clinical trials for the effective treatment
of basal cell carcinoma and squamous cell carcinoma through the modulation of PKCs signaling [24–28].
Some studies have also revealed diterpenes as promising modulators of multidrug resistance (MDR)
in tumor cells as well as showing in vivo anti-inflammatory activity [29].

Recently, our group reported the cytotoxic potential of three new esters of semi-synthetic ingenol
from E. tirucalli [20,21]. Among the three derivatives, ingenol-3-dodecanoate (Ingenol C—IngC)
effectively promoted cytotoxicity and exhibited antitumoral properties. Besides, IngC showed higher
efficacy when compared to I3A and ingenol 3,20-dibenzoate (IDB) from E. esula L on esophageal
cancer cell lines, two important ingenol diterpenes that can promote PKC activation and anticancer
activity [20,27,30]. However, the mechanism underlying IngC-induced antineoplastic effect is not
largely understood.

Therefore, in this study, we unravel the antitumor properties of IngC derivative from
E. tirucalli against glioblastoma-derived cells to provide a comprehensive view of its potential
antitumor mechanisms.

2. Results

2.1. IngC promotes Cytotoxic Activity on Glioma Cell Lines More Effectively than Temozolomide but Their
Combination Is Not Synergistic

The analyses of antitumor properties of IngC on glioma cells were expanded from our previous
study [20]. Thus, the cytotoxicity was assessed by MTS assay in 13 glioma cell lines from commercial
(adult and pediatric), primary, and one normal immortalized astrocytic cell line (Table 1). We observed
that IngC exhibited dose and time-dependent cytotoxic effects on human glioma cells (Figure S1a).
There was a heterogeneous profile to IngC, with each cell line exhibiting a distinct treatment response.
The mean IC50 values among commercial cells was 6.86 μM, but significantly varied between individual
cell lines, with more than a 68-fold difference in the IC50 values (IC50 range: 0.19–13.09 μM) (Table 1).
Primary tumor cell cultures that were derived from glioblastoma surgical biopsies (HCB2 and HCB149)
exhibited a more resistant profile to IngC in comparison with commercial cell lines (mean 15.98 μM)
(Table 1).
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We adopted the criteria of growth inhibition (GI) at a fixed dose of 10μM, which closely corresponds
to the average IC50 value of all cell lines at initial screening, to better classify the response to IngC.
At this fixed dose, we found that 9.1% (1/11) of cell lines were resistant, 36.4% (4/11) were moderately
sensitive, and 54.5% (6/11) were classified as highly sensitive (Figure 1A and Table 1).

Figure 1. Chemical structures of modified ingenol derivative. (A) Cytotoxicity profile of 10 glioma
cell lines and one normal human astrocyte exposed to IngC compound. Bars represent the cell
viability at 10 μM of IngC. Colors represent the GI score classification: Green (HS = Highly Sensitive);
Blue (MS = Moderate Sensitive) and Orange (R = Resistant). (B) ingenol-3-dodecanoate (IngC).
http://www.chemspider.com/Chemical-Structure.28533061.html.

Furthermore, in comparison with temozolamide (TMZ), IngC showed a median of 106-fold
increase in efficacy against glioma cell lines. Additionally, IngC demonstrated a higher selective
cytoxicity index (SI) (0.37–39.05) than TMZ (0.11 to 1.13) (Table 1). However, the combination of IngC
and TMZ exposure, promoted antagonistic effects (combination index >1) on 8/9 (88.89%) glioma cell
lines (mean CI values: range: 1.13–1.9) (Table 1).
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2.2. IngC Exhibts Higher Cytotoxic Activity than Other Ingenol-Ester Class on Glioma Cells

We further compared the antitumor activity of IngC with ingenol-3-angelate (I3A), the other
compound of the same class adopted in clinical practice. For commercial cell lines, the mean IC50

values ranged from 0.19–13.09 μM for IngC, and from 0.01–95.15 μM for I3A, which indicated that
IngC displayed a higher ingenol-ester cytotoxicity on glioma (Table 1).

2.3. Biological Properties of IngC in Cancer Cell Lines

2.3.1. IngC Inhibits Proliferation and Induces S-Phase Arrest but Fails to Attenuate Migration and
Invasion on Glioma Cells

Two representative cell lines for IngC sensitivity (GAMG line) and resistance response (U373 line)
were selected to explore the biological role of IngC in cancer cells (Table 1). We first characterized the cell
proliferation capabilities by colony formation assay and BrdU incorporation. IngC was able to reduce
or inhibit significantly colony formation of GAMG cells, but not U373 (Figure 2A,B). Besides, IngC
exhibited dose-dependent proliferation effects on the GAMG with an increase in BrdU- positive cells
after 72 h (Figure S1b). IngC was less active amongst U373 cells, the greatest inhibition was observed
at the highest IngC (30 μM) dose applied, being able to inhibit a little more than 30% of proliferation.
These results suggest that IngC seems to have cytotoxic effects on the anchorage-dependent growth of
both malignant glioma cell lines (Figure S1b).

Figure 2. Effect of IngC in colony formation of glioma cells. (A) U373 and GAMG cells were seeded
and grown in soft-agar medium containing the indicated compounds. (B) The number of colonies in
each well was counted after 20 days of IngC treatment. The graphs are representative of at least two
independent experiments performed in duplicate. n.s. means non-significant. (C) U373 cells (untreated
and cells treated with IngC) were incubated for 72 h. Next, U373 cells were fixed with ethanol, stained
with propidium iodide and cell cycle phase was analyzed by flow cytometry. (D) Results shown are
the means ± S.D. of three independent experiments. n.s. means non-significant. ** p < 0.005.

The effect on the cell cycle profile was characterized by measuring the cellular DNA content.
Flow cytometry revealed that IngC exerts significant effects on the cell cycle distribution. U373 cells
that were treated with the compound were accumulated in S phase. U373 cells ranged from 11.3% in
control to 38.3% when treated with IngC for 72 h (Figure 2C,D).
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The impact of IngC on cellular migration and invasion was also evaluated, and no significant
effect was observed in the IngC-sensitive or IngC resistant glioma cell lines at the time point and dose
investigated (Figure S2a,b).

2.3.2. IngC Induces Cell Death by Other Mechanisms, Not Apoptosis

The effects of IngC on stress, apoptosis, and cell cycle were assessed by human apoptosis and cell
stress proteome array. For IngC-sensitive cells (GAMG), the cell stress proteome array assay revealed
that IngC exposure at 6 h resulted in a great downregulation of most stress-response proteins, including
IDO, PON-3, p–HS27, p-JNKpan, and p-p38 (Figure 3A). In contrast, amongst the IngC-resistant
U373 cell line, we observed, at 6h, a marked upregulation of ADAMTS-1, FABP-1, IDO, NF-κB1, and
p–HS27 expression and minor changes in (upregulation) other proteins such as DKK4, HIF-2a, p-p38
and PON-1.

Figure 3. Effect of IngC on cell stress and cell cycle distribution on glioma cell lines. (A) A panel of
26 proteins related to cellular stress. Data represented by the heat maps show the proteins modulated
after 6 h of IngC treatment (3X IC50 value) in glioma cells, GAMG and U373. The quantification and
normalization of proteins was performed using the positive controls and untreated controls from the
package Protein Array Analyzer of Image J software. (B) Cells were treated with IC50 concentrations
of IngC (6 and 24 h) for the indicated time periods. GAMG and U373 cell lysates (20 μg per lane)
were analyzed using immunoblotting with anti-p21/cip1. The tubulin was used as an internal control
to normalize the amount of proteins applied in each lane. These data are representative of three
independent experiments. n.s. means non-significant. * p < 0.05 and ** p < 0.005.

Remarkably, IngC also increased the levels of p21CIP1/WAF1 and, in a small proportion, increased
COX2 expression in both cell lines (Figure 3A). The cell cycle modulation was also validated
by immunobloting, which showed the up-regulated expression of cell cycle regulatory proteins
p21CIP/WAF1 in both GAMG and U373 cells after 6 and 24 h (Figure 3B), corroborating the previous
flow-cytometry analysis of IngC in cell cycle arrest.

Moreover, using the human apoptosis proteome array (R&D systems), containing 35 different
proteins related to apoptosis, we assessed the effect of IngC effect after 24 and 72 h on glioma cells
(Figure 4A,B). At 24 h mark analysis, the (IngC-sensitive) GAMG cells had an upregulation of catalase,
claspin and minor changes in cIAP-2 and FADD. Besides, Clusterin, p-P53 (S392) and at lower levels
cIAP-1, H0-1/HM0X1/HSP32, pP53 (S15), and pP53 (S46) were markedly downregulated. At 72 h, IngC
treatment promoted the expressive upregulation of p21CIP1/WAF1 and downregulation of cytocrome,
p-P53 (S15), SMAC/DIABLO, survivin and TNFRSF1A in GAMG cells. Furthermore, IngC maintained
the modulation of catalase, clusterin, pP53 (S392) and pP53 (S46). On the other hand, a greater
modulation was observed in the IngC-resistant U373 cells at both times points. IngC downregulated
the expression of several proteins at 24 h, especially: claspin, cleaved-caspase-3, clusterin, survivin,
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HIF-1, TNFRSF1A, and XIAP. In addition, proteins, such as Bad, BCL-2, cIAP-1, HTRA-2, and p-RAD17,
were less intensely downregulated. The treatment also upregulated BcL-x, catalase, cytochrome C,
HSP27, HSP60, HSP70, livin, P21, P27, PON2, TRAILR1/DR4, and TRAILR1/DR5. At 72 h, similarly to
GAMG cells, p21CIP1/WAF1 was markedly upregulated in U373 cells. Furthermore, IngC kept the
modulation of several stress proteins, such as BcL-x, catalase, cytochrome C, HSP27, HSP60, HSP70,
cIAP-2, TRAILR1/DR4, and TRAILR1/DR5, and upregulated proteins before decrease as cIPA-1, claspin,
cleaved-caspase-3, clusterin, and TNFRSF1A. These results were validated by immunobloting, which
confirmed up-regulated expression of DR5 proteins in U373 cells after 24 and 72 h (Figure 4C).

Figure 4. Effect of IngC on apoptosis pathway on glioma cell lines. (A,B) Panel of 35 proteins related to
apoptosis. The data represented by the heat maps show the proteins modulated after 24 and 72 h of
IngC treatment (3X IC50 value (13.09 μM) in glioma cells, GAMG and U373. (C) Cells were treated
with 3X IC50 concentrations of IngC (24 and 72 h) for the indicated time periods. GAMG and U373
cell lysates (20 μg per lane) were analyzed using immunoblotting with anti-DR5. The tubulin was
used as an internal control to normalize the amount of proteins applied in each lane. This data is
representative of three independent experiments. (D) After the IngC treatment with 3X IC50 for 72 h,
U373 cells were fixed, stained with annexin V-FITC/PI and analyzed by FACScan. Data shown are
representative of three independent experiments. (E) After IngC treatment with 3X IC50 for 72 h,
DNA fragmentation in U373 cell line was measured with the TUNEL assay using flow cytometry. The
graphs are representative of at least three independent experiments performed in duplicate. n.s. means
non-significant. ** p < 0.005.

The ability of IngC to induce cell death by apoptosis was also analyzed in glioma cells (sensitive
or resistant ones) through flow cytometry (Figure 4D). As shown with proteomic profile arrays, no
early apoptotic induction was revealed. The percentage of positive annexin V cells, indicative of early
apoptosis, was not different from untreated control (10.3% to 10.1%, respectively), while the double
positive annexin V/PI cells that are indicative of late apoptosis/necrosis revealed high percentual for
IngC when compared to the untreated control (31.7% to 18.1%, respectively; Figure 4D). On the other
hand, IngC treatment was able to induce DNA damage in these same lines, as evidenced by the Tunel
assay. Close to 85.2% of the U373 cells were Tunel-positive after 72 h of IngC exposure, which suggests
DNA fragmentation and a different type of cell death (Figure 4E).
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2.3.3. IngC Induces Autophagy in Glioma Cells

Given the importance of autophagy in cell death of gliomas, we wondered whether IngC could
interfere in this process. For this, we evaluated autophagy-associated protein LC3-II expression. The
GAMG and U373 cells were exposed to IngC for 2 h (IngC at IC50 value) and assessed by western
blotting. GAMG cells exhibited a marked increase of LC3-II when compared to the untreated control
cells after either IngC alone or when combined with Bafilomycin A1 (Baf) (Figure 5A,B). LC3-II levels
expression in IngC alone and IngC combined to Baf were especially evident (2 and 2.9–fold increase,
respectively) following 2 h of treatment. The presence of acidic vesicular organelles (AVOs), which are
a non-specific marker for autophagy, was also analyzed. FACS scanning indicated an increase in the
acridine orange positive cells when the cells were treated either with IngC alone or when combined
with Baf (GAMG 10 nM). IngC-Baf combination led to greater formation of AVOs in U373 cells (58.0%
in IngC versus 15.5% in controls and 97.8% in IngC-Baf versus 25.9% controls), thus indicating the
development of AVOs suggestive of the autophagy process (Figure 5C).

Figure 5. IngC promotes autophagy on glioma cells. (A) Cells were treated with the IC50 value of IngC
for the indicated time periods. GAMG cell lysates (20 μg per lane) were analyzed using immunoblotting
with anti-LC3. (A,B) are representative of three independent experiments with GAMG. Tubulin was
used as an internal control to normalize the amount of proteins applied in the treatment without
bafilomycin A1 (Baf). (C) Development of AVO in IngC-treated cells by detecting green and red
fluorescence in acridine orange-stained cells using FACS analysis. U373 cells were treated with IngC
(IC50 value), and Baf (20 nM) for 72 h. The graphs are representative of at least two independent
experiments. FITC indicates green color intensity, while PerCP shows red color intensity. (D) Effect
of baf on GAMG and U373 cell viability of IngC-treated cells. At 3 h after exposure to IngC, baf was
added and cultured until 72 h and evaluated by MTS assay. The viability of the untreated cells was
considered as 100%. Results shown are the means ± S.D. of three independent experiments. (E) Effect
of Baf on IngC-induced apoptosis. After, IngC and bafilomicyn treatment for 72 h, GAMG cells were
stained with annexin V-FITC/PI and analyzed by FACScan. Data shown are representative of three
independent experiments. ** p < 0.005 and *** p < 0.0001.

U373 and GAMG were treated with different IngC concentrations for 72 h with the presence of Baf
to investigate whether the inhibition of autophagy in late stages could affect the cytotoxicity of IngC.
The viability of resistent U373 cells treated with IngC-Baf combination decreased in all concentrations
tested as compared to the presence of Baf (20 nM) alone (Figure 5D). Next, we evaluated the double
labeling of annexin V/PI in U373 cells to determine the effect of IngC combined with Baf in the apoptosis
process. There was no appreciable change of positive cells to annexin V, indicative of early apoptosis,
when comparing the control with IngC alone (2.8 to 5.8%) (Figure 5E). On the other hand, when
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compared to the Baf control, the treatment combining IngC to Baf increased the count of annexin V
positive cells (1.2 to 19.5%), which suggesting that the cytotoxicity sensitivity was increased by the
apoptosis mechanism (Figure 5E).

2.3.4. IngC Exposure Inhibits Protein Kinase C Isotypes on Glioma Cells

Multiple antitumor effects of diterpenes have been related to the direct modulation of PKCs,
important proteins that are involved in cellular signal pathways [31]. We evaluated the PKC isotypes
(conventional PKCs (cPKCs) to investigate the possible role of IngC in PKC signaling pathway: PKCα,
p-PKCα/βII, p-PKCpanβII, novel PKCs (nPKCs): PKCδ, p-PKCδ, p-PKCδ/θ, p-PKCθ, and atypical
PKCs (aPKCs): p-PKCζ/λ, PKCζ as well as PKD1/PKCμ, p-PKC PKDμ (Ser916), and p-PKC PKDμ

(Ser744)) activation profile using immunoblotting (Figure 6). We also compared the IngC involvement
in PKC activity with the known modulator I3A. IngC markedly downregulated the phosphorylation of
most PKC isotypes (PKCalpha/beta, PKCpan/betaII, and PKC/PKDμ (Ser916)) as compared to I3A in
GAMG cell line (Figure 6a). Moreover, similarly to IngC, I3A also decrease PKCδ/θ, PKCδ activation
levels and the total expression of PKCα over time. Although less intensely, I3A also decreased the
phosphorylation of PKCζ/λ and total levels of PKCζ over time (Figure 6a). In contrast to the general
downregulation of PKC isoforms, the PKC/PKDμ (Ser744) isotype had transient phosphorilation by
either IngC or I3A. PKC/PKDμ (Ser744) phosphorylation peaked at 6h with IngC and decreased over
time, whereas I3A led to a short-lived peak, weaning off before 24 h (Figure 6a).

 
               (a)                              (b) 

Figure 6. Effect of IngC on PKC isoforms in glioma cells. (a) GAMG and (b) U373 cells were incubated
with the IC50 value for IngC, at 6, 24, 48 and 72 h. Controls were treated with DMSO alone (1%). Whole
cell extracts from the same preparation were subjected to western-blotting analysis of PKC isoforms
expressions. β-tubulin is shown as an internal control. Results shown are the means ± S.D of two
independent experiments.

Further, in the U373 cell line, the PKC activity was modulated in the same way for IngC and I3A
treatment, with exception of the total expression of PKCs α and ζ. Unlike GAMG cells, no modulation
was found in the PKC/PKDμ (Ser744) isotype in the U373 cell line for both treatments (Figure 6b). These
results show that IngC regulates PKCs activity with different responses according to cell sensitiveness.
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3. Discussion

Euphorbia tirucalli is widely used as an anticancer drug in Brazilian folk medicine [15]. Our
group recently identified E. tirucalli derived natural and semi-synthetic compounds, and showed their
cytotoxicity effect in a wide-range of human cancer cells [19,20]. Particularly, a diterpene derived,
ingenol-3-dodecanoate (IngC), exhibited the highest efficacy in several tumor cell lines, including
gliomas [20]. In the present pre-clinical study, we extended and have gained a comprehensive biological
insight into the underlying molecular mechanisms of IngC in gliomas. We showed that IngC is a major
modulator of protein kinase C isotypes and it promotes autophagy and S-phase arrest in gliomas.

The antitumor potential of IngC was studied in a panel of 13 glioma cell lines, including commercial
(adult and pediatric), primary cultures, and one normal human astrocyte cell line. IngC exhibited
dose-time-dependent cytotoxicity on all glioma cell lines. The different models of glioma cell lines
exhibited a heterogeneous profile of response to IngC. At a fixed dose of 10 μM, 9.1% (1/11) of cell
lines were resistant, 36.4% (4/11) were moderately sensitive, while 54.5% (6/11) were classified as
highly sensitive. This variation in response to IngC seems to be due to the innate differences in the
molecular biology underlying adult, pediatric, and especially primary glioma cultures that could better
mimic genomic heterogeneity from patients [19,32]. In our study, IngC showed more than twice the
cytotoxicity to some cancer cell lines, mainly for GAMG (39.05) and SF188 (2.2) cells, when compared
to normal cell lines, an interesting selectivity index preconized [33]. It was not possible to calculate
the selectivity index for most of the cancer cell lines that were treated with TMZ, since this standard
chemotherapeutic agent was more cytotoxic to the normal astrocyte cell line than to cancer cells.

Our results are in agreement with previous studies, which also demonstrated diterpenes
cytotoxicity at micromolar range, such as ingenol 3,20-dibenzoate (IDB) from E. esula L in jurkat and
breast cancer cells, and ingenol-3-angelate from E. peplus (I3A), in human melanoma, cervical cancer,
and prostate xenografts [27,30,34,35]. Importantly, we showed that IngC presented higher efficacy
when compared to I3A on glioma cells, suggesting this compound as promising against gliomas.

Studies addressing the cytotoxic effect of terpenes/diterpenes in glioma context are scarce.
Kaurenoic acid, a bioactive diterpenoid that is present in Mikania hirsutissima, was evaluated in U87MG
cells [36]. The concentrations used were much higher than the ones used in our study (30 to 70 μM for
24 to 72 h), despite previous reports showing the absence of cytotoxic effects on fibroblasts [37]. We
also highlight that some semi-synthetic diterpenes are among the most cytotoxic drugs investigated,
with an IC50 in the sub-nanomolar range [34].

Herein, we evaluated the intracellular signal pathways that were modulated by short-term
exposure to IngC in glioma cells. Interestingly, stress and apoptosis panels of proteome arrays were
the most modulated in U373, a drug-resistant cell line. We found that IngC promoted modulation in
proteins related to stress and cell cycle, as well as anti-apoptotic and pro-apoptotic protein expression,
with special reduction in the levels of pro-apoptotic BAX, BAD, TNRI/TNFRSF1A, and FASTNFR6/CD95,
were observed for most of glioma cell lines overtime. In addition, anti-apoptotic proteins, including
HSP27, HSP60, HSP70, livin, and PON-2, were upregulated in U373 cells. These results are consistent
with flow cytometry studies, showing that changes in p21/CIPI WAf1 and anti-apoptotic factors were
more pronounced, indicating that, in the conditions and cells tested, cell cycle arrest, but not apoptosis,
contributed to the antiproliferative and cytotoxic effects of IngC in malignant glioma cell lines. Among
the diterpenes described, IDB has relevant cell growth inhibition and apoptotic cell induction in jurkat
cells and breast cancer cells [30,34]. Additionally, Lizarte and coworkers observed that Kaurenoic acid
influences the regulation of several genes that are involved in the apoptotic pathway, including c-FLIP,
caspase 3, caspase 8, and miR-21 in U87 cells [26–28,35]. On the other hand, I3A promotes primary
necrosis in melanoma, cervical cancer, and prostate xenografts, as well as inducing in vitro and in vivo
models of colon cancer, apoptosis senescence, anti-inflammatory, and antitumor immunomodulatory
properties in colon cancer. Although our data are discordant from these studies, these findings
underscore our limited knowledge regarding the ingenoid pharmacophore and confirm that this
paradoxical comportment is still poorly known [34,38].
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We assessed the interplay of autophagy and IngC exposure due to the dual role of autophagy
in cancer [39]. Temozolomide, the backbone of systemic therapy for glioblastoma, is reported to
induce cell death by autophagic mechanisms [40]. Our study suggested that autophagy could play an
important role in the antiproliferative mechanism of IngC. IngC induced LC3-II increase and marked
formation of AVOs, indicating that this compound might activate an autophagic process. Moreover,
the combined treatment of Baf and IngC potentiates the antitumor effect of IngC against malignant
glioma cells by the autophagic vacuoles accumulation and apoptosis induction. Furthermore, the cell
death that is induced by substances that suppress the autophagy pathway improved the effectiveness
of TMZ and natural compounds in glioma cells [41]. These results are particularly important for GBM,
since this tumor has been shown to be more resistant to cell death [42,43].

Protein kinase Cs (PKCs) contemplates a family of 14 known isozymes of serine/threonine-specific
protein kinases, which are classified into three groups according to their interactions with calcium and
diacylglycerol as cofactors; classical PKC (cPKC: α, β1, β2, and γ), novel PKC (nPKC: δ, ε, η, and θ),
and atypical PKC (aPKC: ζ ι, ζII, ξ, v) [6]. PKD1 was initially recognized as a member of the protein
kinase C (PKC) family and named PKCμ, however due to some particularities, it was reclassified.
PKD1 is now a member of the protein kinase D (PKD) Family [44,45]. The role of PKC and PKD1
in processes that are relevant to neoplastic transformation, proliferation, apoptosis, and tumor cell
invasion provides a potential suitable target for anticancer therapy [34,44,46], including glioma [6,9–12].
Provided that most of the biological effects of ingenol esters and derivatives are attributed to protein
kinase C (PKC), such as co-carcinogenic and antitumor activity [31,34], we can assume a special interest
in this field.

We compared IngC effects with I3A to gain more insight in this issue and found a marked potential
inhibitory in the phosphorylation of most of PKC isotypes in sensitive GAMG cells by IngC, and
a minor effect for I3A. In the U373 cell line, the PKC activity was modulated in the same way for
IngC and I3A treatments, with the exception of total expression of PKCα and ζ. Moreover, IngC
treatment in GAMG cells promoted the phosphorylation of PKC/PKDμ (Ser744) isotypes. A substantial
PKC/PKDμ (Ser744) activation was also seen with I3A, but rapidly decreased. Of note, the results of
I3A found in glioma are surprising, since I3A is a broad range activator of the classical (α, β, γ) and
novel (δ, ε, η, θ) protein kinase C isoenzymes inducing direct pro-apoptotic effects in several malignant
cells, including melanoma cell lines and primary human acute myelogenous leukemia cells [35,47].
In colon cancer, I3A induced the activation of PKCδ and reduced expression of PKCα, resulting in
apoptosis [35]. These divergent biological responses are not completely understood, although it has
long been recognized that there is marked heterogeneity in the patterns of biological behaviour induced
by these agents’ analogs of diacylglycerol (DAG) [48]. The nature and position of the esters structure
in the diterpenes ring could explain why analogs of DAG with different side chains induce different
biological responses [34,48,49].

PKC isoforms differ, not only in their structure and substrate specificity and mode of activation,
but also in their tissue distribution, subcellular localization, and biological functions [47,48]. The
activation of PKC isoenzymes results in changes in their subcellular location following translocation.
These observations clearly illustrate that the crosstalk between pro- and anti-apoptotic PKC isoforms
is important, and the final effect of the PKC-agonist ingenol esters may therefore depend upon the
balance between the various isoenzymes that are present within a tumor. In this sense, the drug might
be less effective in those tumors with increased levels of the anti-apoptotic isoforms [48]. This issue
could also explain why, although IngC treatment had inhibited PKC isoform activities that are involved
in migration and invasion in glioma cells, such as PKCα and PKC/PKDμ, it was not able to inhibit
cell invasion or migration in either glioma cell tested. These results corroborates with Do Carmo
and coworkers, which revealed that, despite that PKCs have clear roles in GBM, the contribution
of each isoform depends on residues phosphorylation, oncogenic mutations, cell environment, and
type of stimuli/stress [6]. We emphasize that, although the literature and our findings provide the
rationale for attempts to exploit PKC as a target for novel forms of treatment of GBM, our incomplete
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understanding of the cell- and tissue-specificity of the different PKC isoforms may lead to unexpected
and/or undesired results in clinical practice becoming important subjects for further studies.

Finally, the combination of different agents with different targets of action might contribute to
circumvent the chemoresistance of glioma cells. Recent studies had reported increased cytotoxicity
that is induced by combinatory systems while using PKC inhibitors and TMZ [50]. In our study,
combinatory therapy with IngC and TMZ promoted an antagonism effect in most of cell lines evaluated,
which suggested that, although IngC promotes the inhibition of PKC activities, its administration
with standard chemotherapy does not potentiate the effect of each other and could be related to their
interaction with different isotypes of PKCs [47]. Further studies could focus on addressing these PKCs
mechanisms in combination with other treatment modalities such as radiation and/or chemotherapy,
which might help to refine our understanding of the glioma biology, enabling us to develop new
therapeutic opportunities against this disease.

4. Materials and Methods

4.1. Cell Culture

Thirteen immortalized glioma cell lines (five adult and five pediatric glioma cell lines, two glioma
primary cultures, and one normal human astrocyte) were obtained and cultivated, as indicated in
Table 1. The two primary glioma cell lines were derived from surgical glioblastoma biopsies that were
obtained at the Neurosurgery Department of the Barretos Cancer Hospital (São Paulo, Brazil). The local
ethics committee approved the study protocol and patients signed an informed consent form [51]. The
isolated cells were grown in DMEM medium under the same conditions described in Table 1. Besides
mycoplasma analysis, all cell lines were authenticated by the Diagnostics Laboratory at the Barretos
Cancer Hospital (São Paulo, Brazil) by short tandem repeat (STR) DNA typing, according to the
International Reference Standard for Authentication of Human Cell Lines, as previously described [52].
Moreover, the established primary cultures were identified and confirmed by blood that was derived
from the same patient.

4.2. Semi-Synthetic Ingenol

The synthesis of semi-synthetic ingenol-3-dodecanoate (IngC) from the sap of E. tirucalli was
performed by Kyolab Laboratory (Campinas, Brazil) and provided by Amazônia Fitomedicamentos,
Brazil (patent). The natural ingenol was altered by the addition of specific ester chains at carbon 3
of the core ring, as previously reported (Figure 1A) [20,21]. The ingenol synthetic derivative was
diluted in dimethyl sulfoxide (DMSO) at 10 mM stock. The work dilutions were prepared to obtain a
concentration of 1% DMSO. All of the dilutions were stored at −20 ◦C.

4.3. Cell Viability Analysis and IC50 Determination

The cytotoxic effect of IngC, its ingenol-ester analogue, (ingenol-3-angelate (I3A) (Adipogen
(Switzerland)) and temozolomide (TMZ) (Sigma - T2577), was evaluated while using MTS assay (Cell
Titer 96 Aqueous cell proliferation assay, Promega, Madison, WI, USA), following the manufacturer’s
instructions. Cells were treated with increasing concentrations of IngC diluted in DMEM (0.5% fetal
bovine serum (FBS)) and incubated for 72 h. Absorbance was measured in the automatic microplate
reader Varioskan (Thermo) at 490 nm. The half maximal inhibitory concentration (IC50) was obtained by
nonlinear regression while using GraphPad PRISM version 5 (GraphPad Software, La Jolla California
USA), as previously described [18,19]. The growth inhibition (GI) was also calculated as a percentage
of untreated controls, and its values were determined at a fixed dose of 10 μM (concentration closer to
the average IC50 value of all cell lines at screening) [53]. Samples exhibiting more than 60% growth
inhibition in the presence of 10 μM IngC were classified as highly sensitive (HS), as moderately sensitive
(MS) when they were between 40 and 60%, and as resistant (R) when the values were lower than 40% of
inhibition, as previous reported [53]. The selectivity index (SI) was obtained by dividing the IC50 value
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of a normal cell line (NHA) by a tumor cell line according to the National Cancer Institute (NCI) [19].
Significant SI values are considered to be greater than or equal to 2.0. [33]. The assays were performed
in triplicate and repeated at least three times for each cell line.

4.4. Colony Formation-Assay

Anchorage-independent growth was performed while using a soft-type-agar assay, as reported [18].
Medium was changed every 72 h, and DMEM + 0.5% FBS containing IngC at IC50 concentrations
values was added on GAMG, and U373 cell lines. The colonies formed were stained with 0.05% crystal
violet for 15 min. and photo-documented. The analyses were performed by Image J Software. The
assay was performed in two biological replicates and the experiments were done in duplicate.

4.5. Migration and Invasion Assays

Cell migration and invasion effects on GAMG and U373 cell lines were evaluated by wound
healing assay and BD Biocoat Matrigel Invasion Chambers (354480, BD Biosciences), as previously
described [54]. The shown images are representative of three independent experiments performed
in triplicates.

4.6. Cell Cycle and Cell Death Assays

Cell cycle and cell death assays were performed by flow cytometry, as previously described [19].
The cells were plated onto a six-well plate at a density of 1 × 106 cells/well, allowed to adhere for at
least 24 h and serum starved for 12 h. Additionally, the cells were exposed to 3X IC50 values of IngC
for a period of 72 h in DMEM (0.5% FBS). The cell cycle distribution (G1, S, and G2/M) as well as
double staining with Annexin V-FITC/PI and tunel assays, were determined with a flow cytometer BD
FACSCanto II (BD Biosciences) and analyzed with the software BD FACSDiva (BD Biosciences), following
the manufacturer’s recommended protocol. Approximately, 2 × 104 cells were evaluated for each
sample in both assays. The analyses were performed in experimental and biological triplicates.

4.7. Proteome Arrays

The relative protein expression levels of a panel of 35 proteins related to apoptosis and 26 proteins
related to cellular stress were obtained while using the Proteome Profiler Human Apoptosis Array
(R&Dsystems- #ARY009) and Proteome Profiler Human Cell Stress Array (R&Dsystems-#ARY018),
according to the manufacturer’s instructions and as previously reported [54]. The selected cell lines
(GAMG and U373) were treated with IngC for 6 and 24 h, for stress array and 24 and 72 h for apoptosis
array while using a concentration equivalent to 3 x IC50 value of each glioma cell line. In addition,
THE expression of some of the proteins was validated by western-blot analysis as described below.

4.8. Western Blotting

Protein expression after IngC treatment was evaluated by western blotting. Cells were plated onto
a six-well plate at a density of 1 × 106 cells/well, allowed to adhere at least 24 h, and then serum-starved
in DMEM (0.5% FBS). The cells were exposed at IC50 values of IngC for several time points of 6,
24, 48, and 72 h in DMEM (0.5% FBS) and total protein was separated, as previously described for
western blotting analysis [19]. Antibodies included anti-DR5, anti-p21/Cip1, anti-total PKCs (PKCα,
PKCδ and PKCζ), anti-phosphorylated PKCs (p-PKC PKDμ (S916), p-PKC PKDμ (S744), p-PKCα/βII,
p-PKCpanβII, p-PKCδ, p-PKCδ/θ, p-PKCθ, PKCζ/λ), and β-tubulin. All of the antibodies were diluted
at 1:1000 and purchased from Cell Signaling Technology.
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4.9. Autophagy Analysis: LC3 Expression, Acidic Vesicular Organelles (AVOs) and IngC and Autophagy
Inhibitor Combination Effect on Glioma Cell Lines

GAMG and U373 cells were plated onto a six-well plate at a density of 5 × 105 cells/ well, and
allowed to adhere to evaluate the effect of IngC in the autophagy process. The growth medium was
replaced by Hanks balanced salt solution (HBSS; Invitrogen) for cells starvation (two rinses in HBSS
before being placed in HBSS). Cells were treated with 10 nM (GAMG) and 20 nM (U373) of bafilomycin
A1 (Baf), to inhibit autophagy flux [19,41] or with IngC, while using a concentration equivalent to
the IC50 of each cell line; or Baf and IngC combined; or DMEM alone as control. After 2, 6, or 24 h,
the protein extracts was subjected to western blot analysis, as described above. For this, we used the
primary polyclonal antibodies LC3A/B (dilution 1:1000; Cell signaling) and β-tubulin (dilution 1:5000;
Cell Signaling Technology), as a loading control.

We also detected the acidic vesicular organelles (AVO) in the IngC-treated cells through vital
staining with acridine orange, as reported previously [41]. The assay was performed according to the
conditions for autophagy analysis, as mentioned above. Subsequently, 72 h after IngC exposure, cells
were stained with acridine orange at a final concentration of 1 μg/mL for 15 min, washed twice in PBS
1×, and analyzed with a flow cytometer BD FACSCanto II (BD Biosciences) and BD FACSDiva software
(BD Biosciences) following the manufacturer’s recommended protocol. These analyses were performed
in experimental and biological triplicates.

GAMG and U373 cells were plated onto a 96-well plate at a density of 5 × 103 cells/well, and
allowed to adhere, and then, increasing concentrations of IngC were added to determine the effect of
the autophagy inhibitor combine with IngC on cell viability. To inhibit autophagy, a fixed dose of Baf
(10 nM for GAMG cells and 20 nM for U373 cells) was added to the culture 3 h after IngC treatment, as
described [19]. The cell viability assay was evaluated after 72 h while using the Cell Titer 96 Aqueous
test One Solution Cell Proliferation Assay (Promega), and measured as described above. The data
were obtained and normalized relative to the average survival of untreated samples, or only treated
with Baf. The analyses were performed in experimental and biological triplicates.

4.10. Drug Combination Studies

Combination studies from IngC and TMZ were performed with fixed concentrations (determined
by the IC50 value) of the standard chemotherapeutic agent temozolomide, simultaneously exposed to
increasing concentrations of IngC and evaluated by MTS assay as previously described above. Drug
interactions were evaluated by the combination index while using CalcuSyn software version 2.0
(Biosoft; Ferguson, MO, USA), as previously described [55,56]. Synergy was defined as CI values that
were significantly lower than 1.0; antagonism as CI values significantly higher than 1.0; and, additive
as CI values that are equal to 1.0 [55,56] at drug IC50 value for each cell line.

4.11. Statistical Analysis

Data were expressed as the mean ± standard deviation (SD) of three independent experiments.
We applied the Student’s t-test for comparing two different conditions, whereas two-way analysis
of variance (ANOVA) was used for assessing the differences between more groups. p-values <0.05
were considered to be significant. All of the analyses were performed whle using the aforementioned
GraphPad PRISM version 8 (GraphPad Software, La Jolla, CA, USA).

5. Conclusions

Our current findings add a new layer of complexity to understand the diterpene mechanism,
including its modulation of the autophagic process and providing a comprehensive view of IngC in
glioma. Importantly, this study supports ongoing efforts targeting PKC proteins in cancer therapy
with IngC and its indicates as lead semi-synthetic diterpene based PKC inhibitors, which represents a
novel and promising antitumor drug to target cancer cells.
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Abbreviations

AVOs Acidic Vesicular Organelles
ANOVA Analysis of variance
ATCC American Type Culture Collection
Baf bafilomycin A1
CI Combination index
DNA Deoxyribonucleic acid
DSMZ German Collection of Microorganisms and Cell Cultures
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide
ECACC European Collection of Authenticated Cultures
FBS Fetal bovine serum
FDA Food and Drug Administration
GBM Glioblastoma
GI growth inhibition
g Gram
IC50, Half maximal inhibitory concentration
IngC, ingenol-3-dodecanoate; I3A, ingenol-3-angelate
IDB ingenol 3,20-dibenzoate
mL Milliliter
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H91tetrazolium)
NCI National Cancer Institute
PKC Protein kinase C
P/S Penicillin/streptomycin solution
RPMI-1640 Roswell Park Memorial Institute
SD Standard deviation
STR Short tandem repeat
TMZ temozolamide
WHO World Health Organization
uM Micromolar
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Abstract: Numerous studies have indicated that tumor necrosis factor-alpha (TNF-α) could induce
cancer cell survival and metastasis via activation of transcriptional activity of NF-κB and AP-1.
Therefore, the inhibition of TNF-α-induced NF-κB and AP-1 activity has been considered in the
search for drugs that could effectively treat cancer. Dicentrine, an aporphinic alkaloid, exerts
anti-inflammatory and anticancer activities. Therefore, we investigated the effects of dicentrine on
TNF-α-induced tumor progression in A549 lung adenocarcinoma cells. Our results demonstrated
that dicentrine effectively sensitizes TNF-α-induced apoptosis in A549 cells when compared with
dicentrine alone. In addition, dicentrine increases caspase-8, -9, -3, and poly (ADP-ribose) polymerase
(PARP) activities by upregulating the death-inducing signaling complex and by inhibiting the
expression of antiapoptotic proteins including cIAP2, cFLIP, and Bcl-XL. Furthermore, dicentrine
inhibits the TNF-α-induced A549 cells invasion and migration. This inhibition is correlated with the
suppression of invasive proteins in the presence of dicentrine. Moreover, dicentrine significantly
blockes TNF-α-activated TAK1, p38, JNK, and Akt, leading to reduced levels of the transcriptional
activity of NF-κB and AP-1. Taken together, our results suggest that dicentrine could enhance
TNF-α-induced A549 cell death by inducing apoptosis and reducing cell invasion due to, at least in
part, the suppression of TAK-1, MAPK, Akt, AP-1, and NF-κB signaling pathways.

Keywords: TNF-α; dicentrine; apoptosis; metastasis; lung adenocarcinoma

1. Introduction

Lung cancer is one of the leading causes of cancer-associated mortality worldwide. Nonsmall-cell
lung cancer (NSCLC) is responsible for more than 80% of all lung cancers. Despite the fact that
advancements have been made in cancer therapies, the overall survival rate of patients has remained
unchanged in recent years [1]. Several studies have provided evidence to support the hypothesis that
the tissue damage caused by inflammation can initiate or promote the development of lung cancer [2,3].
Chronic inflammation has emerged as a key contributor of cancer cell survival, angiogenesis, and
metastasis. Inflammatory cytokines, such as interleukin-6 (IL-6), IL-1, and tumor necrosis factor-alpha
(TNF-α), can promote cancer progression [4–7]. Among them, TNF-α contributes to the survival and
metastasis of lung cancer, while the level of TNF-α in the tumor tissues and serum obtained from
patients with NSCLC has increased significantly along with the clinical stage of the tumor [8,9].
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Accordingly, even more complicated roles for TNF-α in cancer cases have emerged. The anticancer
property of TNF-α is mainly achieved by inducing cancer cell death. This pathway is initiated
by TNFR1 internally signaling to form complex II, which consists of TRADD, RIP1, FADD, and
caspase-8 [10–12]. Caspase-8 is autoactivated, leading to the initiation of the caspase cascade and the
induction of apoptotic cell death [13,14]. On the other hand, TNF-α stimulates proliferation, survival,
angiogenesis, and metastasis in most cancer cells that are resistant to TNF-α-induced cell death [15].
After binding to TNFR1, TNF-α can increase the expression of antiapoptotic (cIAPs, XIAP, Bcl-2, Bcl-xl,
and cFLIP), angiogenic (VEGF and COX-2), and invasive (MMP-9, MT1-MMP, uPA, urokinase-type
plasminogen activator receptor (uPAR), and intercellular adhesion molecule 1 (ICAM-1)) proteins
via the TAK-1, MAPKs, Akt, IKK, AP-1, and NF-κB signaling pathways [10,16,17]. Therefore, the
identification of sensitizing agents that are capable of suppressing TNF-α-induced survival signaling
could be an attractive discovery in facilitating the enhancement of TNF-α-mediated apoptosis and
tumor progression.

Dicentrine is an aporphine alkaloid found in the roots of L. megaphylla and several other plants [18].
Previous investigations have shown that dicentrine possesses multiple pharmacological activities,
including platelet aggregation inhibition capabilities, antinociceptive and anticancer activities [19–21].
Recently, our previous findings have demonstrated that dicentrine inhibited the inflammation in
lipopolysaccharide (LPS)-treated RAW 264.7 cells via the suppression of the AP-1, NF-κB, and MAPKs
signaling pathways [22]. However, the effect of dicentrine on TNF-α-induced apoptosis and metastasis
in lung cancer cells has not yet been elucidated.

In the current study, we have investigated the mechanism, by which dicentrine inhibits the
TNF-α-induced expression and the survival of metastasis proteins. We have also determined the effects
of dicentrine on the MAPKs, Akt, NF-κB, and AP-1 signaling pathways in TNF-α-induced A549 cells.

2. Results

2.1. Dicentrine Potentiates TNF-α-Induced Apoptosis in A549 Lung Adenocarcinoma Cells

To examine whether dicentrine enhanced TNF-α-induced cell death, A549 cells were incubated
with dicentrine (0–40 μM) and cotreated with or without TNF-α (25 ng/mL) for 24 h. The cell viability
was then determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays.
As is shown in Figure 1B, a treatment of A549 cells with dicentrine alone significantly decreased cell
viability in a dose-dependent manner. However, a combined treatment of the cells with TNF-α and
dicentrine at 25, 30, and 40 μM reduced the degrees of cell viability to 54.85%, 54.35%, and 45.15%,
respectively, which significantly increased the level of cytotoxicity to a greater degree than the treatment
with dicentrine alone. Next, we investigated whether dicentrine-potentiated TNF-α-induced cell death
was associated with apoptosis by using propidium iodide (PI) staining assays and detecting a SubG1
cell population by flow cytometric analysis. As is shown in Figure 1C,D, the combined treatment of
the cells with TNF-α and dicentrine at 25–40 μM significantly increased the number of apoptotic cells
in a dose-dependent manner, when compared with the treatment of dicentrine alone.
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Figure 1. Dicentrine enhances tumor necrosis factor-alpha (TNF-α)-induced apoptosis in A549 cells.
(A) Structure of dicentrine. A549 cells were pretreated with various concentrations of dicentrine
for 4 h and then cotreated with 25 ng/mL of TNF-α for 24 h. (B) Cell viability was determined
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays. (C,D) Cell cycle
distribution was stained with propidium iodide (PI) and analyzed by flow cytometry to measure a
SubG1 cell population, which represented the apoptotic cells. The experiments were performed in
triplicate. The data are represented as mean ± S.D. * indicates p < 0.05, and ** indicates p < 0.01,
compared with those treated with dicentrine alone.
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2.2. Dicentrine Enhances TNF-α-Induced Apoptosis in a Caspase-Dependent Manner and Inhibits the
Expression of Antiapoptotic Proteins

Since apoptosis is mainly mediated by caspase enzymes, we investigated whether dicentrine
affected the TNF-α-induced proteolytic processing of caspase-8, caspase-9, caspase-3, and a caspase-3
substrate poly(ADP-ribose) polymerase (PARP) cleavage using western blot analysis. Notably, the
treatment of A549 cells with TNF-α alone did not induce the proteolytic processing of caspase-8,
caspase-3, and PARP, when compared with the vehicle control. However, the combined treatment of
TNF-α and dicentrine resulted in an increase in the cleavage of caspase-8, caspase-9, caspase-3, and
PARP in a dose-dependent manner (Figure 2A). Upon the stimulation of TNF-α, RIP could interact with
the FADD protein, which in turn recruited procaspase-8 to form a death-inducing signaling complex
(DISC). This complex then stimulated the caspase-8 activation that subsequently induced apoptosis.
Coimmunoprecipitation was performed to determine whether dicentrine enhanced TNF-α-induced
apoptosis accompanied by the increased DISC formation. As shown in Figure 2B, an increased
interaction between the RIP and procaspase-8 in the combined treatment with dicentrine and TNF-α
was observed when compared with that in the control. Overexpression of antiapoptotic proteins, such
as cIAP2, c-FLIP, and Bcl-xl, has been linked with the inhibition of TNF-α-induced apoptosis. Therefore,
we examined whether dicentrine could modulate the TNF-α-induced expression of these antiapoptotic
proteins. As shown in Figure 2C,D, the induction of cFLIPs, cIAP2, and Bcl-XL by TNF-α was reduced
by dicentrine in a dose-dependent manner. These results showed that dicentrine effectively enhanced
the apoptotic effects of TNF-α due to the downregulation of antiapoptotic proteins.

Figure 2. Effects of dicentrine on TNF-α-induced A549 cells apoptosis in a caspase-dependent manner
and the expression of antiapoptotic proteins. A549 cells were pretreated with various concentrations
of dicentrine for 4 h and then cotreated with 25 ng/mL of TNF-α to 24 h.After the combined treatment
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with dicentrine (0–40 μM) and TNF-α, the whole cell extracts were prepared and analyzed by the
western blot analysis to detect the expression of caspase-8, -9, -3, and poly(ADP-ribose) polymerase
(PARP) (A). The complex between procaspase-8 and receptor-interacting protein (RIP) was determined
by coimmunoprecipitation after incubating with dicentrine (25 μM) for 4 h and then cotreatment with
25 ng/mL of TNF-α for 12 h (B). The levels of antiapoptotic proteins such as cFLIPs, cIAP-2, and Bcl-XL
was measure after cotreated with dicentrine (0–20 μM) and TNF-α. (C,D). The data are represented as
mean ± S.D. ** indicates p < 0.01, when compared to those treated with TNF-α alone.

2.3. Dicentrine Inhibits TNF-α-Induced A549 Cells Invasion and Migration

Because TNF-α plays an important role in lung cancer metastasis, the effects of dicentrine on
TNF-α-induced A549 cells invasion and migration were investigated. The results revealed that the
invasive cells with the TNF-α treatment were increased by 4.52-fold when compared with those treated
with the control, whereas dicentrine at 10–20 μM significantly decreased TNF-α-induced A549 cells
invasion in a dose-dependent manner (Figure 3A). Moreover, cell migration using the treatment of the
cell with TNF-α alone was increased to 2.52-fold when compared with that with the control, while the
dicentrine treatment blocked the TNF-α-mediated migration in a dose-dependent manner (Figure 3B).
Therefore, dicentrine may suppress the TNF-α-induced migration and the invasion of A549 cells.

Figure 3. Effects of dicentrine on TNF-α-induced invasion and migration. The matrix gel was coated
on membrane filters for invasion assays (A), and the gelatin was coated for migration assays (B). A549
cells with the number of 1.25 × 105 cells were cultures in the upper chamber and incubated with
various concentrations of dicentrine (0–20 μM) in a Dulbecco’s modified Eagle’s medium (DMEM)-free
medium, and the lower chamber was filled with 25 ng/mL of TNF-α. After 24 h of incubation, the cells
that actively migrated to the lower surface of the filter were determined. The data are represented as
mean ± S.D. of three independent experiments. Sample groups were significantly different from the
TNF-α-treated group (* indicates p < 0.05, and ** indicates p < 0.01).

2.4. Dicentrine Inhibits TNF-α-Induced Expression of Metastasis-Associated Proteins

In the process of cancer metastasis, MT1-MMP, MMP-9, uPAR, ICAM-1, and Cox-2 are responsible
for cell migration, invasion, and adhesion. The expression of these proteins was upregulated by
TNF-α in various types of cancer cells including lung cancer. Therefore, the effects of dicentrine on
TNF-α-induced expression of MT1-MMP, uPAR, ICAM-1, and Cox-2 in A549 cells were detected by
the western blot analysis. As shown in Figure 4A,B, dicentrine at 10–20 μM significantly decreased the
enhancement of TNF-α-induced MT1-MMP, uPAR, and COX-2 expression. In addition, dicentrine
at 15 and 20 μM reduced the expression of ICAM-1. We next used gelatin zymography assays to
examine the inhibitory effect of dicentrine on the TNF-α-induced MMP-9 secretion. As is shown in
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Figure 4C,D, the TNF-α-induced MMP-9 secretion was significantly inhibited in the presence of 15 and
20 μM of dicentrine.

 

Figure 4. Dicentrine suppresses TNF-α-induced expression of metastatic protein. A549 cells were
pretreated with various concentrations of dicentrine (0–20 μM) for 4 h and then cotreatment with
25 ng/mL of TNF-α for 24 h. The whole cell extracts were prepared and analyzed by the western
blot analysis using antibodies against cell metastatic proteins (MT1-MMP, uPAR, ICAM-1, and Cox-2)
(A,B). The culture supernatants of the treated cells were collected, and the secretions of MMP-9 were
analyzed by gelatin zymography (C,D). The data are represented as mean ± S.D. * indicates p < 0.05,
and ** indicates p < 0.01, when compared to those treated with TNF-α alone.

2.5. Dicentrine Inhibits TNF-α-Induced NF-κB and AP-1 Activation

The activation of NF-κB and AP-1 transcriptional activity in several types of cancer cells can
promote tumor progression by regulation of many genes in terms of antiapoptosis, cell proliferation,
and cell invasion. To investigate whether dicentrine affected the TNF-α-induced NF-κB and AP-1
activation, the nucleus translocation and the phosphorylation of NF-κB and AP-1 were determined.
As shown in Figure 5A,B, dicentrine at 10–20 μM could significantly inhibit the TNF-α-induced p65
phosphorylation and block the TNF-α-induced nuclear translocation of p65 in a dose-dependent
manner. We next tested the regulation of dicentrine on the transcription activity of AP-1. The
treatment of the cells with TNF-α alone enhanced the nucleus translocation and the phosphorylation
of c-Jun (AP-1). Dicentrine could significantly inhibit the TNF-α-induced AP-1 translocation and
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could effectively block the TNF-α-induced phosphorylation of AP-1 in a dose-dependent manner
(Figure 5C,D). These results indicated that dicentrine inhibited the TNF-α-induced activation of NF-κB
and AP-1 through the inhibition of the phosphorylation and the nuclear translocation of p65 and AP-1.

Figure 5. Effects of dicentrine on TNF-α-induced NF-κB and AP-1 activation. A549 cells were pretreated
with difference concentrations of dicentrine (0–20 μM/mL) for 12 h and then cotreated with 25 ng/mL
of TNF-α for 45 min. The phosphorylation levels of NF-κB and AP-1 in cytoplasmic extracts were
detected by the western blot analysis (A,C), and the nuclear extracts were prepared to analyze the
nuclear translocation (B,D). Data from a typical experiment are presented here, while similar results
were obtained from three independent experiments.

2.6. Effects of Dicentrine on TNF-α-Induced TAK-1, IκB-α, Akt, and MAPKs Signaling Pathways

It has been reported that TNF-α-induced NF-κB and AP-1 activation is mediated through the
sequential interaction of the TNF receptor with TRADD, TRAF2, and TAK-1, which then leads to the
phosphorylation of IKK and induces the degradation of IκB-α, along with the phosphorylation of
MAPKs and the PI3K/Akt signaling pathway. Therefore, the effects of dicentrine on the TNF-α-induced
activation of TAK-1, IKK, IκB-α, Akt, and MAPKs, including Erk1/2, p38, and JNK, were investigated by
the western blot analysis. As shown in Figure 6A, the treatment of A549 cells with the TNF-α-induced
phosphorylation of TAK-1 and dicentrine inhibited the activation in a dose-dependent manner. The
NF-κB activation by TNF-α was mediated via the IKK signaling pathway, resulting in the IκB-α
degradation. To examine the effects of dicentrine on IκB-α activity, we determined whether dicentrine
affected the TNF-α-induced IκB-α degradation. As is shown in Figure 6B, dicentrine blocked the
TNF-α-dependent IκB-α degradation. Since the IKK complex acts as a convergence point for a variety
of activating signals for NF-κB and plays a critical role in degradation of IκB-α, we investigated whether
dicentrine inhibited the TNF-α-induced phosphorylation of IKK. As shown in Figure 6C, dicentrine at
20 μM suppressed the TNF-α-induced phosphorylation of IKK. Moreover, we investigated the effects
of dicentrine on the TNF-α-stimulated phosphorylation of p38, JNK, and Erk1/2. As is shown in
Figure 6D, dicentrine at 15 and 20 μM inhibited the TNF-α-induced phosphorylation of JNK and the
p38 signaling pathway, whereas dicentrine had no effect on the TNF-α-induced phosphorylation of the
ERK1/2 signaling pathway. On the other hand, the treatment with dicentrine alone also inhibited the
TNF-α-induced phosphorylation of the Akt signaling pathway (Figure 6E).
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Figure 6. Effects of dicentrine on TNF-α-induced TAK, IKK, Akt, and MAPKs signaling pathways.
A549 cells were pretreated with difference concentrations of dicentrine (0–20 μM/mL) for 12 h and then
cotreated with 25 ng/mL of TNF-α for 15 min. The whole cell lysate was prepared for the measurements
of phosphorylated and nonphosphorylated forms of TAK (A), IκB (B), IKK (C), MAPKs (D) and Akt (E)
by western blot analysis. Data from a typical experiment are depicted here, and similar results were
obtained in three independent experiments.

3. Discussion

Dicentrine is an alkaloid that is found in various medicinal plants. It displays activity
against many types of cancer by regulating cell cycles, inhibiting topoisomerase II, and inducing
apoptosis [18–21]. Despite its various pharmacological activities, the molecular mechanism of
dicentrine on TNF-α-induced tumor progression has not been adequately elucidated. The present
study was designed to investigate the effect of dicentrine on the enhancement of TNF-α-induced
A549 lung adenocarcinoma cell death and to investigate the role of dicentrine as a potent inhibitor of
TNF-α-induced cell invasion. Molecular mechanisms of these phenomena have not yet been explored.

Activation of the TNFR1 death receptor by TNF-α can induce either cell survival or cell death,
depending on the events that take place downstream of TNFR1 activation [11,17]. A recent study
has shown that most cancer cells are resistant to TNF-α-induced cell death, which is known to be
involved with the overexpression of antiapoptotic outcomes and the survival of proteins leading to the
inhibition of the apoptotic pathway [23,24]. Therefore, the modulation of TNF-α-mediated survival
signals may result in the sensitization of cancer cells to the TNF-α-induced apoptosis. Our result
from the MTT assays revealed that dicentrine sensitized A549 cells to the TNF-α-induced cell death.
TNF-α promotes cancer cell death by inducing apoptosis, necroptosis, and autophagy, depending on
the conditions of the cells [25]. The apoptotic DNA fragmentation is being used as one of markers
for apoptosis, and fractional DNA content was detected in SubG1 cells. Here, we indicated that
dicentrine enhanced TNF-α-induced apoptosis by increasing the SubG1 cell population. TNF-α also
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induced cell apoptosis via extrinsic and intrinsic pathways by increasing the activation of caspases
activity. To confirm the potential effect of dicentrine on TNF-α-mediated apoptosis in A549 cells, we
investigated how dicentrine affected the TNF-α-induced activation of caspase-8, -3, -9, and PARP
cleavage. The levels of caspase-8, -3, and -9 activation and the accumulation of the cleaved PARP were
markedly increased during the combined treatment with TNF-α and dicentrine. During the final phase
of apoptosis, caspases cleaved several proteins that are necessary for cell survival and function. Among
them, PARP was cleaved by caspase-3 into the fragments. This cleavage is necessary to eliminate PARP
activation in response to DNA fragmentation and prevent futile attempts of DNA repair [26]. Thus,
PARP play a central role in apoptosis determining the cell fate. Taking the results together, it is possible
to suggest that dicentrine potentiates TNF-α-induced apoptosis by activating caspases activity.

The TNF-α-induced apoptosis is initiated by the TNFR1 internalization into endosomes to form
complex II or the DISC [11]. The DISC consists of TRADD, RIP-1, FADD, and procaspase-8. The
unubiquitinated form of RIP1 can be dissociated from TNFR1, with or without TRADD, to interact
with FADD, which in turn recruits procaspase-8 to form the DISC [16,27–29]. The formation of DISC
triggers the processing and the activation of caspase-8, leading to the initiation of the caspase cascade
and ultimately cell death [13,14]. Therefore, we investigated whether the enhancement effects of
dicentrine on TNF-α-induced apoptosis were associated with the formation of DISC. The results
from coimmunoprecipitation revealed that the combined treatment of A549 cells with dicentrine
and TNF-α increased the complex formation of procaspase-8 and RIP-1. These outcomes indicated
that dicentrine potentiated TNF-α-mediated apoptosis by enhancing the DISC formation. The active
caspase-8 triggers a caspase cascade by the cleavage of caspase-3. Moreover, caspase-8 cleaves
Bid into truncated Bid, which initiates the mitochondrial apoptosis pathway leading to the release
of cytochrome c from the mitochondria. Then, cytochrome c is associated with procaspase-9 and
Apat-1. This complex processes caspase-9 to an active form. Once activated, caspase-9 continues
to cleave caspase-3 and eventually leads to apoptosis [13]. Our result demonstrated that dicentrine
enhanced the TNF-α-induced activation of capase-9, which is one of key markers in the intrinsic
pathway of apoptosis. Several studies have shown that the overexpression of antiapoptotic proteins
including cIAP-2, cFLIPs, Bcl-2, and Bcl-XL in tumor cells has been associated with the inhibition
of TNF-α-induced apoptosis [30–32]. Notably, cIAP-2 mediates ubiquitylation by controlling RIP-1
activity, thereby preventing TNF-α-induced cell death [33,34]. Moreover, c-FLIP has been identified as
an inhibitor of TNF-α-mediated apoptosis by preventing the homodimerization of caspase-8 in the
DISC [35,36]. Therefore, to explain the mechanism, by which dicentrine enhances TNF-α-induced
apoptosis, we have examined the modulatory effects of dicentrine on the TNF-α-induced expression
of the antiapoptotic capability. We found that dicentrine inhibited the TNF-α-induced expression
of cIAP-2, cFLIP, and Bcl-XL. Together, these results suggested that dicentrine enhanced the TNF-α
induced cell death, at least in part, by downregulating cIAP-2, cFLIP, and Bcl-XL, leading to the
induction of the cell apoptosis in intrinsic and extrinsic pathways.

Tumor metastasis consists of multiple steps, including those involving loose cell–cell junctions,
extracellular matrix (ECM) degradation, adherence to the surrounding ECM, and eventually migration
through the ECM to the distance sites. The disruption of the basement membranes and the ECM
proteins by proteolytic enzymes is an important step. MMPs and uPA are the key of protease
in the ECM degradation. High levels of MMPs and uPA are closely linked to the promotion of
cancer metastasis [8,15,37]. Moreover, uPAR is involved in lung cancer invasion and could enhance
cell proliferation, angiogenesis, and migration. Adhesion molecules such as ICAM-1 are essential
for the adhesion of tumor cells to endothelial cells and thus mediate tumor cell metastasis [38,39].
Our results demonstrated that dicentrine suppressed the TNF-α-induced A549 cell invasion and
migration. Moreover, dicentrine reduced the degree of TNF-α-induced expression of invasive genes,
including MMP-9, MT1-MMP, ICAM-1, and uPAR in A549 cells. In addition, Cox-2 overexpression
plays a key role in tumorigenesis by stimulating angiogenesis, cell proliferation, and invasion. Cox-2 is
a rate-limiting enzyme catalyzing the synthesis of prostaglandin E2 (PGE2), which induces MMPs
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and uPA expression [40,41]. Therefore, the modulation of Cox-2 activity is considered to be antitumor
compounds. Here, we demonstrated that dicentrine reduced the TNF-α-induced expression of Cox-2
in a dose-dependent manner. This result is similar to that of our previous findings, which have stated
that dicentrine reduced the levels of Cox-2 and PGE2 expression in LPS-induced macrophage cells [22].

NF-κB and AP-1 are important transcription factors that play an essential role in the progression
process [41]. NF-κB controls the expression of the cell survival gene products cIAP-2, Bcl-2, Bcl-xl,
and cFLIP and the invasive gene products MMP-9, MT1-MMP, ICAM-1, uPA, uPAR, and Cox-2 [42,43].
In most resting cells, NF-κB exists in the cytosol in an inactive form that is associated with IκB-α.
Once the cells are exposed to TNF-α, IκB-α is phosphorylated by IKK and subsequently degraded,
leading to the phosphorylation and the nuclear translocation of NF-κB. The activated NF-κB then
binds to the consensus sequences, activating the expression of the target genes [15,43]. Therefore,
we investigated the inhibitory activity of dicentrine on the TNF-α-induced IκB-α degradation, the
phosphorylation of IKK, and the NF-κB activity. The data presented herein indicate that dicentrine
prevented the degradation of IκB-α and the phosphorylation of IKK and reduced the NF-κB activity by
inhibiting the TNF-α-induced NF-κB phosphorylation and the nucleus translocation. This result is
in accordance with the outcomes of previous studies, which also demonstrated that the inhibition of
NF-κB activity can potentiate the TNF-α-induced cell death and inhibit the cancer cell invasion. AP-1
has been shown to play a role in regulating cancer cell proliferation and survival. AP-1 also controls
the genes expression of MMP-9, MT1-MMP, Cox-2, uPA, and uPAR. The activity of AP-1 is regulated at
an expression level and is involved in post-translation modification via phosphorylation. The activated
AP-1 is translocated to the nucleus and is bound to the DNA consensus sequence. The inhibition
of AP-1 activity have been shown to reduce cancer cell invasion and survival [44,45]. In this study,
we investigated the activation of AP-1 by observing the phosphorylation and the translocation of
c-Jun in the TNF-α-induced A549 cells. Our results found that dicentrine reduced the TNF-α-induced
c-Jun phosphorylation and translocation to the nucleus of A549 cells. These results implied that
dicentrine could reduce the level of survival and metastasis proteins by the inhibition of AP-1 and
NF-κB activation.

Next, we investigated how dicentrine regulated the activity of NF-κB and AP-1 by examining its
effects on several forms of kinase that function upstream of NF-κB and AP-1, such as MAPKs, Akt,
and TAK1. Recent studies have indicated that TAK1 is essential for the TNF-α-induced activation of
NF-κB via the activation of IKK activity. In addition, TAK1 has been implicated in TNF-α-induced
MAPK activation [12,15,44]. Indeed, our study showed, for the first time, that the TNF-α-induced
TAK-1 phosphorylation was inhibited by dicentrine. Notably, TNF-α can activate Akt and three MAPK
cascades, including ERK1/2, p38, and JNK, which modulate the transcriptional activity of AP-1 and
NF-κB. Accumulating evidence indicates that the Akt and MAPKs signaling pathways have been
involved with cancer cell survival and metastasis by upregulating the expression of survival and
invasive proteins [46]. On the other hand, it has been reported that high levels of reactive oxygen species
promoted cancer cells apoptosis by activating the MAPKs signaling pathway [47]. Thus, the activation
of MAPKs signaling pathway can induce either cancer cell death or cancer cell survival, depending on
the condition of induction. In lung cancer cells, TNF-α-induced inflammation, survival, and metastasis
via the MAPKs signaling pathway have been reported [48,49]. Therefore, these experiments were
performed to determine whether dicentrine regulated TNF-α to stimulate the activities of Akt and
MAPKs. Our results have shown that dicentrine prevented the phosphorylation of p38, JNK, and Akt.
These results are consistent with those of previous reports that found the inhibitors of the PI3K/Akt
and MAPKs signaling pathways can cause the cell death that is associated with apoptosis and can then
reduce the invasion of cancer cells.
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4. Materials and Methods

4.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), penicilin-streptomycin, and trypsin-
ethylenediaminetetra acetic acid (EDTA) were purchased from GIBCO-BRL (Grand Island, NY,
USA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). Gelatin, PI, and MTT
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies specific to caspase-3, caspase-8,
caspase-9, cFILP, cIAP-2, Bcl-XL, COX-2, phospho-NF-κB, phospho-c-Jun, c-Jun, phospho-IKK,
phospho-IκB, phospho-p38, p38, phospho-JNK, JNK, phospho-ERK1/2, ERK1/2, phospho-AKT, AKT,
phospho-TAK, TAK, and RIP were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA).
NF-κB, PARP, MT1-MMP, uPAR, ICAM-1, and VEGF were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Cyclin D1 was purchased from Milipore. The Can Get Signal® Immunoreaction
Enhancer Solution was purchased from Toyobo (Osaka, Japan). Matrigel was purchased from Becton
Dickinson (Bedford, MA, USA). Dicentrine was ordered from Chengdu Biopurify Phytochemicals Ltd.
(Sichuan, China).

4.2. Cell Culture

A549 lung adenocarcinoma cells (American Type Culture Collection (ATCC), CCL-185) were
cultured in DMEM supplemented with 10% FBS, 100 U/mL of penicillin, and 100 μg/mL of streptomycin.
The cell cultures were maintained in a humidified incubator with an atmosphere comprised of 95% air
and 5% CO2 at 37 ◦C. For the dicentrine treatment, dicentrine was dissolved in dimethyl sulfoxide
(DMSO) and diluted with the culture medium, and the final concentration of DMSO was less than
0.1% (v/v).

4.3. Cell Viability

The cytotoxic effect of dicrntrine to A549 lung adenocarcinoma cells were determined using MTT
assays. Briefly, A549 cells with 5.5 × 103 cells per well were placed into 96-well plates containing
DMEM with 10% FBS for 24 h. After that, the cells were treated with various dicentrine concentrations
(0–40 μM) with or without 25 ng/mL of TNF-α and incubated for 24 h. Then, 15 μL of the MTT
solution (5 mg/mL) were added to each well and incubated at 37 ◦C for 4 h. After the incubation, the
formazan crystals in each well were dissolved in 200 μL of DMSO. The absorbance was measured
using a microplate reader at 570 nm with a reference wavelength of 630 nm.

4.4. Cell Cycle Arrest Assay

A549 cells were treated with various concentrations of dicentrine (0–40 μM) with or without
25 ng/mL of TNF-α for 24 h. After that, the cells were fixed with ice-cold 70% (v/v) ethanol for 15 min.
The staining of the nuclear DNA content was conducted by adding PI (50 μg/mL), 0.05% triton X-100,
and RNAse A (25 μg/mL) in PBS, followed by incubation at 37 ◦C for 30 min in the dark. Cells were
washed with cold PBS and resuspended in 500 μL of PBS. The samples were analyzed by an FACScan
flow cytometer, and the DNA content in the SubG1 was representative of the apoptotic cells.

4.5. Cell Invasion and Migration Assay

The invasion and migration were tested using the modified Boyden chamber assay as
described previously. Briefly, polyvinylpyrrolidone-free polycarbonate filters (Millipore, Carrigtwohill,
Tullagreen) with a pore size of 8 μm were coated with gelatin (0.01%, w/v) for cell migration or with
Matrigel (12.5 μg/50 μL) for the invasion assays. The A549 cells with the number of 1.25 × 105 were
treated with various concentrations of dicentrine (0–20 μM/mL) and placed into the upper chamber for
24 h at 37 ◦C in 5% CO2. The medium in the lower chamber contained a serum-free culture medium
of NIH3T3 cells with or without TNF-α (25 ng/mL). The cells that had invaded the lower surface of
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the membrane were fixed with methanol and stained with 1% (w/v) toluidine blue. The cells were
migrated to the lower surface of the filter measure by count of the cell.

4.6. Gelatin Zymography

The secretions of MMP-9 from the cells were analyzed by gelatin zymography as described before.
The culture supernatant of the treated cell was collected and separated by 10% polyacrylamide gels
containing 0.1% (w/v) of gelatin in nonreducing conditions. After electrophoresis, gels were washed
twice with 2.5% Triton X-100 for 30 min at room temperature to remove sodium dodecyl sulfate (SDS).
The gel was then incubated at 37 ◦C and kept for 18 h in an activating buffer (50 mM Tris-HCl, 200 mM
NaCl, and 10 mM CaCl2, pH 7.4). Gels were stained with Coomassie Brilliant Blue R (0.1%, w/v) and
destained in 30% methanol with 10% acetic acid. The MMP-9 activity appeared as a clear band against
a blue background

4.7. Coimmunoprecipitation and Western Blot

A549 cells with the number of 1 × 107 were treated with 25 μM/mL of dicentrine for 4 h and
25 ng/mL of TNF-α for 12 h. The cells were lysed in a lysis buffer (150 mM NaCl, 50mM Tris-Hcl, 1%
NP-40, 2 mM EDTA, and a proteases inhibitor mixture; Sigma-Aldrich) for 20 min on ice. Cell lysates
were cleared by centrifugation at 4 ◦C for 10 min at 12,000 rpm. After that, incubations with Dynabeads
Protein A (Thermo Fisher Scientific, Norway) and polyclonal antiRIP1 occurred overnight at 4 ◦C.
The target protein and its complex were washed twice with the lysis buffer. For the western blot
experiments, the proteins were separated by the SDS-PAGE electrophoresis and transferred to a
nitrocellulose membrane (GE Healthcare Ltd., UK). Immunoblot analyses were performed using
specific primary antibodies overnight at 4 ◦C. After being washed with TBS containing 0.3% (v/w)
Tween-20 (TBST buffer), the membrane was incubated with a secondary antibody for 2 h. The blots
were detected with chemiluminescence (Thermo Fisher Scientific Inc., MA, USA).

4.8. Extraction of Nuclear and Whole Cell Lysate

The whole cell lysate were used to determine the expression levels of apoptotic, antiapoptotic,
invasive, and signaling proteins, such as caspase-3, caspase-8, PARP-1, cFLIP, cIAP-2, cyclin D1, Bcl-XL,
MT1-MMP, uPAR, ICAM-1, Cox-2, phospho-TAK, TAK, phospho-IKK, phospho-IκB, phospho-p38,
p38, phospho-JNK, JNK, phospho-ERK1/2, ERK1/2, phospho-AKT, and AKT in A549 cells. Briefly, the
cells were pretreated with various concentrations of dicentrine for 4 h and cotreated with or without
25 ng/mL of TNF-α for 24 h. The treated cells were washed with ice-cold PBS and extracted by the
RIPA buffer for 20 min on ice. The collected supernatant fraction by centrifugation at 12,000 rpm for
10 min, and the protein concentration was determined with the Bradford protein assay.

Nuclear extraction was used to determine the levels of NF-κB and AP-1 proteins. The treated cells
were collected and washed twice with the ice-cold PBS. The cell pellet was extracted by a hypotonic
buffer (10 mM HEPES, pH 7.9, 10 mM KCL, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl fluoride, 1 μg/mL leupeptin, and 1 μg/mL aprotinin) for 20 min on ice, after
which 5 μL of 10% NP-40 was added. The tube were agitated on a vortex for 15 s and centrifuged at
12,000 rpm for 5 min. The supernatant was collected and was representative of the cytoplasm extract.
The nuclear pellets were suspended in an ice-cold nuclear extraction buffer (20 mM HEPES, pH 7.9,
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonylfluoride,
2.0 μg/mL leupeptin, and 2.0 μg/mL aprotinin) for 25 min on ice and centrifuged at 12,000 rpm for
10 min. The supernatant was collected and was representative of the nuclear fraction.

To determine the expression level of protein in the whole cell lysate, cytoplasm and nuclear faction
were separated by the SDS-PAGE electrophoresis and transferred to the nitrocellulose membrane by
electroblotting. The membrane was blocked with 5% skim milk in TBS containing 0.3% (v/v) Tween-20
for 1 h and then incubated with primary antibodies at 4 ◦C overnight. The membrane was incubated
with a secondary antibody for 2 h and detected by chemiluminescence.
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4.9. Statistical Analysis

All data are presented as mean ± S.D. Statistical analysis was analyzed with SPSS Software
using one-way ANOVA with Dunnett’s test. Statistical significance was determined at * p < 0.05 and
** p < 0.01.

5. Conclusions

In summary, our results suggested that dicentrine enhances TNF-α-induced A549 cell death
by inducing apoptosis and by reducing cell invasion due to, at least in part, the suppression of the
TAK-1, MAPKs, Akt, AP-1, and NF-κB signaling pathways. These results underscore the potential of
dicentrine as a therapeutic agent in treatments of certain types of cancer, such as lung cancer, where
TNF-α plays a major role in tumor progression.
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Abstract: Plant-based compounds are an option to explore and perhaps overcome the limitations of
current antitumor treatments. Annona coriacea Mart. is a plant with a broad spectrum of biological
activities, but its antitumor activity is still unclear. The purpose of our study was to determine the
effects of A. coriacea fractions on a panel of cervical cancer cell lines and a normal keratinocyte cell line.
The antitumor effect was investigated in vitro by viability assays, cell cycle, apoptosis, migration,
and invasion assays. Intracellular signaling was assessed by Western blot, and major compounds
were identified by mass spectrometry. All fractions exhibited a cytotoxic effect on cisplatin-resistant
cell lines, SiHa and HeLa. C3 and C5 were significantly more cytotoxic and selective than cisplatin
in SiHa and Hela cells. However, in CaSki, a cisplatin-sensitive cell line, the compounds did not
demonstrate higher cytotoxicity when compared with cisplatin. Alkaloids and acetogenins were the
main compounds identified in the fractions. These fractions also markedly decreased cell proliferation
with p21 increase and cell cycle arrest in G2/M. These effects were accompanied by an increase of
H2AX phosphorylation levels and DNA damage index. In addition, fractions C3 and C5 promoted
p62 accumulation and decrease of LC3II, as well as acid vesicle levels, indicating the inhibition of
autophagic flow. These findings suggest that A. coriacea fractions may become effective antineoplastic
drugs and highlight the autophagy inhibition properties of these fractions in sensitizing cervical
cancer cells to treatment.

Keywords: natural compounds; cervical cancer; autophagy; cell cycle arrest
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1. Introduction

Cervical cancer is the fourth most common cancer among women worldwide, accounting for 7.5%
of all female cancer deaths [1]. The number of diagnosed cases is about twice as high in developing
countries, such as Brazil, where cervical cancer corresponds to the third most common type among
Brazilian women [2]. Despite the high incidence, cervical cancer is one of the tumor types that present
significant potential for prevention [3]. Nevertheless, many cases are still diagnosed at an advanced
stage, and the therapeutic options are limited [4]. So far, platinum-based chemotherapy remains
the only anticancer approach that has improved the results in recurrence and metastatic cervical
cancer [5]. However, cisplatin demonstrated extensive side effects, such as myelosuppression and
nephrotoxicity, as well as problems related to the resistance and relapse of the disease [5]. Currently,
results with molecular-targeted therapies constitute potential alternatives, but the clinical outcomes are
still in progress [6]. In this context, natural compounds offer an exciting option to explore and maybe
overcome the treatment limitations for cervical cancer.

Autophagy is a homeostatic biological process that maintains cell survival by recycling organelles
and molecules, but its role in cancer is still unclear [7]. Autophagic process is activated in many tumors
and, when inhibited, can lead to cell death or survival, depending on the tissue type, tumor grade,
and therapy [8]. In cervical cancer, autophagy activation is reported as a target of paclitaxel (Taxol),
a relevant natural product in cancer chemotherapy resistance [9]. Autophagy targeting has been
recognized as a novel therapeutic approach. So far, the establishment of news autophagy modulators
is required for cancer treatment [10].

Annonaceae is a common Brazilian plant family, with 29 genera and approximately 386 species [11].
Some species of Annonaceae, a family of plants widely distributed in Brazil, have been related by their
biological activity as an anticancer, analgesic, and antimicrobial [12,13]. Annona coriacea Mart., a member
of the Annonaceae family, is one of the endemic species of the Brazilian Cerrado. It is popularly known
as “araticum-liso”, “marola”, or “araticum do campo” [14]. Among the biological activities already
reported for the species are analgesic, anti-inflammatory, carminative, and anthelmintic activity [15].
Recently, methanolic extract of A. coriacea seeds exhibited cytotoxicity activity against some cancer cell
lines [16]. Although the advantage of obtaining and developing a therapy from leaves rather than
other plant parts is clear, potential cytotoxicity activity from A.coriacea leaves remains unknown.

The goal of the current study was to evaluate the antineoplastic activity of seven fractions of
leaves of A. coriacea in human cervical cancer cell lines. We analyzed several biological effects, such as
cytotoxicity, proliferation, cell death by apoptosis and autophagy, cell migration, and tumorigenesis, to
explore their potential in cervical cancer treatment.

2. Results

2.1. Anonna coriacea Mart. Fractions Contain Acetogenins and Alkaloids in Their Constitution

Analysis of the Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (ESI (-) FT-ICR MS) profile of A. coriacea fractions suggests the presence of acetogenins
as bulatacin, annonacin, annohexocin, anomuricin E, and coriaheptocinin magnification of 500 to
700 m/z regions in both fractions (C3 and C5). The m/z values of the main molecules found in C3
and C5 are shown in Table 1. Supplementary Table S1 summarizes the major features of the seven
fractions isolated.
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Table 1. Proposed structures by ESI (-) FT-ICR MS for the main molecules in C3 and C5 fractions from
Annona coriacea.

Measured
m/z

Theoretical
m/z

Error
(ppm)

DBE [M-H]− Proposed Compound Reference

255.2332 255.23324 −1.12 1 [C16H32O2–H+]− palmitic acid Chen et al., 2016
281.24881 281.24886 0.92 2 [C18H34O2–H+]− oleic acid Chen et al., 2016
595.45815 595.45822 −0.49 4 [C35H64O7–H+]− asitrocinone Adewole e Ojewole et al., 2008
595.45838 595.45845 −0.87 4 [C35H64O7–H+]− annonacin Alkofahi et al., 1988
609.43885 609.43893 −2.85 5 [C35H62O8–H+]− trilobalicin He et al., 1997
611.45312 611.45314 −0.49 4 [C35H64O8–H+]− annomuricin E Kim et al., 1998
621.4742 621.4743 −1.17 5 [C37H66O7–H+]− asimicin Ye et al., 1996
621.47413 621.47418 −0.96 5 [C37H66O7–H+]− bullatacin Morre et al., 1995
627.4483 627.44832 −0.9 4 [C35H64O9–H+]− annohexocin Moghadamtousi et al., 2015
627.44823 627.44828 −0.83 4 [C35H64O9–H+]− murihexocin Kim et al., 1998
635.4540 635.4542 −2.14 6 [C37H64O8–H+]− goniotriocin Alali et al., 1999
637.46921 637.46927 −1.22 5 [C37H66O8–H+]− bullatalicinone Hui et al., 1991
637.46905 637.46914 −1.02 5 [C37H66O8–H+]− annoglaucin Bermejo et al., 2005
641.42889 641.42895 −1.34 4 [C35H64O10–H+]− coriaheptocin B/A Formagio et al., 2015
651.44943 651.44949 −2.65 6 [C35H64O10–H+]− ginsenoside Rh5 Vamanu, 2014
653.46442 653.46444 −1.58 5 [C37H66O9–H+]− salzmanolin Queiroz et al., 2003
669.46005 669.4601 −1.22 6 [C37H68O10–H+]− annoheptocin A Meneses Da Silva et al., 1998
671.47569 671.47575 −1 6 [C37H68O10–H+]− annoheptocin B Meneses Da Silva et al., 1998
763.47932 763.47939 −0.83 12 [C39H70O5–H]− squamocin glycosilated Jamkhande e Wattamwar, 2015

DBE: Double bond equivalent; m/z: mass-to-charge ratio.

2.2. A. coriacea Fractions Promote Cytotoxicity in a Dose- and Time-Dependent Manner in Cervical Cancer
Cells Lines

In order to determine the cytotoxicity effects of A. coriacea fractions on human cervical cancer cell
lines, the cells were cultured and treated with various concentrations of Annona coriacea fractions or
cisplatin (CIS), respectively, for 72 h, followed by the use of an MTS assay to analyze the cell viability.
As shown in Table 2, of the seven fractions used, five reached the IC50 ( half maximal inhibitory
concentration) for the three tested cell lines, and fractions C2 and C4 did not affect cell viability. The
IC50 values decreased as the concentration of fraction increased, suggesting a dose-dependent manner.
The IC50 values for the CaSki cell line ranged from 3.6 to 21.4 μg/mL, from 4.1 to 12.9 μg/mL in HeLa,
and from 5.1 to 16.1 μg/mL in the SiHa cell line (Table 2). Notably, for the HeLa and SiHa cell lines, the
cisplatin-resistant cell lines, all fractions showed a lower IC50 than cisplatin (Table 2). However, for
CaSki cells, a cisplatin-sensitive cell line, the compounds did not demonstrate higher cytotoxicity as
compared with cisplatin.

Table 2. IC50 values for A. coriacea compounds and cisplatin in cervical cancer cell lines.

IC50 Value (Mean ± SD) μg/mL

Cell Line C1 C2 C3 C4 C5 C6 C7 Cisplatin

CaSki 17.8 ± 2.8 ND 6.5 ± 1.8 ND 3.6 ± 0.9 11.7 ± 2.2 21.4 ± 3.3 1.05 ± 1.2
HeLa 12.2 ± 1.5 ND 6.6 ± 1.2 ND 4.1 ± 0.4 12.9 ± 1.9 12.3 ± 0.83 13.6 ± 0.44
SiHa 16.1 ± 2.7 ND 8.7 ± 1.3 ND 5.1 ± 0.6 12.6 ± 1.6 12.7 ± 1.3 15.5 ± 0.93

ND: Not determined; C1: Ethanolic extract; C2: Hexane fraction; C3: Ethyl acetate fraction; C4: Hidroalcoholic
fraction; C5: Fraction enriched in acetogenin; C6: Neutral dichloromethane fraction obtained from acid-base
extraction; C7: Dichloromethane fraction enriched in alkaloids.

Thus, based on these results, we continued the studies with the two most cytotoxic and selective
fractions, C3 and C5 (Table 3). For both fractions, the IC50 in HaCaT cells was greater than those
observed for cisplatin. Regarding the selectivity indexes, C5 was more selective than C3 in all cell
lines tested. Moreover, the fractions in the cisplatin-resistant cell lines (HeLa and SiHa) showed better
selectivity than cisplatin. However, for the cisplatin-sensitive cell line, the compounds did not show
better selectivity indexes when compared with cisplatin. The same effect was observed over time (from
the 3 until 72 h) for C3 and C5 (see Table S2 in the Supplementary Materials).
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Table 3. IC50 values and selectivity index for the C3 and C5 fractions of cisplatin to tumor cells as
compared with HaCaT.

IC50 Value (Mean ± SD) μg/mL and SI ª

Cell Line C3 C5 Cisplatin SIC3 SIC5 SI Cisplatin

CaSki 6.5 ± 1.8 3.6 ± 0.9 1.05 ± 1.2 1.57 3.72 4.57
HeLa 6.6 ± 1.2 4.1 ± 0.4 13.6 ± 0.44 1.55 3.27 0.35
SiHa 8.7 ± 1.3 5.1 ± 0.6 15.5 ±0.93 1.17 2.63 0.31

HaCat 10.2 ± 2.4 13.4 ± 1.0 4.8 ± 1.3 R R R
a Selectivity index is the ratio of the IC50 values of the treatments on HaCaT cells to those in the cancer cell lines. SI:
Selectivity index; C3: Ethyl acetate fraction; C5: Fraction enriched in acetogenin; R: Reference cell line.

We selected SiHa cells to evaluate the mechanism of action of the C3 and C5 fractions since they
are resistant to cisplatin and because these treatments showed greater cytotoxicity and selectivity to
this cell line (Figure 1A,B).

Figure 1. Cytotoxicity in SiHa cells. (A) Cell viability measured after 24 h of exposure in SiHa cells.
(B) Cell cytotoxicity measured after 24 h of exposure in SiHa cells. There was an increase in cytotoxicity
and a decrease in viability in a dose-dependent manner (p < 0.0001). C3: Ethyl acetate fraction; C5:
Fraction enriched in acetogenin; Cis: cisplatin. *** Indicates a statistical difference between groups.
UFR: Relative unit of fluorescence.

2.3. A. coriacea Fractions Inhibited Cell Proliferation and Invasion, and Induced Cell Cycle Arrest in Cervical
Cancer Cell Lines

We analyzed the effect of C3 and C5 fractions on cell proliferation. The C3 and C5 fractions
reduced AKT phosphorylation (Figure 2A,D) and also promoted a reduction in more than 90% of
the number of colonies in anchorage-independent growth in comparison to the control (Figure 2B).
Moreover, C5 was able to reduce BrdU incorporation significantly (Figure 2C). Using the matrigel
invasion assay, we observed that the C5 fraction significantly inhibited cell invasion in SiHa cells. Also,
C5 demonstrated higher invasion inhibition when compared with cisplatin (Figure 2E,F).

We further analyzed the expression of proteins involved in the cell cycle. The C3 and C5 treatments
increased p21 expression (Figure 3A,B). Regarding the cell cycle, we observed that both C3 and C5
promoted cell cycle arrest in the G2/M phase in SiHa cells after treatment with 5 and 10 μg/mL of each
fraction (Figure 3C,D).
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Figure 2. Cell proliferation and invasion upon C3 and C5 treatment (5μg/mL) in SiHa cells (A) Western
blotting of phospho-AKT (protein kinase B) upon C3 and C5 treatment. (B) Number of colonies in the
soft agar assay performed for 45 days. (C) BrdU incorporation after C3 and C5 treatment (p < 0.0001)
in SiHa cells. (D) Densitometry of p-AKT. (E) Invasion inhibition through C3 and C5 treatments in
SiHa cells. (F) Percentage of invasion cells in SiHa cells (*** p < 0.0001; * p < 0.05). * Indicates statistical
difference between the treatments). C3: Ethyl acetate fraction; C5: Fraction enriched in acetogenin;
Cis: cisplatin.

 
 

 

 

 

 

 

 

 

Figure 3. Cell cycle alterations in SiHa cells after exposure to C3 and C5 compounds (A) Western blot of
p21 in SiHa cells upon C3, C5, and cisplatin treatments. (B) Densitometry of p21. (C) Cell cycle profile in
SiHa cells. (D) Cell cycle phase distribution after treatment with C3 and C5. (*** p < 0.0001; * p < 0.05).
C3: Ethyl acetate fraction; C5: Fraction enriched in acetogenin; Cis: cisplatin; DMSO: dimethylsulfoxide.

2.4. Annona coriacea Fractions Promote Cytotoxic Effects by DNA Damage but Do Not Induce Apoptosis

We also analyzed the protein expression of poly (ADP-ribose) polymerase (PARP) and caspase 3
by Western blot. We observed that C3 and C5 treatment increased cleavage of PARP but not caspase
3 (Figure 4A) As opposed to the action of cisplatin, exposure to C3 and C5 fractions did not induce
apoptosis (Figure 4B,C). Additionally, the mitochondrial membrane potential was analyzed, and we
verified that at higher concentrations, C3 and C5 induce mitochondrial membrane depolarization
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similar to cisplatin (Figure 4D). Taken together, these results suggest that apoptosis is not the main
mechanism of cell death induced by A. coriacea Mart. fractions.

 
 

 

 

 

 

 

 

 

Figure 4. Apoptosis evaluation in SiHa cells upon C3 and C5 compounds. (A) Western blot of PARP
(Poly (ADP-ribose) polymerase), caspase 3, and H2AX (H2A histone family member X) proteins (B)
Flow cytometry for SiHa cells. (C) Comparison of apoptotic cells upon C3 and C5 treatment. There
was a significant increase for cells in apoptosis only for cisplatin (CIS) * p = 0.0282 (D) Depolarization
of the mitochondrial membrane after treatment with C3 and C5 and cisplatin in the SiHa cell line.
C3: Ethyl acetate fraction; C5: Fraction enriched in acetogenin; Cis: cisplatin; DMM: Depolarized
mitochondrial membrane; PMM: Polarized mitochondrial membrane. p < 0.05). C3: Ethyl acetate
fraction; C5: Fraction enriched in acetogenin; Cis: cisplatin.

To better understand the cytotoxic effects of A. coricea fractions, we performed the comet assay on
HeLa cells, which has a response profile to both fractions that is similar to SiHa. The results showed
that A. coriacea fractions significantly increased on average the damage score in comparison with
the control (Figure 5A,B). Moreover, in agreement with these results, both fractions increased the
expression of H2AX phosphorylation, suggesting their role in DNA damage (Figure 4A).

 
 

 

 

 

Figure 5. DNA damage evaluation in HeLa cells upon C3 and C5 compounds. (A) Genotoxic damage
induced by C3. (B) Genotoxic damage induced by C5. Data are representative of three experiments.
Error bars represent SD. C3: Ethyl acetate fraction; C5: Fraction enriched in acetogenin; Cis: cisplatin;
C3: Ethyl acetate fraction; C5: Fraction enriched in acetogenin; Cis: cisplatin; MMS: Methyl methane
sulphonate, DMSO: dimethylsulfoxide. *** p < 0.0001; ** p < 0.01, * p < 0.05).
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2.5. A. coriacea Fractions Promote Autophagy Flux Inhibition in Cervical Cancer Cell Lines

To explore the role of C3 and C5 in autophagic flux, we analyzed by Western blot the expression of
critical proteins for the autophagic pathway. Interestingly, we found these fractions induced an increase
in p62 (Figure 6A–C). Furthermore, by acridine orange staining, we verified that C3 and C5 fractions
produced a reduction of acidic vesicles (Figure 6D), suggesting that less autophagosome formation
could be associated with inhibited autophagy initiation. These findings suggest that A. coriacea fractions
may inhibit the initiation steps of autophagy.

 
 

 

 

 

 

 

 

Figure 6. Analysis of the involvement of A. coriacea fractions in autophagy. (A) Analysis of the expression
of proteins involved in the autophagic flux in SiHa cells. (B) Densitometry of p62. (C) Densitometry of
LC3 B/A (Microtubule-associated protein 1A/1B-light chain 3). (D) Acridine orange staining in SiHa
cells. There was a reduction in the percentage of formation of acid vesicles, evidenced by a reduction
of the fluorescent green signal after treatment with the fractions (p < 0.05). HBSS: Hank’s balanced
salt solution; EBSS: Earle’s balanced salt solution; C3: Ethyl acetate fraction; C5: Fraction enriched in
acetogenin; Cis: cisplatin. BAF: Bafilomycin.

3. Discussion

Cisplatin is the most frequent chemotherapy agent used for metastatic and refractory cervical
tumors; yet, it has demonstrated high recurrence rates due to its high toxicity and resistance [5]. In this
context, it is necessary to develop new and less toxic therapeutic approaches. In the present study,
we observed that Annona coriacea fractions promoted a cytotoxic effect, cell cycle arrest, and inhibit
autophagy as well as invasion.

Annona coriacea compounds were able to promote cytotoxicity in cervical cancer cell lines in
a dose- and time-dependent-manner. It can also be inferred that these compounds are considered
pharmacologically active according to the recommendation of the Institute National Cancer Institute
(NCI) for IC50 values less than 30 μg/mL [17]. The results are in accordance with previous studies that
reported the antiproliferative activity of Annonaceae [12,18]. Our results showed that C3 and C5 are
selective for tumor cells when compared with normal skin keratinocyte. One limitation of our study
is the lack of an ideal normal cervix cell line counterpart to evaluate the selectivity index. Previous
studies have considered that a value greater than or equal to 2.0 is an interesting selectivity index,
which means that the compound is more than twice more cytotoxic to the tumor cell line as compared
with the normal cell line [19].

Among the compounds tested, C3 and C5 were those that showed higher cytotoxicity concerning
the other compounds. Moreover, C3 and C5 showed more selectivity when compared with cisplatin in
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the cisplatin-resistant cell lines. These fractions are rich in acetogenins and alkaloids, as previously
described in the Annonaceae family [11,14,20–42]. Chemical studies on Annonaceae species have identified
a large number of acetogenins and alkaloids that possess great biological and pharmacological potential
due to their antitumor, cytotoxic, and apoptosis-inducing activities [43]. Many of these metabolites
have already been described as acting on crucial enzymes for cell division, such as topoisomerases
and the deregulation of the phosphorylative chain by inhibition of the mitochondrial I complex [44].
Taken together, these results suggest that the phytochemical constituents of C3 and C5, among them
acetogenins and alkaloids, might contribute substantially to the antineoplastic effect of A. coriacea
fractions in cervical cancer.

Proliferation inhibition is another characteristic attributed to natural compounds [45,46].
In accordance, we also observed that C3 and C5 treatment promoted a significant increase in the p21
levels, a key regulator of the cell cycle, correlating with G2/M arrest as well as a decrease in BrdU
incorporation and p-AKT. Cell cycle arrest in the G2/M transition can be attributed to cytoskeletal
disorganization by inhibition of the mitotic spindle [47]. Also, as previously reported, cisplatin
treatment induced p53 accumulation and upregulated P21 expression as well as cell cycle arrest in the
G1/S phase [48]. Many alkaloids are reported as both mitotic spindle inhibition promoters, such as
vinblastine, and as promotors of the inhibition of topoisomerases, such as liriodenine [49,50]. Moreover,
cell cycle disruption and repair enzyme overexpression can be attributed to DNA damage [51].

The invasion and clonogenic activity of C3 and C5 were also evaluated in cervical cancer cell
lines. The results demonstrated that C3 and C5 treatment significantly reduced the number and size of
colonies, as well as the number of invasive cells. A nanoformulation based on curcumin, a natural
acetogenin as founded in C3 and C5, has also shown promising results in reducing invasion rates and
colonies formed for the SiHa cell line [52]. In this way, it can be inferred that A. coriacea fractions could
play an inhibitory role in invasion and metastasis processes.

Apoptosis has been described as a key mechanism for the antitumor activity of natural products [53].
Our findings suggest that A. coriacea fractions do not induce apoptosis, although we found alterations
of the PARP cleavage and H2AX activity involved in DNA repair. The comet assay showed that C3
and C5 promoted an increase in DNA damage. Thus, these data together provide evidence that the
cytotoxicity of A. coricea fractions can be related to DNA damage directly.

Regarding the autophagic flux, we found decreased expression of LC3 cleavage, increased p62
levels, and negative labeling of acidic vesicles by acridine orange. In accordance with our results,
AKT downregulation has already reported as being involved in autophagy and apoptosis through
the beclin-1 block, and the PI3K/AKT/mTOR pathway has been implicated as one of the principals of
autophagy pathways in gynecological cancers [54]. Moreover, some studies have shown that G2/M cell
cycle arrest is a target of autophagy inhibition [55]. Thus, these results indicate that C3 and C5 could
inhibit the initiation of autophagy or even the vesicular traffic in cervical cancer.

4. Materials and Methods

4.1. Plant Material

The leaves of A. coriacea Mart. were collected in May 2010, at the Federal University of Goias,
Catalão, GO, Brazil (18◦09′16.4” S; 47◦55′43.2” W). Dr. Helder N. Consolaro from the Academic
Unit of Biotechnology, Federal University of Goias, Catalão, GO, Brazil carried out the identification,
and a voucher specimen (no. 47919) was deposited at the Herbarium of Integrated Laboratory of
Zoology, Ecology, and Botany in the same university. Registration was made in National System for
Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN): A11AE20.

4.2. Preparation of Extracts

Leaves (619 g) from A. coriacea were subjected to exhaustive maceration in EtOH (Sigma Aldrich,
# 459836) at room temperature. The filtered material was concentrated in a rotary evaporator under
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reduced pressure at 40 ◦C to yield the ethanolic extract of the leaves (57.5 g; C1). The ethanolic extract
of the leaves was solubilized in MeOH/H2O (3:7, v/v) and subjected to liquid-liquid extraction with
n-hexane (Sigma Aldrich # 650552) and ethyl acetate (Sigma-Aldrich, San Luis, EUA #270989; EtOAc).
After the evaporation of the solvent under reduced pressure, fractions were obtained: Hexane (12.3 g;
C2), EtOAc (20.5 g; C3), and hydroalcoholic (5.0 g; C4). From the separation of C3, fraction C3.3.4.2
(3.3 g; C5) resulted. The ethanolic extract of leaves was subjected to an acid-base extraction resulting in
neutral (5.2 g; C6) and alkaloidal (0.32 g; C7) fractions.

4.3. Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (ESI (−) FT-ICR MS)

To identify the main chemical compounds present in A. coriacea Mart. fractions, negative
electrospray ionization coupled to Fourier transform ion cyclotron resonance mass spectrometry (ESI
(–)-FT-ICR MS) analysis was performed as described in the literature [56]. Briefly, 10 μL of each fraction
was dissolved in 1000 μL of methanol/toluene (Sigma-Aldrich, # 1.06018; #650579; 50% v/v). Afterward,
the solution was basified with 4 μL of NH4OH (Vetec Fine Chemicals Ltda, Brazil, # 60REAQMO002448).
Samples were directly infused at a flow rate of 4.0 mL/min into the ESI (−) source.

The mass spectrometer (model 9.4 T Solarix, Bruker Daltonics, Bremen, Germany) was set to
negative ion mode, ESI (−), over a mass range of m/z 150–1500. The ESI source conditions were as
follows: A nebulizer gas pressure of 1.5 bar, a capillary voltage of 3.8 kV, and a transfer capillary
temperature of 200 ◦C. The ions’ time accumulation was 2 s. ESI (−) FT-ICR mass spectra were acquired
by accumulating 32 scans of time-domain transient signals in four mega-point time-domain data sets.
All mass spectra were externally calibrated using NaTFA (m/z from 200 to 1200). A resolving power,
m/Δm50% = 500,000 (in which m/Δm50% is the full-peak width at the half-maximum peak height of
m/z 400), and mass accuracy of <1 ppm provided the unambiguous molecular formula assignments
for singly charged molecular ions.

The mass spectra were acquired and processed using data analysis software (Bruker Daltonics,
Bremen, Germany). Elemental compositions of the fractions were determined by measuring the
m/z values. The proposed structures for each formula were assigned using the Chemspider (www.
chemspider.com) database. The degree of unsaturation for each molecule can be deduced directly from
its DBE (double bond equivalent) value according to the equation, DBE = c − h/2 + n/2 + 1, where c, h,
and n are the numbers of carbon, hydrogen, and nitrogen atoms, respectively, in the molecular formula.

4.4. Cell Lines and Cell Culture

CaSki, HeLa, SiHa cells (ATCC catalog number CRL-1550, CCL-2, and HTB-35, respectively), and
one normal keratinocytes cell line (HaCaT) were kindly provided by Dr. Luisa Villa. All the cell lines
were maintained in Dulbecco’s modified eagle’s medium (DMEM1X, high glucose; Gibco, Invitrogen,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Invitrogen, #26140079)
and 1% penicillin/streptomycin solution (P/S, Gibco, #15140122), at 37 ◦C and 5% CO22. Authentication
of cell lines was performed by the Department of Molecular Diagnostics, Barretos Cancer Hospital.
Genotyping confirmed the identity of all cell lines, as previously reported [57]. Moreover, all cell lines
were tested for mycoplasma through the MycoAlert™Mycoplasma Detection Kit (Lonza), following
the manufacturer’s instructions.

4.5. Drugs

Cisplatin was obtained from Sigma Aldrich (#479306), and its stock solution was prepared in NaCl
0.9%. The stocks solutions of all the fractions were prepared in dimethyl sulfoxide (Sigma-Aldrich,
#472301, DMSO). All solutions were stored at −20 ◦C. Cisplatin was subsequently prepared as
intermediate dilutions in DMSO to obtain an equal quantity of DMSO (1% final concentration) in
each of the conditions studied. In all experimental conditions, the drugs were diluted in 0.5% FBS
culture medium (DMEM-0.5% FBS). Vehicle control (1% DMSO, final concentration) was also used in
all experiments.
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4.6. Cell Viability and Selectivity Assay

The cell viability and selectivity were performed by MTS (-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, Promega, Madison, WI, # G3581) as
previously described [57]. To determine the IC50 values, the cells were seeded into 96-well plates at a
density of 5 × 103 cells per well and allowed to adhere overnight in DMEM-10% FBS. Subsequently,
the cells were treated with increasing concentrations of the A. coriacea fractions (0, 1, 2.5, 5, 7.5, 10, 20,
and 25 μg/mL) and cisplatin (0, 1, 3,6, 9, 12, 15, and 18 μg/mL) diluted in DMEM-0.5% FBS for 72 h and
analyzed over time (3, 6, 12, 16, 24, and 36 h) [12]. The selectivity index (SI) of A. coriacea compounds
were determined as previously reported [19]. The SI of the more cytotoxic fractions (C3 and C5) was
calculated by the ratio of the IC50 values of the treatments in a normal cell line (HaCaT) to those in the
cancer cell lines.

The cytotoxicity and viability were also assessed by ApoTox-Glo (Promega, Madison, WI, # G6320).
The results are expressed as the mean viable cells relative to DMSO alone (considered as 100% viability)
± SD. For the kinetics assay, the results were calibrated to the starting viability (time 0 h, considered
as 100% of viability) and are expressed as the means ± SD. The IC50 concentration was calculated by
nonlinear regression analysis using GraphPad Prism software. Both assays were done in triplicate at
least three times.

4.7. Proliferation Assay

The ELISA-BrdU assay was performed as previously described [58]. Cells were seeded at 5 × 103

densities per well and treated with increasing doses (5, 10, and 15 μg/mL) of the fractions and
cisplatin. After 24 h, cell proliferation was detected by the ELISA-BrdU Kit (Roche, Basel, Switzerland
#11647229001), following the manufacturer’s specifications.

4.8. Cell Cycle Analysis

Cell cycle distribution was analyzed by flow cytometry using propidium iodide (PI) DNA
staining [59]. The cells were plated in a six-well plate at a density of 2 × 105 cells per well, and the next
day, the cells were treated with fixed concentrations of the fractions and cisplatin. After 24 h, the cells
were disrupted and incubated with 40 μg mL−1 of PI (Cycle Test Plus BD solution, # 340242) for 10 min
at 37 ◦C, 5% CO2, as instructed by the manufacturer. Analysis of the PI-labeled cells was performed by
a flow cytometer (ACCURIBD Biosciences, San Jose, CA, USA) and the cell cycle phases’ distribution
was determined as at least 20,000 cells.

4.9. Matrigel Invasion Assay

Cell invasion was measured using BD BioCoat Matrigel invasion chambers (BD Biosciences,
San Jose, CA, USA, # 354480), as previously described [6]. Briefly, 2.5 × 104 cells were plated in
the matrigel-coated 24-well transwell inserts in DMEM-0.5% FBS containing fractions at a fixed
concentration. DMEM-10% FBS was used as a chemoattractant. The cells were allowed to invade for
24 h. The invasive cells, attached to the insert membrane, were fixed with methanol and stained with
hematoxylin. Then, images were obtained using a × 10 magnification microscope Eclipse 2220 (Nikon)
and the cells were counted in all the fields of the membrane. The results are expressed in relation to the
DMSO control (considered as 100% of invasion) as the mean percentage of invasion ± SD.

4.10. Soft Agar Colony Assay

Cell growth and proliferation of SiHa cell lines under anchorage-independent conditions using the
soft agar assay were evaluated as described previously [60]. Briefly, 1 × 104 cells were mixed with an
equal volume of 0.6% agar and applied into 6-well plates that had been pre-coated with 0.5 mL of 1.2%
agar mixed with the same volume of DMEM-20% FBS. The next day, 5 μg/mL of A. coriacea fractions
diluted in 0.5 mL of serum-free DMEM were added into the wells, and these treatments were exchanged
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every two days. Cisplatin (15 μg/mL) was used as a positive control. The cells were allowed to form
colonies for 45 days before being fixed with methanol and stained with 0.125% crystal violet. Colonies
with more than 50 cells were photographed under the light microscope Eclipse 2200 (Nikon) and
the number of colonies was analyzed by open CFU (Plos One—http://opencfu.sourceforge.net/) [61].
The results represent the mean of at least three independent experiments.

4.11. Annexin-V-7AAD Assay

This assay was performed using a PE Annexin V Apoptosis Detection Kit (BD Pharmingen, San
Diego, CA, USA, #556547) following the manufacturer’s specifications. SiHa cells (2 × 105 cells/mL)
were seeded into a six-well plate and treated with 5 and 10 μg/mL of C3 and C5 and cisplatin (15 μg/mL).
After the treatment, the cells were harvested and washed with phosphate-buffered saline. Next, 100 μL
of each sample were taken and placed into a tube containing 5 μL of FITC Annexin V and 5 μL of
7AAD stain. The suspension was mixed, and 400 μL of 1X Assay buffer were added per tube. All
samples were analyzed using a flow cytometer (BD ACCURI™, San Jose, CA, USA).

4.12. Analysis of Autophagy Flux

SiHa cells were plated into a six-well plate at a density of 1 × 106 cells/well and allowed to adhere
for at least 24 h. Then, the growth medium was replaced with fresh growth medium for control
cells, with Hank’s balanced salt solution or Earle’s balanced salts (EBSS, HBSS; Invitrogen, Carlsbad,
Califórnia, USA, EUA, # 14155063, # 14025076) for starved cells (two rinses in HBSS or EBSS before
being placed in HBSS or EBSS). The cells were then incubated in HBSS and/or C3 and C5 fractions for
24 h using an equivalent concentration to IC50 of the evaluated cell line. Then, 20 nM of bafilomycin
A1 (Sigma-Aldrich, #B1793) were added to the fraction treatment with EBSS or HBSS as a control
condition. Afterward, the cells were scraped into PBS cold and subjected to Western blot analysis as
described below.

4.13. Acridine Orange Staining

Acidic vacuolar organelles (AVOs) were stained by acridine orange (Sigma-Aldrich, San Luis,
MO, USA, EUA, # 235,474 AO) as previously described [62]. Concisely, SiHa cells (2 × 105 cells/mL)
were seeded into a six-well plate. After exposure to fractions and bafilomycin (BAF; 10 nM) for 24 h,
the cells were trypsinized, harvested, and washed with phosphate-buffered saline. After, the cells
were stained with fluorescent dye comprising 10 μL of AO (10 μg/mL). The analysis for AVOs was
performed by flow cytometry (BD FACSCanto™ II, San Jose, CA, USA). A minimum of 20,000 cells
within the gated region was analyzed.

4.14. Detection of Mitochondrial Membrane Potential

MitoStatus Red (BD, Bioscences, San Jose, CA, USA, #564697) was used for the analysis of
mitochondrial membrane integrity. SiHa cells (2 × 105) were seeded in 6-well plates. After the cells
were treated, fixed doses of the fractions (5, 10 μg/mL) and cisplatin (15 μg/mL) were diluted in
culture medium for 24 h at 37 ◦C. In the end, MitoStatus Red (1 μL/mL) was added, following the
manufacturer’s instructions. After incubation, the cells were disaggregated and analyzed by flow
cytometry (BD, ACCURI).

4.15. Comet Assay

The alkaline comet assay (single-cell gel electrophoresis assay) was performed according to
Olive and Banáth [63] with adaptations [64]. Briefly, the HeLa cells were seeded in 24-well plates
(2 × 105 cells/well) in complete medium. After 24 h, cells were washed twice with PBS 1X and incubated
with the different treatments for 3 h in culture medium without serum. The negative control group was
treated with PBS and the positive control group was exposed to methyl methane sulphonate (MMS,
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120 μM, Sigma-Aldrich, San Luis, MO, USA, EUA, #129925). The quantification of DNA damage
was achieved by visual scoring, with the comets being classified from 0 (no damage) to 4 (maximum
damage) [65]. For each treatment, 100 comets were analyzed, and the score of damage was calculated
employing the equation: Score = 0(C0) + 1 (C1) + 2(C2) + 3(C3) + 4(C4), where C0–C4 are the numbers
of comets in each classification of damage. Three independent experiments were performed and the
mean of the scores was calculated for each treatment.

4.16. Western Blot

To assess the effect of the drugs on the inhibition of intracellular signaling pathways, the cells
were plated at the density of 2 × 105 cells/mL in DMEM-10% FBS into 6-well plates, allowed to grow to
85% of confluence and then serum starved for 2 h, and incubated with IC50 values of fractions, diluted
in DMEM-0.5% FBS, by 24 h. At the end time, the cells were washed in PBS and lysed with lysis buffer
(50 mM Tris (pH 7.6–8), 150 mM NaCl (Sigma-Aldrich, San Luis, MO, USA, EUA, # S9888), 5 mM
EDTA (Sigma-Aldrich, San Luis, MO, USA, EUA, # E6758), 1 mM Na3VO4 (Sigma-Aldrich, San Luis,
MO, USA, EUA, # 450243), 10 mM NaF (Sigma-Aldrich, # 201154), 10 mM sodium pyrophosphate
(Sigma-Aldrich,# P8010), 1% NP-40 (Sigma-Aldrich, San Luis, MO, USA, EUA, #74385), and 1/7 of
protease cocktail inhibitors (Roche, Amadora, Portugal,# 11697498001). Western blot analysis was done
using a standard 10% and 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, loading
20 μg of protein per lane. All antibodies were provided by cell signaling and used as recommended
by the manufacturer (see Table S3 of the Supplementary Materials). Blot detection was done by
chemiluminescence (ECL Western Blotting Detection Reagents, #RPN2109; GE Healthcare, Piscataway,
NJ, USA) in Image Quant LAS 4000 mini (GE Healthcare).

4.17. Statistical Analysis

Single comparisons between the conditions studied were made using Student’s t-test, and the
differences between the groups were tested using analysis of variance. The statistical analysis was
performed using GraphPad Prism version 5. The level of significance in all statistical analyses was set
as p < 0.05.

5. Conclusions

In conclusion, our results showed a comprehensive characterization of antitumor mechanisms
associated with Annona coriacea Mart. fractions that are cytotoxic in cervical cancer cell lines. Also, we
highlight the ability of these fractions to inhibit invasion, clonogenic potential, and autophagy as well
as an increase of p21 and subsequent cell cycle arrest in G2/M. All these biological activities observed
could be attributed to the alkaloids and acetogenins present in these fractions. Further studies are
needed to identify the active substances and to characterize their action using in vitro and in vivo
models. Nevertheless, the present findings suggest these compounds are a potential candidate for new
drug development for cervical cancer.

Supplementary Materials: The following are available online, Supplementary Table S1. Antibodies used in
Western Blot analysis; Supplementary Table S2. -Summary all Annona coriacea Mart fractions used in the present
study; Supplementary Table S3. -IC50 values for the A. coriacea fractions in kinectics assay on cervical cell lines.
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Abstract: Tumor necrosis factor-alpha (TNF-α) plays a key role in promoting tumor progression,
such as stimulation of cell proliferation and metastasis via activation of NF-κB and AP-1.
The proanthocyanidin-rich fraction obtained from red rice (PRFR) has been reported for its anti-tumor
effects in cancer cells. This study investigated the molecular mechanisms associated with PRFR
on cell survival and metastasis of TNF-α-induced A549 human lung adenocarcinoma. Notably,
PRFR enhanced TNF-α-induced A549 cell death when compared with PRFP alone and caused a
G0-G1 cell cycle arrest. Although, PRFR alone enhanced cell apoptosis, the combination treatment
induced the cells that had been enhanced with PRFR and TNF-α to apoptosis that was less than
PRFR alone and displayed a partial effect on caspase-8 activation and PARP cleavage. By using
the autophagy inhibitor; 3-MA attenuated the effect of how PRFR enhanced TNF-α-induced cell
death. This indicates that PRFR not only enhanced TNF-α-induced A549 cell death by apoptotic
pathway, but also by induction autophagy. Moreover, PRFR also inhibited TNF-α-induced A549 cell
invasion. This effect was associated with PRFR suppressed the TNF-α-induced level of expression
for survival, proliferation, and invasive proteins. This was due to reduce of MAPKs, Akt, NF-κB,
and AP-1 activation. Taken together, our results suggest that TNF-α-induced A549 cell survival and
invasion are attenuated by PRFR through the suppression of the MAPKs, Akt, AP-1, and NF-κB
signaling pathways.

Keywords: proanthocyanins; TNF-α; autophagy; invasion; lung adenocarcinoma

1. Introduction

Lung cancer is the most commonly diagnosed form of cancer and the primary cause of
cancer-related mortality for males worldwide. It is also the second leading cause of cancer-related
deaths among women globally [1]. Lung cancer is aggressive, and its treatment remains a difficult and
challenging task for physicians [2]. Several research studies have indicated that long-term exposure to
inhaled carcinogens has the greatest impact on increased risks of lung cancer [1,3–5]. Inhalation of such
toxic air pollutants and microorganisms can cause lung injuries and chronic inflammation [6]. Chronic
inflammation has been associated with cancer development. Many proinflammatory mediators,
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especially cytokines, chemokines, and prostaglandins, have been found to promote cancer proliferation,
invasion, angiogenesis, and drug resistance [7].

A large number of studies have indicated that TNF-α displays a degree of potential in linking
the molecules associated with inflammation and cancer. The data obtained from clinical studies have
revealed that the expression level of TNF-α in the tumor tissues and serum samples obtained from
patients with non-small cell lung cancer increased along with the clinical stage of the tumor [8,9].
TNF-α plays an important role in the process by binding itself to the tumor necrosis factor R-1 (TNFR-1).
After the binding of TNF-α and TNFR-1, the receptor interacts with TRADD (TNFR1-associated death
domain) to initiate the recruitment of receptor-interacting protein 1 (RIP1) and TNFR-associated factor 2
(TRAF2) [10]. These complex signaling lead to induce cancer cell survival, proliferation, and metastasis
via upregulation of antiapoptotic (Survivin, XIAP, Bcl-xl, Bcl-2, and cFLIP), proliferative (cyclin D and
cyclin B1), invasive (MMP-9, MT1-MMP, uPA, and uPAR), and angiogenic (VEGF, and COX-2) proteins
by activating NF-κB, activator protein-1 (AP-1), and the mitogen-activated protein kinase (MAPKs)
signaling pathway [11,12]. On the other hand, the binding of TNF-α and TNFR-1 can induce the
program cell death that is involved with apoptosis by recruiting TRADD-FADD and caspases-8. In fact,
TRADD and caspase-8 complex are assembled over a delayed period of time when compared with
TRAF2 and RIP1, which results in a sufficient amount of time needed to activate survival signaling.
Therefore, the expression of anti-apoptotic proteins and caspase inhibitors, including Bcl-2, Bcl-xl, xIAP,
and cFLIP, would be elevated prior to caspase 8 activation [13,14]. Thus, the blockade of TNF-α-induced
survival signaling can lead to an increase in the sensitivity of TNF-α-induced cell death. Moreover,
many studies have shown that TNF-α expression results in the induction of multiple autophagy
markers in breast cancer cells, lung cancer cells, and Ewing’s sarcoma cells [15]. A novel function of
anti-apoptotic proteins, such as cFLIP, survivin, Bcl-2, and Bcl-xl, that serve as autophagy inhibitors,
have been reported in various cells [16,17]. Downregulation of these antiapoptotic proteins could
enhance TNF-α-induced cancer cell death via autophagy and apoptosis. Accordingly, the efficient
agents that can suppress TNF-α-induced cancer cell progression could be an important part of an
attractive and alternative form of cancer therapy.

Proanthocyanidins, also known as condensed tannins, are a class of polymeric phenolic compounds
that consist mainly of catechin, epicatechin, gallocatechin, and epigallocatechin units [18]. Recently,
our previous findings have demonstrated that proanthocyanidin-rich fractions derived from red rice
(PRFR) inhibited inflammation in LPS-treated Raw 264.7 cells via suppression of the AP-1, NF-κB,
and MAPKs signaling pathways [19]. Moreover, PRFR reduced human fibrosarcoma, HT1080 cells
and breast adenocarcinoma, MDA-MB-231 cells invasion via inhibition of the expression of invasive
proteins [20]. Furthermore, PRFR suppressed cell proliferation in human hepatocellular carcinoma,
HepG2 cells via the downregulation of survival proteins and induced cell apoptosis by enhancing
active apoptotic proteins [21].

However, the effect of PRFR on TNF-α-induced cancer progression has not yet been clarified.
Therefore, the purpose of this study was to investigate whether PRFR exerts anticancer effects through
suppression of the TNF-α-induced expression of the survival and metastasis proteins by inhibiting the
MAPKs, NF-κB, and AP-1 signaling pathways in A549 human lung adenocarcinoma cells.

2. Results

2.1. PRFR Enhanced TNF-α-Induced Cytotoxicity in A549 Lung Adenocarcinoma Cells

The cytotoxicity of PRFR was examined by using trypan blue staining assay. Treatment of A549
cells with PRFR (0–50 μg/mL) for 24 h significantly reduced the viability of the cells in a dose-dependent
manner. In particular, treatment of the cells with 40 and 50 μg/mL of PRFR decreased cell viability to
63.0% and 54.6%, respectively. However, a combination treatment of the cells with TNF-α (25 ng/mL),
PRFR 40, and 50 μg/mL reduced cell viability to 42.3% and 36.5%, which significantly increased
cytotoxicity to greater levels than in the treatment with PRFR alone (Figure 1a). Next, we investigated
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whether the enhancement activity of PRFR on TNF-α-induced cell death was associated with apoptosis
by employing Annexin V-PI staining assay. The results indicate that treatment with PRFR alone at 40
and 50 μg/mL induced the apoptotic population from 3% to 16% and 18%, respectively (Figure 1b).
However, co-treatment of PRFR at 40 and 50 μg/mL and TNF-α significantly induced the apoptotic
population to a degree that was less than with the treatment of PRFP alone. To confirm whether or not
apoptosis is the main cause of PRFR enhanced TNF-α induced cell death, the level of the apoptotic
signaling pathway proteins was investigated by including cleaved caspase-8 and PARP-1. As shown
in Figure 1c, the levels of caspase-8 and PARP-1 in a combination treatment were lower than for PRFP
alone. These results indicate that PRFR could enhance the cytotoxicity effect of TNF-α; however,
this result was not limited to the apoptotic pathway.

Figure 1. PRFR-enhanced tumor necrosis factor-alpha (TNF-α)-induced cytotoxicity in A549 lung
adenocarcinoma cells. (a) A549 cells were preincubated with different concentrations of PRFR for 4 h
and then co-treated with 25 ng/mL of TNF-α for 24 h. (b) Cell apoptosis was determined by Guava
Nexin and analyzed by Guava® easyCyte Flow Cytometer to detect the apoptotic cell population.
(c) The apoptotic proteins were detected by western blotting using the antibodies to caspase-3, caspase-8,
and PARP-1. The data are presented as mean ± S.D. with * p < 0.05, and ** p < 0.01 when compared
with the PRFR alone, a p < 0.05 when compared with the control group, and b p < 0.01 when compared
with the TNF-α alone.

2.2. PRFR Potentiates TNF-α-Induced Autophagy

TNF-α-induced cell death occurred via the apoptosis pathway, but also stimulated autophagy cell
death. Therefore, we investigated whether the enhancement activity of PRFR on TNF-α-induced cell
death was involved with autophagy. The autophagy vacuoles were labeled by Monodansylcadaverin
(MDC) fluorescent staining and analyzed them with a fluorescent microscope. Co-treatment of PRFR
and TNF-α significantly increased the number of autophagy vacuoles in A549 cells when compared
with TNF-α alone. However, PRFR alone did not induce autophagy vacuoles (Figure 2a,b). To further
confirm PRFR mediated autophagy cell death in TNF-α-induced A549 cells, the expression level
of LC3B-II, a credible marker of the autophagosome [22,23], was assayed by western blot analysis.
Combination treatment with PRFR and TNF-α increased the expression levels of LC3B-II when
compared with TNF-α alone, whereas PRFR alone had no effect (Figure 2c). To verify that autophagy
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plays a major role in the process of PRFR enhancement of TNF-α-induced cell death, the cells were
co-treated with 3-MA (autophagy inhibitor), TNF-α, and PRFR for 24 h, and the cell viability was
then analyzed. As shown in Figure 2d, combination treatment with 3-MA, PRFR, and TNF-α did
not significantly reduce the cell viability when compared with PRFR alone. This results indicated
that 3-MA attenuated the enhancement effect of PRFR on TNF-α-induced cell death by reversing the
percentage of cell viability to the same level of treatment with PRFR alone (Figure 2d). In addition,
the modulation effect of PRFR on the autophagy regulated proteins was determined. The results
presented in Figure 2e. show that the induction of survivin, cFLIPs, and Bcl-xl by TNF-α were reduced
by PRFR in a dose-dependent manner. Taken together, these results indicate that PRFR could enhance
TNF-α-induced A549 cell death via the autophagy and apoptosis pathways.

Figure 2. PRFR enhanced TNF-α-induced autophagic cell death in A549 cells. (a,b) A549 cells were
stained with monodansylcadaverin (MDC) after being preincubated with 40 and 50 μg/mL PRFR and
then co-treated with 25 ng/mL of TNF-α for 24 h. The data are presented in bar graphs (b). (c) The
expression of autophagosome proteins (LC3B) was detected by western blot analysis using antibodies
against LC3B. (d) A549 cells were preincubated with 1.5 mM of 3-MA for 1 h and then treated with
40 and 50 μg/mL PRFR and 25 ng/mL of TNF-α for 24 h, and the cell viability was determined using
trypan blue assay. (e) The expression of survival proteins was detected by western blot analysis using
the antibodies against survivin, cFLIPs, and Bcl-xl. Data from a typical experiment are depicted here,
while similar results were obtained from three independent experiments. The data are presented as
mean ± S.D. with ** p < 0.01 when compared with the TNF-α alone, and # p < 0.05 when compared
with control group (N.S., not significant).
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2.3. Effect of PRFRon TNF-α-Induced Cell Proliferation

TNF-αplays an important role in cancer cell proliferation by inducing the expression of proliferative
proteins. The effect of PRFR on TNF-α-induced cell proliferation was examined by using PI staining.
To determine the anti-proliferative effects of PRFR, A549 cells were pretreated with PRFR (10–40 μg/mL)
and then treated with 25 ng/mL of TNF-α. As is shown in Figure 3a,b, the percentages of the G0/G1
phase of the cells receiving the combination treatment with TNF-α and PRFR at 10, 20, and 40 μg/mL,
significantly increased from 76.4% to 83.1%, 85.1%, 88.9%, respectively when compared with those
of the TNF-α treatment alone. The manner in which TNF-α induced was examined the expression
levels of cyclin D1, which are G0/G1 cell cycle regulatory proteins. As is shown in Figure 3b, TNF-α
induced the expression levels of cyclin D1 was decreased when the cells were treated with PRFR at 20
and 40 μg/mL.

Figure 3. Effect of PRFR on TNF-α-induced cell proliferation. A549 cells were preincubated with
various concentrations of PRFR for 4 h and then co-treated with 25 ng/mL of TNF-α for up to 24 h
(a,b) cell cycle was determined by PI staining and analyzed by flow cytometry to detect the cell cycle
arrest. The data present in a bar graph (b). (c) The expression of proliferative proteins was detected by
western blot analysis using the antibodies against cell proliferation proteins (cyclin D1). Data from
a typical experiment are depicted here, while similar results were obtained from three independent
experiments. The data are presented as mean ± S.D. with * p < 0.05 and ** p < 0.01 when compared
with the TNF-α alone.
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2.4. PRFR Inhibited TNF-α-Induced A549 Cell Invasion and Migration

TNF-α plays a crucial role in lung cancer cell invasion. Therefore, the effect of PRFR on
TNF-α-induced A549 cell invasion and migration was evaluated. The Figure 4a showed TNF-α
efficiently induced A549 cell invasion through the basement membrane by 2.3-fold when compared
with the control. However, in the presence of PRFR, TNF-α-induced invasion of A549 cells was
significantly inhibited. Moreover, TNF-α also stimulated A549 cell migration by almost two-fold,
while PRFR suppressed this activity. TNF-α promoted cancer cell metastasis by upregulating invasive
proteins. Therefore, the effect of PRFR on TNF-α-induced proteins was examined that are involved in
cancer cell invasion including MT1-MMP, uPA, uPAR, Cox-2, and MMP-9. As is shown in Figure 4c,
TNF-α dramatically induced the expression levels of MT1-MMP, uPA, uPAR, and Cox-2 proteins after
24 h, while treatment of the cells with PRFR (0–15 μg/mL) prevented the TNF-α induced expression
of these proteins in a dose-dependent manner. Next, the gelatin zymography assay was used to
examine the inhibitory effects of PRFR on TNF-α-induced MMP-9 secretions. As is shown in Figure 4d,
TNF-α-induced MMP-9 secretions were significantly inhibited in the presence of 10–15 μg/mL of PRFR.

b

Figure 4. PRFR inhibits TNF-α-induced A549 cell invasion and migration. The matrix gel was coated
on the upper surfaces of the membrane filters for invasion assay (a) and the gelatin was then coated
for migration assay (b). Different concentrations of PRFR (0–10 μg/mL) with 1.25 × 105 cells of the
A549 cells were seeded into the upper chamber in DMEM serum-free medium, and the lower chamber
was filled with 25 ng/mL of TNF-α. After 24 h of incubation, the migrated cells on the lower surface
of the filter were determined. After co-treatment with PRFR and TNF-α for 24 h, whole-cell extracts
were prepared and analyzed by western blot analysis using antibodies against metastatic proteins
(MT1-MMP, uPA, uPAR, and COX-2) (c). The culture supernatants of the treated cells were collected,
and the secretions of MMP-9 were analyzed by gelatin zymography (d). The data are presented as
the mean ± S.D. of three independent experiments. Notably, (a,b) sample groups were found to be
significantly different from the TNF-α-treated group (** p < 0.01) and the TNF-α alone compared with
the control group (## p < 0.01).

2.5. Effect of PRFR on TNF-α-Induced NF-κB and AP-1 Activation

NF-κB and AP-1 transcription factors are involved in cancer cell progression. The expression
of survival, anti-apoptotic, autophagy, invasive, and angiogenesis genes are controlled by NF-κB
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and AP-1 transcriptional activity. To investigate whether PRFR affected TNF-α-induced NF-κB and
AP-1 activation, nucleus translocation and phosphorylation of NF-κB and AP-1 were determined.
As is shown in Figure 5a,b, TNF-α enhanced the nucleus translocation and phosphorylation of
c-Jun (AP-1). PRFR could inhibit TNF-α-induced AP-1 translocation and blocked the TNF-α-induced
phosphorylation of AP-1 in a dose-dependent manner. Next, the regulation of PRFR on the transcription
activity of NF-κB was tested. The co-treatment with PRFR and TNF-α decreased TNF-α-induced
nuclear translocation of p-65 (Figure 5c) and the phosphorylation of p65 at ser536 (Figure 5d) in a
dose-dependent manner. The data indicate that PRFR can suppress the TNF-α-induced transcriptional
activity of AP-1 and NF-κB.

Figure 5. Effect of PRFR on TNF-α-induced NF-κB and activator protein-1 (AP-1) activation. A549 cells
were pretreated with PRFR and induced with TNF-α 25 ng/mL for 1 h. The nucleus-extracted fraction
was prepared in order to detect c-Jun (AP-1) (a) and p65 (NF-κB) levels (c) by western blot analysis.
A549 cells were pretreated with PRFR for 12 h and induced with TNF-α 25 ng/mL for 15 min. The whole
cell lysate was prepared for measurement of the phosphorylated and non-phosphorylated forms of AP-1
and NF-κB (b,d). β-Actin and PARP were used as internal loading control proteins in the cytoplasm
and nucleus, respectively. Data from a typical experiment are depicted here, while similar results were
obtained from three independent experiments.

2.6. Effect of PRFR on TNF-α-Induced MAPK, Akt, and IκB-α Signaling Pathways

TNF-α-activated MAPKs, Akt, and IκB-α signaling pathways have been involved in tumor
progression via AP-1 or NF-κB transcriptional activities. Therefore, the effects of PRFR on the
TNF-α-induced activation of IκB-α, Akt and MAPKs, including Erk1/2, p38, and JNK, were investigated
by western blot analysis. As is shown in Figure 6a,b, TNF-α stimulated the phosphorylation of p38,
JNK, and Erk1/2. Additionally, PRFR at 10 and 15 μg/mL inhibited the TNF-α-induced phosphorylation
of the JNK and Erk1/2 signaling pathways, whereas, PRFR at 15 μg/mL reduced TNF-α induced
phosphorylation of the p38 signaling pathway. On the other hand, the levels of the phosphorylated
forms of Akt were induced by TNF-α. The level of TNF-α-induced phosphorylation of Akt was
suppressed by PRFR in a dose-dependent manner, while the non-phosphorylation of Akt had no
effect. Moreover, NF-κB activation by TNF-α was mediated via NIK and IKK, resulting in IκB-α
degradation. In order to examine the effects of PRFR on IκB-α activity, PRFR affected the degree of
TNF-α induced IκB-α degradation was determined. As is shown in Figure 6c, PRFR effectively blocked
TNF-α-dependent IκB-α degradation.
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Figure 6. Effect of PRFR on TNF-α-induced MAPK, Akt, and IκB-α signaling pathways. A549 cells
were pretreated with PRFR and induced with TNF-α 25 ng/mL for 15 min. The whole cell lysate was
prepared for measurement of phosphorylated and non-phosphorylated forms of JNK, Erk1/2, p-38 (a),
and Akt (b) by western blot analysis. The whole cell lysate was also used to determine TNF-α-induced
IkB-α degradation (c) by western blot analysis. Data from a typical experiment are presented here,
while similar results were obtained from three independent experiments.

3. Discussion

Proanthocyanidins are oligomers and polymers of flavanol-3-ol which are found in various fruits,
vegetables, and cereals. Notably, they are present in foods such as grape seeds, blackberries, and red
rice [18,24]. Our previous study revealed that PRFR exhibited anti-cancer activities by inducing HepG2
hepatocarcinoma cell apoptosis and inhibiting MDA-MB-231 breast cancer cell invasion [20,21]. Despite
its various pharmacological activities, the molecular mechanism of PRFR on the anti-tumor effects in
A549 lung adenocarcinoma cells has not been elucidated. In this study, we investigated whether PRFR
could sensitize TNF-α-induced cell death in lung A549 cancer cells and then act as a potent inhibitor of
TNF-α-induced A549 cell metastasis. Molecular mechanisms of this phenomena have been elucidated.

The interaction between TNF-α and TRFR-1 can trigger survival or death signaling pathways. It has
been reported that most cancer cells are resistant to TNF-α-induced cell death via increased expressions
of survival proteins through the induction transcriptional activity of NF-κB. Thus, a blockade of the
activation of the survival signaling pathways may lead to an increase in sensitivity in TNF-α-induced
cell death [12]. This study was the first to report that PRFR sensitized A549 lung adenocarcinoma cells
to TNF-α-induced cell death. TNF-αpromotes cancer cell death by induction apoptosis, necroptosis,
and autophagy depending on the condition of the cells. TNF-α induced cell apoptosis via the intrinsic
and extrinsic pathways. The results of this study demonstrate that PRFR alone enhanced A549 cell
apoptosis with increased caspase-8 activation while inducing PARP cleavage. However, a combination
of PRFR and TNF-α induced A549 to apoptosis to a lesser degree than PRFR alone and also revealed
a partial effect on caspase-8 activation and the level of the cleaved PARP. This would suggest that
apoptosis is more than a mechanism for PRFR to enhance TNF-α-induced A549 cell death.

Autophagy has been extensively reported to play a critical role in the control of cell proliferation,
differentiation, and cell death. Autophagy is a highly regulated and fundamental cellular homeostatic
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process, in which cytoplasmic material is delivered and organelles convert to lysosomes via double
membrane vesicles called autophagosomes for degradation. Autophagy is activated in response to
various forms of cellular stress, including starvation, hypoxia, radiation, and inflammation [25,26].
Many studies have shown that TNF-α-induced autophagic cell death occurs in various cancer cell types
including breast cancer, hepatoma and ovarian cancer [27,28]. Therefore, autophagy is considered a
potential pathway in the treatment of cancer. Many natural drug molecules, such as curcumin, celastrol,
and bufalin, play important roles in tumor inhibition by inducing autophagy. Thus, PRFR was examined
whether it can enhance TNF-α-induced A549 cell death via autophagy cell death. Co-treatment of
PRFR and TNF-α led A549 cells to autophagy by accumulating autophagosomes and upregulating the
expression of LC3B-II proteins. Whereas, PRFR alone did not induce autophagy, LC3s proteins were
found to be a structural protein of autophagosome membranes. The conversion of a soluble form of
LC3B-I to LC3B-II is often used to demonstrate active autophagy. To confirm that autophagy is a major
process of PRFR in the enhancement of TNF-α induced cell death by using 3-MA as an autophagy
inhibitor. The obtained results indicate that using 3-MA could reverse the enhancement effect of
PRFR on TNF-α-induced cell death, which would indicate that the way in which PRFR enhanced the
cytotoxicity effect of TNF-α was due to autophagy cell death. Recent findings have revealed a novel
function of anti-apoptotic proteins, such as FLIP, survivin, Bcl-2, and Bcl-xl, as negative regulators
of autophagy. FLIP has been shown to inhibit LC3 lipidation by competitive interaction with ATG3,
which in turn blocks autophagy [16]. Moreover, Zhu J., et al. have shown that the inhibition of survivin
through the use of siRNA enhanced autophagy by upregulating Beclin-1 [29]. Therefore, in order to
explain the mechanism by which PRFR sensitizes TNF-α-induced autophagy, the modulatory effect of
PRFR on TNF-α induced FLIP, Bcl-xl, and survivin expression levels was examined. It was found that
the levels of FLIP, Bcl-xl and survivin were reduced by PRFR. Together, these results suggest that the
manner in which PRFR enhanced TNF-α induced cell death was at least in part accomplished by down
regulating FLIP, Bcl-xl and survivin, which then led to autophagic cell death.

Moreover, the results of this study indicate that PRFR can suppress cell proliferation by blocking
cell cycle progression in the G1 phase. TNF-α is known to stimulate transcriptions of Cyclin D1,
Cyclin E, and Cyclin B1 in order to accelerate the progression of the cell cycle. Cyclin D1 is a key
regulator of the G1 checkpoint control [30]. This finding is consistent with our observation that PRFR
suppressed TNF-α-induced expression of cyclin D1. This result suggests that PRFR reduced TNF-α
induced cell proliferation by inhibiting the expression of cyclin proteins.

The degradation of ECM and the components of the basement membrane through which proteases
are the key steps of cancer cell invasion and metastasis. Of these proteases, MMPs such as MMP-9,
MT1-MMP, and uPA are thought to play an important role in cancer invasion. Furthermore, COX-2 has
been implicated in metastasis, and its overexpression can enhance cellular invasion, proliferation,
and induce angiogenesis [31–33]. Previous observations have indicated that TNF-α is an inducer for
the invasion and metastasis of A549 cells. These results clearly demonstrate that PRFR inhibits the
TNF-α-induced invasion and migration of A549. Moreover, PRER reduced the levels of TNF-α-induced
expression of invasive genes, including MMP-9, MT1-MMP, uPA, uPAR, and Cox-2, in the A549 cells.

NF-κB and AP-1 are major key players in TNF-α-mediated tumor progression. NF-κB regulates
the expression of the survival gene products cIAP, Bcl-2, Bcl-xl, and FLIP, along with the proliferation
of gene products cyclin B1 and cyclin D1, and the invasion of gene products uPA, COX-2, MMP-9,
and MT1-MMP, which are known to be induced by TNF-α [31,34,35]. Furthermore, it has been
reported that TNF-α could induce autophagy in cancer cells when NF-κB signaling is inhibited [36,37].
A common form of NF-κB is a heterodimer consisting of p50/p65. NF-κB is normally retained in the
cytoplasm through interaction with its inhibitor IκB. Upon TNF-α stimulation, IκB-α is catalyzed
for phosphorylation by IκB kinase (IKK) leading to IκB-α degradation and allowing for the nuclear
translocation of NF-κB, which promotes the transcription of the corresponding genes. Therefore,
we have determined the activity of PRFR on TNF-α can induce the degradation of IκB-α and the
translocation of NF-κB activity. Our results demonstrated that PRFR prevented degradation of IκB-α
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and reduced NF-κB activity by inhibiting TNF-α-induced p65 phosphorylation and translocation to
the nucleus of the cells. AP-1 has been implicated in regulating cancer cell survival and proliferation.
AP-1 also controls the gene expression values of MMP-9, MT1-MMP, Cox-2, uPA, and uPAR. Here,
the activation of AP-1 was investigated by observing the phosphorylation and translocation of c-Jun
in TNF-α treated cells. In this study, PRFR inhibited TNF-α induced c-Jun phosphorylation and
translocation to the nucleus of the A549 cells. This result was in accordance with the findings of
an investigation conducted by Qiao Y et al., which also demonstrated that the suppression of AP-1
signaling can potentiate TNFα-induced cell death and inhibit cancer cell invasion [34]. Based on the
above-mentioned results, we suggest that PRFR could decrease the level of expression of survival
and metastasis proteins by the inhibition of AP-1 and NF-κB activation and are also in agreement
with inhibition of AP-1 and NF-κB by epigallocatechin gallate reduced cancer cells survival and
metastasis [38,39].

It is accepted that the activation of the MAPKs or Akt signaling pathways is important for
regulating survival and metastasis in a variety of cancer cells. TNF-α is bound to the TNF-α receptor-1
which induces NF-κB activation by activating the MAPKs, Akt, and IKK signaling pathways. Moreover,
the activation of MAPKs and Akt are important for regulating AP-1 activity. MAPKs are known to be
serine/threonine kinase and are composed of several subgroups, such as ERK1/2, JNK, and p38 [35].
It is generally demonstrated that MAPKs signaling pathways regulate metastasis and survival in a
variety of cancer cells. Accumulated evidence indicates that the Akt and MAPKs signaling pathways
are involved with autophagy. The AKT/mTOR signaling pathway is one of the survival regulatory
pathways in both normal and cancer cells, and it can negatively regulate autophagy [40]. Therefore,
the experiments were performed to determine whether PRFR regulates TNF-α in order to stimulate
the activity of MAPKs and Akt. Our results show that PRFR prevented the phosphorylation of p38,
ERK, JNK, and Akt. These results are consistent with those of previous reports which have found that
using the inhibitors of the PI3K/Akt and MAPK signaling pathways causes cell death and is associated
with autophagy, apoptosis and a reduction in the invasive properties of cancer cells.

4. Materials and Methods

4.1. Chemicals and Reagents

Dulbecco’s Modified Eagle Medium (DMEM), trypsin and penicillin-streptomycin were supplied
from Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS), RIPA buffer, protease inhibitors and
Coomassie Plus™ Protein Assay Reagent were obtained from Thermo Scientific Company (Waltham,
MA, USA). Guava Cell Nexin Reagent was purchased from Guava Technologies (Darmstadt, Germany).
Nitrocellulose membrane and ECL reagent were supplied from GE Healthcare (Little Chalfont, UK).
Gelatin, propidium iodide (PI) and 3-Methyladenine (3-MA) were obtained from Sigma (St. Louis,
MO, USA). Antibodies specific to COX-2, and cyclin -D1 were purchased from Millipore (Darmstadt,
Germany). Antibodies specific to β-actin, uPA, urokinase-type plasminogen activator receptor (uPAR),
poly (ADP-ribose) polymerase (PARP), and p65 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies for the detection of ERK1/2, p38, JNK, c-Jun, and p65 were purchased
from Cell Signaling Technology (Danvers, MA, USA). Matrigel was purchased from Becton Dickinson
(Bedford, MA, USA).

4.2. Preparation of Proanthocyanidin-Rich Fraction from Red Rice Extract

Whole grains of red rice (Oryza sativa L.) collected from Doi Saket District (Chiang Mai, Thailand)
were dehulled and polished in order to obtain the rice germ and bran using a rice de-husker and a rice
milling machine (Kinetic (Hubei) Energy Equipment Engineering Co., Ltd., Wuhan, Hubei, China).
A voucher specimen was certified by the herbarium at the Flora of Thailand, Faculty of Pharmacy,
Chiang Mai University (voucher specimen no. 023148).
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Proanthocyanidin-rich fraction (PRFR) was prepared by following the previously reported
protocol [20]. Briefly, 440 g red rice bran were soaked in 50% ethanol for 24 h. After that, the mixture
was filtered to separate the ethanolic fractions. The ethanolic fractions were evaporated and partitioned
with saturated butanol. The saturated butanol fractions were collected and evaporated to obtain
the medium polar fractions. Next, the PRFR was prepared form the medium polar fractions by
using Sephadex LH20 (GE Healthcare) chromatography (GE Healthcare Ltd., Little Chalfont, UK).
The medium polar fractions (3.5 g) were dissolved in methanol and loaded onto a Sephadex LH-20
column. The fractions were sequentially eluted with solutions of 70% methanol, 30% methanol,
and 70% acetone, respectively. Total contents of proanthocyanidins in each fraction were determined
by vanillin assay. The fractions containing high concentrations of proanthocyanidins were pooled
together and freeze-dried in order to obtain PRFR powder. The total amount of proanthocyanidins in
the PRFR was 177.22 ± 16.66 mg catechin/g extract.

4.3. Cell Cultures

A549 lung adenocarcinoma cells were supplied by ATCC. The cells were cultured in DMEM
supplemented with 100 U/mL penicillin, and 100 μg/mL streptomycin plus 10% FBS. The cultures were
maintained in a humidified incubator with an atmosphere comprised of 95% air and 5% CO2 at 37 ◦C.
For the PRFR treatment, PRFR was dissolved in DMSO and diluted with culture medium, for which
the final concentration of DMSO was less than 0.1% (v/v).

4.4. Cell Viability Assay

The cell viability assay of PRFR against A549 lung adenocarcinoma cells was evaluated using
trypan blue staining. Briefly, 2 × 104 cells/well were seeded in a 24-well plate and incubated at 37 ◦C,
5% CO2 for 24 h in DMEM containing 10% FBS. After that, the cells were treated with or without
various concentrations (0–200 μg/mL) of PRFR in DMEM containing 10% FBS for 24 h. At the end of
the treatment, the percent of cell viability was also determined from counts of the cells suspended in
the medium and counts of those cells removed from the plates by trypsinization. Equal parts of 0.4%
trypan blue dye were added to the cell suspension in order to obtain a 1 to 2 ratio. The cell viability in
each well was determined using Trypan blue dye and the values were compared with the controls.

4.5. Cell Cycle Arrest Assay

A549 cells were incubated with or without various concentrations of the proanthocyanidin-rich
fraction (0–50 μg/mL) for 24 h. Then, the cell suspension was prepared on ice and stained with
propidium iodide (PI) for 30 min in the dark. Cells were washed with cold PBS and resuspended in
500 μL. For cell cycle analysis, 1 × 104 events were recorded and then analyzed with the BD FACScanTM

flow cytometer (BD Biosciences, San Jose, CA, USA).

4.6. Apoptosis Assay

A549 cells were incubated with or without various concentrations of PRFR (0–50 μg/mL) for 24 h.
The cell suspension was then prepared and stained with annexin V and 7-amino actinomycin D (Guava
Cell Nexin Reagent; Guava Technologies) for 20 min according to the Guava Nexin Assay protocol.
Apoptosis was determined on a Guava PCA Instrument using Guava®ViacountTM Software (Merck
Ltd., Darmstadt, Germany).

4.7. Extraction of Nuclear and Whole-Cell Lysate

Whole-cell extraction was done to determine the expression levels of the invasive, apoptotic and
survival proteins in the A549 cells. The cells were pretreated with various concentrations of PRFR
for 4 h and treated with 25 ng/mL of TNF-α for 24 in DMEM medium to determine the levels of uPA,
uPAR, COX-2, Survivin, cFLIPs, cyclin D, LC3B, caspase-8, and PARP-1 proteins. The levels of the
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MAPKs and Akt pathway proteins were determined from the cells treated with PRFR. After that, the
cells were treated with TNF-α (25 ng/mL) for 15 min. The treated cells were then extracted using a
RIPA lysis buffer containing protease inhibitors (1 mM PMSF, 10 μg/mL leupeptin, 10 μg/mL aprotinin)
for 20 min on ice. The insoluble matter was removed by centrifugation at 12,000 rpm for 15 min at
4 ◦C, and the supernatant fraction (whole cell lysate) was collected and protein concentration was
determined using Bradford protein assay.

For the preparation of the nuclear extract fractions, after the A549 cells were treated with PRFR
(0–15 μg/mL), TNF-α (25 ng/mL) was added to the cells and they were incubated for 1 h at 37 ◦C.
The treated cells were then collected and the cell pellets were suspended with 50 μL of lysis buffer
(10 mM HEPES, pH 7.9, 10 mM KC1, mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM
phenylmethylsulfonyl -fluoride, 0.1 μg/mL leupeptin, 1 μg/mL aprotinin). The cells were allowed
to swell on ice for 20 min, after which, 15 μL of 10% of Nonidet P-40 was added. The tubes were
agitated on a vortex and centrifuged at 12,000 rpm for 5 min. The supernatant was collected and
was representative of the cytoplasm extract. The nuclear pellets were suspended in ice-cold nuclear
extraction buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol,
1 mM phenylmethylsulfonylfluoride, 2.0 μg/mL leupeptin, 2.0 μg/mL aprotinin) with an intermittent
vortex for 30 min. The nuclear extract was centrifuged at 12,000 rpm for 10 min, and the supernatant
was collected and used to determine the resulting yield of nuclear proteins.

4.8. Western Blotting Analysis

The whole cell lysate or nuclear extractions were subjected to 10–12% SDS-PAGE. The proteins
were transferred onto nitrocellulose membranes. The membranes were blocked with 5% non-fat dried
milk protein in 0.5% TBS-tween. Thereafter, the membranes were further incubated overnight with
the desired primary antibody at 4 ◦C followed by incubation with horseradish peroxidase conjugated
secondary antibody. Bound antibodies were detected using the chemiluminescent detection system
and then exposed to the X-ray film (GE Healthcare Ltd., Little Chalfont, U.K.). Equal values of protein
loading were confirmed as each membrane was stripped and re-probed with an anti-β-actin antibody.

4.9. Monodansylcadaverine Staining

The treated A549 cells were stained with 0.05 mM Monodansylcadaverin (MDC) in PBS for
30 min at 37 ◦C. The cells were washed three times with PBS to remove excess MDC. The visualization
step employed a Carl Zeiss Microscopy GmbH (Carl Zeiss AG, Jena, Germany) with an excitation
wavelength of 460–500 nm and an emission wavelength of 512–542 nm.

4.10. Statistical Analysis

All data are presented as mean ± standard deviation (S.D.) values. Statistical analysis was
analyzed with Prism version 6.0 software GmbH (GraphPad Software, Inc. , San Diego, CA, USA)
using one-way ANOVA with Dunnett’s test. Statistical significance was determined at * p < 0.05,
** p < 0.01, *** p < 0.001, or **** p < 0.0001.

5. Conclusions

PRFR was determined that could enhance TNF-α-induced A549 cell death by inducing autophagy
and inhibiting cell invasion. PRFR suppressed TNF-α-induced the expression of survival, proliferation
and invasive proteins. This was, at least in part, due to the reduced values of the MAPKs, Akt, NF-κB
and AP-1 signaling pathways. Therefore, these findings provide important new evidence that can
assist researchers to gain a better understanding of the anti-cancer activity of PRFR, which can facilitate
further investigations into its potential for use in anti-cancer therapy.
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Abstract: Due to the poor prognosis of metastatic osteosarcoma, chemotherapy is usually employed
in the adjuvant situation to improve the prognosis and the chances of long-term survival.
4-[3,5-Bis(2-chlorobenzylidene)-4-oxo-piperidine-1-yl]-4-oxo-2-butenoic acid (CLEFMA) is a synthetic
analog of curcumin and possesses anti-inflammatory and anticancer properties. To further obtain
information regarding the apoptotic pathway induced by CLEFMA in osteosarcoma cells, microculture
tetrazolium assay, annexin V-FITC/PI apoptosis staining assay, human apoptosis array, and Western
blotting were employed. CLEFMA dose-dependently decreased the cell viabilities of human
osteosarcoma U2OS and HOS cells and significantly induced apoptosis in human osteosarcoma cells.
In addition to the effector caspase 3, CLEFMA significantly activated both extrinsic caspase 8 and
intrinsic caspase 9 initiators. Moreover, CLEFMA increased the phosphorylation of extracellular
signal-regulated protein kinases (ERK)1/2, c-Jun N-terminal kinases (JNK)1/2 and p38. Using inhibitors
of JNK (JNK-in-8) and p38 (SB203580), CLEFMA’s increases of cleaved caspases 3, 8, and 9 could
be expectedly suppressed, but they could not be affected by co-treatment with the ERK inhibitor
(U0126). Conclusively, CLEFMA activates both extrinsic and intrinsic apoptotic pathways in human
osteosarcoma cells through JNK and p38 signaling. These findings contribute to a better understanding
of the mechanisms responsible for CLEFMA’s apoptotic effects on human osteosarcoma cells.

Keywords: apoptosis; CLEFMA; JNK; osteosarcoma; p38

1. Introduction

Osteosarcoma, the most common histological form of primary bone cancer, is most prevalent
in teenagers and young adults [1,2]. Surgical en bloc resection of the cancer to achieve a complete
radical excision has been the treatment of choice for osteosarcoma [2], but its prognosis is poor
because of its highly metastatic potential. To decrease its high treatment failure and mortality rates,
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the combination of surgery and chemotherapy for osteosarcoma has increased long-term survival
chances to approximately 68% through limb-sparing surgeries based on radiological staging, surgical
techniques, and new chemotherapy protocols [2,3]. Nevertheless, potent metastatic lung diseases
are still responsible for one of the most lethal pediatric malignancies to date. Because of this, novel
agents that target particular intracellular signaling pathways related to the distinctive properties of
osteosarcoma cells need to be developed.

Apoptosis, or programmed cell death, a key regulator of physiological growth control and regulation
of tissue homeostasis, is characterized by typical morphological and biochemical hallmarks, including cell
shrinkage, nuclear DNA fragmentation and membrane blebbing [4]. Multiple stress-inducible molecules,
such as mitogen-activated protein kinase (MAPK)/extracellular signal-regulated protein kinase (ERK),
c-Jun N-terminal kinase (JNK), and nuclear factor kappa B (NF-κB), have been implied in transmitting
the apoptotic pathway [5,6]. To undergo apoptosis, the activation of important initiator and effector
caspases would be initiated through the activation of the extrinsic (receptor) pathway or the stimulation
of the intrinsic (mitochondria) pathway [7–9]. Currently, most anticancer strategies in clinical oncology
focus on triggering apoptosis in cancer cells. On the contrary, failure to undergo apoptosis may result in
treatment resistance. Thereby, understanding the molecular events that regulate apoptosis in response
to chemotherapy provides novel opportunities to develop molecular-targeted therapy through the
intrinsic and/or extrinsic pathways for osteosarcoma, which is very difficult to cure.

Curcumin (diferuloylmethane), a bright yellow chemical produced by Curcuma longa plants, has
been shown to exhibit antioxidant, anti-inflammatory, antibacterial, antiviral, antifungal, and anticancer
activities through the modulation of multiple cell signaling pathways [10]. The potent cytotoxic activity
of curcumin on osteosarcoma cells has been reported to be mediated by the induction of multiple
apoptotic processes [11–15]. However, even though curcumin is safe at high doses (12 g/day) for
humans, many reasons, such as its poor absorption, rapid metabolism, and rapid systemic elimination,
contribute to the low plasma and tissue levels of curcumin [16]. To improve the poor bioavailability of
curcumin, numerous approaches have been undertaken, including the use of adjuvants and structural
analogues of curcumin (e.g., EF24 [3,5-bis(2-fluorobenzylidene) piperidin-4-one]).

4-[3,5-Bis(2-chlorobenzylidene)-4-oxo-piperidine-1-yl]-4-oxo-2-butenoic acid (CLEFMA) is a
synthetic analog of EF 24 and possesses anti-inflammatory and anticancer properties [17,18]. Using
a reverse-phase high-performance liquid chromatography (HPLC) method to analyze the stability
of the new drug, CLEFMA has been validated as a potential active anticancer drug-product [19].
In fact, various signaling pathways involved in diverse antitumor properties all depend on different
specific tumor types and cell lines. Despite the absence of apoptosis, the curcuminoid CLEFMA
has an anti-proliferative activity to induce autophagic cell death via oxidative stress in human lung
adenocarcinoma H441 cells, offering an alternative mode of cell death in apoptosis-resistant cancers [17].
Moreover, CLEFMA-induced cell death and tumor growth suppression has been reported to be
associated with the cleavage of caspases 3/9 and NF-κB-regulated anti-inflammatory and anti-metastatic
effects [20]. As a potent diphenyldihaloketone analogue, CLEFMA has been developed over the past
years as an anticancer agent [17]; nonetheless, the effect of CLEFMA on human osteosarcoma cell death
remains unclear. Thus, we investigated whether CLEFMA affects the apoptosis of osteosarcoma and
attempted to define its underlying mechanisms.

2. Results

2.1. Cytotoxicity of CLEFMA in Osteosarcoma U2OS and HOS Cells

To assess the cytotoxicity of CLEFMA on osteosarcoma U2OS and HOS cells, the [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assay was utilized. After 24 h of
treatment, the viabilities of U2OS and HOS cells in the presence of concentrations of 5, 10, 20, 40 and
80 μM of CLEFMA were significantly different to that of the controls (0 μM) (Figure 1A,B), and both
of the relationships were dose-dependent (p < 0.001 and p < 0.001). Moreover, a 24 h treatment with
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20 μM of CLEFMA showed about a 50% reduction, while a 24 h treatment with 80 μM of CLEFMA
decreased the cell viability of U2OS cells by about 90%. In HOS cells, there were reductions of about
70% in 20 μM and about 90% in 80 μM of CLEFMA.

Figure 1. Effects of 4-[3,5-Bis(2-chlorobenzylidene)-4-oxo-piperidine-1-yl]-4-oxo-2-butenoic acid
(CLEFMA) on the cell viability of U2OS and HOS cells. Using an [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (MTT) assay, the viability of U2OS and HOS cells treated with CLEFMA
(5, 10, 20, 40 and 80 μM) for 24 h was detected, and the effects are illustrated after quantitative analysis.
Results are shown as mean ± S.D. (A) n ≥ 4. ANOVA analysis with Scheffe’s posteriori comparison was
used. F = 386.619, p < 0.001. (B) n ≥ 4. ANOVA analysis with Turkey’s posteriori comparison was used.
F = 53.288, p < 0.001. a: Significantly different, p < 0.05, when compared to control. b: Significantly
different, p <0.05, when compared to 5 μM. c: Significantly different, p < 0.05, when compared to 10 μM.
d: Significantly different, p < 0.05, when compared to 20 μM. e: Significantly different, p < 0.05, when
compared to 40 μM.

2.2. CLEFMA Induces the Apoptosis of U2OS and HOS Cells

To further examine the mechanism of CLEFMA inhibition of osteosarcoma cell proliferation,
the annexin V-FITC/PI apoptosis assay was performed to test the viability of U2OS and HOS cells
after a treatment of 5, 10, and 20 μM of CLEFMA for 24 h. The results revealed that the percentage of
apoptotic cells was significantly increased in a dose-dependent manner (Figure 2A,B). These findings
suggest that CLEFMA induced the apoptosis of osteosarcoma cells.

2.3. CLEFMA Increases the Expression of Cleaved Caspase 3 in U2OS Cells

To identify the underlying mechanism of apoptosis induced by CLEFMA in U2OS cells, we
first employed the human apoptosis array to determine apoptosis-related proteins in U2OS cells.
Consequently, obvious increases in the expression of cleaved caspase 3, HIF-1α, HO-1, HSP60, survivin
and clusterin in U2OS cells were observed after treatment with 20 μM CLEFMA for 24 h. (Figure 3)
Among them, the protein that increased the most in quantity was cleaved caspase 3, which was
seven-fold that of the original, suggesting that the effector caspase 3 is responsible for the actual
dismantling of the U2OS cell.
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Figure 2. Effects of CLEFMA on the apoptosis of U2OS and HOS cells. (A) U2OS and (B) HOS cells
were treated with CLEFMA (5, 10 and 20 μM) for 24 h and then subjected to flow cytometry after
annexin V-FITC/PI staining. Cells that were considered viable were FITC annexin V and PI negative,
cells that were in early apoptosis were FITC annexin V positive and PI negative, and cells that were
in late apoptosis or already dead were both FITC annexin V and PI positive. Thus, the quantitative
analysis of early apoptosis and late apoptosis was summarized to differentiate apoptosis from necrosis.

 
Figure 3. Effects of CLEFMA on the human apoptosis array in U2OS cells. (A) After treatment with
20 μM CLEFMA for 24 h in U2OS cells, the human apoptosis array, with 35 apoptosis-related proteins
included, was employed as described in the Materials and Methods. (B) The five increased proteins
were subjected to quantitative analysis.

2.4. CLEFMA Triggers Activation of the Caspase Cascade in U2OS Cells

To investigate the effect of CLEFMA on the caspase cascade in the apoptotic signaling pathway,
the effector caspase 3 and its upstream initiators, caspases 8 and 9, as well as their cleaved forms
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were determined with Western blotting. After treatment with different concentrations of CLEFMA in
U2OS cells for 24 h, the higher concentrations of CLEFMA corresponded to higher expressions of the
cleaved forms of caspases 3, 8, and 9, in a dose-dependent manner (p < 0.001, p < 0.001 and p < 0.001,
respectively), combined with the lesser expressions of caspases 3, 8, and 9, dose-dependently (p < 0.001,
p < 0.001 and p < 0.001, respectively). (Figure 4A–C) Thus, we found that CLEFMA induces U2OS cell
apoptosis by activating both extrinsic caspase 8- and intrinsic caspase 9-mediated pathways and their
downstream effector caspase 3.

Figure 4. Effects of CLEFMA on the activation of caspases 3, 8 and 9 in U2OS cells. Western blot
analysis for caspases 3, 8 and 9 and their active forms after various concentrations (5, 10 and 20 μM) of
CLEFMA treatment for 24 h in U2OS cells were measured as described in the Materials and Methods.
Subsequently, (A) caspase 3 and cleaved caspase 3, (B) caspase 8 and cleaved caspase 8, and (C) caspase
9 and cleaved caspase 9 were subjected to quantitative analysis. Results are shown as mean ± S.D.; n = 3.
ANOVA analysis with Turkey’s posteriori comparison was used. Caspase 3: F = 196.205, p < 0.001;
cleaved caspase 3: F = 478.594, p < 0.001. Caspase 8: F = 51.604, p < 0.001; cleaved caspase 8: F = 205.373,
p < 0.001. Caspase 9: F = 37.754, p < 0.001; cleaved caspase 9: F = 294.964, p < 0.001. a: Significantly
different, p < 0.05, when compared to control. B: Significantly different, p < 0.05, when compared to
5 μM. c: Significantly different, p < 0.05, when compared to 10 μM.
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2.5. CLEFMA Activates Extrinsic and Intrinsic Apoptotic Processes via JNK and p38 Pathways in U2OS Cells

Since MAPK pathways have been implicated as playing an important role in the action of
chemotherapeutic drugs in the regulation of apoptosis and may be part of the signaling pathways that
directly affect caspases 3, 8, and 9, the Western blot analysis was employed to further investigate the
underlying molecular mechanisms. As shown in Figure 5A–C, CLEFMA increased the phosphorylation
of ERK1/2, JNK1/2 and p38, dose-dependently, in U2OS cells (p < 0.001, p < 0.001 and p < 0.001,
respectively), indicating that CLEFMA activates the phosphorylation of ERK1/2, JNK1/2 and p38 in
U2OS cells. Furthermore, to identify whether the activation of ERK1/2, JNK1/2 and p38 phosphorylation
by CLEFMA interferes with the actions of caspases 3, 8, and 9 of the extrinsic and intrinsic apoptotic
processes in U2OS cells, we used inhibitors of ERK1/2 (U0126), JNK1/2 (JNK-in-8), and p38 (SB203580)
with or without treatment with 20 μM CLEFMA in Western blotting. Cleaved caspases 3, 8, and 9 were
activated by 20 μM of CLEFMA (p < 0.001, p < 0.001 and p = 0.001), as expected. (Figure 6) Intriguingly,
inhibitors of JNK1/2 (JNK-in-8) and p38 (SB203580) significantly repressed CLEFMA’s increase of
cleaved caspases 3, 8 and 9 in U2OS cells (JNK-in-8: p < 0.001, p < 0.001 and p = 0.013; SB203580:
p < 0.001, p < 0.001 and p = 0.003), but the inhibitor of ERK1/2 (U0126) did not suppress CLEFMA’s
increase of cleaved caspases 3, 8 and 9 (U0126: p = 0.088, p = 0.568 and p = 0.990). Overall, these
findings indicated that JNK1/2 and p38 pathways play a critical upstream role in CLEFMA-mediated
apoptosis of extrinsic caspase 8- and intrinsic caspase 9-mediated pathways and their downstream
effector caspase 3 in U2OS cells.

Figure 5. Effects of CLEFMA on the phosphorylation of ERK, c-Jun N-terminal kinases (JNK) and
p38 in U2OS cells. Expressions of ERK1/2, JNK 1/2 and p38, as well as their phosphorylation after
various concentrations (5, 10 and 20 μM) of CLEFMA treatment for 24 h in U2OS cells, were measured
through Western blot analysis. Next, they were subjected to quantitative analysis. Results are shown
as mean ± S.D.; n = 3. ANOVA analysis with Turkey’s posteriori comparison was used. (A) p-ERK:
F = 275.513, p < 0.001; (B) p-JNK: F = 205.474, p < 0.001; and (C) p = p38: F = 292.128, p < 0.001.
a: Significantly different, p < 0.05, when compared to control. B: Significantly different, p < 0.05, when
compared to 5 μM. c: Significantly different, p < 0.05, when compared to 10 μM.
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Figure 6. Effects of CLEFMA and inhibitors of ERK1/2 (U0126), JNK1/2 (JNK-in-8), and p38 (SB203580)
on cleaved caspases 3, 8 and 9 expression of U2OS cells. Expressions of cleaved caspases 3, 8 and 9
after pretreatment with or without 10 μM of U0126, 1 μM of JNK-in-8, and 10 μM of SB203580 for 1 h
followed by 20 μM or without CLEFMA treatment for an additional 24 h in U2OS cells were measured
through Western blot analysis. Next, they were subjected to quantitative analysis. Results are shown as
mean ± S.D.; n = 3. ANOVA analysis with Turkey’s posteriori comparison was used. Cleaved caspase
3: F = 502.398, p < 0.001; Cleaved caspase 8: F = 95.967, p < 0.001; and cleaved caspase 9: F = 10.543,
p < 0.001. a: Significantly different, p < 0.05, when compared to control. b: Significantly different,
p < 0.05, when compared to 20 μM CLEFMA. c: Significantly different, p < 0.05, when compared to
U0126. d: Significantly different, p < 0.05, when compared to JNK-in-8. e: Significantly different,
p < 0.05, when compared to SB203580.

3. Discussion

In previous studies, curcumin has been reported to induce the apoptosis of human leukemia
THP-1 cells through the activation of JNK/ERK pathways [21] and SHI-1 cells, possibly via both intrinsic
and extrinsic pathways triggered by MAPKs (ERK, JNK and p38) signaling [22]. Also, curcumin exerts
antitumor effects in retinoblastoma cells by regulating the JNK and p38 pathways [23], while this occurs
through ERK1/2 and p38 signaling in malignant mesothelioma cells [24]. In human osteoclastoma cells,
curcumin inhibits cell proliferation and promotes apoptosis through JNK, NF-κB and MMP-9 signaling
pathways [25]. In spite of its efficacy and safety, curcumin has severely limited bioavailability because
of its poor absorption and rapid metabolism [16].

After using the adjuvant to improve the poor bioavailability of curcumin, natural borneol and
curcumin synergistically induce the apoptosis of human melanoma A375 cells with the involvement
of the downregulation of Akt and ERK1/2 phosphorylation and the upregulation of phosphorylated
JNK [26]. Similarly, the JNK/Bcl-2/Beclin1 pathway is thought to play a key role in the induction
of apoptosis and autophagic cell death in breast cancer cells by the co-treatment of curcumin and
berberine [27]. Additionally, synergistic inhibitory effects of cetuximab and curcumin on human
cisplatin-resistant oral cancer CAR cells have been observed through the MAPK pathway and the
intrinsic apoptotic process [28]. Moreover, curcumin-based photodynamic therapy induces breast
cancer apoptosis through the activation of the ROS-mediated JNK/caspase-3 signaling pathway [29].

In managing patients diagnosed with any form of osteosarcoma, powerful chemotherapeutic
drugs are the mainstay. Apart from adjuvants, structural analogues of curcumin (e.g., EF-24 and
CLEFMA) have been undertaken to improve the bioavailability of curcumin for chemotherapy [16].
Although the synthetic curcuminoid CLEFMA developed over the past years has focused on anticancer
effects against lung cancer cells [17,18,20], no research has been reported on the apoptotic process of
CLEFMA in osteosarcoma cells. Here, we intriguingly found that CLEFMA decreases cell viabilities
and induces cell apoptosis in human osteosarcoma U2OS and HOS cells.

Currently, the process of apoptosis is triggered by two different signaling pathways. The extrinsic
apoptotic signal, which responded mainly to extracellular stimuli, involves death receptors,
and the intrinsic apoptotic process, activated by modulators within the cell itself, involves the
mitochondria [30,31]. The action of the cascade of caspases is required to conduct apoptosis signal
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transduction and execution. As in other reports, we discovered that effector caspase 3 plays a critical
role in the underlying programs of apoptosis and relies on the activation of its upstream initiators
including extrinsic caspase 8 and intrinsic caspase 9 [8,32].

By collecting information from various aspects of signal transduction cascades and cellular
metabolism, both pathways continuously process this signaling, and eventually decide on the fate of
cells. While CLEFMA’s phosphorylation of ERK1/2, JNK1/2 and p38 in U2OS cells was observed in
the study, we supposed that CLEFMA’s induction of the extrinsic and intrinsic apoptotic pathways
was achieved through these three MAPK pathways. Unexpectedly, CLEFMA’s increases of cleaved
caspases 3, 8, and 9 could be effectively inhibited by co-treatment with inhibitors of JNK (JNK-in-8)
and p38 (SB203580), but co-treatment with the ERK inhibitor (U0126) had no effect on the increased
effect. Therefore, these findings suggested that CLEFMA activates both extrinsic and intrinsic apoptotic
pathways in U2OS cells through JNK and p38 signaling, but the ERK pathway is not involved.
CLEFMA’s increases of cleaved caspases 3, 8, and 9 could be effectively inhibited with the co-treatment
of the ERK inhibitor (U0126), implying that the cleaved caspases 3, 8, and 9 are not the downstream of
the CLEFMA’s phosphorylation of ERK1/2.

4. Materials and Methods

4.1. Materials

Cell culture materials including Dulbecco’s modified Eagle medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco-BRL (Gaithersburg, MD, USA) and Hyclone Laboratories, Inc.
(Logan, UT, USA), respectively. Antibodies specific for p38, phosphorylated p38, β-actin, caspases 3
and 8, and FITC (fluorescein isothiocyanate-labeled) Annexin V Apoptosis Detection Kit I were
obtained from BD Biosciences (San Jose, CA, USA). Human Apoptosis Array Kit was purchased
from R&D Systems (Minneapolis, MN, USA). Additionally, antibodies specific for ERK1/2, JNK1/2,
phosphorylated ERK1/2 and JNK1/2, caspases 9, and cleaved caspases 3, 8 and 9 were purchased from
Cell Signaling Technology (Danvers, MA, USA). Unless otherwise specified, all chemicals used in this
study were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Cell Culture and CLEFMA Treatment

Obtained from the Food Industry Research and Development Institute (Hsinchu, Taiwan),
the human osteosarcoma U2OS (15-year-old female) cells and HOS (13 year-old female) cells were
supplemented with 10% FBS, 1% penicillin/streptomycin, and 5 mL glutamine while being cultured in
DMEM and Eagle’s MEM, respectively. The cell cultures were maintained at 37 ◦C in a humidified
atmosphere of a 5% CO2 incubator. CLEFMA was purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.3. Microculture Tetrazolium Colorimetric (MTT) Assay

To obtain information regarding the effect of apoptosis induced by CLEFMA, we subjected
8.5 × 104/well U2OS cells and 7.5 × 104/well HOS cells in 24-well plates for 16 h and treated them
with different concentrations (5, 10, 20, 40 and 80 μM) of CLEFMA to assay cell viability via MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. After the 24 h exposure period,
the media were removed and the U2OS and HOS cells were washed with phosphate-buffered saline.
Afterwards, the medium was changed and the cells were incubated with MTT (0.5 mg/mL) for
4 h [33,34].

4.4. Annexin V-FITC Apoptosis Staining Assay

About 8.5 × 105 U2OS and HOS cells in one 6 cm plate were cultured and treated with different
concentrations (0, 5, 10 and 20 μM) of CLEFMA for 24 h. Subsequently, U2OS cells were harvested with
trypsinization together with floating non-viable cells. The FITC Annexin V Apoptosis Detection Kit I
was used according to the manufacturer’s protocols (BD Biosciences, San Jose, CA, USA); thereafter,
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the cell cycle analysis was measured by flow cytometry. Combined with PI staining, annexin V-FITC
apoptosis staining was performed to differentiate apoptosis from necrosis.

4.5. Human Apoptosis Array

To explore the underlying mechanism of induced apoptosis, a Human Apoptosis Array Kit was
used to evaluate protein lysates from vehicle- or 20 μM CLEFMA-treated cells for 24 h according to the
manufacturer’s protocols (R&D Systems, Minneapolis, MN). The kit detected 35 human apoptosis-related
proteins simultaneously. Captured proteins were presented on the nitrocellulose membrane,
detected with biotinylated detection antibodies, then finally visualized using chemiluminescent
detection reagents.

4.6. Protein Extraction and Western Blot Analysis

To investigate the molecular mechanism further, the initiator and effector caspases and signaling
pathways were detected using Western blot analysis. We plated 8.5 × 105 U2OS cells in 6 cm plates
for 16 h and treated them with different concentrations (0, 5, 10 and 20 μM) of CLEFMA for 24 h,
and the total cell lysates of U2OS cells were prepared as described previously [33–35]. Western blot
analysis was performed using specific primary antibodies against caspases 3, 8 and 9, cleaved caspases
3, 8 and 9, and the specific antibodies for unphosphorylated or phosphorylated forms of the three
corresponding MAPKs (ERK1/2, JNK1/2, and p38). As described previously, blots were then incubated
with a horseradish peroxidase goat anti-rabbit or anti-mouse IgG for 1 h, and the intensity of each
band was measured via densitometry [33–35].

4.7. Statistical Analysis

Statistical calculations of the data were performed using one-way analysis of variance (ANOVA)
with post hoc Scheffe’s and Turkey’s tests for more than two groups with unequal and equal sample
sizes per group, respectively. Each experiment was performed in triplicate, and three independent
experiments were performed. Statistical significance was at p < 0.05.

5. Conclusions

Overall, these results demonstrated that CLEFMA decreases cell viabilities and induces the
apoptosis of human osteosarcoma U2OS and HOS cells. By activating JNK and p38 pathways, but not
via the ERK, both the extrinsic and intrinsic caspase cascades are triggered to induce the apoptosis
of U2OS cells. Thus, CLEFMA may be a potential therapeutic agent against human osteosarcoma,
whereas the therapeutic potential of CLEFMA combined with chemotherapy in osteosarcoma treatment
should warrant evaluation in future research. Further tests are needed to investigate the detailed
effects and possible mechanism of CLEFMA on the cell cycle progression and regulatory molecules of
human osteosarcoma cells; however, animal studies are needed to justify CLEFMA as a promising
candidate as a cytotoxic agent against osteosarcoma in vivo.
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Abstract: SB365, a saponin D extracted from the roots of Pulsatilla koreana, has been reported to
show cytotoxicity in several cancer cell lines. We investigated the effects of SB365 on U87-MG and
T98G glioblastoma multiforme (GBM) cells, and its efficacy in combination with temozolomide for
treating GBM. SB365 exerted a cytotoxic effect on GBM cells not by inducing apoptosis, as in other
cancer cell lines, but by triggering caspase-independent cell death. Inhibition of autophagic flux
and neutralization of the lysosomal pH occurred rapidly after application of SB365, followed
by deterioration of mitochondrial membrane potential. A cathepsin B inhibitor and N-acetyl
cysteine, an antioxidant, partially recovered cell death induced by SB365. SB365 in combination with
temozolomide exerted an additive cytotoxic effect in vitro and in vivo. In conclusion, SB365 inhibits
autophagic flux and induces caspase-independent cell death in GBM cells in a manner involving
cathepsin B and mainly reactive oxygen species, and its use in combination with temozolomide shows
promise for the treatment of GBM.

Keywords: Pulsatilla saponin D; SB365; glioblastoma multiforme; temozolomide; autophagic flux
inhibition; lysosomal membrane permeabilization; mitochondrial membrane potential

1. Introduction

Glioblastoma multiforme (GBM) is the most frequent and most malignant brain tumor, with a mean
survival of GBM patients of less than 2 years [1]. Although several therapeutic modalities including
immunotherapies are under development [2], the standard therapy for newly diagnosed GBM is surgical
resection within a maximum range followed by concomitant chemotherapy and radiotherapy [2,3].
For chemotherapy, temozolomide (TMZ) is the drug of choice [4]. TMZ is an oral alkylating agent
that induces DNA methylation at the O6 position of guanine. The resultant O6-methylguanine is
abnormally paired with thymine, leading to cleavage of DNA strands by the mismatch-repair system,
which triggers apoptosis [5]. TMZ is suitable for treating GBM because it can pass the blood–brain
barrier [6]. However, resistance to TMZ can be induced in GBM cells by expression of p53, p21,
or O6-methylguanine-DNA methyltransferase (MGMT) [7]. Furthermore, TMZ has side effects such as
genotoxicity, fetal toxicity, and lymphocytopenia of T cells and NK cells [8].

Combinations of drugs are typically used to reduce the likelihood of toxicity and side effects [9].
In patients with GBM, combinations of TMZ with inhibitors of autophagic flux (e.g., hydroxychloroquine)
have been developed, on the basis that blocking autophagy should enhance the effects of TMZ because
autophagy protects against the toxicity of radiotherapy and TMZ [10]. However, such combinations
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can cause side effects such as anemia, maculopapular rash, hemolysis, and decreased platelet and
immune cell counts [10].

SB365 is a saponin D, hederagenin 3-O-α-l-rhamnopyranosyl(1→2)-(β-d-glucopyranosyl(1→4))-α-
l-arabinopyranoside, which is extracted from the roots of Pulsatilla koreana [11]. Among eight lupane-
and nine oleanane-type saponins extracted from P. koreana, SB365 showed the greatest antitumor
activity in vitro against A-549 (lung cancer), SK-OV-3 (ovarian cancer), SK-MEL-2 (melanoma),
and HCT-15 (colon cancer) cells. Indeed, its effect was superior to those of Taxol and doxorubicin [12].
In immunocompromised mice, SB365 suppressed the proliferation of human Huh-7 (liver cancer),
MKN-45 (gastric cancer), PANC-1 (pancreatic cancer), and HT-29 (colon cancer) cells, without weight
loss or toxicity to normal tissue [13–16]. In a clinical trial involving patients with stage IV pancreatic
cancer, SB365 increased the survival rate without inducing side effects [17].

SB365 is reported to induce apoptosis of cancer cells in vitro [13–16,18] and to inhibit the
autophagic flux in HeLa (cervical cancer), K562 (leukemia), B16-F10 (melanoma), A549 (lung cancer),
and MCF-7 (breast cancer) cells. Moreover, SB365 additively enhanced the anticancer activity of the
chemotherapeutic agents 5-fluorouracil, camptothecin, and etoposide in HeLa cells in vitro [19].

The effects of SB365 on GBM cells have, to our knowledge, not yet been investigated. Furthermore,
if it inhibits autophagic flux in GBM cells, SB365 in combination with TMZ could be used for the
treatment of GBM, replacing chloroquine or hydroxychloroquine.

The aim of this study was to investigate the effects of SB365 alone and in combination with TMZ
on GBM cells in vitro and in vivo. To this end, we selected two GBM cell lines, U87-MG and T98G,
among dozens of them. These are of human grade IV glioma cells [20]. We selected them because they
are the most extensively employed ones in related studies [21], and especially they possess opposite
characteristics to the susceptibility to TMZ. U87-MG cells are susceptible to TMZ, while T98G cells
are not. T98G cells express O6-methylguanine-DNA methyltransferase (MGMT), which removes the
methyl group at the O6 position of guanine added by TMZ [22], rendering them resistant to this drug.
The survival duration of patients with MGMT-expressing GBM is approximately two years less than
that of patients with non-functional methylated MGMT genes [23].

2. Results

2.1. SB365 Inhibited the Proliferation of GBM Cells In Vitro

The proliferation of U87-MG cells treated with SB365 was assayed after 24, 48, and 72 h (Figure 1).
At 24 h, cell proliferation was comparable to that of the control group (Figure 1A), irrespective of
SB365 concentration. However, after 48 h, 20 μM SB365 reduced cell proliferation by ~30% compared
to the control (Figure 1B). After 72 h, 2.5 and 20 μM SB365 reduced cell proliferation by 25% and
80%, respectively, compared to the control (p < 0.001) (Figure 1C). Similar results were obtained using
TMZ-resistant T98G cells (Supplementary Materials, Figure S1). Calculated half maximal inhibitory
concentration (IC50) for 72 h treatment was 8.9 μM.
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Figure 1. SB365 exerted a cytotoxic effect on U87-MG cells. (A–C) SB365 inhibited the proliferation
of U87-MG cells. The cells in 96-well plates were treated with SB365 at the indicated concentrations
for (A) 24, (B) 48, or (C) 72 h in quadruplicate, and subjected to CCK-8 assay. (D,E) SB365 increased
the frequency of the annexin V-positive cells. U87-MG cells in six-well plates were treated as above,
stained with annexin V and 7-AAD, and subjected to FACS analysis. (D) A representative FACS profile
after 72 h and (E) the frequency of annexin V-positive cells. Experiments were performed independently
in triplicate. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs the control.

Moreover, after 24 h, flow cytometry showed that SB365 did not significantly increase the frequency
of annexin V-positive cells (Figure 1E and Supplementary Materials Figure S2A). After 48 h, 20μM SB365
resulted in a significant increase in the frequency of annexin V-positive cells (Supplementary Materials
Figure S2B). After 72 h, the frequency of annexin V-positive cells increased by 2.5–20 μM SB365 in
a dose-dependent manner (Figure 1D,E). Similar results were obtained using TMZ-resistant T98G cells
(Supplementary Materials Figure S3).

2.2. SB365 Induced the Death of GBM Cells in a Caspase-Independent Manner

The cytotoxic effect of SB365 in cancer cells is mediated by apoptosis [13–16,18]. Since FACS
showed the presence of few cells in the early stage of the apoptotic process, which are 7-AAD-negative
and annexin V-positive [24], we furthered explored SB365-induced apoptosis of U87-MG cells.

The level of cleaved caspase-3, the final caspase of the intrinsic and extrinsic apoptosis
pathways [25], in cells treated with 10μM SB365 for 72 h was evaluated by western blotting (Figure 2A,B).
SB365 triggered cleavage of caspase-3 in HT-29 and Huh-7 cells, as reported previously [13,14], but not
in U87-MG cells. When the cells were stained with DAPI, SB365-treated HT-29 and Huh-7 cells
showed nuclear blebbing and/or fragmentation with a frequency of 1–4 nuclei per a high-power field.
However, SB365-treated U87-MG cells showed round or oval nuclei without blebbing and fragmentation
(Figure 2C). Thus, SB365 induced caspase-independent cell death (CICD) rather than caspase-dependent
apoptosis in U87-MG cells. Similar results were obtained using T98G cells (Supplementary Materials
Figure S4).
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Figure 2. SB365 induced caspase-independent death in U87-MG cells. U87-MG, HT-29 (1 × 105/well),
and Huh-7 cells (1 × 105/well) in six-well plates were treated with 10, 5, and 15 μM SB365, respectively.
The calculated IC50 values of SB365 on each cell line were 8.9, 5.1, and 13.2 μM, respectively. (A) Cell
lysates were subjected to western blotting of caspase-3 cleavage, (B) followed by densitometry. (C) SB365
induced nuclear fragmentation in HT-29 and Huh-7 cells, but not in U87-MG cells. Cells were treated
with 10 μM SB365 for 72 h, adhered to an eight-well multispot slide, and stained with DAPI (blue).
Arrows indicate fragmented nuclei. Images were acquired using a fluorescence microscope (x 400).
The scale bar represents 50 μm. CTL, control group; SB, SB365-treated group.

2.3. SB365 Induced Autophagic Flux Inhibition in GBM Cells

SB365 reportedly inhibits autophagic flux in HeLa, K562, A549, and MCF-7 cells [19]. Given that
autophagy protects against cell damage [26], its inhibition could be involved in SB365-induced death
in GBM cells. Thus, we evaluated whether SB365 inhibited autophagic flux in U87-MG cells.

The cells were treated with 10 μM SB365, and the expression of microtubule-associated protein
light chain 3 (LC3)-I, II, and p62 was evaluated by western blotting within 24 h. When autophagy is
induced, LC3-I is converted to LC3-II in combination with phosphatidylethanolamine in the cytosol to
produce autophagosomes, and p62 binds to ubiquitinated proteins and pulls them into autophagosomes
to be decomposed due to subsequent autophagic flux [27]. When the autophagic flux is inhibited,
LC3-II and p62 accumulate in the cell [28]. Thus, the LC3-II/I ratio and p62 were regarded as indicators
of autophagic flux inhibition.

The p62 level and LC3-II/I ratio (Figure 3A,B) increased in a time-dependent manner, indicating
that SB365 inhibits autophagic flux. The p62 level and LC3-II/I ratio in U87-MG and T98G cells remained
high until 72 h (Supplementary Materials Figure S5), but the expression of beclin-1 did not change
significantly (Figure 3 and Supplementary Materials Figure S5).
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Figure 3. SB365 inhibited autophagic flux in U87-MG cells. Western blot analysis of autophagy-related
proteins within 24 h of treatment with SB365. U87-MG cells in a six-well plate were treated with 10 μM
SB365 for the indicated times. (A) Cell lysates were subjected to western blotting for LC3-I, II, beclin-1,
and p62, and (B) the LC3-II/I, beclin-1/β-actin, and p62/β-actin ratios were calculated. The experiment
was performed independently in triplicate. * p < 0.05 vs the control.

2.4. Inhibition of Autophagic Flux by SB365 is Linked to Lysosomal Neutralization and Reduction of MMP

Since inhibition of autophagic flux is associated with lysosomal dysfunction such as neutralization
and permeabilization [29], we performed a lysosomal stability test. Cells were stained with acridine
orange and analyzed by flow cytometry. The frequency of cells emitting red fluorescence decreased by
65% at 6 h after SB365 treatment compared to the control and decreased steadily thereafter (p = 0.05)
(Figure 4A,C).

Next, we measured alterations in mitochondrial membrane potential (MMP), which typically
occur after lysosomal dysfunction [30]. Cells were treated with 10 μM SB365 as above, stained with
JC-1 for 20 min, and analyzed by flow cytometry. The frequencies of cells with altered MMP were 5.8%
and 8.6% higher at 36 and 48 h after SB365 treatment, respectively, compared to the control (p = 0.01)
(Figure 4B,C).
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Figure 4. SB365 deteriorated lysosomal stability and mitochondrial membrane potential (MMP) in
U87-MG cells. (A) SB365 induced lysosomal pH neutralization in U87-MG cells. Cells were treated
with 10 μM SB365 for the indicated times, stained with (A) 3 μg/mL acridine orange for lysosomal
stability measurement. (B) SB365 induced mitochondrial depolarization in U87-MG cells. Cells were
stained with 2.5 μM JC-1 for 20 min for MMP measurement, harvested, and analyzed by flow cytometry.
Cells treated with 0.5 mM H2O2 for 2 h constituted the positive control. (C) Combination of (A) and
(B). The experiment was performed independently in triplicate.

2.5. Cathepsin B and Reactive Oxygen Species Contribute to SB365-Induced Cell Death

Since lysosomal membrane permeabilization (LMP) is a frequent cause of lysosomal dysfunction,
and leads to leakage of cathepsin B and/or cathepsin D from the lysosome into the cytoplasm, resulting
in cell death [31–33], we determined whether SB365-induced cell death was due to leakage of cathepsins.
To this end, cell proliferation was evaluated 72 h after SB365 treatment in the presence or absence of
cathepsin inhibitors. A cathepsin B inhibitor II at 5 μM recovered the cell proliferation inhibited by
SB365 by ≥40% (p = 0.05) (Figure 5A) and reduced the frequency of cells with altered MMP (Figure 5B).
However, a cathepsin D inhibitor (pepstatin A) exerted no such effects (data not shown).

Next, we evaluated whether reactive oxygen species (ROS) were related to SB365-induced cell
death, because autophagic flux inhibition [34,35] and MMP deterioration [36] increase intracellular
ROS levels, leading to cell death. Cells were treated with the indicated concentrations of the antioxidant
N-acetyl cysteine (NAC) 1 h after SB365 exposure. After 72 h, NAC recovered the suppression of
proliferation caused by SB365 (by ~30% at 0.625 mM and 50% at 2.5 mM) (Figure 5C). However, NAC at
5 mM did not recover the inhibition of cell proliferation. NAC exerted a similar effect in T98G cells,
albeit to a lesser degree (Supplementary Materials Figure S6). Considering that MMP deterioration
started late during the experiment time (Figure 4B,C) and that NAC could decompose in culture media,
we performed the same experiment with 2.5 mM NAC, which at this time was added 24 and 48 h after
SB365 treatment, instead of 1 h after (Figure 5D). As a result, NAC recovered the cytotoxicity by SB365
up to over 70% when added at 48 h.
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Figure 5. SB365 induced cell death via cathepsin B and ROS in U87-MG cells. (A) A cathepsin B inhibitor
partially restored inhibited proliferation of U87-MG cells induced by SB365. Cells were cultured in
96-well plates, treated with 10 μM SB365 for 72 h in the presence of the indicated concentrations of
cathepsin B inhibitor, and subjected to CCK-8 assay. (B) A cathepsin B inhibitor partially recovered
SB365 induced MMP deterioration. U87-MG cells were treated with 10 μM SB365 for 72 h in the
presence of 5 μM cathepsin B inhibitor, stained with JC-1, and MMP was analyzed by FACS. (C) NAC
partially reduced the anti-proliferative effect of SB365 in U87-MG cells. Cells were cultured in 96-well
plates, treated with 10 μM SB365 for 72 h in the presence of the indicated concentrations of NAC,
and subjected to CCK-8 assay. NAC was added to the culture medium 1 h after SB365 treatment.
(D) The same experiments were performed as in (C) with 2.5 mM NAC. However, NAC was treated 24
and 48 h after SB365 treatment, in addition to 1 h treatment. Quadruplicate samples were analyzed
independently in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001 vs the control; # p < 0.05, ## p < 0.01,
and ### p < 0.001 vs the SB365 group. CTSB, cathepsin B; NAC, N-acetyl cysteine.

2.6. SB365 and TMZ Additively Inhibited the Proliferation of GBM Cells In Vitro

Since SB365 inhibited autophagic flux in GBM cells, we evaluated its influence on the anticancer
activity of TMZ, like other autophagic flux inhibitors such as hydroxychloroquine [10].

U87MG cells were treated with TMZ in the presence or absence of 10 μM SB365 for 72 h, and their
proliferation was determined by CCK-8 assay. TMZ alone at 25 and 50 μM inhibited cell proliferation
by 37% and 46%, respectively, compared to the control (p < 0.001) (Figure 6A). Lower concentrations of
TMZ (6.25 and 12.5 μM) also inhibited cell proliferation, albeit not significantly. The combination of
TMZ (6.25, 12.5, 25, and 50 μM) and SB365 inhibited cell proliferation by 46%, 48%, 56%, and 63%,
respectively (p = 0.016) (Figure 6B). Similar results were obtained using T98G cells (Supplementary
Materials Figure S7). At low TMZ concentrations, the combination exerted an additive effect on cell
proliferation. That is, the combination of 10 μM SB365 with 6.25 and 12.5 μM TMZ increased the
inhibition of cell proliferation from 6% to 46%, and from 10% to 48%, respectively (Supplementary
Materials Table S1).
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Figure 6. SB365 augmented the cytotoxic effect of TMZ on U87-MG cells. Cells were cultured in 96-well
plates, treated with the indicated concentrations of TMZ in the (A) absence or (B) presence of 10 μM
SB365, and subjected to CCK-8 assay. Quadruplicate samples were analyzed independently in triplicate.
** p < 0.01, and *** p < 0.001 vs the control; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs the SB365 group.
CTL, control; TMZ, temozolomide.

2.7. SB365 Inhibited Tumor Growth in the Mouse U87-MG Xenograft Model

Based on the above in vitro results, the effects of SB365 and/or TMZ on tumor growth in vivo were
investigated. U87-MG cells were inoculated into both flanks of nude mice. When the tumor volume
reached 100–200 mm3, SB365 (5 mg/kg/every other day, intratumoral) and/or TMZ (2.5 mg/kg/day,
intraperitoneal) were administered until day 22. The doses were determined based on previous reports
and the results of a pilot study (data not shown). No marked change in body weight was detected
(Figure 7A).

Figure 7. Combination of SB365 with TMZ additively suppressed the growth of U87-MG tumors in
a mouse xenograft model. U87-MG cells were subcutaneously inoculated into both flanks of nude
mice. When the tumor reached a volume of ~100–200 mm3, mice were intratumorally administered
with SB365 every other day and/or with TMZ intraperitoneally daily for 22 days. The control received
vehicle (<3% DMSO). (A) Body weight and (B) tumor size were measured every other day. The mice
were euthanized, and (C) the tumors were extracted and (D) weighed. n = 8 per group. * p < 0.05 and
** p < 0.01 vs the control. SB365, SB365-treated group; TMZ, temozolomide-treated group.
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Tumor growth was significantly inhibited by injection of SB365 or TMZ only compared to the
control (p = 0.011) (Figure 7B). In addition, the combination of SB365 and TMZ resulted in significantly
greater inhibition of tumor growth compared to TMZ or SB365 only (p = 0.046) (Figure 7B). The tumor
weights at the end of the experiment were in agreement with these results (Figure 7C,D).

3. Discussion

In this experiment, SB365 exerted a cytotoxic effect on these cells in a dose-dependent manner.
However, this effect was mediated by induction of, not apoptosis, as in other cancer cells, but CICD.
The cytotoxic impact of SB365 proceeded as follows: neutralization of the lysosomal pH and inhibition of
autophagic flux occurred rapidly, followed by alteration of MMP, and finally, cell death. SB365-induced
cell death was partially recovered by treatment with a cathepsin B inhibitor and NAC. Moreover,
the combination of SB365 and TMZ exerted an additive effect both in vitro and in vivo.

SB365 is administered intratumorally via direct percutaneous injection to patients with pancreatic
cancer [17]. To mimic this, we injected the agent directly into the tumor mass in mice, rather than
administering intraperitoneally or orally, as in prior studies [13–16].

The dose-dependency of the cytotoxic effect (Figure 1) of SB365 is in agreement with prior findings
in liver, lung, colon, and pancreatic cancer cells [13–16,18]. SB365 induced caspase-3 cleavage and
nuclear fragmentation in colon cancer and hepatocarcinoma, but not in GBM cells (Figure 2). Activation
of caspase-3 is a converging step of both the intrinsic and extrinsic pathways of caspase-dependent
apoptosis [37]. In addition, SB365 did not affect Bcl-2 and Bax expression in U87-MG cells (data not
shown) the expression of which decreases and increases, respectively, during initiation of apoptosis [38].
Thus, we assumed that SB365 induced CICD in GBM cells.

To evaluate the mechanism underlying SB365-induced death in GBM cells, we explored its effect on
autophagic flux, because CICD in GBM cells by chloroquine [33] and thymoquinone [31] is associated
with inhibition of autophagic flux, and SB365 inhibits autophagic flux in other cancer cell lines [19].
The levels of LC3-II and p62 increased at 6 h after SB365 treatment (Figure 3A,B), and remained high
up to 72 h (Supplementary Materials Figure S5), which implies that the SB365-induced death of GBM
cells may be associated with inhibition of autophagic flux.

SB365 induces autophagy in HeLa cells by increasing ERK phosphorylation and decreasing
mTOR activation, though it inhibits subsequent autophagic flux [19]. In hepatocarcinoma [13] and
gastric cancer [14] cells, SB365 suppressed the PI3K/Akt/mTOR pathway, which negatively regulates
autophagy [39]. However, in U87-MG cells, the p-Akt and p-mTOR levels were unchanged after 24 h of
treatment with SB365 (data not shown). Furthermore, the cytotoxic effect of SB365 on U87-MG cells was
augmented by pretreatment with a non-toxic concentration of the autophagy inducer rapamycin [40]
(Supplementary Materials Figure S8). These results imply that the accumulation of autophagosomes
due to inhibition of the autophagic flux caused cell death. Critically, SB365 did not increase the
expression of beclin-1 (Figure 3 and Supplementary Materials Figure S5), which is associated with
autophagy induction [41]. Therefore, SB365 does not induce autophagy, but inhibits autophagic flux,
in U87-MG cells.

Inhibition of autophagic flux can result from lysosomal neutralization [29]. SB365 treatment
resulted in simultaneous inhibition of autophagic flux (Figure 3) and lysosomal neutralization
(Figure 4A,C). Thus, the SB365-induced inhibition of autophagic flux may be mediated by lysosomal
deterioration. Indeed, saponins, in particular oleanane-type saponins such as SB365 [12], reportedly
permeabilize the cell membrane [42] and the lysosomal membrane [43]. In addition, a cathepsin B
inhibitor partially restored the SB365-induced reduction in cell proliferation (Figure 5A), suggesting
that cathepsin B was released from lysosomes and that SB365 induced permeabilization of the
lysosomal membrane.

In our results, a cathepsin B inhibitor restored cell death but a cathepsin D inhibitor did not
(data not shown). Given that the molecular weights of cathepsins B and D are similar [44], and thus the
two molecules would have been released simultaneously, the contradictive effect of each inhibitor would
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be somewhat unexpected. However, the same results have been reported in paclitaxel-, epothilone B-,
and discodermolide-treated human non-small cell lung cancer cells [45] and supraoptimally activated
T cells [46]. Possibly, only cathepsin B had been released [44]. Alternatively, these results suggest
the varying role of cathepsins depending on the type of cells [30]. The exact mechanisms remain to
be determined.

The frequency of the cells with MMP deterioration was only 5.8% at 36 h and 8.6% at 48 h after
SB365 treatment (Figure 4B,C). These are low values considering that MMP deterioration directly led
to the SB365-induced cell death. Indeed, the phenomena caused by various factors secreted from the
mitochondria when MMP deterioration occurs, such as the activation of caspase-3/9 leading to apoptosis
by cytochrome c, degrading DNA by endonuclease G, and chromatin condensation by AIF [47] were not
observed in this experiment. Another substance that is released from deteriorated mitochondria is ROS.
Autophagic flux inhibition, which was induced by SB365 in GBM cells in this experiment, leads to the
accumulation of ROS [34,35]. Excess ROS accelerate lysosomal permeabilization, and leaked lysosomal
proteases deteriorate MMP, resulting in increased cytoplasmic ROS leakage, creating a vicious cycle [48].
Thus, ROS could be a factor for the SB365-induced cytotoxicity. Substantial to this assumption, 2.5 mM
NAC recovered the cytotoxicity by over 50% when added 1 h after SB365 treatment (Figure 5C).
Furthermore, when NAC was added 48 h after SB365 treatment, the recovery rate was over 70%
(Figure 5D). These results imply that ROS was the main factor leading to cell death by SB365, and ROS
presumably began to accumulate to cause cell death 24 h after SB365 treatment in parallel with
MMP deterioration.

Meanwhile, 5 mM NAC failed to recover cell proliferation. This may be because of excessive
eradication of ROS by the antioxidant, which performs physiological functions in cell proliferation [49].
Substantial to this assumption, 10 mM NAC augmented the cytotoxic effect of SB365 (data not shown).
Additionally, even the low concentrations of NAC (0.623–2.5 mM) augmented the effect of SB365 when
it was treated before SB365 (data not shown).

Attempts have been made to improve the efficacy of TMZ against GBM by combining it
with other drugs. TMZ is typically combined with autophagic flux inhibitors such as chloroquine,
hydroxychloroquine, or bafilomycin A1, with which it reportedly exerts synergistic effects [10].
Since SB365 inhibited autophagic flux in GBM cells, we evaluated the efficacy of the combination of
SB365 and TMZ. The combination of SB365 and TMZ increased the frequency of cell death in vitro
(Figure 6) and inhibited tumor growth in vivo (Figure 7). Thus, SB365 could be used in combination
with TMZ in place of chloroquine, hydroxychloroquine, or bafilomycin A1, which synergistically
inhibit tumor growth but have several side effects [10,50]. One concern is that SB365 exerts hemolytic
activity on red blood cells of the sheep [42] and the rabbit [51], which was considered as a major
drawback for its clinical development [42].

SB365 alone induced death in TMZ-resistant T98G cells (Supplementary Materials Figure S1) as
effectively as in TMZ-sensitive U87-MG cells. Furthermore, in T98G cells, the combination of SB365
and TMZ additively increased cell death (Supplementary Materials Figure S7). Unfortunately, we did
not determine whether SB365 downregulated the expression of MGMT genes.

In conclusion, SB365 inhibited autophagic flux, and induced CICD in GBM cells in a manner
mediated by cathepsin B and mainly by ROS very likely due to autophagic flux inhibition and MMP
deterioration. Moreover, SB365 and TMZ exerted an additive cytotoxic effect in vivo and in vitro. Thus,
SB365 could be used in combination with TMZ for the treatment of TMZ-resistant GBM.

4. Materials and Methods

4.1. Chemicals

SB365 was supplied by SB Pharmaceutical Co. Ltd. (Gongju, Republic of Korea (ROK)). TMZ (T2577)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). SB365 and TMZ stock solutions (100 mM)
were prepared in dimethyl sulfoxide (DMSO). The final DMSO concentration in culture media was
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≤0.4%, which did not exert a toxic effect on GBM cells (data not shown). Stock solutions of cathepsin
B inhibitor II (219385; Calbiochem, San Diego, CA, USA), pepstatin A (cathepsin D inhibitor, P5318;
Sigma-Aldrich, and N-acetyl cysteine (NAC) (A7250; Sigma-Aldrich, Saint Louis, MO, USA) were
prepared and stored at −80 ◦C until use.

4.2. Cell Lines and Culture Conditions

TMZ-susceptible U87-MG and TMZ-resistant T98G human GBM cells, as well as HT-29
and Huh-7 cells (Korean Cell Line Bank, Seoul, ROK) were used in this study. The cells were
cultured in minimum essential Eagle’s medium (EMEM) supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin, and 1% non-essential amino acids (Welgene, Daegu, ROK) at 37 ◦C in a 5%
CO2 atmosphere in a humidified chamber.

4.3. Cell Counting Kit-8 Assay

The cytotoxicity of SB365 and TMZ was assessed using a Cell Counting Kit-8 (CCK-8; EZ-3000;
Dojindo, Kumamoto, Japan) following the manufacturer’s instructions. Briefly, U87-MG cells
(5 × 103/well) or T98G cells (2 × 103/well) were cultured in quadruplicate in 96-well plates overnight
and treated with SB365 and/or TMZ at predefined concentrations. The culture medium was discarded,
and 100 μL of CCK-8 working solution (10% (v/v) CCK-8 stock solution in phosphate-buffered saline
(PBS)) were added. The cells were incubated at 37 ◦C for 1–3 h, and the absorbance at 450 nm was
measured using a SpectraMax Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA).

IC50 value was obtained, based on the CCK-8 results, by the Quest Graph™ IC50 Calculator,
a four parameter logistic regression model [52], with the minimum response value fixed to
zero computationally.

4.4. Apoptosis Assay

U87-MG (7.5 × 104/well) and T98G (3 × 104/well) cells were seeded in a six-well plate and cultured
overnight at 37 ◦C in a CO2 incubator. The cells were treated with SB365 and/or TMZ and collected in
fluorescence-activated cell sorting (FACS) tubes. After washing twice with FACS buffer (0.5% BSA in
PBS), the cells were resuspended in 100 μL of FACS buffer, 2 μL of annexin V were added (556419;
BD Pharmingen, San Jose, CA, USA) and the plate was shaken for 15 min at room temperature. Next,
1 μL of 7-AAD was added (559925; BD Pharmingen), and the cells were subjected to FACS analysis on
a FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany).

To evaluate nuclear morphology, cells treated with SB365 for 72 h were harvested and seeded onto
poly-l-lysine-coated multispot slides. The cells were washed with PBS, fixed in 4% paraformaldehyde
for 20 min, and stained with 4,6-diamidino-2-phenylindole (DAPI; F6057, Sigma-Aldrich, Saint Louis,
MO, USA).

4.5. Western Blotting

Cells were dissociated by pipetting in cold radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% sodium deoxychloride, 0.1% sodium dodecyl sulfate
(SDS), 1% Triton X-100, 2 mM ethylenediaminetetraacetic acid (EDTA), and 1% protease inhibitors),
and centrifuged at 18,000× g for 10 min at 4 ◦C. The supernatant was collected, and the protein
concentration measured by bicinchoninic acid assay, then 20 or 100 μg (for caspase-3) of protein
were mixed with RIPA buffer and 5× SDS loading dye (S2002; Biosesang, Seongnam, ROK) to a final
volume of 20 μL. The mixture was boiled at 95 ◦C for 10 min, loaded onto a sodium dodecyl sulfate
polyacrylamide gel, and electrophoresed at 50 V for stacking and 120 V for separation. The samples
were subsequently transferred to a nitrocellulose membrane at 400 mA for 1 h at 4 ◦C and blocked
in blocking buffer (5% skim milk, 0.05% Tween 20 in PBS) for 1 h at room temperature. Finally,
the samples were incubated with the appropriate primary antibody in blocking buffer overnight at
4 ◦C, followed by the corresponding secondary antibody for 1 h at room temperature. Protein bands
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were visualized using an enzyme-linked chemiluminescence detection kit (DG-WF200; DoGEN, Seoul,
ROK). The primary antibodies used were as follows: rabbit anti-human LC3B (NB 600-1384; Novus
Biologicals, Minneapolis, MN, USA; 1:5000); rabbit anti-human beclin-1 (ab2557; Abcam, Cambridge,
MA, USA; 1:5000); mouse anti-human p62 (ab56416; Abcam; 1:10,000); rabbit anti-human caspase-3
(9662), p-AKT (9271), AKT (9272), p-mTOR (2971), and mTOR (2972; Cell Signaling Technology, Inc.,
Danvers, MA, USA; 1:1000); and mouse anti-human β-actin (3700; Cell Signaling Technology; 1:5000).
A goat anti-mouse IgG-horseradish peroxidase (HRP) (SC-2005; Santa Cruz Biotechnology, Santa Cruz,
CA, USA; 1:5000) or anti-rabbit IgG-HRP (SC-2030; Santa Cruz Biotechnology; 1:5000) was used as the
secondary antibody.

4.6. Lysosome Stability Assay

Lysosomal membrane stability was determined by staining SB365-treated cells with 3 μg/mL
acridine orange (A8097; Sigma-Aldrich, Saint Louis, MO, USA) for 20 min at 37 ◦C. This metachromatic
dye emits red fluorescence when it is confined in the cytosol where it is present as a monomer.
When the dye penetrates into the dysfunctional lysosome, it converts into aggregates due to the acidic
environment in the lysosome and emits green fluorescence. The property has been used to measure
lysosomal membrane stability [53]. Flow cytometric analysis was performed to determine the red
(FL3; 650 nm) and green (FL1; 510–530 nm) fluorescence of cells excited by blue (488 nm) light using
a FACSCalibur instrument.

4.7. Mitochondrial Membrane Potential Assay

SB365-treated cells were stained with 2.5 μM JC-1 (T3168; Life Technologies, Carlsbad, CA, USA)
for 20 min at 37 ◦C, and analyzed by flow cytometry. JC-1 is a lipophilic and cationic dye. It enters the
mitochondria, converts from monomers to aggregates by membrane potential, and accumulates inside
the mitochondrion. In FACS analysis, monomers and aggregates emit green and red fluorescence,
and indicate lower and higher mitochondrial membrane potential (MMP), respectively [54].

4.8. Animal Xenograft Model

Animal experiments were approved by the Institutional Animal Care and Use Committee
(SNU-150521-3-2). Seven-week-old male Balb/c-nu mice were purchased from OrientBio (Seongnam,
ROK). U87-MG cells were mixed with Matrigel HC (354248; BD Biosciences) at a 50:50 volume ratio,
and the mixture was inoculated into both flanks (5 × 106 cells/100 μL/flank) of the mice. When the
tumor reached a volume of approximately 100–200 mm3, the mice were assigned to control, SB365,
TMZ, and SB365 + TMZ treatment groups; the mean mass of each group was similar. Next, the mice
underwent intratumoral injection of SB365 (5 mg/kg) every other day and/or intraperitoneal injection
of TMZ (2.5 mg/kg) or vehicle (≤3% DMSO) daily. The day of the first injection was regarded as day
0 and the injections were administered until day 21; the mice were sacrificed on day 22. The body
weight and tumor volume were measured every other day. Tumor size was measured using calipers
and the tumor volume was calculated as volume (V) = length (L) ×width (W)2 × 0.5.

4.9. Statistical Analysis

The Mann–Whitney U-test was used to evaluate statistical significance. Statistical analysis was
performed using Statistical Package for the Social Sciences software ver. 12 (SPSS, Inc., Chicago,
IL, USA). A value of p < 0.05 was taken to indicate statistical significance.
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Abstract: Diallyl disulfide (DADs), a natural organic compound, is extracted from garlic and scallion
and has anti-tumor effects against various tumors. This study investigated the anti-tumor activity of
DADs in human osteosarcoma cells and the mechanisms. MG-63 cells were exposed to DADs (0, 20,
40, 60, 80, and 100 μM) for different lengths of time (24, 48, and 72 h). The CCK8 assay results showed
that DADs inhibited osteosarcoma cell viability in a dose-and time-dependent manner. FITC-Annexin
V/propidium iodide staining and flow cytometry demonstrated that the apoptotic ratio increased and
the cell cycle was arrested at the G2/M phase as the DADs concentration was increased. A Western
blot analysis was employed to detect the levels of caspase-3, Bax, Bcl-2, LC3-II/LC3-I, and p62 as well
as suppression of the mTOR pathway. High expression of LC3-II protein revealed that DADs induced
formation of autophagosome. Furthermore, DADs-induced apoptosis was weakened after adding
3-methyladenine, demonstrating that the DADs treatment resulted in autophagy-mediated death of
MG-63 cells. In addition, DADs depressed p-mTOR kinase activity, and the inhibited PI3K/Akt/mTOR
pathway increased DADs-induced apoptosis and autophagy. In conclusion, our results reveal that
DADs induced G2/M arrest, apoptosis, and autophagic death of human osteosarcoma cells by
inhibiting the PI3K/Akt/mTOR signaling pathway.

Keywords: diallyl disulfide; apoptosis; autophagy; osteosarcoma; PI3K/Akt/mTOR pathway

1. Introduction

Osteosarcoma (OS) is one of the most frequent bone malignancies, developing from the
bone-forming mesenchymal cell lines. The rapid expansion of OS is due to the direct or indirect
formation of osteoid and osseous tissues [1]. Mortality from OS in children and adolescents remains
very high, and the incidence rate reaches a second peak after the age of 60 years [2]. However,
early intervention and appropriate treatments, such as chemotherapy drugs, have greatly improved
the survival rate of the disease [3]. Some studies have confirmed that adjuvant chemotherapy has
a beneficial effect on the relapse-free survival rate of patients with OS of the extremities [4]. However,
the reality is that the drug resistance of tumors is becoming more and more complex, so new anti-cancer
drugs are urgently needed.

Diallyl disulfide (DADs) is a natural organic compound in garlic and scallion, that has demonstrated
anti-tumor properties in a variety of tumor types. Garlic has a long history of being used as a food
additive and in pharmaceutical products. However, it was not until modern times that its anti-cancer
mechanisms were demonstrated in specific studies. The effects of garlic include suppressing tumor

Molecules 2019, 24, 2665; doi:10.3390/molecules24142665 www.mdpi.com/journal/molecules119



Molecules 2019, 24, 2665

proliferation and invasion [5], inducing G2/M arrest [6], and enhancing reactive oxygen species
production [7]. Furthermore, DADs inhibit the growth of various tumors, such as colon cancer, bladder
cancer, cervical cancer [8–10], and OS [5] by inducing apoptosis.

Uncontrolled cell proliferation is the most prominent feature of cancer. The integrity of the cell cycle
is the basis for normal cell proliferation and is mainly regulated by cyclin dependent kinases (CDKs)
and CDK inhibitor proteins. An unbalanced cell cycle promotes the occurrence and development of
tumors [11,12]. Successful G2/M transformation is the key to cell division [13]. Many plant natural
compounds inhibit tumor growth by blocking the G2/M phase [14,15].

Most natural organic compounds play a role by inducing cell death. Several modes of cell death
have been described, such as apoptosis, autophagy, and others (necrosis and mitotic catastrophe).
Apoptosis refers to the orderly death of cells controlled by genes with the purpose of maintaining
homeostasis. The most notable features of apoptosis are pyknosis, DNA splitting, and the formation of
apoptotic bodies [16]. Apoptosis is a strictly regulated multi-channel complex process that is mainly
coordinated by activation of an aspartic acid-specific cysteine protease (caspase) cascade, including
two main pathways: One relies on mitochondria (independent of the receptor) and the other involves
the interaction between the death receptor and its ligand [17].

Autophagy is a process in which hydrolytic enzymes in lysosomes degrade proteins and organelles,
including formation of phagophores and autophagosomes and fusion with lysosomes. The main
function of autophagy is to promote cellular homeostasis. However, the role of autophagy in the tumor
process is complex. Several studies have suggested that apoptosis and autophagy are interrelated and
affect each other [18,19]. Autophagy can have positive or negative effects on tumor growth depending
on the disease environment, and the survival function of autophagy may be harmful. In recent years,
many natural organic compounds have exerted their anti-cancer activities by inducing autophagy of
cells, which is of great importance to the further exploration and development of chemical anti-cancer
therapy [20].

A great many anti-tumor drugs induce apoptosis and autophagy by inhibiting the AKT/mTOR
pathway [21–23]. The PI3K/Akt/mTOR pathway is a common vulnerability in OS [24]. This signaling
pathway affects most major cellular functions, so it plays a huge role in regulating basic cellular
behaviors, such as growth and proliferation. The PI3K/Akt/mTOR pathway is associated with a variety
of diseases, including cancer, obesity, and neurodegeneration. Early studies reported that the mTOR
pathway has negative regulatory effects on apoptosis and autophagy [25–27]. A great deal of effort is
currently being made to pharmacologically target this pathway [28].

In the present study, we explored the anti-cancer effect of DADs in OS MG-63 in vitro. In addition,
we expounded on the potential mechanisms of apoptosis and autophagy through the mTOR
signaling pathway.

2. Results

2.1. DADs Inhibit Osteosarcoma Cell Viability and Induces Cell Cycle Arrest at the G2/M Phase

The chemical structure of DADs is shown in Figure 1A. MG-63 cells were treated with different
concentrations of DADs (0, 20, 40, 60, 80, and 100 μM) for 12, 48, and 72 h. Cell viability was measured
with the Cell Counting Kit-8 (CCK-8) assay. As shown in Figure 1B, viability of OS cells treated
with DADs was inhibited in a dose-and-time-dependent manner compared with the control group.
The 20, 60, and 100 μM treatments were selected as representative doses for the in vitro and subsequent
studies. The clone formation assay showed that the DADs treatment inhibited cloning of MG-63 cells
(Figure 1C,D). DADs inhibited the colony counts of OS cells in a dose-dependent manner.

Cell cycle arrest may lead to inhibited proliferation, so we determined the effect of DADs on
the cell cycle by flow cytometry. The G0/G1 phase cell population decreased, while the sub G1 phase
and the G2/M phase increased significantly after treatment with 0, 20, 60, or 100 μM DADs for 24 h
(Figure 1E,F).

120



Molecules 2019, 24, 2665

Figure 1. Inhibited cell proliferation and induces G2/M cell cycle arrest in osteosarcoma MG-63 cells.
(A) Chemical structure of diallyl disulfide (DADs). (B) Cell viability. MG-63 cells were treated with the
indicated dose of DADs (0, 20, 40, 60, 80, and 100 μM) for different times (24, 48, and 72 h). Cell viability
was detected by CCK8 assay (n = 3). (C,D) Clone formation. MG-63 cells were treated with 0, 20, 60,
and 100 μM DADs, and the number of cell colonies was measured by clone formation assay 9 days later.
(E,F) Cells were treated with DADs for 24 h, and the cell cycle was detected by flow cytometry. G2/M cell
cycle arrest was observed in MG-63 cells. The percentage of the sub G1, G0/G1, S, and G2/M phase cell
populations were represented by the mean ± SD of at least three independent experiments. Statistical
differences were analyzed by student’s t-test (* p < 0.05, ** p < 0.01 compared with control group).

2.2. DADs Induce Apoptosis of Osteosarcoma Cells

DADs may inhibit the growth of OS cells through apoptosis. Therefore, we determined whether
DADs induce OS cell apoptosis through Annexin V/propidium iodide (PI) double staining. As shown
in Figure 2A,B, the flow cytometry results showed that OS cells caused a dose-dependent increase in
early and late apoptotic cells after the DADs treatment. We investigated the expression of important
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signaling proteins during apoptosis by Western blot. After a certain period of treatment, the protein
expression of caspase-3, cleaved-caspase 3, and Bax increased significantly while that of Bcl-2 decreased
(Figure 2C,D).

Figure 2. Induces caspase-dependent apoptosis in MG-63 cells. (A,B) After cells were stained by
Annexin V-FITC/PI and left in dark at room temperature for 15 min, the apoptosis rate was measured
by flow cytometry. Data were presented as means ± SD (n = 3). (C,D) Cells were treated with different
doses of DADs for 24 h or incubated with DADs (60 μM) for various hours. The apoptosis-related
proteins caspase-3, cleaved-caspase 3, Bax, and Bcl-2 were measured by Western blot. GAPDH was
used as a loading control. (* p < 0.05, ** p < 0.01 compared with control group).

2.3. DADs Induce Autophagy of Osteosarcoma Cells

We continued to explore whether DADs induced autophagy in OS cells. We examined the
expression of autophagy-related proteins in the DADs and control groups by Western blot analysis.
The results showed that DADs increased the levels of LC3B-II, an indicator of autophagosome
formation, in MG-63 cells in a dose-dependent manner relative to the controls (Figure 3A,B). Moreover,
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we observed an increase in p62 protein expression in the DADs-treated groups compared with that in
the untreated group.

Figure 3. Triggered autophagy flux of MG-63 cells, and inhibition of autophagy reduces DADs-induced
apoptosis. (A,B) Cells were treated with different dose of DADs for about 24 h or incubated with DADs
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(60 μM) for various hours. Western blotting was used to analyze protein expression, and antibodies
against LC-3-I, LC3-II, and p62 were tested. (* p < 0.05, ** p < 0.01 compared with control group).
(C,D) Cells were pretreated with 3-MA (2.5 mM) for 2 hours and then treated with 100 μM DADs
for 24 h. Apoptosis was measured by flow cytometry. The proportion of apoptotic cells from three
independent experiments was shown by histograms. (E,F) Western blot showed the expression of
apoptosis-related proteins LC3 and p62 with DADs or 3-MA treatment. (G,H) The Western blot results
showed that caspase-3, Bax, and Bcl-2 protein expression levels after 3-MA treatment compared with
that in the DADs only treatment groups. GAPDH was used as load control. (* p < 0.05, ** p < 0.01
compared with the control group, # p < 0.05, ## p < 0.01 compared with only DADs treated group).

We used the autophagy inhibitor 3-methyladenine (3-MA) to perform an experiment. The 3-MA
inhibits autophagosome formation during the early stage by blocking class III phosphatidylinositol
3-kinases [29]. The level of LC3-II induced by DADs in association with 3-MA (2.5 mM) was clearly less
than that observed with DADs alone (Figure 3E,F). The results of Annexin V and PI double staining
showed that the percentage of apoptotic cells was less in the DADs + 3-MA group than in the DADs
group. However, the apoptosis rate continued to increase regardless of 3-MA compared with the
control group (Figure 3C,D). The Western blot results showed that apoptosis-related proteins decreased
after 3-MA treatment compared with that in the DADs only treatment groups (Figure 3G,H).

2.4. DADs Induces Apoptosis and Autophagy by Inhibiting the PI3K/Akt/mTOR Signaling Pathway

Previous studies have confirmed that PI3K/Akt/mTOR is a signaling pathway that has a negative
regulatory effect on apoptosis and autophagy. Inhibiting the mTOR pathway promotes autophagosome
formation during the early stage. Therefore, we examined whether DADs stimulates autophagy by
detecting activation of mTOR. As shown in Figure 4A,B, the Western blot results indicate that after
treatment with DADs for 24 h, the expression of PI3K was decreased and, at the same time, the decrease
in the phosphorylation of AKT protein was observed. We further observed that the exposure of MG-63
cells to DADs decreased the phosphorylated (activated) form of mTOR as well as its downstream
effectors p70S6K and p-p70S6K proteins compared with that in the control group. The CCK8 assay
results showed that rapamycin (mTOR inhibitor; 100 nM) significantly increased the inhibitory effect of
DADs on cell viability (Figure 4C). A Western blot analysis revealed that the level of LC3-II increased
compared to that in cells treated with DADs alone, whereas there was almost no difference in the level
of the p62 protein. Apoptosis-related proteins increased after rapamycin treatment compared with
that in the DADs group (Figure 4D,E).
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Figure 4. Induced apoptosis and autophagy of OS cells through mTOR pathway. (A,B) Expression of
PI3K/Akt/mTOR pathway proteins were analyzed by Western blot. Cells were treated with DADs for
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24 h. (C) Cell viability was detected by CCK8 24 h after DADs treatment (0, 60, and 100 μM). (n = 3).
(D,E) Cells were pretreated with rapamycin (mTOR inhibitor) and then incubated with 100 μM DADs
for 24 h. Western blot analyses were used to determine the levels of autophagy-related proteins
(LC3-II/LC-3-I and p62), apoptosis-related proteins (caspase-3, Bax, and Bcl-2) and p-mTOR. GAPDH
was used as load control. (* p < 0.05, ** p < 0.01 compared with the control group, # p < 0.05, ## p < 0.01
compared with only DADs treated group).

3. Discussion

Garlic is not only an important food seasoning, but also a traditional medicine. Epidemiological
studies have shown that the consumption of garlic is inversely proportional to the incidence of
cancer [30]. The medicinal value of garlic is dependent on its active ingredient garlicin. DADs, diallyl
trisulfide, and diallyl tetrasulfide are the main components of garlicin. Among them, DADs has a wide
range of anti-cancer effects [31]. Studies have shown that DADs inhibits the growth of various tumors
by inducing apoptosis and cell cycle arrest [32,33].

OS has an aggressive malignant neoplasm with poor outcomes, whose cells proliferate intensively
and represent very dynamic biological structure, create numerous mutations resulting in new tumor
cell lines with different genotypes and phenotypes. In such malignancies, a highly variable sensitivity
to therapeutics can be observed, and some cell lines develop resistance to the treatment (plant molecules
including). Therefore, the biological effects of combining various plant molecules (phytochemicals)
with proven cytotoxic effects administered with conventional therapy to target a substantially wider
range of signaling pathways in cancer cells should be superior compared to single compounds in
cancer treatment and may delay the development of resistance [34,35]. Therefore, further urgent
research is needed for the identification of new molecules (including plant-derived) with excellent
anticancer properties within combinational therapies against OS. In our study, we confirmed that
DADs inhibited proliferation of OS cells in dose-and-time-dependent manners, caused G2/M phase
arrest, induced apoptosis, and restricted autophagic flux in OS in vitro. We also studied the mTOR
pathway mechanism during apoptosis and autophagic flux.

Tumor development is initially manifested by uncontrolled cell division [36]. The entire process
from the completion of one division to the end of the next division is called a cell cycle, which consists
of interphase and mitotic periods. Interphase consists of the G1, S, and G2 phases. G1/S and G2/M
transformation are two very important phases in the cell cycle. Cells in these two stages experience
a complex and active period of change and are particularly susceptible to environmental conditions.
In our study, flow cytometry revealed that the OS cell cycle was blocked after 24 h of DADs (0, 20, 60,
100 μM) treatment and the effect was concentration dependent. Li et al. demonstrated that the OS cell
cycle could be blocked by diallyl disulfide in the G2/M phase [5]. This result corresponds to the CCK8
and clone forming assay results, demonstrating that DADs inhibited cell viability and proliferative
activity of OS cells.

Cell cycle arrest can induce apoptosis, and the tumor inhibitory effect of DADs also includes
abnormal cell death, such as apoptosis [37] and autophagy [38]. Apoptosis is composed of a complex
multi-gene regulated mechanism. The caspase activation pathway plays a key role in apoptosis.
HJ, K. et al. demonstrated that DADS promoted trail-mediated apoptosis by inhibiting Bcl-2 [37].
There are two pathways that have been studied most fully: The cell surface death receptor (caspase-8)
pathway and the mitochondria-initiated (caspase-9) pathway. However, caspase-3 participates in both
pathways [39]. Furthermore, the anti-apoptotic Bcl-2 protein prevents mitochondria from releasing
cytochrome c, thus, keeping cells alive. Bax and Bcl-2 both belong to the Bcl-2 gene family. Bcl-2 is
an inhibitor of the apoptosis gene. Bax antagonizes the inhibitory effect of Bcl-2 on apoptosis,
and promotes apoptosis [40]. In our study, the caspase-3 and Bax proteins both increased, whereas the
Bcl-2 protein decreased with DADs treatment. Flow cytometry showed that the proportion of apoptotic
cells in the DADs treatment group increased significantly in a dose-dependent manner during the
same treatment time. These results reveal that DADs stimulated caspase-dependent apoptosis.
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Autophagy is a non-caspase-dependent form of cell death that degrades proteins and organelles in
cells through the lysosomal pathway. Autophagy mainly plays an adaptive role in the body, protecting
organisms from various pathological damage, including infection, cancer, nerve degeneration, aging and
heart disease [41]. LC3 is a marker of autophagy. During autophagy, LC3-I is hydrolyzed and converted
to LC3-II. Enhanced expression of autophagy leads to aggregation of P62 and complete protein
degradation by fusion with a lysosome [42]. Therefore, the ratio of LC3-II/LC3-I and the p62 expression
level could reflect the level of autophagy. Our experimental results show that the LC3-II/LC3-I ratio
was upregulated, which confirmed that autophagy was promoted. In contrast, we observed an increase
in the expression of p62 protein in our study, which is usually considered a sign of inhibited autophagy
activity [29]. This observation suggested that DADs blocked the autophagic flux after early stimulation
of autophagy, resulting in accumulation of the protein.

However, autophagy is a multi-stage process, and the damage and preservation of cells are
unclear. We used autophagy inhibitors to further explore the mechanism of autophagy. 3-MA inhibits
autophagy by inhibiting formation of the autophagosome. After adding 3-MA, LC3-II expression
was downregulated and p62 expression was upregulated compared with the DADs treatment alone.
Notably, the apoptosis rate of the DADs + 3-MA group decreased synchronously compared with that
of the DADs alone group. We suspected that the reason is that autophagy enhances caspase-dependent
cell death and independently causes cell death. However, 3-MA inhibits autophagy from the initial
stage, thus reducing part of the cell death [19,43].

It is commonly known that the mTOR pathway is related to autophagy and apoptosis [26,28,44].
Our study discovered that DADs inhibits the PI3K/Akt/mTOR/p70S6K signal pathway. Inhibition
of the mTOR pathway can partially activate autophagy and apoptosis. PI3K/Akt/mTOR signaling
pathway is a classical pathway, which not only promotes angiogenesis and cell progress, but also plays
an important role in various human malignant tumors [45]. To further test whether apoptosis and
autophagy induced by DADs are related to the mTOR pathway, we added rapamycin (mTOR inhibitor).
The results showed that cell proliferation in the rapamycin + DADs group was lower than that of the
DADs group alone, and the levels of apoptosis-related proteins and autophagy-related proteins both
increased. These finding indicate that DADs may play a role in apoptosis and autophagy through the
mTOR signaling pathway. After rapamycin was used to promote autophagy, the expression of LC3-II
increased, whereas content of the p62 protein did not change significantly. Thus, we conclude that
DADs triggered autophagy flux; however, the process was not completed as indicated by the p62 level.
This probably occurred because this process turned into apoptosis during the late stage of treatment.

However, there is no doubt that further research is needed to study the specific mechanism of
DADs in OS treatment. For example, p53 is an important tumor suppressor gene, which is related to
cell cycle arrest and apoptosis. The mutation and deletion of P53 gene account for about 50% of all
human tumors, which leads to tumor formation, metastasis and drug resistance of tumors. MG-63
expresses P53, and p53-mediated cell death is partly related to the interaction between Bcl-2 and Bax.
What’s more, the correlation between apoptosis and autophagy under DADs treatment has not been
completely explained. Therefore, further exploration is needed to reveal the potential mechanism of
DADs in the treatment of OS.

In conclusion, our study clarified the possible effects of DADs on OS cells and showed that DADs
inhibited OS by causing G2/M phase arrest and inducing apoptosis and autophagy. Moreover, DADs
induced apoptosis and autophagy by inhibiting the PI3K/Akt/mTOR signaling pathway. In addition,
3-MA inhibited autophagy weakened DADs-induced cell death, indicating that DADs induced
autophagy-mediated cell death. The possible mechanism of action of DADs is shown in Figure 5.
This study provides insight into the clinical application of this compound and a new method to treat OS.
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Figure 5. DADs inducing autophagy and apoptosis of human OS cells.

4. Materials and Methods

4.1. Reagents and Antibodies

Diallyl Disulfide (DADs, 30648) was purchased from Sigma-Aldrich (Shanghai, China).
3-methyladenine (3-MA, HY-19312) and rapamycin (HY-10219) were purchased from MedChemExpress
(Shanghai, China). Antibodies against Bax (5023T), Bcl-2 (4223T), cleaved-caspase 3 (9664T), mTOR
(2983T), p-mTOR (5536T), and p-p70S6K (108D2) were purchased from Cell Signaling Technology (CST,
Shanghai, China). Anti-SQSTM1/p62 (ab109012), LC3B (ab48394), caspase-3 (ab13847), PI3K (ab180967),
Akt (ab32505), p-Akt (ab192623), and p70S6K (ab32529) was purchased from Abcam (Shanghai,
China). p-PI3K (AF3241) was purchased from Affinity Biosciences (Jiangsu, China). Anti-GAPDH was
purchased from Proteintech (Wuhan, Hubei, China).

4.2. Cell Culture

The human osteosarcoma cell line MG-63 was obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). Cells were raised in Dulbecco’s Modified Eagle’s Medium (DMEM/F12)
supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA), 1% penicillin-streptomycin
and 1% non-essential amino acid (NEAA) under standard culture condition (37 ◦C, 95% humidified air
and 5% CO2). The medium was changed every 2 days.
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4.3. Cell Viability Assay

For the sake of confirming the effect of DADs on OS cell proliferation, cells were incubated in
96-well plates for 24 h at a density of 5 × 103 cells/well with 100 μL culture medium. Then, cells were
treated with different dose of DADs (0, 20, 40, 60, 80, and 100 μM). After 24, 48, and 72 h, cell viability
was detected by Cell Counting Kit-8 assay (MedChem Express, China). Adding 10 μL CCK8 working
solution per well for about 2 h, the absorbance value of each well was measured at 450 nm with
enzyme-labeled instrument. Then, the cell viability of the experimental group was calculated.

4.4. Clone Formation Assay

Cells were cultured in 6-well plates at a density of 500 cells/well and incubated under standard
culture condition for 24 h. They were then treated them with different doses of DADs (0, 20, 40, 60,
80, and 100 μM), for about 9 days. Next, the medium was removed and the cell clones was washed
with PBS. Shortly afterwards, they were fixed with 4 % paraformaldehyde and dyed with 0.1% crystal
violet. Finally, colonies including more than 50 cells were calculated.

4.5. Cell Cycle Analysis

The cells were incubated in 6-well plates with a density of 2 × 105 cells/well. After 24 h, cells were
treated with DADs (0, 20, 60, and 100 μM) for another 24 h. Then we collected cells from 6-well plates,
added 70% ethanol and fixed at 4 ◦C overnight. After centrifugation to remove ethanol, they were
washed again with PBS and the cells were stained with propidium iodide (PI) and RNase A (KeyGEN
Biotech, China). The mixture was kept at 37 ◦C for 15 min in the dark. Finally, the cell cycle was
measured by flow cytometry, and data were analyzed with BD Accuri C6 plus (Becton Dickinson,
Franklin Lakes, NJ, USA) software.

4.6. Apoptosis Flow-Cytometry Assay

The OS cells were seeded into 6-well plates with a density of 2 × 105 cells/well, then treated
with different concentrations of DADs (0, 20, 60, and 100 μM) for 24 h. Cells were collected with
trypsin, washed twice with pre-chilled PBS, and then suspended with 500 μL binding buffer. Then,
Annexin V-FITC and PI (Hanbio, Shanghai, China) were added respectively, and the cells were mixed.
After being incubated at room temperature in the dark for 15 min, the samples were analyzed by flow
cytometry using BD Accuri C6 plus (Becton Dickinson, Franklin Lakes, NJ, USA). According to the
principle that phosphatidylserine can bind to Annexin V-FITC, we measured the proportion of early
apoptotic cells. PI is a DNA-binding dye. It could emit red fluorescence but cannot pass through living
cell membranes. The proportion of late apoptosis/dead cells can be determined by it.

4.7. Western Blot Analysis

Cells were scraped into EP tubes with cell scraping tools and mixed with RIPA Lysis Buffer
(Betotium Institute of Biotechnology, Beijing, China). Protease and phosphatase inhibitors were added
in a ratio of 100:1. All operations were carried out on ice. After measuring the protein concentration
with BCA protein assays (Beyotime, Beijing, China), we added 1/4 volume of 5 × SDS loading buffer
in each EP tubes and heated it at 95 ◦C for 5 min. Proteins were separated by 6%–15% SDS-PAGE,
and transferred to the polyvinylidene fluoride (PVDF) membrane. The membranes were incubated by
1:1000~5000 primary antibodies at 4 ◦C overnight, followed by incubation with secondary antibodies
at room temperature for 1 h. Finally, the ECL detection system (SmartChemi 420, Beijing, China) was
used to measure the immune reaction zone. Each experiment was repeated at least three times.

4.8. Statistical Analysis

All data were represented by the average of three independent experiments. Statistical analysis was
conducted with Graghpad prism 7 software (San Diego, CA, USA). Differences between experimental
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groups and control groups were calculated by Student’s t-test. p < 0.05 was considered to have
statistical significance.
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Abstract: Berberine is reported to have multiple biological effects, including antimicrobial,
anti-inflammatory, and antitumor activities, and 13-alkyl-substituted berberines show higher
activity than berberine against certain bacterial species and human cancer cell lines. In particular,
13-ethylberberine (13-EBR) was reported to have anti-inflammatory effects in endotoxin-activated
macrophage and septic mouse models. Thus, in this study, we aimed to examine the anticancer
effects of 13-EBR and its mechanisms in radiotherapy-resistant (RT-R) MDA-MB-231 cells derived
from the highly metastatic MDA-MB-231 cells. When we compared the gene expression between
MDA-MB-231 and RT-R MDA-MB-231 cells with an RNA microarray, RT-R MDA-MB-231 showed
higher levels of anti-apoptotic genes and lower levels of pro-apoptotic genes compared to
MDA-MB-231 cells. Accordingly, we examined the effect of 13-EBR on the induction of apoptosis in
RT-R MDA-MB-231 and MDA-MB-231 cells. The results showed that 13-EBR reduced the proliferation
and colony-forming ability of both MDA-MB-231 and RT-R MDA-MB-231 cells. Moreover, 13-EBR
induced apoptosis by promoting both intracellular and mitochondrial reactive oxygen species (ROS)
and by regulating the apoptosis-related proteins involved in the intrinsic pathway, not in the extrinsic
pathway. These results suggest that 13-EBR has pro-apoptotic effects in RT-R MDA-MB-231 and
MDA-MB-231 cells by inducing mitochondrial ROS production and activating the mitochondrial
apoptotic pathway, providing useful insights into new potential therapeutic strategies for RT-R breast
cancer treatment.

Keywords: apoptosis; 13-ethylberberine; mitochondrial ROS; RT-R breast cancer cells

1. Introduction

Breast cancer is one of the most common causes of death in women around the world [1].
Most breast cancer patients respond to conventional treatments such as surgery, chemotherapy,
and radiotherapy. However, there are inherent limitations to each therapy, which cause therapeutic
resistance and the relapse of cancer, eventually leading to the failure of therapy. In particular,
radiotherapy has several benefits, such as improving overall survival and synergizing with surgical
resection [2,3]; the relapse of cancer after radiotherapy is common and, in particular, ductal carcinoma
and early/advanced invasive breast cancers show radiotherapy resistance. Moreover, because
triple-negative breast cancer (TNBC), which is characterized by the absence of estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression,
is an aggressive type of cancer that is difficult to treat, breast cancer patients suffer more if TNBC acquires
radiotherapy resistance, and the patients do not survive after radiation therapy. Therefore, in a previous
study, we repeatedly irradiated the MDA-MB-231 breast cancer cell line, which is a common cell model
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system to represent highly metastatic TNBC, to establish radiotherapy-resistant MDA-MB-231 (RT-R
MDA-MB-231) cells, and we aimed to find effective therapeutics to treat RT-R MDA-MB-231 cells in
the present study.

Berberine (BBR) is an isoquinoline alkaloid that is isolated from Cotridis rhizoma and has multiple
biological activities, such as antimicrobial, anti-inflammatory, and antitumor effects [4–7]. In particular,
the anticancer effects of BBR on breast cancer cells were reported; BBR induces breast cancer cell
apoptosis via the activation of the apoptotic signaling pathway [8,9], the inhibition of proliferation and
migration [10], the suppression of cell motility through the downregulation of related molecules [11,12],
and the enhancement of chemosensitivity, which induces apoptosis [13]. Recently, it was reported that
13-alkyl-substituted berberines showed better antimicrobial activity against certain bacterial species
and cytotoxic activity against human cancer cell lines than BBR [14,15]. Furthermore, among these
13-alkyl-substituted berberines, 13-ethylberberine (13-EBR) was reported to have anti-inflammatory
effects in endotoxin-activated macrophage and septic mouse models [16,17]. However, the effects of
13-EBR on cancer cell growth and signaling pathways were not reported. Therefore, we tried to identify
the differences between MDA-MB-231 cells and RT-R MDA-MB-231 cells in gene expression levels,
and determined the anticancer effects of 13-EBR on RT-R MDA-MB-231 breast cancer cells, as well as
MDA-MB-231. Moreover, we explored the associated mechanisms of 13-EBR using MDA-MB-231 and
RT-R MDA-MB-231 breast cancer cells in this study.

2. Results

2.1. 13-EBR Had Anticancer Effects on RT-R MDA-MB-231 Cells and MDA-MB-231 Cells, as Demonstrated
by Suppressing the Proliferation and Colony-Forming Ability

In our previous study, we showed that RT-R MDA-MB-231 cells had increased cell viability
and colony-forming ability after irradiation, and exhibited higher chemoresistance compared to
the MDA-MB-231 parental cells [18]. In this study, we analyzed the gene expression levels
between MDA-MB-231 cells and RT-R MDA-MB-231 cells and found that RT-R MDA-MB-231 cells
showed lower expression of pro-apoptotic genes and higher expression of anti-apoptotic genes than
MDA-MB-231 cells (Table 1). Thus, we were interested in identifying effective anticancer drugs to
treat RT-R breast cancer cells because numerous cancer patients suffer from aggressive disease and the
relapse of radiotherapy-resistant cancer. Figure 1 shows that 13-EBR effectively reduced proliferation
(Figure 1B) and colony formation (Figure 1C) in RT-R MDA-MB-231 cells and MDA-MB-231 cells in a
dose-dependent manner compared to the controls. These results suggested that 13-EBR has anticancer
effects as a result of the suppression of cell growth and colony-forming ability in both MDA-MB-231 and
RT-R MDA-MB-231 cells.

Table 1. Analysis of gene expression levels between MDA-MB-231 and radiotherapy-resistant (RT-R)
MDA-MB-231 cells. Total RNA was extracted from MDA-MB-231 and RT-R MDA-MB-231 cells, and the
genes involved in apoptotic cell death were analyzed.

Apoptosis-Related Genes
Fold Change

(RT-R MDA-MB-231/MDA-MB-231)

Pro-apoptotic genes

Bax 0.622
Bad 0.620

Cytochrome c 0.576
Cleaved caspase-3 (p17) 0.363
Cleaved caspase-7 (p11) 0.846

Anti-apoptotic genes
Bcl-2 0.927

Bcl-2A1 8.036
Mcl-1 1.263
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Figure 1. Chemical structure of 13-ethylberberine (13-EBR), and the effects of 13-EBR on cell proliferation,
colony formation, and apoptosis in breast cancer cells. (A) The chemical structure of 13-EBR. (B) MDA-MB
231 and radiotherapy-resistant (RT-R) MDA-MB 231 cells were treated with 13-EBR at the indicated doses
(1, 5, 10, 20, 50, and 100 μM) for 24–72 h, and cell proliferation was measured using the Cell Counting Kit-8
(CCK-8) reagent, as described in Section 4. The values represent the mean ± standard error of the mean
(SEM) of three independent experiments; ** p< 0.01, * p< 0.05 compared to the controls (vehicle-treated cells)
at each time point. (C) Both breast cancer cell lines (1000 cells/well) were seeded in six-well plates. The cells
were stimulated with 13-EBR for 24 h at the indicated doses. Following treatment, a colony-formation
assay was performed, as described in Section 4, and was quantified by counting the colonies. The values
represent the mean ± SEM of three independent experiments; ** p < 0.01, * p < 0.05 compared to the control
for each cell line; ## p < 0.01, # p < 0.05 compared to the MDA-MB-231 cells.

2.2. 13-EBR Upregulated Intracellular Total and Mitochondrial ROS Production in Both MDA-MB-231 and
RT-R MDA-MB-231 Cells

It was reported that excessive ROS can induce apoptosis through both the extrinsic and intrinsic
pathways [19]. Furthermore, excessive mitochondrial oxidant stress can induce cell death in tumor
cells [20]. Thus, we examined the effects of 13-EBR on the production of intracellular total ROS, including
mitochondrial ROS, in RT-R MDA-MB-231 and MDA-MB-231 cells. When both of the breast cancer cell
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lines were treated with 50 μM 13-EBR, the treatment significantly enhanced the intracellular total ROS and
mitochondrial ROS production from early time points compared to the controls (Figure 2).

Figure 2. Effects of 13-EBR on the production of intracellular and mitochondrial reactive oxygen species
(ROS) production in MDA-MB-231 and RT-R MDA-MB-231 cells. (A,B) Both cell lines were stimulated
with 50 μM 13-EBR for the indicated times, and then the intracellular ROS (A) and mitochondrial
ROS (B) were measured by staining with 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) and
MitoSOX Red, respectively. The values represent the mean ± SEM of three independent experiments;
** p < 0.01 compared to the control of each cell line.

2.3. 13-EBR Induced MDA-MB-231 and RT-R MDA-MB-231 Apoptosis through a Mitochondria-Related
Apoptotic Pathway, Not an Extrinsic Pathway

Next, we further examined whether 13-EBR induces apoptosis in both MDA-MB-231 and RT-R
MDA-MB-231 cells by observing DNA shrinkage or nuclear fragmentation that occurs in cells undergoing
apoptosis. As expected, 13-EBR stimulation induced DNA shrinkage at 10 μM and DNA fragmentation
at 50 μM in both MDA-MB-232 and RT-R MDA-MB-231 cells (Figure 3A). Moreover, 13-EBR induced
apoptosis, as shown by the increased sub-gap 1 (subG1) population in both MDA-MB-231 and RT-R
MDA-MB-231 cells in a dose-dependent manner compared to that in the controls (Figure 3B). In addition
to the subG1 population, the synthesis (S) and gap 2/mitosis (G2/M) populations were remarkably changed
in response to 50 μM 13-EBR treatment in MDA-MB-231 and RT-R MDA-MB-231 cells compared to the
controls (Figure 3C). As mentioned above, an increase in ROS can induce apoptosis through both the
extrinsic and intrinsic pathways. Thus, we investigated which apoptotic signaling pathway is involved
in 13-EBR-induced apoptosis in MDA-MB-231 and RT-R MDA-MB-231 cells. The protein level of Bax,
a pro-apoptotic gene, in the control group of RT-R MDA-MB-231 was little lower than that in the control
of MDA-MB-231, as presented in Table 1, and 13-EBR stimulation significantly increased the protein
level of Bax in both cell lines. However, 13-EBR decreased the level of Bcl-2, an anti-apoptotic gene, in a
time-dependent manner compared to that in the controls in both cell lines. Moreover, the protein levels
of cleaved caspase-9, -3, and poly(ADP ribose) polymerase (PARP) were also increased in response to
13-EBR treatment compared to the controls. However, 13-EBR did not affect the cleaved caspase-8 protein
levels (Figure 4A,B). These results suggested that 13-EBR induces apoptotic cell death via the regulation of
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the mitochondria-related intrinsic pathway rather than an extrinsic pathway in MDA-MB-231 and RT-R
MDA-MB-231 cells.

Figure 3. Induction of apoptotic cell death in MDA-MB-231 and RT-R MDA-MB-231 cells with 13-EBR
through the intrinsic pathway. (A) Both cell lines were seeded on a cover slip that was mounted onto
a self-designed perfusion chamber and then stimulated with 13-EBR at the indicated doses for 24 h.
The fragmented DNA was observed, as described in Section 4. White arrows represent the fragmented
DNA. (B) Both breast cancer cell lines were treated with 13-EBR at the indicated doses for 24 h, and then
apoptotic cells were identified by analyzing the sub-gap 1 (subG1) phase using a fluorescence-activated
cell sorting (FACS) system, as described in Section 4. (C) Both cell lines were treated or were not treated
with 13-EBR at 50 μM for 24 h, and then the cell distribution in the cell cycle was determined using the
FACS system. The values represent the mean ± SEM of three independent experiments; ** p < 0.01,
* p < 0.05 compared to the control; ## P < 0.01 compared to the MDA-MB-231 cells.
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Figure 4. 13-EBR-mediated induction of apoptosis through the intrinsic pathway. (A,B) Both cell
lines were stimulated with 50 μM 13-EBR for the indicated times, and total proteins were extracted.
The Bax, Bcl-2, cleaved caspase-9 (C-CASP-9), -8 (C-CASP-8), -3 (C-CASP-3), cleaved poly(ADP ribose)
polymerase (C-PARP), and β-actin protein levels were analyzed in cell lysates by Western blotting
(A), as described in Section 4, and were quantified (B). The values represent the mean ± SEM of three
independent experiments; ** p < 0.01, * p < 0.05 compared to the control of each cell line.
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3. Discussion

TNBC refers to breast cancer that does not express ER, PR, and HER2, which is known to be
more aggressive, with worse prognosis than that of other types of breast cancers that express hormone
receptors [21,22]. Due to the lack of specific molecular targets, general cancer treatments are limited
and not available for the treatment of TNBC patients. Thus, combinatorial therapy, which consists
of surgery, chemotherapy, and radiation, is used for TNBC patients. According to clinically safe
and effective therapeutic methods, a small amount of X-ray is periodically used to irradiate breast
cancer, and even with combinatorial treatment, the surviving residual cancer cells eventually exhibit
radiotherapy resistance [23]. Previously, we reported that not only the RT-R TNBC cell line (RT-R
MDA-MB-231) but also the ER- and PR-positive breast cancer cell lines (RT-R MCF-7 and RT-R
T47D) showed increased proliferation and colony formation, and were even more resistant to cancer
chemotherapy than their parental breast cancer cells. Among these cells, RT-R MDA-MB-231 cells
exhibited notable aggressiveness during tumor growth and invasion and showed characteristics of
breast cancer stem cells [18]. Therefore, we tried to find a possible anticancer drug candidate, and,
in this study, we investigated the anticancer effect of 13-EBR and the underlying mechanisms in
radiotherapy-resistant TNBC.

BBR is known to be a low-toxicity and safe agent and was reported to have multiple biological
functions, including antimicrobial, anti-inflammatory, and antitumor effects [4–13]. Treatment with
13-EBR, a BBR analog that is substituted at C-13 by alkyl groups, was reported to have anti-inflammatory
effects [16,17]; however, the role of this molecule in tumor suppression was not reported. Thus, we aimed
to determine whether 13-EBR could be a potential chemotherapeutic agent by examining the effects
of 13-EBR on MDA-MB-231 cells and the radiotherapy-resistant TNBC cell line, RT-R MDA-MB-231.
In this study, our results revealed that 13-EBR suppressed RT-R MDA-MB-231 and MDA-MB-231 cell
proliferation and colony-forming ability (Figure 1) compared to the controls. Further studies showed
that 13-EBR stimulation induced the production of ROS, including mitochondrial ROS, in both
breast cancer cell lines (Figure 2). In addition, 13-EBR caused cell-cycle arrest and upregulated
Bcl-2 family protein levels, such as Bax (pro-apoptotic), and reduced Bcl-2 (anti-apoptotic) levels
and activated the caspase-9 and -3 pathways but not the caspase-8 pathway, suggesting that 13-EBR
evokes apoptosis through the mitochondria-mediated signaling pathway in RT-R MDA-MB-231 cells
(Figure 3). Although it was reported that 13-alkyl-substituted berberines showed better anti-microbe
and anticancer activities than BBR [14,15], as described in Section 1, there is no evidence about which
one of the two compounds has better efficacy on suppressing breast cancer cells, especially RT-R
TNBC. Thus, we further compared the effects of BBR and 13-EBR on proliferation, colony formation,
and cellular apoptosis in RT-R MDA-MB-231 cells. Interestingly, 13-EBR was significantly more effective
in suppressing the cell proliferation and colony-forming ability and in inducing cellular apoptosis than
BBR in RT-R MDA-MB-231 cells, which showed a significantly enhanced ability of colony formation and
lower levels of apoptotic cell population compared to MDA-MB-231 cells (Supplementary Materials).
When we determined the toxicity of 13-EBR on normal epithelial cells (MCF-10A), 13-EBR showed
cytotoxicity in a dose-dependent manner; however, 20 μM 13-EBR, which showed apoptotic cell death
and anti-colony forming ability in MDA-MB-231 and RT-R MDA-MB-231, showed less toxicity (cell
viability over than 80%) (data not shown).

Many chemotherapeutic and radiotherapeutic agents eliminate cancer cells through the
augmentation of ROS production [24,25]. A high level of mitochondrial ROS can also initiate
intrinsic apoptosis, leading to the release of cytochrome c, a mitochondrial apoptogenic factor, into the
cytosol [26]. In this study, we determined that 13-EBR increases the level of intracellular total ROS,
including mitochondrial ROS, compared to that in the controls (Figure 2). Furthermore, cell-cycle
progression is linked to cell proliferation and apoptosis. The cell cycle is divided into four phases,
and the cellular decision to initiate mitosis or to be quiescent (G0 state) occurs during the G1 phase [27].
Thus, we determined whether 13-EBR acts as a regulator of the cell cycle in breast cancer cells,
and elicited a cell-cycle arrest in the subG1 phase, which was increased in response to 13-EBR
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(Figure 3B,C) compared to that in the controls, suggesting that 13-EBR functions as an apoptosis
inducer in RT-R TNBC and TNBC.

Apoptosis is essential for normal development and tissue homeostasis, and perturbations
in the regulation of apoptosis contribute to numerous pathological conditions, including cancer,
autoimmune diseases, and degenerative diseases [28]. Furthermore, apoptosis is an important
target for anticancer drugs because accumulated evidence on cancer development indicated that
cancerous cells are able to survive due to acquired mechanisms of apoptosis resistance in addition
to uncontrolled proliferation [28]. Apoptosis is a form of programmed cell death that can be
initiated through one of two of the best-understood activation mechanisms: extrinsic and intrinsic
pathways [29]. The extrinsic signaling pathways that initiate apoptosis involve transmembrane
receptor-mediated interactions. The extrinsic pathway-related death receptors are members of the
tumor necrosis factor (TNF) receptor gene superfamily, such as cluster of differentiation 95 (CD95)
(apoptosis antigen-1; APO-1/Fas) or TNF-related apoptosis-inducing ligand (TRAIL) receptors [30].
Upon ligand binding, the death receptors trigger the activation of the initiator caspase-8, and, once
caspase-8 is activated, the execution phase of apoptosis is triggered through the direct cleavage of
downstream effector caspases, such as caspase-3 [30]. On the other hand, the intrinsic signaling
pathways that initiate apoptosis related to diverse nonreceptor-mediated stimuli produce intracellular
signals that act directly on targets within the cell, which are mitochondrial-initiated events. The stress
stimuli that can trigger the intrinsic pathway can occur in the absence of certain growth factors,
cytokines, toxins, hypoxia, hyperthermia, viral infections, and free radicals [31]. The members of the
Bcl-2 family of proteins mediate these apoptotic mitochondrial events. The Bcl-2 family proteins control
mitochondrial membrane permeability and can be either pro-apoptotic or anti-apoptotic. Some of
the anti-apoptotic proteins include Bcl-2, Bcl-XL, Bcl-XS, and Bcl-2 associated athanogene (BAG);
some of the pro-apoptotic proteins include Bax, Bak, Bid, Bad, and Bim. The main mechanism of
action of Bcl-2 family proteins is the regulation of cytochrome c release from the mitochondria via the
alteration of mitochondrial membrane permeability [32]. Because stimulation with 13-EBR caused
apoptotic cell death in MDA-MB-231 and RT-R MDA-MB-231 cells, we examined which apoptotic
signaling pathway is involved in the 13-EBR-mediated induction of apoptosis and tried to investigate
how 13-EBR affects RT-R MDA-MB-231 cells, which had lower expression of pro-apoptotic genes and
higher expression of anti-apoptotic genes than MDA-MB-231 cells (Table 1). The results showed that
13-EBR treatment induced the expression of Bcl-2 family proteins and the activation of caspase-9, -3,
and PARP in both MDA-MB-231 and RT-R MDA-MB-231 cells, which suggests that 13-EBR promotes
RT-R TNBC apoptosis through the mitochondria-related intrinsic pathway. However, we did not
observe the activation of caspase-8, which suggested that the extrinsic pathway is not involved in
13-EBR-evoked TNBC and RT-R TNBC apoptosis (Figure 4A,B). Although the induction of apoptosis
in RT-R MDA-MB-231 cells is complicated due to the lower expression levels of pro-apoptotic genes
and the higher expression levels of anti-apoptotic genes than in the parental cells, 13-EBR showed
effective anticancer effects in both MDA-MB-231 and RT-R MDA-MB-231 cells.

Taken together, we demonstrated that 13-EBR has antiproliferative and pro-apoptotic effects
in both TNBC and RT-R TNBC cells through the induction of intracellular ROS production and
the mitochondria-mediated apoptosis pathway (Figure 5). Although the effects of 13-EBR were not
specific to RT-R breast cancer cells, it is meaningful that 13-EBR could suppress cell proliferation and
colony formation and could induce cellular apoptosis in RT-R MDA-MB-231 cells, which had higher
colony-forming abilities and showed lower expression of pro-apoptotic genes and higher expression of
anti-apoptotic genes than MDA-MB-231 cells. These findings provide useful insights for the exploration
of new potential therapeutic strategies for both radiotherapy-resistant breast cancer treatment and also
TNBC treatment.
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Figure 5. A proposed mechanism via which 13-EBR exhibits anticancer effects in triple-negative
breast cancer (TNBC) and RT-R TNBC. Treatment with 13-EBR exhibits anticancer effects through the
suppression of cell proliferation and colony-forming ability and by inducing apoptosis through the
mitochondria-mediated signaling pathway in RT-R MDA-MB-231 cells, as well as MDA-MB-231 cells.

4. Materials and Methods

4.1. Materials

The 13-EBR (Figure 1A) was kindly provided by Prof. Dong-Ung Lee (Dongguk University,
Gyeongju, Korea). Antibodies against Bax (ab32503), Bcl-2 (ab692), and caspase-8 (ab25901) were
purchased from Abcam (Cambridge, UK), and antibodies against cleaved caspase-9 (#52873) and -3
(#9661) were obtained from Cell Signaling Technology (Beverly, MA, USA). The Cell Counting
Kit-8 (CCK-8) reagent was obtained from Dongin Biotech (Seoul, Korea). MitoSOX Red was
obtained from Thermo Fisher Scientific (Rockford, IL, USA). Hybond-P+ polyvinylidene difluoride
membranes and enhanced chemiluminescence (ECL) Western blotting detection reagents were
purchased from Amersham Biosciences (Little Chalfont, UK) and Bio-Rad (Hercules, CA, USA),
respectively. All other reagents, including an anti-β-actin antibody (A2066), propidium iodide (PI),
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), and 2’,7’-dichlorodihydrofluorescein diacetate
(H2DCF-DA), were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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4.2. Establishment of RT-R MDA-MB-231 Cells and Cell Culture

The human breast cancer cell line MDA-MB-231 was obtained from the Korea Cell Line Bank
(Seoul, Korea). RT-R MDA-MB-231 cells were established as described by Ko et al. [22]. Briefly, cells
were irradiated with 2 Gy using a 6-MV photon beam that was produced by a linear accelerator
(Clinac 21EX, Varian Medical Systems, Inc., Palo Alto, CA, USA) until a final dose of 50 Gy was
achieved, which is a commonly used clinical regimen for radiotherapy in patients with breast cancer.
RT-R MDA-MB-231 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT, USA), 100 IU/mL
penicillin, and 10 μg/mL streptomycin (HyClone Laboratories), and then incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2 and 95% air. RT-R MDA-MB-231 cells were used within
five passages.

4.3. Gene Expression Array Analysis

Total RNA was extracted from MDA-MB-231 and RT-R MDA-MB-231 cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. Gene expression profiling
(Bax, Bad, cytochrome c, Bcl-2, Bcl-2A1, and Mcl-1) was performed with QuantiSeq 3′ messenger RNA
sequencing (mRNA-Seq) Service (Ebiogen, Seoul, Korea). Total proteins were also extracted from
MDA-MB-231 and RT-R MDA-MB-231 cells using radioimmunoprecipitation assay (RIPA) buffer (0.1%
NP-40, and 0.1% sodium dodecyl sulfate in phosphate-buffered saline (PBS)) containing a protease
inhibitor cocktail (Sigma-Aldrich). Protein expression profiling (cleaved caspase-3 and -7) was analyzed
by a Signaling Explorer Antibody Array (Ebiogen).

4.4. Cell Proliferation Assay

Cell proliferation was analyzed using a CCK-8 assay. The cells were seeded in 96-well flat-bottom
plates (Thermo Fisher Scientific) and then treated with the indicated doses of 13-EBR and incubated at
37 ◦C. Then, 10 μL/well of CCK-8 reagent was added at 24, 48, and 72 h and incubated for 30 min at
37 ◦C. The optical density of each well was measured at a wavelength of 450 nm using a microplate
reader (Tecan, Männedorf, Switzerland).

4.5. Colony-Formation Assay

MDA-MB-231 or RT-R MDA-MB-231 cells (1 × 103) were seeded in six-well flat-bottom plates
(Thermo Fisher Scientific) and treated with the indicated doses of 13-EBR and then incubated at 37 ◦C.
The culture medium was discarded following 24 h and replaced with fresh complete medium every
2–3 days. After 10 days, the medium was discarded, and each well was carefully washed with PBS.
The colonies were fixed for 10 min in absolute methanol and then stained with 0.1% Giemsa staining
solution at room temperature, and the number of colonies was counted.

4.6. Detection of DNA Fragmentation

Cells were seeded on a cover slip that was mounted onto a self-designed perfusion chamber (SPL,
Gyeonggi-do, Korea) and then stimulated with 13-EBR at the indicated doses for 24 h at 37 ◦C. The cells
were fixed with 4% formaldehyde (Sigma-Aldrich) for 5 min at 4 ◦C and then incubated with 0.1%
Triton X-100 (Sigma-Aldrich) for permeabilization at 4 ◦C. After 10 min, the cells were washed with
PBS, stained with DAPI, and the fragmented DNA was detected under a fluorescence microscope.

4.7. Flow Cytometric Analysis

For the analysis of the cell-cycle profiles, cells stimulated with 13-EBR for 24 h were fixed with
70% ethanol overnight at −80 ◦C and then washed with ice-cold PBS. Whole cells were then stained
with PI solution (10 mM Tris (pH 8.0), 1 mM NaCl, 0.1% NP40, 0.7 μg/mL RNase A, and 0.05 mg/mL
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PI) in the dark for 30 min at room temperature and then analyzed using a fluorescence-activated cell
sorting (FACS) Calibur™ system (Becton Dickinson Bioscience, San Jose, CA, USA).

4.8. Measurement of Intracellular ROS and Mitochondrial ROS

Cells were seeded in 96-well plates and then treated with 50 μM 13-EBR for the indicated times.
Following treatments, the cells were incubated with 5 μM H2DCF-DA (for 30 min) or 5 μM MitoSOX
Red (10 min) to determine the intracellular total ROS or mitochondrial ROS, respectively, in the dark.
After incubation, the cells were washed three times with PBS. The fluorescence intensity was measured
at an emission wavelength of 485 nm and an excitation wavelength of 535 nm for intracellular ROS,
or at an emission wavelength of 510 nm and an excitation wavelength of 580 nm for mitochondrial
ROS using a microplate fluorescence reader (Tecan).

4.9. Western Blot Analysis

For the isolation of total cell extracts, we washed cells with ice-cold PBS and lysed them in RIPA
buffer containing a protease inhibitor cocktail. The suspension was centrifuged at 13,000 rpm for
15 min, and nuclear proteins were obtained by further centrifugation at 13,000 rpm for 5 min. For the
isolation of total cell extracts, cells were lysed in RIPA buffer (0.1% NP-40 and 0.1% sodium dodecyl
sulfate in PBS) containing a protease inhibitor cocktail. Approximately 50–70 μg aliquots of protein
were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto
Hybond-P+ polyvinylidene difluoride membranes. The membranes were incubated with the indicated
antibodies, and the bound antibodies were detected with horseradish peroxidase (HRP)-conjugated
secondary antibodies and an ECL western blotting detection reagent (Bionote, Gyeonggi-do, Korea).

4.10. Statistical Evaluations

The treatment groups were compared using one-way analysis of variance (ANOVA) and a
Newman–Keuls post hoc test. A p-value < 0.05 was considered statistically significant. All data were
evaluated for normality and the homogeneity of variance, and are expressed as the mean ± standard
error of the mean (SEM).

Supplementary Materials: The following are available online, Figure S1: Effects of BBR and 13-EBR on cell
proliferation, colony formation, and apoptosis in breast cancer cells.
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Abstract: Licochalcone A, a flavonoid extracted from licorice root, has been shown to exhibit broad
anti-inflammatory, anti-bacterial, anticancer, and antioxidative bioactivity. In this study, we investigated
the antitumor activity of Licochalcone A against human osteosarcoma cell lines. The data showed
that Licochalcone A significantly suppressed cell viability in MTT assay and colony formation assay
in osteosarcoma cell lines. Exposure to Licochalcone A blocked cell cycle progression at the G2/M
transition and induced extrinsic apoptotic pathway in osteosarcoma cell lines. Furthermore, we found
the Licochalcone A exposure resulted in rapid ATM and Chk2 activation, and high levels of nuclear foci
of phosphorylated Chk2 at Thr 68 site in osteosarcoma cell lines. In addition, Licochalcone A exposure
significantly induced autophagy in osteosarcoma cell lines. When Licochalcone A-induced autophagy
was blocked by the autophagy inhibitor chloroquine, the expression of activated caspase-3 and Annexin V
positive cells were reduced, and cell viability was rescued in Licochalcone A-treated osteosarcoma cell lines.
These data indicate that the activation of ATM-Chk2 checkpoint pathway and autophagy may contribute
to Licochalcone A-induced anti-proliferating effect in osteosarcoma cell lines. Our findings display the
possibility that Licochalcone A may serve as a potential therapeutic agent against osteosarcoma.

Keywords: Licochalcone A; ATM-Chk2; autophagy; osteosarcoma

1. Introduction

Osteosarcoma is the most common primary tumor of bone. It is a highly malignant form of
bone cancer characterized by osteoid production. Osteosarcoma arises predominantly in adolescents
and children, with a second incidence peak in the elderly [1,2]. Osteosarcoma often originates from
long bones including the distal femur, proximal tibia, and proximal humerus. It is characterized
by high malignancy, frequent recurrence, and distant metastasis. By next-generation sequencing,
several groups have revealed huge somatically mutated genes in osteosarcoma samples from patients.
There are several cancer-causing genes showing high frequency of mutation in osteosarcoma samples
including TP53, RB1, BRCA2, and DLG2 [3].

The major treatment for osteosarcoma is surgery. However, the survival rate of patients with
osteosarcoma treated with surgery alone is about 15–17% [4]. In the early 1970s, chemotherapy was
introduced as adjuvant treatment to facilitate surgical resection. The common chemotherapy protocols
comprise of drugs namely, cisplatin, doxorubicin, and high-dose methotrexate. This incorporation
has results in an overall 5-years survival rates that approach 70%. Unfortunately, 30% of patients
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diagnosed with osteosarcoma will not survive for more than 5 years. Treatment often fails due to the
development of metastasis, chemo-resistance, and relapse of disease. A total of 30–40% of patients
with localized osteosarcoma will develop a local or distant recurrence [5], resulting in only 23–29%
overall 5 year survival rates in these patients [6].This outcome has remained virtually unchanged over
the past 30 years. Therefore, novel strategies and effective drugs are urgently required, especially for
patients suffering from advanced osteosarcoma.

Recent progress has focused on the chemotherapy by natural compounds for their anti-growth
activity against cancer cells. These compounds may exhibit less adverse effects compared to synthetic
chemicals [7,8]. Licorice (Glycyrrhiza glabra) is a well-known herb named for its unique sweet flavor.
It is utilized to add flavor to foods, beverages, and tobacco, and is widely used as an herbal medicine.
Licorice is used for gastritis, ulcers, cough, bronchitis, and inflammation [9]. Licochalcone A is an
oxygenated chalcone (a type of natural phenol) (Figure 1A) that can be isolated from the roots of
Glycyrrhiza species (such as G. glabra, G. inflata, and G. eurycarpa) which belong to the plant family
of Fabaceae [10]. It has been demonstrated to possess antiviral [11] and antimicrobial activities [12].
In addition, literatures have shown that Licochalcone A has antioxidant [13], anti-angiogenesis [14],
anti-inflammation [15], and anti-tumor effects [16]. Licochalcone A induces cell cycle arrest at S and G2/M
phase and triggers intrinsic and extrinsic apoptosis in oral squamous cell carcinoma cells [17]. Licochalcone
A suppresses the proliferation of lung cancer cell via G2/M cell cycle arrest and ER stress [18]. Licochalcone
A inhibits PI3K/Akt/mTOR activation, and promotes autophagy and apoptosis in breast cancer cells [19]
and cervical cancer cells [20]. Licochalcone A induces apoptotic cell death via p38 activation in human
nasopharyngeal carcinoma cells [21] and head and neck squamous carcinoma cells [22]. In this study, we
evaluated the potential anti-tumor effect of Licochalcone A against osteosarcoma.

Figure 1. Licochalcone A inhibits cell viability of osteosarcoma. (A) The chemical structure of Licochalcone
A. (B) Licochalcone A inhibits osteosarcoma cell growth in a dose-dependent manner. MTT assays were
performed with osteosarcoma HOS and MG-63 cells exposed to Licochalcone A (Lico A) in the indicated
concentrations. Experiments were conducted with three biological replicates per treatment, and the
values represent the mean ± SD. (*) p < 0.01 and (**) p < 0.001 as compared with the untreated cells. (C)
Licochalcone A suppresses colony formation of osteosarcoma cell lines. HOS cells were plated in colony
formation assays after treatment with Licochalcone A for 7 h. Five hundred cells were plated per dish.
All experiments were performed in triplicate, and the figure above shows a representative example.
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2. Results

2.1. Licochalcone A Inhibits Osteosarcoma Cell Viability and Proliferation

Mutations in TP53 have been observed in 50–90% of osteosarcoma. It is most frequently mutated
gene in osteosarcoma [3]. To mimic this genetic background in in vitro study, osteosarcoma HOS cells
(R156P p53 mutation) [23] and MG-63 (mutant-p53, harboring a rearrangement in intron 1) [24,25] were
used. Cell viability of osteosarcoma cell lines after exposure to various concentrations of Licochalcone
A (0–60 μM) was detected by the MTT assay. The data showed that Licochalcone A clearly inhibited
cell viability of osteosarcoma HOS cells and MG-63 cells at the concentrations of 20–60 μM following
exposure for 24 h and 48 h compared with the control group (Figure 1B). The half maximal inhibitory
concentration (IC50) calculated based on data of the MTT assays for HOS cells were 29.43 μM at 24 h
and 22.48 μM at 48 h, and those for MG-63 cells were 31.16 μM at 24 h and 22.39 μM at 48 h. Next, the
colony formation assay was performed to examine the effect of Licochalcone A on cell proliferating
capacity. The results showed that the treatment with Licochalcone A reduced colony number at the
concentrations of 10–40 μM compared with the control group in osteosarcomas HOS cells (Figure 1C).
These data indicate that Licochalcone A significantly inhibits the cell viability of osteosarcoma cell
lines in a dose-dependent manner.

2.2. Licochalcone A Induces Apoptosis and Cell Arrest

To determine whether programmed cell death was involved in the anti-proliferative effect of
Licochalcone A, we analyzed the rate of apoptosis cells in Licochalcone A-treated HOS cells and MG-63
cells by Annexin V and PI staining observed by flow cytometry. The data showed that the rate of
Annexin V positive cells was significantly increased after exposure to Licochalcone A (30 μM or 40 μM)
for 24 h in both lines of osteosarcoma cells (Figure 2A), indicating Licochalcone A has the potential to
induce apoptosis in osteosarcoma cell lines. To determine whether caspase activation was involved in
Licochalcone A–induced apoptosis, we measured the protein levels of the activated forms of caspase-3,
-8, and -9 and PARP by Western blot analysis in treated HOS cells and MG-63 cells. The data showed
that treatment with Licochalcone A (20–40 μM) for 24 h resulted in up-regulated activated forms
of caspase 8, caspase 3, and PARP, but decreased activated forms of caspase 9 and Bax (Figure 2B).
Besides, we also observed that treatment with Licochalcone A both resulted in down-regulation of
pro-survival protein Bcl-2 and inhibitors of the apoptosis protein (IAP) family such as XIAP and
survivin (Figure 2B). These findings suggest that Licochalcone A induces apoptosis by caspase 8 and
caspase 3 signaling pathway.

Cell cycle distribution of HOS cells or MG-63 cells treated with Licochalcone A (30 μM, a
concentration close to IC50 at 24 h for both cell lines) for different time points were analyzed by flow
cytometry. The results showed that a significant accumulation of 4N cells (G2/M phase cells) was
induced in Licochalcone A-treated HOS cells (Figure 3A) and MG-63 cells (Figure 3B). Furthermore,
we evaluated the expression of proteins that regulate the G2/M phase transition by Western blot assay.
The data showed that the protein level of phospho-cdc2, cdc2, and Cdc25C were decreased in treated
both cell lines, but Cyclin B1 protein levels had no apparent change in HOS cells and was decreased
in MG-63 cells (Figure 3C), indicating Licochalcone A induces G2/M phase arrest of osteosarcoma
cell lines.
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Figure 2. Licochalcone A induces apoptosis in osteosarcoma cells. Osteosarcoma HOS cells or MG-63
cells were treated with Licochalcone A (30 μM) for 24 h. To detect apoptosis, the HOS cells or MG-63
cells were stained with Annexin V and propidium iodide (PI), and analyzed using flow cytometry.
Quantitative results of Annexin V positive cells are shown (A). Expression of apoptosis-related proteins
was measured by Western blotting (B). Experiments were conducted with three biological replicates
per condition, and the values represent the mean ± SD.

Figure 3. Licochalcone A induces G2/M phase arrest in osteosarcoma cell lines. HOS cells (A) or MG-63
cells (B) were treated with Licochalcone A (30 μM), and harvested in the indicated time points. The cells
were stained with propidium iodide and analyzed by flow cytometer. 2n corresponds to G1 phase cells and
4n corresponds to the G2/M phase cells. The ration of G2/M to G1 phase cells were showed in right panel.
Experiments were conducted with three biological replicates per condition, and the values represent the
mean ± SD. (C) Licochalcone A decreases the expression of p-cdc2, cdc2, and cdc25c in osteosarcoma cell
lines. HOS cells or MG-63 cells were treated with Licochalcone A (30 μM), and harvested in the indicated
time points. The treated cells were analyzed by Western blotting using the indicated antibodies.
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2.3. Activation of Chk2 and ATM in Response to Licochalcone A

To identify the mechanism involving in Licochalcone A-induced G2/M phase arrest in osteosarcoma
cells, we tested the activation of ATM-Chk2 and ATR-Chk1, the primary pathway for activating G2/M
checkpoint. The data showed that the treatment with Licochalcone A induced rapid phosphorylation of
Chk2 (at threonine 68) and ATM (at serine 1981) (Figure 4A), but did not induce Chk1 phosphorylation
(at serine 345) (data not shown). Interestingly, we observed the threonine 68-phosphorylated form of
Chk2 formed distinct nuclear foci in response to Licochalcone A treatment in HOS cells (Figure 4B).
These data suggest that ATM-Chk2 pathway may contribute to Licochalcone A-induced G2/M phase
arrest in osteosarcoma cells. Recently, it has been reported that oxidative stress can activate ATM [26].
We examined the cellular redox status following Licochalcone A treatment in osteosarcoma MG-63
cells using 2′,7′-dichlorofluorescin diacetate (DCFDA), a fluorogenic dye that measures reactive
oxygen species (ROS) within the cell. The data showed that ROS levels were significantly elevated
in Licochalcone A-treated cells. Thus, we propose oxidative stress to be involved in Licochalcone
A-mediated activation of ATM.

Figure 4. Activation of Chk2 and ATM in response to Licochalcone A. (A) ATM-Chk2 pathway is activated
in Licochalcone A -treated HOS cells. HOS cells or MG-63 cells were treated with Licochalcone A (30 μM),
and harvested in the indicated time points. The treated cells were analyzed by Western blotting using
the indicated antibodies. The levels of p-Chk2 (Thr 68) and p-ATM (Ser 1981) were quantified and are
shown below each blot. (B) Licochalcone A induces phospho-Chk2 T68 foci. HOS cells were treated with
Licochalcone A (30 μM), and 2 h later were fixed with formaldehyde, permealized with Triton X-100, and
then immunostained with antibody to phospho-Chk2 T68 (green color) and 4′,6-diamidino-2-phenylindole
(DAPI) for labeling nucleus (blue color). (C) Licochalcone A enhances reactive oxygen species (ROS)
generation. MG-63 cells were treated with Licochalcone A (Lico) for 2 h. Intracellular ROS was analyzed
by flow cytometry using 2′,7′-dichlorofluorescin diacetate (DCFDA) staining and is shown as median
fluorescence intensity. Mean ± SD. is plotted for 3 replicates from each condition.
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2.4. Autophagy is Involved in Licochalcone A—Induced Apoptosis

Autophagy is a cellular process used to recycle or degrade proteins and cytoplasmic organelles in
response to stress. Accumulating evidence has revealed that a large number of natural compounds
are involved in autophagy modulation, either inducing or inhibiting autophagy [27]. Therefore, we
decided to demonstrate the interaction between Licochalcone A and autophagy. First, we analyzed
the formation of LC3A/B-II, the marker protein for autophagosomes by Western blotting assay. The
data showed that the protein level of LC3A/B-II was significantly induced by Licochalcone A exposure
in osteosarcoma HOS cells and MG-63 cells (Figure 5A), suggesting Licochalcone A has potential
to induced autophagy. This result was further confirmed by LC3 puncta formation assay using
confocal microscopy (Figure 5B). In addition, the marked reduction of actin filaments was observed in
Licochalcone A-treated cells (Figure 5B). Next, we examined the role of autophagy in Licochalcone
A-treated osteosarcoma cells. Once the autophagy was blocked by autophagy inhibitors, chloroquine,
the cleaved caspase 3 and Annexin V positive cells were reduced (Figure 6A,B), and cell viability was
rescued (Figure 6C) in Licochalcone A-treated HOS cells, indicating that the autophagy is associated
with Licochalcone A-induced apoptosis in osteosarcoma HOS cells.

Figure 5. Autophagy is induced in Licochalcone A -treated osteosarcoma cells. HOS cells and MG-63
cells were treated with indicated concentrations of Licochalcone A (Lico A) for 24 h. The treated cells
were analyzed by Western blotting using the indicated antibodies (A), or were immunostained with
LC3 antibody for autophagy formation (green color), phalloidin-iFluor 594 reagent for labeling actin
filaments (red color), and 4′,6-diamidino-2-phenylindole (DAPI) for labeling nucleus (blue color) (B).
The levels of actin were quantified and are shown below the blot in Western blotting.
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Figure 6. Autophagy is involved in the apoptosis effect of Licochalcone A treatment. (A) Autophagy
inhibitor, chloroquine, suppresses Licochalcone-induced caspase 3 activation. HOS cells were treated
with indicated concentrations of Licochalcone A (Lico A) with or without chloroquine for 24 h. The
treated cells were analyzed by Western blotting using the indicated antibodies. (B) Autophagy inhibitor
chloroquine suppresses Licochalcone-induced apoptosis. HOS cells were treated with Licochalcone A
(Lico A) (40 μM) with or without chloroquine for 24 h. To detect apoptosis, the HOS cells were stained
with Annexin V and propidium iodide (PI), and analyzed using flow cytometry. Quantitative results of
Annexin V positive cells are shown in the lower panels. (C) Autophagy inhibitor chloroquine rescues
the anti-proliferative effect of Licochalcone A treatment. HOS cells were treated as described in (B).
MTT assay was performed to determine cell viability in treated cells. Experiments were conducted
with three biological replicates per treatment, and the values represent the mean ± SD. (*) p < 0.01 and
(**) p < 0.001 as compared with the control group.

3. Discussion

In this study, we demonstrated that Licochalcone A suppressed cell viability through the induction
of cell cycle arrest at G2/M phase and caspase 8/3-dependent apoptosis in osteosarcoma cell lines. Our
data further indicated that the activation of ATM/Chk2 and autophagy may be involved in Licochalcone
A-induced anti-proliferating effect in osteosarcoma cell lines.

Apoptosis can be conducted in two major signaling pathways: The extrinsic pathways and the
intrinsic pathways. The extrinsic pathways involve transmembrane receptor-mediated interactions,
and are modulated by caspase 8 and caspase 3. The intrinsic pathways involve mitochondrial, and
are controlled by several proteins including Bax, Bcl-2 protein family, cytochrome c, caspase 9, and
caspase 3 [28,29]. In this report, we showed that Licochalcone A treatment induced cleaved-caspase 8
and caspase 3, but decreased the levels of Bax and cleaved-caspase 9, indicating that Licochalcone
A triggers apoptosis that mediated by the extrinsic pathways in osteosarcoma cell lines. However,
several literatures report that caspase 9-mediated intrinsic pathways could be induced by Licochalcone
A in other cell types such as glioma stem cells [16], and nasopharyngeal carcinoma cells [21].
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In response to DNA damage, ATM/Chk2 and ATR/Chk1 pathways have the central roles in
maintaining genome stability by inducing cell cycle arrest, apoptosis, and DNA repair [30]. As
shown in Figure 4A, the activation of ATM and Chk2 could be observed as early as 0.5–1 h after
Licochalcone A treatment, whereas the level of γH2AX, the DNA double-strand breaks biomarker,
didn’t be significantly elevated. Therefore, we propose that Licochalcone A-mediated activation of
ATM/Chk2 is unlikely due to direct damage of DNA. However, it was still uncertain how Licochalcone
A activated ATM/Chk2 pathways. Recently, it has been reported oxidative stress such as H2O2

treatment can activate ATM-Chk2 in the absence of DNA double-strand breaks [31]. Our data showed
that reactive oxygen species (ROS) levels were significantly elevated in Licochalcone A-treated cells.
However, the role of oxidative stress in Licochalcone A-mediated activation of ATM-Chk2 should be
further confirmed in the future.

Autophagy is an important catabolic process used to degrade or recycle proteins and cytoplasmic
organelles in response to stress. Nevertheless, the cellular outcome for inducing autophagy is different
and depends on the context of cells [32–34]. The literature shows that Licochalcone A induces
autophagy in cervical cancer cells, and treatment with autophagy inhibitors enhances Licochalcone
A-induced apoptosis in these cells [20]. However, in osteosarcoma cell lines, we showed Licochalcone
A-induced apoptosis was suppressed, and cell viability was rescued as the induced autophagy was
blocked by autophagy inhibitors. We suggest Licochalcone A-induced autophagy has the positive
effect in promoting apoptosis in osteosarcoma cell lines. In addition, reactive oxygen species (ROS)
have been shown to be a general inducer of autophagy [35]. It is possible that the elevated ROS by
Licochalcone A treatment may contribute to induce autophagy formation in osteosarcoma cell lines.

In conclusion, the present study demonstrated that Licochalcone A exhibits antitumor activity
in vitro by inhibiting cell viability, arresting cell cycle progression and inducing apoptosis in
osteosarcoma cells. It has been reported that Licochalcone A has less cytotoxic effect on normal
cells (HK-2 and WI-38) [20]. Therefore, Licochalcone A may serve as a potential therapeutic agent
against osteosarcoma

4. Materials and Methods

4.1. Cell Culture and Chemicals

Human HOS and MG-63 osteosarcoma cells were purchased from the Bioresource Collection and
Research Center (Hsinchu, Taiwan). HOS and MG-63 cells were maintained in Minimum Essential
Medium (#11095-080; Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA), 1% penicillin/streptomycin (Gibco, Carlsbad, CA, USA). PCR mycoplasma
detection kit (BSMP-101, Bio-Smart, Hsinchu, Taiwan) was used to detect mycoplasma infection every
three months. The used cells are mycoplasma-negative. Licochalcone A were obtained as a power
from Santa Cruz Biotechnology (sc-319884). The purity of Licochalcone A was more than 96%.

4.2. Colony Formation Assay

HOS cells were briefly treated with Licochalcone A at various concentrations (0, 10, 20, and 40 μM).
Once the expression of proteins that regulate the G2/M phase transition such as Cdc25C were decreased,
starting at 6–8 h after Licochalcone A treatment (Figure 3C), the treated cells were washed by PBS three
times, trypsinized, plated and maintained onto 35 mm dishes (500 cells/dish) with drug-free complete
medium and cultured for another 10–14 days to allow colony formation. Colonies were fixed in 70%
ethanol and stained by 1% crystal violet solution before counting.

4.3. Cell Viability Assay

The cytotoxic activity of Licochalcone A was tested using the MTT assay. The human osteosarcoma
HOS and MG-63 cells were seeded in 24-well plates for overnight. The cells were treated with different
concentrations of Licochalcone A for 24 h or 48 h. At the end of the assay time, the cells was incubated
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with 15 μL of MTT solution (5 mg/mL) (Invitrogen, Carlsbad, CA, USA) for 2 h at 37 ◦C. After removing
the cultured medium, 200 μL of dimethyl sulfoxide (DMSO) was added to each well. Absorbance at
590 nm of the dissolved formazan product was read on an automated microplate spectrophotometer
(Thermo Multiskan SPECTRUM, Thermo Fisher Scientific, Waltham, MA, USA). The half maximal
inhibitory concentration (IC50) for HOS and MG-63 cells were calculated by the “Forecast” function in
Microsoft Excel.

4.4. Cell Cycle Analysis

The cells were washed by PBS two times, trypsinized, fixed with ice-cold 100% ethanol and
kept on −20 ◦C for overnight. Cells were rehydrated with cold PBS, and then resuspended in PBS
with propium iodine (40 μg/mL) (#P4170; Sigma-Aldrich, St. Louis, MO, USA) and Ribonuclease A
(0.2 μg/mL) at room temperature for 30 min in the dark. The content of DNA in each sample were
analyzed by a CytomicsTM FC500 flow cytometer (Beckman Coulter; Brea, CA, USA).

4.5. Apoptosis Assay

Licochalcone A-induced apoptosis in HOS cells was determined by flow cytometry using the
Annexin-V-FITC staining kit (Becton Dickinson, San Jose, CA, USA) according to the manufacturer’s
protocol. Briefly, the treated cells were trypsinized, and washed twice by cold PBS. The cells were
incubated with 100 μL of 1× binding buffer with 5 μL of FITC Annexin V and 5 μL of propidium
iodide for 15 min at room temperature (RT) in the dark. After incubation, 400 μL of 1× binding buffer
was added to each tube, and the fluorescence was measured by a CytomicsTM FC500 flow cytometer
(Beckman Coulter, Miami, FL, USA).

4.6. Immunofluorescence Assays

For immunofluorescence analysis, cells were grown on glass coverslips and fixed in a 4%
formaldehyde solution for 15 min at room temperature. After rinsing three times with PBS for
5 min each, the cells were blocked in blocking buffer (1XPBS, 5% normal serum, 0.3% Triton X-100)
for 60 min at room temperature. After removing blocking solution, the primary antibodies were
diluted in antibody dilution buffer (1XPBS, 1% BSA, 0.3% Triton X-100), and incubated on cells
overnight at 4 ◦C. The coverslips were washed with PBS three times and incubated in fluorescent-dye
conjugated secondary antibody diluted in antibody dilution buffer for 2 h at room temperature. The
cells were washed with PBS three times and counterstained with DAPI. The cells were examined and
photographed by immunofluorescence microscopy. The primary antibodies was used in this assay
included Phospho-Chk2 (Thr68) (#2197; Cell Signaling, Danvers, MA, USA), LC3A/B (#12741; Cell
Signaling, Danvers, MA, USA). Phalloidin-iFluor 594 reagent (ab176757; Abcam, Cambridge, UK) were
used for labeling actin filaments

4.7. Western Blot Analysis

Whole cell lysates were produced using TEGN buffer (10 mM Tris, pH 7.5, 1 mM EDTA, 420 mM
NaCl, 10% glycerol, and 0.5% Nonidet P-40) containing proteases inhibitor cocktail (Roche, Mannheim,
Germany), phosphatase inhibitors (Roche, Mannheim, Germany), and 1 mM dithiothreitol (DTT). For
Western blotting, the cell lysates were boiled in protein sample buffer (2 Mβ-mercaptoethanol, 12%
sodium dodecyl sulfate (SDS), 0.5 M Tris, pH 6.8, 0.5 mg/mL bromophenol blue, and 30% glycerol).
The samples were analyzed by 8–12% SDS-polyacrylamide gel electrophoresis (PAGE). The primary
antibodies were listed as following: cleaved caspase-3 (#9661; Cell Signaling, Danvers, MA, USA),
cleaved caspase-8 (#9496; Cell Signaling, Danvers, MA, USA), cleaved caspase-9 (#9508; Cell Signaling,
Danvers, MA, USA), Bcl-2 (#9258; Cell Signaling, Danvers, MA, USA), XIAP (#2042; Cell Signaling,
Danvers, MA, USA), Survivin (#2808; Cell Signaling, Danvers, MA, USA), GAPDH (#2118; Cell
Signaling, Danvers, MA, USA), actin (A2066; Sigma-Aldrich, St. Louis, MO, USA), PARP (#9542; Cell
Signaling, Danvers, MA, USA), Bax (#2772; Cell Signaling, Danvers, MA, USA), Phospho-cdc2 (Tyr15)
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(#4539; Cell Signaling, Danvers, MA, USA), Phospho-Chk2 (Thr68) (#2197; Cell Signaling, Danvers,
MA, USA), LC3A/B (#12741; Cell Signaling, Danvers, MA, USA), cdc2 (06-923SP; Millipore, Temecula,
CA, USA), p-ATM (Ser1981) (sc-47739; Santa Cruz, CA, USA), ATM (GTX70103; GeneTex, Irvine, CA,
USA), Chk2 (#05-649; EMD Millipore, Temecula, CA, USA).

4.8. Detection of Intracellular ROS

Cellular ROS levels were measured in live cells by 2′,7′-dichlorofluorescin diacetate (DCFDA)
(#ab113851, Abcam, Cambridge, UK). After treatment with Licochalcone A, the cells were washed with
serum free media, and incubate at 37 ◦C incubator for 30min with 10 μM DCFDA in serum free media.
Finally, the cells were trypsinized and suspended in phosphate-buffered saline (PBS). The fluorescence
was detected by a Cytomics™ FC500 flow cytometer (Beckman Coulter, Miami, FL, USA).

4.9. Statistical Analysis

The experimental data are expressed as mean ± standard deviation. Statistical differences between
groups were conducted using the Student’s t-test. A p-value less than 0.05 was considered to indicate a
statistically significant difference. All statistical analyses were performed using the software package
GraphPad Prism (Version 4.0, GraphPad Software; San Diego, CA, USA).
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Abstract: Currently available drugs for treatment of glioblastoma, the most aggressive brain
tumor, remain inefficient, thus a plethora of natural compounds have already been shown to
have antimalignant effects. However, these have not been tested for their impact on tumor cells
in their microenvironment-simulated cell models, e.g., mesenchymal stem cells in coculture with
glioblastoma cell U87 (GB). Mesenchymal stem cells (MSC) chemotactically infiltrate the glioblastoma
microenvironment. Our previous studies have shown that bone-marrow derived MSCs impair U87
growth and invasion via paracrine and cell–cell contact-mediated cross-talk. Here, we report on
a plant-derived protein, obtained from Crataeva tapia tree Bark Lectin (CrataBL), having protease
inhibitory/lectin activities, and demonstrate its effects on glioblastoma cells U87 alone and their
cocultures with MSCs. CrataBL inhibited U87 cell invasion and adhesion. Using a simplified model
of the stromal microenvironment, i.e., GB/MSC direct cocultures, we demonstrated that CrataBL,
when added in increased concentrations, caused cell cycle arrest and decreased cocultured cells’
viability and proliferation, but not invasion. The cocultured cells’ phenotypes were affected by
CrataBL via a variety of secreted immunomodulatory cytokines, i.e., G-CSF, GM-CSF, IL-6, IL-8, and
VEGF. We hypothesize that CrataBL plays a role by boosting the modulatory effects of MSCs on
these glioblastoma cell lines and thus the effects of this and other natural lectins and/or inhibitors
would certainly be different in the tumor microenvironment compared to tumor cells alone. We have
provided clear evidence that it makes much more sense testing these potential therapeutic adjuvants
in cocultures, mimicking heterogeneous tumor–stroma interactions with cancer cells in vivo. As such,
CrataBL is suggested as a new candidate to approach adjuvant treatment of this deadly tumor.

Keywords: CrataBL; glioblastoma; mesenchymal stem cells; microenvironment; plant lectin;
protease inhibitor
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1. Introduction

In nature, plant lectins are essential for their viral, bacterial, and fungal defense properties.
Legume lectins emerge in human diet, being present in foods like tomato, peanut, banana, lentil,
soybean, rice, potato, and others. When consumed, lectins’ biological activity may be preserved, as they
are resistant to gut digestion, enabling their possible function, even in the circulation system [1]. Plants
lectins are used as potential biomarkers for several diseases as they are associated with antimicrobial,
insecticidal, and antitumor activity [1–3]. As lectins bind to carbohydrates moieties, they detect large
and heterogeneous group of proteins in tumor cancer tissues, since glycosylated proteins are commonly
upregulated in cancer, where their various functions tend to increase tumor progression and other
aberrant conditions [4–6]. CrataBL is a natural compound isolated from Crataeva tapia tree. The “BL”
in CrataBL stands for bark lectin origin, as the protein was extracted from Capparaceae bark grown in
northeastern Brazil [7]. It has a dual function, as besides its lectin activity, it acts as a 20 kDa Kunitz-type
serine protease inhibitor, inhibiting trypsin (43 μM) and human factor Xa (8.6 μM) [8]. CrataBL lectin
capacity was demonstrated by its specificity to bind sulfated oligosaccharides [7–9]. This protein affects
the development of larvae of Callosobruchus maculatus [2], prolongation of blood coagulation, reduction
of occlusion time of arterial flow [9], and glycemia in diabetic mice [10]. In a cancer model, it has been
reported that CrataBL induced apoptosis of prostate cancer cell lines DU-145 and PC-3 [7].

Glioblastoma (GB) are classified as rare cancers, yet they the most common and aggressive among
brain cancers with still no efficient treatment, reflected in their early recurrence. Tumor cell-autonomous
heterogeneity [11] and treatment-dependent plasticity of recurrent vs. primary glioma subtypes hamper
efficient radiation and chemotherapy [11,12]. Although several synthetics and natural compounds
have been proposed as adjuvant therapeutics to standard radiotherapy, no effective breakthrough in
treatment of GB has yet been achieved. On the other hand, tumor cell-nonautonomous heterogeneity
of GB, comprising a plethora of stromal cells infiltrating the tumor, presents the obstacle to successful
treatment. Thus, novel strategies, including ones involving mimetics of the GB microenvironment,
should be considered [12,13].

Human mesenchymal stem cells (MSCs) are adult, nonhematopoietic, multipotent progenitor
cells, originally isolated from the bone marrow, which are traditionally characterized in vitro by their
plastic adherence, trimesenchymal differentiation, and expression of a panel of distinguishing surface
markers [14]. The interaction of human mesenchymal stem cells (hMSCs) and tumor cells has been
investigated in various contexts. MSCs are considered as cellular treatment vectors based on their
capacity to migrate towards a malignant lesion. However, concerns about the unpredictable behavior
of transplanted MSCs are accumulating markers [13]. Mesenchymal stem cells are part of GB stromal
components and have also been investigated for cellular GB treatment due to their ability to modulate
glioblastoma cell phenotype [15,16]. However, the mechanisms by which MSCs affect various types
of cancers remain controversial and include mediation by cytokines, their receptors, and growth
factors [15–20]. Of these, priming of toll-like receptors TLR3 and TLR4 seems to significantly affect
MSC interactions with tumor cells and we propose this to be the key role in MSC and GB cross-talk via
CCL2/MCP1 cytokines [21,22]. On the other hand, MSCs may be capable of delivering therapeutics
to the brain, as they can transverse the blood–brain barrier under pathological conditions [17,20–22].
Considering that, we aimed to characterize CrataBL’s effects on glioblastoma and its microenvironment,
mimicked here by direct coculturing of GB cells with MSCs.

2. Results

2.1. CrataBL Impaired Cell Viability and Induced Cell Death

CrataBL had stronger effects on the viability of MSC than on the U87 cells. Whereas the viability
of MSC was affected after 24 h treatment only at the 100 μM dose, the viability of U87 cells remained
unchanged; however, CrataBL significantly impaired the viability of both cell lines after 48 h treatment.
On the contrary, treatment with CrataBL reduced the viability of cells in cocultures after 24 h in

160



Molecules 2019, 24, 2109

a dose-dependent manner (Figure 1A). This indicates that MSCs enhance the effect of CrataBL in
decreasing the viability of U87 cells in coculture. To verify whether the reduction of cell viability
resulted from the induction of cell death, flow cytometry coupled to annexin V (AN) and propidium
iodide (PI) staining was used to distinguish the live (AN−/PI−), early apoptotic (AN+/PI−), late
apoptotic (AN+/PI+), and necrotic (AN−/PI+) cells in cultures exposed to CrataBL for 24 h. Although
the viability of MSCs was affected by CrataBL, no significance in the number of early, late, or necrotic
cells was detected after 24 h treatment. Consistent with the viability data, no decrease in the apoptotic
or necrotic cells counts was detected in treated U87 cells, suggesting that CrataBL alone does not
induce cell death pathways in these cells. In contrast, in cocultures treated with 50 μM and 100 μM
of CrataBL, an increase in late apoptotic and necrotic cells was detected (Figure 1B). The fact that
the mixed cocultures were more sensitive to the inhibitor than each of the individual cell types may
suggest that their interactions would render the heterogeneous tumor more refractory to CrataBL.

 

Figure 1. Effects of CrataBL on the cell viability and cells death of MSCs, U87 cells, and cocultured
cells. Cell viability was measured by MTT assay at increasing concentrations of the inhibitor CrataBL
at 5 μM, 25 μM, 50 μM, and 100 μM concentrations after 24 and 48 h of treatment. The absorbance
values were normalized to nontreated control cells (c), as described in the Methods section. Panels
represent (A) MSC, U87 glioblastoma cells, and direct cocultures. Cell death (B) was evaluated by flow
cytometry as described in the Methods section, in MSC, U87 cells and cocultures after 24 h of CrataBL
treatment. AN−/PI− represent viable cells; AN+/PI− represent early apoptotic; AN+/PI+ and AN−/PI+

represent late apoptotic and necrotic cells. Significance among experimental groups was considered as
* p < 0.05, ** p < 0.005, and *** p < 0.0005.

2.2. CrataBL Affected Proliferation and Cell Cycle

The proliferation, measured by BrdU incorporation, was affected already after 24 h for nearly 40%
and only in the high dose after 48 h. In contrast, CrataBL inhibited proliferation of U87 cells already at
lower doses after 48 h and in the high dose after 24 h. In the cocultures, CrataBL treatment strongly
decreased their proliferation upon 48 h (Figure 2A) in a similar pattern as observed with U87 cells.
Flow cytometry analysis was used to monitor the percentage of cells in each cell cycle phases (G1, S, G2,
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or M phase) in response to CrataBL treatment. The percentage of treated MSCs residing in the S phase
of the cell cycle was increased, and in U87, the percentage of the cells in G0/G1 phase was decreased.
No alterations in the cell cycle in the cocultures (Figure 2B) were observed. Still, the percentage of
cells residing in the resting, sub-G0 phase showed tend to increase in U87 cell monoculture and in
coculture conditions upon CrataBL treatment, possibly meaning that the cells were stopped at G0/G1

checkpoints, but CrataBL had a minor, non significant effect on cocultured cells.

 

Figure 2. Effects of CrataBL on the proliferation of MSCs, U87 cells, and cocultured cells. Proliferation
was determined by cell cycle assay using flow cytometry. Panels represent (A) MSC, U87 glioblastoma
cells, and direct cocultured cells, in the presence of increasing concentrations of CrataBL inhibitor as
measured by BrdU assay, relative (%) to nontreated control cells (c). Cell cycle phase distribution was
determined by propidium iodide staining followed by flow cytometry analyzes (B). Panels represent
MSC, U87 GB cells, and cocultured cells, treated with CrataBL (50 μM and 100 μM) for 24 h and then
permeabilized. Percentages of cells in sub G0, G0/G1, S, and G2/M phase were determined using Accuri
C6 cytometer, with at least 10,000 events collected. Significance was considered at * p < 0.05, ** p < 0.005,
and *** p < 0.0005.

2.3. CrataBL Reduced Invasion and Metalloprotease Activity

Cancer cell invasion is characterized by degradation of the surrounding extracellular matrix and
their spread into the adjacent tissues. While MSC appeared not to be affected by the 50 μM and 100 μM
inhibitor treatment after 24 h, U87 cells at the same CrataBL concentrations were significantly less
invasive. In cocultures, the inhibitory activity followed the U87 cells’ pattern (Figure 3A), pointing to
the fact that CrataBL selectively inhibited invasion of cancer cells in the cocultures.

Next, we evaluated the CrataBL treatment on MMP-9 and MMP-2 since these gelatinolytic MMPs
play important a role in invasion by degrading native extracellular matrix protein components or
otherwise affecting protease signaling [23]. As shown in Figure 3B, the gelatinolytic activity of MMPs
appears as a translucent band in the images, and the band intensity was analyzed by densitometry,
as described in the Methods section. The molecular weight of MMP-9 was predicted as ±84/92 kDa
and MMP-2 ±64/72 kDa. Using a metalloprotease activity blocking buffer, no bands were observed,
suggesting that the observed gelatinolytic activities corresponded to MMPs (data not shown). As
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demonstrated in Figure 3B, CrataBL treatment only inhibited MMP-9 and MMP-2 activity in coculture
media, which parallels the decreased invasion in cocultured cells. No CrataBL effect was observed on
MMP-9 and MMP-2 activity of MSCs and only a trend of invasion decrease was observed in U87 cells.
These data support the notion that MMPs’ activity is only inhibited by CrataBL upon MSC interaction
with U87 cells in coculture.

 μ μ

Figure 3. The effects of CrataBL on the invasion and metalloproteases activity secretion of MSCs, U87
cells, and cocultured cells. The invasion through the matrigel layer was evaluated as the percentage of
invasion normalized to nontreated cells as control (c) in MSC, U87 glioblastoma cells, and cocultured
cells (A). CrataBL influenced metalloprotease activity as observed by gelatin zymography gel assay
and quantified for metalloproteases MMP-9 ±84/92 kDa and MMP-2 ±64/72 kDa (B). Densitometry
analyses showed a diminished activity of MMP-2 and MMP-9 in the cocultures. (−) indicates control,
(+) indicates 50 μM of CrataBL and (++) 100 μM of CrataBL in MSC, U87 and coculture. Significance
was considered at * p < 0.05, ** p < 0.005, and *** p < 0.0005.

2.4. CrataBL Reduced Cell Adhesion

During tumor progression, the synthesis and composition of extracellular matrix (ECM)
components by cancer cells are altered and are partially degraded, e.g., an increase of collagen
fibers, culminating in cancer invasion and metastatic spread. Such alterations in the extracellular
matrix network, consisting of collagen I and IV, fibronectin and in brain tumors, in particular, the most
abundant ECM component laminin, may contribute to altered molecular mechanisms of invasion [24].
In MSCs, no significant alterations in cell adhesion by CrataBL treatment were observed, regardless of
the substrate used. As expected, U87 cells’ adhesion decreased on laminin, the native brain substrate
for glioblastoma cells upon treatment with CrataBL. Accordingly, in coculture conditions, impaired
cell adhesion on collagen I and IV, as well as in laminin, but not fibronectin, was observed when cells
were treated with higher concentrations (50 and 100 μM) of CrataBL (Figure 4).
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Figure 4. The effects of CrataBL on cell adhesion. Cell adhesion to collagen I, collagen IV, laminin,
and fibronectin coatings was evaluated, as described in Methods on MSC, U87 glioblastoma cells, and
cocultured cells at 5 μM, 25 μM, 50 μM, and 100 μM CrataBL concentrations, normalized to nontreated
cells as control (c). Significance was considered at * p < 0.05, and *** p < 0.0005.

2.5. CrataBL Altered Cytokine Levels and Nitric Oxide Release

To verify whether the CrataBL inhibitory effects are possibly mediated by the inflammatory
cytokines and chemokines playing a role in GB progression [25], the selected chemokines’, i.e., G-CSF,
GM-CSF, IL-6, IL-8, MCP-1, and VEGF, as well as nitric oxide (NO), release was analyzed in mono
and cocultured media upon CrataBL treatment. This inhibitor decreased the levels of all the above
cytokines/chemokines in MSC, U87 cells, and cocultures (Figure 5A). The decrease was more abrupt
in cocultures when compared to monocultured cells. These results may be linked to the increase in
nitric oxide (NO) production upon addition of CrataBL after 24 h and 48 h in MSC and in U87 cell
monocultures. In U87 cell culture, a nearly four-fold increase in NO release was detected under 50 μM
CrataBL treatments after 48 h. In coculture, the changes in NO release were less prominent, due to yet
unknown interactions between MSC and U87 cells (Figure 5B).

  

μ μ μ

μ μ μ

Figure 5. Secreted cytokines profiling and nitric oxide release. Cytokines (G-CSF, GM-CSF, IL-6, IL-8,
MCP-1, and VEGF) release following CrataBL treatment with 50 μM and 100 μM after 24 h in the
media of (A) MSC, U87 glioblastoma cells, and cocultured cells. Nitric oxide release was analyzed
by chemiluminescence in (B) MSC, U87 glioblastoma cells, and cocultured cells after 24 h and 48 h
of CrataBL treatment (50 μM and 100 μM), compared to nontreated controls (c). Significance was
considered at * p < 0.05, ** p < 0.005, and *** p < 0.0005.

164



Molecules 2019, 24, 2109

3. Discussion

Although much attention is given to cell autonomous mechanisms of tumor progression [11],
non-cell-autonomous mechanisms, particularly interactions between tumor cells and stromal cells,
are increasingly recognized as important contributors to tumor growth and resistance to therapy [12].
Compared with other cancers, the stroma of GB is not well understood, due to the uniqueness of the
brain and it is thought to be composed of reactive astrocytes, endothelial cells, and immune cells.
However, the contributions of other cell types, such as MSCs, have not been studied to a great extent.
MSCs are also known for their ability to migrate to zones of tissue injury and tumors, being attracted
to inflammatory cytokines which are produced in the cancer microenvironment. We have previously
demonstrated that glioblastoma cells, as well as MSCs, differentially express connexins and that they
interact via gap-junctional coupling. Besides this so-called functional syncytium formation, Schichor et
al. [26] have also provided evidence of cell fusion events (structural syncytium). Direct and indirect
interactions between mesenchymal stem cells (MSCs) and cancer cells in vitro and in vivo have been
shown to either negatively or positively affect the malignant phenotype of cancer cells [27–29], even
inducing their senescence and dormancy [27] as well as cell fusion in direct cultures, forming cancerous
hybrid cells and exhibiting entosis (cell cannibalism), as observed recently by Oliveira et al. [18].

We have demonstrated that CrataBL diminished the viability of MSCs to a greater extent than
in U87 cells, this being in agreement with previous reports by Ferreira et al. [8] in prostate cancer.
However, the inhibition of mixed cells grown in 1:1 coculture, mimicking glioblastoma in vivo, where
MSCs would infiltrate the tumor was even more affected by CrataBL than U87 cells alone. This
indicates that there is cellular cross-talk between these two cell types, rendering the coculture less
viable (Figure 1).

Furthermore, we investigated the processes that may affect cell viability, such as cell death being
induced in the cocultures of U87/MSC. An increase in the percentage of late apoptotic and necrotic
cells was observed in U87/MSC cocultures upon 24 h of CrataBL treatment (Figure 1A). We believe
that at this time point, MSCs in monocultures and in the cocultures were affected first. This lowers
total coculture cell viability in 24 h. However, the total cell proliferation (division, Figure 2A), due
to more efficiently dividing U87 cells, in this coculture compensated for the lowered proliferation of
MSCs after 48 h. This corroborates previous observations in U87/MSC [18]. It is noteworthy that BrdU
incorporation does not discriminate the types of cells in coculture, and U87 stopped dividing only
after a prolonged time, both alone and in the coculture (48 h), demonstrating that these cells are more
resistant to CrataBL. The decrease of total cell viability, as shown in Figure 1A, in cocultured cells
at 24 h is thus due to dying MSCs, as these cells were more vulnerable to the apoptotic effect of the
inhibitor, as one would expect (Figure 1B). Interestingly, these results are in contrast to our previous
experiments with another protease inhibitor (EcTI), isolated from Enterolobium contortisiliquum, also of
the same Kunitz-type family, but having no lectin-binding properties [30]. EcTI did not cause U87 cell
death, neither in mono, nor in coculture, suggesting that the proteolysis inhibition per se does not play
a role in apoptosis. However, CrataBL increased the numbers of cells in the G0/G1 checkpoint after
24 h treatment, in U87 monocultured cells, and in mixed cocultured cells, indicating that senescence is
linked to cell cycle checkpoint G0 phase arrest.

As CrataBL impaired metabolic activity, cancer cell cycle progression, and proliferation of the
coculture, we were interested whether the remaining viable U87 cells’ invasiveness was affected by
CrataBL. In the invasion experiments, we did not discriminate between U87 and MSCs that were
collectively determined before and after treatment with CrataBL for 15 min. As the inhibitor did not
significantly affect MSCs alone, but did affect U87 cells above 50 μM (Figure 3A), we may speculate
that even if the invaded cells contained both U87 cells and MSCs, CrataBL would first bind to and
inhibit the more invasive U87 cells, as they also express higher levels of metalloproteases (Figure 3B).
These cells also express other proteolytic enzymes, as reported by Breznik et al. [16]. In that study,
we used a differential dye and gene labeling of the MSCs and U87 cells, respectively, in 2D and in
3D cocultures. We have shown that MSCs in coculture did impair U87 invasion, but enhanced the
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invasion of U373 under the same coculture conditions (1:1 ratio of cells), which was associated with an
increase in other proteolytic enzymes, cathepsin B and urokinase, besides MMPs. In another study,
Oliveira et al. [18] used the same coculture system to expose the coculture to the inflammatory peptide
bradykinin. After that, the invasion of U87 cells (but not MSCs) out of the cocultures was increased
and, furthermore, after separation of U87 cells from the three-day cocultures, we found that this was
due to increased expression of EMT-related genes’ induction in the glioblastoma cells.

Here, we also found that the activities of MMP-2 and MMP-9 are involved in glioblastoma cells’
invasion [31], as the activities of MMP-2 and MMP-9 were impaired in CrataBL-treated cocultures, but
remained unchanged in CrataBL-treated MSC and U87 cell monocultures. This confirms that MMPs
may enhance MSCs and U87 cells, as observed in our previous studies [16].

The adherence of cancer cells to extracellular matrix proteins, which in the brain is comprised
mostly of laminin, and to a lesser extent of fibronectin and collagen type IV, which is needed for
their subsequent degradation by GB cells, enables them to invade adjacent tissues. Here, we found
that in U87/MSC cocultures, CrataBL treatment significantly inhibited U87 and U87/MSC cocultured
cells’ invasion, but did not affect monocultured MSCs’ migration. Impaired invasion of U87 cells in
indirect cocultures with bone marrow MSCs has previously been reported, however, in the experiments
by Breznik et al. [16] and based on transcriptomes alteration of these two cell lines upon paracrine
interactions. We conclude that not only MMP induction, but also enhanced binding to some of the
induced adhesion molecules, such as ephrin, may play a role in cell adhesion and repulsion processes,
adding to the generally reduced invasion in indirect cocultured U87-MG cells [32]. This is in contrast
to the observed effects of CrataBL potentiating the MMP-induced inhibition of U87 cell adhesion to
matrix proteins. Several studies have already highlighted the importance of these matrix proteins
in brain tumor malignancy, angiogenesis, proliferation, and patient survival [23]. In this study, the
adhesion of MSC and U87 cells alone to three ECM-related substrates remained unaltered upon
CrataBL treatment, but was inhibited in U87 coculture pretreatment, especially with laminin, where
the adhesion was significantly decreased at a higher (100 μM) CrataBL concentrations. CrataBL more
effectively decreased U87 cell adhesion compared to the other Kunitz-type inhibitor, EcTI, which only
slightly decreased the adhesion of U87 cells to fibronectin and MSC cocultured U87 cells to collagen
IV [30]. CrataBL seems to interact in a more complex manner with cells to impair their adhesion to
extracellular matrix components than EcTI. In parallel to adhesion, both matrix proteases were more
inhibited by CrataBL compared to EcTI-treated cocultures.

Inflammatory cytokines play important roles in cancer progression, and selected cytokine therapies
have already been used [32,33]. Due to accumulating evidence on the immunomodulatory effects of
activated MSCs, the enhanced secretion of chemokine and cytokines when in contact with cancer cells
has been observed. In indirect cocultures, we found CCL2/MCP to be the most significantly regulated
chemokine in U87/MSC paracrine signaling, in addition to several other chemokines [32,34,35] that
may account for changed cocultured cells’ phenotypes by affecting several genes associated with
proliferation (Pmepa-1, NF-κB, IL-6, IL-1b), invasion (EphB2, Sod2, Pcdh18, Col7A1, Gja1, Mmp1/2),
and senescence (Kiaa1199, SerpinB2). These have generally been found as either inhibitory or promoting
cancer progression, due to several reasons, as reviewed in Lee and Hong [36]. Here, we found that in
response to CrataBL treatment, the levels of selected chemokines and selected inflammatory cytokines’,
including IL-6, IL-8, GM-CSF, VEGF, MCP-1, and G-CSF, secretion were effectively reduced in the
mono- and cocultures, demonstrating the antitumorigenic effect of CrataBL. The cytokines IL-6 and
IL-8 are both known to enhance the invasiveness of GB cells and increase angiogenesis, whereas
GM-CSF is involved in proliferation and growth, and VEGF promotes angiogenesis by HIF-1alpha
induction in GB. Likewise, MCP-1 (CCL-2, CC-chemokine ligand 2) facilitates GB progression, as
a monocyte-attracting chemokine. GM-CSF enables glioma cells to proliferate and invade adjacent
tissue [33].

Similarly, nitric oxide (NO), a multifaceted small molecule associated with the anti or procancer
activity, is known to mediate the attraction of immune cells to the wound site and to act as an
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antiproliferative agent in cancer cells. NO may be produced constitutively or is induced after
inflammatory conditions, vascular injury and/or cell proliferation [37,38]. In GB, NO release was
related to the sensitivity of cancer cells to temozolomide therapy [38]. Nitric oxide release was enhanced
in U87 cells as well as in MSCs treated with CrataBL. In cocultures, however, a significant increase in
NO release after CrataBL treatment was diminished compared to MSCs of U86 alone. Altogether, these
results confirm that the antiproliferative effect of CrataBL on U87 cells and GB/MSC cocultures may
also be mediated via NO release. In GB, the MSC treatment was effective in animal experiments [39,40].
The fact that the mixed cocultures were more sensitive to the inhibitor than each of the individual cell
types with respect to cell processes suggests that their interactions would render the heterogeneous
tumor mass more resistant to CrataBL. It has also been demonstrated in vivo (animal and clinical
studies) that heterogeneous tumors are less sensitive to treatment, due to stromal cells supporting
tumor resistance.

Taken together, our research was focused whether CrataBL acts on cocultures that resemble the
in vivo GB tumor microenvironment more (or less) efficiently than on monocultures of MSCs and U87
cells. We have shown that, indeed, CrataBL decreased cell proliferation, enhanced the transition from
early to late apoptosis, and slightly enhanced cell proliferation in the cocultures vs. monocultures.
Further, it inhibited the adhesion of mixed cells, but did not significantly inhibit the invasion out of the
cocultures. CrataBL significantly affected NO release from cocultures after longer exposure, which
would have an effect on cytokine release and immune response, which is undoubtedly different in a
heterogeneous tumor environment compared to isolated tumor cells. Thus, we emphasize that it makes
much more sense to test inhibitors or other natural compounds in cocultures that mimic heterogonous
tumors, than in isolated cancer cells, as is usually done. Finally, we present the potential beneficial
effects of the natural bifunctional plant protein CrataBL. These should be proven in preclinical testing
using patient-derived GB cells and in animal studies prior to its clinical application.

4. Materials and Methods

4.1. Chemicals and Reagents

Sodium chloride, ammonium sulfate, bovine serum albumin ≥96% purity, Dulbecco’s Modified
Eagle’s Medium (DMEM 5921), l-glutamine, Na-pyruvate, nonessential amino acids, streptomycin,
penicillin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), trypsin 0.025%, triton
X-100, 8.0 μm pore diameter inserts, toluidine blue, heat-inactivated fetal bovine serum (FBS), collagen
I, collagen IV, fibronectin, laminin, and phosphate buffered saline 10 mM, pH 7.4 (PBS 1×) were all
purchased from Sigma Aldrich (St. Louis, MO, USA). Gelatin was purchased from Calbiochem®.
5-Bromo-2′-Deoxyuridine (BrdU), RNase, propidium iodide, annexin-AlexaFluor488, microBCA, C18
column (Vydac) and coomassie brilliant blue were purchased from ThermoFisher Scientific (Grand
Island, NY, USA). CM-cellulose resin and Superdex 75 column were purchased from GE Healthcare.

4.2. CrataBL Purification

Plant material was collected in Northeast of Brazil in Recife, and identified by the specialist at
Instituto Agronômico de Pernambuco. A voucher specimen was deposited at the herbarium of the same
Instituto (n◦ 61.415). The inhibitor was purified according to Araujo et al., [7] with some modifications.
Briefly, the protein was extracted from Crataeva tapia bark powder with 0.15 M NaCl (1:20 w/v) during
12 h agitation. After filtration, the solution was centrifuged at 4000× g, 15 min, 4 ◦C. The soluble
crude extract was submitted to ammonium sulfate fractionation, first 0–30% and last step involving
30–60% (w/v). Lectin content was resuspended and dialyzed in 10 mM citrate phosphate buffer, pH 5.5,
and applied to CM-cellulose chromatography column, previously equilibrated with the same dialysis
buffer. Absorbed proteins were evaluated by spectrophotometry analyses (A280), being CrataBL eluted
in dialysis buffer with 0.5 M NaCl. The eluted fraction was injected into a second chromatography
(molecular exclusion) Superdex 75 column coupled to an Äkta Avant System (GE Healthcare). Total
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protein was determined by Lowry protocol following a standard curve with bovine serum albumin.
The homogeneity of CrataBL was evaluated by reverse phase chromatography (HPLC) using a C18
column (Vydac) in a linear gradient of acetonitrile in trifluoroacetic acid and by SDS-polyacrylamide
gel electrophoresis. The CrataBL activity was analyzed by phenol-sulfuric acid carbohydrates assay in
a microplate, as described by Masuko et al. [41].

4.3. Cell Lines and Cocultures

Glioblastoma U87-MG cells and bone marrow mesenchymal stem cells (MSCs) were purchased
from ATTC® HTB-14™ and Lonza BioScience Walkersville Inc., respectively. MSCs and U87-MG
were cultured in DMEM low glucose medium supplemented with 200 mM l-glutamine, 100 mM
Na-pyruvate, 1× nonessential amino acids, 100 μg/mL streptomycin, 100 IU/mL penicillin, and 20%
(v/v) heat-inactivated fetal bovine serum (FBS), whereas U87-MG cells were cultured in 10% (v/v) FBS.
The medium was changed every three days. MSC up to passage ten and U87-MG cells up to passage
70 were used. Experiments were performed in triplicates using the medium with 10% FBS. Monolayer
cocultures of MSCs and GB cells (U87) were prepared by mixing the cells in 1:1 ratio (MSC/GB cells) that
were seeded into monolayer culture plates with formats, corresponding to each particular experiment.
The cells were analyzed after 24 and 48 h of direct coculturing.

4.4. Cell Viability Assay

The inhibitory effect of CrataBL on the metabolic activity of mesenchymal stem cells, U87 cells, and
direct cocultures was measured by reducing NAD(P)H-dependent cellular oxidoreductase enzymes
that reflect the number of viable cells present. These enzymes are capable of reducing the tetrazolium
dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to its insoluble formazan form
and was performed in triplicate to confirm. Cells were seeded into a 96-well plate: 2000 MSCs, 5000 U87
cells, and in coculture (2000 MSC together with 5000 U87 cells) in 100 μL of medium/well and incubated
at 37 ◦C and 5% (v/v) CO2 overnight. Different concentrations of CrataBL (5–100 μM) were used to
treat cells for 24 h and 48 h. MTT substrate (5 mg/mL), 10 μL, was added to the cells in culture upon
treatment, followed by 2 h of incubation at 37 ◦C. The media was then discarded and addition of
100 μL of DMSO enhanced dissolution of crystal formazan, which allowed absorbance (OD) recording
at 540 nm using a microplate spectrophotometer (Spectra max Plus 384, Molecular Devices, CA, USA).
Percentage of cell viability was calculated in relation to control: Viability (%) = samples OD/control
OD × 100%.

4.5. Cell Proliferation

BrdU labeling (5-bromo 2′-deoxyuridine) was used to detect new DNA strand synthesis. MSC
(2000 cells/well), U87 (5000 cells/well) or coculture cells (mix of MSC and U87 cells used in monoculture)
were seeded into a 96-black well plate and incubated for 24 h at 37 ◦C and 5% (v/v) CO2. CrataBL was
added in concentrations of 5, 25, 50, and 100 μM for 24 h and 48 h. Then, BrdU label solution (10 μM)
was added per well and incubated for another 4 h at 37 ◦C. Solution was removed and cells were fixed
and denatured for 30 min at room temperature, by a FixDenat solution provided by ThermoFisher
Scientific Company—Cell Proliferation ELISA Chemiluminescence Kit. The level of incorporated BrdU
was measured by chemiluminescence using anti-BrdU-peroxidase conjugated antibody, diluted 1:100,
followed by 120 min incubation at room temperature. After washing, substrate was added and the
plate was stirring for approximately 5 min on a shaker. Spectrophotometer FlexStation Multi-Mode
Microplate Reader (Molecular Devices) at 405 nm was used to read the light emission of the samples.

4.6. Cell Cycle and Cell Death Assay

Cell cycle was analyzed by seeding 100,000 U87 cells, 40,000 MSCs and the mixed cocultures, into
6-well plates containing medium plus 10% (v/v) FBS, followed by incubation time (24 h at 37 ◦C and 5%
(v/v) CO2). For cell cycle, cells were maintained in 0.2% (v/v) of FBS for 24 h prior CrataBL treatment (50
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and 100 μM) and changed after treatment to medium with 10% FBS for additional 24 h. For analysis,
cells were trypsinized and centrifuged at 3000× g for 5 min and fixed in ice cold 70% ethanol. For
cell cycle cells were stained with a solution composed of 0.1% (v/v) of triton X-100, 100 μg/mL of
RNase and 10 μg/mL of propidium iodide in PBS 1×, after 2 h of cell fixation in cold ethanol 70%.
For cell death, 50 μL binding buffer was added to the pelleted cells, containing 2.5 μg/mL of FITC
annexin and 5 μg/mL of PI. Dot plots and histograms were analyzed in BD Accuri C6, collecting at
least 30,000 events for cell cycle and 10,000 events for cell death, per each experimental condition (BD,
San Jose, CA, USA).

4.7. Invasion Assay

Cell invasion assay was evaluated by the Boyden Chamber method [42] using inserts with 8.0 μm
pore diameter. Inserts were placed into 24-well plates and coated with Matrigel (1:6 in DMEM free
FBS) for 30 min at 37 ◦C to allow polymerization. Cells (MSC 20,000, U87 50,000 and coculture mix)
were plated in 250 μL of FBS free medium, after pre-incubation with CrataBL (5–100 μM) for 15 min.
Then 400 μL of DMEM complete medium was added to the lower chamber and the plate was kept
at 37 ◦C, 5% (v/v) CO2 for 24 h. Then inserts were washed with PBS 1× and non-invaded cells were
gently removed with a cotton swab from the upper surface of the chamber. Membranes were fixed in
cold methanol and stained using 1% (w/v) of toluidine blue for 30 min or overnight, followed by PBS
1× wash. Invaded cells were counted in at least 10 visual fields, under an inverted microscope (Leica,
Camera 3000 G and software Leica Application Suite).

4.8. Zymography Activity of Metalloproteases

Zymography was performed by electrophoresis with the gel containing 0.2% (w/v) of gelatin.
Cells were seeded into the 96-well plate, 5000 U87 cells/well, 2000 MSC/well and mixed cells for
coculture/well and incubated at 37 ◦C and 5% (v/v) CO2. Upon 24 h, the medium was collected
and quantified by MicroBCA assay. 100 μg of total protein was loaded per each lane onto a 7.5%
SDS-polyacrylamide separating gels containing gelatin and 5% stacking gel. Gels were run using a
BioRad PowerPac apparatus at 100 V, for about 90 min. Then they were washed for 20 min in 2.5%
Triton X-100 and incubated in metalloproteases activation buffer (50 mM Tris/HCl, pH 8. 0, 5 mM CaCl2,
2 μM ZnCl2) or alternatively, in metalloprotease blocking activity buffer (0.5 mM EDTA plus 0.5 mM
phenanthroline monohydrate for 16 h at 37 ◦C. After incubation, the gels were stained with Coomassie
solution (40% methanol, 10% acetic acid and 0.1% (w/v) Coomassie brilliant blue), distained with 10%
acetic acid and 40% methanol, and scanned. Gelatinolytic activity of metalloproteases appears as a
translucent band with a blue background. In the images, the color scale was inverted to white/black
and the band intensity was analyzed by densitometry method with ImageJ software [43].

4.9. Cell Adhesion Assay

To measure the adhesion of the cells to the extracellular matrix, different substrates were used
for well coating: collagen I (8 μg/well), collagen IV (4 μg/well), fibronectin (4 μg/well), and laminin
(4 μg/well). Cells were plated (in mixed cocultured of 20,000 MSCs and 50,000 U87 cells) into 96-well
plate in the presence of 100 μL of CrataBL inhibitor (5–100 μM). They were incubated for 4 h at 37 ◦C
and 5% (v/v) CO2. After incubation 1% (w/v) BSA was added to the cells and they were left for 1 h
at 37 ◦C, followed by washing in PBS 1×. Adhered cells were fixed with 70% cold methanol (v/v)
for 40 min, washed with PBS 1× and stained with 1% of toluidine blue (w/v) for 30 min. Upon three
additional washes with PBS 1×, 1 μL of 1% SDS (w/v) was added to each well containing 100 μL of PBS
1× for 30 min at 37 ◦C to solubilize the cells. Absorbance was recorded at 540 nm by microplate reader
spectrophotometer (Spectra Max Plus 384, Molecular Devices, Atascadero, CA, USA) [44].
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4.10. Cytokine Measurement

Cytokine profile of the media was determined in Luminex MAP, using Milliplex MAP Human
Cytokine/Chemokine Magnetic Bead Panel (Merck, Kenilworth, NJ, USA) containing G-CSF, GM-CSF,
IL-6, IL-8, MCP-1, and VEGF [45]. Cells were seeded into 6-well plate (20,000 MSCs, 50,000 U87
cells, and a mix of cells for coculture) and incubated at 37 ◦C and 5% (v/v) CO2. At 24 h, CrataBL (50
and 100 μM) inhibitor was added to the cells and the medium was collected after 24 h of treatment.
MicroBCA assay was used to determine protein concentrations in media samples against a standard
FBS curve, and the samples with 40 μg of the total protein were utilized to perform cytokine analyzes.
Medium containing FBS 10% was used as a blank in the measurements.

4.11. Nitric Oxide Cell Release

Nitric oxide (NO) release was measured using indirect conversion of nitric oxide to nitrite by a
chemiluminescence reaction, in Nitric Oxide Analyzer (NOATM 208i–Sievers). The NO analyzer was
calibrated using a standard sodium nitrite curve ranging from 0.5 μM to 100 μM. Cells were plated
into 96-well plate, 5000 cells for U87, 2000 cells for MSCs, and mixed cells for coculture, and incubated
for 24 h at 37 ◦C and 5% (v/v) CO2. Cells were treated with CrataBL (50 and 100 μM) for an additional
24 h and the medium was collected for NO measurement. The protein content of the medium was
quantified by MicroBCA assay. The samples containing 100 μg of total protein was evaluated. The
medium containing 10% FBS, lacking exposure to the cells, was used as a control.

4.12. Statistical Analyses

All experiments were performed in triplicate and independently repeated at least three times.
The statistical analyses were expressed as the means ± standard deviation (SD) and analyzed using
GraphPad Prisma Software. Comparisons among the variables, measured in defined experimental
groups were conducted using one-way ANOVA, followed by Tukey´s test. Statistical significance was
defined as * p < 0.05, ** p < 0.005, and *** p < 0.0005.
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Abstract: Colorectal cancer is one of the most common cancers worldwide and chemotherapy is
the main approach for the treatment of advanced and recurrent cases. Developing an effective
complementary therapy could help to improve tumor suppression efficiency and control adverse
effects from chemotherapy. Paris polyphylla is a folk medicine for treating various forms of cancer,
but its effect on colorectal cancer is largely unexplored. The aim of the present study is to investigate
the tumor suppression efficacy and the mechanism of action of the ethanolic extract from P. polyphylla
(EEPP) in DLD-1 human colorectal carcinoma cells and to evaluate its combined effect with
chemotherapeutic drug doxorubicin. The data indicated that EEPP induced DLD-1 cell death
via the upregulation of the autophagy markers, without triggering p53- and caspase-3-dependent
apoptosis. Moreover, EEPP treatment in combination with doxorubicin enhanced cytotoxicity in
these tumor cells. Pennogenin 3-O-beta-chacotrioside and polyphyllin VI were isolated from EEPP
and identified as the main candidate active components. Our results suggest that EEPP deserves
further evaluation for development as complementary chemotherapy for colorectal cancer.

Keywords: folk medicine; DLD-1 cells; doxorubicin; chemotherapy; drug resistance

1. Introduction

Paris polyphylla is a well-known herbal medicine used in China and Taiwan, primarily to treat
fevers, headaches, burns, and wounds, and for neutralizing snake poison [1]. The plant extract was
documented to exert anti-cancer activity both in vivo and in vitro [2]. Numerous natural steroidal
saponins isolated from herbs show potential apoptosis-promoting activity against several cancer cells
types [3–5]. In addition, P. polyphylla treatment can inhibit epithelial–mesenchymal transition (EMT)
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and invasion in breast cancer [6] and lung cancer cells [3–5]. Recently, P. polyphylla extract was also
found to inhibit ovarian carcinoma cell growth [7].

The use of complementary and alternative medicine is now a very popular option to support
conventional therapy in many countries [8–10]. For example, many herbal formulas and remedies
based on traditional Chinese medicine are well accepted among cancer patients with Chinese
background [11–13]. Traditional Chinese medicine (TCM) is based on the use of natural products
and well-established theoretical approaches. TCM provides many potential candidates as effective
drugs for integrated cancer chemotherapy, such as TJ-41 (Bu-Zhong-Yi-Qi-Tang) and PHY906
(Huang-Qin-Tang) [11,12]. In TCM practice, a therapeutic formula is normally prepared as an
aqueous extract mixed with various medical herbs. One major herb in this formula is responsible for
relieving the target symptom, whereas other medicinal herbs are added to enhance the therapeutic
effects or reduce the side effects of the major herb [13].

Colorectal cancer is one of the most common cancer types worldwide with particularly high
incidences in developed countries [14]. In Taiwan, colorectal cancer is the most common type of cancer
and the third most common cause of cancer-related deaths [15]. Currently, surgery is still the only
curative treatment for colorectal cancer. Although 75–80% of newly diagnosed cases are localized or
regional tumors, around 50% of patients suffer recurrence after surgery [16,17]. Adjuvant therapy
such as postoperative chemotherapy is used to eliminate remaining lesions and help control the
risk of recurrence. Chemotherapy is also one of the main treatment approaches in advanced and
recurrent cases while often associated with adverse side effects in patients, particularly in the elderly
population [12,13]. Various drug resistance problems in colorectal cancer cases also reduce the response
rates. These clinical features limit the use of chemotherapy in patients. Any effective drug which
promotes the tumor suppression efficacy of chemotherapeutic regimens or eases the associated adverse
effects may serve as an appropriate candidate to establish integrated chemotherapy and improve
clinical outcomes in cancer patients. Combining standard chemotherapeutics with antitumor drugs to
induce tumor cell death via other molecular pathways would not only improve tumor suppression
efficiency but also reduce the doses of chemotherapeutic drugs, which could help control adverse
effects and may slow the development of drug resistance. Due to the use of chemotherapy as
the main approach for advanced and recurrent cancers, developing effective complementary drugs
could help improve tumor suppression efficiency and control adverse effects from chemotherapy.
DLD-1 is a colorectal adenocarcinoma cell line similar to HT-29 and Caco-2 cell lines [16], which are
established from tumorigenic epithelial tissue. In this study, we investigated the effect of the ethanolic
extracts of P. polyphylla (EEPP) on the suppression of DLD-1 colorectal carcinoma cells with or without
chemotherapeutic drug (doxorubicin) treatment.

2. Results and Discussion

2.1. Treatment Effect of P. polyphylla on Colorectal Cancer Cell Growth

As shown in Figure 1A, compared to the untreated group, cell viability of DLD-1 colorectal
carcinoma cells were decreased after treatment with 3.13–50 μg/mL EEPP for 24 or 48 h in
a dose-dependent manner. On the other hand, the aqueous extract of P. polyphylla (AEPP) required
higher doses to inhibit the growth of colorectal cancer cells. In addition, EEPP treatment, particularly at
6.25 μg/mL, induced apparent morphological alterations in the DLD-1 cells compared to the untreated
group (Figure 1B). These results indicate that EEPP treatment induced cytotoxicity in colorectal
carcinoma cells, suggesting that EEPP treatment causes DLD-1 colorectal cancer cell death.
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Figure 1. Inhibitory effect of Paris polyphylla on colorectal cancer cells. (A) Inhibitory effect of
aqueous extract of P. polyphylla (AEPP) or ethanolic extract of P. polyphylla (EEPP) on DLD-1 colorectal
carcinoma cells after treatment for 24 and 48 h, respectively. Data are shown as means ± SD (n = 3).
(B) The morphological appearance of DLD-1 colorectal carcinoma cells after 24 h of EEPP treatment.

One approach in developing integrated chemotherapy is to choose a drug which enhances tumor
cell suppression efficiency by increasing cytotoxicity using a different cell death mechanism from
the other drugs used in the regimen. In general, the tumor suppression mechanisms of current
chemotherapeutic drugs are mainly based on disruption of cell-cycle processes, resulting in cell
apoptosis. Next, we sought to examine the possible mechanism through which EEPP causes DLD-1
colorectal cancer cell death. To this end, we examined the effect of EEPP treatment on cell-cycle regulation
in the DLD-1 cells. As indicated in Figure 2A, treatment of the DLD-1 cells with 3.13–13.5 μg/mL EEPP
for 12 h demonstrated a similar cell-cycle distribution pattern to the control group, suggesting that EEPP
does not disrupt the cell-cycle progression in the DLD-1 colorectal cancer cells. To further determine
the cell death pathway involved in EEPP-induced colorectal carcinoma cytotoxicity, we tested for
DNA fragmentation associated with apoptosis. As indicated in Figure 2B, EEPP treatment did not
induce DNA fragmentation in the DLD-1 cells. Together, these results suggest that the EEPP-mediated
inhibition of the DLD-1 colorectal cancer cell growth does not involve apoptosis.
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Figure 2. No effects of EEPP on (A) cell-cycle distribution and (B) DNA ladder in DLD-1 colorectal
carcinoma cells. Data are shown as means ± SD (n = 3).

2.2. EEPP Treatment Causes Autophagic Cell Death in Colorectal Carcinoma Cells

Apart from apoptosis, autophagy also plays crucial roles in cancer cell survival and death, and is
gaining increasing interest in cancer research. Autophagy, also termed type II programmed cell death
(PCD), is a physiologic process that allows sequestration and degradation of the cytoplasmic contents
through the lysosomal machinery [18]. Autophagy allows recycling of cellular components and ensures
cellular energy supplement during nutrition starvation, infection, and other stress conditions [19].
Several lines of studies suggest cytotoxic agents including chemotherapeutic agents induce cancer
cell autophagy [20–22]. To investigate whether autophagy is implicated in the EEPP-induced DLD-1
colorectal carcinoma cell death, cells were treated with EEPP for 24 h for evaluating the expression levels
of the autophagy-related proteins including Beclin-1, microtubule-associated protein-1 light chain-3
(LC3), and p62 (a marker for autophagic degradation) [23,24], as well as the apoptosis-associated
proteins such as Bax (Bcl2-associated X protein), p53 (tumor protein p53), Akt (Protein Kinase B),
and Bcl-2 (B-cell lymphoma 2). As shown in Figure 3, in contrast to the untreated control groups,
autophagy markers such as LC3 and Beclin-1 proteins were increased after treating with EEPP for 24 h
in a dose-dependent manner (Figure 3A, E and F). On the other hand, Akt level was downregulated
in EEPP-treated DLD-1 cells after 24 h of treatment (Figure 3A, D), whereas the expression of p62
(Figure 3A, H), and the apoptosis markers such as p53 (Figure 3A, G), Bax (Figure 3A, B), and Bcl-2
(Figure 3A, C) proteins were not affected by EEPP treatment. These results indicated that EEPP
treatment induced autophagic cell death in the DLD-1 cells.
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Figure 3. The effects of EEPP on apoptosis and autophagy markers. (A) The effects of EEPP on
Bax, Bcl-2, Akt, LC-3, Beclin-1, p53, and p62 levels in DLD-1 colorectal carcinoma cells after 24 h of
treatment. (B–H) Quantitative analysis for each protein levels. Data are shown as means ± SD (n = 3).
The significant differences are denoted by different letters (p < 0.05).

2.3. Effect of EEPP–Doxorubicin Combination Treatment on Autophagy Induction in Colorectal
Carcinoma Cells

Since EEPP induces autophagic cell death in DLD-1 cells, the present study further examined
the potential effect of EEPP in combination with the chemotherapeutic drug doxorubicin (Dox) on
DLD-1 cells. Dox functions as a topoisomerase II inhibitor and interferes with DNA/RNA synthesis
in tumor cells [25]. Colorectal carcinoma cells were treated with various doses of Dox alone or in
combination with EEPP for 24 h. Figure 4A illustrates that Dox treatment dose-dependently decreased
cell viability in DLD-1 cells. When compared with Dox treatment alone, EEPP (3.13 μg/mL) combined
with Dox treatment displayed stronger inhibitory activity against the DLD-1 cells, indicating that EEPP
synergizes with Dox to inhibit the DLD-1 colorectal cancer cell growth.
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Figure 4. The combined effect of EEPP with doxorubicin (A). The suppressive effect of EEPP
(3.13 μg/mL) combined with doxorubicin (Dox) for 24 h in DLD-1 colorectal carcinoma cells (B and C).
The upregulation of Beclin-1 and LC3 expressions in EEPP-treated DLD-1 carcinoma cells. Data are
shown as means ± SD (n = 3). The significant differences are denoted by diferent letters (p < 0.05).

Given that Dox is a well-known chemotherapeutic drug that induces apoptosis via the activation
of p53 and caspase-3 signaling pathways in many tumor cells, we speculate that the increased cancer
cell death resulting from Dox–EEPP combination treatment could be due to the potentiation of the
triggered cell death pathways. To examine this hypothesis, DLD-1 cells were treated with 6.25 μg/mL
EEPP alone, 1 μM Dox alone, or Dox in combination with 6.25 μg/mL EEPP for 24 h for Western blot
analysis against the apoptosis- and autophagy-related proteins. In contrast to p53 and caspase-3,
whose expressions were unaltered by the combination therapy (data not shown), Dox in combination
with EEPP increased both LC3 and Beclin-1 protein expressions compared to Dox alone (Figure 4B, C).
This concomitant increase in autophagy markers is likely due to the presence of EEPP, which alone
also upregulated the autophagy markers. Together, these results suggested that EEPP may potentially
enhance the anti-tumor effect in human colorectal carcinoma cells when combined with Dox.

2.4. Isolation and Identification of Active Compounds from EEPP

After showing that EEPP induces autophagic cell death in DLD-1 cells, we next sought to
identify the active components of the extract responsible for its cytotoxicity. We used an octadecylsilyl
column to separate EEPP into five fractions by different percentages of methanol elution (Figure 5A),
after which the cytotoxicity of the fractions against the DLD-1 cells was tested. Cell viability of
DLD-1 colorectal carcinoma cells was decreased after treating with the 80% methanolic fraction for
24 h (0% group: survival at 78.6%; 20% group: survival at 73.7%; 60% group: survival at 58.1%;
80% group: survival at 21.7%; 100% group: survival at 38.7%). We further isolated the active
components from the 80% methanolic fraction by LC–MS and confirmed the active compounds by
NMR. Pennogenin 3-O-beta-chacotrioside and polyphyllin VI were the two main compounds isolated
from the 80% methanolic fraction (Figure 5B), with purity up to 95% (Figure 6).
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Figure 5. Isolation of active ingredients from EEPP. (A) The flowchart for identification of active
compounds obtained from EEPP. (B) Pennogenin 3-O-beta-chacotrioside and polyphyllin VI were
isolated and confirmed by NMR and LC–MS.

Figure 6. The purity of pennogenin 3-O-beta-chacotrioside and polyphyllin VI isolated from EEPP.

Next, the concentrations of pennogenin 3-O-beta-chacotrioside and polyphyllin VI were calculated
according to EEPP, and the cell viability of DLD-1 colorectal carcinoma cells was determined. The data
showed that, when compared to the untreated group, treatment of cells for 24 h with EEPP (6.25 μg/mL),
pennogenin 3-O-beta-chacotrioside (1.8 μM), or polyphyllin VI (1.4 μM) decreased DLD-1 cell viability,
indicating that pennogenin 3-O-beta-chacotrioside and polyphyllin VI are the two main active
compounds from EEPP involved in colorectal cancer cell inhibition (Figure 7).
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Figure 7. The suppression of DLD-1 colorectal carcinoma cells treated with EEPP (6.25 μg/mL),
pennogenin 3-O-beta-chacotrioside (1.8 μM), or polyphyllin VI (1.4 μM) for 24 h. The concentrations of
pennogenin 3-O-beta-chacotrioside and polyphyllin VI were calculated according to EEPP. Data are
shown as means ± SD (n = 3). The significant differences are denoted by different letters (p < 0.05).

Finally, we asked whether the active components (pennogenin 3-O-beta-chacotrioside and
polyphyllin VI) could also modulate the expression of the autophagy-related proteins in the DLD-1 cells.
As shown in Figure 8A,B, both pennogenin 3-O-beta-chacotrioside and polyphyllin VI treatments for 24 h
markedly increased the expressions of LC3 and Beclin-1, suggesting that these compounds, similar to
EEPP, also inhibit colorectal cancer cell death by modulating autophagy. In conclusion, our results
suggest that EEPP deserves further evaluation for development as complementary chemotherapy
for colorectal cancer, and pennogenin 3-O-β-chacotrioside and polyphyllin VI identified as the main
candidate active components in EEPP. Schematics of the mode of action of Paris polyphylla ethanol
extract on DLD-1 colorectal cancer cells is shown in Figure 9.
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Figure 8. Elevation of autophagy markers in DLD-1 colorectal carcinoma cells treated with pennogenin
3-O-β-chacotrioside or polyphyllin VI for 24 h. The concentrations of pennogenin 3-O-β-chacotrioside
and polyphyllin VI were calculated according to EEPP. (A) Pennogenin 3-O-β-chacotrioside or
polyphyllin VI markedly increased the expressions of LC3 and Beclin-1. (B) Quantitative analysis for
each protein levels. Data are shown as means ± SD (n = 3). The significant differences are denoted by
different letters (p < 0.05).
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Figure 9. Schematics of the mode of action of Paris polyphylla ethanol extract on DLD-1 colorectal
cancer cells.

3. Materials and Methods

3.1. Chemicals

P. polyphylla was purchased from Taiwan Indigena Botanica Co., Ltd (Taipei, Taiwan), and 10 g of the
herb was extracted with ethanol (100 mL) three times at room temperature for 24 h. After evaporating
the solvents through freeze-drying, a residue was obtained and stored at −20 ◦C. Crystal violet,
doxorubicin, Propidium iodide (PI), sodium dodecyl sulfate (SDS), Triton X-100, trypsin, and trypan
blue were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Fetal bovine serum (FBS) was
purchased from Life Technologies (Auckland, New Zealand). Dimethyl sulfoxide was purchased
from Wako Pure Chemical Industries (Saitama, Japan). Anti-caspase-3, anti-Bax, anti-Bcl2, anti-p62,
anti-p53, anti-LC-3, and anti-GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) antibodies were
purchased from Santa Cruz (Santa Cruz, CA, USA). Pennogenin 3-O-beta-chacotrioside was purchased
from BioCrickBioTech (Chengdu, Sichuan, China). Polyphyllin VI was purchased from Chem Faces
(Wuhan, Hubei, China).

3.2. Cell Culture

The human colorectal carcinoma cell line DLD-1 (Bioresource Collection and Research Center,
HsinChu, Taiwan) was grown in Dulbecco’s modified Eagle’s medium (Gibco BRL, Grand Island, NY,
USA) containing 2 mM l-glutamine and 1.5 g/L sodium bicarbonate, supplemented with 10% FBS
and 2% penicillin–streptomycin (10,000 U/mL penicillin and 10 mg/mL streptomycin). The cells were
cultured in a humidified incubator at 37 ◦C under 5% CO2.
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3.3. Cell Viability

The cytotoxic effect of EEPP against DLD-1 cells was measured using a crystal violet staining
assay. Cells were seeded on 24-well plates (3 × 104 cells per well) and treated with various EEPP
concentrations for 24 h. The medium was then removed, washed with phosphate-buffered saline (PBS),
stained with 2 g/L crystal violet in phosphate-buffered formaldehyde for 20 min, and washed with
water. The crystal violet bound to the cells was dissolved in 20 g/L SDS solution and its absorbance
was measured at 600 nm.

3.4. Cell Cycle

After 12 h of exposure to 3.13–12.5 μg/mL EEPP, the medium was aspirated and adherent cells
were harvested and centrifuged at 300× g for 5 min. Cells were washed with PBS, fixed with 700 mL/L
ice-cold ethanol at −20 ◦C overnight, and then stained with PI at room temperature for 30 min.
The cell-cycle distribution was analyzed by flow cytometry using an FACScan-LSR flow cytometer
equipped with CellQuest software (BD Biosciences, San Jose, CA, USA) [26].

3.5. DNA Ladder

DLD-1 cells were treated with EEPP for 24 h; the cells were then harvested by scraping with
a disposable cell lifter, suspended in PBS, and centrifuged for 10 min (250× g) at 4 ◦C, and the pellet was
suspended in 0.1 mL of hypotonic lysing buffer (10 mM Tris, pH 7.4; 10 mM EDTA, pH 8.0; 0.5% Triton
X-100). The cells were incubated for 10 min at 4 ◦C, and the resultant lysate was centrifuged for 30 min
(13,000× g) at 4 ◦C. The supernatant, which contained fragmented DNA, was digested and incubated
for 1 h at 37 ◦C with 5 mg/mL RNase A and then incubated for 1.5 h at 50 ◦C with 2.5 mg/mL proteinase
K. DNA was precipitated with 0.5 volume equivalent of 10 M ammonium acetate and 2.5-fold volume
equivalent of ethanol at−20 ◦C overnight. The precipitate was centrifuged at 13,000× g for 30 min
at 4 ◦C. The resultant pellet was air-dried and resuspended in 10 mM Tris buffer (pH 7.4) containing
1 mM EDTA. An aliquot equivalent to 1 × 106 cells was electrophoresed at 50 V for 1 h in 1.5% agarose
gel in 90 mM Tris-borate buffer containing 2 mM EDTA (pH 8.0). After electrophoresis, the gel was
stained with ethidium bromide (0.5 μg/mL), and the nucleic acids were visualized with an ultraviolet
transilluminator [27].

3.6. Western Blot

Cells were rinsed with ice-cold PBS and lysed by RIPA lysis buffer with protease and phosphatase
inhibitors for 20 min on ice. Then, the cells were centrifuged at 12,000× g for 10 min at 4 ◦C.
Protein extracts (20 μg) were resolved using SDS polyacrylamide gel electrophoresis (SDS-PAGE; 200
V, 45 min). The protein bands were electrotransferred to nitrocellulose membranes (80 V, 120 min).
Membranes were then treated with a 5% enhanced chemiluminescence (ECL) blocking agent (GE
Healthcare Bio-Sciences) in saline buffer (TBS-T) containing 0.1% Tween-20, 10 mM Tris-HCl, 150 mM
NaCl, 1 mM CaCl2, and 1 mM MgCl2 at a pH of 7.4 for 1 h, and then incubated with the primary
antibody overnight at 4 ◦C. Subsequently, membranes were washed three times in TBS-T and bound
antibodies were detected using appropriate horseradish peroxidase-conjugated secondary antibodies,
followed by analysis in an ECL plus Western blotting detection system (GE Healthcare Bio-Science) [28].

3.7. Method of Isolation and Identification of Active Compounds

Firstly, 50 g of Paris polyphylla was dissolved in 1 L of 100% ethanol and extracted. The extracts
were then separated using an ODS (octadecylsilyl) column into different parts. After eluting with
different concentrations of methanol, 80% methanol-treated parts were isolated and detected by HPLC.
Pennogenin 3-O-beta-chacotrioside and polyphyllin VI were the two major active compounds in the
extracts, identified by LC–MS and NMR.
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3.8. Statistical Analysis

Results were expressed as means ± SD. Comparisons among groups were made using one-way
ANOVA. The differences between mean values in all groups were tested through Duncan’s
multiple-range test (SPSS statistical software package, version 17.0, SPSS, Chicago, IL, USA). A p-value
less than 0.05 was considered as a significant difference between means.

4. Conclusions

The present study demonstrated that EEPP induced autophagic cell death in colorectal cancer
cells and that EEPP combined with Dox might exert a more potent anti-cancer effect against these
tumor cells. We suggest that EEPP and its active ingredients pennogenin 3-O-beta-chacotrioside and
polyphyllin VI could be further explored as potential candidates for the development of complementary
chemotherapy against colorectal cancer.
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Abstract: The increasing prevalence of drug resistant and/or high-risk cancers indicate further drug
discovery research is required to improve patient outcome. This study outlines a simplified approach
to identify lead compounds from natural products against several cancer cell lines, and provides the
basis to better understand structure activity relationship of the natural product cephalotaxine. Using
high-throughput screening, a natural product library containing fractions and pure compounds was
interrogated for proliferation inhibition in acute lymphoblastic leukemia cellular models (SUP-B15
and KOPN-8). Initial hits were verified in control and counter screens, and those with EC50 values
ranging from nanomolar to low micromolar were further characterized via mass spectrometry, NMR,
and cytotoxicity measurements. Most of the active compounds were alkaloid natural products
including cephalotaxine and homoharringtonine, which were validated as protein synthesis inhibitors
with significant potency against several cancer cell lines. A generated BODIPY-cephalotaxine probe
provides insight into the mode of action of cephalotaxine and further rationale for its weaker potency
when compared to homoharringtonine. The steroidal natural products (ecdysone and muristerone A)
also showed modest biological activity and protein synthesis inhibition. Altogether, these findings
demonstrate that natural products continue to provide insight into structure and function of molecules
with therapeutic potential against drug resistant cancer cell models.

Keywords: natural product alkaloids; cephalotaxine; protein synthesis inhibition; antiproliferation
agents; cancer

1. Introduction

Cancer is a complex chronic disease characterized by abnormal signaling processes that leads to
aberrant cellular growth, causing premature death worldwide [1,2]. Natural products have a strong
track record in the development of anti-cancer agents, thus many drug discovery programs continue
to exploit this rich source of molecular scaffolds [3]. The re-emergence of natural products for drug
discovery in the genomics era enables the use of advanced cellular models that recapitulate the disease
of interest. Natural products, particularly alkaloids, are commonly used in ethnopharmacology and
several are in clinical use (Figure 1).
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Figure 1. Natural product-derived alkaloids in clinical use.

Acute lymphoblastic leukemia (ALL) is among the most common pediatric cancers, occurring in
approximately 1:1500 children [4]. Specific genetic aberrations define B cell precursor ALL subtypes
with distinct biological and clinical characteristics. A class of genetic aberrations comprises tyrosine
kinase-activating lesions, including translocations and rearrangements of tyrosine kinase and cytokine
receptor genes such as the Philadelphia chromosome (Ph/BCR/ABL+) lesion among other genetic
abnormalities leading to drug resistance. While response to high-risk drug treatment varies, drug
resistance or disease recurrence are responsible for frequent causes of treatment failure [4–6].

The application of cellular screening systems and technological advancements in cell and
molecular biology enable the chain of translatability by using disease-relevant cell models that
display a more truthful phenotype, therefore aiding in the identification of new molecular scaffolds
with clinical potential. Following this paradigm, the main focus of this study was to identify
compound hits against high-risk cellular models of ALL (SUP-B15 and KOPN-8) while displaying
therapeutic index (TI) when compared to normal cells (BJ and PBMCs), using an enriched library
of natural product fractions [7–10] from a subgroup of alkaloid-producing plants (Annonaceae,
Aristolochiaceae, Berberidaceae, Eupomatiaceae Fabaceae, Fumariaceae, Lauraceeae, Magnoliaceae,
Monimiaceae, Nelumbonaceae, Papaveraceae, Ranunculaceae, Combretaceae, Rutaceae, Araliaceae,
Apiaceae, Rubiaceae, and Araceae families), which were collected in collaboration with Museo
Nacional de Historia Natural del Paraguay where several of these specimens were collected and have
been deposited.

2. Results

2.1. Cytostatic/Cytotoxic Evaluation via Cell Proliferation Assay

A natural product library containing fractions (3K) and pure compounds (2K) were evaluated in
a single point cell proliferation assay (CTG), as established in our group [11–13], and the Z’ values
were consistently higher than 0.5, revealing a large separation between positive and negative controls
(Supplementary Material, Figures S1 and S2). From the single point primary screen, 22 compounds made
the cutoff of 50% inhibition at 100 μM. Then, the most potent fractions were validated by dose-response
CTG assay and the corresponding compounds elucidated by NMR and mass spectrometry (Figure 2).
The biological activities of the pure natural products were confirmed and EC50 values are shown in
Table 1 (Supplementary Material, Figures S3 and S4), providing several compounds with promising
anti-proliferative effects against some of the high-risk cancer cell models disclosed in this work.
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Figure 2. Identified natural products with cytostatic and cytotoxicity activity against ALL cell lines.

Table 1. CTG viability assay (CellTiter-Glo, 72 h) 1, which quantitates the amount of ATP present
to determine cell viability. Hit compounds (1–13) were evaluated against several ALL cell lines and
non-cancerous cell lines (BJ/PBMC cells) to determine therapeutic index.

SUP-B15
(EC50 μM)

KOPN-8
(EC50 μM)

NALM-06
(EC50 μM)

UoC-B1
(EC50 μM)

BJ
(EC50 μM)

PBMC
(EC50 μM)

TI
(PBMC/SUP-B15)

1 0.1201 0.41 ± 0.05 0.41 ± 0.15 0.0401 ± 0.01 >38.8788 >38.8788 >316

4 38 ± 6.1 32.1 ± 3.5 18.3 ± 2.5 >23.3766 >46.7532 >86.7532 >2.25

5 29 ± 3.7 32 ± 7.6 8.3832 ± 1.8 17.28 ± 3.8 >43.2900 >43.2900 >1.48

6 9.83 ± 0.5 0.1602 ± 0.05 18.45 ± 3.1 >21.6450 >43.2900 >43.2900 >4.3

7 6.05 ± 0.8 4.0732 ± 0.45 3.7229 ± 0.5 2.88 ± 1.1 >51.9481 28.0668 4.6

8 2.77 ± 0.36 0.8208 ± 0.22 1.9 ± 0.2 1.96 ± 0.28 29.8382 7.8914 2.8

9 10.43 ± 0.75 23.12 ± 5.2 9.5 ± 2.7 17.6 ± 5.8 >43.2900 >83 >7.7

10 0.045 ± 0.005 0.0799 ± 0.01 0.0322 ± 0.01 0.0129 ± 0.002 >43.2900 6.3499 140

11 29 ± 6 >43.2900 >43.2900 >21.6450 >43.2900 >43.2900 >1.48

12 20.1 ± 3.2 >43.2900 >43.2900 >21.6450 >43.2900 >43.2900 >2.15

13 9.5 ± 2.1 >43.2900 0.518 ± 0.15 >21.6450 >43.2900 >43.2900 >4.5

14 17.2 ± 4.5 >43.2900 >43.2900 >21.6450 >43.2900 >43.2900 >2.5
1 Table represents mean ± SEM of triplicates. Analysis via Pipeline pilot or GraphPad Prism program.

The identified compounds exhibit half maximal effective concentration (EC50) in the low
micromolar range (<10 μM) against cancer cell lines, while displaying low or no cytotoxicity against
non-cancerous cells (therapeutic index, TI > 5). Assessment in a broad range of non-cancerous tissue
provides insightful information, thus BJ and PBMC cells were selected to determine TI (a higher TI is
desired). Several leukemia cellular models were utilized for the viability assay to evaluate the scope of
activity, but the study was particularly focused on a subset of ALL, namely KOPN-8 and SUP-B15
models, which carry specific genomic lesions. KOPN-8 carries the MLL-ENL fusion gene and SUP-B15
was established from a pediatric ALL relapsed patient (with the m-BCR ALL variant of the BCR-ABL1
fusion gene) [14].
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The gene for the histone methyltransferase (MLL) participates in chromosomal translocations
that eventually create MLL-fusion proteins associated with very aggressive forms of childhood acute
leukemia, which serve as an independent dismal prognostic factor for this patient cohort [4–6].
Therefore, the identification of compounds against models with MLL gene fusions can provide insight
into the discovery of new therapies. The chemical treatment response was similar for the ALL cell
models, as shown in Table 1. Further evaluation demonstrated the most active compounds induced
cell death in a concentration- dependent manner.

The identified compounds share properties with ample opportunity for improvement and further
formulation to improve the compounds’ physicochemical properties and suitability for specific delivery
methods. While the compounds show similar antiproliferative activities, no distinctive structural
similarities were recorded for the most potent compounds other than their shared alkaloid core between
4–10, and the steroidal core for compounds 11–14. Among these compounds, homoharringtonine
(compound 10 [15–17]), a known potent protein synthesis inhibitor already approved for clinical use by
the United States Food and Drug Administration against chronic myeloid leukemia (CML) [18–20] was
identified. It shows high potency in the pre-B ALL cell models (SUP-B15 and KOPN-8) in agreement
with previous reports [21,22]. However, it was not clear whether cephalotaxine (compound 9) worked
via the same mechanism as compound 10. While the steroidal compounds (11–14) displayed much
weaker potency, it was important to further evaluate their potential against these cell lines. Under
these experimental conditions, compound 10 showed the best potency against SUP-B15, NALM-06,
and UoC-B1 (a glucocorticoid resistant cell line) with an EC50 of 0.0452 μM, 0.0322 μM, and 0.0129 μM,
respectively, with no observable activity against BJ at the highest tested concentration (43.3 μM).
Overall, the natural product fractions library provided molecular scaffolds with specific cell death
mechanisms that renders acceptable therapeutic index as observed herein.

2.2. Cell Cycle Arrest and Apoptosis

To determine if cell cycle progression was affected by the most active compounds 8–13, KOPN-8
and SUP-B15 cancer cells were investigated. Silvestrol, a protein synthesis inhibitor currently under
clinical trials which exhibits significant cytotoxic activity against several human cancer cell lines such
as oral carcinoma, melanoma, acute myelogenous leukemia, and cervical cancer with IC50 values in
the low micromolar range [23–26], was used as a positive control.

Proliferating cells proceed through various phases of the cell cycle (G0, G1, S, G2, and M phase),
and protein synthesis inhibitors can regulate cell cycle and cell proliferation. No serum starvation or
phase-synchronization methods were used for these cells, in order to avoid secondary effects due to
such manipulation [27,28]. The DMSO control indicates that both cell lines were primarily at the G0/G1
and S phase at the time of the experiment and only a small number (10%) were entering the G2/M
phase (Supplementary Material, Figures S7 and S8). Silvestrol showed cell arrest in the G1/G0 phase
of both cell lines. While compound 8 displayed a significant cell arrest in G1/G0 in KOPN-8, the cell
arrest was more significantly increased in the percentage of cells (~20%) in S phase, with a significant
reduction in the percentage of cells (~10%) in G2/M phase of SUP-B15. Interestingly, compound 10’s
profile was almost identical to silvestrol at the same concentration (5 μM) in both cell lines. However,
cephalotaxine, which had shown antiproliferation effects by CTG at 10 μM, showed no significant cell
arrest. Compounds 12 and 13 had minimal effect on the cell cycle in KOPN-8, with only a small effect
in the S phase by compound 13. Conversely, compound 12 arrested G2/M with a significant reduction
in the percentage of cells (~10%) in the S phase in the SUP-B15 cell line (Figure 3A, B). Similar results
were obtained in colorectal and hepatocellular cancer cells treated with silvestrol, where most cells
were stalled in the early stages of the cycle [26]. Since bypass of the G1 phase of the cycle due to DNA
damage leads to apoptosis, to determine whether the compounds induce programmed cell death in
KOPN-8 and SUP-B15, the cells were double stained with Annexin V and PI dyes to determine the
percentage of cells in early vs late apoptosis and viable cells (Supplementary Material, Figures S5
and S6). As shown in Figure 3C, D, there is a significant decrease in live cells for compounds 8–10 in
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KOPN-8 and SUP-B15. Most of the cells treated by compound 8 were not viable, while treatment with
compound 9 only shows a small decrease in live cells (Annexin-, PI-), accompanied with an increase
in apoptotic cells or dead cells during the 24 h treatment. Data presented on compounds 12 and 13

did not capture significant increase of late apoptotic state or cell death upon treatment for either cell
line, but there was a small decrease in live cells by compound 12. These results in combination with
viability data (CTG) suggests that these steroidal compounds (11–14) are likely cytostatic agents and
should be more effective in combination therapy. Data are shown from at least three independent
experiments and statistical analysis of data was performed using Graph Pad Prism 7. The differences
between the groups and negative control were analyzed by Tukey’s test, with standard error bars
representing the standard deviation of the mean (± SD).

 

Figure 3. Analysis of apoptosis and cell cycle of compounds 8–10, 12, and 13 by Annexin V/Propidium
Iodide (PI) flow cytometry assay after 24 h treatment using KOPN-8 and SUP-B15 cellular models.
Negative control (DMSO), positive control (silvestrol, 5 μM), compounds 8 (5 μM), 9 (10 μM), 10 (5
μM), 12 (10 μM), 13 (10 μM). A. KOPN-8. B. SUP-B15. C. Annexin V/PI of KOPN-8. D. Annexin V/PI
of SUP-B15. Bars depict mean and SD of at least three independent experiments. **** p < 0.0001, ***
p < 0.0004, ** p < 0.0086, * p < 0.025 and ns (no statistical significant) according to Tukey’s test when
compared to DMSO control.

In addition to Annexin V staining for apoptosis induction, an alternate method of apoptosis
detection method such as caspase 3/7 activity assay was performed. To validate these results,
ApoTox-Glo triplex assay (Promega) was performed to determine viable cells (GF-AFC), apoptotic
cells (caspase 3/7), or cytotoxicity by membrane integrity (bis-AAF-RF110) as an alternative cell
death modality induced by compounds 9 and 10. Both compounds increased caspase 3/7 activity,
and decreased viability of SUP-B15 cells, further validating the cell death inducing effects of these
compounds (Figure 4). The data indicate that compounds 9 and 10 might undergo similar cell death
mechanisms, albeit at different concentrations, and suggests apoptosis is dependent on caspase activity
in this cell line [29].
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Figure 4. The ApoTox-Glo triplex assay against SUP-B15 to determine viable cells (using GF-AFC
as fluorescent readout), apoptotic cells (caspase 3/7Glo as luminescent readout) or cytotoxicity by
membrane integrity (bis-AAF-RF110 as fluorescent readout) upon compound treatment for 36 h. A.

compound 9 (0.2–100 μM). B. compound 10 (0.02–10 μM). Graphs show decrease in cell viability, while
increasing apoptotic activity with little cytotoxic effects by membrane integrity evaluation under the
evaluated conditions (time and concentration).

To conduct live cell imaging studies (protein synthesis and co-localization studies), the adherent
triple negative breast cellular models were selected as such studies are currently not feasible with
suspension cells (leukemia cells). The first step was to evaluate if the compounds display cytotoxicity
against the adherent cells. Propidium iodide (PI) assay was performed for the drug resistant solid
tumor cellular models (triple negative breast cancer models: SUM149 and MDA-MB-231) for 48 h
(Figure 5) [30,31]. All the tested compounds had better efficacy against SUM149 with promising
activity at 12 μM, except for compound 14, which displayed the weakest activity against the tested
cancer cell lines. Compound 9 demonstrated 50% reduction of cell viability even at 3 μM concentration
in SUM149, while only compounds 9 and 10 showed substantial activity in MDA-MB-231 cell line
(drastically reducing cell viability at the highest concentration).

Figure 5. Propidium iodide (PI) assay of compounds 9–10, 12 and 14 after 48 h treatment against breast
cancer cell models to determine apoptotic effects. A. SUM-149, and B. MDA-MB-231. Bars represent
mean ± SEM of at least three biological replicates.

2.3. Protein Synthesis Evaluation

Protein synthesis is essential in cell growth, proliferation, signaling, differentiation, and death [32].
To interrogate whether the compounds inhibited protein synthesis as nascent proteins are generated,
protein synthesis levels were monitored using a commercially available kit (EZClick™ Global Protein
Synthesis Assay Kit). The assay includes a robust chemical method based on an alkyne containing
o-propargyl-puromycin probe, which stops translation by forming covalent conjugates with nascent
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polypeptide chains. Truncated polypeptides are rapidly turned over by the proteasome and can be
detected based on the subsequent click reaction with a fluorescent azide [33]. To test whether these
compounds (4–14) induced de novo protein synthesis inhibition, compounds were tested for a 2 h
exposure time, under the same conditions as the known protein synthesis inhibitor cycloheximide
(CHX) in MDA-MB-231 cell model following an in-cell-click de novo protein synthesis assay [33–35].
Partial protein synthesis inhibition was observed for compound 4 (Supplementary Material, Figure
S9), and compounds 7–8 showed no inhibition (data not shown). The results show that compound
9 inhibits protein synthesis at 10 μM while compound 10 inhibits de novo protein synthesis at
lower concentrations (1–5 μM, higher concentrations induce immediate cell detachment) under these
experimental conditions (Figure 6A, B). Compounds 12 and 13 showed little to no protein synthesis
inhibition, as shown in Figure 6E–G along with their relative quantification. The remaining compounds
(11 and 14) showed no protein synthesis inhibition.

Figure 6. Representative images of protein synthesis inhibition EZClick™ assay using MDA-MB-231
cellular model. Cells were treated with compounds for 1.5 h prior to click reaction followed by staining.
A. Vehicle (DMSO). B. Positive control CHX (1 μM). C. Compound 9 (5 μM). D. Compound 10 (10 μM).
E. Compound 12 (10 μM). F. Compound 13 (10 μM). G. Relative quantification. Scale bar: 10 μm.

2.4. Probe Synthesis and Evaluation

Fluorescent labels are generally used in bio-orthogonal labelling for co-localization studies in
order to better understand the compounds’ mode of action [36]. Small-molecule fluorophores are
the dominant method of choice due to their relative ease of use and excellent sensitivity, together
with good spatial and temporal resolution. Washout studies of the corresponding BODIPY-FL ester
have reliably shown that the reagent does not accumulate in the cell. Thus, 3-BODIPY-FL was treated
with 2,4,6-trichlorobenzoyl chloride and Et3N for 1 h in DCM, followed by addition of cephalotaxine
along with DMAP in DCM for 16 h RT to provide probe 9a in 87% overall yield as shown in Scheme 1
(Supplementary Material, Figures S11–S14).

It is important to determine the intracellular accumulation of compound 9 as this may aid
in identifying its intracellular interactions. To facilitate these experiments, a series of orthogonal
fluorescent organelle markers were used for co-localization studies. The organelle marker set included
indicators for the lysosome (Lysotracker Red), the mitochondria (MitoTracker Deep Red), and the
endoplasmic reticulum (ER tracker Blue/White). Where applicable, nuclei were stained with Hoechst
(Blue). All these markers were compatible with BODIPY-FL (green) to allow for flexible combinations.
The MDA-MB-231 adherent cellular model was used for the live cell co-localization studies as this
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cellular model displays well-defined organelle morphologies that can be consistently and positively
identified [37]. First, to evaluate the accumulation of compound 9a after 30 min treatment at 1 μM,
washout experiments were conducted as shown in Figure 7A in the presence of Hoechst nuclear stain.
Distinct green specks were observed near the nucleus of the cell. A similar observation was made
using lysosome tracker (red, Figure 7B) and merging of both images clearly shows co-localization,
observed as yellow (Figure 7C). Next MitoTracker-Deep Red (purple) was evaluated (Figure 7D) but
no co-localization was detected with probe 9a as seen by the absence of white staining in the merged
image. This demonstrates that probe 9a co-localizes with lysosomes, but not with mitochondria inside
the cell (Figure 7E).

Scheme 1. Synthesis of compound 9a. (a) 2.0 equiv Et3N, 25 ◦C, 1 h; (b) 1. 0 equiv cephalotaxine 0.1
equiv DMAP, DCM, 25 ◦C, 16 h.

To gain further information regarding intracellular compound localization, studies were extended
to include a marker for the ER (Figure 8). The staining pattern for the individual probes are shown in
Figure 8A (ER), Figure 8B (Lysosome) and Figure 8D (probe 9a). Co-localization of ER with probe 9a

(Figure 8C, yellow specks) and lysosome tracker was observed as seen in Figure 7. Co-localization
of probe 9a with ER-Tracker Blue/White (turquoise color in Figure 8E) was also observed. Moreover,
when all three channels were merged, white specks were observed, indicating co-localization of probe
9a with cellular structures that are stained by both ER and lysosomal marker dyes (Figure 8F). The
data show either partial compound accumulation in the ER, while lysosomal structures are removing
probe 9a bound to the ER or active probe 9a removal by lysosomal action before the compound can
become active in the ER. These mechanisms provide a plausible explanation for the lower potency of
compound 9 compared to compound 10. Finally, in vitro ADME (absorption, distribution, metabolism,
and elimination) profiles [11] were evaluated for compounds 9 and 10 to compare with the obtained
cellular data (Supplementary Material, Figure S10). The aqueous solubility properties at physiological
pH (7.40) of compounds 9 and 10 were good compared to controls. Simulated gastric fluid (SGF)
stability was robust for compounds 9 and 10 with t1/2 > 33 h. Metabolic stability studies in mouse
and human liver microsomes indicate that compound 9 is rapidly degraded, while compound 10

displays t1/2 of at least 1 h in both models. However, compound 9 showed remarkable stability in both
mouse and human plasma stability assay (t1/2 > 25 h), while compound 10 showed poor stability in
mouse plasma, but moderate stability in human plasma (t1/2 < 1 h, t1/2 > 12 h respectively). PAMPA
assay indicated favorable permeability properties for both compounds, but caco-2 permeability assay
suggests that compound 9 undergoes efflux (as the efflux ratio, B2A/A2B is closer to 2) while no efflux
is suspected for compound 10 (B2A/A2B < 1) (Supplementary Material, Figure S10). The combined
findings indicate that the steric-effects of the hydroxysuccinate appendage of compound 10 renders it
less prone to degradation by lysosomal activity or other competing cellular removal mechanisms.
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Figure 7. Representative images of co-localization studies of probe 9a with organelle fluorescent
trackers in live MDA-MB-231 cells. A. Hoechst nuclear stain (blue) and probe 9a (1 μM, green).
B. Lysosome tracker (red) and nuclear stain (blue). C. Merge of probe 9a, lysosome and nuclear stains.
D. MitoTracker Deep Red (purple), nuclear stain (blue) and compound 9a (green). E. Nuclear stain,
probe 9a, Lysosome (red) and MitoTracker Deep Red. Scale bar: 10 μm.

Figure 8. Representative images of co-localization studies of probe 9a with organelle fluorescent stains
in live cells. A. ER tracker Blue/White (blue). B. Lysosome tracker (red). C. Merged image of lysosomal
and probe 9a staining. D. Probe 9a (2 μM, green). E. Merged image of ER tracker and probe 9a staining.
F. Merged image of ER tracker, Lysosome tracker and probe 9a staining. Scale bar: 10 μm.
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3. Discussion

The combined studies indicate that natural products continue to play an important role in drug
discovery. Herein, several natural products were identified to have significant cytotoxicity against
aggressive ALL cellular models by affecting cell cycle and inducing cell death via caspase activation,
cell cycle arrest, and apoptosis.

Furthermore, this study highlights potential mechanistic processes responsible for the bioactive
properties of cephalotaxine, compound 9. Protein synthesis assays indicate that both compounds 9

and 10 inhibit protein synthesis, however compound 9 caused minimal cell death when compared to
compound 10. Compound 10 acts only on the initial step of protein translation and does not inhibit
protein synthesis from mRNAs that have already commenced translation, unlike peptidyl transferase
inhibitors such as cycloheximide (CHX), which inhibits peptide formation on mRNAs that are actively
translated [34,35]. Previous medicinal chemistry campaigns [38–42] evaluating compound 10 had
made observations that compound 9 was less potent than compound 10. However, it was speculated
that the elaborated ester side chain of compound 10 was required for interacting with the target.
Co-crystallization studies of compound 10 with the large ribosomal subunit from H. marismortui,
a member of the Halobacteriaceae family, have shown that protein translation is halted by preventing
the initial elongation step of protein synthesis via interaction with the ribosomal A-site [42]. While
both core and side chain contribute to the interactions, an important interaction of the side chain is
its hydrophobic interaction with the base of U2506, which appears to lock the drug in its binding
site in this model. The amine, which is protonated under physiological conditions forms a hydrogen
bond with the carbonyl of C2452 [42]. This interaction should be feasible for compound 9. However,
a synthesized BODIPY-cephalotaxine probe 9a demonstrates that while cephalotaxine (compound 9)
localized to the ER to inhibit protein synthesis, the probe 9a also co-localized with the lysosome. Thus,
this provides a potential mechanism for rapid removal of compound 9 via lysosome, which would
render it less effective at inducing cell death.

4. Materials and Methods

4.1. Cell Culture

All human cell lines were incubated at 37 ◦C in a 5% CO2 atmosphere and maintained under
sterile conditions [43]. Cells were tested for Mycoplasma (Lonza, Alpharetta, GA, USA) using the
manufacturer’s conditions prior to experiments. Cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) or Leibniz-Institute Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSMZ, Braunschweig, Germany) and cultured without antibiotics unless
stated. Leukemia cells were cultured in RPMI and supplemented with 10% fetal bovine serum (FBS,
Hyclone, Logan, UT, USA). SUP-B15, and KOPN-8 lines were cultured in RPMI supplemented with
10% FBS (Hyclone), 1% GlutaMAX™, 1% Pen/Step, and 0.1% β-mercaptoethanol. BJ cells were cultured
in EMEM media supplemented with 10% FBS (Hyclone). Breast cancer cells (MDA-MB-231 & SUM149)
were cultured in DMEM and Ham’s F12 respectively, supplemented with 10% FBS, 1% GlutaMAX™,
1% Pen/Step, and 2 μM cortisol/1 μg/mL insulin for SUM149. Both cells were grown to 80% confluence
densities as recommended by ATCC. PBMCs were supplemented with concanavalin-A (5 μg/mL) and
IL-2 (50 U/ml). To test general cytotoxicity, the following cell numbers were used for 384 well plates:
KOPN-8 (ACC 552, infant human B cell precursor acute lymphoblastic leukemia with MLL-MLLt1/ENL
fusion, 1000 cells/well), SUP-B15 (ACC389, human B cell precursor acute lymphoblastic leukemia of
pediatric second relapse carrying the ALL-variant (m-bcr) of BCR-ABL1 fusion gene (e1-a2), 1600
cells/well), NALM-06 (DSMZ ACC128, non-T/non-B ALL at relapse with P15INK4B and P16INK4A
deletions, 1200 cells/well), UoC-B1 (pediatric BCP-ALL at second relapse with TCF3/E2A-HFL fusion,
1000 cells/well), BJ (CRL-2522, normal human foreskin fibroblast cells, 400 cells/well) and PBMCs
(periphery blood monocyte cells from healthy donors, IBC#BDC046, 10,000 cells/well).
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4.2. Natural Product Compound Library

A 5000-fraction library was assembled from 48,000 natural product fractions and 2000 pure natural
products in the collection of St. Jude Children’s Research Hospital which includes bioactive natural
products purchased from Sigma-Aldrich (St. Louis, MO, USA), ChromaDex (Longmont, CO, USA),
Med Chem Express (Monmouth Junction, NJ, USA), and ChemBridge (San Diego, CA, USA). All
fractions were dissolved in DMSO at 2 mM based on mass spectrometry, arrayed in 384 polypropylene
plates and stored at −20 ◦C.

4.3. CellTiter-Glo Viability Assay (CTG)

Cytotoxicity evaluation was performed using the CellTiter-Glo Luminescent Cell Viability Assay
kit (G7570, Promega, Madison, WI, USA), according to the manufacturer’s instructions. Briefly, the
cell concentrations used were experimentally determined to ensure logarithmic growth during the
72-h duration of the experiment, and avoid adverse effects on cell growth by DMSO exposure. 1 ×
103–4.8 × 103 or 4 × 102–1.2 × 103 cells/well were seeded in 96 or 384-well white flat-bottomed plates
(3610 or 8804BC, Corning, Corning, NY, USA) in 100 μL or 30 μL/well, respectively. The plates were
incubated at 37 ◦C in 5% CO2 for 24 h before drugging. Test compounds (10 mM in DMSO) in nine
3-fold serial dilutions were dispensed via pintool (Biomek liquid handler, Beckman, Indianapolis,
USA) to assay plates. The final concentration of DMSO was 0.3% (v/v) in each well. The positive
controls included staurosporine (10 μM), and gambogic acid (10 μM). The plates were incubated for
72 h at 37 ◦C in 5% CO2, then quenched with CellTiter-Glo® (Promega, Madison, WI, USA, 50 μL/96
or 30 μL/384), centrifuged at 1000 rpm for 1 min and incubated at RT for 20 min. Luminescence was
recorded with a plate reader (Envision, Perkin Elmer, Waltham, MA, USA). The mean luminescence of
each experimental treatment group was normalized as a percentage of the mean intensity of untreated
controls. EC50 values were calculated by Pipeline Pilot software (Accelrys, Enterprise Platform, San
Diego, CA, USA).

4.4. Annexin V-FITC Apoptosis and Cell Cycle

The samples were probed with AnnexinV-FITC (Roche/Boehringer Mannheim, Indianapolis,
IN, USA) according to the manufacturer’s instructions. KOPN-8 or SUB-P15 cells were plated
(1.00 × 106 cells/plate) and incubated for 12 h and incubated at 37 ◦C. Then, cells were treated with
compounds or controls for 24 h. Cells were stained with AnnexinV-FITC, PI and the staining profiles
were determined with FACScan and Cell-Quest software. For cellular DNA content, the same cell
treatment as above was performed. Then, cells were fixed in cold 75% ethanol, treated with RNase and
then stained with PI solution (50 μg/mL). Cell cycle distribution was analyzed with the FACSCalibur
analyzer (BD Biosciences, Franklin Lakes, NJ, USA) and Cell-Quest software. The percentage of DNA
content at different phases of the cell cycle was analyzed with ModFit-software (version 5.0, Verity
Software House, Topsham, ME, USA).

4.5. ApoTox-GloTM Triplex Assay

Cells (9.5 × 104 cells/well in 75 μL) were dispensed in 96-well black flat bottom (8807BC, Corning)
plates. The cells were incubated for 12 h at 37 ◦C and treated with compounds (25 μL) for 36 h.
DMSO was used as a negative control and camptothecan was used as the positive control. Then, the
experiment was stopped by adding the Viability/Cytotoxicity Reagent, and briefly mixed by orbital
shaking (300–500 rpm for ~30 s). Plates were incubated for 30 min at 37 ◦C and fluorescence was
measured at the wavelength 400Ex/505Em for viability and 485Ex/520Em for cytotoxicity in an Envision
plate reader (Perkin Elmer). Finally, the Caspase-Glo®3/7 Reagent was added, and the plates were
mixed by orbital shaking (300–500 rpm for ~30 s), followed by an additional 30 min incubation at
RT. Luminescence was recorded with a plate reader (Envision, Perkin Elmer) to capture caspase 3/7
activation and determine apoptosis induction.
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4.6. Protein Synthesis in Cell-Click Assay

Biovision’s EZClick™ protein synthesis monitoring assay kit (EZClick™ Global Protein Synthesis
Assay Kit, Catalog # K715-100, Milpitas, CA, USA) was used according to manufacturer’s protocol.
The assay was conducted in 8-well chambered coverslips (ibidi GmbH μ-slide # 80826, Martinsried,
Germany). Cells were plated at 2 × 104 per well and incubated at 37 ◦C for 12 h. Then, the cells were
treated with compounds for 1.5 h and processed and stained according to protocol (representative
images shown in Figure 4). Protein synthesis activity is shown in red, DNA staining is shown in
green. Cycloheximide (CHX) was used as a positive control and DMSO as the negative control. Images
shown were taken with a Marianas CSU-X spinning disk confocal imaging system (3i, Denver, CO,
USA) configured with a Zeiss Axio Observer microscope (Carl Zeiss Inc., Thornwood, NY, USA) with
diode lasers, at 63×magnification and resolution of 512 × 512 pixels (3i). For each field of view, an
image stack consisting of 20 optical sections were taken at 63×magnification. The total intensity of
red and green staining was quantified for the entire image stack. Six fields of view were analyzed per
condition. Images shown represent a single optical section for each field of view. For each stack, the
red intensity (protein synthesis) was adjusted to the green intensity (DNA content) in each image. The
numbers from six images were used to calculate the average and standard deviation for each condition.
Numbers were normalized to the negative control value arbitrarily set to one. The Slide viewer 6
software package was used for rendering and analysis of the images.

4.7. Probe 9a Evaluation

Co-localization studies were conducted in 8-well chambered coverslips (ibidi GmbH μ-slide #
80826) for MDA-MB-231. Coverslips were first coated with 0.1% Gelatin for 30 min for better cell
adherence. Cells were then plated in phenol red free medium at a density of 4 × 104 cells per well
and incubated at 37 ◦C overnight. Then the cells were treated with 1–10 μM of 9a probe and/or
organelle tracker for 1 h at the following final concentrations: 1 μM ER-Tracker™ Blue-White DPX
(E12353, Invitrogen); 100 nM LysoTracker™ Red (L7528, Invitrogen, Carlsbad, CA, USA); 250 nM
MitoTracker™ Deep Red FM (M22426, Invitrogen), Invitrogen). Thirty minutes after addition of the
probe and tracking dyes, nuclear stain Hoechst33342 (H3570, Invitrogen) was added to samples not
stained with ER-Tracker Blue/White at a final concentration of 500 nM. After incubation for a total
of 1 h, cells were washed twice with fresh medium, followed by live imaging on a Marianas CSU-X
spinning disk confocal imaging system configured with a Zeiss Axio Observer microscope with diode
lasers, at 63×magnification and resolution of 512 × 512 pixels (3i).

4.8. Statistical Analysis

Statistical analysis of data was performed using GraphPad Prism (Version 7.0 San Diego, CA,
USA) and Microsoft Excel software (Office 2010, Microsoft Corp., Redmond, WA, USA). The statistical
methods used were repeated-measures analysis of variance and Tukey’s test for paired data when
appropriate; a p value less than 0.025 was considered statistically significant and no statistical significant
was depicted by ns. Standard error bars represented the standard deviation of the mean (± SD).

5. Conclusions

In summary our study demonstrates that natural products continue to provide potential hits
against aggressive high risk ALL. A screen of a focused natural product fractions library identified
several active alkaloids and steroidal compounds against high-risk ALL cellular models. The alkaloids
8, 9, and 10 (chelerythrine, cephalotaxine, homoharringtonine) and steroidal compounds 12 and
13 (ecdysone, and muristerone A) were validated by viability and apoptotic assays as cytotoxic
and cytostatic agents, respectively. Our studies indicate these natural products (compound 8–13)
have promising therapeutic index in normal cells (BJ and PBMCs), therefore further development is
warranted to improve their efficacy against these cancer subtype cell lines. Solid tumor cell models
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(breast cancer) were utilized for microscopy studies (not feasible in suspension cell lines) to better
understand the properties of compounds 9 and 10. Our study shows that both compounds 9 and 10

inhibit protein synthesis, but compound 10 is more efficacious at inducing cell death. By synthesizing
a tool compound, probe 9a, we demonstrate for the first time that compound 9 is rapidly removed via
lysosome activity, limiting its cytotoxic effects in the cell. Thus, providing insight into the mechanism
of these alkaloid compounds, and highlighting potential sites for future derivatization to improve the
activity/subcellular stability of this family of natural products against high risk ALL models.
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Abstract: Bovine lactoferrin hydrolysate (BLH) was prepared with pepsin, fortified with Cu2+ (Mn2+)
0.64 and 1.28 (0.28 and 0.56) mg/g protein, and then assessed for their activity against human gastric
cancer BGC-823 cells. BLH and the four fortified BLH products dose- and time-dependently had
growth inhibition on the cells in both short- and long-time experiments. These samples at dose
level of 25 mg/mL could stop cell-cycle progression at the G0/G1-phase, damage mitochondrial
membrane, and induce cell apoptosis. In total, the fortified BLH products had higher activities in the
cells than BLH alone. Moreover, higher Cu/Mn fortification level brought higher effects, and Mn was
more effective than Cu to increase these effects. In the treated cells, the apoptosis-related proteins
such as Bad, Bax, p53, cytochrome c, caspase-3, and caspase-9 were up-regulated, while Bcl-2 was
down-regulated. Caspase-3 activation was also evidenced using a caspase-3 inhibitor, z-VAD-fmk.
Thus, Cu- and especially Mn-fortification of BLH brought health benefits such as increased anti-cancer
activity in the BGC-823 cells via activating the apoptosis-related proteins to induce cell apoptosis.

Keywords: lactoferrin hydrolysate; copper; manganese; gastric cancer cells; anti-cancer activity;
molecular mechanism

1. Introduction

Dietary proteins provide both essential amino acids and energy for the body, and also have several
health benefits by the release of so-called bioactive peptides [1], because these peptides have various
physiological functions such as anti-cancer, anti-hypertensive, anti-oxidant, mineral-binding, and other
effects [2,3]. The solid fraction from yogurt exerts growth inhibition on initial tumor cells, while the
peptide fraction from algae protein has anti-cancer activity against the gastric cancer AGS cells through
arresting the cells in the post-G1-phase [4,5]. An important Fe-binding protein lactoferrin (LF) and its
derivatives have also been assessed for their bio-activities. LF and a LF derivative lactoferricin B have
anti-cancer activities in the gastric cancer SGC-7901, AGS cells and oral squamous cell carcinoma [6–8].
Lactoferricin B is also well-known for its anti-bacterial effect against a wide variety of Gram-positive
and Gram-negative bacteria [9,10]. From a chemical point of view, proteins have various functional
groups such as −OH, −SH, −NH, etc., and thus can interact with some macro-elements and trace
elements, resulting in changed nutritive values and bio-activities. For LF, Cu supplementation increases
immuno-modulation in both murine splenocytes and RAW264.7 macrophages, while Fe addition can
enhance growth inhibition and apoptosis induction in the HepG2 cells infected with HBV [11,12].
LF in the stomach is digested by a proteolytic enzyme pepsin; after that, the yielded LF hydrolysate

Molecules 2019, 24, 1195; doi:10.3390/molecules24071195 www.mdpi.com/journal/molecules203



Molecules 2019, 24, 1195

might also have opportunity to interact with other dietary components including those multivalent
trace metal ions. To the best of our knowledge, very few data are available on the effect of interaction
between LF hydrolysate and trace metals on anti-cancer activity of LF hydrolysate in some cancer cells,
and such study clearly deserves consideration in the scientific community.

Both Cu and Mn are commonly regarded as essential elements to the body. Cu plays crucial
roles in the functions of proteins and many enzymes involved in energy metabolism, DNA synthesis,
and respiration [13]. For example, Cu is a critical cofactor of the well-known superoxide dismutase
and cytochrome oxidase [14]. Mn is also necessary for a series of physiological processes such as
the metabolism of carbohydrates, lipids, and amino acids, and has important role as the cofactor of
several enzymes in metabolism in the brain [15]. Both Cu2+ and Mn2+ can complex with some organic
materials, which have been studied for their anti-cancer, immune, and anti-oxidant effects [16,17]. Two
Cu complexes can inhibi tumor cell growth, while the Mn complex of N-substituted di(picolyl)amine
can inhibit the growth of both U251 and HeLa cells via interfering with mitochondrial functions [18,19].
When LF hydrolysate in the stomach interacts with Cu2+ or Mn2+, potential changes in its activity
against gastric cancer BGC-823 cells are promising. However, to the best of our knowledge, these
changes are still not assessed.

In our previous study [20], we used the well-differentiated gastric cancer AGS cells as model
cells to evaluate the effects of Cu2+ and Mn2+ fortification on anti-cancer activity of a peptic bovine
lactoferrin hydrolysate (namely BLH). Both Cu- and Mn-fortification were evident to increase BLH’s
anti-cancer activity against the AGS cells, through two events: enhanced apoptosis induction and
autophagy inhibition. However, it is regarded that higher degree of cancer cell differentiation generally
accompanies lower degree of malignancy. The low-differentiated gastric cancer cells thus deserve
another investigation. In the present study, the low-differentiated gastric cancer BGC-823 cells were
used as model cells. BLH was also fortified with CuCl2 and MnSO4 of two levels, and then they were
assessed and compared for their anti-cancer activity changes using growth inhibition, cell-cycle arrest,
mitochondrial membrane disruption, and apoptosis induction as evaluation indices. Furthermore,
expression changes of several apoptosis-related proteins were assayed to disclose possible molecular
mechanism responsible for the anti-cancer activity changes of the Cu/Mn-fortified BLH.

2. Results

2.1. Chemical Features of LF, BLH, and Mixtures I–IV

In this study, the used bovine LF and BLH had protein contents of about 957.3 and 923.4 g/kg,
and Fe contents of about 140.6 and 130.3 mg/kg (Table 1), respectively. Compared with bovine LF, BLH
had higher −NH2 content (0.93 versus 0.49 mmol/g protein), due to the conducted peptic digestion.
BLH was also measured with a DH value of 5.1 ± 0.1%. Due to Cu/Mn fortification, the prepared
BLF-Cu mixtures (i.e., Mixtures I−II) or BLF-Mn mixtures (i.e., Mixtures III–IV) in this study contained
more Cu or Mn than BLH. Thus, activity changes of these mixtures in the assessed BGC-823 cells
mainly arose from the fortified Cu or Mn ions.

Table 1. Chemical features of the bovine LF and prepared BLH (dry basis).

Samples Protein (g/kg)
−NH2 (mmol/g

Protein)
Degree of

Hydrolysis (%)
Fe (mg/kg)

LF 957.3 ± 3.1 0.49 ± 0.01 0 140.6 ± 2.8

BLH 923.4 ± 2.7 0.93 ± 0.03 5.1 ± 0.1 130.3 ± 3.3

2.2. Growth Inhibition of BLH and Mixtures I–IV on the BGC-823 Cells

In this study, 5-FU as positive control could obviously inhibit the growth of BGC-823 cells:
at 200 μmol/L, it resulted in growth inhibition values of 43.5 (24 h) and 58.7% (48 h) (Figure 1). BLH
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and its mixtures also exerted growth inhibition on the cells (Figure 1). BLH time- and dose-dependently
showed growth inhibition values of 5.3–44.7%. Mixtures I–IV also time- and dose-dependently
inhibited cell growth, and were more effective than BLH, bringing increased growth inhibition values
ranging from 6.3% to 84.5%. Mixtures III–IV showed higher inhibition on the cells than Mixtures I−II
(growth inhibition values 11.3–84.5% versus 6.3–62.3%). It was also seen that Mixture I (or Mixture
III) had weaker growth inhibition than Mixture II (or Mixture IV), based on these measured growth
inhibition values. These results indicated that it was the fortified Cu and especially Mn conferred
BLH with higher growth inhibition on the cells, while higher Cu/Mn fortification levels led to higher
inhibitory effect. All assessed samples at dose levels other than 25 mg/mL gave too weak or too strong
growth inhibition on the cells; thus, they were only used at 25 mg/mL with treatment time of 24 h in
later assays.

Figure 1. Growth inhibition of BLH and Mixtures I–IV at five dose levels on the BGC-823 cells with
treatment times of 24 and 48 h. Mixtures I−II represent bovine lactoferrin hydrolysate (BLH) fortified
with Cu2+ at 0.64 and 1.28 mg/g protein, while Mixtures III–IV represent BLH fortified with Mn2+ at
0.28 and 0.56 mg/g protein, respectively. (A–E) The mixtures were used at concentrations of 10, 15,
20, 25, and 30 mg/mL, respectively. Different letters like a, b, c, and d above the columns in the same
culture time show that the means of different groups were significantly different (p < 0.05) by one-way
analysis of variance.

205



Molecules 2019, 24, 1195

When BLH and Mixtures I–IV were used at dose level of 25 mg/mL to assay their long-term
growth inhibition on the cells (10 and 20 days), the results showed that Mixtures I–IV also had higher
anti-proliferative effects on the cells than BLH (Figure 2). Based on the observed sizes and numbers of
cell colonies, it was evident that Mixtures III–IV possessed higher activity than Mixtures I−II, while
Mixture IV (or Mixture II) had higher effect than Mixture III (or Mixture I). That is, Mn was more
effective than Cu to enhance long-term growth inhibition of BLH, and higher Cu/Mn fortification
levels also resulted in higher long-term anti-proliferation.

  
Figure 2. Long-term anti-proliferation of BLH and Mixtures I–IV on the BGC-823 cells with culture
times of: 10 days (A); and 20 days (B).

2.3. Effects of BLH and Mixtures I–IV on Cell-Cycle Progression of the BGC-823 Cells

To further investigate whether BLH and Mixtures I–IV might cause cell growth inhibition via
disturbing cell-cycle progression, flow cytometry analysis was done to detect cell-cycle distribution.
Mixtures I–IV with treatment time of 24 h resulted in higher cell proportions at the G0/G1-phase
than BLH did (63.1−69.3% versus 61.2%) (Figure 3). Of note, the cells treated by Mixtures I−II or
Mixtures III–IV had different G0/G1-phase proportions (63.1−65.6% versus 67.5−69.3%). Mixtures
I–IV were thus more efficient than BLH to arrest cell-cycle progression at the G0/G1-phase. Overall,
Mn fortification led to greater cell-cycle arrest than Cu fortification, and higher Cu/Mn fortification
level caused greater cell-cycle arrest at the G0/G1-phase. It is thus concluded that Cu and especially
Mn endowed BLH with higher ability to stop cell-cycle progression at the G0/G1-phase, and thereby
caused cell growth inhibition.

 
Figure 3. Cell-cycle distribution of the BGC-823 cells: without any treatment (A); or treated with BLH
(B) and Mixtures I–IV (C–F) at dose level of 25 mg/mL.
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2.4. Apoptosis Induction of BLH and Mixtures I–IV to the BGC-823 Cells

The classic Hoechst 33258 staining was used to observe the morphologic features of the BGC-823
cells exposed to BLH and Mixtures I–IV with treatment time of 24 h (Figure 4), to further disclose briefly
if these samples had potential apoptosis induction to the cells. The control cells without any sample
treatment had many cells in the observation vision; moreover, most of the control cells were observed
to be dimly blue but only a few cells were apoptotic cells (Figure 4A). The cells exposed to BLH and
especially Mixtures I–IV had decreased cell numbers in the observation vision, and increased numbers
of apoptotic cells (brilliant blue together with chromatin condensation and nuclear fragmentation)
were also observed (Figure 4B–F). These results suggest that BLH and Mixtures I–IV could cause
cell apoptosis.

 

Figure 4. Observed morphology of the BGC-823 cells: without any treatment (A); or treated with
BLH (B) and Mixtures I–IV (C–F) at dose level of 25 mg/mL by a fluorescence microscope at
200× magnification.

Apoptosis induction of BLH and Mixtures I–IV in the BGC-823 cells was then assayed by the
classic flow cytometry technique, based on measured total apoptotic cell proportions (i.e., Q2 + Q4).
The results (Figure 5) show that these samples all had apoptosis induction in the treated cells. The
control cells had total apoptotic proportion of 4.3%. The cells exposed to Mixtures I–IV showed higher
total apoptotic proportions (28.6%, 33.2%, 40.7%, and 42.7%, respectively) than those exposed to BLH
alone (25.3%). Mixture IV (or Mixture II) more obviously caused cell apoptosis than Mixture III (or
Mixture I). It was thus proposed that Mn fortification was more effective than Cu fortification to
endow BLH with higher apoptosis induction, and higher Cu/Mn fortification level also brought higher
activity. For these assessed samples, the order of apoptosis induction was completely consistent with
the order of cell-cycle arrest (Figure 5), suggesting that both apoptosis induction and cell-cycle arrest
contributed to the assayed growth inhibition.

 

Figure 5. Cell proportions of the BGC-823 cells: without any treatment (A); or treated with BLH (B)
and Mixtures I–IV (C–F) at dose level of 25 mg/mL. Q1−Q4 represent necrotic, late apoptotic, intact,
and early apoptotic cells, respectively.
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2.5. Mitochondrial Membrane Disruption of the BGC-823 Cells by BLH and Mixtures I–IV

Mitochondrial membrane potential (MMP) of the BGC-823 cells exposed to BLH and Mixtures
I–IV were analyzed using flow cytometry and JC-1 dye staining, to further verify whether the treated
cells had mitochondrial dysfunction. The cells treated by BLH had decreased MMP (cell proportion
of red fluorescence 84.6%, Figure 6B), compared with the control cells without sample treatment
(95.5%, Figure 6A). Moreover, the cells treated with Mixtures III–IV had lower cell proportions of red
fluorescence (68.7% and 62.8%, Figure 6E,F) than those treated with Mixtures I−II (red fluorescence of
78.8% and 71.6%, Figure 6C,D). Mixtures I–II and especially Mixtures III–IV thereby brought greater
MMP loss in the treated cells. It was thus demonstrated that these samples caused mitochondrial
membrane disruption, and then led to the release of cytochrome c to trigger cell apoptosis. It was also
seen from these measured data that Mn fortification was more efficient than Cu fortification to induce
MMP loss, and higher Cu/Mn fortification levels brought increased MMP loss.

 
Figure 6. MMP loss of the BGC-823 cells: without any treatment (A); or treated with BLH (B) and
Mixtures I–IV (C–F) at dose level of 25 mg/mL.

2.6. Expression Changes of Apoptosis-related Proteins in the BGC-823 Cells

Serial Western-blot assays were done to evaluate expression levels of seven proteins in the treated
cells that have been classified as apoptosis-related proteins. In total, BLH and Mixtures I–IV in the cells
could up-regulate Bax, Bad, p53, and cytochrome c expression and down-regulate Bcl-2 expression,
together with caspase-3 and caspase-9 activation; however, these samples did not cause clear change in
caspase-8 expression (Figure 7A). Mn fortification was more efficient than Cu fortification to regulate
the expression of these proteins. Mixtures I–IV thus had enhanced anti-cancer activities against the
BGC-823 cells than BLH alone, mainly via mediating the expression of these apoptosis-related proteins.
Using the caspase-3 inhibitor z-VAD-fmk in the cells could provide further evidence (Figure 7B). When
the cells were treated by the z-VAD-fmk, Mixture II and especially Mixture IV showed the ability
to increase the expression of Bad (relative expression folds 1.29 and 1.30 vs. 1.15) and Bax (relative
expression folds 1.23 and 1.96 vs. 1.18). These results suggest that both Mixture II and Mixture IV
indeed were able to induce caspase-3 activation or cell apoptosis. BLH and Mixtures I–IV were thus
suggested to induce cell apoptosis via the caspase-3-dependent pathway (Figure 8).
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Figure 7. Expression changes of the apoptosis-related proteins in the BGC-823 cells treated with BLH
and the Mixtures I–IV (A), respectively or treated with Mixture II or Mixture IV in the absence or
presence of a caspase-3 inhibitor z-VAD-fmk (B).

 

Figure 8. Proposed mechanism responsible for apoptosis induction of BLH and its Cu/Mn mixtures.

3. Discussion

Food hydrolysates possess in vitro anti-cancer activities to many cancer cells such as PC-3, DU-145,
H-1299, and Hela cells [21–23]. Bovine LF as one of the most important bioactive proteins in milk
has anti-cancer activity to cancer cells, but is regarded to be harmless to normal cells [24–26]. It has
been demonstrated that bovine BLH has growth inhibition in gastric cancer and oral squamous cell
carcinoma [7,8], can inhibit metastasis of liver and lung cancer cells in the mice [27], and displays
anti-cancer effects in colon cancer cells [28]. In this study, BLH and the Cu/Mn-fortified Mixtures
I–IV all had anti-cancer activities against the BGC-823 cells with clear growth inhibition, cell-cycle
block, and apoptosis induction. The present results are thus consistent with the reported ones. When
BLH was fortified with Cu or Mn ions, the resultant mixtures had enhanced anti-cancer effects in the
cells. Similarly, the Fe-fortified bovine LF has enhanced growth inhibition on the HepG2 cells infected
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with HBV [12]. Two previous studies also verify that catechin, epicatechin, epigallocatechin, and
particularly epigallacatechin-3-gallate in the presence of Cu can induce apoptosis of a breast cancer
cell line MDA-MB-231 [29,30]. It is reasonable that the fortified Cu/Mn contributed these enhanced
effects. Mn was always more efficient than Cu to increase these measured effects, which is important
but was unsolved in the present study.

In general, protein hydrolysates exert anti-cancer effects via different pathways including
anti-proliferation, cell-cycle arrest, apoptosis induction, and others. Rapid growth of cancer cells
is achieved by cell continuous division, while cell-cycle is a programmed process of cell division. Thus,
stopping cell-cycle progression at a certain cell phase is an important way to inhibit the growth of cancer
cells [31]. The hydrolysates derived from donkey milk thus can arrest cell-cycle progression of human
lung cancer A549 cells at the G0/G1-phase, while those from roe also can arrest cell-cycle of human
oral cancer cells Ca9-22 and CAL27 at the sub-G1-phase [32,33]. Meanwhile, cell apoptosis is a critical
mechanism of programmed cell death and, therefore, the induced cell apoptosis is a promising strategy
for cancer treatment [34]. Protein hydrolysates derived from giant grouper (Epinephelus Lanceolatus) can
induce apoptosis of human oral cancer cells, while those from tuna cooking juice induce apoptosis in
human breast cancer MCF-7 cells [33,35]. These mentioned findings all support that BLH and Mixtures
I–IV had cell-cycle arrest and apoptosis induction, and thereby led to growth inhibition in the cells.

In this study, the treated cells had changed morphologic features and especially MMP loss.
This fact suggests potential disruption of mitochondrial membrane and subsequently release of
cytochrome c. BLH and Mixtures I–IV thus could induce the apoptosis of the BGC-823 cells via the
classic caspase-3-dependent pathway (or mitochondrial pathway). Cytochrome c released (a positive
event of cell apoptosis) from the mitochondria into the cytosol activates Apaf-1 and caspase-9, leading
to caspase-3 activation and thereby cell apoptosis [36]. Apoptosis of cancer cells requires effective
activation of a tumor suppressor p53 [37]. P53 is able to up-regulate pro-apoptotic proteins Bax and
Bad, resulting in the increased permeability of mitochondrial membrane, cytochrome c release, and the
activation of apoptogenic factors apaf-1. However, another anti-apoptotic protein Bcl-2 has a function
to reduce cytochrome c release, which can be suppressed by p53 [38]. The peptides from rapeseed
can up-regulate p53 and Bax but down-regulate Bcl-2 expression in HepG2 cells, while rice protein
hydrolysates can induce H9c2 myocardiocytes apoptosis through the Bcl-2/Bax pathway [39,40]. More
importantly, a previous study demonstrating a short-term cooperation of 3,4-dihydroxy-trans-stilbene
and exogenous Cu also showed preferential apoptosis induction of HepG2 cells via mitochondria
apoptosis pathway [41]. In this study, these assessed samples up-regulated the pro-apoptotic proteins
Bad, Bax, and p53 but down-regulated the anti-apoptotic protein Bcl-2, and then increased cytochrome
c release in the cytosol, which subsequently triggered the activation of caspase-9 and caspase-3 as
well as cell apoptosis. However, caspase-8 expression, which represents the activation of the extrinsic
apoptosis pathway, had no significant change in the cells (Figures 6 and 7). This fact demonstrated
that BLH and its fortified mixtures only activated the intrinsic but not extrinsic apoptosis pathway
in the BGC-823 cells. Z-VAD-fmk as a classic caspase-3 inhibitor can suppress caspase-3 activation
and inhibit the thapsigargin-induced cell death in human breast cancer cells MDA-MB-468 [42]. In
this study, both Mixture II and Mixture IV decreased the suppression of z-VAD-fmk on caspase-3
activation via enhancing Bad and Bax expression (Figure 6), verifying that the disclosed apoptosis
mechanism indeed was a caspase-3-dependent pathway. Mixtures I−II and especially Mixtures III–IV
led to greater expression regulation on these apoptosis-related proteins than BLH did, and therefore
exerted higher anti-cancer activity in the cells. However, whether BLH and the fortified mixtures
could display anti-cancer effects via other pathways or mechanisms should be disclosed in the future.
Moreover, whether these samples might have anti-cancer effects on other cancer cells is still unsolved.
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4. Materials and Methods

4.1. Materials

Bovine LF was purchased from MILEI Gmbh (Leutkirch, Germany). The Dulbecco’s modified
Eagle’s medium (DMEM) and porcine gastric mucosa pepsin (CAS: 9001-75-6) were purchased from
Sigma-Aldrich Co. Ltd. (St. Louis, MO, USA), while the fetal bovine serum (FBS) was bought from
Wisent Inc. (Montreal, QC Canada). Dextran T-70, phosphate-buffered saline (PBS), and Hoechst 33258
dye were bought from Solarbio Science and Technology Co. Ltd. (Beijing, China). 5-Fluorouracil
(5-FU) was bought from Jinyao Pharmaceutical Co. Ltd. (Tianjin, China). Annexin V-FITC Apoptosis
Detection Kit, Cell Cycle Analysis Kit, BCA Protein Assay Kit, RIPA Lysis Buffer, Hoechst 33258 dye,
crystal violet dye, JC-1 dye, and phenylmethanesulfonyl fluoride (PMSF) were all purchased from
Beyotime Institute of Biotechnology (Shanghai, China). Cell Counting Kit-8 (CCK-8) was bought
from Dojindo Molecular Technologies, Inc. (Kyushu, Japan). Caspase-3 inhibitor z-VAD-fmk, primary
anti-bodies (β-actin, caspase-3, caspase-9, caspase-8, Bad, Bax, p53, cytochrome c, and Bcl-2), and
secondary anti-body were bought from Cell Signaling Technology, Inc. (Boston, MA, USA). Other
chemicals used in this study were analytical grade. Ultrapure water was generated from Milli-Q Plus
(Millipore Corporation, New York, NY, USA), and used in this study.

The BGC-823 cells were purchased from Cell Bank of the Chinese Academy of Sciences (Shanghai,
China), and cultured at 37 ◦C in the DMEM with 10% FBS, 100 units/mL penicillin, and 100 μg/mL
streptomycin, using a humidified incubator with 5% CO2.

4.2. Sample Preparation

BLH was prepared as previously described [43]. In brief, 5.0 g bovine LF was dissolved in 100 mL
water, adjusted to pH 2.5 using 1 mol/L HCl, added with pepsin of 750 units/g protein, kept at 37 ◦C
for 4 h, heated at 80 ◦C for 15 min to inactive pepsin, cooled to 20 ◦C, neutralized to 7.0 using 1 mol/L
NaHCO3, and centrifuged at 12,000× g for 30 min at 4 ◦C. The collected supernatant (i.e., BLH) was
freeze-dried with a freeze-dryer (ALPHA 1-4 LSCplus, Marin Christ, Osterode, Germany), ground into
powder, and then stored at −20 ◦C until use.

BLH was dissolved in water, and added with CuCl2 (or MnSO4) solution to achieve final Cu
(or Mn) levels of 0.64 and 1.28 (or 0.28 and 0.56) mg/g protein. Mixture I and Mixture II were
designated as the Cu-fortified BLH with 0.64 and 1.28 Cu mg/g protein, while Mixture III and Mixture
IV were designated as the Mn-fortified BLH with 0.28 and 0.56 Mn mg/g protein, respectively.

4.3. Sample Analyses

The protein contents of the samples were assayed using the Kjidahl method and a conversion
factor of 6.38, while Fe content was detected using the o-phenanthroline method [44]. The content
of free amino groups (−NH2) was measured using the o-pthaldialdehyde method together with
standard L-leucine solutions of 0–36 mg/mL [45]. Degree of hydrolysis of BLH was calculated as
previously described [46]. A spectrophotometer (UV-2401PC, Shimadzu, Kyoto, Japan) was used in
these spectrometric analyses.

4.4. Assay of Cytotoxic Effect

The cells (2 × 104 cells per well) were seeded in 96-well plates in 100 μL medium, and incubated
for 24 h. The medium was replaced by 200 μL fresh medium containing BLH or Mixtures I–IV
at dose levels of 10−30 mg/mL, followed by an incubation of 24 and 48 h and medium removal.
CCK-8 solution of 100 μL (10 μL CCK-8 in 90 μL medium) was added into each well, followed by
another incubation of 1.5 h. Optical density values were measured at 450 nm with a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA), and used to calculate growth inhibition as previously
described [20]. The cells exposed to 200 μmol/L 5-FU were designed as positive control, while those
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exposed to the media with 5% FBS were designed as negative control without any growth inhibition
(i.e., 100% viability).

4.5. Colony Formation Assay

To evaluate long-term growth inhibition of these samples, the cells (1 × 103 cells per well) were
seeded in 6-well plates, and treated with the medium containing the assessed samples at dose level of
25 mg/mL for 24 h. Then, the medium with 5% FBS was replaced every 3 days. After an incubation of
10 or 20 days, the cells were fixed with methanol, stained with crystal violet dye, dried overnight, and
then photographed with an EOS 6D Canon digital camera (Canon Inc., Tokyo, Japan).

4.6. Assay of Cell-Cycle Progression

The cells (1 × 106 cells per dish) were seeded on 100-mm cell culture dish, incubated for 24 h with
10 mL medium, treated with 10 mL per dish fresh medium containing the assessed samples at dose
level of 25 mg/mL for 24 h, harvested, washed twice with the cold PBS (10 mmol/L, pH 7.3), fixed with
70% cold ethanol by shaking once every 15 min overnight at 4 ◦C, washed with the cold PBS again,
resuspended with binding buffer (500 μL), and stained with 10 μL RNase A and 25 μL propidium
iodide (PI) for 30 min at 37 ◦C in the dark. The cells treated with the medium were designated as
negative control. Cell proportions in the G0/G1-, S-, and G2/M-phases were measured using a flow
cytometer (FACS Calibur, Becton Dickson, San Jose, CA, USA), and analyzed with the ModFit software
(Verity Software House, Topsham, ME, USA).

4.7. Hoechst 33258 Staining

The cells (1 × 106 cells per well) were seeded in 6-well plates with 2 mL medium, incubated for 24
h, and treated with medium containing the assessed samples at dose level of 25 mg/mL for 24 h. After
removal of the medium, the cells were fixed by methanol for 5 min, washed twice with PBS, stained
with Hoechst 33258 dye for 5 min in the dark at 22 ◦C, and observed under a fluorescence microscope
(Type Eclipice-Ti-S, Nikon, Japan) with a magnification of 200×.

4.8. Assay of Mitochondrial Membrane Potential

Changes of mitochondrial membrane potential (MMP) of the treated cells were detected using
the flow cytometer and JC-1 dye. The cells (5 × 105 cells per well) were seeded in 6-well plates with
2 mL medium, cultured for 24 h, treated with the medium containing the samples at dose level of
25 mg/mL for 24 h, harvested, stained with JC-1 dye at 37 ◦C for 20 min, and then measured with the
flow cytometer (FACS Calibur, Becton Dickson).

4.9. Assay of Apoptosis Induction

The cells (2 × 104 cells per well) were seeded in 6-well plates with 2 mL medium, and incubated
for 24 h. After medium removal, the cells were treated with the medium containing the samples at
dose level of 25 mg/mL for 24 h. The cells treated with the medium consisting of 5% FBS served as
negative control. After that, an AnnexinV-FITC/PI Apoptosis Detection Kit was used according to kit
instruction. The cells were harvested, resuspended in 500 μL of the Annexin V-FITC binding buffer
consisting of 5 μL Annexin V-FITC and 10 μL PI at 20 ◦C for 30 min in the dark, and assayed by the
flow cytometry (FACS Calibur, Becton Dickson) to detect the intact (Q3), early apoptotic (Q4), late
apoptotic (Q2), and necrotic (Q1) cell proportions.

4.10. Western-Blot Assay

The cells (5 × 106 cells per dish) were seeded on 100-mm cell culture dishes with 10 mL medium,
incubated for 24 h, treated with the medium containing the samples at dose level of 25 mg/mL for
24 h, harvested by trypsin-EDTA, washed three times with the cold PBS, and lysed on ice for 30 min
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with 100 μL the RIPA Lysis Buffer supplemented with 1 mmol/L PMSF. The lysate was centrifuged
at 12,000× g at 4 ◦C for 5 min. The supernatant was collected as total cellular protein. Then, protein
content was measured using the BCA Protein Assay Kit. Protein (20 μg) of total protein extracts were
separated on a 10−15% SDS-PAGE gel and transferred to the PVDF membrane. The blots were blocked
with 5% BSA, probed with the primary anti-body (dilution 1:3000) in blocking buffer at 4 ◦C overnight.
The bands were incubated with the anti-rabbit secondary anti-body horseradish peroxidase conjugate.
The enhanced chemiluminescence was covered on the PVDF membrane, and the signal was detected
using a Chemi Scope 6300 (Clinx Science Instrument, Shanghai, China).

4.11. Statistical Analysis

All data from three independent experiments were analyzed by the SPSS 16.0 software (SPSS Inc.,
Chicago, IL, USA) and one-way analysis of variance (ANOVA) with Duncan’s multiple range tests,
and expressed as means or means ± standard deviations.

5. Conclusions

This study found that Cu2+ and especially Mn2+ fortification of a peptic bovine lactoferrin
hydrolysate BLH led to desired changes for its in vitro anti-cancer effects on human gastric cancer
BGC-823 cells. Compared with BLH itself, the Cu/Mn fortified BLH had increased growth inhibition,
arrested more cells in the G0/G1-phase, disrupted mitochondrial membrane greatly, and promoted
cell apoptosis. Furthermore, Cu/Mn fortification led to expression changes of seven apoptosis-related
proteins in the cells, and thereby triggered cell apoptosis via the mitochondrial pathway. Mn2+

was always more efficient than Cu2+ to increase these assayed activities, while higher metal level
consistently resulted in enhanced activities. Fortification of trace metal ions thus suggests endowing
BLH with increased anti-cancer action in the BGC-823 cells.
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Abstract: Background: The antitumor activity of CLE-10 (4-epi-isoinuviscolide), a sesquiterpene
lactone compound, isolated from Carpesium abrotanoides L. has rarely been reported. The aim of
this study is to investigate the antitumor activity of CLE-10 and give a greater explanation of its
underlying mechanisms. Methods: The cytotoxicity of CLE-10 was evaluated using MTT assay.
Autophagy was detected by the formation of mRFP-GFP-LC3 fluorescence puncta and observed
using transmission electron microscopy, while flow cytometry was employed to detect apoptosis.
The protein expressions were detected through Western blotting. Results: CLE-10 induced pro-death
autophagy and apoptosis in MDA-MB-231 cells by increasing the protein expression of LC3-II,
p-ULK1, Bax, and Bad, as well as downregulating p-PI3K, p-Akt, p-mTOR, p62, LC3-I, Bcl-2, and
Bcl-xl. CLE-10 that was pretreated with 3-methyladenine (3-MA) or chloroquine (CQ) weakened
the upregulation of the protein expression of p-ULK1, or the downregulation of p62, p-mTOR, and
decreased the level of cytotoxicity against MDA-MB-231 cells. Meanwhile, rapamycin enhanced
the effect of CLE-10 on the expression of autophagy-related protein and its cytotoxicity, with the
IC50 value of CLE-10 decreasing from 4.07 μM to 2.38 μM. Conclusion: CLE-10 induced pro-death
autophagy and apoptosis in MDA-MB-231 cells by upregulating the protein expressions of LC3-II,
p-ULK1, Bax, and Bad and downregulating p-PI3K, p-Akt, p-mTOR, p62, Bcl-2, and Bcl-xl.

Keywords: autophagy; apoptosis; PI3K/AKT/mTOR; CLE-10; LC3; MDA-MB-231

1. Introduction

Breast cancer is one of the most prevalent cancers diagnosed in women worldwide, causing more
than 500,000 deaths every year, especially in more developed regions [1]. Breast cancer treatment has
developed from single surgery to multidisciplinary treatment including radiotherapy, chemotherapy,
and endocrine therapy, significantly improving the prognosis of breast cancer [2]. However, the cancer
often metastasizes or recurs because of drug resistance and toxicity [3]. Therefore, it benefits public
health to explore novel anti-breast cancer agents.

Aiming at apoptosis and autophagy, two different types of programmed cell death (PCD)
with their own distinctive features are significant in cancer chemotherapy. Apoptosis, triggered
by extrinsically or mitochondria-mediated pathways, is a crucial cytotoxic mechanism of anticancer
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agents [4]. Moreover, Bcl-2 family proteins are involved in the mitochondria-mediated pathways.
Autophagy is a highly conserved cellular activity during which cytoplasmic components including
organelles or proteins are degraded and recycled [5]. The basal level of autophagy is usually appeared
under certain stimuli or stress, contributing to the maintenance of normal cellular homeostasis. In
that circumstance, autophagy acts to promote cell survival [6]. Recent researches have indicated that
multiple anticancer treatments lead to excessive activation of autophagy and further result in cancer
cell death [7]. In the process of autophagy, the soluble cytoplasmic form of LC3-I is transformed
into its membrane associated form LC3-II, involved in the formation of autophagosomes, and finally
degraded by autolysosomes [8]. Therefore, it is essential to calculate the amount of LC3-II degraded by
lysosomes by comparing LC3-II levels with or without lysosomal protease inhibitor. Sequestosome1
(p62/SQSTM 1), acting as a vital adaptor of target cargo in the process of autophagy, also interacts
with other proteins related to autophagy such as LC3 and beclin1 [9,10].

Accumulated evidence has revealed that the activation of the PI3K/Akt/mTOR signaling pathway
leads to the occurrence of malignant tumors, indicating that the targeted suppression of certain
components in this pathway might be a potential therapeutic strategy for cancer treatment [11,12].
Class1 I PI3K is a heterodimer of the p85 and p110 subunits with dual activities of lipid kinases
and protein kinases. Class I PI3 K activates the serine/threonine kinase Akt, and Akt directly
activates mTOR via mTORC1 at S2448 or indirectly through TSC2. The inactivation of TSC2 leads
to the phosphorylation of Akt, which promotes cell survival by upregulating mTORC1 activity
through cascaded signaling molecules to inhibit apoptosis and autophagy [13]. mTOR, acting as
an autophagy inhibitor, prevents ULk1 activation and disrupts the mutual effect between ULk1 and
AMPK. Conversely, ULK1 also suppresses mTOR by phosphorylation [14].

Natural products are the major resources for new cancer therapies. CLE-10, a sesquiterpene
lactone compound, was obtained from Carpesium abrotanoides L. (CAL), a traditional Chinese herb,
which has been employed to reduce fever or insect bites [15]. Moreover, a compound from the
composite plant possesses antifungal, antioxidant, and cytotoxicity properties [16,17]. Studies have
shown that CLE-10 isolated from Inula britannica or Carpesium faberi exhibits cytotoxic activity against
several human cancer cells, and the IC50 value of CLE-10 on another breast cancer cell, MCF-7, was
45.97 ± 1.21 μM [18,19]. Although there is a wide interest in and extensive use of this medicinal herb,
the underlying antitumor mechanism of CLE-10 is rarely reported. In this study, we found that CLE-10
inhibited the proliferation of breast cancer cells (MDA-MB-231) by inducing apoptosis and pro-death
autophagy through the PI3K/Akt/mTOR signaling pathway.

2. Results

2.1. MTT Assay

The structure of CLE-10 is presented in Figure 1 [20]. We investigated the cytotoxicity of CLE-10
on various cell lines. As described in Figure 2, MDA-MB-231 cells were the most sensitive to CLE-10
among the cell lines examined, with an IC50 value of 4.07 μM. In addition, CLE-10 showed lower
cytotoxicity on normal cells (Figure 2b).

 

Figure 1. The chemical structure of CLE-10.
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Figure 2. The cytotoxicity of CLE-10 on (a) MDA-MB-231, CaCo-2, A549, HepG-2, Caski, SH-SY5Y,
HGC-27, CNE-2, (b) GES-1, MDCK, and Marc-145 by MTT assay. The data were representative results
of three independent tests.

2.2. Inhibition of Autophagy Relieved CLE-10-Induced Cell Death

To corroborate the impact of autophagy on CLE-10-induced MDA-MB-231 cell death, CLE-10
was used, pretreated with an autophagy inhibitor (chloroquine (CQ), 3-methyladenine (3-MA)) and a
mTOR agonist (rapamycin). The concentration of inhibitors was at a safe level with no cytotoxicity
against MDA-MB-231 cells. Autophagy inhibitors 3-MA or CQ weakened the inhibition of CLE-10 on
the growth of MDA-MB-231 cells with the IC50 levels of 6.91 μM and 6.49 μM, respectively (Figure 3).
There was no distinct difference on the inhibitory effect between the CLE-10 + 3-MA group and the
CLE-10 + CQ group. Furthermore, rapamycin significantly enhanced the inhibitory effect of CLE-10,
especially at a low CLE-10 concentration with the IC50 of 2.38 μM, indicating that CLE-10 induced
autophagy, leading to breast cancer cell death rather than a protective mechanism.

Figure 3. The inhibitory effect of CLE-10 pretreated with or without autophagy inhibitors (5 mM
3-methyladenine (3-MA), 20 μM chloroquine (CQ)) or inducer (100 nM rapamycin) on the proliferation
and growth of MDA-MB-232 cells for 48 h. (* p < 0.05, ** p < 0.01, compared with the CLE-10 group).

2.3. CLE-10 Induced MDA-MB-231 Cell Apoptosis

The rates of apoptotis (accumulating both in Annexin V-Enzo Gold-positive/Necrosis
Detection Reagent-negative (early apoptosis) and Annexin V-Enzo Gold-positive/Necrosis Detection
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Reagent-positive (late apoptosis)) were 5.94%, 23.44%, and 50.98% (Figure 4a,b) after treating with
CLE-10 (0, 10, and 15 μM) for 24 h. These data indicated that CLE-10 exerted obvious apoptosis in
a dose-dependent manner. In addition, Western blot revealed that CLE-10 downregulated Bcl-2 and
Bcl-xl expressions and upregulated the expression of Bax and Bad (Figure 4b).

Figure 4. CLE-10 induced apoptosis in MDA-MB-231 cells. (a) Apoptosis induced by CLE-10 (0, 10,
15 μM) in MDA-MB-231 cells was detected by flow cytometry. (b) Representative Western blotting
bands of Bcl-2, Bcl-xl, Bax, and Bad in MDA-MB-231 cells. Next to the bands are protein expression
levels (* p < 0.05, ** p < 0.01, *** p < 0.001 compared with the 0 μM CLE-10 group).

2.4. CLE-10 Induced MDA-MB-231 Cell Autophagy

To confirm whether CLE-10 induced autophagy in MDA-MB-231 cells, TEM observation and the
formation of mRFP-GFP-LC3 puncta were employed. Transmission electron microscopy indicated
an enhanced presence of autophagosomes, autophagic vesicles, and autolysosomes in cells treated
with 15 μM CLE-10 for 24 h (Figure 5a). Condensed cytoplasm, membrane invagination, and the
disappearance of microvilli were observed at the same time. To further research the autophagy
flux induced by CLE-10, MDA-MB-231 cells were transfected with mRFP-GFP-LC3 adenovirus
before treatment with CLE-10. Autophagic flux was analyzed by the evaluation of mRFP-LC3 and
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GFP-LC3 puncta locations. GFP fluorescence (green dots), quenched easily in autolysosomes, is
visible only in autophagosomes. Meanwhile, mRFP (red dots) signals can be observed under the
environment of autophagosomes and autolysosomes. When the two colors merged together, yellow
dots representing autophagosomes and red dots representing autolysosomes can be observed. As
illustrated in Figure 5b,c, obvious enhancement in the amount of yellow puncta (autophagosomes)
and red-only puncta (autolysosomes) appeared and the number of red dots was greater than the
number of yellow dots, indicating that CLE-10 accelerated autophagic flux without suppressing the
function of lysosomes or the fusion of autophagosomes and lysosomes. Therefore CLE-10 served as an
autophagy inducer.

Figure 5. CLE-10-induced MDA-MB-231 cell death was mediated by autophagy. (a) Autophagy vesicles,
autophagosomes, and autophagy lysosomes were observed in MDA-MB-231 cells after treatment with
CLE-10. (b) MDA-MB-231 cells transfected with mRFP-GFP-LC3 adenovirus were detected with a
confocal fluorescence microscopy. (c) The number of autophagosomes (yellow dots) and autolysosomes
(red-only dots) in the control group and the CLE-10 group (** p < 0.01).

2.5. CLE-10 Inhibited the PI3K/Akt/mTOR Signaling Pathway in MDA-MB-231 Cells

The PI3K/Akt/mTOR signaling pathway is closely related to the enhancement of autophagy and
is always activated in cancers, including breast cancer [21]. Therefore, we investigated whether the
phosphorylation of PI3K, Akt, mTOR, and autophagy-related proteins (ULK1, p62, LC3) was involved
in autophagy induced by CLE-10 in MDA-MB-231 cells. As shown in Figure 6, CLE-10 treatment
for 12 h or 24 h in MDA-MB-231 cells downregulated PI3k, Akt, mTOR, and ULK1 phosphorylation
in a dose-dependent manner but did not exert a significant effect on the expression of these total
proteins. Meanwhile CLE-10 also reduced the protein expression of p62, LC3-I, and increased the
protein expression of LC3-II.
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Figure 6. Influence of CLE-10 on the expression of the PI3K/Akt/mTOR signal pathway and
autophagy-related proteins. (a) After 12 h of treatment with CLE-10, PI3K, Akt, mTOR, p-PI3K, p-Akt,
p-mTOR, ULK1, p-ULK1, p62, LC3-I, and LC3-II expressions in MDA-MB-231 cells were analyzed by
Western blot. (b) After 24 h of treatment of CLE-10, PI3K, Akt, mTOR, p-PI3K, p-Akt, p-mTOR, ULK1,
p-ULK1, p62, LC3-I, amd LC3-II expressions in MDA-MB-231 cells were detected by Western blot. Data
are expressed as the mean ± SD (n = 3). (* p < 0.05, ** p < 0.01, *** p < 0.001 compared with the 0 μM
CLE-10 group).

2.6. The Effect of CLE-10 Combined with 3-MA, CQ, or Rapamycin on the Protein Expression of mTOR, ULK1,
p62, and LC3

In addition, we detected autophagy-related proteins mTOR, p-mTOR, LC3, p-ULK1, ULK1, and
p62 expression with and without autophagy inhibitors CQ, 3-MA, and mTOR inhibitor rapamycin
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by Western blot. As shown in Figure 7, the CLE-10, rapamycin, and CLE-10 + rapamycin treatments
increased p-ULK1 and LC3-II expression as well as downregulated p62, p-mTOR, and LC3-I protein
expression, with no obvious influence on the protein expression of mTOR and ULK1 as compared
with the control group. The CLE-10 + 3-MA and CLE-10 + CQ treatments inhibited the upregulation of
p-ULK1 expression and the downregulation of p-mTOR and p62 protein expression compared with
the CLE-10 group. The CLE-10+3-MA treatment inhibited the protein expression of LC3-II while the
CLE-10 + CQ treatment increased the protein expression of LC3-II compared with the CLE-10 group.

Figure 7. Effect of CLE-10 on autophagy-related proteins LC3-I/II, p-ULK1, ULk1, p62, mTOR, and
p-mTOR were detected with and without autophagy inhibitor 3-MA, CQ, as well as the mTOR agonist
rapamycin by Western blot analysis. (a) CLE-10 was used in combination with CQ. (b) CLE-10 was
used in combination with 3-MA. (c) CLE-10 was used in combination with rapamycin. (* p < 0.05,
** p < 0.01, *** p < 0.001 compared with the control group or the CLE-10 group).
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3. Discussion

The antitumor activity of CLE-10, a sesquiterpene lactone compound isolated from Carpesium
abrotanoides L., has rarely been reported [19]. Therefore, we examined the cytotoxicity of CLE-10 and
its underlying mechanisms. In this study, we demonstrated that CLE-10 had effective cytotoxicity
against multiple human tumor cell lines tested, especially against MDA-MB-231 cells (IC50 = 4.07 μM).
Meanwhile, CLE-10 showed lower cytotoxicity on normal cells, suggesting the selectivity of CLE-10
against tumor cells. Our results showed that CLE-10 induced apoptosis in MDA-MB-231 cells as
evidenced by a growing number of apoptotic cells after flow cytometry (FCM) detection. This
conclusion was further supported by increased expressions of Bax and Bad as well as downregulated
Bcl-xl and Bcl-2 expressions. Bcl-2 family proteins are classified into three types. One type of protein
inhibits apoptosis, such as Bcl-xl and Bcl-2, whereas a second type (Bak, Bax) accelerates apoptosis and
another diverse type of BH3-only proteins (BIKn, Bad) can bind and control the anti-apoptotic Bcl-2
proteins to show the same function as the second type [22].

Meanwhile, CLE-10-induced MDA-MB-231 cell death and apoptosis was mediated by autophagy.
TEM observation revealed significant morphological changes that were characteristic of autophagy
such as membrane invagination and the existence of autophagic vacuoles and autolysosomes.
Autophagy is an essential intracellular degradation process, during which lysosomes degrade and
recycle cellular components, providing energy and new materials to maintain cellular environmental
homeostasis [23]. The whole process of autophagy is called autophagy flux. Emerging evidence
supports that impaired autophagic flux is related to a number of human diseases including
tumorigenesis, cardiovascular system disease, and neurodegenerative disease [24,25]. To further
evaluate the status of autophagy flux in MDA-MB-231 cells after CLE-10 treatment, a tandem
mRFP-GFP-LC3 adenovirus was applied. The increasing number of green GFP-LC3 dots and red
mRFP-LC3 puncta illustrated the existence of autophagy. Merged images indicated that CLE-10
increased autolysosomes more than autophagosomes, thus stimulating autophagic flux.

Generally, it is uncertain whether autophagy serves as a cell death or survival mechanism, or
a bystander in dying cells [26]. In order to study the roles of autophagy induced by CLE-10 in
MDA-MB-231 cells, CLE-10 was pretreated with an autophagy inhibitor (3-MA, CQ) or a mTOR
inhibitor rapamycin. Autophagy inhibitors 3-MA and CQ weakened the effect of CLE-10 on the
growth of MDA-MB-231 cells, while rapamycin enhanced the cytotoxicity of CLE-10, with the IC50

value decreasing from 4.07 μM to 2.38 μM. The results revealed that autophagy induced by CLE-10 in
MDA-MB-231 cells contributed to cell death rather than promoted cell survival.

Accumulated evidence indicated that apoptosis and autophagy could be induced via the
same upstream signals that affect the occurrence, proliferation, and treatment of cancer, such as
PI3K/Akt/mTOR, p53, and Bcl-2 signaling pathways [27,28]. PI3K/Akt/mTOR are significant
kinases activated by various stimuli. They regulate essential cellular functions including proliferation,
transcription, translation, growth, and survival. PI3K, Akt, mTOR, and autophagy-related protein
(ULK1, LC3, p62) expressions were analyzed in order to confirm whether this pathway was involved
in CLE-10-induced cell death. CLE-10 treatment for 12 h or 24 h in MDA-MB-231 cells downregulated
p-PI3K, p-Akt, p-mTOR, p62, and LC3-Iand increased the protein expression of p-ULK1 and LC3-II in
a dose-dependent manner, but did not exert a notable impact on the expression of these total proteins,
thus suggesting that CLE-10 inhibited the PI3K/Akt/mTOR signal pathway in MDA-MB-231 cells.

Moreover, mTOR, ULK1, LC3, and p62 are involved in the process of autophagosome formation
or degradation. The formation of the Atg1/ULK1/ATG13/FIP200 protein-kinase complex is essential
in the initiation of phagophore formation. Meanwhile, ULK1 is activated by decreased mTORC1
signaling or increased AMPK activity, leading to the phosphorylation of ATG13 and FIP200 [29]. There
are three types of LC3 present in the cell: pro-LC3, LC3-I, and LC3-II. LC3-I protein continues to exist
in the cytoplasm, while LC3-II integrates into both sides of the membrane, forming autophagosomes,
and LC3-II is degraded with the membrane by lysosomal enzymes [30]. The level of LC3-II is related
to the amount of autophagosomes in the cell; thus, LC3-II acts as a reliable marker of autophagy [31].
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p62, a traditional receptor of autophagy, is involved in ubiquitinated cargoes delivering autophagic
degradation [32]. Moreover, the decreasing expression of p62 activates autophagy and the deletion of
p62 leads to LC3-II formation, aggresome or autophagosome impairment, cell damage, and finally cell
death [33].

It is significant that the expression of mTOR, ULK1, LC3-II, and p62 in the autophagy process was
detected with or without 3-MA and CQ. When CLE-10 was used to treat MDA-MB-231 cells alone,
the increasing expression of LC3-II and p-ULK1 and the decreasing p62 expression were detected
compared to the 0 μm CLE-10 group, suggesting that CLE-10 induced autophagy. Meanwhile the
CLE-10 + 3-MA group weakened the upregulation of protein expression of ULK1 and LC3-II or the
downregulation of p62 compared to the CLE-10 group. The CLE-10 + CQ group increased the protein
expression of LC3-II compared to the CLE-10 group, indicating that CLE-10 increased the formation
of autophagosomes. In general, CLE-10 exhibited a similar effect on the autophagy-related proteins
as rapamycin and the influence of CLE-10 on the autophagy-related proteins could be weakened by
3-MA or CQ.

4. Material and Methods

4.1. Materials

CLE-10 was isolated from CAL, as mentioned in our previous article [20]. The purified CLE-10
(over 99% pure) was dissolved in dimethylsulfoxide (DMSO) as a 25 mM solution and stored at 4 ◦C.
Once used, the CLE-10 solution was diluted with a culture medium to a desired concentration.

4.2. Cell Lines and Cultures

The human cervical carcinoma Caski, human mammary carcinoma cell line MDA-MB-231, human
lung cancer cell line A549, human colorectal carcinoma cell line CaCo-2, human nasopharyngeal
carcinoma CNE-2, human SH-SY5Y neuroblastoma cell line, human hepatocellular carcinoma HepG-2
cell lines, human gastric carcinoma HGC-27 cell lines, monkey embryonic renal epithelial cell line
(Marc-145), human gastric cell line (GES-1), and Madin–Darby canine kidney cell line (MDCK) were
bought from China Type Culture Collection in Shanghai and preserved in our laboratory. Cells
were cultured in RPMI-1640, L-15, or DMEM culture medium with 10% fetal bovine serum at 37 ◦C
in 5% CO2.

4.3. MTT Assays

One hundred microliters of the cell suspension diluted with culture medium (0.8–1 × 105 cell/mL)
were added to the 96-well microplates. Twelve hours later, 100 μL of culture medium with different
concentrations of CLE-10 from 3.12 μM to 100 μM were added to each well, which were incubated for
another 48 h. Then, 20 μL of 5 mg/mL MTT (Sigma-Aldrich, Shanghai, China) reagent was added per
well. After culturing the cells for 4 h, they were gently removed the medium and then 150 μL DMSO
solution (Sigma-Aldrich) was added to each well. The absorbance was detected by a microplate reader
(Tecan Shanghai, China) at 490 nm, subtracting the baseline reading.

4.4. CLE-10 Pretreated with 3-MA, CQ, Rapamycin Using MTT Assays

Cells (8–9 × 104/mL) were seeded into 96-wel plates in 100 μL of medium and were cultured for
12 h. The cells were divided into five groups. Cells treated with normal culture media were regarded
as the control group. For the CLE-10 group, cells were treated with medium containing CLE-10 at
various concentrations (3.12–100 μM). For inhibitor groups, cells were pretreated with a selective
autophagy inhibitor (3-MA (5 mM), CQ (20 μM)) or the mTOR agonist rapamycin (100 nM) for 6 h,
then the supernatant was gently removed and replaced by culture medium containing CLE-10 at
various concentrations (3.12–100 μM) for 48 h. Next, 20 μL of 5 mg/mL MTT was added to all the wells
for another 4 h. The medium was gently removed, after which 150 μL of DMSO was added to each

225



Molecules 2019, 24, 1091

well. The absorbance of each well was detected by a microplate reader at 490 nm by subtracting the
baseline reading. Autophagy inhibitors 3-methyladenine (3-MA) and chloroquine (CQ) were obtained
from MCE China, as was the mTOR inhibitor (rapamycin).

4.5. Flow Cytometry (FCM)

Apoptosis was detected with an Annexin V-Enzo Gold apoptosis detection kit (Enzo Life Sciences,
Beijing, China). MDA-MB-231 cells were treated with CLE-10 (0, 10, 15 μM) for 24 h. Cells were
gathered by trypsinization and washed using cold phosphate-buffered saline (PBS) twice. Then cells
were resuspended in buffer or buffer containing Annexin V-EnzoGold or Necrosis Detection Reagent
according to the instruction at room temperature, avoiding light for 15 min, and analyzed by flow
cytometry (BD Bioscience).

4.6. Western Blot Analysis

MDA-MB-231 cells were gathered and the total proteins in each sample was obtained and
quantified using the bicinchoninic acid (BCA) protein concentration assay kit (Biyuntian, Beijing,
China) after treatment with different concentrations of CLE-10 (0, 5, 10, 15 μM) for 24 h. Equal
amounts of protein (50 μg) was separated by 6–15% SDS-PAGE gels and transferred to polyvinylidene
fluoride (PVDF) membranes (Beijing Labgic Technology Co., Ltd.). Membranes were blocked with 5%
milk (BD) for 2 h. After washing, the membranes were probed overnight using the specific primary
antibodies LC3, PI3K (p85), AKT, mTOR, p-PI3K (Tyr 508), p-AKT (Ser473), p-mTOR, p-ULK1(Ser 757),
p62, Bax, Bad, Bcl-2, and Bcl-xl (Cell Signaling Technology) at 4 ◦C, followed by secondary antibody.
Chemiluminescence was performed with a chemiluminescence developing solution (Biyuntian, Beijing,
China) on Kodak X-ray films or using a chemiluminescence image analysis system (Tanon 5200). LC3,
p-ULK1, ULk1, p62, mTOR, and p-mTOR were also detected with or without an autophagy inhibitor
(CQ, 3-MA) or the mTOR agonist rapamycin. Cells were treated with 3-MA (5 mM), CQ (40 μM), or
rapamycin (100 nm), CLE-10 (15 μM), 3-MA (5 mM) + CLE-10 (10 μM), CQ (40 μM) + CLE-10 (15 μM),
and rapamycin (100 nm) + CLE-10 (15 μM); each for 24 h. Western blot analysis was used to detect the
relative protein expression as described above.

4.7. Transmission Electron Microscopy (TEM)

For TEM analysis, CLE-10 (0, 15 μM) was applied for 24 h, after which MDA-MB-231 cells were
gathered and fixed in ice-cold 2.5% glutaraldehyde containing 0.1 M cacodylate buffer with a pH of 7.4.
In 1% phosphate-buffered osmium tetroxide, cells were subsequently stained with 3% aqueous uranyl
acetate. Cells were then dehydrated in an increasing gradient of ethanol solution and embedded in
epoxy resin. Ultrathin sections were gained and later stained. Electron micrographs were observed
and imaged using a transmission electron microscope (H7650; Hitachi, Tokyo, Japan).

4.8. Tandem mRFP-GFP-LC3 Transfection

A tandem mRFP-GFP-LC3 adenovirus (Hanheng Biotechnology Co Ltd., Shanghai, China) was
transfected into incubated MDA-MB-231 cells in a culture dish (Wuxi NEST Biotechnology, China)
for 6.5 h at a multiplicity of infection (MOI) of 200 before receiving CLE-10 (30 μM) treatments.
After treating for 24 h, cell images were obtained by laser confocal fluorescence microscopy (LCFM)
(Olympus FV1200, Japan).

4.9. Statistical Analysis

The data of all the experiments were described as means ± SD. Statistical analyses were
determined using the Graphpad prism 5.0 statistical software. Statistical differences were evaluated
using unpaired the Student’s t-test and the ANOVA method, and were considered to be significantly
different at p < 0.05.
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5. Conclusions

In this study, our results showed that CLE-10 significantly suppressed the growth of
human breast cancer cells (MDA-MB-231). Furthermore, CLE-10 affected many autophagy-
and apoptosis-related proteins including p-ULK1, LC3-II, p62, Bax, Bad, Bcl-2, and Bcl-xl, and
suppressed the PI3K/AKT/mTOR pathway, ultimately inducing apoptosis and pro-death autophagy
in MDA-MB-231 cells. In addition, autophagy inhibitors (3-MA or CQ) weakened while rapamycin
enhanced the effect of CLE-10 on the autophagy-related proteins in addition to the cytotoxicity of
CLE-10 against MDA-MB-231 cells. Our results revealed a potential mechanism of CLE-10-induced
cell death, providing a guide for the use of CLE-10 in in vitro studies.
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Abstract: The current study aims to explore the possible anti-lung carcinoma activity of ADC as well
as the underlying mechanisms by which ADC exerts its actions in NSCLC. Findings showed that
ADC potently inhibited the viability of SPCA-1, induced apoptosis triggered by ROS, and arrested
the cell cycle at the G2/M phase via a P53 signaling pathway. Interestingly, phenomena such as
autophagosomes accumulation, conversion of the LC3-I to LC3-II, etc., indicated that autophagy
could be activated by ADC. The blockage of autophagy-augmented ADC induced inhibition of
cell proliferation, while autophagy activation restored cell death, indicating that autophagy had a
protective effect against cell death which was induced by ADC treatment. Meanwhile, ADC treatment
suppressed both the Akt/mTOR and AMPK signaling pathways. The joint action of both ADC and
the autophagy inhibitor significantly increased the death of SPCA-1. An in vitro phase I metabolic
stability assay showed that ADC was highly metabolized in SD rat liver microsomes and moderately
metabolized in human liver microsomes, which will assist in predicting the outcomes of clinical
pharmacokinetics and toxicity studies. These findings imply that blocking the Akt/mTOR signaling
pathway, which was independent of AMPK inhibition, could activate ADC-induced protective
autophagy in non-small-cell lung cancer cells.
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1. Introduction

According to the report, 1.8 million people globally are diagnosed with lung cancer,
and 1.6 million people died from this cancer in 2012 [1]. Amongst all cancers, the mortality of lung
cancer ranks first and second among men and women, respectively [1]. The most frequent types of
lung carcinoma are small-cell lung carcinoma (SCLC) and non-small-cell lung carcinoma (NSCLC),
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with NSCLC accounting for almost 80% of all lung carcinoma [2,3]. Chemotherapy is one of the major
treatments for cancer, although it is known to have strong side effects [4]. Multi-drug resistance and
dose limiting adverse reactions are the main reasons for the failure of chemotherapy in NSCLC [5].
Therefore, the development of anti-NSCLC effects and low side effects as well as the safe and long-term
use of biologically active substances has become a popular topic of inquiry. Natural bioactive agents,
particularly those from medicinal mushrooms, have been considered to have major potential in this
field, due to their attractive anticancer effect and hypotoxicity [6–8].

Apoptosis is marked by morphological and biochemical changes including chromatin
condensation, chromosome DNA fragmentation, global mRNA decay, etc., and is essentially a
caspase-dependent proteolysis process [9,10]. Autophagy is a dynamic procedure which involves
the bulk degradation of damaged cytoplasmic organelles and proteins via a lysosome-mediated
signaling pathway. Excessive autophagy has the potential to lead to type II programmed cell
death, while emerging evidence has shown that autophagy may have a cytoprotective effect on
malignant cells [11–14]. It is known that interaction effects between autophagy and apoptosis are
complex, sometimes being opposing, and sometimes reinforcing. However, this interaction is key for
determining the survival of malignant cells. For this reason, there is a strong possibility that the effect
of anti-tumor drugs has a close relationship with the relationship between autophagy and apoptosis.

Taiwanofungus camphorates (M.ZangC.H.Su) Sheng H. Wu et al. is a treasured Taiwanese mushroom
which only parasitizes in the inner cavity of the endemic species Cinnamomum kanehirae Hayata,
Lauraceae or the bull camphor tree [15,16]. Taiwanofungus camphoratus is known as the ruby in
Taiwan’s forest as a result of its excellent biological activities, which include antihepatotoxic, anticancer,
anti-inflammatory, antihypertensive, neuroprotective, and antioxidant properties [17–19]. In 2016,
its anticancer effect was useful for locating antroquinonol, a ubiquinone derivative isolated from
the fruiting body of T. camphoratus, and was successfully entered into Phase II clinical trials for
treating NSCLC due to its excellent anti-lung cancer effect [20]. Antrodin C (ADC), from mycelium
of T. camphoratus, is a maleimide derivative. According to reports, more than 80% of all bioactive
mushroom compounds are isolated from their fruiting bodies. However, compounds from mycelial
are considered to have great future potential due to their low cost and a vast market demand [18].
Our preliminary experiments have also shown an anti-tumor effect of ADC on lung cells which was
better than for other malignant cells and is similar to the anti-tumor activity of antroquinonol. Metabolic
stability has a close relationship with drug clearance, and so candidate compounds for new drugs are
in general analyzed in vitro [21]. In vitro stability analysis has the advantages of being relatively low
cost and convenient, which can help to reduce the high cost of new drug development [22]. However,
there is as yet no literature on the metabolic stability of ADC.

Therefore, our research aimed to ascertain: firstly, whether ADC could inhibit the proliferation of
SPCA-1 cells; secondly, whether it is possible to define the precise mechanism of the inhibitory action;
and thirdly, to evaluate phase I of the metabolic stability in vitro.

2. Results

2.1. Effects of ADC In Vitro Cell Proliferation of SPCA-1 and BEAS-2B

The effects of ADC on SPCA-1 cell proliferation were analyzed using alamarBlue®. In this study,
ADC was incubated with SPCA-1 cells for 72 h, after which the cell proliferation rate was reduced
in a dose-dependent manner (Figure 1A). Particularly, at a concentration of 300 μM, ADC treatment
could lead to a 71.41% decrease in cell proliferation when compared with untreated cells. The IC50

of ADC was 120.14 μM. These results suggest that ADC could demonstrate an inhibitory effect on
SPCA-1 cells.

Low cytotoxicity to normal cells is a key criterion for screening anticancer lead compounds.
BEAS-2B cells were isolated from normal human bronchial epithelium as a model system for research
of normal human lung epithelium. Therefore, tumor cytotoxicity without damage on normal lung
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cells was performed by alamarBlue® assay in this study. As shown in Figure 1B, except for 300 uM,
the ADC had no inhibition effect on BEAS-2B at 72 h. In this study, the cytotoxicity of ADC to normal
cells was very low in vitro. However, cytotoxicity of ADC in vivo needs to be tested in future research.

Figure 1. In vitro cell growth–inhibitory activity of ADC. SPCA-1 (A) and BEAS-2B (B) cell growth
inhibition rates are shown after the cells were treated with agents at the indicated concentration for
72 h. The different agents were dissolved and applied in DMSO. 5-FU was used as a positive control
* p < 0.05, ** p < 0.01 vs. control.

2.2. Effects of ADC In Vitro on the Colony Forming Ability of SPCA-1 Cells

The colony formation experiment was carried out in order to assess cancer cells’ susceptibility and
viability in the presence of ADC in an anchorage-independent environment. Results showed that the
colony formation ability of SPCA-1 significantly decreased with ADC. As shown in Figure 2, compared
with untreated cells, 240 μM of ADC induced a 76% to 50% decrease in the number of colonies, while
75 μM 5-Fu induced a 74% to 32% decrease in the number of colonies. Result indicate that ADC could
significantly suppress the susceptibility and viability of SPCA-1 in vitro.

Figure 2. Colony formation assay. (A) ADC inhibited colony formation in SPCA-1 cells. After being
treated with or without ADC, cells were seeded at 100 cells per plate and allowed to form colonies.
After two weeks, the numbers of colonies were counted and recorded. (B) Quantification of colony
formation. ADC treatment resulted in a significant decrease in colony numbers of cells when compared
with untreated cells. 5-FU was used as a positive control ** p < 0.01 vs. control.
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2.3. Effects of ADC In Vitro on Cell Migration of SPCA-1 Cells

Migration induced by ADC was analyzed by measuring wound closure in a wound healing
experiment. The edge of the wounded area and the wound closure was photographed at 0, 24, and
48 h. When comparing ADC treatment, a remarkable increase in wound closure was observed in
the untreated cells. As shown in Figure 3, following treatment with ADC, wound closure barely
moved, whereas in the untreated cells, the wound closure distance shortened 0.17 times and 0.13 times
when treated with 150 μM ADC for 24 and 48 h, respectively. This result suggested that ADC can
significantly reduce the cell migration ability of SPCA-1 cells.

Figure 3. Cell migration assay. A scratch was made on the cell monolayer before treatments (0 h) to
serve as a reference for observing cell migration. Photographs were taken at 24 and 48 h time points.
AA p < 0.01 vs. control (24 h). BB p < 0.01 vs. control (48 h).

It is well known that the proliferation of cells is closely related to their migration ability.
The proliferation of the epithelial cells was shown to be the primary force that drives this cell
migration along the villus. Passive mitotic pressure generated by cell division in the intestinal crypts
as well as the subsequent gradual expansion in cell diameter along the crypt–villus axis provides a
plausible explanation for the steady, continuous migration of epithelial cells [23,24]. Indeed, previous
computational models have suggested that these forces alone are sufficient to explain observed rates
of cell migration, at least within the crypt [25–30]. Matrix metalloproteinases (MMPs) are a family of
zinc-dependent extracellular matrix (ECM) re-modelling endopeptidases which have the ability to
degrade almost all components of an extracellular matrix and are implicated in various physiological
as well as pathological processes [31]. Carcinogenesis is a multi-stage process in which alteration of the
microenvironment is required for the conversion of normal tissue to a tumor [32]. Initially, MMPs were
considered to be important only in invasion and metastasis. However, recent studies have shown
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that MMPs are involved in several steps, such as proliferation, apoptosis, and angiogenesis during
carcinogenesis [33].

As shown in Figure 4A, ADC treatment for 24 h led to a decrease in MMP-9 expression when
compared with the negative control. As is already known, ginkgolide C (GC) is an MMP-9 activator.
This was used to explore the exact effect of MMP on proliferation and migration of SPCA-1. As shown
in Figure 4B, the proliferation rate of SPCA-1 increased by the combination treatment with 75 μM ADC
and GC (10 and 20 μM) when compared with treatment of 150 μM ADC alone. We also found that
co-incubation of 75 μM ADC and 10 μM GC with SPCA-1 could attenuate the inhibition effect of ADC
on migration ability (Figure 4C,D). Taken together, the above results suggest that MMP-9 played a key
role on both the proliferation and migration abilities of SPCA-1.

Figure 4. Effects of matrix metalloproteinase (MMP)-9 on the migration and proliferation of SPCA-1.
(A) Expression of MMP-9 in SPCA-1 was detected by an ELISA kit after being treated with ADC for
72 h, and 5-FU was used as a positive control. ** p < 0.01 vs. control; (B) effects of MMP-9 activator
(GC) on ADC-induced cell growth inhibition were detected by alamarBlue® assay, A p < 0.01 vs.
control, B p < 0.01 vs. 75 μM ADC; (C) and (D) effects of the MMP-9 activator (GC) on ADC-induced
cell migration inhibition were detected by microscope, A p < 0.01 vs. control, B p < 0.01 vs. 75 μM ADC.
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2.4. Influence of ADC on Cell Cycle of SPCA-1 Cells

Analysis of the cell cycle based on PI staining and quantitative detection of cells were both
performed using fluorescence-activated cell sorter (FCAS). As shown in Figure 5, following treatment
with a gradient concentration of ADC (37.5, 75, and 150 μM), the percentage of cell cycles at the S
phase rose from 36.87% to 43.66%, while at the G2/M phase, this decreased from 11.85% to 5.11%.
This suggested that the S cell cycle arrest, which was induced by ADC, led to a further suppression of
cell proliferation.

Figure 5. a fluorescence-activated cell sorter (FCAS) analysis of the cell cycle. (A) SPCA-1 cells were
treated using 37.5, 75, and 150 μM ADC for 72 h. 100 μM 5-FU served as a positive control. The
distribution of cell cycle, which was stained by PI, was analyzed using FCAS; (B) the percentage of
cells in each phase of the cell cycles were calculated.

2.5. Effects of ADC on SPCA-1 Cell Apoptosis

In order to assess the effects of ADC on the apoptosis of lung cancer cells, SPCA-1 cells were
exposed to 37.5, 150, and 240 μM ADC for 72 h. A FACS experiment was performed. As can been
seen in Figure 6, ADC treatment resulted in an increased proportion of early apoptotic cells and late
apoptotic/necrotic cells when compared with the negative control. The total impaired rate of cells was
increased by 93% when using 240 μM ADC compared with untreated cells. This result suggests that
ADC could have a significant effect on SPCA-1 apoptosis.

234



Molecules 2019, 24, 993

Figure 6. FCAS analysis of apoptosis. (A) Cells were incubated with the indicated doses (37.5, 150, and
240 μM) of ADC for 72 h and apoptotic cells were observed with FCAS following annexin V-FITC/PI
double staining. (B) The total impaired rate of cells in each group was calculated, ** p < 0.01 vs. control.

2.6. Effects of ADC on ROS Released by SPCA-1 Cells

Although there is no clear evidence of its origin of reactive oxygen species (ROS), ROS was
identified as being involved in cell apoptosis as a crucial intermediate stress response [34]. In this
study, DCFH-DA was chosen to demonstrate whether apoptosis of SPCA-1 was induced by ADC
through ROS generation. We found that ADC can increase ROS production at a concentration of
30 μM, 45 μM, and 60 μM (Figure 7A), and that ROS production increased 8.6%, 14.9%, and 23.1%,
respectively (Figure 7B). This result suggested that ADC had the potential to induce proliferation
inhibition and apoptosis of SPCA-1 through an ROS release. As we know, N-acetyl-L-cysteine (NAC)
is an ROS scavenger. In this study, NAC was used to determine which ROS was involved in the
ADC-induced proliferation inhibition as well as the apoptosis of SPCA-1. As can be seen in Figure 7C,
the ADC-induced inhibition effect on cell proliferation was clearly attenuated by NAC. Results shown
in Figure 7D,E demonstrate rates of early apoptosis, and total impaired cells were decreased following
combination treatment with ADC and NAC when compared with just the ADC treatment.

235



Molecules 2019, 24, 993

Figure 7. Reactive oxygen species (ROS) detection. (A) After being treated with ADC for 24 h, SPCA-1
cells were treated with redox-sensitive fluorescent dye DCFH-DA for 0.5 h, while the ROS generation
was determined using FCAS. (B) The growth rate of ROS production was calculated. (C) Cells were
pre-treated with N-acetyl-L-cysteine (NAC) for 2 h prior to exposure to ADC for 72 h, and finally the
proliferation rate of cells was detected. ** p < 0.01 vs. 150 μM NAC. (D) Cells were pre-treated with
NAC for 2 h prior exposure to ADC for 72 h, and apoptotic cells were observed with FCAS following
annexin V-FITC/PI double staining. (E) The total impaired rate of cells in each group was calculated,
** p < 0.01 vs. 150 μM ADC.
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2.7. Effects of ADC on Activation of Caspase-3, P53, and Bcl-2

Caspases are the important intermediate of apoptosis. Once the proteolytic is activated, procaspase
forms will be converted to their enzymatically active forms. In addition, the consecutive activation
of caspases is the crucial meditator of the mitochondrial apoptotic pathway [35]. Once SPCA-1 cells
were treated with 100 μM ADC for 72 h, cleaved caspase-3 expression reached up to 15.33-fold. P53,
known as a genes transregulator, is involved in DNA synthesis, repair, and apoptosis. When compared
with untreated cells, the co-culture of SPCA-1 cells with 100 μM ADC caused P53 expression of up to
3.31-fold. In addition, Bcl-2 expression was down 1.45-fold after being treated with 100 μM ADC for
72 h compared with untreated cells. These results (Figure 8) suggest that caspases and the Bcl-2 family
have taken part in ADC-induced SPCA-1 cell apoptosis by increasing the expression of pro-apoptotic
members (cleaved caspase-3 and P53) and decreasing the expression of anti-apoptotic members (Bcl-2).

Figure 8. Expression of cleaved caspase-3, Bcl-2, and P53 in cells treated with ADC. Following treatment
with 100 μM ADC for 72 h, cleaved caspase-3 and P53 were increased. The expression of Bcl-2 was
reduced after ADC treatment for 72 h. * p < 0.05, ** p < 0.01 vs. control.

2.8. Effects of ADC on Autophagy Activation in SPCA-1 Cells

Autophagy has been of great interest for those developing novel anticancer treatments in recent
years. In order to testify whether ADC induced autophagy activation of SPCA-1, TEM was employed to
detect the formation of autophagic vacuoles. Autophagic vacuoles formation, which contain lamellar
structures or residual digested material as well as empty vacuoles, is an indication of autophagy
activation. Increased numbers of vacuoles and mature autophagosomes were frequently observed in
cells when they were treated with 200 μM ADC, which indicated that ADC could activate autophagy
of SPCA-1 (Figure 9A).

The conservation of LC3-I to LC3-II through lysis, lipoification, and proteolysis is a crucial
character of autophagy activation, and so the LC3 protein serves as one of the most important
markers of autophagy. Therefore, it is necessary to confirm whether ADC treatment could induce
redistribution of LC3 (autophagosome) in SPCA-1. Results of the FCAS indicated that ADC could
activate LC3-II formation (Figure 9B). Western blotting results also demonstrated that conversion
of LC3-I to LC3-II increased 479.23%, 403.19%, and 382.27% following 50, 100, and 200 μM ADC
treatment when compared with untreated cells (Figure 9C,D). The mRFP-GFP-LC3 detected by the
live-cell imaging method was used to observe the flux rate of autophagy of SPCA-1 cells, while the
reduction of GFP was used to indicate the process of autophagy. Results demonstrated that expressed
GFP-LC3 was downregulated by ADC treatment, dependent on dose, while a combination of RFP
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and GFP was detected as yellow speckles in the untreated cells more than in the ADC treated cells,
suggesting that autophagy was induced through activation of autophagic (Figure 9).

Figure 9. Autophagy induced by ADC in SPCA-1 cells. (A) Cytoplasm vacuolization enclosed in a
double membrane in SPCA-1 cells was found using TEM. The arrow and rectangular frame indicate
autophagic vacuoles; (B) conversion of LC3-I to LC3-II in ADC-treated SPCA-1 was found using FCAS;
(C) effects of autophagy inhibitors (CQ) on ADC-induced cell growth inhibition was detected using
Western blotting; (D) bar graphs demonstrated the expression of LC-II/LC-I. Data are the mean ±
SEM of three independent experiments. A p < 0.01 vs. control; a p < 0.01 vs. 50 μM ADC; b p < 0.01 vs.
150 μM ADC; c p < 0.01 vs. 200 μM ADC.

As we know, both lysosome and autophagosome formation have the potential to induce an
increased level of LC3B-II. However, in order to identify the reason for increased levels of LC3-II,
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the late-stage autophagy inhibitor chloroquine (CQ, 100 μM) must be used. Results indicated that
LC3-II expression in SPCA-1 cells was increased 59.02%, 75.73%, and 21.15% following the combination
treatment with 50, 100, and 200 μM ADC when compared with sole treatment of ADC, which suggests
that increased levels of LC3B-II were mainly due to the increase in the number of vacuoles and mature
autophagosomes (Figure 10A,B). In summary, these results demonstrate that autophagic activity
(autophagic flux) was upregulated through the increased level of autophagosome formation in SPCA-1
cells which were treated with ADC.

Figure 10. ADC induced autophagy flux. The living cell image was found using a laser scanning
confocal microscope. The images were then magnified 30 times (A) and then 60 times (B).

2.9. Protective Effects of Autophagy on ADC-Induced Apoptotic SPCA-1 Cell Death

Autophagy has the potential to either protect cell survival by serving as an antagonist to block
apoptotic cell death or by contributing to cell death [36]. Therefore, the exact role of autophagy
in the anti-NSCLC activity of ADC was clarified in this study. A significant decrease (18.74%) or
increase (17.08%) was found in the growth rate of SPCA-1, of which autophagy was inhibited by CQ or
activated by RAPA following ADC treatment, in contrast with treatment by ADC alone (Figure 11A).
Cell viability data was similar to results found in cell apoptosis. As shown in Figure 11C,D, apoptotic
cells were increased 1-fold by combination treatment with 150 μM ADC and CQ when compared with
treatment of 150 μM ADC alone. These results indicated that ADC induced protective autophagy
in SPCA-1 cells. In this study, the RAPA was further used to explore the extract stage of protective
autophagy, and the results showed that pre-treatment with RAPA did not restore the ADC-triggered
cell death (Figure 11B). When combined with the results of RAPA in Figure 11A,B, this suggests that
the survival effect only occurred when the cells were under stress.
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Figure 11. ADC induced protective autophagy. (A) Autophagy inhibition was able to protect cells from
death. Cells which were pre-treated with ADC were treated with RAPA, and the proliferation rate of
cells’ death was detected. A p < 0.01 vs. control; B p < 0.01 vs. ADC. (B) Cells were pre-treated with
RAPA for 3 h, then treated with ADC for 72 h, and finally the proliferation rate of cells was detected.
** p < 0.01 vs. control. (C) Cells were incubated with 50, 150, and 200 μM ADC for 72 h, and then
treated with CQ. The early and late/necrosis apoptotic cells were observed with FCAS after annexin
V-FITC/PI double staining. (D) The percentage of apoptosis in SPCA-1 was calculated. ** p < 0.01,
150 μM ADC vs. 150 μM ADC + CQ (total impaired rate of cells).
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2.10. ADC Downregulated the AKT-mTOR Pathway and AMP-Activated Protein Kinase (AMPK) Pathway

As we know, AMPK and PI3K/Akt/mTOR are the two key signaling pathways which regulate
autophagy and apoptosis. Recent reports have suggested that autophagy is negatively regulated by
the PI3K/Akt/mTOR pathway [37]. To determine whether ADC-induced autophagy is involved in
the Akt-mTOR pathway, FCAS were used for further detection. A phosflow analysis demonstrated
that the phosphorylation of mTOR (Ser2448) and Akt (Ser473) was downregulated by ADC treatment
in SPCA-1 cells, dependent on dose, which suggested that ADC-induced autophagy was activated
through downregulation of the Akt-mTOR pathway (Figure 12A).

 
Figure 12. ADC-induced protective autophagy is attributed to the AMPK inhibition-independent
blockade of the Akt/mTOR pathway. (A) ADC downregulated the AKT-mTOR pathway. Following
treatment by ADC, cells were detected by FCAS. (B) ADC downregulated the AMPK pathway.
Following treatment by ADC, cells underwent lysis and were detected by Western blotting. (C) Bar
graphs demonstrate the relative expression of pAMPK/AMPK. Data are the mean ± SEM of the three
independent experiments. ** p < 0.01 vs. control.

AMPK is a key signal factor involved in regulating the balance of cellular energy. When the cell
is hungry, the AMPK signaling pathway will tell the body to increase glucose and fatty acid uptake.
Recently, an increasing number of studies have shown that the AMPK signaling pathway is related
to autophagy activation [37]. Western blotting results have indicated that the relative expression
of pAMP/AMPK decreased by 17.67%, 37.63%, and 34.20% following 50, 100, and 200 μM ADC
treatment, respectively, when compared with untreated cells (Figure 12B,C). Based on the results above,
autophagy induced by ADC has a close relationship with the AMPK inhibition-independent blockade
of the Akt/mTOR signaling pathway in SPCA-1 cells.
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2.11. Metabolic Stability of ADC in SD Rat and Human Liver Microsomes

As shown in Table 1, following incubation with rat liver microsomes for 0, 5, 10, 20, 30, and
60 min, results were reported as percent remaining for ADC, which was 100%, 52.5%, 30.2%, 13.3%,
7.7%, and 4.6%, respectively (Figure 13). The value of T1/2 (min) in the rat liver microsomes, which
was calculated by the % of remaining data versus time, was 7.5 (Table 1). The values of CLint(mic)
(μL/min/mg protein) and CLint(liver) (mL/min/kg) in the rat liver microsomes were 185.8 and 334.4,
respectively (see Table 1, above).

Table 1. Metabolic stability of ADC in SD rat and human liver microsomes following incubation in the
presence of NADPH.

Species T1/2 (min)
CLint(mic)

(μL/min/mg protein)
CLint(liver)

(mL/min/kg)

SD rat 7.5 185.8 334.4
Human 54.1 25.6 23.0

Figure 13. Percentage remaining versus time profile of ADC in SD rat and human liver microsomes.

As can be seen in Table 1, following incubation with human liver microsomes for 0, 5, 10,
20, 30, and 60 min, the percent remaining for the ADC was 100%, 92.5%, 85.8%, 72.2%, 68.0%,
and 47.8% respectively (Figure 13). The value of T1/2 (min) in the human liver microsomes was
54.1 (Table 1). The value of CLint(mic) (μL/min/mg protein) and CLint(liver) (mL/min/kg) in the human
liver microsome were 25.6 and 23.0, respectively (Table 1).

3. Discussion

A pressing problem in the success of NSCLC therapy is tackling the diverse side effects
and resistance of chemotherapy to current anticancer agents. Therefore, new strategies for drug
development are urgently needed to solve the problem of drug resistance in anti-NSCLC treatment.
In recent years, medicinal mushrooms have obtained global attention as a result of their strong
therapeutic activity as both chemical inhibitors and immunomodulators.

Previous studies have reported that the ethanolic extract of T. camphoratus treatment could induce
cell cycle arrest and proliferation inhibition of Hep3B and HepG5 [38]. Chen and colleagues [39]
have found that both incubation amphotericin B and T. camphoratus could induce significant increases
in proliferation inhibition and apoptosis rates of HT29 cells. The noteworthy anticancer-effect of
T. camphoratus may contribute to the large amounts of polysaccharides, terpenoids, succinic acid,
and maleic acid derivatives. According to existing research, antroquinonol has excellent anti-tumor
effects on various malignant cells [40]. In this study, ADC exhibited anticancer effects on human
NSCLC cell lines SPCA-1. These effects included cell growth inhibition, cell migration reduction,
ROS release, cell cycle arrest, autophagy, and apoptosis. The effective G2 checkpoint mechanism is a
key characteristic of many malignant cells. Based on these findings, abrogation of the cell cycle G2
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checkpoint may become a new target for anti-NSCLC chemotherapy [41]. It has been found that the
anti-tumor target of several lead compounds was the G2/M cycle arrest-dependent inhibition of cell
proliferation [42,43]. In this study, the form of the cell proliferation inhibition induced by ADC has
been shown to be dependent on the G2 cycle arrest, a finding which indicated that ADC can be used
as a potential anti-NSCLC agent.

Inducing the apoptosis of malignant cells is one of the most important strategies for cancer
chemotherapy. Therefore, the effect of ADC on NSCLC apoptosis was assessed in this study. The result
of the FCAS experiment showed that ADC treatment could significantly increase the number of
apoptotic cells, which is positively correlated with its concentration, and so suggested that ADC
exhibited anticancer activity through apoptosis. Reactive oxygen species is a required metabolite of
normal metabolism in cell growth which plays a critical role in the stress response as an important
mediator. Some studies have shown that excessive ROS led to the occurrence of apoptosis [44–46].
The FCAS results showed that ADC induced ROS release, which could be a factor of the occurrence of
apoptosis. The similar ROS-mediated cytotoxicity of other anti-NSCLC compounds has been found
by other researchers. Zhou et al. [47] found that luteoloside could induce proliferation inhibition
of NSCLC through ROS-mediated G0/G1 arrest. Song and colleagues [48] also discovered that the
anti-tumor effect of SZC017, an oleanolic acid derivative, had a close relationship with ROS-dependent
apoptosis. As we know, the loss of mitochondrial transmembrane potential will lead to ROS generation.
The results of Zhang et al. [49] demonstrated that cedrol treatment could lead the loss of mitochondrial
transmembrane potential and cause ROS-mediated apoptotic cell death in A549 NSCLC. The above
results have indicated that the anti-tumor effects of these compounds were a close relationship
with the AKT-related signaling pathway. Interestingly, Wang et al. [50] demonstrated that the role
of ROS on endothelial dysfunction was opposite to its role on NSCLC. Their results showed that
ADC could inhibit hyperglycemia-induced endothelial cell dysfunction via the inhibition of ROS
generation, senescence, growth arrest, and apoptosis in cultured HUVECs [50]. In addition, Wang and
colleagues [50] found that the Nrf2-related signaling pathway was involved in the protective effects
of ADC on hyperglycemia-induced vascular endothelial cells’ senescence and apoptosis. Therefore,
the different signaling pathways in the two diseases may be the main reason for the inconsistency of
ROS roles.

The Bcl-2-related protein family is the most representative apoptotic regulatory gene family [51].
Chaetoglobosin K25 [52] and buforin IIb 26 [53] have been found to activate apoptosis through a
decrease of Bcl-2 expression. The Bcl-2-related protein family consists of a pro-apoptotic gene (Bcl-2,
Bcl-xL, etc.) and an anti-apoptotic gene (Bax, Bak, etc.). The dialogue between the pro-apoptotic gene
and the anti-apoptotic gene will determine the fate of a malignant cell [54].

Moreover, P53 plays a diverse role in Bcl-2-dependent apoptosis which substantially affects the
ADC-mediated cell death. The proapoptotic protein Bax is activated by P53, while the anti-apoptotic
protein Bcl-2 expression is decreased by P53 [55]. Once pro-apoptotic factors are released, the caspase
family was further activated, resulting in caspase-3 cleavage. Our results indicated that ADC-induced
apoptosis could be attributed to the decrease of Bcl-2 protein and increase of caspase-3 and P53 proteins
in the SPCA-1 cells.

The role of autophagy in malignancy has attracted much attention due to the viable option it
offers cancer therapies. Our results showed that ADC-induced autophagy promoted the formation of
autophagosomes, activated the conversion of LC3B-I to LC3B-II, and induced autophagy flux.

The relationship between cancer and autophagy is complex and hard to unpick. According
to the literature, autophagy activators are used clinically for anticancer treatment [56]. However,
in contrast to the positive effects of autophagy activators on apoptosis-resistant malignancy treatment,
some researchers have found that drug resistance in some malignant tumors might be the result of
a relationship with autophagy activation [57]. Autophagy can inhibit tumor genesis by maintaining
cell stability and reducing cell damage [58]. The apoptosis sensitivity of cancer cells can be increased
by inhibiting autophagy, particularly in the late stage [59]. In this study, autophagy inhibitors CQ
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and autophagy activators RAPA were used to determine the exact effects of altered autophagy on
NSCLC death, induced by ADC. In accord with these findings, the results of our study indicated
that autophagy inhibition could accelerate ADC-induced cell death, and that autophagy activation
could restore ADC-induced cell death. Furthermore, the combination of pro-apoptosis agents and
anti-autophagy agents is perhaps a magic bullet in accelerating the anti-tumor effect on human NSCLC.

As we know, the PI3K/Akt/mTOR signaling pathway plays an important role on migration,
invasion, and proliferation of malignant tumors. Duan and colleagues [60] found that the
PI3K/ATK/mTOR pathway was related to invasion, migration, and proliferation of colorectal
cancer induced by IMPDH2. Paul et al. [61] demonstrated that the binding between SDS22 (protein
phosphatase 1 regulatory subunit) and AKT has the potential to lead to dephosphorylate ATK at
Thr308 and Ser473 through PP1, and hence can inhibit proliferation, invasion, and migration of tumor
cells. These findings indicate that the inhibition of the Akt/PI3K/mTOR pathway might lead to
proliferation, migration, and invasion of SPCA-1. Studies have confirmed that many compounds
suppress tumor growth and activate autophagy through the downregulation of this pathway. The
autophagy activation of Rotten was found in prostate and pancreatic cancer stem cells, and results
indicated this activation effect was dependent on the Akt/PI3K/mTOR pathway [62,63]. As shown in
our results, the phosphorylation of mTOR and Akt was dose-dependently downregulated by the ADC
treatment, thus initiating autophagy in SPCA-1 cells. Results implied that inhibition of the mTOR-Akt
pathway was related to autophagy, which was induced by ADC autophagy.

As well Akt, AMPK, another important mTOR regulator, is activated in intracellular and external
environmental pressures as a crucial energy sensor [64]. Studies have shown that AMPK participates
in controlling the fate of cancer cells [65]. That is, AMPK activation inhibited mTOR both in the cell
cycle arrest and apoptosis in vitro and in vivo. In contrast, cells were protected by the AMPK signaling
pathway from chemotherapy-induced apoptosis and metabolic stress in certain circumstances [66].
The mTOR-mediated autophagy in cancer cells seems to be impacted both by AMPK-dependent
cytotoxicity and cytoprotection [67–70]. Our results have shown that phosphorylation of AMPK
and AMPK was dose-dependently downregulated by the ADC treatment, which indicates that
ADC-induced autophagy was independent of AMPK inhibition while being mediated via the inhibition
of the Akt/mTOR signaling pathway.

The microsomal stability assay is widely used in vitro model to characterize the metabolic
conversion by phase I enzymes, in which the cytochrome P450 (CYP) family are the most important.
Since metabolism is known to be highly variable in different species, microsome stability assay is
commonly run in multiple species. The most commonly used species include humans for predicting
clinical pharmacokinetics, rats for toxicity studies, mice for efficacy models, and dogs and monkeys for
large animal toxicity. In this study, we tested the metabolism of ADC in rat and human liver microsomes.
Results demonstrated that ADC was highly metabolized in SD rat liver microsomes, and moderately
metabolized in human liver microsomes. This suggests the need for further modification of the
metabolic stability of ADC and also contributes to predicting the in vivo PK performance [71,72].

4. Materials and Methods

4.1. Chemicals and Reagents

T. camphoratus (Access number: J1) was from the Preservation Center of Fungi, Institute
of Edible Fungi, Shanghai Academy of Agricultural Sciences (Shanghai, China). Human lung
adenocarcinoma cell line SPCA-1 (Access number: TCHu 53) was purchased from Cell Resource Center
of Shanghai Institute of Life Sciences, Chinese Academy of Sciences (Shanghai, China). The BEAS-2B
(Acess number: GDC0139) was purchased from China Center for Type Culture Collection (Wuhan,
China). Ribonuclease A (RNase A, #EN053), PierceTM BCA protein assay kit (#23225), Dulbecco’s
Modified Eagle Medium (DMEM, #11965-092), no phenol red DMEM (#31053-028) and fetal bovine
serum (FBS, #10099-141) were from Thermo Fisher Scietific Inc. (Waltham, MA, USA). Annexin
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V-fluoresceinisothiocyanate (FITC) apoptosis detection kit was from Nanjing KeyGen Biotech. Co. Ltd.
(Nanjing, China). N-acetyl-L-cysteine (NAC), Chloroquine (CQ, #PHR1258), 5-Fluorouracil (5-Fu,
#03738) and Propidium iodide (PI, #P4170) were from Sigma–Aldrich Co. LLC (St Louis, MO, USA).
alamarBlue® (#BUF012B) was from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). The Bcl-2 ELISA
assay kit, P53 ELISA assay kit, and caspase-3 (Asp175) DuoSet IC ELISA were from R&D Systems Inc.
(Minneapolis, MN, USA). Ginkgolide C(GC), rapamycin (RAPA) and chloroquine (CQ) were purchased
from Sigma–Aldrich (St Louis, MO, USA). The Cyto-ID® Autophagy detection kit was obtained from
Enzo Life Sciences Inc. (Farmingdale, NY, USA). The polyvinylidene difluoride (PVDF) membrane
was purchased from EMD Millipore Inc. (Billerica, MA, USA). Phospho-PI3 kinase p85 (Tyr458)/p55
(Tyr199) Antibody was from Cell Signaling Technology (Beverly, MA, USA). The LC3 antibody was
from Abcam Co. (Cambridge, UK). The Human liver microsomes (#452117) were from BD Gentest
(Corning, NY, USA), and the rat liver microsomes (#R1000) were from Xenotech (Kansas, KS, USA).
RayBio® Human MMP-9 ELISA kit (#P14780) was from RayBiotech, Inc. (Norcross, GA, USA).

4.2. Cell Lines and Cell Culture

The SPCA-1 and BEAS-2B were cultured in DMEM or DMEM/F12 supplemented with 10% FBS,
1% penicillin–streptomycin at 37 ◦C and 5% CO2 in an incubator with a humidified atmosphere.

4.3. Cell Viability Assay

The SPCA-1 or BEAS-2B were seeded in 96-well plates at 2 × 104 cells/mL and cultured overnight.
Cells were then treated with ADC (4.69, 9.38, 18.75, 37.5, 75, 150, and 300 μM) for 72 h. Medium
containing 5� DMSO and 5-Fu (100 μM) served as negative and positive controls. After treatment,
the medium was aspirated, and fresh phenol-red-free medium containing 5 μg/mL alamarBlue@ was
added into all tested and control wells. After incubation at 37 ◦C for 4–6 h, when the medium color
changed, the absorbance at 570 nm and 600 nm was measured using a spectrophotometric plate reader
(Bio-Tek Instruments, Inc, Winooski, VT, USA). The proliferation rate was calculated according to the
following formula:

Proliferation rate (%) = 1 − 117216 × A570 (sample) − 80586 × A600 (sample)

117216 × A570 (control) − 80586 × A600 (control)
× 100%

4.4. Clone Formation Assay

Cells (2 × 105 cells/mL) were seeded in a 12-well plate and cultured overnight. The cells were
then treated with 37.5, 150, and 240 μM ADC for 72 h. Medium containing 5� DMSO and 5-Fu (30, 60,
and 75 μM) were served as the negative and positive controls, respectively. Cells were then seeded in
6-well culture plates at 100 cells/well. Each treatment had three repeated wells. After incubation for
two weeks at 37 ◦C, cells were washed twice with PBS, and fixed with 40 μL/mL paraformaldehyde,
and then stained with crystal violet. Groups of 50 or more cells were counted as colonies. Clone
formation efficiency was calculated as (number of colonies/number of cells inoculated) × 100%.

4.5. Wound-Healing Assay

Cells were seeded in 12-well plates at 2 × 105 cells/mL and cultured overnight. A scrape was
placed through the middle of the confluent cultures with a sterile pipette tip, and washed with PBS to
remove debris, followed by treated with 37.5, 75, and 150 μM ADC. Medium containing 5� DMSO
(5 μL/mL) and 200 μM 5-Fu were served as the negative and positive controls, respectively. The wound
was observed under a phase-contrast microscope everyday (Olympus Corporation, Tokyo, Japan).

To further verify the role of MPP-9 on proliferation and migration of SPCA-1, an MMP-9 ELISA
assay kit and MMP-9 activator GC were used. Cells (2 × 105 cells/mL) were seeded in 12-well plate
and cultured overnight. The cells were then treated with 37.5, 75 and 150 μM ADC for 72 h. Medium
containing 5� DMSO and 100 μM 5-Fu were served as the negative and positive controls, respectively.
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After treatment, cells were collected and washed with cold PBS, and resuspended in RIPA lysis buffer,
and then left on ice for 30 min. The lysate was centrifuged at 1 × 104 rpm at 4 ◦C for 30 min, and
then total protein level was measured with a BCA assay kit. The absorbance was determined by a
spectrophotometric plate reader at 450 nm. The samples (100 μL) were added to each well of the
MMP-9 plate, and the plate was covered with a sealer. After incubation for 2.5 h at room temperature
with a gentle shake, the plate was washed with 300 μL wash buffer four times. After the last wash,
any remaining wash buffer was completely removed, and then the plate was inverted and blotted
against clean paper towels. The 1× prepared biotinylated antibody was added to each well of the
plate, and then the plate was incubated for 1 hr at room temperature with gentle shaking. The solution
was dicarded, and the wash step was repeated. The prepared streptavidin solution was added to each
well, and then plate was incubated for 45 min at room temperature with gentle shaking. The solution
was dicarded, and the wash step was repeated. The TMB one-step substrate reagent was added to
each well, and then the plate was incubated for 30 min at room temperature in the dark with gentle
shaking. The stop solution (50 μL) was added to each well, and then the absorbance was determined
by a spectrophotometric plate reader at 450 nm.

The SPCA-1 were seeded in 96-well plates at 2 × 104 cells/mL and cultured overnight. Cells were
then treated with GC (5, 10, and 20 μM), ADC (75 μM) or ADC (75 μM) + GC (5, 10, and 20 μM) for
72 h, respectively. The proliferation was analyzed by alamarBlue@ assay as shown in Section 4.3.

Cells were seeded in 12-well plates at 2 × 105 cells/mL and cultured overnight. A scrape was
placed through the middle of the confluent cultures with a sterile pipette tip, and washed with PBS to
remove debris, followed by treated with 10 μM GC, 75 μM ADC or 75 μM ADC + 10 μM GC for 48h,
respectively. Medium containing 5� DMSO (5 μL/mL) was served as the negative control. The wound
was observed under a phase-contrast microscope everyday (Olympus Corporation, Tokyo, Japan).

4.6. Cell Cycle Analysis

Cells were seeded in 12-well plates (2 × 105 cells/mL) and cultured overnight. The cells were
treated with 37.5, 75, and 150 μM ADC for 72 h. Medium containing 5� DMSO and 5-Fu (100 μM) were
served as the negative and positive controls, respectively. After treatments, the cells were harvested,
washed with PBS, and fixed in 70% ethanol at 4 ◦C overnight. Cells were collected by centralization,
washed with PBS twice, and added with 100 μL PBS containing 0.01 μg/mL PI and 0.005 mg/mL
RNase A, then incubated at room temperature in dark for 15 min. Cells were analyzed using a
fluorescence activated cell sorting (FCAS), and the results were analyzed using Modfit software.

4.7. Cell Apoptosis Detection

Cell apoptosis was determined by Annexin V-FITC apoptosis detection kit according to the
manufacturer’s instruction. Briefly, cells (2 × 105 cells/mL) were seeded in 12-well plate and cultured
overnight. The cells were then treated with 37.5, 150, and 240 μM ADC for 72 h. Medium containing
5� DMSO and 5-Fu (100 and 400 μM) served as the negative and positive controls, respectively. After
different treatments, cells were harvested and washed twice with cold PBS, and then resuspended in
100 μL 1× binding buffer solution containing 0.2 μg/mL Annexin V-FITC and 0.5 μg/mL PI, and then
incubated at room temperature for 10 min in the dark. Apoptotic cells were analyzed using BD Accuri
C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

4.8. ROS Detection

2′,7′-Dichlorofluorescin diacetate (H2DCFDA) is a cell permeable non-fluorescent probe. Upon
oxidation by any hydroperoxide such as ROS, the non-fluorescent H2DCFDA is converted to
the highly fluorescent 7′-dichlorofluorescein (DCF). Fluorescent density reflected ROS level [73].
Therefore, intracellular ROS levels were determined using an H2DCFDA probe as described. Briefly,
cells were seeded in 24-well plates (2 × 104 cells/mL) and cultured overnight. Medium containing
5� DMSO served as the negative controls. After treatment with ADC (30, 45, and 60 μM) for 24 h in
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phenol-red-free DMEM, cells were incubated with 25 μM H2DCFDA for 30 min at 37 ◦C. Then cells
were harvested, washed, and resuspended in PBS. Cells were analyzed using FCAS, and the results
were analyzed using Flowjo software.

To further verify the role of ROS in ADC-induced inhibition of SPCA-1 proliferation, a ROS
scavenger was used to treat the cells before ADC treatment. The SPCA-1 cells were seeded in 96-well
plates at 2 × 104 cells/mL and cultured overnight. Cells were pretreated with 1, 2, and 4 mM NAC for
2 h prior to exposure to 200 μM ADC for 72 h. The proliferation was analyzed by alamarBlue@ assay
as shown in Section 4.3.

To further verify the role of ROS in ADC-induced apoptosis of SPCA-1, NAC was used to treat
the cells before ADC treatment. The SPCA-1 cells were seeded in 12-well plates at 2 × 105 cells/mL
and cultured overnight. Cells were pre-treated with 1, 2, and 4 mM NAC for 2 h prior to exposure to
150 μM ADC for 72 h. The apoptotic cells were analyzed by FCAS after annexin V-FITC/PI double
staining as shown in Section 4.7.

4.9. ELISA Assay

Cleaved caspase-3, Bcl-2, and P53 protein expression were measured using commercial cleaved
caspase-3, Bcl-2, and P53 assay kits according to the manufacturer’s instructions, respectively. Briefly,
cells (2 × 105 cells/mL) were seeded in 12-well plates and cultured overnight. The cells were then
treated with 150 μM ADC for 72 h. Medium containing 5� DMSO and 100 μM 5-Fu served as the
negative and positive controls, respectively. After treatment, cells were collected and washed with cold
PBS and resuspended in RIPA lysis buffer, and then left on ice for 30 min. The lysate was centrifuged
at 1 × 104 rpm at 4 ◦C for 30 min, and then total protein level was measured with a BCA assay kit.
The absorbance was determined by a spectrophotometric plate reader at 450 nm. The sample or
standard (100 μL) were added to each well of the plate of cleaved caspase-3, Bcl-2 or P53, and the plates
were covered with a sealer. After incubation for 2 h at room temperature, the plates were washed
with wash butter three times. A diluted detection antibody (100 μL) was added to each well, and
the plates were covered with a new plate sealer. After incubation for 2 h at room temperature, the
plates were washed with wash butter three times again. The diluted Streptavidin-HRP A was added
to each well of the plates, and the plates were incubated for 20 min in dark. After incubation for 20
min, the stop solution was added to each well, and the plates were gently tapped to ensure thorough
mixing. The absorbance was determined by a spectrophotometric plate reader at 450 nm. The increase
in protein expression was calculated as the ratio between values obtained from the treated samples
versus those obtained in untreated controls.

4.10. Transmission Electron Microscopy Analysis

Transmission electron microscopy (TEM) was employed to identify autophagosomes in lung
adenocarcinoma cell line SPCA-1. Cells were treated with 200 μM ADC for 72 h. Cells were harvested,
washed and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, then post-fixed in 1% osmium
tetroxide buffer. After dehydration in a graded series of ethanol, the cells were embedded in spur
resin. Thin sections (70 nm) were cut on an ultramicrotome. The sectioned grids were stained with
saturated solutions of uranyl acetate and lead citrate. The sections were examined by a JEM1230
electron microscope from JEOL (Tokyo, Japan).

4.11. Flow Cytometric Analysis of Autophagy with Cyto-ID Staining

The Cyto-ID autophagy detection kit (ENZ-51031-K200) from Enzo Life Sciences (New York,
NY, USA) was used to stain live cells according to the manufacturer’s instructions. This assay is
dependent on a 488 nm-excitable green fluorescent detection reagent, which specifically fluoresces in
autophagic vesicles [73]. Cells (2 × 105 cells/mL) were seeded in 12-well plates and cultured overnight.
The cells were then treated with 50, 150, and 200 μM ADC for 72 h. Medium containing 5� DMSO and
combination of 1 μM CQ or 50 0nM rapamycin served as the negative or positive controls, respectively.
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After treatment, cells were washed with DPBS, and then incubated with Cyto-ID Green containing
indicator free cell culture medium containing FBS (100 μL/mL) for 30 min at 37 ◦C, 5% CO2 in the dark.
At the end of staining procedure, the Cyto-ID Green containing medium were washed away, and then
cells were trypsinized, washed, and resuspended in ice-cold DPBS containing FBS (40 μL/mL). Cells
were analyzed using FCAS, and the results were analyzed using Flowjo software.

4.12. Western Blotting Analysis

Whole cell lysates were extracted using RIPA lysis buffer containing protease inhibitor and
phosphatase inhibitor. Protein concentrations were measured by a Pierce BCA protein assay kit.
Proteins were separated using SDS-PAGE and transferred to PVDF membranes and subsequently
blocked with 5% BSA, and incubated with primary antibody (1:1000) from Cell Signaling Technology
(Danvers, MA, USA) overnight at 4 ◦C. Immunoblots were followed by 1–2 h incubation in secondary
antibody (1:300, BOSTER). After washing three times with TBS-T, the signal was detected using
TanonTM High-sig ECL Western Blotting Substrate from Tanon Science & Technology Co., Ltd.
(Shanghai, China) by the Amersham Imager 600 from GE Healthcare (Pittsburgh, PA, USA).

4.13. Live-Cell Imaging for Autophagic Flux

Laser scanning confocal microscopy were employed to identify autophagic flux. The SPCA-1 cells
were transfected with mRFP-GFP-LC3B-expressing plasmid by Turbofectmin, and then cultured for
6 h. Cells were treated with 20, 150, and 200 μM ADC for 24 h, followed by incubation with DAPI for
5 min, cells were washed three times with PBS, and then cells were examined by an OLYMPUS FV1200
laser scanning confocal microscope.

4.14. FACS/Phosflow

A PE mouse anti-mTOR (pS2448), PE mouse anti-AKT (pS473), and PE mouse IgG1 kappa
isotype control were measured by FCAS according to the manufacturer’s instructions. Briefly, cells
(2 × 105 cells/mL) were seeded in 12-well plates and cultured overnight. The cells were treated with
50, 150, and 200 μmol/L ADC for 24 h. Medium containing 5� DMSO served as the negative control.
After treatments, cells were trypsinized and washed with cold stain buffer, and then fixed with cold
fixation buffer for 30 min at 4 ◦C. After washing with staining buffer, cells were permeabilized with
perm buffer III for 30 min at 4 ◦C. Cells were washed and resuspended in staining buffer, and 100
μL cell suspension to each test was continued with antibody staining for 1 h at room temperature.
Then cells were washed with staining buffer and analyzed using FCAS, and the results were analyzed
using Flowjo software.

4.15. Role of Autophagy

To explore the exact role of autophagy in the anticancer action of ADC in NSCLC, the autophagy
inhibitor CQ and autophagy activator RAPA were used to treat the cells after ADC treatment. Cells
were treated with 200 μM ADC for 72 h, and then were treated with 100 μM CQ and 5 μM RAPA
for 4 h, respectively. The proliferation was analyzed by alamarBlue@ assay as shown in Section 4.3.
To further confirm whether autophagy takes parts in ADC-induced apoptosis, cells were treated with
50, 150, and 200 μM ADC for 72 h, and then cells were treated with 100 μM CQ for 4 h. The apoptosis
rate was analyzed by the Annexin V-FITC apoptosis detection kit and FCAS as shown in Section 4.7.

To determine at which stage (before or after ADC treatment) the protective autophagy occurs
in NSCLC with ADC treatment, RAPA was used to treat the cells after ADC treatment. Cells were
treated with the 5 μM RAPA for 4 h, and then cells were treated with 200 μM antrodin C for 72 h.
The proliferation was analyzed by alamarBlue@ assay as shown in Section 4.3.
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4.16. In Vitro ADC Metabolism

Many pharmacologically interesting molecules must be passed over because they are not
sufficiently stable. Thus, it is necessary to focus on metabolic stability, which is widely considered one
of the most significant challenges of drug discovery. The Phase I metabolism assay was performed
by incubation of ADC (final concentrations, 1 μM) with an NADPH regenerating system (final
concentration, 1 unit/mL) in SD rat and human liver microsomes (final concentration, 0.5 mg/mL).
DMSO stock solution of ADC was prepared at a concentration of 10 mM. Working solution of ADC
was prepared by adding methanol at 100 μM, and then by adding phosphate buffer at 10 μM. Liver
microsome working solution was prepared by phosphate buffer at a concentration of 0.625 mg/mL.
Eighty microliters of liver microsome working solution was added to the 10 μL ADC working solution
directly, and 10 μL NADPH regenerating system solution were mixed, and then incubated at 37 ◦C for
0, 5, 10, 20, 30, and 60 min to initiate the reaction, followed by quenching of the reaction by adding
300 μL cold acetonitrile containing internal standards (100 ng/mL Tolbutamide) to each well. The
Blank60 plate was referred to the no-test-compound treatment at 60 min incubation. The NCF60 plate
was referred to the treatment of not adding the NADPH regenerating system at 60 min after incubation.
All of the plates were centrifuged at 4000 rpm for 20 min, and the supernatants were transferred to
new plates for analysis by LC/MS/MS.

4.17. Statistical Analyses

Results are presented as means ± standard deviation (SD). Inter-group comparisons were
performed by one-way analysis of variance (ANOVA) and LSD’s test. All of the variables were
tested for normal and homogeneous variance using Levene’s test. When necessary, Tamhane’s T2 test
was performed. A p-value of less than 0.05 or 0.01 was significant and very significant, respectively.

5. Conclusions

In summary, we provided in vitro evidence in human lung adenocarcinoma cancer cell lines
which suggests that ADC retards cell growth, represses cell migration, disturbs cell cycle progression,
and induces apoptotic death. We further demonstrated that protective autophagy could occur
simultaneously in lung cancer cells exposed to ADC, and that these changes were partially mediated
by the Akt-mTOR pathway. These findings may be helpful in the development of ADC as a
chemotherapeutic lead compound for lung cancer, as well as to the rationale for enhancing its anti-lung
cancer efficacy through the inhibition of protective autophagy.
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Abstract: Malignant melanoma is the deadliest form of skin cancer and highly chemoresistant.
Melittin, an amphiphilic peptide containing 26 amino acid residues, is the major active ingredient
from bee venom (BV). Although melittin is known to have several biological activities such as
anti-inflammatory, antibacterial and anticancer effects, its antimelanoma effect and underlying
molecular mechanism have not been fully elucidated. In the current study, we investigated the
inhibitory effect and action mechanism of BV and melittin against various melanoma cells including
B16F10, A375SM and SK-MEL-28. BV and melittin potently suppressed the growth, clonogenic
survival, migration and invasion of melanoma cells. They also reduced the melanin formation
in α-melanocyte-stimulating hormone (MSH)-stimulated melanoma cells. Furthermore, BV and
melittin induced the apoptosis of melanoma cells by enhancing the activities of caspase-3 and -9.
In addition, we demonstrated that the antimelanoma effect of BV and melittin is associated with
the downregulation of PI3K/AKT/mTOR and MAPK signaling pathways. We also found that the
combination of melittin with the chemotherapeutic agent temozolomide (TMZ) significantly increases
the inhibition of growth as well as invasion in melanoma cells compared to melittin or TMZ alone.
Taken together, these results suggest that melittin could be potentially applied for the prevention and
treatment of malignant melanoma.

Keywords: melanoma; bee venom; melittin; temozolomide; AKT; MAPK

1. Introduction

Melanoma, a malignant tumor of melanocytes, is the most rapid and fatal form of skin cancer [1,2].
The onset of malignant melanoma has been reported to be influenced by various environmental and
genetic factors including ultraviolet (UV) light and oncogenic BRAF mutations, respectively [3,4].
Melanoma can easily spread to other parts of the body, making treatment more difficult and causing
death. Over the past 30 years, numerous therapies have been developed, but the prognosis for patients
with malignant melanoma has not been improved significantly, with an average survival time of 6–9
months. The primary treatment for melanoma is surgical removal of the tumor or chemotherapy, but
the treatment is incomplete and the patient’s prognosis is poor due to recurrence [5,6]. Therefore, the
development of new therapies is still necessary.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin
(mTOR) and mitogen-activated protein kinase (MAPK) signaling pathways regulate cell survival,
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proliferation, migration and invasion, which are key functions of melanoma progression. Previous
studies have shown that these pathways are constitutively activated through multiple mechanisms in
malignant melanoma [7–9]. The sustained activation of these pathways not only protects melanoma cells
from apoptosis, but also plays a decisive role in chemoresistance of melanoma. In pre-clinical models,
the pharmacological inhibition of these pathways potently increases the sensitivity of melanoma cells
to chemotherapeutic drugs such as cisplatin and temozolomide (TMZ). However, inhibiting only one
of these pathways appears to be insufficient to effectively treat malignant melanoma [10]. Therefore,
targeting PI3K/AKT/mTOR and MAPK pathways simultaneously can be a promising strategy to
overcome chemoresistance of melanoma.

Bee venom (BV) is a natural toxin produced by honey bees (Apis mellifera) and has been widely
used as a traditional medicine for a variety of diseases [11]. BV contains a variety of peptides including
melittin, apamin, adolapin and enzymes, biological amines and non-peptide components [12]. Previous
studies have revealed that BV possesses pain relief, anti-inflammatory, antimicrobial, antiviral and
anticancer activities [13,14]. Most of all, BV’s various cancer-controlling effects such as apoptosis,
necrosis, cytotoxicity and growth arrest are being found in various types of cancer cells including
prostate, breast, lung, liver, skin and bladder cancers [15,16]. BV triggered proliferation inhibition and
apoptotic death of melanoma cells both in vitro and in vivo experiments, implying that BV may be
useful in treating melanoma.

Melittin, the major bioactive component of BV (50% of its dry weight), is a small linear peptide
composed of 26 amino acids. The pharmacological efficacies of BV appear to be due primarily to
the synergistic effect of melittin [17–20]. Therefore, this amphiphilic anticancer peptide may be a
better choice than BV in its original form for cancer management. Although BV is known to have
the anticancer activity on melanoma, the antimelanoma effect of melittin and its mode of action at
the molecular level remain largely unknown. In this study, we investigated the inhibitory effect
and molecular action mechanism of BV and melittin against various melanoma cells including
B16F10, A375SM and SK-MEL-28. Our results showed that BV and melittin potently suppress
the growth and migration of melanoma cells via dual inhibition of PI3K/AKT/mTOR and MAPK
pathways, suggesting that melittin could be a promising chemotherapeutic agent for malignant
melanoma treatment.

2. Results

2.1. Inhibition of Melanoma Cell Growth by BV and Melittin

To determine whether BV and melittin affect melanoma cell growth, B16F10, A375SM and
SK-MEL-28 cells were treated with various concentrations (0–100 μg/mL) of BV and melittin for 72 h,
and the MTT assay was performed. BV and melittin remarkably inhibited the growth of melanoma
cells, with IC50 values of 12.67 and 4.46 μg/mL in B16F10, 5.69 and 4.43 μg/mL in A375SM, and 3.05
and 3.06 μg/mL in SK-MEL-28, respectively (Figure 1).

Figure 1. The effect of BV and melittin on the growth of melanoma cell lines. Cells were treated with
various concentrations of BV and melittin for 72 h, and cell growth was measured using the MTT
colorimetric assay. Data were presented as percentage relative to DMSO-treated control (% of control).
Each value represents the mean ± SE from three independent experiments.
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The growth inhibitory effect of BV and melittin against melanoma cells was further assessed using
a colony formation assay. Treatment with BV and melittin resulted in a significant inhibition of the
colony-forming ability in B16F10, A375SM and SK-MEL-28 melanoma cells (Figure 2). In particular, the
inhibitory effect of melittin on the clonogenic growth was more potent than that of BV at the indicated
concentrations. These results suggest that melittin may be considered a novel anticancer agent with
potent antiproliferative activity against melanoma cells.

Figure 2. The effect of BV and melittin on the colony forming ability of melanoma cell lines. (A) B16F10,
(B) A375SM and (C) SK-MEL-28 cells were treated with BV and melittin for 8–10 days. The cell colonies
were detected by crystal violet staining and then counted. * p < 0.05 versus the control. Each value
represents the mean ± SE from three independent experiments.

2.2. The Inhibitory Effect of BV and Melittin on Melanoma Cell Migration and Invasion

To assess the ability of BV and melittin to suppress the metastasis of melanoma cells, the effect of
BV and melittin on the melanoma cell migration and invasion was evaluated by wound healing and
Matrigel invasion assays, respectively. The wound scratch in untreated control cells was fully closed
after 24 h of incubation, whereas treatment with BV and melittin led to the suppression of B16F10,
A375SM and SK-MEL-28 melanoma cell migration in a dose-dependent manner (Figure 3).

Figure 3. The effect of BV and melittin on the migration of melanoma cell lines. The migratory potential
of melanoma cells was analyzed using wound healing assay. Cells were treated with BV and melittin
for 24 h. Dotted black lines indicate the edge of the gap at 0 h. * p < 0.05 versus the control. Each value
represents the mean ± SE from three independent experiments.
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BV and melittin also decreased the invasion of A375SM and SK-MEL-28 cells when compared with
controls (Figure 4). Notably, melittin more effectively inhibited the metastatic potential of melanoma
cells than BV.

Figure 4. The effect of BV and melittin on the invasion of melanoma cell lines. The invasiveness of
melanoma cells was analyzed using Matrigel-coated polycarbonate filters. Cells were treated with BV
and melittin for 24 h. Cells penetrating the filters were stained and counted under an optical microscope.
* p < 0.05 versus the control. Each value represents the mean ± SE from three independent experiments.

2.3. The Antimelanogenic Effect of BV and Melittin

Malignant melanocytes tend to exhibit upregulated melanogenesis and defective melanosomes [21,22].
To investigate the effect of BV and melittin on melanogenesis of B16F10 cells, we thus determined the
melanin content. The cells were stimulated by α-MSH in the presence or absence of BV and melittin
for 72 h. Treatment with BV and melittin dose-dependently downregulated the melanin formation
of B16F10 cells induced by α-MSH, indicating that they inhibit the melanogenesis of melanoma cells
(Figure 5).

Figure 5. The effect of BV and melittin on the melanogenesis of α-MSH-stimulated B16F10 cells. Cells
were treated with BV and melittin in the presence or absence of α-MSH for 72 h, and the cellular
melanin contents were determined. * p < 0.05 versus the α-MSH control. Each value represents the
mean ± SE from three independent experiments.

2.4. The Effect of BV and Melittin on Melanoma Cell Apoptosis

To further elucidate the anticancer effect of BV and melittin in melanoma cells, cellular apoptosis
was quantitatively analyzed by flow cytometry following Annexin V-FITC and PI dual labeling. When
melanoma cells were treated with BV and melittin for 24 h, the total amount of early and late apoptotic
cells markedly increased in comparison with controls (from 0.99 to 7.80 and 46.45% for BV and melittin
in B16F10 cells, from 1.18 to 35.45 and 98.60% in A375SM cells, and from 4.36 to 25.84 and 90.30% in
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SK-MEL-28 cells, respectively) (Figure 6). In addition, the ability of melittin to induce apoptosis was
superior to BV.

Figure 6. The effect of BV and melittin on the apoptotic cell death of melanoma cell lines. Cells were
treated with BV and melittin for 24 h. Apoptotic cells were determined by flow cytometric analysis
following annexin V-FITC and propidium iodide (PI) dual labeling. Each value represents the mean ± SE
from three independent experiments.

Subsequently, the effect of BV and melittin on caspase activity was assessed to determine whether
they induce caspase-dependent apoptosis in melanoma cells. Western blot analysis showed that
treatment with BV and melittin resulted in the increased expression of cleaved caspase-3 and -9 in
A375SM cells (Figure 7). Taken together, these data imply that the growth suppression of melanoma
cells by BV and melittin is partly due to increased apoptosis in a caspase-dependent manner.

Figure 7. The effect of BV and melittin on the expression of apoptosis regulatory proteins in A375SM
melanoma cells. Cells were treated with BV and melittin for 24 h, and the expression levels of cleaved
caspase-3 and cleaved caspase-9 were detected by Western blotting. The levels of β-actin were used as
an internal control. Each value represents the mean ± SE from three independent experiments.
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2.5. The Effect of BV and Melittin on the Regulation of PI3K/AKT/mTOR and MAPK Pathways

The oncogenic PI3K/AKT/mTOR and MAPK signaling pathways regulate cell survival,
proliferation, migration and invasion, which are key features of malignant melanoma progression [7].
The effect of BV and melittin on the PI3K/AKT/mTOR and MAPK activation was therefore
investigated in melanoma cells. They significantly suppressed the phosphorylation of PI3K, AKT and
mTOR as well as MAPKs such as extracellular signal-regulated kinase (ERK) and p38 in A375SM cells
(Figure 8A).

Figure 8. The effect of BV and melittin on the regulation of PI3K/AKT/mTOR and MAPK pathways.
A375SM melanoma cells were treated with (A) BV, melittin and (B) MG132, and the protein levels
were detected by Western blot analysis using specific antibodies. The levels of β-actin were used as an
internal control. Each value represents the mean ± SE from three independent experiments.
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Particularly, the inhibitory effect of melittin on the signaling pathways was better than that of
BV. However, melittin also reduced the total protein levels of these signaling molecules. To further
assess whether melittin affects their proteasomal degradation, we investigated the inhibitory effect
of a proteasome inhibitor MG132 on the degradation of the proteins by the activity of melittin.
Treatment with MG132 abolished the degradation of PI3K, AKT, mTOR and ERK proteins by
melittin, indicating that melittin induces the proteolysis of these signaling effectors in melanoma
cells (Figure 8B). Therefore, the suppressive effect of melittin on the PI3K/AKT/mTOR and MAPK
signaling may be partly associated with its inhibitory effect on the protein stability of such signaling
molecules. Taken together, these results suggest that BV and melittin inhibit the growth and
metastatic potential of melanoma cells by downregulating both PI3K/AKT/mTOR and MAPK
signaling pathways. As a result, the inhibition of these signaling pathways led to a reduction in the
expression of microphthalmia-associated transcription factor (MITF), which is an important regulator
of melanogenesis and malignant melanoma development, as well as matrix metalloproteinase (MMP)-2
and MMP-9, which play a critical role in melanoma metastasis (Figure 8A) [23,24].

2.6. The Effect of a Combination of Melittin with TMZ on Melanoma Cell Growth and Invasion

Temozolomide (TMZ) is used as a chemotherapeutic agent in many carcinomas including
melanoma, but its anticancer activity is insufficient due to tumor chemoresistance [25,26]. In order to
further develop a promising combination therapy of melittin for malignant melanoma, we investigated
the effect of melittin on chemosensitivity of melanoma cells to TMZ.

As shown in Figure 9A, combination of melittin with TMZ markedly increased growth inhibition
in both A375SM and SK-MEL-28 melanoma cell lines compared with melittin or TMZ alone (inhibition
rates of 42.51, 48.62 and 96.02% with 2.5 μg/mL melittin, 50 μM TMZ and melittin/TMZ combination
in A375SM cells and 44.90, 39.38 and 90.32% in SK-MEL-28 cells, respectively). In addition, the
combination treatment of melittin with TMZ greatly increased invasion inhibition compared with
single agent treatment (inhibition rates of 51.90, 30.51 and 89.48% with 2.5 μg/mL melittin, 50 μM
TMZ and melittin/TMZ combination in A375SM cells and 54.76, 36.50 and 94.95% in SK-MEL-28 cells,
respectively) (Figure 9B). These findings suggest that melittin might be used to treat melanoma in
combination with TMZ.
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Figure 9. The effect of the combination of melittin with TMZ on the growth and invasion of melanoma
cell lines. (A) Cells were treated with melittin and TMZ for 72 h, and cell growth was measured
using the MTT colorimetric assay. (B) Cells were treated with melittin and TMZ for 24 h. Cells
penetrating the Matrigel-coated polycarbonate filters were stained and counted under an optical
microscope. * p < 0.05 versus the single agent treatment. Each value represents the mean ± SE from
three independent experiments.

3. Discussion

Melanoma is one of the malignant tumors whose incidence and mortality are increasing
worldwide and is notably resistant to conventional chemotherapeutic agents [1,2]. Through our
continuing efforts in searching potential anticancer agents from natural products, the antimelanoma
effect and underlying molecular mechanism of melittin, a main ingredient of bee venom (BV), were
newly found in this study.

Melittin is an amphiphilic peptide of linear structure composed of 26 amino acids
(GIGAVLKVLTTGLPALISWIKRKRQQ) in which the N-terminal part is hydrophobic, whereas the
C-terminal part is hydrophilic and strongly basic [27]. Recent studies have revealed that melittin
exhibits potent antitumor effect against several human cancer cell lines including ovarian, liver, cervical,
bladder, gastric and breast cancers. Melittin induced apoptosis of human ovarian cancer cells via
increase of death receptor expression and inhibition of signal transducer and activator of transcription 3
(STAT3) pathway [28]. On the other hand, the apoptotic effect of melittin on human gastric cancer cells
was associated with activation of mitochondrial signaling pathway but not death receptor-mediated
pathway [29]. Besides, melittin inhibited growth of human hepatoma cells through HDAC2-mediated
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PTEN upregulation and inhibition of PI3K/AKT signaling pathway [30]. Furthermore, melittin
showed anticancer and antiangiogenic effects by suppressing expression of hypoxia-inducible factor-1α
(HIF-1α) and vascular endothelial growth factor (VEGF) through inhibition of ERK and mTOR
pathways in human cervical cancer cells [31]. However, even though BV has been reported to inhibit
the proliferation of malignant melanoma cells via cell cycle arrest at G1 stage and calcium-dependent
apoptotic cell death [32,33], the cellular mechanisms of the antimelanoma effect of melittin remain
fully unexplained.

In the present study, we found that melittin effectively inhibits the growth of melanoma cells
by inducing a caspase-dependent apoptosis. Apoptosis is caused by the organic reactions of various
proteins regulated by internal and external cellular pathways [34,35]. Caspase plays an important
role in apoptosis and is involved in the common pathway of various apoptotic signals. Caspases are
present as inactive pro-enzymes that are activated by proteolytic cleavage. Our results indicated that
melittin induces apoptosis in melanoma cells through upregulation of cleaved caspase-3 and -9.

Malignant melanoma begins with a progressive disease in the local area, but as it progresses, the
tumor cells begin to penetrate into the surrounding tissues. The metastatic ability of melanoma cells
determines the severity of this disease and is therefore considered an important goal in malignant
melanoma management [36]. We confirmed the antimetastatic potential of melittin through in vitro
migration and invasion assays using melanoma cells. In particular, melittin showed stronger anticancer
efficacy than BV in both proliferative and metastatic abilities of melanoma cells.

We also observed that BV and melittin have antimelanogenic activity in α-MSH-stimulating
condition. The synthesis of melanin represents a major differentiated function of melanocytes.
Although the main function of melanin is to protect against UV-induced damage, melanin pigment
can also attenuate effectiveness of radiation or chemotherapy. In addition, melanogenesis can enhance
melanoma progression owing to immunosuppressive, genotoxic and mutagenic properties [21,22,37].
In this study, treatment with melittin efficiently blocked the melanin formation of melanoma cells
stimulated by α-MSH, indicating that melittin downregulates the differentiation of melanoma cells
associated with melanogenesis.

Previous studies have shown that melittin downregulates PI3K/AKT/mTOR and MAPK
signaling pathways, thereby leading to apoptosis in several tumor cells such as liver and cervical
cancers and inhibits the metastatic ability of cancer cells [30,31]. These pathways have been also
demonstrated to be important in development of malignant melanoma by promoting cell proliferation
and metastasis [7]. To elucidate the molecular mechanism responsible for the malignant melanoma
inhibitory effect of melittin, we confirmed whether melittin affects PI3K/AKT/mTOR and MAPK
signaling. Treatment with melittin caused a reduction in the phosphorylation of PI3K, AKT and mTOR
as well as MAPKs including ERK and p38 in melanoma cells. Notably, the inhibitory effect of melittin
on the PI3K/AKT/mTOR and MAPK signaling was better than that of BV. Meanwhile, melittin also
decreased the total protein levels of these signaling molecules, implying that the suppressive effect
of melittin on the PI3K/AKT/mTOR and MAPK signaling is partly due to its inhibitory effect on
the protein expression of such signaling molecules. Taken together, melittin could be a more efficient
anticancer agent against malignant melanoma by simultaneously targeting the PI3K/AKT/mTOR and
MAPK pathways.

Current standard therapy for malignant melanoma includes a combination of resectional surgery
with chemotherapy such as temozolomide (TMZ), an alkylating agent that induces apoptosis through
DNA strand breaks [25,26]. However, metastatic melanoma is highly chemoresistant and the
chemotherapeutic drug yielded very limited survival benefit. Recent studies have shown that inhibition
of PI3K/AKT/mTOR signaling sensitizes melanoma cells to TMZ [38,39]. We thus evaluated whether
melittin ameliorates the anticancer effect of TMZ. Combined treatment with melittin and TMZ more
effectively inhibited growth and invasiveness of melanoma cells compared with melittin or TMZ
alone. These data suggest that melittin may have a promising therapeutic potential to overcome the
chemoresistance to TMZ of melanoma patients.
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Nevertheless, melittin is known to have a strong hemolytic activity [19,27]. Even though we
demonstrated significant anticancer activity of melittin against malignant melanoma, further studies
to reduce the nonspecific cell lysis and toxicity of melittin will be needed.

4. Materials and Methods

4.1. Materials

Melittin, temozolomide, MG132 and alpha-melanocyte stimulating hormone (α-MSH) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Bee venom, Matrigel and Transwell chamber
system were obtained from Chung Jin Biotech (Ansan, Korea), BD Biosciences (San Jose, CA, USA) and
Corning Costar (Acton, MA, USA), respectively. Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were purchased from Invitrogen (Grand Island, NY, USA). Anti-phospho-PI3K,
anti-PI3K, anti-phospho-AKT, anti-AKT, anti-phospho-mTOR, anti-mTOR, anti-phospho-ERK1/2,
anti-ERK1/2, anti-phospho-p38, anti-p38, anti-cleaved caspase-3, anti-cleaved capase-9, anti-MITF,
anti-MMP-2, anti-MMP-9 and anti-β-actin antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA).

4.2. Cell Culture and Cell Growth Assay

B16F10, A375SM and SK-MEL-28 melanoma cell lines were obtained from the Korean
Cell Line Bank (KCLB). All cells were grown in DMEM supplemented with 10% FBS and
maintained at 37 ◦C in a humidified 5% CO2 incubator. Cell growth was examined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay. The cells
were seeded in 96-well culture plates at a density of 2 × 103 cells/well. After 24 h incubation, various
concentrations of BV and melittin were added to each well. After 72 h, 50 μL of MTT solution
(2 mg/mL; Sigma-Aldrich) was added to each well, and the cells were incubated for 3 h. To dissolve
formazan crystals, the culture medium was removed and an equal volume of DMSO was added to
each well. The absorbance of each well was determined at a wavelength of 540 nm using a microplate
reader (Thermo Fisher Scientific, Vantaa, Finland).

4.3. Colony Formation Assay

Melanoma cells were seeded in 6-well culture plates at a density of 5 × 102 cells/well. After 24 h
incubation, the cells were treated with BV and melittin for 8–10 days. Following this, the cell colonies
were fixed with 4% formaldehyde and stained with 0.5% crystal violet solution.

4.4. Chemoinvasion Assay

Cell invasion was assayed using Transwell chamber inserts. The lower side of the polycarbonate
filter was coated with 10 μL of gelatin (1 mg/mL), and the upper side was coated with 10 μL of
Matrigel (3 mg/mL). Melanoma cells (1 × 105) were seeded in the upper chamber of the filter, and BV
and melittin were added to the lower chamber filled with medium. The chamber was incubated for
24 h, and the cells were fixed with methanol and stained with H & E. The total number of cells that
invaded the lower chamber of the filter was counted using an optical microscope (Olympus, Center
Valley, PA, USA).

4.5. Cell Migration Assay

Melanoma cells were seeded in 24-well culture plates at a density of 2 × 105 cells/well and grown
to 90% confluence. The confluent monolayer cells were scratched using a pipette tip and each well was
washed with phosphate-buffered saline (PBS) to remove non-adherent cells. The cells were treated
with BV and melittin and then incubated for up to 24 h. The perimeter of the central cell-free zone was
confirmed under an optical microscope (Olympus).
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4.6. Apoptosis Analysis

The apoptotic cell distribution was determined using the MUSE Annexin V & Dead Cell Kit
(Merck KGaA, Darmstadt, Germany) according to the manufacturer’s instructions. Briefly, after
treatment with BV and melittin, all cells were collected and diluted with PBS containing 1% bovine
serum albumin (BSA) as a dilution buffer to a concentration of 5 × 105 cells/mL. 100 μL of Annexin
V/Dead Cell reagent and 100 μL of a single cell suspension were mixed in a microtube and in the dark
for 20 min at room temperature. The cells were then analyzed using the Muse Cell Analyzer (Millipore
Corporation, Hayward, CA, USA).

4.7. Western Blot Analysis

Cell lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the separated proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA, USA) using standard electroblotting procedures. The blots were
blocked and immunolabeled with primary antibodies against phospho-PI3K, PI3K, phospho-AKT,
AKT, phospho-mTOR, mTOR, phospho-ERK1/2, ERK1/2, phospho-p38, p38, cleaved capase-3, cleaved
capase-9, MITF, MMP-2, MMP-9 and β-actin overnight at 4 ◦C. Immunolabeling was detected with an
enhanced chemiluminescence (ECL) kit (Bio-Rad Laboratories, Hercules, CA, USA), according to the
manufacturer’s instructions.

4.8. Measurement of Melanin Content

B16F10 cells (15 × 104 cells/well) were plated in 12-well culture plates and then treated with BV
and melittin in the presence or absence of α-MSH (200 nM) for 72 h. The cells were then washed with
PBS and lysed in 150 μL of 1 M NaOH at 95 ◦C. The lysate was added in 96-well microplate, and the
absorbance was measured at 405 nm using a microplate spectrophotometer (Thermo Fisher Scientific).

4.9. Statistical Analysis

The results are expressed as the mean ± standard error (SE). Student’s t-test was used to determine
statistical significance between the control and the test groups. A p-value of <0.05 was considered to
indicate a statistically significant difference.

5. Conclusions

In this study, we demonstrated that BV and its main component melittin potently suppress
multiple oncogenic processes including growth, clonogenicity, migration, invasion and melanogenesis
in malignant melanoma cells. Particularly, melittin showed stronger anticancer effects than BV. We
also found that BV and melittin induce apoptosis in a caspase-dependent manner. Moreover, their
antimelanoma effects are involved in the downregulation of PI3K/AKT/mTOR and MAPK signaling
pathways. Noticeably, the combination of melittin with the chemotherapeutic agent TMZ increases
sensitivity of melanoma cells towards TMZ. Based on these findings, we suggest that melittin could be
an attractive candidate to treat malignant melanoma.
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Abstract: Artemisia absinthium L. has pharmaceutical and medicinal effects such as antimicrobial,
antiparasitic, hepatoprotective, and antioxidant activities. Here, we prepared A. absinthium ethanol
extract (AAEE) and its subfractions including petroleum ether (AAEE-Pe) and ethyl acetate (AAEE-Ea)
and investigated their antitumor effect on human hepatoma BEL-7404 cells and mouse hepatoma
H22 cells. The cell viability of hepatoma cells was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The apoptosis, cell cycle, mitochondrial membrane
potential (Δψm), and reactive oxygen species (ROS) were analyzed by flow cytometry. The levels of
proteins in the cell cycle and apoptotic pathways were detected by Western blot. AAEE, AAEE-Pe, and
AAEE-Ea exhibited potent cytotoxicity for both BEL-7404 cells and H22 cells through the induction of
cell apoptosis and cell cycle arrest. Moreover, AAEE, AAEE-Pe, and AAEE-Ea significantly reduced
Δψm, increased the release of cytochrome c, and promoted the cleavage of caspase-3, caspase-9, and
poly(ADP-ribose) polymerase (PARP) in BEL-7404 and H22 cells. AAEE, AAEE-Pe, and AAEE-Ea
significantly upregulated the levels of ROS and C/EBP-homologous protein (CHOP). Further, AAEE,
AAEE-Pe, and AAEE-Ea significantly inhibited tumor growth in the H22 tumor mouse model and
improved the survival of tumor mice without side effects. These results suggest that AAEE, AAEE-Pe,
and AAEE-Ea inhibited the growth of hepatoma cells through induction of apoptosis, which might
be mediated by the endoplasmic reticulum stress and mitochondrial-dependent pathway.

Keywords: Artemisia absinthium; apoptosis; endoplasmic reticulum stress; mitochondrial-dependent
pathway

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and was the sixth
most commonly diagnosed cancer and the fourth leading cause of cancer death worldwide in 2018,
with about 841,000 new cases and 782,000 deaths annually [1,2]. The main risk factors for HCC are
chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), aflatoxin-contaminated
foodstuffs, heavy alcohol intake, obesity, smoking, and type 2 diabetes [3]. Currently, therapeutic
options for the treatment of HCC include liver resection, transplantation, palliative intra-arterial
therapies, immunotherapy strategies, and so on [4,5]. However, the prognosis of most patients with
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HCC is poor [6]. For HCC treatment, the main drugs, including oxaliplatin and sorafenib, remain
unsatisfactory because of their side effects and multidrug resistance [7,8]. Therefore, it is urgent to
develop novel therapeutic agents to treat HCC.

Artemisia absinthium L. belongs to the Asteraceae family and is commonly known as wormwood.
The chemical components of A. absinthium include sesquiterpene lactone, sesquiterpene lactone-pinene,
β-thujone, α-thujone, sabinyl acetate, and β-thujone [9]. A. absinthium has pharmaceutical and medicinal
effects such as antimicrobial [9], insecticidal [10], antiparasitic [11], antitumor [12], antipyretic [13],
hepatoprotective [14,15], and antioxidant activities [16,17]. In the present study, A. absinthium ethanol
extract (AAEE) and its subfractions including petroleum ether (AAEE-Pe) and ethyl acetate (AAEE-Ea)
were prepared, and their antitumor effects on HCC were investigated both in vitro and in vivo. AAEE,
AAEE-Pe, and AAEE-Ea selectively inhibited the growth of hepatoma cells both in vitro and in vivo
without cytotoxic effects on normal hepatic cells. Moreover, these extracts could arrest the cell
cycle at the G2/M phase and induce apoptosis through endoplasmic reticulum (ER) stress and the
mitochondrial-dependent pathway in human hepatoma BEL-7404 cells and mouse hepatoma H22
cells, and they might be used as safe and effective agents for the treatment of HCC.

2. Results

2.1. AAEE, AAEE-Pe, and AAEE-Ea Suppress the Growth of BEL-7404 and H22 Cells In Vitro

To investigate the anti-proliferative effects of AAEE, AAEE-Pe, and AAEE-Ea, BEL-7404 and
H22 cells were treated with 25, 75, and 150 μg/mL of AAEE, AAEE-Pe, and AAEE-Ea. After 24 h,
the morphology of BEL-7404 and H22 cells was observed with an inverted microscope. Compared to
untreated cells, BEL-7404 and H22 cells treated with AAEE, AAEE-Pe, and AAEE-Ea became shrunk
and round, and cell numbers were reduced in a dose-dependent manner (Figure 1A). Cell viability
was detected by MTT assay after treatment for 24, 48, and 72 h. The viability of BEL-7404 and H22
cells was dose- and time-dependently decreased after treatment with AAEE, AAEE-Pe, or AAEE-Ea
(Figure 1B). The IC50 (50% inhibitory concentration) values of AAEE, AAEE-Pe, and AAEE-Ea for
BEL-7404 and H22 cells at 24, 48, and 72 h are shown in Table 1. The IC50 values of H22 cells followed
the order AAEE-Pe ≤ AAEE < AAEE-Ea. The IC50 values of BEL-7404 cells followed the order AAEE
≤ AAEE-Pe < AAEE-Ea. The effect of AAEE, AAEE-Pe, and AAEE-Ea was also detected on normal
liver cells NCTC1469. AAEE and AAEE-Pe showed some cytotoxicity on NCTC1469 cells, but it was
much lower than that of BEL-7404 and H22 cells. AAEE-Ea has no cytotoxicity on NCTC1469 cells
(Figure 1C). These results suggest that AAEE, AAEE-Pe, and AAEE-Ea selectively inhibited the growth
of hepatoma cells in vitro.

Table 1. IC50 values of AAEE, AAEE-Pe, and AAEE-Ea for BEL-7404 and H22 cells.

IC50

24 h 48 h 72 h

H22 cells
AAEE 59.16 33.40 14.71

AAEE-Pe 32.91 29.64 23.38
AAEE-Ea 97.76 43.57 25.69

BEL-7404 cells
AAEE 89.86 56.86 60.39

AAEE-Pe 98.71 75.88 89.51
AAEE-Ea 171.7 82.04 71.97
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Figure 1. The effect of A. absinthium ethanol extract (AAEE) and its petroleum ether (AAEE-Pe) and
ethyl acetate (AAEE-Ea) subfractions on the growth of BEL-7404, H22, and NCTC1469 cells. Cells were
treated with different concentrations of AAEE, AAEE-Pe, and AAEE-Ea. (A) After 24 h, the morphology
of BEL-7404 and H22 cells was observed by inverted microscope. (B) After 24, 48, and 72 h, the viability
of BEL-7404 and H22 cells was detected by MTT assay. (C) After 24 h, the viability of NCTC1469 cells
was detected by MTT assay. ** p < 0.01, *** p < 0.001 compared to Untreated.

2.2. AAEE, AAEE-Pe, and AAEE-Ea Induce Apoptosis in BEL-7404 and H22 Cells

To study whether AAEE, AAEE-Pe, and AAEE-Ea induce apoptosis, BEL-7404 and H22 cells were
stained with Annexin V and propidium iodide (PI) after treatment and analyzed by flow cytometry.
The frequencies of apoptotic BEL-7404 and B22 cells were significantly increased by each of AAEE,
AAEE-Pe, and AAEE-Ea in a dose-dependent manner (Figure 2A,B). AAEE, AAEE-Pe, and AAEE-Ea
did not induce the necrosis of BEL-7404 cells but significantly induced necrosis of H22 cells
(Figure 2A,B). The pro- and anti-apoptotic members of the B-cell lymphoma-2 (BCL-2) protein family
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serve important roles in the regulation of cell apoptosis. After treatment with AAEE, AAEE-Pe, and
AAEE-Ea, the levels of pro-apoptotic Bax and anti-apoptotic Bcl-2 in BEL-7404 and H22 cells were
upregulated and downregulated, respectively. The ratios of Bax/Bcl2 significantly increased upon
AAEE, AAEE-Pe, and AAEE-Ea treatment (Figure 2C). The results indicate that AAEE, AAEE-Pe, and
AAEE-Ea inhibited the growth of BEL-7404 and H22 cells through the induction of apoptosis.

Figure 2. AAEE, AAEE-Pe, and AAEE-Ea induced apoptosis in BEL-7404 and H22 cells. Cells were
treated with different concentrations of AAEE, AAEE-Pe, and AAEE-Ea for 24 h. After staining with
Annexin V and PI, BEL-7404 (A) and H22 (B) cells were analyzed by flow cytometry. (C) Proteins
were isolated, and the levels of Bax and Bcl-2 were analyzed by Western blot. * p < 0.05; *** p < 0.001
compared to Untreated.
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2.3. AAEE, AAEE-Pe, and AAEE-Ea Induce Cell Cycle Arrest in BEL-7404 and H22 Cells

The morphological characteristics of apoptosis include chromatin condensation and DNA
fragmentation. After treatment with AAEE, AAEE-Pe, and AAEE-Ea, BEL-7404 and H22 cells were
stained with Hoechst 33258 and observed by inverted fluorescence microscopy. The nuclei of untreated
cells showed homogeneous staining, while the nuclei of cells treated with AAEE, AAEE-Pe, and
AAEE-Ea showed condensed chromatin (Figure 3A), suggesting that AAEE, AAEE-Pe, and AAEE-Ea
induce apoptosis in BEL-7404 and H22 cells.

Figure 3. AAEE, AAEE-Pe, and AAEE-Ea induced cell cycle arrest in BEL-7404 and H22 cells. BEL-7404
and H22 cells were treated with different concentrations of AAEE, AAEE-Pe, and AAEE-Ea for 24 h.
(A) BEL-7404 and H22 cells were stained with Hoechst 33258 and observed by inverted fluorescence
microscope. (B) DNA contents in BEL-7404 cells were analyzed by flow cytometry and are shown in
the upper panels. The summaries of the cell cycle distributions in BEL-7404 and H22 cells are shown in
the middle and bottom panels, respectively. (C) Expression of Cyclin B1 was analyzed by Western blot.
* p < 0.05; ** p < 0.01; *** p < 0.001 compared to Untreated.
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Next, the distribution of the cell cycle in BEL-7404 and H22 cells was detected by PI staining after
treatment with AAEE, AAEE-Pe, and AAEE-Ea for 24 h. We observed that cells in the G2/M phase were
significantly increased and cells in the S phases were significantly decreased upon AAEE, AAEE-Pe,
and AAEE-Ea treatment (Figure 3B), indicating that AAEE, AAEE-Pe, and AAEE-Ea arrested the cell
cycle of BEL-7404 and H22 cells at the G2/M phase. Consistently, AAEE, AAEE-Pe, and AAEE-Ea
reduced the expression of cyclin B1 in BEL-7404 and H22 cells (Figure 3C). The results suggest that
AAEE, AAEE-Pe, and AAEE-Ea induced apoptosis and cell cycle arrest in hepatoma cells.

2.4. AAEE, AAEE-Pe, and AAEE-Ea Reduce Mitochondrial Membrane Potential (Δψm)

Mitochondrial membrane integrity is strictly regulated by the pro- and anti-apoptotic members of
the BCL-2 protein family. After treatment with AAEE, AAEE-Pe, and AAEE-Ea for 24 h, the Δψm was
measured by flow cytometry using JC-1 as a fluorescent dye. As shown in Figure 4A, AAEE, AAEE-Pe,
and AAEE-Ea significantly reduced the Δψm values of BEL-7404 and H22 cells in a dose-dependent
manner. Consistently, AAEE, AAEE-Pe, and AAEE-Ea promoted the release of cytochrome c in
the cytosol of BEL-7404 and H22 cells. The activation of caspases is generally considered to be a
key hallmark of apoptosis. We also observed that the levels of cleaved caspase-3 and caspase-9
were increased upon AAEE, AAEE-Pe, and AAEE-Ea treatment, which promoted the cleavage
of poly(ADP-ribose) polymerase (PARP) in both BEL-7404 and H22 cells (Figure 4B). The results
indicate that AAEE, AAEE-Pe, and AAEE-Ea induced apoptosis in hepatoma cells through the
mitochondria-dependent pathway.

Figure 4. The mitochondria-dependent apoptosis induced by AAEE, AAEE-Pe, and AAEE-Ea.
BEL-7404 and H22 cells were treated with different concentrations of AAEE, AAEE-Pe and AAEE-Ea
for 24 h. (A) Cells were stained with JC-1 dye and analyzed by flow cytometry. (B) Total protein was
isolated to detect the release of cytochrome c and the levels of poly(ADP-ribose) polymerase (PARP),
cleaved-PARP (C-PARP), cleaved-caspase-3, caspase-3, cleaved-caspase-9, and caspase-9 by Western
blot. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to Untreated.
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2.5. AAEE, AAEE-Pe, and AAEE-Ea Promote Reactive Oxygen Species (ROS) Generation and ER Stress

To examine the effects of AAEE, AAEE-Pe, and AAEE-Ea on oxidative stress, ROS generation
was detected by flow cytometry at the indicated time points. After treatment with AAEE, AAEE-Pe,
and AAEE-Ea, ROS levels were significantly increased at 6 h, reached a peak at 12 h, and then
were maintained to 24 h in BEL-7404 cells (Figure 5A). Similarly, AAEE, AAEE-Pe, and AAEE-Ea
dose-dependently increased ROS levels in H22 cells after treatment for 24 h (Figure 5B).

Figure 5. AAEE, AAEE-Pe, and AAEE-Ea induced ROS generation and ER stress. (A) BEL-7404 cells
were treated with 150 μg/mL of AAEE, AAEE-Pe, and AAEE-Ea and the levels of ROS were analyzed
by flow cytometry at indicated time points. (B) H22 cells were treated with different concentrations of
AAEE, AAEE-Pe, and AAEE-Ea for 24 h and the levels of ROS were analyzed by flow cytometry.
(C) BEL-7404 and H22 cells were treated with different concentrations of AAEE, AAEE-Pe, and
AAEE-Ea for 24 h. Cell lysates were used to analyze the levels of CHOP by Western blot. * p < 0.05;
** p < 0.01; *** p < 0.001 compared to Untreated.
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ER stress exacerbates mitochondrial dysfunction by activating caspase-9 and increasing the release
of cytochrome c [18]. CHOP, DNA damage inducible gene 153 (GADD153), is the main apoptotic
factor activated by ER stress, and its overexpression promotes apoptosis in cancer [19]. After treatment
with AAEE, AAEE-Pe, and AAEE-Ea for 24 h, the levels of CHOP were detected by Western blot.
The results showed that AAEE, AAEE-Pe, and AAEE-Ea significantly increased the levels of CHOP in
BEL-7404 and H22 cells (Figure 5C), suggesting that ER stress might be involved in the induction of
apoptosis by AAEE, AAEE-Pe, and AAEE-Ea.

Figure 6. AAEE, AAEE-Pe, and AAEE-Ea suppressed tumor growth in vivo. A tumor mouse model
was established by injection of H22 cells. After 3 days, tumor mice were treated with DMSO, cisplatin,
AAEE, AAEE-Pe, and AAEE-Ea. Body weight of mice, tumor sizes (A), and survival rates (B) were
monitored at the indicated time points. * p < 0.05; *** p < 0.001 compared to control.

2.6. AAEE, AAEE-Pe, and AAEE-Ea Inhibit the Growth of H22 Cells In Vivo

To further confirm the inhibitory effect of AAEE, AAEE-Pe, and AAEE-Ea on tumor growth
in vivo, an H22 tumor mouse model was established in Kunming mice. Tumor mice were treated
with different doses of AAEE, AAEE-Pe, and AAEE-Ea after 3 days of H22 cell injection. Cisplatin
was used as a positive control and DMSO was used as a solvent control. We observed that cisplatin
significantly reduced the weight of mice, but AAEE, AAEE-Pe, and AAEE-Ea did not affect the weight
of mice. The tumor growth was significantly inhibited in the cisplatin, 100 mg/kg AAEE-Pe, and 100
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and 200 mg/kg AAEE-Ea groups. AAEE at a 200 mg/kg dose also suppressed tumor growth to a
certain degree (Figure 6A). At the end of the tumor study, the survival rates of tumor mice in each
group were calculated. All mice were dead in the control (7 out of 7) and DMSO (7 out of 7) groups.
The survival rates were 37.5%, 25%, 37.5%, 50%, and 87.5% in the cisplatin (3 out of 8), 200 mg/kg
AAEE (2 out of 8), 100 mg/kg AAEE-Pe (3 out of 8), and 100 (4 out of 8) and 200 mg/kg (7 out of 8)
AAEE-Ea groups, respectively (Figure 6B). These data suggest that AAEE, AAEE-Pe, and AAEE-Ea
effectively inhibited the growth of H22 cells in vivo and improved the survival of tumor mice without
obvious toxicity.

3. Discussion

Chinese herbal medicine (CHM) has a long history of use in treating cancers and provides potential
antitumor remedies. A. absinthium, a kind of CHM, has been used as an antipyretic, antiseptic, and
anti-parasitic agent for the treatment of chronic fevers and inflammation of the liver [20]. In this study,
we prepared AAEE, AAEE-Pe, and AAEE-Ea and investigated their antitumor effects on hepatoma cells.
We found that AAEE, AAEE-Pe, and AAEE-Ea significantly suppressed the growth of BEL-7404 and
H22 cells, induced apoptosis and cell cycle arrest, reduced Δψm, increased the release of cytochrome c,
activated caspases, and promoted ROS production and ER stress.

It has been reported that a number of components of CHM can inhibit the growth of tumor cells both
in vitro and in vivo, such as polysaccharides, flavones, terpenoids, and phenols [21–26]. The components
of polysaccharides, flavones, and triterpenes in AAEE, AAEE-Pe, and AAEE-Ea were quantified.
Although the three extracts contained different concentrations of polysaccharides, flavones, and
triterpenes, they had similar antitumor effects. The results suggest that polysaccharides, flavones, and
triterpenes might not be the major antitumor components in AAEE, AAEE-Pe, and AAEE-Ea. We will
further identify the major antitumor components in the extracts of A. absinthium in future study.

The BCL-2 protein family strictly controls the apoptosis of cells [27,28]. An imbalance of proteins
in the BCL-2 family triggers the intrinsic apoptosis pathway that increases mitochondrial permeability
and the release of cytochrome c and activates caspase-9/caspase-3 [29]. We found that the levels
of Bax/Bcl2 significantly increased in BEL-7404 and H22 cells after AAEE, AAEE-Pe, and AAEE-Ea
treatment, which might cause the reduction of Δψm and the release of cytochrome c to activate caspases
and apoptosis. Similarly, Shafi et al. [30] reported that the methanol extract of A. absinthium induced
the apoptosis of human breast cancer cells through the modulation of BCL-2 family proteins.

Accumulating evidence points to the role of ER stress in the induction of apoptosis in various
cancer cells [31–33]. ER stress exacerbates mitochondrial dysfunction by activating caspase-9 and
increasing the release of cytochrome c [34,35]. Our results showed that AAEE, AAEE-Pe, and AAEE-Ea
treatment significantly increased the expression of the ER stress-related protein CHOP, indicating that
AAEE, AAEE-Pe, and AAEE-Ea might induce apoptosis of BEL-7404 and H22 cells through ER stress
and the mitochondria-dependent pathway.

We observed that the ROS levels in hepatoma cells treated with AAEE and AAEE-Pe were lower
than that in untreated cells at the beginning of 3 h, although they were significantly upregulated after
6 h, suggesting that the extracts might have antioxidant activities. This is similar to results found in
other studies [16,17]. The increased ROS might be due to the reduction of Δψm induced by AAEE and
AAEE-Pe treatment.

Finally, the antitumor and side effects of AAEE, AAEE-Pe, and AAEE-Ea were evaluated in an H22
tumor mouse model. All three extracts did not affect the weight of mouse but cisplatin significantly
reduced the weight of mouse, suggesting that AAEE, AAEE-Pe, and AAEE-Ea might have no side
effects in vivo. Moreover, AAEE-Pe and AAEE-Ea significantly inhibited tumor growth, which was
similar with cisplatin. AAEE, AAEE-Pe, and AAEE-Ea further improved the survival of H22 tumor
mice, and the high dose of AAEE-Ea showed the highest survival rate.

In conclusion, AAEE, AAEE-Pe, and AAEE-Ea inhibited the growth of hepatoma cells through the
induction of apoptosis that might be mediated by ER stress and the mitochondria-dependent pathway.
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AAEE, AAEE-Pe, and AAEE-Ea suppressed H22 tumor growth and improved the survival of H22
tumor mice without obvious side effects, indicating that the three extracts might be used to develop
safe and effective antitumor agents.

4. Materials and Methods

4.1. Preparation of AAEE, AAEE-Pe, and AAEE-Ea

The AAEE, AAEE-Pe, and AAEE-Ea were prepared according to the following procedure.
Briefly, the powder was made using the aerial parts of A. absinthium including stems, leaves, flowers,
and seeds (Alikang Uygur medicine technology co., Ltd., Urumqi, Xinjiang, China) and extracted
overnight using 10 volumes of distilled water at 4 ◦C. After centrifugation at 8000 rpm for 20
min, the pellet was collected and extracted with 10 volumes of distilled water for 2 h at 60 ◦C.
After centrifugation, the pellet was extracted using 10 volumes of 85% ethanol at 60 ◦C three times
(2 h/time). The supernatant was collected after filtration and concentrated by a rotary evaporator
to obtain the extractum. Some extractum was dried by a vacuum freeze-dryer to obtain AAEE.
The remaining extractum was dissolved in distilled water and extracted by an equal volume of
petroleum ether eight times, then the upper layer was collected and dried by a vacuum freeze–dryer to
obtain AAEE-Pe. The bottom layer was extracted by an equal volume of ethyl acetate eight times, then
the supernatant was collected and dried by a vacuum freeze–dryer to obtain AAEE-Ea. The AAEE,
AAEE-Pe, and AAEE-Ea were dissolved in dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO,
USA) and filtered with a 0.22 μm filter. The contents of flavonoids, terpenoids, and polysaccharides
were determined by AlCl3–KAC, vanillin–glacial acetic acid, and anthrone–sulfuric acid colorimetry,
respectively, which were shown in Table 2.

Table 2. The contents of polysaccharides, flavonoids, and triterpenoids in AAEE, AAEE-Pe,
and AAEE-Ea.

AAEE AAEE-Pe AAEE-Ea

Polysaccharides 31.15% 0.68% 9.62%
Flavonoids 16.89% 10.26% 24.97%
Triterpenes 22.57% 31.59% 29.89%

4.2. Cell Culture

The NCTC1469, H22, and BEL-7404 cells were obtained from the Xinjiang Key Laboratory of
Biological Resources and Genetic Engineering, Xinjiang University (Urumqi, Xinjiang, China) and
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (MRC, Changzhou, China) and 1%
L-glutamine (100 mM), 100 U/mL penicillin, and 100 μg/mL streptomycin (MRC, Changzhou, China)
at 37 ◦C in humidified air with 5% CO2.

4.3. Cell Viability Assay

The proliferation of NCTC1469, H22, and BEL-7404 cells was analyzed by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma, Louis, MO, USA) assay. Briefly, cells (5000 cells/well)
were seeded in 96-well plates and treated with various doses of AAEE, AAEE-Pe, and AAEE-Ea for
24 h, 48 h, or 72 h. DMSO (0.3%) was used as a solvent control and cisplatin (35 μg/mL) was used as a
positive control. The supernatant was discarded after centrifugation at 1200 rpm for 5 min and 100 μL
of MTT solution (0.5 mg/mL in PBS) was added to each well and incubated at 37 ◦C for 3 h. The formed
formazan crystals were dissolved in 200 μL DMSO. The OD490 values were measured by a 96-well
microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). The relative cell viability was calculated
according to the formula Cell viability (%) = (ODtreated/ODuntreated) × 100%. This experiment was
conducted three times independently.
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4.4. Observation of Cell Morphology

H22 and BEL-7404 cells were seeded in 96-well plates and were treated with different concentrations
of AAEE, AAEE-Pe, and AAEE-Ea for 24 h. After treatment, the morphology of H22 and BEL-7404 cells
was observed by inverted fluorescence microscope (Nikon Eclipse Ti-E, Tokyo, Japan).

4.5. Analysis of Apoptosis

H22 and BEL-7404 cells were treated with different concentrations of AAEE, AAEE-Pe, and
AAEE-Ea for 24 h, and then stained with an Annexin V-FITC/propidium iodide (PI) Apoptosis
Detection Kit (YEASEN, Shanghai, China) according to the manufacturer’s instructions. Cisplatin
and DMSO were used as positive and negative controls, respectively. Samples were analyzed
by flow cytometry (BD FACSCalibur, San Jose, CA, USA). This experiment was conducted three
times independently.

4.6. Hoechst 33258 Staining

H22 and BEL-7404 cells were seeded in 6-well plates at the concentration of 1 × 105 cells/well in
2 mL medium. After 60%~70% confluence, the cells were treated with AAEE, AAEE-Pe, and AAEE-Ea
for 24 h. The cells were collected and fixed with 4% ice-cold Paraformaldehyde at 4 ◦C for 10 min.
After washing with PBS, cells were stained with Hoechst 33258 (Beyotime, Shanghai, China) at 4 ◦C
for 10 min. Samples were observed using an inverted fluorescence microscope.

4.7. Analysis of the Cell Cycle

H22 and BEL-7404 cells were inoculated in 60 mm culture dishes and treated with different
concentrations of AAEE, AAEE-Pe, and AAEE-Ea for 24 h. All cells were collected and washed twice
with PBS, then fixed in 70% ice-cold ethanol overnight at 4 ◦C. After washing twice with PBS, cells
were re-suspended in 250 μL propidium iodide/RNase staining buffer (BD Biosciences, San Jose,
CA, USA). After 10 min at room temperature, samples were collected by flow cytometry and the cell
cycle distribution was analyzed using ModFit LT 3.0 software (BD FACS Calibur, San Jose, AC, USA).
This experiment was conducted three times independently.

4.8. Analysis of Δψm

H22 and BEL-7404 cells were treated with different concentrations of AAEE, AAEE-Pe, and
AAEE-Ea for 24 h and then stained with the membrane-permeable JC-1 dye (Beyotime, Shanghai,
China) for 30 min at 37 ◦C. Samples were analyzed by flow cytometry. This experiment was conducted
three times independently.

4.9. Analysis of ROS

BEL-7404 cells were treated with AAEE, AAEE-Pe, and AAEE-Ea for 2, 4, 6, 12, and 24 h. H22
cells were treated with AAEE, AAEE-Pe, and AAEE-Ea for 24 h. Cells were stained by 10 mM of
fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime, Shanghai, China)
for 20 min at 37 ◦C. After washing three times with ice-cold PBS, samples were analyzed by flow
cytometry. This experiment was conducted two times independently.

4.10. Western Blot

The antibodies against caspase-9, Bax and Bcl-2, and anti-mouse IgG-HRP and anti-rabbit
IgG-HRP were purchased from BBI Life Sciences (Shanghai, China). The antibodies against caspase-3,
PARP, cytochrome c, and β-actin were obtained from Cell Signaling Technology (Danvers, MA, USA).
The antibodies against CHOP and CyclinB1 were bought from Beyotime (Shanghai, China).

H22 and BEL-7404 cells were treated with AAEE, AAEE-Pe, and AAEE-Ea for 24 h. After washing
twice with PBS, cell lysates were prepared with RIPA Lysis Buffer (Beijing ComWin Biotech Co.,
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Ltd., Beijing, China) and protein concentrations were detected using a BCA Kit (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Proteins were separated
on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene difluoride (PVDF) membrane. After incubation with primary and secondary
antibodies, target proteins were detected by chemiluminescence (Beyotime, Shaghai, China). Signals
were quantified using ImageJ digitizing software (ImageJ 1.50, National Institutes of Health, Bethesda,
MD, USA). This experiment was conducted three times independently.

4.11. Animals and Ethics Statement

Six- to eight-week-old male Kunming mice were purchased from Animal Laboratory Center, Xinjiang
Medical University (Urumqi, Xinjiang, China). Mice were kept in a standard temperature-controlled,
light-cycled animal facility at Xinjiang University. All animal experiments were approved by the
Committee on the Ethics of Animal Experiments of Xinjiang Key Laboratory of Biological Resources
and Genetic Engineering (BRGE-AE001) and performed under the guidelines of the Animal Care and
Use Committee of College of Life Science and Technology, Xinjiang University.

4.12. Tumor Mouse Study

For establishment of a tumor mouse model, male Kunming mice were injected with 1 × 106 H22
cells in 100 μL PBS subcutaneously. After 3 days, mice were randomly divided into seven groups
(7 mice/group for Control and DMSO, 8 mice/group for the other five groups). The solvent control
group intraperitoneally received 0.1 mL DMSO daily. The positive group was intraperitoneally injected
with 5 mg/kg cisplatin at intervals of five days. The experimental groups were intraperitoneally
injected with 200 mg/kg AAEE, 100 mg/kg AAEE-Pe, or 100 mg/kg or 200 mg/kg AAEE-Ea in 0.1 mL
DMSO every two days. Tumor sizes were measured using calipers and tumor volume was calculated
according to the formula tumor volume (mm3) = (length × width2)/2.

4.13. Statistical Analysis

The data are expressed as mean ± standard error of the mean (SEM). Statistical significance was
analyzed using one-way analysis of variance (ANOVA) by Tukey’s Multiple Comparison Test. p < 0.05
was considered statistically significant.
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Abstract: In our continuing search for new cytotoxic agents, we assayed extracts, fractions, and pure
compounds from damiana (Turnera diffusa) against multiple myeloma (NCI-H929, U266, and MM1S)
cell lines. After a first liquid-liquid solvent extraction, the ethyl acetate layer of an acetone (70%)
crude extract was identified as the most active fraction. Further separation of the active fraction led to
the isolation of naringenin (1), three apigenin coumaroyl glucosides 2–4, and five flavone aglycones
5–9. Naringenin (1) and apigenin 7-O-(4”-O-p-E-coumaroyl)-glucoside (4) showed significant
cytotoxic effects against the tested myeloma cell lines. Additionally, we established a validated
ultra-high performance liquid chromatography diode array detector (UHPLC-DAD) method for the
quantification of the isolated components in the herb and in traditional preparations of T. diffusa.

Keywords: multiple myeloma; quality control; naringenin; flavonoids; traditional preparation

1. Introduction

Turnera diffusa Willd., Passifloraceae, commonly referred to as damiana, is a shrub occurring
in north-eastern Brazil, Mesoamerica, the Caribbean, Mexico, and Texas [1]. The traditional use of
T. diffusa in Latin America encompasses usage as an aphrodisiac, a tonic, and for the treatment of
diabetes [2,3]. Damiana extracts with tequila are allegedly used as love potions [3]. Due to the long
history of T. diffusa as an aphrodisiac, both the stimulating effect as well as the underlying mechanisms
are relatively well investigated. In animal testing, the aqueous extract of T. diffusa was found to
increase the sexual activity of rats [4]. The flavonoids obtained by percolation with methanol, and here
especially the flavanone pinocembrin, were identified as aromatase inhibitors resulting in increased
testosterone levels and improved libido [5]. Regarding the antidiabetic activity, conflicting results were
obtained. Whereas Alarcon-Aguilar et al. could not find any hypoglycemic effect of an ethanol-water
extract [6], Parra-Naranjo et al. demonstrated hypoglycemic effects of a methanol extract and identified
teuhetenone A, a nor-sesquiterpene, as the active principle [7].
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Apart from traditional usage, an aqueous extract of T. diffusa was found to inhibit the monoamine
oxidase A with IC50 values of 130 mg/mL as well as the acetyl- and butyrylcholinesterase with IC25

values of 0.352 and 0.370 mg/mL, respectively [8]. Additionally, cytotoxic effects of a methanolic
extract against breast carcinoma cell line MDA-MD-231 were demonstrated [9]. Though the mechanism
behind the observed cytotoxicity remains unsolved, the compounds responsible for cell death induced
by the methanolic extract were identified as arbutin and apigenin.

The antioxidative effects of flavonoids are well documented and linked to certain structural
features such as a dihydroxylated B-ring, a double bond located between C2 and C3, and a 4-oxo
function at ring C [10]. Moreover, flavonoids are known to influence the metabolism, e.g., by inhibiting
oxidases or activating antioxidative enzymes [11,12]. However, for flavonoids isolated from T. diffusa
a variety of additional activities were reported. Velutin (7), a dimethoxylated hydroxyflavone
known from the açaí berry (Euterpe oleracea Mart., Arecaceae), has been shown to possess strong
anti-inflammatory effects by inhibiting NF-κB activation as well as p38 and JNK phosphorylation
and hence by down-modulation of the expression of TNF-α and IL-6 [13]. At low doses, velutin (7)
is more potent than established anti-inflammatory agents such as apigenin. Brito et al. found that
the anti-inflammatory effect of velutin (7) against periodontitis is caused by an inhibition of HIF-1α
expression [14]. Besides, the compound was reported to possess cytotoxic effects against human
nasopharynx carcinoma (KB) cells with an IC50 value of 4.8 μM [15]. Acacetin 7-O-methyl ether
(9), another methoxylated flavonoid, showed moderate cytotoxic effects on HeLa cells. Subsequent
testing focused on the influence of aminoalkylation of acacetin 7-O-methyl ether (9) and the resulting
antiproliferative activity against three human cancer cell lines (HeLa, HCC1954, SK-OV-3) [16].
The Mixe Indians (Oaxaca, Mexico) use an aqueous extract of Calea zacatechichi Schltdl. (Asteraceae)
as a remedy for malaria. In subsequent experiments, the flavone genkwanin (6) was identified as
active principle [17]. Boege et al. reported acacetin (5) to inhibit the topoisomerase I [18], though
the compound lacks the structural feature (3-hydroxy group) supposed necessary for topoisomerase
activity [19].

In the present study, the effect of extracts, fractions, and pure compounds from T. diffusa on
multiple myeloma (MM) cell lines was investigated. Flavones, e.g., apigenin, chrysin, and luteolin,
have been shown to block proteasome catalytic activities in tumor cells [20] and to induce cell death
in myeloma cells [21]. Proteasome inhibitors are state-of-the-art in the therapy of multiple myeloma,
but most patients develop resistance over time and new drugs are urgently needed. In addition,
compounds of damiana are expected to induce reactive oxygen species [22], presumably adding to the
expected cytotoxicity in myeloma cells. Our bioactivity-guided approach led to the isolation of seven
flavonoids and a mixture of acacetin and genkwanin (Figure 1, 1–9). In a second step, a validated
ultra-high performance liquid chromatography (UHPLC) diode-array detector (DAD) method for the
quantification of phenolic constituents in extracts and preparations of T. diffusa has been established.
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Figure 1. Chemical structures of flavonoids isolated from the aerial parts of T. diffusa. Naringenin (1),
apigenin 7-O-(6”-O-p-E-coumaroyl)-glucoside (2), apigenin 7-O-(6”-O-p-Z-coumaroyl)-glucoside (3),
apigenin 7-O-(4”-O-p-E-coumaroyl)-glucoside (4), acacetin (5), genkwanin (6), velutin (7), gonzalitosin
I (8), and acacetin 7-O-methyl ether (9).

2. Results

2.1. Bioactivity of Tested Fractions

After an acetone extract (70%) of T. diffusa showed cytotoxic potential in an initial screening against
MM cell lines (Figure 2a,b (positive control)), the crude extract was fractionated with organic solvents
of increasing polarity. Subsequently, the obtained fractions TD-1 (ethyl acetate), TD-2 (n-butanol),
TD-3 (acidified n-butanol), and TD-4 (aqueous layer) were evaluated for their cytotoxicity. As shown
in Figure 2c,d, the cytotoxic activity was mainly retained in the ethyl acetate fraction (TD-1), resulting
in decreased viability in all tested concentrations after both 24 and 48 h of treatment, respectively.
In contrast, treatment with TD-2 decreased the amount of viable cells only moderately after 48 h of
treatment, whereas no effects were observed for fractions TD-3 and TD-4.

 
(a) (b) 

Figure 2. Cont.
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(c) (d) 

Figure 2. Viability of multiple myeloma (MM) cell lines NCI-H929, U266, and MM1S (a) 48 h after
treatment with an acetone 70% extract of T. diffusa and after treatment with bortezomib (b). Viability
of NCI-H929 cells 24 and 48 h after treatment with ethyl acetate (TD-1), n-butanol (TD-2), acidified
n-butanol (TD-3) fractions and the remaining water layer (TD-4) derived from an acetone (70%) extract
of T. diffusa (c,d). Three concentration levels (25, 50, 100 μg/mL) are shown.

In a second approach, the crude acetone extract was fractionated in smaller polarity steps
using n-hexane (TD-1a), diethyl ether (TD-1b), and ethyl acetate (TD-1c). The resulting fractions
as well as TD-1 were then evaluated for their cytotoxic potential against MM cell lines MM1S, U266,
and NCI-H929 after 24 h of incubation (Figure 3). As expected, TD-1 decreased viable cells significantly
at a concentration of 100 μg/mL, but not at lower concentrations. Unlike before, partitioning in smaller
polarity steps did not result in a single active fraction but revealed different activities for TD-1a to
TD-1c. At a concentration of 100 μg/mL, TD-1a and TD-1b showed pronounced effects against MM1S
cell lines, which were higher in TD-1b and lower in TD-1a, compared to TD-1. TD-1b moreover showed
higher activity against NCI-H929 cell lines than TD-1 and slightly stronger effects against U266 cell
lines. In contrast, TD-1a was less active against these two cell lines. TD-1c was only moderately active
against all three tested cell lines.

 

Figure 3. Viability of MM cell lines after treatment with fractions TD-1, TD-1a, TD-1b, and TD-1c.
Three concentration levels (25, 50, 100 μg/mL) and 24 h incubation times are shown.
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2.2. Chromatographic Analyses of Tested Fractions

The tested fractions were analyzed by UHPLC in order to eventually attribute the observed effects
to specific peaks (Figure 4). Comparison of fractions TD-1 and TD-2, which were obtained in the first
separation step, clearly shows that the active fraction TD-1 contains a number of peaks that are missing
in fraction TD-2. These peaks, which are eluting after 25 min comprise, amongst other, the later isolated
compounds 2, 3 and 5–9. UHPLC analysis of the three fractions of the second partitioning step (TD-1a
to TD-1c) resulted in similar findings. Here, fraction TD-1c, which was significantly less active than
TD-1a and TD-1b, was lacking compounds 5–7 and showed clearly lower amounts of compounds 8

and 9. However, compound 4 was present in more or less the same concentration and compounds 2, 3

and various polar constituents were present in higher amounts. The difference between fraction TD-1a
and the slightly more active fraction TD-1b was less significant. Apart from the presence of a few peaks
in the more polar region, TD-1b showed higher amounts of compounds 5–8 and lower concentrations
of compounds 2 and 9. Thus, the isolation of peaks eluting after 25 min was considered most promising
for the identification of the cytotoxic principle(s) present in T. diffusa. As the respective compounds
were quantitatively extracted in the first separation step, but not in the second one, fraction TD-1 was
chosen for isolation of the desired substances.

 
(TD-1) (TD-2) 

 
(TD-1a) (TD-1b) 

 
(TD-1c) 

Figure 4. Ultra-high performance liquid chromatography (UHPLC) chromatograms of TD-1, TD-2,
and TD-1a to TD-1c.
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2.3. Isolation of Natural Compounds

Separation of fraction TD-1 was accomplished by silica gel flash chromatography, Sephadex
LH-20 gel permeation chromatography, as well as preparative medium- and semi-preparative
high-performance liquid chromatography and yielded seven flavonoids and a mixture of two
compounds. Using analytical reference standards, mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy, the isolated compounds were identified as naringenin (1), apigenin
7-O-(6”-O-p-E-coumaroyl)-glucoside (2), apigenin 7-O-(6”-O-p-Z-coumaroyl)-glucoside (3), apigenin
7-O-(4”-O-p-E-coumaroyl)-glucoside (4), acacetin (5), genkwanin (6), velutin (7), gonzalitosin I (8),
and acacetin 7-O-methyl ether (9).

2.4. Bioactivity of Isolated Compounds

Cytotoxic assays of the pure compounds resulted in the identification of two compounds (1 and 4)
with significant impact on cell viability (Figure 5). Of these two compounds, naringenin (1) was found
cytotoxic even at low concentrations, showing a decreased viability of NCI-H929 and U266 cell lines of
25.5 ± 12.5 and 79.6 ± 15.2%, respectively, after 24 h incubation time. At the same incubation time and
at a concentration of 50 μM, compound 4 decreased the viability of the same cell lines (NCI-H929 and
U266) to 66.1 ± 17.4 and 84.4 ± 3.7%, respectively. Peripheral blood mononuclear cells (PBMC) from
healthy donor (HD) were affected by the treatment with compounds 1 and 4, if however, in different
extent than the cancer cell lines.

 
(a) (b) 

 
(c) d  

Figure 5. Viability of MM cell lines (U266, NCI-H929) (a,b) and healthy donor (HD) cells (c,d) 24 h
after treatment with compounds 1 and 4, respectively.
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2.5. Validation of UHPLC-DAD Assay

Of the isolated flavonoids, compounds 4 to 8 were chosen as calibration standards, using
compound 4 to co-quantify compounds 2 and 3 and compound 8 to co-quantify compound 9.
Linearity was achieved by five-point calibration with a coefficient of determination of >0.99 (Table 1).
Repeatability and precision measurements were performed using a dimethyl sulfoxide (DMSO) extract
(Figure 6). Repeatability experiments revealed relative standard deviations (RSD) below 2.3% (Table 2).
Intra-day precision showed RSD values below 6.9% for all compounds on day 1. The relative standard
deviation on day 2 showed similar results for most compounds except for compounds 5–7, which had
higher deviations. Also, inter-day precision was higher for these compounds, with values of 6.9 and
7.8%, whereas the other compounds showed RSD values below 6%. Spiking experiments over four
calibration levels conducted for compounds 4 to 8 showed recovery rates ranging from 98.0 to 127%
(Table 3).

Table 1. Regression curves, coefficients of determination, limit of detection (LOD), and limit of
quantitation (LOQ) of the UHPLC method.

Compound Regression Curve R2 LOD 1 LOQ 1

4 6.971 × 109 × (−3.027 × 105) 0.9985 1.39 4.60
5 + 6 8.170 × 109 × (−1.455 × 106) 0.9955 0.162 0.535

7 3.605 × 109 × (−5.394 × 105) 0.9956 0.236 0.780
8 9.720 × 109 × (−1.862 × 106) 0.9924 0.120 0.396

1 Concentrations are given in μg/mL.

Table 2. Repeatability and precision of the UHPLC method.

Compound Repeatability 1 Intra-day 1 1 Intra-day 2 1 Inter-day 1

2 12.9 (0.138) 10.9 (4.95) 10.6 (4.90) 10.8 (4.82)
3 2.16 (2.29) 1.73 (5.52) 1.68 (4.20) 1.71 (4.97)
4 8.38 (1.19) 7.73 (4.18) 7.29 (4.83) 7.51 (5.25)

5 + 6 1.96 (1.62) 1.72 (3.02) 1.55 (5.48) 1.64 (6.89)
7 2.12 (1.05) 1.63 (6.89) 1.71 (9.01) 1.67 (7.82)
8 1.08 (0.389) 0.907 (3.37) 0.897 (3.66) 0.902 (3.40)
9 1.73 (0.169) 1.39 (4.87) 1.39 (5.34) 1.39 (4.88)

1 Concentrations are given in μg/mL, relative standard deviations are given in parentheses and are stated in percent.

Table 3. Accuracy of the UHPLC method.

Compound Sample Concentration 1 Spiked Amount 2 Total Concentration 1 Recovery 3

4 6.56

3.08 4.72 105
7.69 12.6 113
15.4 18.7 112
23.1 24.7 111

5 + 6 1.38

0.401 0.746 102
1.07 2.10 99.7
2.14 2.83 106
3.21 3.55 107

7 1.52

0.585 0.964 102
1.04 2.18 100
2.08 2.84 102
3.12 3.50 99.2

8 0.798

0.297 0.497 109
0.793 1.39 109
1.59 1.99 109
2.09 2.29 127

1 Concentrations are given in μg/mL. 2 Amounts are given in μg. 3 Recovery is stated in percent.
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Figure 6. Chromatogram of a dimethyl sulfoxide (DMSO) extract prepared from T. diffusa. UHPLC was
performed using a solvent mixture of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B)
with the following gradient: 15% B to 25% B in 15 min, to 29% B in 9 min, to 29% B in 11 min, to 36%
B in 1 min, to 36% B in 19 min, to 95% B in 0.1 min, to 95% B in 9.9 min. Post-run was set to 10 min,
temperature to 32 ◦C. The injection volume was 5 μL. The UV trace was recorded at 330 nm. The flow
was 0.2 mL/min.

2.6. Chromatographic Analyses of a Traditional Preparation

The established method was additionally used for the analysis of a traditional preparation of
T. diffusa (Figure 7). The sample of a traditional preparation of T. diffusa revealed minor compounds in
the medium to low polarity range and a high content of polar compounds. By comparison with MS
data and retention times of isolated compounds from T. diffusa compounds 4 to 9 were identified and
their yield quantified using the method described above. Ultraviolet (UV) spectroscopy experiments
indicated the presence of phenolic compounds in the polar range. Apigenin (e) was identified using
reference standards. Previous investigations of an aqueous extract of T. diffusa by Bernardo et al.
revealed a variety of apigenin, luteolin, and quercetin glycosides [8]. By comparison with ultraviolet
(UV) and MS data larycitrin-3-O-(6-glucosyl)glucoside (a), apigenin 8-C-(2-rhamnosyl)glucoside (b),
(luteolin 8-C-(2-rhamnosyl)ketodeoxihexoside (c), apigenin 7-O-(2-rhamnosyl)ketodeoxihexoside (d)
were detected.
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Figure 7. Chromatogram of a liquor prepared from T. diffusa. UHPLC was performed using a solvent
mixture of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B) with the following gradient:
15% B to 25% B in 15 min, to 29% B in 9 min, to 29% B in 11 min, to 36% B in 1 min, to 36% B in
19 min, to 95% B in 0.1 min, to 95% B in 9.9 min. Post-run was set to 10 min, temperature to 32 ◦C.
The injection volume was 5 μL. The ultraviolet (UV) trace was recorded at 330 nm. The flow was 0.2
mL/min. 4 to 9 refer to the isolated compounds (see Figure 1), compounds a to d were identified
by UV spectroscopy and MS spectrometry experiments as larycitrin-3-O-(6-glucosyl)glucoside (a),
apigenin 8-C-(2-rhamnosyl)glucoside (b), (luteolin 8-C-(2-rhamnosyl)ketodeoxihexoside (c), apigenin
7-O-(2-rhamnosyl)ketodeoxihexoside (d), and e was identified as apigenin by an authentic standard.

3. Discussion

3.1. Bioactivity of Tested Fractions

A crude acetone (70%) extract of T. diffusa displayed promising cytotoxicity against MM cell
lines. Partitioning of the acetone extract located the cytotoxic compounds in the ethyl acetate (TD-1)
fraction. In a second approach, using smaller polarity steps, the activity was found in the n-hexane
(TD-1a) and the diethyl ether (TD-1b) fraction, while the remaining ethyl acetate fraction (TD-1c)
was only slightly active. UHPLC experiments of the active fractions revealed similar peak patterns
in the low polarity range. This peak pattern was absent in the inactive fraction TD-2, and different
in TD-1c. Thus, further purification steps with fraction TD-1 focused on this polarity range and
afforded the isolation of naringenin (1), apigenin 7-O-(6”-O-p-E-coumaroyl)-glucoside (2), apigenin
7-O-(6”-O-p-Z-coumaroyl)-glucoside (3), apigenin 7-O-(4”-O-p-E-coumaroyl)-glucoside (4), acacetin
(5), genkwanin (6), velutin (7), gonzalitosin I (8), and acacetin 7-O-methyl ether (9).

Regarding the isolated compounds, compound 4 was abundant in all active fractions (TD-1, TD-1a
to TD-1c) but was absent in TD-2. Treatment with compound 4 (50, 100 μM) led to decreased viability
of NCI-H929 and in a lesser extent of U266 after incubation for 24 h. This indicates that compound
4 contributes to the cytotoxic effect observed for the tested fractions. The corresponding aglycone,
the flavone apigenin, was reported repeatedly for its cytotoxic activity [9,20,21,23,24]. However,
the moderately active fraction TD-1c contained less of lipophilic compounds 5 to 9, suggesting that
these compounds might at least contribute to the observed cytotoxic effects.

The most active compound of our study, the flavanone naringenin (1), is well investigated
for its ability to induce apoptosis against HL-60 cells via the activation of caspase-3, a member of
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the caspase-cascade that plays an important role in apoptosis. Interestingly, the cytotoxic effect of
naringenin (1) was found to be weakened if C7 is substituted with a sugar moiety (rutinoside) [25,26].
In the present work, naringenin (1) was found to possess the highest activity of all tested substances
and showed a pronounced decrease of viability especially in NCI-H929 cells. Nevertheless, the active
principle resulting in the lowered viability in this study requires further testing.

The experiments performed under the same conditions with HD cells indicate a negative influence
on cells of the immune system after treatment with compound 1 or 4 (Figure 5). Interestingly, Chen et al.
(2003) did not observe apoptosis in polymorphonuclear neutrophils (PMN) after their treatment with
naringenin (1). However, testing conditions differed from the ones used in this study. Nevertheless,
though flavonoids are generally assumed safe due to regular uptake with fruits and vegetables,
they were found to evoke cytotoxic effects at higher doses [27,28].

3.2. Validation

By testing different columns (Synergi 4μm Polar-RP 80 Å 150 × 2.00 mm, Luna Omega 1.6 μm C18
100 Å 100 × 2.1 mm, Kinetex 1.7 μm XB-C18 100 Å 100 × 2.1 mm) the best separation was achieved for
the C18 Luna Omega column. Consequently, it was chosen as starting point for method development.
Different compositions of pure water or formic acid in water as well as methanol or acetonitrile
were tested for their influence on the separation of the compounds of the DMSO extract. Thereby,
0.1% formic acid and acetonitrile were identified as suitable eluents and a column temperature of
32 ◦C was found to give a good resolution of the peaks. Due to the complex mixture and a variety
of similar compounds within the crude extract, isocratic steps were performed at different solvent
concentrations as part of the gradient. Because of the absorption maxima around 330 nm of compounds
4 to 8, this wavelength was chosen for detection. An injection volume of 5 μL was found to provide a
good repeatability with an acceptable peak resolution.

The calibration curves for quantified constituents 4 to 8 were obtained on five levels each regarding
the concentration of the corresponding analyte in the extract. The established calibration curves had
determination coefficients of more than 0.99 and were thus accepted for quantification purposes.
Spiking experiments showed acceptable recovery rates over a broad calibration range (Table 3).

Interday precision revealed good relative standard deviation (RSD) values for peaks 5 to 8;
compound 7 however varies in a bigger extent. These findings also account for the co-quantified peaks
with acacetin 7-O-methylether (9) and the compounds 2 and 3 having similar deviations. Displaying
structural isomers, the latter two compounds were co-quantified by compound 4, while acacetin and
genkwanin (5 + 6) were chosen to co-quantify acacetin 7-O-methylether (9) since the molecules only
differ in the amount of one methyl group.

Limit of quantification (LOQ) for all quantified compounds 4–8 was set to the lower limit of the
calibration curve. Those values provide acceptable standard deviation (data not shown). Commonly,
limit of detection (LOD) is defined as one third of LOQ. Therefore, LOD was calculated from the LOQ
(Table 2).

3.3. Traditional Preparation

T. diffusa is used as remedy for various diseases in the traditional medicine of Latin America.
Additionally, a liquor of T. diffusa is used to increase sexual activity [3]. In literature, tequila is described
as extraction agent while in this study Kornbrand (Bauerndank/Edeka/Hamburg, Germany) was used.
Both liquors contain 38% ethanol and thus were considered comparable. Due to the contained water,
the liquor was expected to contain a high number of polar compounds. This assumption was verified
by UHPLC analysis, which revealed most of the peaks eluting in the polar range. Compounds 4 to 9

were present, however, at low concentrations. In the present study, compound 4 showed moderate
cytotoxicity in an in vitro assay against myeloma cell lines and healthy donor (HD) cells at higher
concentrations of 50 and 100 μM. This corresponds with 28.9 mg/mL or 57.8 mg/mL, a concentration
unlikely to be met in traditional preparations.
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4. Materials and Methods

4.1. General Experimental Procedures

Solvents and reagents for isolation were of analytical quality. Solvents used for UHPLC
were of LC-MS grade quality. Column chromatography was performed with silica gel (40–63 μm
particle size) (Merck, Darmstadt, Germany) or with Sephadex LH-20 (GE Healthcare, Chicago, IL,
USA). Thin layer chromatography (TLC) was performed on silica gel 60 F254 plates (Merck) using
ethyl acetate-methanol-water (10:1:1) or n-hexane-ethyl acetate-methanol-formic acid (7:4:1.5:0.1) as
mobile phase and vanillin-sulphuric acid for detection. Preparative medium-performance liquid
chromatography (MPLC) was accomplished using a Büchi PrepChrom C-700 equipped with a Büchi
PrepChrom MPLC column C18 (250 × 30 mm, 15 μm) (Büchi, Flawil, Switzerland). Semi-preparative
high-performance liquid chromatography (HPLC) was carried out on Waters a Alliance e2695
Separations Module with Alliance 2998 photodiode array (PDA), 2410 RI, and WFC III fraction
collector (Waters, Milford, MA, USA), and either an Aqua 5 μ C18 column (250 × 10 mm, 5 μm particle
size, Phenomenex, Aschaffenburg, Germany) or a VP Nucleodur C18 (250 × 10 mm, 5 μm particle
size, Macherey-Nagel, Düren, Germany). Extracts, fractions, and pure compounds were analyzed
by a Hitachi ChromasterUltra RS System (VWR, Darmstadt, Germany) connected to an autosampler,
column heater, PDA and a Sederé Sedex 100 evaporative light scattering detector (ELSD), using a
Phenomenex Synergi Polar-RP column (150 × 2 mm, 4 μm particle size). Pure compounds were
additionally analyzed by Nexera X2 system (Shimadzu, Kyoto, Japan) connected to an autosampler,
column heater, PDA and a Shimadzu LCMS 8030 Triple Quadrupole Mass Spectrometer with electron
spray ionization. Quantification was performed on the same instrument using a Phenomenex Luna
Omega C18 column (100 × 2.1 mm, 1.6 μm particle size) and NMR spectra were recorded on an
Avance III 300 NMR spectrometer (Bruker, Billerica, MA, USA) connected to a BACs-autosampler
(Bruker). Centrifugation was performed on a Heraeus Megafuge 16 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The authentic standard of Apigenin >98% HPLC was purchased from TransMIT
(Gießen, Germany).

4.2. Plant Material

Dried and cut aerial parts of T. diffusa (HAB-2014 quality) were obtained from Caesar & Loretz
GmbH (Caelo), Hilden, Germany (art.-No.: 257a, lot number: 15294206).

4.3. Extraction and Fractionation

Dried herb (1.00 kg) was ground and extracted five times with 2 liters of acetone 70% undergoing
sonification. The solvent was evaporated under reduced pressure to afford 85 g of crude extract.
For isolation the crude extract was repeatedly partitioned between ethyl acetate and water and the
ethyl acetate layer was evaporated to dryness, yielding 32.6 g (TD-1). Subsequently, this procedure
was repeated with butanol (14.6 g, TD-2). After acidification of the water layer with 2.5 mL formic
acid, the solution was again extracted with butanol (5.40 g, TD-3) and the aqueous layer was then
evaporated to dryness, yielding 32.4 g (TD-4).

In a second approach, 5.0 g of crude extract were suspended in water and extracted with n-hexane.
The fraction was evaporated to dryness, yielding 0.53 g (TD-1a). The procedure was repeated with
diethyl ether (0.21 g, TD-1b) and ethyl acetate (0.22 g, TD-1c).

For the validated UHPLC-DAD assay, sieved plant material (800 μm mesh width) was extracted
threefold with DMSO, centrifuged, and the supernatants were collected and diluted in a 20 mL
volumetric flask.

The traditional liquor from T. diffusa was prepared by maceration of 35 g of ground drug material
with 0.7 liters of 38% alcohol (Bauerndank) for four weeks. Subsequently, the extract was filtered.
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4.4. Isolation

TD-1 was subjected to silica gel column chromatography (40 × 8 cm) and eluted in a gradient
manner with petroleum ether-ethyl acetate-methanol-water (10:0:0:0 to 0:0:19:10) yielding 160 fractions.
After characterization by TLC the obtained subfractions were combined to 20 fractions (TD-1_1 to
TD-1_20).

From TD-1_2 compound 1, a two to one mixture of 5 and 6, and compound 8 were obtained after
column chromatography with Sephadex LH20 and acetone–dichloromethane (15:85) as eluting solvent.
The thereby eluted subfraction TD-1_2_D was subjected to semi-preparative HPLC using 0.025%
formic acid in water and methanol in a gradient matter, yielding 14.2 mg of velutin (7) and 27.8 mg of
linoleic acid. 27 mg of acacetin 7-O-methylether (9) and another 58 mg of linoleic acid were obtained
from TD-1_4 by preparative column chromatography using 0.025% formic acid in water and methanol
in a gradient matter. TD-1_8 (196 mg) was submitted to further separation by Sephadex LH20 (using
acetone as eluent) to give 11.7 mg of compound 4. TD-1_12 was subjected to semi-preparative HPLC
using 0.025% formic acid in water and acetonitrile in an isocratic matter, yielding 6.3 mg of compound
3. TD-1_14 yielded 10.0 mg of sitosterol and TD-1_ 20 9.0 mg of compound 2. Structure elucidation of
the isolated compounds was accomplished by comparison of MS- and NMR-spectra with literature
data [29–36]. MS and NMR spectra (1H, HSQC, HMBC) are provided in the Supplementary Materials
(S1 to S15).

4.5. Cytotoxic Assays

Cytotoxicity was assessed for TD-1 to TD-4, TD-1a to TD-1c as well as compounds 1 and 3 to
9. Induction of apoptosis was measured in myeloma cell lines NCI-H929, MM1S, and U266 as well
as in PBMCs of healthy donors by flow cytometry using established protocols [37] thereby staining
the cells with Annexin-fluorescein isothiocyanate and propidium iodide. Bortezomib (Eubio, Vienna,
Austria) was used as positive control. Cell lines were purchased from DSMZ (Braunschweig, Germany)
and routinely fingerprinted and tested for mycoplasma negativity. All cells (cell lines and PBMC)
were grown in RPMI-1640 medium (Life Technologies, Paisley, UK) supplemented with 10% fetal
calf serum (FCS; PAA, Linz, Austria), L-glutamine 100 μg/ml, and penicillin-streptomycin 100 U/ml.
PBMCs from healthy donors were utilized after obtaining written informed consent at the University
Hospital Salzburg (ethics committee approval 415-E/1287/6-2011). Cells were subjected to Ficoll
separation (Ficoll PaqueTM, VWR, Darmstadt, Germany), and incubated in RPMI-1640 Media with
supplements as above. In brief, 0.5 × 106 myeloma cells/mL or similar numbers of PMBCs were
incubated for 24 h and 48 h with or without the tested compounds dissolved in DMSO in different
concentrations. At least three analysis in triplicates were performed for each cell line and a solvent
control was included. The extent of non-apoptotic cells (AnnexinV/propidium iodide negative) was
calculated as percentage of viable cells in respect to the untreated control. Data are shown as mean
percentage of viable cells and standard deviation (error bars).

4.6. Chromatographic Analyses

Solvents used for UHPLC analyses during isolation steps were 0.1% formic acid in water and
methanol using a gradient from 40% of methanol to 95% in 80 min with a flow of 0.2 mL/min. Post-run
was 10 min, injection volume 5 μL, temperature 30 ◦C. UV traces were detected at 210 nm, 254 nm,
and 280 nm. Additionally, an evaporative light scattering signal was recorded.

For quantification a solvent mixture of 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B) was used with the following gradient: 15% B to 25% B in 15 min, to 29% B in 9 min, to 29%
B in 11 min, to 36% B in 1 min, to 36% B in 19 min, to 95% B in 0.1 min, to 95% B in 9.9 min. Post-run
was set to 10 min, temperature to 32 ◦C. The injection volume was 5 μL. The UV trace was recorded by
at 330 nm. The flow was 0.2 mL/min.
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4.7. Method Validation

The UHPLC-DAD method was validated for linearity, LOD and LOQ, accuracy, precision,
and repeatability. For the determination of linearity calibration curves were established by serial
dilution of compounds 4 to 8. Thus, calibration ranges of 5 μg/mL to 50 μg/mL (4), 0.75 μg/mL to
7.5 μg/mL (7), and 0.5 μg/mL to 5 μg/mL (5 + 6 and 8) were obtained. Corresponding regressions
curves, coefficients of determination as well as LOD and LOQ are given in Table 1.

Repeatability was determined by measuring one sample six-fold while intra-day precision was
studied by measuring six different samples once. Interday precision of the method was verified by
assessing six samples on two different days. Consistency of compound concentrations was thereby
investigated (Table 2).

Spiking experiments were performed on four levels for each quantified compound. For compound
5 + 6, 7, and 8 stock solutions of 0.04 mg/mL were prepared. From these, 0.75 mL, 0.5 mL or 0.25 mL
were taken and mixed with 0.25 mL, 0.5 mL or 0.75 mL of the plant extract. Additionally, for all
quantified constituents 0.25 mL of the lowest level of the calibration curve was added to 0.75 mL of the
extract. Of these resulting solutions 5 μL were injected three-fold. Results are given in Table 3.

Acacetin 7-O-methylether (9) was co-quantified by acacetin and genkwanin (5 + 6), compounds 2

and 3 by compound 4.

5. Conclusions

Investigation of the cytotoxic properties of T. diffusa revealed significant effects for different
apolar extracts against the myeloma cell lines MM1S, U266 and NCI-H929. Systematic evaluation
of the active extracts by UHPLC led to the reduction of the complex metabolite to a range of
possible candidates, which were subsequently isolated. Of these compounds, naringenin (1) and
apigenin 7-O-(4”-O-p-E-coumaroyl)-glucoside (4) were identified as two components responsible for
the observed activity. The cytotoxicity of naringenin is in line with previous findings, if however,
observed for other cell lines [25,26]. Up to the best of our knowledge, compound 4 is described as
cytotoxic for the first time. Nevertheless, its aglycone apigenin has been found active against cancer
cell lines before [9,20,21,23,24]. Interestingly, only one of the two tested apigenin coumaroyl glucosides
(compounds 3 and 4) showed activity in the conducted assays, indicating steric effects to play a pivotal
role for the cytotoxicity of these compounds.

Furthermore, the present study describes the first validated UHPLC-DAD method for the
quantification of phenolic constituents in T. diffusa. The established assay allows the quantitation
of eight flavonoids in both, the herb and the traditional preparation of T. diffusa, and coupled to
mass spectrometry gives information on the abundance of another five flavonoids occurring in
hydroethanolic damiana extracts.

Supplementary Materials: The following are available online, Figures S1–S15.
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Abstract: Non-small cell lung cancer (NSCLC) patients carrying an epidermal growth factor receptor
(EGFR) mutation are initially sensitive to EGFR-tyrosine kinase inhibitors (TKIs) treatment, but soon
develop an acquired resistance. The treatment effect of EGFR-TKIs-resistant NSCLC patients still faces
challenges. Cucurbitacin B (CuB), a triterpene hydrocarbon compound isolated from plants of various
families and genera, elicits anticancer effects in a variety of cancer types. However, whether CuB is a
viable treatment option for gefitinib-resistant (GR) NSCLC remains unclear. Here, we investigated the
anticancer effects and underlying mechanisms of CuB. We report that CuB inhibited the growth and
invasion of GR NSCLC cells and induced apoptosis. The inhibitory effect of CuB occurred through its
promotion of the lysosomal degradation of EGFR and the downregulation of the cancerous inhibitor
of protein phosphatase 2A/protein phosphatase 2A/Akt (CIP2A/PP2A/Akt) signaling axis. CuB
and cisplatin synergistically inhibited tumor growth. A xenograft tumor model indicated that CuB
inhibited tumor growth in vivo. Immunohistochemistry results further demonstrated that CuB
decreased EGFR and CIP2A levels in vivo. These findings suggested that CuB could suppress the
growth and invasion of GR NSCLC cells by inducing the lysosomal degradation of EGFR and by
downregulating the CIP2A/PP2A/Akt signaling axis. Thus, CuB may be a new drug candidate for
the treatment of GR NSCLC.

Keywords: Cucurbitacin B; gefitinib-resistant NSCLC; EGFR; lysosomal degradation; CIP2A

1. Introduction

Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer-related
death. An estimated two million new lung cancer cases were recorded in 2018, and these cases
account for approximately 11.6% of the total number of cancer cases [1]. Non-small cell lung cancer
(NSCLC) accounts for the majority (80%) of lung cancer cases [2]. Although most NSCLC patients
initially respond to chemotherapy, they gradually become drug-resistant, which in turn leads to cancer
recurrence and poor prognosis [3]. Gefitinib and erlotinib are epidermal growth factor receptor-tyrosine
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kinase inhibitors (EGFR-TKIs). The treatment effect of EGFR-TKIs is significant for NSCLC patients
with EGFR activating mutations (such as exon 19 deletion and the L858R point mutation). However,
cancer cells often develop TKI resistance, which in turn causes tumor recurrence [4]. Therefore,
acquired EGFR-TKI resistance is a clinical problem that needs to be solved. Patients with acquired
resistance to gefitinib or erlotinib have acquired a second mutation in exon 20 of the EGFR gene,
resulting in the replacement of threonine at position 790 in the protein kinase domain with methionine
(T790M). Threonine 790 is an important amino acid residue in EGFR that occupies the adenosine
triphosphate (ATP)-binding pocket adjacent to the ATP-binding cleft, and it determines the binding
specificity of the inhibitor. The replacement of Thr790 by Met increases the affinity for ATP and reduces
the binding of any ATP-competitive kinase inhibitors. [5]. Thus, treatment strategies for secondary
mutations of EGFR (T790M) should be developed to overcome EGFR-TKI resistance, which would
benefit NSCLC patients.

In the past 10 years, the cancerous inhibitor of protein phosphatase 2A (CIP2A) has been
increasingly recognized as a key oncoprotein in several human malignancies, including myeloma [6],
breast cancer [7], gastric cancer [8], glioma [9], and colorectal cancer [10]. Previous independent studies
have shown that abnormal CIP2A overexpression is associated with tumor growth, anti-apoptotic
effects, drug resistance, metastasis, and poor prognosis of the malignant tumors mentioned above.
Additionally, CIP2A is involved in the occurrence of NSCLC, and the overexpression of CIP2A is
associated with cigarette smoking and poor prognosis [11,12]. CIP2A is an endogenous inhibitor of the
key tumor suppressor protein phosphatase 2A (PP2A) [13]. A previous review proposed an interactive
regulatory network (carcinogenic nexus) involving CIP2A [14]. In this network, CIP2A interacts with
various key cellular protein/transcription factors or components of key oncogenic signaling pathways
through direct interaction or through indirect CIP2A-PP2A interactions. The primary role of CIP2A in
the “carcinogenic nexus” is the inhibition of another important associated component, PP2A. PP2A
is a tumor suppressor that regulates homeostasis by inhibiting intracellular signaling pathways that
are driven by the constitutive activation of multiple kinases [15]. Mutations leading to the abnormal
expression of PP2A scaffolds and regulatory subunits are common in many human cancers [16].
Therefore, based on its tumor suppressive properties, the reactivation of PP2A is a potential strategy
for cancer treatment [17,18]. Targeting the oncoprotein CIP2A is an important strategy to reactivate
PP2A to treat cancer.

Cucurbitacin is a natural tetracyclic triterpenoid compound mainly found in Cucurbitaceae [9].
In China and India, the use of Cucurbitaceae as an herbal medicine is based on its different biological
activities, such as its anti-diabetic, anti-inflammatory, and anti-cancerous activities against different
cancer types [19,20]. Cucurbitacin B (CuB), one of the most important members of the cucurbitacin
family, has been shown to have antiplasmodial, immunomodulatory, hepatoprotective, antioxidant,
cardiovascular, anthelmintic, anti-inflammatory, and anti-fertility activities [21]. Recently, several
studies have reported that CuB-mediated anti-cancer activities are mainly mediated through the
activation of apoptosis, cell cycle arrest, and autophagy, as well as through the suppression of the
STAT3 and Raf/MEK/ERK pathways [22]. However, no study has examined the efficacy of CuB in
gefitinib-resistant (GR) NSCLC. This study is the first to report that CuB induces EGFR degradation
and has CIP2A/PP2A/Akt inhibitory activities in GR NSCLC cells.

2. Materials and Methods

2.1. Reagents

Cucurbitacin B (CuB) with a purity of up to 98% was purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). CuB was dissolved in DMSO, (Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany) at a stock solution of 40 mM and stored at –20 ◦C.
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2.2. Cell Culture

Human gefitinib-resistant NSCLC cell lines A549, NCI-H1299 (H1299), NCI-H1975 (H1975),
and NCI-H820 (H820), and human normal lung epithelial cell line (16-HBE) were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA). A549 and H1299 harbor wild-type
EGFR. H1975 harbors L858R and T790M double mutation on EGFR, and H820 harbors exon 19 in
frame deletion and T790M double mutation on EGFR. A549, H1299, and 16-HBE cells were cultured in
Dulbecco modified Eagle medium (DMEM, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
H1975 and H820 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco;
Thermo Fisher Scientific, Inc.). DMEM and RPMI 1640 medium were supplemented with 10% fetal
bovine serum (FBS; HyClone, Logan, UT, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin
(both from Gibco; Thermo Fisher Scientific, Inc.), and cultured in a humidified atmosphere with 5%
CO2 at 37 ◦C.

2.3. Cytotoxic Assay and Cell Viability

Cells were seeded into a 96-well plate and pre-cultured for 24 h, and then treated with
CuB or geftinib for 24 h. Cell cytotoxicity was determined by an 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The absorbance was measured at 570 nm by an automated
microplated reader (BioTek Instruments, Inc., Winooski, VT, USA), and the cell death rate was calculated
as follows: inhibition rate (%) = (average A570 of the control group − average A570 of the experimental
group)/(average A570 of the control group − average A570 of the blank group) × 100%. Cell viability
was estimated by trypan blue dye exclusion.

2.4. Soft-Agar Colony Formation Assay

Cells were suspended in 1 ml of RPMI 1640 containing 0.3% low-melting-point agarose (Amresco,
Cleveland, OH, USA) and 10% FBS, and plated on a bottom layer containing 0.6% agarose and 10%
FBS in a six-well plate in triplicate. After two weeks, plates were stained with 0.2% gentian violet and
the colonies were counted under a light microscope (IX70; Olympus Corporation, Tokyo, Japan) after
two weeks.

2.5. Invasion Assay

An invasion assay was carried out using a 24-well plate (Corning, Inc., Corning, NY, USA).
A polyvinyl-pyrrolidone-free polycarbonate filter (8 μm pore size) (Corning) was coated with matrigel
(BD Biosciences, Franklin Lakes, NJ, USA). The lower chamber was filled with medium containing 20%
FBS as a chemoattractant. The coated filter and upper chamber were laid over the lower chamber. Cells
(1 × 104 cells/well) were seeded onto the upper chamber wells. After incubation for 20 h at 37 ◦C,
the filter was fixed and stained with 2% ethanol containing 0.2% crystal violet (15 min). After being
dried, the stained cells were enumerated under a light microscope at 10× objective. For quantification,
the invaded stained cells on the other side of the membrane were extracted with 33% acetic acid.
The absorbance of the eluted stain was determined at 570 nm.

2.6. Wound Healing Assay

Cells (4 × 105 cells/2 mL) were seeded in a six-well plate and incubated at 37 ◦C until 90% to
100% confluence. After this, the confluent cells were scratched with a 200 μL pipet tip, followed by
washing with PBS, and then treated with serum free medium. After 24 h of incubation, the cells were
fixed and stained with 2% ethanol containing 0.2% crystal violet powder (15 min), and randomly
chosen fields were photographed under a light microscope at 4× objective. The number of cells that
had migrated into the scratched area was calculated.
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2.7. Western Blot

Cell pellets were lysed in radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris at
pH 8.0, 150 mM NaCl, 0.1% sodium lauryl sulfate (SDS), 0.5% deoxycholate, 1% nonidet P-40 (NP-40),
1 mM DL-dithiothreitol (DTT), 1 mM NaF, 1 mMNaVO3, 1 mM phenylmethanesulfonyl fluoride
(PMSF, Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), and 1% protease inhibitors cocktail
(Merck, Millipore). Lysates were normalized for total protein (25 μg) and loaded on 8% to 12% sodium
dodecyl sulfate polyacrylamide gel, electrophoresed, and transferred to a PVDF membrane (Millipore,
Kenilworth, NJ, USA), followed by blocking with 5% skimmed milk at room temperature for 1 h.
The membrane was incubated with primary antibodies overnight at 4 ◦C and rinsed with Tris-buffered
saline with Tween 20. The primary antibodies used were anti-caspase-3 (1:1000 dilution; catalog
no. 9662), anti-caspase-8 (1:1000 dilution; catalog no. 9746), anti-poly(adenosine diphosphate (ADP)
ribose) polymerase (PARP; 1:1000 dilution; catalog no. 9542), anti-EGFR (1:1000 dilution; catalog no.
4267), anti-ERK1/2 (1:1000 dilution; catalog no. 9102), anti-phospho-ERK1/2 (Thr202/Tyr204) (1:1000
dilution; catalog no. 9101), anti-PP2A (1:1000 dilution; catalog no. 2038) (all Cell Signaling Technology,
Inc., Danvers, MA, USA), anti-CIP2A (1:500 dilution; catalog no. sc-80662), anti-phospho-Akt (S473)
(1:500 dilution; catalog no. sc-7985), anti-Akt (1:500 dilution; catalog no. sc-8312) (all Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
1:5000 dilution; catalog no. M20006; Abmart, Shanghai, China). The blots were then washed and
incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000 dilution;
catalog no. E030120-01 and E030110-01; EarthOx, LLC, San Francisco, CA, USA) for 1.5 h at room
temperature. Detection was performed by using a SuperSignal® West Pico Trial kit (catalog no.
QA210131; Pierce Biotechnology, Inc., Rockford, IL, USA) [23]. The defined sections of the film
were scanned for image capture and quantification using Adobe Photoshop software (CS4, Adobe
Systems Incorporated, California, USA) and Image J software (National Institutes of Health, Bethesda,
MD, USA).

2.8. Quantitative Polymerase Chain Reaction

The expression level of the EGFR gene was examined by quantitative polymerase chain
reaction (QPCR). GAPDH was used as an endogenous control for each sample. Total RNA from
SW620 or HT29 cells or patients’ tissues was extracted using TRIzol reagent (Invitrogen; Thermo
Fisher Scientifc, Inc.,) according to the manufacturer’s protocols. Total RNA (2 μg) and the
ReverTra Ace qPCR real time kit (Toyobo Life Science, Osaka, Japan) were used for the QPCR
analysis of CIP2A. Reverse transcription occurred at 37 ◦C for 15 min and 98 ◦C for 5 min, with
storage at –20 ◦C. RNA (2 μg), 4 μL 5 RT Buffer, 1 μL RT Enzyme mix, 1 μL Primer mix, and
Nuclease-free Water were mixed to a 20 μL total volume. The primers used in this study were
as follows: EGFR forward primer: 5′- TTGTTCCTCACTGCTGTTCAC-3′ and EGFR reverse primer:
5′-GTCCATCATCTGTCTCCTTTC-3′; and GAPDH forward, 5′-TGTTGCCATCAATGACCCCTT-3′

and reverse, 5′-CTCCACGACGTACTCAGCG-3′. QPCR was performed using an ABI StepOnePlus™
Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the Power SYBR®

Green PCR Master mix (Toyobo Life Science). SYBR Green PCR Master Mix (10 μL), forward and
reverse primers (200 nM), a cDNA template (100 ng), and doubly-distilled H2O were mixed to a 20 μL
total volume. PCR conditions consisted of the following: 95 ◦C for 3 min, 95 ◦C for 15 s, and 60 ◦C
for 1 min, for 40 cycles. The threshold cycle for each sample was selected from the linear range and
converted to a starting quantity by interpolation from a standard curve generated on the same plate for
each set of primers. The CIP2A mRNA levels were evaluated using the 2−ΔΔCq method, standardized
to levels of GAPDH amplification [24]. Each test was performed in triplicate.
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2.9. Immunofluorescence Staining

H1975 cells were incubated in the presence or absence of CuB for 24 h. Cells were then fixed
and penetrated. Primary antibodies were added at a dilution of 1:50 and incubated with cells at 4 ◦C
overnight. Dylight 488 or Dylight 594-conjugated secondary antibodies (EarthOx, LLC, San Francisco,
CA, USA) were diluted 1:500 in 3% BSA in PBS for 1.5 h at room temperature. For visualization of
the cell nucleus, 4′,6-diamidino-2-phenylindole (DAPI) was used. Sections were observed using an
Olympus laser scanning confocal microscope with imaging software (Olympus Fluoview FV-1000,
Tokyo, Japan).

2.10. PP2A Activity Assay

PP2A phosphatase activity was tested using a PP2A immunoprecipitation phosphatase assay kit
(Upstate Biotechnology, Inc., Lake Placid, NY, USA). According to the manufacturer’s instructions,
100 μg protein isolated from the cells and 4 μg anti-PP2A monoclonal antibody (1:100 dilution; catalog
no. 2038; Cell Signaling Technology, Inc.) were incubated together at 4 ◦C overnight. Protein A agarose
beads (40 μL) were added to the mixture and incubated at 4 ◦C for 2 h, and the beads were then
collected and washed three times with 700 μL ice-cold TBS and once with 500 μL Ser/Thr Assay Buffer
(Upstate Biotechnology, Inc.). The beads were further incubated with 750 mM phosphopeptide in assay
buffer at 30 ◦C for 10 min with continuous agitation. Malachite Green Phosphate Detection Solution
(100 μL) was added and the absorbance at 650 nm was measured, as described previously [25].

2.11. Transfection of DNA

The pOTENT-1-CIP2A expression plasmid was purchased from Youbio Co. (Changcha,
China). The pOTENT-1-CIP2A plasmid (1 μg/μL) was transfected into GR NSCLC cells using
Lipofectamine®3000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following the
manufacturer’s protocols.

2.12. Drug Combination Assay

Drug combination is widely used in cancer treatment to achieve a synergistic therapeutic effect
and overcome drug resistance in clinics. To estimate the effect of CuB and DDP combination,
the combination index (CI) was calculated by the Chou-Talalay equation [23]. H1975 or H820 cells
were seeded in 96-well plates. Drugs were added alone or together at an indicated concentration.
The inhibition effect was measured by an MTT assay, as mentioned above. The formula of
CI = (D)CuB/(Dx)CuB + (D)DDP/(Dx)DDP. (D: the doses of compounds CuB or DDP, respectively,
necessary to produce the same effect in combination. Dx: the dose of one compound alone required
producing an effect). With this formula and the assistance of CalcuSyn software (Version 2.1,
Biosoft, Cambridge, UK), the combined effects of the two compounds could be assessed as follows:
CI < 1 indicates synergism; CI = 1 indicates additive effect; and CI > 1 indicates Antagonism.

2.13. Human NSCLC Xenograft Experiments

Equal numbers of female and male (n = 24), five-week-old, nude immunodeficient mice (nu/nu)
(weighing ~16 g) were purchased from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China),
and maintained and monitored in a specific pathogen-free environment (temperature 22~24 ◦C, barrier
environment, 12 h/12 h, sterile water, full nutritive feed). All animal studies were conducted according
to protocols approved by the Hubei University of Medicine Animal Care and Use Committee, complying
with the rules of Regulations for the Administration of Affairs Concerning Experimental Animals
(Approved by the State Council of China, No. SYXK (Hubei) 2016-0031). The mice were injected
subcutaneously with GR NSCLC H1975 cells (2.5 × 106) suspended in 100 μL RPMI 1640 medium into
the right flank of each mouse. Treatments were started when the tumors reached a palpable size. Caliper
measurements of the longest perpendicular tumor diameters were performed twice a week to estimate
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the tumor volume, using the following formula: 4π/3 × (width/2)2 × (length/2), representing the
three-dimensional volume of an ellipse. Animals were sacrificed when tumors reached 1.5 cm or if the
mice appeared moribund to prevent unnecessary morbidity to the mice. At the time of the animals’
death, tumors were excised for immunohistochemistry.

2.14. Immunohistochemistry of Tissues

Formalin-fixed, paraffin-embedded tissues from mice were selected for immunohistochemical
examination by using an indirect immunoperoxidase method. The antibodies used for
immunohistochemical staining were EGFR and CIP2A.

2.15. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 5 (GraphPad Software, Inc., La
Jolla, CA, USA) and SPSS 22.0 software for Windows (IBM Corp., Armonk, NY, USA). Results from
three independent experiments were presented as the mean ± standard deviation, unless otherwise
noted. Statistically significant values were compared using Student’s t-test of unpaired data or
one-way analysis of variance and Bonferroni’s post hoc test, P < 0.05 was used to indicate a statistically
significant difference.

3. Results

3.1. CuB Induces Cytotoxicity in Gefitinib-Resistant Non-Small Cell Lung Cancer Cells

The effect of CuB on cell proliferation was determined using four GR NSCLC cell lines, namely,
H1975, H820, A549, and H1299, and one normal lung epithelial cell line, 16-HBE. These four GR
NSCLC cell lines have different EGFR gene mutations. The H1975 cell line has a double mutation of
L858R and T790M in EGFR, and the H820 cell line has a frameshift deletion of exon 19 and a T790M
mutation in EGFR. Both the A549 and H1299 cell lines express the wild-type EGFR protein. MTT
assays suggested that CuB was moderately cytotoxic to all four cell lines, with an IC50 value between
4.23 μM and 0.19 μM (Table 1). As shown in Figure 1B–D, CuB was effective in suppressing the
proliferation of GR NSCLC (H1975 and H820) cells. Interestingly, CuB had the weakest inhibitory
effect on normal lung epithelial cells (16-HBE). Trypan blue exclusion assays suggested that CuB
decreased the viability of H1975 (Figure 1E) and H820 (Figure 1F) cells in a dose- and time-dependent
manner. We next determined the effect of CuB on cell colony formation activity, and we found that
CuB markedly inhibited the clonogenic ability of H1975 (Figure 1G) and H820 (Figure 1H) cells. These
data indicated that CuB suppressed the anchorage-dependent (growth) and anchorage-independent
(clonogenic ability) proliferation of GR NSCLC cells. In the remainder of the study, the CuB dose that
was selected for inhibition was less than 30% to ensure cellular integrity.

Table 1. IC50 of CuB on GR NSCLC cell lines a.

Cell Lines 16-HBE H1299 A549 H1975 H820

IC50 (μM) 4.23 ± 0.81 0.77 ± 0.04 0.76 ± 0.06 0.63 ± 0.06 0.19 ± 0.04
a The cells were treated with CuB at various concentrations for 24 h, the cell cytotoxicity was analyzed by
MTT assay, and the IC50 was calculated using CalcuSyn. Values shown are means plus or minus SD of
quadruplicate determinations.
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Figure 1. Cucurbitacin (CuB) inhibits gefitinib-resistant non-small cell lung cancer cells (GR-NSCLC)
cells. (A): Chemical structure of CuB. (B): The IC50 of CuB for indicated cell lines. (C–D): H1975 and
H820 cells were treated with increasing concentration of CuB or gefitinib for 24 h, and analyzed by
MTT assay. Gef: gefitinib. (E–F): Inhibitory effects of CuB on cell viability of H1975 and H820 cells
assayed by trypan blue exclusion assay. (G–H): The colony formation assays of H1975 and H820 cells
treated with CuB at indicated concentration.

3.2. CuB Inhibits Invasion and Migration and Induces Caspase-Dependent Apoptosis of Gefitinib-Resistant
Non-Small Cell Lung Cancer Cells

We investigated whether CuB suppressed the invasive behavior of H1975 cells. An invasion
assay suggested that low doses of CuB (0–0.1 μM) inhibited the invasion of H1975 cells (Figure 2A,C).
Furthermore, the wound healing assay suggested that CuB markedly decreased H1975 cell migration
in a dosage-dependent manner (Figure 2B,C). These data indicated that CuB inhibited the invasive
behavior of GR NSCLC cells at relatively lowly cytotoxic concentrations.

We next determined the effect of CuB on apoptosis in GR NSCLC cells. Western blot analysis
suggested that CuB induced a marked increase in the active form of both caspase-8 (casp-8) and
caspase-3 (casp-3) and induced the cleavage of poly(ADP-ribose) polymerase (PARP) in H1975 cells
and H820 cells in a dose-dependent manner (Figure 2D). These data suggested that CuB induced
caspase-dependent apoptosis in GR NSCLC cells.

Figure 2. Cont.
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Figure 2. CuB reduces invasive behavior and induces apoptosis of GR NSCLC cells. (A) Invasion assay
was carried out using modified 24-well microchemotaxis chambers. H1975 cells were pretreated with
CuB for 30 min. (B) Confluent H1975 cells were scratched and then treated with CuB in a basic medium
for 24 h. (C) Statistical results of Figure 2A,B. Data are shown as the mean ± SD of three independent
experiments.* P < 0.05; ** P < 0.01 vs. 0 μM. (D) H1975 and H820 cells were treated with increasing
concentrations of CuB for 24 h. Western blot was performed using antibodies indicated. GAPDH was
used as the loading control.

3.3. CuB Induces the Lysosomal Degradation of EGFR and, thus, Inhibits ERK Signaling

Since mutated EGFR plays a critical role in the growth and invasion of NSCLC cells, we next
determined the effect of CuB on EGFR expression in H1975 and H820 cells. Interestingly, we found
that treatment with CuB at 0.1 μM in H1975 cells and 0.05 μM in H820 cells caused the downregulation
of EGFR expression at the protein level (Figure 3A). We further showed that CuB caused the
downregulation of EGFR in a time-dependent manner (Figure 3B). We next determined whether
CuB affected EGFR gene transcription by QPCR. The results suggested that CuB had no significant
effect on EGFR mRNA expression (Figure 3C). These data indicated that CuB may affect EGFR protein
stability. Next, we blocked protein synthesis by the protein synthesis inhibitor cycloheximide (CHX)
and found that EGFR remained stable after more than 12 h of CHX treatment. However, it was
downregulated at 6 h in cells treated with CHX plus CuB (Figure 3D). These data indicated that
CuB induced EGFR proteolysis. Previous work has reported that EGFR degradation is mediated by
the lysosomal pathway [26]. Immunofluorescence analysis showed an increased colocalization of
EGFR and the lysosomal marker lysosomal-associated membrane protein 1 (LAMP-1) (Figure 3E) in
CuB-treated H1975 cells, suggesting that CuB promoted EGFR trafficking to lysosomes. Extracellular
regulated protein kinases (ERK) are proteins in major downstream signaling of EGFR that promote
cell proliferation. Activated ERK translocates to the nucleus and transactivates transcription factors,
altering gene expression to promote cell cycle progression and invasion [27,28]. We measured ERK
activity in CuB-treated GR NSCLC cells and found that CuB can decrease phosphorylated ERK (pERK)
in a dose-dependent manner, without causing clear changes in the total ERK expression in H1975 and
H820 cells (Figure 3F). In the presence of the lysosome inhibitor chloroquine (Chl), EGFR accumulation
(Figure 3H) and colocalization of EGFR with lysosomes was reduced (Figure 3G), suggesting that CuB
promoted the lysosomal degradation of EGFR. In addition, Chl antagonized the inhibitory effect of
CuB on cell proliferation (Figure 3I). Furthermore, we compared pERK in cells treated with CuB in the
presence and absence of Chl. The data indicated that Chl partially reversed the inhibitory effect of CuB
on ERK phosphorylation (Figure 3H) and cell invasion (Figure 3J). These results further suggested that
CuB reduced invasion and pERK levels via EGFR degradation.
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3.4. CuB Downregulates the CIP2A/PP2A/Akt Signaling Axis in Gefitinib-Resistant Non-Small Cell Lung
Cancer Cells

In our previous work, we reported that CIP2A plays an important role in the proliferation and
aggressiveness of NSCLC and the natural compound oridonin could downregulate CIP2A levels
in GR NSCLC cells [20]. Here, we reported that treatment with CuB at 0.1–0.4 μM for 24 h could
downregulate CIP2A expression in H1975 cells (0.05–0.1 μM in H820 cells) (Figure 4A). As shown
in the left panel, CIP2A protein expression was decreased in H1975 cells exposed to 0.2 μM of CuB.
Furthermore, treatment of H820 cells with 0.075 μM of CuB caused an apparent downregulation of
CIP2A. We also demonstrated that CuB induced the downregulation of CIP2A in a time-dependent
manner (Figure 4B). CIP2A is an endogenous inhibitor of the tumor suppressor protein phosphatase
2A (PP2A) and is highly expressed in a variety of tumors [29]. Next, we examined the activity of PP2A
and found that PP2A activity was significantly increased in H1975 and H820 cells after CuB treatment
(Figure 4C,D). The expression and activation of Akt downstream of PP2A was further examined, and
we found that CuB downregulated Akt phosphorylation (pAkt) in H1975 and H820 cells (Figure 4E,F),
and the total Akt level did not clearly change. These results suggest that CuB downregulated the
CIP2A/PP2A/Akt pathway in GR NSCLC cells.

Figure 3. Cont.
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Figure 3. CuB induces lysosomal degradation of EGFR and thus inhibits ERK signaling in GR NSCLC
cells. (A) H1975 and H820 cells were treated with increasing concentrations of CuB for 24 h. Western
blot was performed using antibodies indicated. (B) H1975 (or H820) cells were treated with 0.2 μM
(or 0.075 μM) CuB for the indicated times, and cell lysates were subjected to western blot assay.
(C) The mRNA level of EGFR in H1975 and H820 cells treated with CuB for 24 h was analyzed by
QPCR. (D) H1975 (or H820) cells were treated with 40 μg/ml cycloheximide (CHX) in the absence
or presence of 0.2 μM (or 0.075 μM) CuB for the indicated times, and cell lysates were harvested
for western blot assay. (E) H1975 cells were exposed to increasing concentrations of CuB for 24 h.
For immunofluorescence analysis, cells was stained with an anti-EGFR, anti-LAMP-1 antibodies, and
DAPI and observed by confocal microscopy. Scale bar = 20 μm. (F) H1975 and H820 cells were treated
with increasing concentrations of CuB for 24 h. Western blot was performed using antibodies indicated.
(G) H1975 cells were pretreated with chloroquine (Chl; 10 μM) for 2 h, followed by addition of CuB
(0.4 μM) for 22 h. For immunofluorescence analysis, cells was stained with an anti-EGFR, anti-LAMP-1
antibodies, and DAPI and observed by confocal microscopy. Scale bar = 20 μm. (H) H1975 (or H820)
cells were pretreated with Chl (10 μM) for 2 h, followed by addition of 0.2 μM (or 0.075 μM) CuB for
22 h. Western blot was performed using antibodies indicated. (I) H1975 (or H820) cells were pretreated
with Chl (10 μM) for 2 h, followed by addition of 0.5 μM (or 0.15 μM) CuB for 22 h and then analyzed
by MTT assay. (J) H1975 cells were pretreated with Chl (10 μM) for 2 h, followed by addition of
0.2 μM CuB for 2 h. Invasion assay was carried out using modified 24-well microchemotaxis chambers.
* P < 0.05.
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Figure 4. CuB down-regulates CIP2A/PP2A/Akt signal axis in GR NSCLC cells. (A) H1975 and H820
cells were treated with increasing concentrations of CuB for 24 h. Western blot was performed using
antibodies indicated. (B) H1975 (or H820) cells were treated with 0.2 μM (or 0.075 μM) CuB for the
indicated times, and cell lysates were subjected to western blot assay. (C) H1975 and H820 cells were
treated with increasing concentrations of CuB for 24 h. Cell lysates were prepared for detecting PP2A
activity, as mentioned before. (D) H1975 (or H820) cells were treated with 0.2 μM (or 0.075 μM) CuB
for the indicated times, and cell lysates were prepared for detecting PP2A activity, as mentioned before.
(E) H1975 and H820 cells were treated with increasing concentrations of CuB for 24 h. Western blot was
performed using antibodies indicated. (F): H1975 (or H820) cells were treated with 0.2 μM (or 0.075 μM)
CuB for the indicated times, and cell lysates were subjected to western blot assay. (G) H1975 (or H820)
cells were transfected with a CIP2A expression plasmid (CIP2AOE), and total protein was isolated and
then subjected to western blot analysis. (H) H1975 (or H820) cells were transfected with the CIP2AOE,
and then treated with CuB (H1975: 0.4 μM; H820: 0.1 μM), MTT assay was used to detect growth 48 h
after transfection. (I) H1975 (or H820) cells were treated with CuB (H1975: 0.45 μM; H820: 0.15 μM)
and/or OA (50 nM) for 24 h and analyzed by MTT assay. * P < 0.05.

To further confirm the role of the CIP2A pathway in mediating the growth inhibition of GR
NSCLC cells by CuB, we generated H1975 and H820 cells that overexpressed a CIP2A (CIP2AOE)
plasmid by transient transfection (Figure 4G). Compared with that of wild-type cells, the proliferation
of CIP2AOE cells significantly increased (Figure 4H). Notably, CIP2A overexpression significantly
antagonized CuB-induced growth inhibition (Figure 4H). These findings demonstrated that CIP2A
may play a critical role in CuB-triggered GR NSCLC growth. We subsequently examined whether
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PP2A inhibition would alter cellular sensitivity to CuB. Okadaic acid (OA), a PP2A inhibitor, was
applied to H1975 and H820 cells with or without CuB treatment. Pretreatment with OA antagonized
the effects of CuB on growth in H1975 and H820 cells (Figure 4I). Thus, we confirmed that CuB induced
cell growth inhibition, at least in part, by downregulating the CIP2A/PP2A/Akt pathway.

Based on the results presented above, we concluded that CuB inhibited GR NSCLC growth
and induced apoptosis by inducing the lysosomal degradation of EGFR and by downregulating the
CIP2A/PP2A/Akt signaling axis (Figure 5).

 

Figure 5. Diagram of CuB blockage possible mechanism in GR NSCLC cells.

3.5. CuB and Cisplatin Synergistically Inhibit the Proliferation and Apoptosis of Gefitinib-Resistant Non-Small
Cell Lung Cancer Cells

It has been reported that the combination of chemotherapy and natural compounds can exhibit a
synergistic effect to decrease breast cancer cell viability [30]. To explore the inhibitory capacity of a
combination of CuB and cisplatin (DDP), we examined cell viability after combined CuB and DDP
treatment. CuB plus DDP showed synergistic effects against H1975 and H820 cells (Figure 6A,B).
The results from the analysis using CalcuSyn software (version 2.1) showed that the CI value was
less than 1 (Table 2). These data suggested that CuB and DDP synergistically suppressed the viability
of GR NSCLC cells. DDP further enhanced the CuB-dependent induction of cell apoptosis and its
inhibitory effects on EGFR and the CIP2A/Akt pathway (Figure 6C,D).
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Figure 6. CuB and DDP synergistically inhibit GR NSCLC cells. (A,B): H1975 and H820 cells were
treated for 24 h with DDP in the presence of CuB. MTT assay was used to test the proliferation of cells.
* P < 0.05, ** P < 0.001. (C): H1975 cells were cultured with control media, CuB (0.1 μM), DDP (10 μM),
or CuB (0.1 μM) plus DDP (10 μM) for 24 h. Cells were then lysed and subjected to Western blot using
indicated antibodies. (D): H820 cells were cultured with control media, CuB (0.05 μM), DDP (8 μM),
or CuB (0.05 μM) plus DDP (8 μM) for 24 h. Cells were then lysed and subjected to Western blot using
indicated antibodies.

Table 2. CuB and DDP combination index (CI) values a.

H1975 H820

CuB (μM) DDP (μM) Effect
CI

(CuB+DDP)
CuB (μM) DDP (μM) Effect

CI
(CuB+DDP)

0.05 10 0.43 0.44 0.025 8 0.44 0.51
0.05 20 0.72 0.29 0.025 12 0.66 0.53
0.1 10 0.61 0.28 0.05 8 0.63 0.36
0.1 20 0.84 0.18 0.05 12 0.79 0.39

a H1975 or H820 cells were treated with CuB and DDP combinedly or alone with indicated concentrations for 24 h,
the cytotoxicity was analyzed by MTT assay, and the CI values were calculated using CalcuSyn software.

3.6. CuB Inhibits Tumor Growth In Vivo

To test the in vivo anti-tumor effect of CuB on NSCLC, we implanted 5 × 106 H1975 cells that
had been resuspended in 100 μL of RPMI 1640 medium on the right side of nude mice to construct a
xenograft mouse model. Treatment began once the tumors reached a palpable size (0.5 cm in diameter).
Each of the three groups was administered the vehicle control, gefitinib (30 mg/kg), or CuB (0.5 mg/kg)
five times per week for 24 days. The tumor-bearing mice were sacrificed when the tumor reached
1.5 cm in diameter or severe pain diminished their quality of life. We showed that CuB significantly
suppressed tumor growth compared to the vehicle control or gefitinib (P < 0.01; Figure 7A,B). CuB
treatment also markedly decreased tumor weight in the mice (Figure 7C). Importantly, CuB treatment
did not significantly decrease the body weight of the mice, suggesting that CuB did not cause evident
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side effects (Figure 7D). When all of the mice were sacrificed, the tumor specimens were isolated and
examined using immunohistochemistry, and the data suggested that the expression levels of CIP2A
and EGFR were downregulated in the CuB-treated groups (Figure 7E). Therefore, CuB is predicted to
be a potential therapy for GR NSCLC.

Figure 7. CuB inhibits tumor growth in murine models. (A) Murine models were treated with vehicle,
gefitinib (Gef, 30 mg/kg), or CuB (0.5 mg/kg) and the tumor volumes were calculated twice a week.
** P < 0.01 vs. vehicle or Gef. (B) Images of xenograft tumors obtained from mice with different
treatment after 24 days. (C) Weight of the tumor from each group taken out from the sacrificed mice at
the end of the study ** P < 0.01 vs. vehicle or Gef group. (D) CuB treatment did not affect the murine
model body weight. (E) The expressions of EGFR and CIP2A in xenograft tumors were analyzed by
immunohistochemistry (original magnification 400×), and their expression levels were quantified
in percentages of positive cells within five medium-power fields under microscope and shown in
histograms; * P < 0.05, ** P < 0.01 compared with the vehicle group.
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4. Discussion

CuB has anti-proliferative effects on various lung cancer cell lines in vitro and in vivo [31–33].
However, the cytotoxic effects of CuB on EGFR-mutant GR NSCLC cells remain poorly understood.
This study reports, for the first time, that CuB suppressed the proliferation of GR NSCLC cells
in vitro and in vivo by inducing lysosome-mediated EGFR degradation and by downregulating the
CIP2A/PP2A/Akt signaling axis. These results strongly suggest the possible therapeutic value of CuB
in patients with GR NSCLC that carry EGFR mutations.

More than 90% of solid tumor deaths are due to tumor metastasis [34]. Thus, inhibiting or
preventing cancer metastasis is an important means to improve the survival rate of cancer patients.
Our results indicated that CuB significantly suppressed the invasion (Figure 2A) and migration
(Figure 2B) of H1975 cells. Escape from apoptosis is an important feature of cancer progression and
drug resistance, and the activation of apoptosis has become another important strategy for cancer
treatment [35]. Casp-3 is an effector of extrinsic and intrinsic apoptotic signaling [10]. We showed that
CuB induced a reduction in the levels of pro-casp-8 and pro-casp-3 and induced the proteolysis of
PARP (Figure 2D), which suggested that casp-8 and casp-3 were activated. Thus, CuB may promote
apoptosis by activating extrinsic apoptosis signaling, indicated by the activation of casp-8.

The abnormal expression or activation of EGFR and its downstream signaling pathways can
promote malignant processes, invasion, and drug tolerance in many human cancers [36]. It is
well-known that GR NSCLC cells are largely dependent on the constitutive activity of EGFR kinase
signaling. Activation of EGFR, in turn, activates its downstream kinases, such as Akt and ERK,
thereby promoting the proliferation and invasion of cancer cells [27]. Given the cytotoxic effects of
CuB on GR NSCLC cells, we investigated whether CuB affects EGFR. The results showed that with
increased CuB dose and exposure time, the level of EGFR protein was significantly decreased, and the
mRNA expression level was not affected (Figure 3A–E). These results suggested that CuB may affect the
protein stability of EGFR. A key mechanism for downregulating EGFR signaling is lysosomal-mediated
trafficking and degradation [36]. Next, we showed a decrease in EGFR–LAMP-1 colocalization in
the absence of CuB (Figure 3F). To further assess whether the CuB-induced degradation of EGFR
was mediated by lysosomes, the effects of the lysosome inhibitor chloroquine on CuB-induced
EGFR degradation were examined (Figure 3G). The results demonstrated that CuB induced the
lysosomal-mediated degradation of EGFR. We next assessed which downstream signaling pathways
may have mediated EGFR signaling. ERK is an important downstream signaling protein of EGFR
and is involved in the regulation of biological processes such as cell proliferation, invasion, and
apoptosis [37]. We found that CuB inhibited ERK phosphorylation (Figure 3H). Therefore, CuB is a
novel anti-tumor drug that treats GR NSCLC by inhibiting the EGFR/ERK pathway.

Previous studies have shown that high CIP2A expression was highly correlated with cancer
invasiveness and poor prognosis in lung cancer; thus CIP2A is used as a potential molecular marker
and therapeutic target for the treatment of lung cancer [38]. We found that CuB was also able to induce a
marked dose- and time-dependent reduction of CIP2A at the protein levels in GR NSCLC (Figure 4A,B).
Recent studies have implicated CIP2A-mediated increases in Akt activity in the inactivation of PP2A
phosphatase activity. Some natural compounds that target the CIP2A protein have shown potential
effects on a variety of tumors in vivo and in vitro [39,40]. We next examined the PP2A activity and
pAkt levels in GR NSCLC cells after CuB was administered. The data suggested that CuB reactivated
PP2A activity and inactivated Akt (Figure 4C–F), indicating that the CIP2A/PP2A/Akt pathway may
serve as an alternative mechanism that underlies the effects of CuB.

When CuB was combined with the conventional drug DDP, they had a synergistic cytotoxic effect
on GR NSCLC cells (Figure 6). In the H1975 xenograft mouse model, CuB significantly inhibited
tumor growth and had little effect on body weight of the mice (Figure 7A–D). Tumor tissues isolated
from mice also showed that CuB inhibited EGFR and CIP2A expression in vivo (Figure 7E). Our
data suggest that CuB not only directly affects EGFR degradation, but also affects the CIP2A/PP2A
signaling pathway. Furthermore, the growth and invasion of GR NSCLC cells were inhibited by CuB
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activity via the CIP2A/PP2A signaling pathway. Therefore, CuB may become a novel anti-tumor drug
for the prevention and treatment of GR NSCLC.

5. Conclusions

In conclusion, we reported that CuB significantly suppressed tumor growth and invasion and
activated apoptosis in GR NSCLC in vitro and in vivo. Our data further revealed that CuB inhibited
ERK and Akt phosphorylation by inducing the lysosomal degradation of EGFR and that CuB inhibits
the CIP2A/PP2A signaling axis. These observations indicate that CuB could be a promising therapeutic
agent for treating GR NSCLC, and additional toxicological experiments are necessary to verify
this conclusion.
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Abstract: Grape leaves influence several biological activities in the cardiovascular system, acting
as antioxidants. In this study, we aimed at evaluating the effect of ethanolic and water extracts
from grape leaves grown in Algeria, obtained by accelerator solvent extraction (ASE), on cell
proliferation. The amount of total phenols was determined using the modified Folin-Ciocalteu
method, antioxidant activities were evaluated by the 2,2-diphenyl-l-picrylhydrazyl free radical
(DPPH*) method and ·OH radical scavenging using electron paramagnetic resonance (EPR)
spectroscopy methods. Cell proliferation of HepG2 hepatocarcinoma, MCF-7 human breast cancer
cells and vein human umbilical (HUVEC) cells, as control for normal cell growth, was assessed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction assay (MTT). Apoptosis-
related genes were determined by measuring Bax and Bcl-2 mRNA expression levels. Accelerator
solvent extractor yield did not show significant difference between the two solvents (ethanol and
water) (p > 0.05). Total phenolic content of water and ethanolic extracts was 55.41 ± 0.11 and
155.73 ± 1.20 mg of gallic acid equivalents/g of dry weight, respectively. Ethanolic extracts showed
larger amounts of total phenols as compared to water extracts and interesting antioxidant activity.
HepG2 and MCF-7 cell proliferation decreased with increasing concentration of extracts (0.5, 1,
and 2 mg/mL) added to the culture during a period of 1–72 h. In addition, the expression of the
pro-apoptotic gene Bax was increased and that of the anti-apoptotic gene Bcl-2 was decreased in
a dose-dependent manner, when both MCF-7 and HepG2 cells were cultured with one of the two
extracts for 72 h. None of the extracts elicited toxic effects on vein umbilical HUVEC cells, highlighting
the high specificity of the antiproliferative effect, targeting only cancer cells. Finally, our results
suggested that ASE crude extract from grape leaves represents a source of bioactive compounds such
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as phenols, with potential antioxidants activity, disclosing a novel antiproliferative effect affecting
only HepG2 and MCF-7 tumor cells.

Keywords: grape leaves; ASE; TP; Antioxidant activities; Antiproliferative; pro-apoptotic effects;
Gene expression; Nutraceuticals

1. Introduction

Oxidative stress is a pathogenetic mechanism associated with several diseases, including
atherosclerosis, neurodegenerative diseases, such as Alzheimer’s and Parkinson’s disease, cancer,
diabetes mellitus, inflammatory diseases, as well as psychological diseases or aging processes [1].
Indeed, increased formation of free radicals (FR) can promote the development of malignancy,
and “normal” rates of FR generation may account for the increased risk of cancer development
in the elderly [2]. Cancer is the major cause of morbidity and mortality in modern society. The number
of deaths by cancer in 2008 was estimated to be 7.6 million, a number predicted to double by
2030 [3]. In developed countries, cancer is the main cause of death after cardiac disease [4].
Many treatments against cancer are possible, such as surgical removal, chemotherapy, radiation
therapy and immunotherapy.

Apoptosis, or programmed cell death, is a normal and fundamental event that occurs in a highly
regulated and precise manner. This process plays a key role in normal tissue development and
maturation, maintaining the homeostasis in the body by controlling the immune system. Apoptosis
is the most potent defense against cancer since it is the mechanism used by metazoans to eliminate
deleterious cells. Furthermore, a large number of chemo preventive agents exert their effectiveness
by inducing apoptosis in transformed cells, as shown both in vitro and in vivo [5,6]. Since apoptosis
provides a physiologic mechanism to eliminate abnormal cells, dietary factors affecting apoptosis can
elicit an important effect on carcinogenesis. For these reasons, activation of apoptosis by dietary factors
in pre-cancerous cells may represent a preventive mechanism (chemoprevention) [6,7].

Nearly 90 out of 121 drugs prescribed to treat cancer originate from plants [8]. The term
“nutraceutical” was coined in 1989 by Stephen De Felice to define “food, or parts of a food, that provide
medical or health benefits, including the prevention and treatment of disease” [9–11]. Many studies
demonstrate that grapes are rich in anthocyanins, flavanols, flavonoids, terpenes, organic acids,
vitamins, carbohydrates, lipids and enzymes [12,13]. These findings have created considerable interest
in grape leaves as a promising source of compounds with nutritional properties and biological potential.
Moreover, the use of grape leaves provides a way of solving the disposal problems arising from the
large amounts of industrial residues generated by the wine and juice industries [14,15].

Extraction is the most important step to recover and isolate bioactive molecules from plant
materials. Various extraction techniques have been developed to obtain nutraceuticals from plants in
order to shorten extraction time, reduce solvent consumption, increase extraction yield, improve the
quality of extracts and increase pollution prevention [16]. Among those, accelerated solvent extraction
(ASE) is a solid-liquid extraction process performed at elevated temperature and under pressure to
maintain the solvent in its liquid state. The solvent remains below its critical condition during ASE.
The increased temperature accelerates the extraction kinetics and the elevated pressure keeps the
solvent in the liquid state, thus achieving a safe and rapid extraction. The only disadvantage of ASE is
the high cost of the needed equipment [17].

The aim of the present study was to analyze the polyphenol anti-oxidative and anti-proliferative
properties of water and ethanol ASE crude extracts from grape leaves grown in Medea (Algeria).
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2. Results

2.1. Yield and Total Phenolic Content

Table 1 shows the yield and total phenolic content of ethanolic and aqueous ASE crude extracts
obtained from grape leaves. The aqueous extract gave a higher total phenolic yield (22.8 ± 3.21%) as
compared to ethanol (18.87 ± 0.6%), despite not being statistically significant (p = 0.116). However,
the ethanolic extracts exhibited larger amounts of TP (around 2.8 times) as compared to the water
extract (p = 0.001). The ethanol polarity might be responsible for the observed TP content difference.

Table 1. Yield extraction (%), total phenols and EPR-spin trapping and DPPH-radical scavenging
activity (IC50) of ethanolic and water crude extracts obtained by accelerator solvent extraction (ASE).

Type of Extracts
Total Phenols

(mg GAE/gr DW ± SD) y
Yield

(% ± SD)
IC50·OH

(mg/mL ± SD)
IC50 DPPH

(mg/mL ± SD)

WACE 55.41 ± 0.11 a 22.8 ± 3.21 a 0.67 ± 0.53 a

R2 = 0.9791
0.15 ± 0.41 a

R2 = 0.9711

EACE 155.73 ± 1.20 b 18.87 ± 0.6 a 0.64 ± 0.71 a

R2 = 0.9989
0.09 ± 0.32 b

R2 = 09922
y GAE: gallic acid equivalent; DW: Dry weight; SD: standard deviation; IC50: sample concentration at which 50% of
the free radical activity was inhibited. a: ASE water crude extract; b: ASE ethanolic crude extract. The unlike letters
represent values significantly different at p < 0.05

2.2. DPPH and EPR Radical-Scavenging Activity

The antioxidant capability was expressed as the quantity of antioxidant inducing a 50% decrease
in DPPH concentration or a 50% inhibition of the hydroxyl radical production (IC50). The quenching
efficiency of DPPH or hydroxyl radical is inversely proportional to the IC50. Table 2 shows the
IC50 of grape leaves ethanolic and aqueous crude extracts. The ethanolic extract of grape leaves
showed higher activity of the scavenging DPPH radical (0.09 mg/mL) as compared to the aqueous
extract (0.15 mg/mL) (p = 0.035). Ethanolic and water extracts provided IC50 of 0.67 (±0.53) and 0.64
(±0.71) mg/mL respectively. The trapping of hydroxyl radical did not show any significant difference
between the two extracts (p = 0.181).

Table 2. IC50* of grape leaves ethanolic and water ASE crude extracts on MCF-7, HepG2 and
HUVEC cells.

Extract
MCF-7 HepG2 HUVEC

Cells

WACE y IC50* (mg/mL) 0.71 1.1 >>2
EACE x IC50* (mg/mL) 0.43 0.7 >>2

* IC50: sample concentration at which 50% of cell proliferation was inhibited; y WACE: ASE aqueous crude extract;
x EACE: ASE ethanolic crude extract.

2.3. Effect of Grape Leaves EACE and WACE Extract on HUVEC Cell Proliferation

Both the ethanolic (EACE) and aqueous (WACE) extracts were not toxic for HUVEC cells, with the
IC50 being higher that 2 mg/mL. Ethanolic and water extracts inhibited HUVEC cells proliferation in
a dose-dependent manner (p = 0.01 and HUVEC cells induced an inhibition of cell growth (96%) at
10 μM (Figure 1)).
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Figure 1. Effect of ASE crude extracts on HUVEC cell proliferation (untreated group: concentration = 0).
Data are expressed as mean ± SD, n = 3. Bars marked by unlike letters within a group are significantly
different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).

2.4. EACE and WACE Extract Counteract HepG2 Proliferation

The survival of HepG2 cells was significantly reduced following incubation with ethanol
(p = 0.001) and water extracts (p = 0.001) (cell proliferation is expressed as the mean percentages of
viable cells relative to untreated cells) (Figure 2). In addition, inhibition of HepG2 cell proliferation by
both extracts were dose-dependent. In particular, IC50 was obtained when 0.7 mg/mL or 1.1 mg/mL
of ethanolic or water extracts, respectively, were added to the culture medium. In all cases, ethanolic
extracts were significantly more active than water extracts (p = 0.001). The maximum growth inhibition
was obtained using Cisplatin (93.52%), representing the positive control, followed by 2 mg/mL
ethanolic extracts (82.5%) and 2 mg/mL water extracts (68.63%).

Figure 2. Effect of ASE crude extracts on of HepG2 cell proliferation. Each value is expressed as mean
± SD, n = 3 (untreated group: concentration = 0). Bars marked by unlike letters within a group are
significantly different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).

2.5. EACE and WACE Extracts Influence the Expression of Apoptosis-Related Genes in HepG2 Cells

HepG2 cultured in the presence of EACE or WACE exhibited a significant increase in Bax mRNA
levels in a concentration-dependent manner, as compared to untreated control (p < 0.05) (Figure 3).
Moreover, Bcl-2 gene expression was down-regulated in a concentration-dependent manner (p < 0.05)
(Figure 4). The effect of ethanolic extracts was more prominent on HepG2 cells than water extracts
(p = 0.002). In particular, the maximum effect on both Bax and Bcl-2 genes was observed using the
highest concentration (2 mg/mL) of ethanolic extracts.
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Figure 3. Effect of ASE crude extracts on Bax gene expression in HepG2 cells. The mRNA levels for
each gene are expressed as fold of change (2−ΔΔCt) relative to the untreated control (defined as 1)
(mean ± SD; n = 3) and normalized to the Glyceraldehyde-3-Phosphate-Dehidrogenase (GAPDH).
Data are expressed as mean± SD referred to the control. Bars marked by unlike letters within a group
are significantly different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).

 
Figure 4. Effect of ASE crude extracts on Bcl-2 gene expression in HepG2 cells. The mRNA levels for
each gene are expressed as fold of change (2−ΔΔCt) relative to the untreated control (CTRL-), defined
as 1 (mean ± SD; n = 3), and normalized to the Glyceraldehyde-3-Phosphate-Dehidrogenase (GAPDH).
Data are expressed as mean ± SD referred to the control. Bars marked by unlike letters within a group
are significantly different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).

2.6. EACE and WACE Extracts Influence MCF-7 Proliferation

Similar to what was observed in HepG2 cells, both crude extracts significantly inhibited MCF-7 cell
proliferation (Figure 5). In particular, the IC50 for EACE and WACE of grape leaves was 0.43 mg/mL
and 0.71 mg/mL, respectively. The ethanolic extracts were significantly more active than the water
extracts (p = 0.002). The largest percentage of growth inhibition was obtained by Cisplatin (99.34%),
followed by ethanolic (88.56%) and water extracts (79.31%) (Figure 5). Results revealed that MCF-7
cells were more sensitive to extracts than HepG2 cells.
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Figure 5. Effects of ASE crude extracts on MCF-7 cell proliferation (concentration 0 corresponding to
the untreated group). Data are expressed as mean ± SD, n = 3. Bars marked by unlike letters within a
group are significantly different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).

2.7. EACE and WACE Extracts Influenced the Expression Of Apoptosis-Related Genes in MCF-7 Cells

Ethanol and water extracts significantly modulated Bax and Bcl-2 mRNA expression levels in
MCF-7 cells in a concentration-dependent manner, with Bax expression being significantly upregulated
(p = 0.001) and Bcl-2 significantly down-regulated (p = 0.002). The maximum effect was observed at
the highest concentration (2 mg/mL) of ethanolic or water extracts (Figures 6 and 7).

 
Figure 6. Effect of ASE crude extracts on Bax gene expression in MCF-7 cells. The mRNA levels are
expressed as fold of change (2−ΔΔCt) as compared to untreated HepG2 cells (defined as 1) (mean ± SD;
n = 3) and normalized to GAPDH. Bars marked by unlike letters within a group are significantly
different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).
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Figure 7. Effect of ASE crude extracts on Bcl-2 gene expression in MCF-7 cells. The mRNA levels are
expressed as fold of change (2−ΔΔCt) as compared to untreated HepG2 cells (defined as 1) (mean ± SD;
n = 6) and normalized to GAPDH. Bars marked by unlike letters within a group are significantly
different at p < 0.05, according to Duncan’s Multiple Range Test (DMRT).

3. Discussion

Plant bioactive compounds have drawn increasing attention due to their potent antioxidant
properties and their marked effects in the prevention of various oxidative-stress-associated diseases,
such as cancer. In the last few years, the identification and development of these compounds or extracts
from different plants has become a major area of health- and medical-related research [18]. Phenolic
compounds are considered as bioactive compounds, widely present in all parts of plant and crude
extracts [19].

In this study, we utilized the accelerator solvent extraction method to prepare crude extracts
of grape leaves, grown in Algeria, in ultrapure water and 60% ethanol. We aimed at evaluating the
anti-proliferative effects of these extracts on HepG2 hepatocarcinoma cells and MCF-7 breast cancer
cells. The amount of total phenols and the antioxidant activity were evaluated by scavenging DPPH*
and trapping of hydroxyl radical using EPR-spin trapping technique. Then, cell viability was analyzed
by using different concentrations of the extracts.

This study showed for the first time, the extraction of bioactive compounds such as phenolic
compounds from grape leaves by ASE. ASE provided fast (10 min), easy (automated technique), safe
(no direct exposure to the solvent) and inexpensive (in 34 mL of solvent) extraction, leading to high
yields and high phenolic contents. Leelavinothan and Arumugam (2008) found that grape leaves
contain 99 mg of gallic acid equivalents (mg GAE)/g of phenolic compounds in 70% hydroalcoholic
solvent after 72 h of extraction [20], a value lower than the one obtained with the extraction
methods described in the present study and requiring a longer extraction time and more solvent.
Orhan et al., (2007) describe a phenolic compound yield of 16,07% by extracting 500 g of Vitis vinifera
dried powder leaves with 80% ethanol at room temperature (5 L * 6 times) [21]. The pressure exerted by
ASE allows the extraction cell to be filled faster and helps to force liquid into the solid matrix. Elevated
temperatures enhance the diffusivity of the solvent, resulting in an increased extraction kinetic [22–24].
Consequently, ASE may be used to obtain a higher yield in an extremely short time as compared to
all previously described methods. Indeed, in recent years, ASE has been successfully applied to the
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extraction of phenolic compounds from different plant materials, such as grape seeds and skin [25–27]
apples [28], spinach [29], eggplants [30] and barley flours [31].

Electron paramagnetic resonance (EPR) spin trapping has become an indispensable tool for the
specific detection of reactive oxygen free radicals in biological systems [32]. The EPR spin-trapping
technique was used to study the ability of ASE grape leaves extracts to quench OH radicals, which
are common reactive oxygen species associated with oxidative cell damage [33]. The hydroxyl
radical reacts unselectively and very quickly with any chemical compound able to lose a hydrogen
atom [34]. Our results indicate that water and ethanol grape leaf extracts possessed similar ·OH
radicals quenching activity. In water extract, the content of TP, despite being lower than that of ethanol,
was high enough to react with the hydroxyl radicals produced, thus excluding any dose-dependent
mechanism in the reaction between antioxidants and ·OH.

DPPH* free radical was used to evaluate the ability of phenolic compounds to transfer
labile hydrogen atoms to radicals [32]. Our extracts showed high capability to scavenge DPPH*,
due to the presence of different polyphenols, including flavonoids, which can be found in grape
leaves [35,36]. Generally, the chemical structure of flavan-3-ol family grants a good antioxidant
response towards DPPH. The hydrogen-donating substituents (hydroxyl groups), attached to the
aromatic ring structures of flavonoids, allow for a redox reaction able to scavenge free radicals [21,37].

Apoptosis can be activated through two major pathways, the mitochondria-dependent pathway
and the death-receptor-dependent pathway. In the mitochondria-dependent signaling pathway,
the Bcl-2 family of proteins is divided into two groups: suppressors of apoptosis (e.g., Bcl-2, Bcl-XL,
Mcl-1) and activators of apoptosis (e.g., Bax, Bok, Hrk, Bad). The Bax/Bcl-2 ratio might represent a
critical factor influencing cell behavior. Suppression of Bcl-2 promotes apoptosis in response to several
stimuli, including anticancer drugs [38]. Bax is a pro-apoptotic protein residing in the cytosol in an
inactive form and translocating, after activation, to the mitochondria, where it plays an important role
in mitochondria-mediated apoptosis. Activated Bax, either in homo-oligomeric form or as complex
with other proteins, creates pores in the outer mitochondrial membrane, which leads to the leakage
of ions, essential metabolites and cytochrome c from mitochondria to cytosol, thus promoting cell
death [39]. Our results demonstrated that grape leaves have an anti-proliferative effect on HepG2 and
MCF-7 cells. EACE and WACE markedly inhibited HepG2 and MCF-7 cell viability.

In cells cultured with these extracts, the mRNA levels of the anti-apoptotic factor, Bcl-2, were
downregulated, while the expression of the pro-apoptotic gene Bax, was significantly induced.
Within this context, other authors have demonstrated that molecules as Diazaphenothiaznes exert an
antiproliferative activity in MCF7 cells and C32 human amelanotic melanoma, by regulating BAX and
BCL2 gene expression [40,41].

Deepak et al. (2015) show that desert plant extracts are able to induce apoptosis in HepG2 cells.
They also describe an upregulation of Bax, Bad, cytochrome c, caspase-3, caspase-7, caspase-9 and
poly (adenosine diphosphate-ribose) polymerase [42]. Furthermore, the Allium atroviolaceum flower
extracts was found to inhibit HepG2 cell growth, revealing a sub-G0 cell cycle arrest, changes in
morphological features and annexin-V and propidium iodide positive staining, which correlates with
Bcl-2 down-regulation and caspase-3 activity [43]. Lu Y et al. (2011) report that injectable seed extracts
from Coix lacryma-jobi L. induce apoptosis in HepG2 cells, with elevated and prolonged expression of
caspase-8, which do not significantly influence the expression of Bcl-2 [44]. Moreover, Jun et al. (2009)
report that quercetin can inhibit proliferation and induce apoptosis in HepG2 cells by decreasing the
levels of surviving cells and Bcl-2 protein expression, and significantly increasing the protein levels of
p53 [38].

We found that the ethanolic crude extracts were able to induce a larger anti-proliferative effect as
compared to the aqueous crude extracts, which may be due to the different amount of phenols detected
in the two different extracts. Nevertheless, further experiments are needed in order to understand if
apoptosis could definitely explain the antiproliferative effects induced by the extracts tested in the
present study.
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Our extracts showed growth inhibition in MCF-7cells, confirming what has been previously
described by other authors using different plant extracts. Blassan et al. (2016) report that Rubus
fairholmianus root extracts inhibit MCF-7 cells growth via caspase 3/7-induced apoptosis [45].
Reis et al. (2013) report that Leccinum vulpinum induces DNA damage, decreases cell proliferation and
induces apoptosis in MCF-7 cells [46]. Miris et al. (2011) report that pomegranate (Punica granatum L.),
at certain concentration, inhibits MCF-7 cell proliferation and induces increased expression of the
pro-apoptotic gene Bax and decreased the expression of the anti-apoptotic gene Bcl-2. [47]. ASE extracts
of grape leaves grown in Algeria were not cytotoxic for HUVEC cells. Atmaca et al. (2016) report that
Salvia triloba L. extract has pro-apoptotic and anti-angiogenic effect in prostate cancer cell lines while
being not cytotoxic for normal cells [48]. Aghbali et al. (2013) describe the pro-apoptotic potential
of grape seeds extracts, confirmed by a significant inhibition of cell growth and viability in a dose-
and time-dependent manner without inducing damage to HUVEC non-cancerous cells [49]. Indeed,
the bioactive phytochemicals, Honokiol and Magnolol contained in Magnolia officinalis and their
derivatives show an antiproliferative effect on HepG2 cell proliferation while being unable to elicit any
effect on fibroblasts [50].

Finally, the literature strongly suggests that grape is a potential source of antioxidant, anticancer
and cancer chemo-preventive phytochemicals. The other parts of the grapes, the skin and seeds,
the whole grape by itself, grape-derived raisins and phytochemicals within the grapes have also been
found to bear potential anticancer properties in various preclinical and clinical studies [51].

4. Materials and Methods

4.1. Chemicals and Cells

All solvents used were HPLC (High Performance Liquid Chromatography) grade purified
(Merck, Darmstadt, Germany); water was purified using a milli-Qplus system from Millipore
(Milford, MA, USA). Reagents employed were of analytical grade; Folin-Ciocalteu reagent
and Sodium Carbonate (Na2CO3) were purchased from Carlo Erba (Milan, Italy); DPPH
(2,2-diphenyl-1-picryhydrazyl) and gallic acid (3,4,5-trihydroxybenzoic acid) were purchased from
Sigma-Aldrich, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) spin trap and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich (Milan, Italy).

HepG2 and MCF-7 cells were obtained from the Hospital of Cagliari, 09121, Cagliari, Italy.
HUVECs cells were obtained from Gibco™ (Grand Island, NY, USA). Cisplatin was obtained from the
Oncological Services Hospital of Sassari, Italy.

Dulbecco’s phosphate buffered saline (DPBS) was purchased from Euroclone (Milano, Italy);
Dulbecco’s modified Eagle’s Medium with phenol red (DMEM) and fetal bovine serum (FBS)
from Life Technologies (Grand Island, NY, USA); Medium 200 and LSGS (5-003-10) from Gibco™.
TRIzol reagent, SuperScript® VILO™ cDNA Synthesis Kit, Platinum Quantitative PCR Supermix
UDG Kit, SybrGreen I, primer and fluorescein from Life Technologies (Grand Island, NY, USA).
L-glutamine, Penicillin, Streptomycin, nonessential amino acids from Euroclone (Milano, Italy).
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction MTT Cell
Proliferation Assay ATCC® 30-1010K kit was purchased from Invitrogen Co. All the primer sequences
are represent in Table 3.

Table 3. Primers sequences used for real-time PCR reactions.

Primers Forward Reverse

hGAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG
BAX TCTGACGGCAACTTCAACTG TTGAGGAGTCTCACCCAACC

BCL-2 AGGATTGTGGCCTTCTTTGA ACAGTTCCACAAAGGCATCC

325



Molecules 2019, 24, 612

4.2. Plant Material

Mature leaves from the Vitis vinifera L. apical portion were collected in Medea, Algeria in August.
Leaves were rinsed with tap water and dried at room temperature (25 ± 3 ◦C). Finally, they were
ground into a fine powder and kept in the dark at 5 ◦C in a sterile bag and under vacuum for
further use.

4.3. Extraction Procedure

ASE was performed on a Dionex ASE 350 (Dionex Thermo FisherScientific Inc., Waltham,
MA, USA). Powdered leaves (1 g) were weighed into a 22 mL Dionex (ASE 350) stainless-steel cell.
The cells were equipped with a stainless-steel fit and a cellulose filter. The optimized operating
conditions for ASE extraction are indicated in Table 4.

Table 4. Conditions of ASE extraction procedure.

Temperature (◦C) 40

Pressure (PSI) 1500
Number of Cycle 2

Extraction time of one cycle (min) 5
Concentration of Ethanol (%) 60 Ethanol/40 water

Type of water used Ultrapure

Two solvents were tested: ethanol 60% (v/v) and water. The extraction was performed in
quadruplicate. After the extraction process, water extracts were immediately freeze-dried whereas
the ethanolic ones were first evaporated under a nitrogen flow to remove ethanol, then freeze dried.
The freeze-dried extracts were weighed and stored at −80 ◦C until analysis. Accelerated solvent
extraction was performed with the lowest extraction temperature to avoid the maximum degradation
of thermolabile compounds.

The extraction yield was calculated as follows:

Yield% =
(the weight of freeze − dried recover)

1 gram (initial weight of leaf powder used)
× 100 (1)

4.4. Total Phenolic (TP) Content

The total phenolic content was measured using the modified Folin-Ciocalteu method [52–54].
1 mg of each lyophilized extract was mixed with 9 mL of cold ethanol (80%) (1:10 w/v), vortexed
(Stuart, U.K. model SA8.) at 1600 rpm for 2 min and centrifuged (ALC-Centrifuge 4227R, Milan, Italy)
at 16,000× g for 15 min at 4 ◦C. 200 μL of each extract were mixed with the Folin-Ciocalteu reagent
(1 mL) and allowed to react for 8 min before adding 800 μL of sodium carbonate solution (0.075 mL−1).
The mixture was incubated in the dark for one hour at room temperature (20 ± 3 ◦C) followed by an
additional hour at 0 ◦C. The absorbance was read at 760 nm with a spectrophotometer (8453 Agilent
Technologies, Santa Clara, CA, USA).

Results were expressed as milligrams of gallic acid equivalent/g of dry weight on the basis of a
gallic acid calibration curve (50 to 500 mg/L with R2 = 0.996).

4.5. Antioxidant Activity

4.5.1. Spin Trapping Assay of the •OH Radical

The hydroxyl radical scavenging activity was determined with the spin trapping method
coupled with electron paramagnetic resonance spectroscopy according to Fadda et al. [34].
The hydroxyl radicals were generated by the Fenton reaction and trapped with a nitrone spin trap
5,5-dimethyl-pyrroline N-oxide (DMPO) [55]. 20 mg of the freeze-dried extract mixed with 1 mL of
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ultrapure water degassed under nitrogen flow was prepared as stock solution. Serial dilutions were
prepared from the stock solution, and depending on the results, the correct concentration for each
extract was established. 100 μL of the diluted samples were mixed with Fe(II) sulfate 0.1 mM (100 μL),
112 μL DMPO 26 mM (112 μL) and H2O2 1 mM (100 μL).

The DMPO-OH adduct was detected with a Bruker EMX EPR spectrometer operating at the
X-band (9.4 GHz) using a Bruker Aqua-X capillary cell. The EPR instrument was set under the
following conditions: modulation frequency, 100 kHz; modulation amplitude, 1 G; receiver gain,
1 × 105; microwave power, 20 mW. EPR spectra were recorded at room temperature immediately after
the preparation of the reaction mixture. The concentration of the spin adduct DMPO-OH was estimated
from the double integration of spectra. The hydroxyl radical scavenging activity was expressed as
IC50 on the basis of the percentage of inhibition calculated as follows:

% inhibition =
(A0 − As)

A0
× 100 (2)

where A0 is the intensity of the spin adducts without extract and As is the absorbance of the adduct
after the reaction with the extract. Different sample’s concentrations were used to calculate the IC50,
that is, the extract concentration that halves the concentration of hydroxyl radical adduct of the blank.
Three replications were performed for each dilution.

4.5.2. DPPH

The radical scavenging activity of ethanolic and water extracts of grape leaves was determined
spectrophotometrically with the DPPH test [56].

30 μL ASE ethanolic and water crude extract at different concentrations (0.05, 0.1, 0.2 mg mL−1)
were mixed with 3 mL of a DPPH methanol solution (0.3 mM). A blank solution was prepared using
methanol instead of the extract.

Solutions were stored in the dark at room temperature for 30 minutes. The absorbance was
measured at 518 nm and converted into the percentage of inhibition using the following equation:

% inhibition =
A0 − As

A0
× 100 (3)

where A0 is the absorbance of the sample without extract and AS is the absorbance of the sample after
the reaction with the extract. The DPPH radical scavenging activity was expressed as IC50. Three
replications were performed for each dilution.

4.6. Cell Culture

HepG2 and MCF-7 cells were maintained in Dulbecco’s modified Eagle’s Medium with phenol red
(DMEM), supplemented with 10% heat-inactivated fetal bovine serum (FBS), 200 of μM L-glutamine,
200 U/mL of penicillin, 10 μg/mL of streptomycin and 0.1 mM of non-essential amino acids. HUVEC
cells were cultured in Medium 200 (Gibco™), containing LSGS (5-003-10; Gibco™), 200 U/mL of
penicillin and 10 μg/mL of streptomycin. Cells were grown in 75 cm2 tissue culture flasks in the
culture incubator at 37 ◦C with 5% CO2 and saturated humidity.

4.7. MTT Viability Assay

The anti-proliferative activity of ethanolic and aqueous ASE extracts of Vitis vinifera L. leaves on
HepG2, MCF-7 and HUVEC cells was determined using a cell viability test.

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] tetrazolium reduction
assay is a colorimetric assay based on the ability of functional mitochondria to reduce by succinate
dehydrogenase enzyme an insoluble formazan crystal, which displays a purple color [57].
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Then, the effects of the treatments on the overall growth of a particular cell population were
assessed by determining the number of living cells remaining in the analyzed cell culture. After
counting, HepG2, MCF-7 and HUVEC cells were seeded on a 96-well plate at concentration of
10,000/well in 200 μL and incubated at 37 ◦C in a 5% CO2 incubator (Thermo Fisher Scientific,
Waltham, MA, USA).

After 24 h, the medium was replaced with fresh medium containing compounds tested (ethanol
and aqueous ASE crude extract) at concentration of 0.5 mg/mL, 1 mg/mL and 2 mg/mL. The negative
control is performed in growing medium but positive control is prepared in medium supplemented
with cosplatin 10 μM. Every test was repeated three times. After one day, we again substituted medium
with or without compounds and repeated the same treatment (treatment 2). The MTT substrate was
prepared in a sterile Dulbecco’s phosphate buffered saline (DPBS), then added to cells in culture at a
final concentration of 650 μg/mL and incubated for 3 h in the culture incubator at 37 ◦C with 5% CO2

and saturated humidity. After incubation, the medium was removed by aspiration and 200 μL/well
Dimethylsufoxide DMSO (Sigma Aldrich) was added to each well. Absorbance was read at 570 nm in a
Gemini EMMicroplate Reader (Molecular devices). The percentage of cell proliferation was calculated
relative to control wells designated as 100% viable cells using the following formula:

(At − Ab)
(Ac − Ab)

× 100 = % cell proli f eration (4)

where At = absorbance value of test compound (ASE extract), Ab = absorbance value of blank (medium
alone), Ac = absorbance value of control.

4.8. Gene Expression

HepG2 and MCF-7 cells were plated into 24-well cell culture plates (60,000 cells/500 μL for
each well) in culture medium with ethanolic and aqueous ASE extracts of grape leaves to evaluate the
expression levels of apoptotic-related genes. Extracts were prepared fresh just before each experiment
and dissolved in DMEM.

After treatment, the total RNA was isolated using TRIzol reagent and quantified by measuring
the absorbance at 260/280 nm (NanoDrop 2000, spectrophotometer Thermoscientific ND8008, Thermo
Fisher Scientific, Waltham, MA, USA). Approximately 1 μg of total RNA was reverse-transcribed to
cDNA by SuperScript® VILO™ cDNA Synthesis Kit (Life Technologies, Grand Island, NY, USA).

Quantitative polymerase chain reaction was run in triplicate using a CFX Thermal Cycler (Bio-Rad,
Hercules, CA, USA). 2 μL of cDNA were amplified in 25 μL reactions using Platinum Quantitative
PCR Supermix UDG Kit. A Supermix 2X was mixed with Sybr Green I, 0.1 μM of primer and 10 nM
fluorescein (Life Technologies, Grand Island, NY, USA). Relative target Ct (the threshold cycle) values
of Bcl-2 and Bax were normalized to GAPDH, as housekeeping gene. The mRNA levels of cells treated
with ethanolic and aqueous ASE extract were expressed using the 2−ΔΔCt method [58], relative to the
mRNA level of the untreated sample for each experiment.

4.9. Statistical Analysis

Results are expressed as mean ± standard deviation (SD) and were analyzed by ANOVA with
Duncan’s multiple range tests procedure (DMRT) and Student’s t-test using 25.0 SPSS Windows
software. Differences were considered significant for p < 0.05.

5. Conclusions

In the present study, we revealed for the first time that accelerator solvent extraction yielded a
higher extraction rate of total phenols and antioxidant activity in an extremely short time. The extract
obtained from grape leaves grown in the Medea region (Algeria) exhibited an antiproliferative effect
on MCF-7 breast cancer cells and HepG2 hepatocarcinoma cells. Moreover, considering previous
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reports by other authors and the present results that provide evidence for the modulation of Bax/Bcl2
mRNA levels by leaf extracts, which affects the balance between apoptosis and cell survival, it may
be concluded that these extracts could be used as an easily accessible source of natural antioxidants,
and as a matrix to prepare drugs counteracting distinctive cancer cells’ proliferation.
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17. Romanik, G.; Gilgenast, E.; Przyjazny, A.; Kamiński, M. Techniques of preparing plant material for
chromatographic separation and analysis. J. Biochem. Biophys. Methods 2007, 70, 253–261. [CrossRef]
[PubMed]

18. Jin, D.; Russell, J.M. Plant Phenolics: Extraction, Analysis and Their Antioxidant and Anticancer Properties.
Moeclues 2010, 15, 7313–7352. [CrossRef]

329



Molecules 2019, 24, 612

19. Asma, H.A.-S.; Mohammad, A.H. Total phenols, total flavonoids contents and free radical scavenging activity
of seeds crude extracts of pigeon pea traditionally used in Oman for the treatment of several chronic diseases.
Asian Pac. J. Trop. Dis. 2015, 5, 316–321. [CrossRef]

20. Pari, L.; Suresh, A. Effect of grape (Vitisvinifera L.) leaf extract on alcohol induced oxidative stress in rats.
Food Chem. Toxic. 2008, 46, 1627–1634. [CrossRef]

21. Deliorman, O.D.; Orhan, N.; Ergun, E.; Ergun, F. Hepatoprotective effect of Vitisvinifera L. leaves on carbon
tetrachloride-induced acute liver damage in rats. J. Ethnopharmacol. 2007, 112, 145–151. [CrossRef]

22. Richter, B.E.; Jones, B.A.; Ezzell, J.L.; Porter, N.L.; Avdalovic, N.; Pohl, C. Accelerated solvent extraction:
A technology for sample preparation. Anal. Chem. 1996, 68, 1033–1039. [CrossRef]

23. Brachet, A.; Rudaz, S.; Mateus, L.; Christen, P.; Veuthey, J. Optimisation of accelerated solvent extraction of
cocaine and benzoylecgonine from coca leaves. J. Sep. Sci. 2001, 24, 865–873. [CrossRef]

24. Kaufmann, B.; Christen, P.; Veuthey, J.L. Study of factors influencing pressurized solvent extraction of polar
steroids from plant material Application to the Recovery of Withanolides. Chromatographia 2001, 54, 394–398.
[CrossRef]

25. Ju, Z.Y.; Howard, L.R. Effects of solvent and temperature on pressurized liquid extraction of anthocyanins
and total phenolics from dried red grape skin. J. Agric. Food Chem. 2003, 51, 5207–5213. [CrossRef] [PubMed]

26. Pineiro, Z.; Palma, M.; Barroso, C.G. Determination of trans-resveratrol in grapes by pressurised liquid
extraction and fast high-performance liquid chromatography. J. Chromatogr. A 2006, 1110, 61–65. [CrossRef]

27. Luque-Rodriguez, J.M.; Luque de Castro, M.D.; Perez-Juan, P. Dynamic superheated liquid extraction of
anthocyanins and other phenolics from red grape skins of winemaking residues. Bioresour. Technol. 2007, 98,
2705–2713. [CrossRef] [PubMed]

28. Alonso-Salces, R.M.; Korta, E.; Barranco, A.; Berrueta, L.A.; Gallo, B.; Vicente, F. Pressurized liquid extraction
for the determination of polyphenols in apple. J. Chromatogr. A 2001, 933, 37–43. [CrossRef]

29. Howard, L.; Pandjaitan, N. Pressurized liquid extraction of flavonoids from spinach. J. Food Sci. 2008, 73,
151–157. [CrossRef]

30. Luthria, D.L.; Mukhopadhyay, S. Influence of sample preparation on assay of phenolic acids from eggplant.
J. Agric. Food Chem. 2006, 54, 41–47. [CrossRef]

31. Bonoli, M.; Marconi, E.; Caboni, M.F. Free and bound phenolic compounds in barley (Hordeumvulgare L.)
flours. J. Chromatogr. A 2004, 1057, 1–12. [CrossRef]

32. Hawkins, C.L.; Davies, M.J. Detection and characterization of radicals in biological materials using EPR
methodology. Biochim. Biophys. Acta 2014, 1840, 708–721. [CrossRef] [PubMed]

33. Goupy, P.; Dufour, C.; Loonis, M.; Dangles, O. Quantitative kinetic analysis of hydrogen transfer reactions
from dietary polyphenols to the DPPH radical. J. Agric. Food Chem. 2003, 51, 615–622. [CrossRef] [PubMed]

34. Fadda, A.; Barberis, A.; Sanna, D. Influence of pH, buffers and role of quinolinic acid, a novel iron chelating
agent, in the determination of hydroxyl radical scavenging activity of plant extracts by Electron Paramagnetic
Resonance (EPR). Food Chem. 2018, 240, 174–182. [CrossRef] [PubMed]

35. Samoticha, J.; Wojdyło, A.; Golis, T. Phenolic composition, physicochemical properties and antioxidant
activity of interspecific hybrids of grapes growing in Poland. Food Chem. 2017, 215, 263–273. [CrossRef]
[PubMed]

36. Farhadi, K.; Esmaeilzadeh, F.; Hatami, M.; Forough, M.; Molaie, R. Determination of phenolic compounds
content and antioxidant activity in skin, pulp, seed, cane and leaf of five native grape cultivars in West
Azerbaijan province. Iran. Food Chem. 2016, 15, 847–855. [CrossRef] [PubMed]

37. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free-radical method to evaluate antioxidant activity.
Food Sci. Technol. 1995, 28, 25–30. [CrossRef]

38. Tan, J.; Wang, B.C.; Zhu, L.C. Regulation of Survivin and Bcl-2 in HepG2 Cell Apoptosis Induced by
Quercetin. Chem. Biodevers. 2009, 6, 1101–1110. [CrossRef]

39. Farahmandzad, F.; Ahmadi, R.; Riyahi, N.; Mahdavi, E. The Effects of Scrophulariastriata extract on
Apoptosis in Glioblastoma Cells in Cell Culture. Int. J. Adv. Chem. Eng. Bio. Sci. 2015, 2, 62–63. [CrossRef]

40. Morak-Młodawska, B.; Pluta, K.; Latocha, M.; Suwińska, K.; Jeleń, M.; Kuśmierz, D. 3,6-Diazaphenothiazines
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